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Programmable logic controllers (PLCs) are 
used in every aspect of industry to expand 
and enhance production. Where older auto
mated systems would use hundreds or thou
sands of relays. a single PLC can be 
programmed as a replacement. The function
alit\' of the PLC has evolved over the vears to 
indude capabi liti es beyond typica l reiay con
trol: sophisticated motion control. process 
contro l. distributive control s\'stems, and 
com plex networking have now b~en added to 
the PLC's list of functions. 

Thi s third edition of Programmable Logic 
Controllers provides an up-to-date introduc
tion to all aspects of PLCs from their 
operat ion to the ir vast range of applications. 
It focuses on the underlying principles of 
how PLCs work and pro\'ides pract ical infor
mali on about installing, programming, and 
maintaining a PLC system. No prev ious 
knowledge of PLC systems or programming is 
assumed. 

The primary source of information for a partic
ular PLC model is ahvavs the user's manual. 
which is published by the manufacturer, This 
textbook is not intended to replace that user's 
manual but rather to complement , clarify, and 
expand on the info rmation found within it. 
With the number of companies currently offer
ing PLCs, it is not practical to cover the 
specifics of the di fferent makes and models in 
a single text. With this in mind, the text dis
cusses PLCs in a generic sense. Although the 
content is of a nature to allow the information 
to be applied to a variety of PLC models . this 
book uses the popular Allen-Brad ley PLC-5, 
SLC-500. and ControlLogix controller instruc
tion sets for the programming examples. 

The text is written in an easy-to-tead and 
understandable language. with many clea r 

illustrations to assist the student in compre
hending the fundamenta ls of a PLC s\·stem. 
Objectives are listed at the beginning ~f each 
chapter to inform students what the\' should 
learn. The sub ject material follow s "th is list. 
The re lay equivalent of the programmed in
struction is explained first. followed b\' the 
appropriate PLC instruction. Each chapter 
concludes with a set of review questions and 
problems. The review questions aw closely 
related to the chapter object ives and wil l hp,lp 
students evalua te their understanding of thf' 
chapter. The problems range frum eas~' to dif
ficu lt. thus challenging studen ts a\ \'Mious 
levels of competence. 

All topics are covered in small segments so 
students can develop a firm foundation for 
each concept and operation before they ad
vance to the next. An entire chapter is de
voted to logic circu it s as they apply to PLC-". 
PLC safety procedu res and considerations are 
stressed throughou t the text. Technical terms 
are defined when thev are first used. and an 
extensive glossary p~o\'ides eas~' referral to 
PLC terms. General troubleshooting proce
dures and techniques are stressed. and stu
dents are instructed in how to analyze PLC 
problems systematica ll y. 

This edit ion has been revised to include a 
number of new fealures: 

• RSLogix Windows-based programming is 
covered in detail. 

• The Contro lLogix instruction set has been 
added. 

• All chapters have been expanded to 
include recent developments. 

• Equipment illustrations have been updated. 

• The glossary has been expanded. 



Both a student activities manual and a com
puter simulation package may be purchased 
for use with Programmable Logic Controllers. 
third edition. The accompanying Activities 
Manual contains chapter tests consisting 
of true/false. completion. matching. and 
multiple-choice questions related to the the
Of\' covered in the text. The best way to fully 
understand the operation of a given PLC sys
tem is by hands-on experimentation with the 
equipment. With this in mind. the Activities 
Manual also contains a wide range of generic 
programming assignments and exercises de
signed to offer students real-world experi
ence with their PLC installation. 

The accompanying Computer Simulation 
Package includes state-of-the-art LogixPro 
simulat ion software as well as a printed lab 
manual with more than 250 programming as
signments. The LogixPro simulation software 
converts the student's computer into a PLC 
and allows the student to write ladder logic 
programs and verify their real-world opera
tion. LogixPro is an ideal tool to help stu
dents learn the fundamentals of Allen 
Bradley's RSLogix ladder logic software. The 
programming assignments provide students 
wi th the opportunity to familiarize them
se lves with manv different features associ-

ated with PLCs. including timers. counters. 
sequencers. and math functions. 
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After completing this chapter, you will be able 
to: 

• Define what a programmable logic controller 
(PlC) is and list its advantages over relay 
systems 

• Identify the main parts of a PlC and describe 
their functions 

• Outline the basic sequence of operation for a 
PLe 

• Identify the general classifications of PlCs 

This chapter gives a brief history of 

the evolution of a programmable logic 

controller, or PLC. The reasons for 

changing from relay control systems to 

PLCs are discussed. You will learn 

about the basic parts of a PLC, how a 

PLC is used to control a process, and 

about the different kinds of PLCs and 

their applications. The ladder logic 

language, which was developed to 

simplify the task of programming 

PLCs, is introduced. 



Components of a PLC 

system. 
(Courtesy of Advanced Micro 
Controls Inc.) 
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~OGRAMMABLE LOGIC 
CONTROLLERS 

• 

A programmable logic controller (PLe) is a 
specialized computer used to control ma
chines and processes (Fig. 1-1). It uses a pro
grammable memory to store instructions and 
execute specific functions that include onloff 
control. timing. counting. sequencing. arith
metic, and data handling. 

The design of most PLCs is similar to that of 
other computers. Basically. the PLC is an as
sembly of solid-state digital logic elements de
signed to make logical decisions and provide 
outputs. Programmable logic controllers are 
used for the control and operation of manu
facturing process equipment and machinery. 

The programmable logic controller is . then. 
basically a computer designed for use in ma
chine control. Unlike an office computer. it 
has been deSigned to operate in the industrial 
environment and is equipped with spec ial 
input/output interfaces and a control pro
gramming language. The common abbrevia
tion used in industry for these devices, PC. 
can be confusing because it is also the abbre
viation for "personal computer." Therefore. 
some manufacturers refer to their program
mable controller as a PLC, which stands for 
"programmable logic controller." 

Initially the PLC was used to replace relay 
logiC. but its ever-increasing range of func
tions means that it is found in many and more 
complex applications. Because the structure 
of a PLC is based on the same principles as 
those employed in computer architecture. it is 
capable not only of perfonning relay switch
ing tasks but also of perfonning other applica
tions such as counting. calculating. compar
ing. and the processing of analog signals. 

Programmable controllers offer several ad
vantages over a conventional relay type of 
control. Relays have to be hardwired to per
form a specific function (Fig. 1-2 on page 6). 
When the system requirements chl:inge. the 

relay wiring has to be changed or modified. In 
extreme cases. such as in the auto industry . 
complete control panels had to be replaced 
since it was not economicallv feasible to 
rewire the old panels with ' each model 
changeover. The programmable controller has 
eliminated much of the hard wiring associated 
with conventional relay contro l circuits. It is 
small and inexpensive compared to equiva. 
lent relay-based process control systems. 

In addition to cost savings. PLCs provide 
many other benefits including: 

• Increased Reliability. Once a program 
has been written and tested. it can be 
easily downloaded to othe r PLCs. Since 
all the logic is contained in the PLC's 
memory, there is no chance of making a 
logic wiring error. The program takes 
the place of much of the external wir ing 
that would normally be required for 
control of a process. Hardwiring. 
though still required to connect field 
devices. is less intensive. PLCs also of
fer the reliability associated with solid
state components. 

• More Flexibility. It is easier to create and 
change a program in a PLC than to wire 
and rewire a circuit. Original equipment 
manufacturers can provide system up
dates by simply sending out a new pro
gram. End users can modify the program 
in the field. or if desired . secu rity can be 
provided by hardware features such as 
key locks and by software features such 
as passwords. 

• Lower Cost. PLC were originally de
Signed to replace relay control logic, and 
the cost savings have been so Signifi can t 
that relay control is becoming obsolete 
except for power applications. Gener
ally. if an application has more than 
about a half·dozen contro l re lavs, it wi ll 
probably be less expensive to install a 
PLe. 

• Communications CapabjJity. A PLe can 
communicate with other controllers or 
computer equipment to perform such 
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functions as supervisory control. data 
gathering, monitoring devices and 
process parameters, and download and 
upload of programs. 

• Faster Response Time. PLCs are de
signed for high-speed and real-time ap
plications. The programmable controller 
operates in real time. which means that 
an event taking place in the field will re
sult in the execution of an operation or 
output. Machines that process thou
sands of items per second and objects 
that spend only a fraction of a second in 
front of a sensor require the PLC's quick
response capability. 

• Easjer to Troubleshoot. PLCs have resi
dent diagnostics and override functions 
that allow users to easily trace and cor
rect software and hardware problems. To 
find and fix problems, users can display 
the control program on a monitor and 
watch it in real time as it executes. 

PARTS OF A PLC 
A typical PLC can be divided into parts. as il
lustrated in Figure 1-3. These components are 
the central processing unit (CPU). the input! 
output {l/OJ section, the power supply. and 
the programming device. The term architec
ture can refer to PLC hardware to PLe soft
ware, or to a combination of both. An open 
architecture design allows the system to be 
connected easily to devices and programs 
made by other manufacturers. Open architec
tures use off-the-shelf components that con
form to approved standards. A system with a 
closed architecture is one whose design is 
proprietary. making it more difficult to con
nect the system to other systems. At the pres
ent time, most PLC systems are proprietary in 
nature, so you must be sure that any generic 
hardware or software you may use is compat
ible with your particular PLe. 



Powe. supply 

Input 
sensing 

devices ~ 
, , ' , , , 

Central 
processIng 
untl (CPU) 

Oulpul 

100' 
.r-"U~ devices 

Memory . : 
, prog.am data 

0p60a1/ 
Isolation 

~Iical 
IsolatiOn 

Programming device 

(a) Parts 

CENTRAL PROCESSOR UNIT 

The structure 01 a PLC is based on Itle same 
principles as those employed in compute. 
arChitecture. 

(b) Architecture 

FIGURE 1·] PlC parts and architecture. 

There are two ways in which 110 is incorpo
rated into the PLC: fixed and modular. Fixed 
110 (Fig. 1-4a on page 8) is typical of small 
PLCs that come in one package with no sepa
rate. removable units. The processor and 110 
are packaged together. and the 110 terminals 
are available but cannot be changed. The 
main advantage of this type of packaging 
is lower cost. The number of available 110 
points varies and usually can be expanded by 
buying additional units of fixed 110. One dis
advantage of fixed 110 is its lack of flexibility; 

you are limited in what you can get in the 
quantities and types dictated by the packag
ing. Also. for some models. if any part in the 
unit fails . the whole unit has to be replaced. 

Modular 110 (Fig. 1-4b) is divided by com
partments into which separate modules can 
be plugged. This feature greatly increases 
your options and the unit's flexibility. You 
can choose from the modules available from 
the manufacturer and mix them any way you 
desire. The basic modular controller consists 
of a rack. power supply. processor module 
(CPU). inputloutput (l ID modules). and an 
operator interface for programming and mon
itoring. The modules plug into a rack. When a 
module is slid into the rack. it makes an 
electrical connection with a series of contacts 
called the backplane. located at the rear of 
the rack. The PLC processor is also connected 
to the backplane and can communicate with 
all the modules in the rack. 

The power supply supplies de power to other 
modules that plug into the rack. For large PLC 
systems. this power supply does not nor
mally supply power to the fie ld devices. With 
larger systems. power to field devices is pro
vided by external alternating current (ac) or 
direct current (dcl supplies. For small and 
micro PLC systems. the power supply is used 
to power field devices. 

Programmable l ogic Controllers (PlCs): An Overview • 7 
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FIGURE 1-4 110 configurations: 

(a) fixed 110; (b) modular [/0. 

The processor (CPU) is the "brain" of the 
PLC. A typical processor (Fig. 1-5) usuallv 
consists of a microprocessor for implement
ing the logic and controlling the communica
tions among the modules. The processor re
quires memory for storing the results of the 
logical operations performed by the micro
processor. Memory is also required for the 
program EPROM or EEPROM plus RAM. 

The CPU is designed so that the user can en
ter the desired circuit in relay ladder logic. 
The processor accepts (reads) input data from 
various senSing devices. executes the stored 
user program from memory. and sends appro
priate output commands to control devices. A 
direct current (dc) power source is required 
to produce the low-level voltage used by the 
processor. This power supply can be housed 
in the CPU unit or may be a separately 
mounted module. depending on the PLC sys
tem manufacturer. 

The / / 0 section consists of input modules 
and output modules (Fig. 1-6). The 110 sys-

Chapter 1 

Processor 
module 

Power 
supply 

ComOination 
110 module 

Input modute Output module 

'01 

, , 

Module 
slides into 
the rack. 

tern forms the interface by which field de
vices are connected to the cont roller. The 
purpose of this interface is to condition the 
various signals received from or sen t to ex ter
nal field devices. Input devices such as push
buttons. limit switches, sensors. selector 
switches. and thumbwhee l switches are hard
wired to terminals on the input modules. 
Output devices such as small motors, motor 
starters, solenoid valves. and indicator lights 
are hardwired to the terminals on the output 
modules. To electrically isolate the internal 
components from the input and oulputlermi
nals, PLCs employ an optical isolator, which 
uses light to couple the circuits togethe r. 
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I IndocatOf I hI> 

• lEO displays 

,b, 
FIGURE ' ·6 (a) Typical input module . (b ) Typical 

output module. 

machines, \Vith some small handheld pro
gra mming de\'; ces . the program is entered 
using Boolea n ope ra tors (AND, OR. and 
NOT func ti ons) indh'idua ll y or in combina 
ti on to form log ica l stat emen ts. 

A perso na l computer (PC) is the most com
mon ly used programming device (Fig. t -7b), 
All leading brands of PLCs have soft wa re 
ava il able so that a PC can be used as th e 
programming d ev ice. Th is so ftware allows 
use rs to c reate. ed it. document. store. and 
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FIGURE '·7 Programming devices: (a) handheld unit with light-emitting diode (LED) display; 
(b) personal computer with appropriate software. 

troubleshoot ladder logic programs and to 
generate printed reports. The computer mono 
itor is able to display more logic on the screen 
than handheld types are, thus simplifying the 
interpretation of the program. The personal 
computer communicates with the PLC 
processor via a serial or parallel data commu
nications link. If the programming unit is not 
in use, it may be unplugged and removed. Re
moving the programming unit will not affect 
the operation of the user program. 

Additional optional PLC components are of
ten available. including: 

• Operator interface devices to allow 
data entry andlor data monitoring by 
operators. 

• Communication adaptors for remote 
110, so that a central controller can 
be connected to remote sensors and 
actuators. 

• Network interfaces to allow intercon
necting of PLCs andlor other controllers 
into distributed control systems. 

PRINCIPLES OF OPERATION 
To get an idea of how a PLC operates, con
sider the simple process control problem il
lustrated in Figure 1-8. Here a mixer motor is 
to be used to automatically stir the liquid in a 
vat when the temperature and pressUre reach 

preset values. In addition, direct manual op
eration of the motor is provided by means of 
a separate pushbutton station. The process is 
monitored with temperature and pressure 
sensor switches that close their respective 
contacts when conditions reach their preset 
values. 

This control problem can be so lved using the 
relay method for motor control shown in the 
relay ladder diagram of Figure 1-9. The mo
tor starter coil (M) is energized when both 
the pressure and temperature s\.vitches are 
closed or when the manual pushbutton is 
pressed. 

Now let's look at how a PLC might be used 
for this application. The same input field 

Pressure / 
sensor 
switch 

_ Motor 

_ Process vat 

"-Temperature 
sensor switch 

Manual pushbutton station/ 

FIGURE 1-8 Mixer process control problem. 
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FIGURE ' ·9 Process control relay ladder diagram. 

devices (pressure switch. temperature 
switch. and pushbutton) are used . These de
vi ces would be hardwired to an appropriate 
input module according to the manufac
turer's labe ling scheme. Typical wiring con
nections for a 120 V ae input module are 
shown in Figure 1-10. 

The same output fi e ld devi ce (motor starter 
coil) would also be used. This device would 
be hardwired to an appropriate output mod
ule according to the manufact urer 's labeling 
scheme. Typical wiring connections for a 
120 V ac output module are shown in Figure 
1-11 on page 12 . 

u L2 

1lOVat 

-
L1 - -

J: 
, 

--Temperature 

~ 
2 

-
3 

Manual -pushbvnon 

• 
-

Next. the PLC ladder logic program would be 
constructed and entered into the memory of 
the CPU. A typical ladder logic program for 
this process is shown in Figure 1-12 on 
page 12. The format used is similar to the lay
out of the hardwired relay ladder circuit. The 
individual symbols represent instructions, 
whereas the numbers represent the instruction 
addresses. To program the controller. you enter 
these instructions one by one into the proces
sor memory from the programming device. 
Each input and output device is given an ad
dress. which lets the PLC know where they are 
phys ically connected. Note that the I/O ad
dress format may differ. depending on the PLC 
manufacturer. Instructions are stored in the 
user program portion of the processor memory. 

For the program to operate, the controller is 
placed in the RUN mode. or operating cycle. 
During each operating cycle. the controller 
examines the status of input devices. exe
cutes the user program. and changes outputs 
accordingly. Each H- can be thought of as a set 
of normally open (NO) contacts. The -{)- can 
be considered to represent a coil that . when 
energized, will close a set of contacts. In the 
ladder logic program of Figure 1-12. the coil 

Terminals 
1. 2.3,4are 
identilied 
according to the 
manulacturer's 
110 addresses. 

On most modules 
the L 1 hot side 01 
the power supply is 
no! directty 
c:onnecteclto the 
module but is 
powered Irom the 
backplane.1'l1e 
inpul is switched 
through the input 
device and the 
return path Is 
completed internally _!he 

L2 
~tral return 

- . 
,-wirir.g terminels 

FIGURE ' , '0 Typical input module wiring connections. 
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Terminals 
1.2.3.4aro 

identified 
according to the 
manufacturer's 
110 addresses. 

L1 

L1 

2 

3 

, 

Output module 
wiring terminals 

120 V ac 

MOlor 
starter 

cOil 

OL 

L2 

----------, 
r----+~L1 

ContrOl from 
processor 

Inside output module 

, , , 
-----------------~ 

load 

M 

L2 

Connected intemallv 
to the neutral side 

On the output module the neutral does not need to be connected. 
The hoi is switched by the output module to the load, then the 
other side of the load is connected to neutral to complete the path. 

FIGURE 1-11 Typical output module wiring connections. 

all is energized when contacts 111 and 112 are 
closed or when contact 1/3 is closed. Either of 
these conditions provides a continuous path 
from left to right across the rung that includes 
the coi l. 

The RUN operation of the controller can be 
described by the following sequence of 
events. First, the inputs are examined and 
their s tatus is recorded in the controller's 
memory (a closed contact is recorded as a s ig
nal that is called a logic 1 and an open contact 
by a signal that is called a logic 0). Then the 
ladder diagram is evaluated. with each inter
nal contact given OPEN or CLOSED status 

_
Temperature 

SWitch 
WI .. 011 

1-----11-1 --II---,------j 

--
FIGURE '-12 Process control PLC ladder I~~ic 
program with addresses. 

Chapter 1 

according to the record. If these contacts pro
vide a cu rrent path from left to right in the di· 
agram, the output coil memory location is 
given a logic 1 value and the output module 
interface contacts will close. If there is no 
conducting path on the program rung. the 
output coil memory location is sel to logic 0 
and the output module interface contacts will 
be open. The completion of one cycle of this 
sequence by the contro ll er is called a scan. 
The SCDn time, the time reqUired for one full 
cycle. provides a measure of the speed of 
response of the PLC. Generally. the output 
memory location is updated during the scan 
but the actual output is not updated until the 
end of the program scan during the I/O scan. 

~DlfYING THE 
OPERATION 

• 

As mentioned. one of the important features 
of a PLe is the ease with which the program 
can be changed. For example. assume that the 
original process control circuit for the mixing 
operation must be modified as shown in the 

. 
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Pressure Temperalure OL 
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Manual 

pushbu1ton 

FIGURE ' ·13 Relay ladder diagram for modified 
process. 

fPia.'" ladder diagram of Figu re 1-13. The 
change requires that the manual pushbutton 
conlrol should be permitted 10 operate at any 
pressure but not unless Ihe specified temper
ature sell ing has been reached. 

If a rela\' S\'slem were used. it would require 
somt! r~\\"fring of the sys tem (as shown in 
Fig. 1-1:1) to achie\'e the desired change. 
HQwe\·er. if <l PLC S\'stern were used, no 
rpwiring would be necessary. The inputs and 
oulpu ls are still the same. All that is required 
is to change the PLC ladder logic program as 
shown in Figure 1-14. 

~s VERSUS COMPUTERS • 
The architflcture of a PLC is basicall" the 
same as that of a general-purpose computer . 
. -\ personal com puter can be made into a pro
grammable logic controll er if you provide 

Motor 
Pressure Temperature starter 

_ tch sw,tc:b COlt 

III • "" 

M"~" 11----« 
pushbunon 

• 
t----! 

FIGURE ' -14 PLC ladder logic program for the 
mod ified process. 

some way for the computer to receive infor
mation from devices such as pushbuttons or 
switches. You also need a program to process 
the inputs and decide the means of turning 
load devices off and on. 

However. some important characte ri stics dis
tinguish PLCs from general-purpose com
pute rs. First, unlike computers. the PLC is 
designed to operate in the industrial environ
ment (Fig. 1-15) with wide ranges of ambient 
temperature and humidity. A well-designed 
PLC is not usually affected by the electrical 
noise inherent in most industrial locations. 

A second distinction between PLCs and com
puters is that the hardware and software of 
PLCs are designed for easy use by plant elec
tricians and technicians. Unlike the com
puter. the PLC is programmed in relay ladder 
logic or other easily learned languages. The 
PLC comes with its program language built 
into its permanent memory. A PLC has no 
ke"board. CD drive . monitor, or disk drive. 
Instead. it has a self-contained box with com
munication ports and a set of terminals for 
input and output de\·ices. 

Computers are complex computing mach ines 
capable of executing se\'era l programs or 

FIGURE ' ·15 PLC in an industrial environment. 
(Courtesy of famic UK, Ltd .) 
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tasks simultaneously and in any order. Most 
PLCs, on the other hand, execute a single pro
gram in an orderly and sequential fashion 
from first to last instruction. 

Perhaps the most significant difference be
tween a PLC and a computer is the fact that 
PLCs have been designed for installation and 
maintenance by plant electricians who are 
not required to be highly skilled computer 
technicians. Troubleshooting is simplified by 
the design of most PLCs because they include 
fault indicators and written fault information 
displayed on the programmer screen. The 
modular interfaces for connecting the field 
devices are actually a part of the PLC and are 
easily connected and replaced. 

Just as it has transformed the way the rest of 
the world does business. the personal com
puter has infiltrated the PLC control industry. 
Software written and run on the PC has 
changed how people work with PLCs. Basi
cally. PLC software run on a PC falls into the 
following two categories: 

• PLC software that allows the user to 
program and document gives the user 
the tools to write a PLC program-using 
ladder logic or another programming 
language-and document or explain 
the program in as much detail as is 
necessary. 

• PLC software that allows the user to 
monitor and control the process is also 
called man-machine. or operator. inter
face. It enables the user to view a 
process-or a graphical representation of 
a process-on a CRT, determine how the 
system is funning. trend values. and re
ceive alarm conditions. 

Industrial control technology has evolved 
from pneumatics to electronic relays to the 
solid-state PLCs with the relay ladder logic 
(RLL) programming language of today. 
Personal-computer-based control is the latest 
completion to conventional PLC technology. 
Although PC-based controls have been 
around for several years, it has takeri this long 

to develop the tools and systems necessary to 
make them attractive to users. When func
tioning as a full-fledged PLC. the computer 
has to have some way to receive information 
from sensors and transducers and. in turn, to 
actuate outputs such as lights. solenoids , re
lays. and motors. Some manufacturers have 
recently made software and interface cards 
available so that a personal computer can do 
the work of a PLC. These svstems are some
times referred to as soft Jogj~ control/ers. The 
following are some of the advantages of 
personal-computer-based control systems: 

• Lower initial cost 

• Less proprietary hardware and software 
required 

• Straightforward data exchange with 
other systems 

• Speedy information processing 

• Easy customization 

PLC SIZE AND APPLICATION 

Generally, there are five classes of PLCs to
day: nano, micro. small. medium. and large. 
The criteria used in categorizing PLCs in
clude functionality. number of inputs and 
outputs, cost. and physical size. Of these. the 
110 count is the most important factor. For 
example, the entry-level nano PLC is small 
enough to fit in your shirt pocket and handles 
up to 16 110 points. Micro PLCs can connect 
up to 32 I/O points. Both have instruction 
sets that have about 90% of the capacity of 
large PLCs and are suitable for users who re
quire powerful control but who do not need 
the high 110 count of a larger PLC. A nan~ or 
micro PLC could easily be used on applica
tions such as elevators: car washes. or mixing 
machines. 

At the other end of the spectrum, smaU-size 
PLCs. such as the Allen-Bradley SLC-500 
family. can handle up to 960 I/O points in a 
single rack. Small- and medium-size PLCs 



offer specialty I/O modules that enhance a 
control sys tem. These modules range from 
analog to motion control to communication 
in order to provide a unique, easy-to-use in
terface between the modules and the proces
sor. Allen-Bradley's most powerful controller 
is the large·size PLC-5 family. which is able to 
handle several thousand I/O points. PLCs of 
this size have almost unlimited applications 
and can control individual production 
processes or entire plants. 

The kev factor in selecting a PLC is establish
ing exactly what the unit is supposed to do. 
In general it is not advisable to buy a PLC sys
tem that is larger than current needs dictate. 
However. future conditions should be antici
pated to ensure that the system is the proper 
size to fill the current and possibly future re
quirements of an application. 

There are three major types of PLC applica
tion : single-ended. multitask. and control 
management . A single-ended PLC application 
involves one PLC controlling one process. 
This wou ld be a stand-alone unit and would 
not be used for communicating with other 
computers or PLCs. The size and sophistica
tion of the process being controlled is obvi
ously a factor in determining which PLC to 
select. The applications could dictate a large 
processor. but usually thi s category requires a 
small PLC. 

A mu/titask PLC application usuallv ca lls for 
a medium-size PLC and involves-one PLC 
controlling several processes. Adequate 110 
capacity is a significant factor in this type of 
installation. In addition. if the PLC would be 
a subsystem of a larger process and would 
have to communicate with a central PLC or 
computer. provisions for a data communica
tions network are also required. 

A control management PLC application in
volves one PLC controlling several others. 
This kind of application requires a large PLC 
processor designed to communicate with 
otber PLCs and possibly with a computer. 
The control management PLC supervises sev
eral PLCs by downloading programs that tell 

the other PLCs what has to be done. It must be 
capable of connection to all the PLCs so that 
by proper addressing it can communicate 
with anyone it wishes. 

The memory size of a PLC ranges from as lit
tle as 256 words for small systems to 2 M 
(Mega) for the larger systems. Memory size is 
usually expressed in K values: 1 K. 6 K. 12 K, 
and so on. The measurement kilo. abbrevi
ated K. normally refers to 1000 units. When 
we're talking about computer or PLC mem
ory. however, 1 K means 1024. because thi s 
measurement is based on the binary number 
system (210 = 1024). Depending on memory 
type, 1 K can mean 1024 bits, 1024 bytes , or 
1024 words . 

1 K memory 1 K memory 1 K memory 

1 bit 1 byte 1 word 
2 bits 1 bytes 2 words 
3 bits 3 bytes 3 words 

j j j 
1024 bi ts 1024 bytes 1024 words 

Although it is common for us to measure the 
memory capacity of PLCs in words. we need 
to know the number of bits in each word be
fore memory size can be accurately com
pared. For example. a PLC that uses 8·bit 
words has 49.152 bits of storage with a 6 K 
word capacity (8 x 6 x 1024 = 49.152) . 
whereas a PLC using 32-bit words has 
196,608 bits of storage with the same 6 K 
memory (32 x 6 x 1024 = 196,608). The 
amount of memory required depends on the 
application. Factors affecting the memory 
size needed for a particular PLC installation 
include: 

• Number of 110 points used 

• Size of control program 

• Data-collecting requirements 

• Supervisory functions required 

• Future expansion 

Pro9rammable logic Controllers (Pl Cs) : An Overview • 



TYPICAL PLC INSTRUCTIONS 

Instruction Operation 

XIC (Examine ON) ... 
XIO (Examine OFF). 

.... Examine a bit for an ON condition 

. ... Examine a bit for an OFF condition 
OTE (Output Energize) 
Oll (Output Latch). 
oru (Output Unlatch) .. 
TOF (Timer Off-Delay). 
TON (Timer On-Delay) .. 
CTO (Count Down). 

· Turn ON a bit (nonretentive) 
· Latch a bit (retentive) 

. . Unlatch a bit (retentive) 

. . Turn an output ON or OFF after its rung has been OFF for a preset time interval 
· Turn an output ON or OFF after its rung has been ON for a preset time interval 

CTU (Count Up) ... . . 
. ..... Use a software counter to count down from a specified value 

· Use a software counter to count up to a specified value 

The instruction set for a particu lar PLC lists 
the different types of instructions supported. 
Typica ll y, this ranges from 15 instructions on 
smaller units up to 100 instructions on larger, 
more powerful units {see Table t-1}. 

Since its invention. the PLC has been suc
cessfu lly applied in virtually every segment 

of industry. This list includes steel mills. pa
per and pulp plants, chemical and automo
tive plants, and power plants. Programmable 
logic controlle rs perform a great variety of 
control tasks, from repetitive ON/OFF control 
of a simple machine to sophisticated manu
facturing and process control. 



Chapter 1 Review 

Questions 
1. Define programmable logic controller. 

2. list seven distinct advantages that PLCs offer over the conventional relay (antral system. 

3. list four tasks in addition to relay switching that PLCs are capable of performing. 

4. State two ways in which UO is incorporated into the PlC. 

5. Describe how the VO modules connect to the processor in a modular-type PlC configuration. 

6. Describe the main function of each of the following main component parts of a PlC. 

a. Processor module (CPU) 

b. 110 modules 

c. Programming device 
d. Power supply module 

7. List two common types of PLC programming devices. 

8. Answer the following with reference to the unit process control relay ladder diagram of 
Figure ' ·9 on page 11 : 

a . When do the pressure switch contacts dose? 

b. When do the temperature switch contacts dose? 

c. How are the pressure and temperature switches connected with respect to each other? 

d. Describe the two conditions under which the motor starter coil will become energized. 

e. What is the approximate value of the voltage drop across each of the following when their 
contacts are open? 

(I) Pressure switch 
121 Temperature switch 
(l) Manual pushbutton 

9. Answer the following with reference to the unit process control PlC ladder logic diagram of 
Figure 1·11 on page 11: 

a. What do the individual symbols represent? 
b. What do the numbers represent? 
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c. What field device is the number 112 identified with? 

d. What field device is the number 0/1 identified with? 

e. What two conditions will provide a continuous path from left to right across the rung? 
f. Describe the sequence of operation of the controller for one scan of the program. 

10. Compare the method by which the process control operation is changed in a relay system to 
the method for a PLC system. 

11. Compare the PLC and general-purpose computer with regard to: 

a. Operating environment 

b. Method of programming 

c. Execution of program 

d. Maintenance 

12. Describe two categories of software written and run on a personal computer and used in 
conjunction with a PLC. 

13. a. Identify the typical size classification of PLC that fits each of the following descriptions: 

(1) thousa nds of I/O points 
(2) 32 va points 
(3) small enough to fit in a shirt pocket 

b. What are the two most important factors in selecting the size of a PLC? 

14. Compare the single-ended, multitask, and control management types of PLC applications. 

15. List five factors affecting the memory size needed for a particular PLC installation. 

16. What does the instruction set for a particular PLC refer to? 

17. What is considered to be a soft logic controller? 

18. Why are most of the PLC systems built today considered to be proprietary in nature? 

19. Discuss the physical hardware differences between a PLC and a personal computer. 

20. What is the most popular language for programming PLCs? Why? 

21 . The programmable controller operates in real time. What does this mean? 

22. What is the memory capacity, expressed in bits, for a PLC that uses 16·bit words and has an 
8 K word capacity? 

18 Chapter 1 



Problems 
1. Given two single-pole switches. write a program that wi ll turn on an output when both switch 

A and switch B are closed. 

2. Given two single-pole switches. write a program that will turn on an output when either 
switch A or switch 8 is closed. 

3. Given four NO (Normally Open) pushbuttons (A-S-C-D), write a program that will turn a lamp 
on if push buttons A and B or C and 0 are closed. 

4. Write a program for the relay ladder diagram shown in Figure 1-16. 

120 V ac 

., LS I , , 

L: 
u , , 

LS2 

FIGURE 1-16 

5. Write a program for the relay ladder diagram shown in Figure 1-17. 

~---------------- 120Vac ----------------~ 

FIGURE ' · 17 

Programmable logic Controllers (PLCs): An Overview 19 



After completing this chapter, you will be able 
to: 

• list and describe the function of the 
hardware components used in PLC systems 

Describe the basic circuitry and applications 
for discrete and analog I/O modules, and 
interpret typical I/O and CPU specifications 

• Explain I/O addressing 

• Describe the general classes and types of PlC 
memory devices 

• list and describe the different types of PlC 
peripheral support devices available 

• 

This chapter will expose you to the 

details of PLC hardware and modules 

that make up a PLC control system. It 

contains illustrations of the various 

subparts of a PLC as well as general 

connection paths. Discussed in this 

chapter are the CPU and memory 

hardware components, including the 

various types of memory that are 

available. The hardware of the 

input/output section, including the 

difference between the discrete and 

analog types of modules, is described. 



uo chassis with various UO 

modules. 
(Courtesy of Siemens.) 
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~E 1/0 SECTION 
• 

The input and output interface modules pro
vide the equivalents of eyes, ears, and tongue 
to the brain of a PLC: the CPU. The 110 sec
tion consists of an 110 rack and individual 
110 modules similar to that shown in Fig
ure 2-1. Input interface modules accept sig
nals from the machine or process devices and 
convert them into signals that can be used by 
the controller. Output interface modules coo
vert controller signals into external signals 
used to control the machine or process. A 
typical PLC has room for several liD mod
ules. allowing it to be customized for a partic
ular application by selecting the appropriate 
modules. A slot in the PLC can hold any type 
of 1/0 module. 

The 110 system provides an interface between 
the hardwired components in the field and 
the CPU. The input interface allows status jn
formation regarding processes to be commu
nicated to the CPU. and thus allows the CPU 
to communicate operating sjgnals through 
the output interface to the process devices 
under its control. 

A chassjs is a physical hardware assembly 
that houses devices such as 110 modules. 
processor modules. and power supplies. 
Chassis come in different sizes according to 
the number of slots they contain. In general, 
they can have 4. 8. 1Z. or 16 slots. 

1\ II . ••••• .. 
"""" supply 

0123456510t 
Processor~ 
mocIvle 110 modules 

A typical Pte nas room lor several 00 modules that 
plug inlo slots in. ntdI . 

FIGURE 1-' VO sK1:ion. 

Processor 128 110 rack 

o 234567 

Output image table 
000 01234567 10111213\4151617 
001 01234567 10111213\415 \617 
002 0123456 7 1011121314151617 

Wool. 
003 01234567 10 1112 13 14 15 \6 17 
004 01234567 10 1112 13 14 15 16 17 
0.05 01234567 1011121314151617 
006 01234567 1011121314151617 
007 01234567 1011121314151617 

Input image table 

100 01234567 1011121314151617 
101 01234567 1011121314151617 
102 01234567 1011121314151617 

Words 103 01234567 1011121314151617 
104 01234567 10 1112 13 14 15 16 17 
lOS 01234567 10 1112 13 14 15 16 17 
106 0\234567 10 1112 13 14 15 16 17 
1.07 01234567 1011121314151617 

Allen·Bradley PLC-5 lamily uses an octal numbering system 10 
acldrlSS biliocations. Notice thai the 16 bits are numbered 0 
through 7 and 10 through 17. In the octat numbering system. 
the numbers 8 and 9 are never used. 
The octal numbering system is covered in deta~ in Chapter 3 . 

FIGURE 2·2 logical rack. 

A logical rack is an addressable unit consist
ing of 128 input points and 128 output 
points. A rack uses 8 words in the input im
age table file and 8 words in the output image 
table file. A word in the output image table 
file and its corresponding word in the input 
image table file are called an I/O group. A 
rack can contain a maximum of 8 I/O groups 
(numbered from 0 through 7) for up to 128 
discrete 110 (Fig. Z-2). There can be more than 
one rack in a chassis and more than one 
chassis in a rack. 

One benefit of a PLC system is the ability to 
locate the 110 modules near the field devices 
to minimize the amount of wiring required. 
This rack (Fig. 2-3) is referred to as a remote 
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The processor receives signals from the remote input modules and sends 
signals baell to their output modules via the communicatiOns module. 

FIGURE 2-3 Remote 110 rack. 

rad when it is located away from the 
processor module. To communicate with 
the processor. the remote rack uses a special 
communica tions network. Each remote rack 
requires a unique station number to distin
guish one from another. The remote racks are 
linked to the local rack through a communi
cations module. Cables connect the modules 
with each other. If fiber optic cable is used 
between the CPU and liD rack, it is possible 
to operate 110 points from distances greater 
than 20 miles with no voltage drop. Coaxial 
cable will allow remote 110 to be installed at 
distances greater than two miles. Fiber optic 
cable will not pick up noise caused by 
adjacent high power lines or equipment nor
mally found in an industrial environment. 
Coaxial cable is more susceptible to this type 
of noise. 

The location of a module within a rack and 
the terminal number of a module to which 

an input or outpu t device is connected will 
determine the device's address (Fig. 2-4 on 
page 24). Each input and output device must 
have a specific address. This address is used 
by the processor to identify where the device 
is located to monitor or control it. In addi
tion . there is some means of connecting field 
wiring on the liD module housing. Connect
ing the field wiring to the 110 housing allows 
easier disconnection and reconnection of 
the wiring to change modules. Lights are 
also added to each module to indicate the 
ON or OFF status of each 110 circuit. Most 
output modules also have blown fuse indi
cators. 

In general. basic addressing elements in
clude: 

• lYPe 
The type determines if an input or 
output is being addressed. 

PlC Hardware Compone nts 



0001 1 00 

" " " " " " " II ~L.: ;·.i;:;~i~~mbo' (bit .dd""1 
Group (0 - 7); 8 groups in a rack 
Rack no. 
File delimiter 

File 00. 
L ______ F~e type Ie-output; I-input) 

Examples: 
11 : 27; 1 7 -Input, lile 1. rack 2. group 7. bit 17 
00:34107 - Output, file O. rack 3. group 4. bit 7 
11 :00 -lnput, lile I, rack O. group O. biI 0 (Short form blank • 0) 
00:1'1 - Outpul.lile O. rack O. group 1. bill 

(8) Allen.Bradley PLC 5 addressing formal. 

Processor 

0 

•• . -
H 

Memory 
Iddrell 

R •• I·world 
ldelre" 

r 
'rile ~= number 

r E7~:::·"' ""-, I r Blloumber 

I 1 3 . 0 I 01 

l L 
L L Termin81 numbe. 

, 

,~'''~"'', ..... '" 
Slot number 

Module type 
El.amples: 

2 

00:4.011 ~IPUI module in slot 4. terminal 15 
It :3.0I8-IOput module in slot 3. terminal 8 
00:6 Cl-Output module. slot 6 
11 :5 Q-Input module. sial 5 

(b) Allen·Bradley SLC 500 addressing lormal 

Address 
Type 5101 Word Bit 

/ \ Address 
Inputs OuIP\lIS Type Slot Word B' " ' I 0 0 o r-- 0 0 0 0 - 0 o I " , I 0 0 , r- 0 , , 0 --i 0 I 0 o I 
0 2 2 0 
0 3 3 0 
0 • • 0 
0 , , 0 
0 6 6 0 1-
0 7 7 0 

Ie) Discrele 110 module addressing. 

FIGURE 24 110 module addressing. 

• Slot 
The slot number is the physicalloca. 
tion of the 110 module. This may be a 
combination of the rack number and 
the slot number when using expan
sion racks. 

• Word and Bit 
The word and bit are used to identify 
the actual terminal connection in a 
particular 110 module. A discrete 
module usually uses only one word. 
and each connection corresponds to 
a different bit that makes up' the word. 
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The design of a PLC determines whether the 
system is capable of being addressed flexibly 
or whether it is rigid in its addressing 
method. Flexible addressing schemes allow 
PLC system designers to create control logic 
software without having to follow a sequen
tial 110 assignment. resulting in a randomly 
addressed and installed 110 system. 

Within flexible systems. individual slot and 
point addresses are normally determined 
by the sequence in which the 110 racks are 
connected together. In the case of some 



Processor 

Add .... / \ Add .... 

".. Slot Word Bit Inputs Outputs Type Slot Word Bit 

, , ',' ~.J- ~ 0 ~1 
0 2 I 0 l .J , 0 ' , 

• • z z 

(d I Analog 110 module addressing. The bit par1 of ltIe address is usualty 
not used: however, bits 01 the digital representation 01 the analog 
value can be addressed by lhe programme, il necessary. 

(e) Symbolic addresses are real names or codes that the 
pmgrammer can subsliMe lor a logiCal address because 
they relate physieally 10 the appliCation. In this 
e~ample . the symbolic addresses are lS_3 and pump_'., 
while the actual addresses are 1:313 and 0 :411. , respectively. 

AIIen·Bradley Conlrollogix controllers use a type 01 symbolic 
addressillg format. Each bit is relerenced by a tag name that 
is used to identify the melT'lOfY location in the controller. 

FIGURE 2~ (cont inue d ) 110 module addressing. 

small PLCs. the system contains one rack 
and therefore has 110 addressing fixed by the 
manufacturer. Actual address labeling varies 
greatly from manufacturer to manufacturer. 

A standard 110 module consists of a printed 
circuit board and a terminal assembly similar 
to that shown in Figure 2-5 on page 26. The 
printed circuit board contains the electronic 
circuitry used to interface the circuit of the 
processor with that of the input or output de
vice. It is designed to plug into a slot or con
nector in the 110 rack or directly into the 
processor. The terminal assembly. which is 
attached to the front edge of the printed cir
cuit board. is used for making field-wiring 
connections. The module contains terminals 
for each input and output connection. status 
lights fo r each of the inputs and outputs. and 

connections to the power supply used to 
power the inputs and outputs . 

Most modules have plug-in wiring terminal 
strips. The terminal strip is plugged into the 
actual module. If there is a problem with a 
module. the entire strip is removed. a new 
module is inserted. and the terminal strip is 
plugged into the new module. Unless other
wise specified. never install or remove 110 
modules or terminal blocks while the PLC is 
powered. A module inserted into the wrong 
slot could be damaged by improper voltages 
connected through the wiring arm. Most face
plates and 110 modules are keyed to prevent 
putting the wrong faceplate on the wrong 
module. In other words. an output module 
cannot be placed in the slot where an input 
module was originally located. 
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i.!:;';;~" { 

Input 
C1)nnections 

Status 
0000 I 0000 
0000 0000 

Input Output 

F.,,=,=,,=, n ::o=,,=,"'"oi 
Power supply 
conneclions 

~rsupply 
connections 

The arrangement 01 the terminals, status indicators, and power 
connections may vary with different manutaclurers. Nole that 
110 modules can have both Input and output connections in the 
same physical module. 

FIGURE 2-5 Typical combination 110 module. 

Input and output module cards can be 
placed anywhere in the rack. but they are 
normally grouped together for ease of 
wiring. 110 modules can be 8, 16, or 32 point 
cards. The number refers to the number of 
inputs or outputs availab le. The standard 
liD module has eight inputs or outputs. A 
high-density module may have up to 32 in
puts or outputs. The advantage with the 
high-density module is that it is possible to 
install 32 inputs or outputs in one slot for 
greater space savings. The only disadvantage 
is that the high-density output modules can
not handle as much current per output. The 
32 point cards usually have at least four 
common points. 

DISCRETE I/O MODULES 
The most common type of 110 interface mod
ule is the discrete type. This type of interface 
connects field input devices of the. . ON/OFF 
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nature such as selector switches, pushbut
tons, and limit switches. Likewise, output 
control is limited to devices such as lights. 
small motors, solenoids, and motor starters 
that require simple ON/OFF switching. The 
classification of discrete liD covers bit
oriented inputs and outputs. In this type of 
input or output. each bit represents a com
plete information element in itself and pro
vides the status of some external contact or 
advises of the presence or absence of power 
in a process circuit. 

Each discrete 110 module is powered bv some 
field-supplied voltage source. Since- these 
voltages can be of different magnitude or 
type, 110 modules are available at various ac 
and dc voltage ratings . as listed in Table 2-1. 
They receive their module voltage and cur
rent for proper operation from the backplane 
of the rack enclosure into which they are in
serted. Power from this suppl y is ' used to 
power the electronics. both acti ve and pas
sive. that reside on the 110 module circuit 
board. The relatively higher currents required 
by the loads of an output module are sup
plied by user-supplied power. Modu le power 
supplies may be rated for 3 A (amperes). 4 A. 
12 A. or 16 A depending on the type and 
number of modules used . 

Figure 2-6 shows block diagrams for one in
put of a typical alternating current (ac l 
discrete input module. The input circuit is 

COMMON RATINGS FOR DISCRETE 
1/0 INTERFACE MODULES 

Input Interfaces 

12 V ac/de/24 V adde 
48 V aelde 

120 V aelde 
230 V aelde 

5 V de (TTL level) 

Output Interfaces 

12-48Vae 
120 V ae 
230 V ae 
l20Vde 
230 V de 

5 V de ITTl level) 
24 V de 
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Block diagrams 01 a discrete Input module. 

I""", 

LEO 

The input circuit respondS to an input signal in l!wIlallowing manner: 
• An input litter removes !alse signals thai are due to contact bounce Of electrical 

interfereoce. 
• Opt<HIlectriCal isolation protects the input cirCtJiI and backplane circuits by 

isolating logic circuits lrom input signals. 
• Logic Circuits process !he signal. 
• An input LEO turns ON Of OFF. indicating ltIe status 04 the corresponding input 

clevice. 

FIGURE 2·6 An I ( discrete input module. 

composed of two basic sections: the power 
section and the logic section. The power and 
logic sections are normally coupled together 
with a circuit that electrically separates 
the two. 

A simplified schematic and wiring diagram 
for one input of a typical ae input module is 
shown in Figures 2·70 and b on page 2B. 
When the pushbutton is closed, 120 V ac is 
applied to the bridge rectifier through resis· 
tors Rl and R2 . This produces a low· level di· 
rect current (de) voltage. which is applied 
across the LED of the optical isolator. The 
zener diode (Zo) voltage rating sets the min· 
imum level of voltage that can be detected. 
When light from the LED strikes the photo· 
transistor, it switches into conduction and 
the status of the pushbutton is communi· 
cated in logic or low·level dc voltage to the 
processor. The optical isolator not only sep· 
arates the higher ac input voltage from the 

logic circuits but also prevents damage to 
the processor due to line voltage transients . 
Optical isolation also helps reduce the ef· 
fects of electrical noise, common in the in· 
dustrial environment, which can cause 
erratic operation of the processor. Coupling 
and isolation can also be accomplished by 
use of a pulse transformer. 

Input modules typically have light-emitting 
diodes (LEOs) for monitoring the inputs. 
There is one LED for every input. If the 
input is ON, the LED is ON. The LEOs on 
the modules are very useful for trouble· 
shooting. 

Input modules perform four tasks in the PLC 
control system. They 

• sense when a signal is received from a 
sensor on the machine 
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Bridge 
rectllier 

-L. ~ L1 0----<> "--__ ..... "" __ , " OptiCal t ~ Rl isolator 

(120 v ac) ! 
L2 ---------""A~2-~~~:~ __ _4_A_3 __ 0__J_[_fJ ={ :J: (5 v oc) 

(.) 

To logic 
circuitry 

L1 1""""---- t20 V ac ____ , L2 

" Input / 
field ---./ 
device 

L1 

Q 
2 

o 
3 

o , 

L2 

) 
Input module 
terminal board 

,b) 

Input 
stalus 

--- indicator 

FIGURE 2·7 (a) Simpli f ied schematic for an ac input module , (b) Typical input 
module wiring connection. 

• convert the input signal to the correct 
voltage level for the particular PLC 

• isolate the PLC from fluctuations in the 
input signal's voltage or current 

• send a Signal to the processor indicating 
which sensor originated the sigiial 
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Figure 2·8 shows block diagrams for one 
output of a typica l discrete output module. 
Like the input module. it is composed of 
two basic sections: the power section and 
the logic section , coupled by an isolation 
circuit. The output interface can be thought 
of as a simple electronic switch to which 



Output status _ 

indicator 

F..". 
processor 

~----r.:::l~.L1 
(12OVac) (5Vde) w.,tch 

L2 

tal BIoctt diagram of a discrete output module. 

(0) The output Circuit controls the output signal in the lollowing manner: 
• Logic circuits determine the output status. 
• An output LED indicates the status 01 the output Signal. 
• OpICHllectnca\ i50tation separates oulpYt Circuit logic: and backplane circuits lrom lie\(j signats. 
• The output driver rums the corresponding output ON or OFF. 

fiGURE 2·8 An ac d iscrete output modu le. 

power is ap plied to control the output 
device . 

A simplified schematic and wiring diagram 
for one output of a typical ac output module 
is shown in Figure 2-90. As part of its normal 
operation, the processor sets the output status 
according to the logic program. When the 
processor ca lls for an output, a vo ltage is ap
plied across the LED of the isolator. The LED 
then emits light. which switches the photo
transistor into conduction. This in turn 

(5 V de) 

switches the triode DC semiconductor switch 
(triac) into conduction. which in tum turns 
on the lamp. Since the triac conducts in ei· 
ther direction, the output to the lamp is alter
nating current. The triac. rather than having 
ON and OFF status. actually has LOW and 
HIGH resistance levels, respectively. In its 
OFF state (HIGH resistance), a small leakage 
current of a few milliamperes still flows 
through the triac. As with input circuits, the 
output interface is usuall y provided with 
LEOs that indicate the status of each output. 

Lamp output 

.-----f~-- L1 

Triac 

(120 V ee) 

L-----~ _______ L2 

('J 

fIGURE J-t (a) Simplified schematic for an ac output module. 
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(' ) 

Output 
___ status 
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Output 
-- field 

device 

Modu!e blown 
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FIGURE 2-9 (continued ) (b) Typical output module 
wiring connection. 

Fuses are generally required for the output 
module. and they are provided on a per cir
cuit basis. thus allowing for each circuit to be 
protected and operated separately. Some 
modules a lso provide visual indicators for 
fuse status (see Fig. 2-9b) , 

Individual ac outputs are usuall y limited 
by the size of the triac to 1 A or 2 A. The 
maximum current load for anyone module is 
also specified. To protect the output module 
circuits, specified current ratings should not 
be exceeded. For controlling larger loads . 
such as large motors, a standard control relay 
is connected to the output modu le. The con
tacts of the relay can then be used to control a 
larger load or motor starter. as shown in Fig
ure 2-10. When a control relay is used in this 
manner. it is called an interposing relay. 

Discrete output modules are used to.!urn real
world output devices either on or off. These 
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modules can be used to control any two-state 
device. and they are available in ac and dc 
versions and in various voltage ranges and 
current ratings. Output modules can be pur
chased with transistor. triac. or re/ayoutput. 
Triac outputs can be used only for control of 
ac devices. whereas transi stor output s can be 
used only for control of dc devices. Relay out
puts can be used with ac or dc dev ices. but 
they have a much slower sWitching time com
pared to solid -state outputs . Allen-Bradley 
modu les are color-coded for each iden tifica
tion as follows: 

Color Type of [/0 

Red , ....... ,., ac inputs/outputs 

Blue ' , ... , . . dc inputs/outputs 

Orange Relay outputs 

Green Specialty modules 

The design of de field de vices typically re
quires that they be used in a speci fic s ink ing 
or sourcing ci rcuit. depending Oil the internal 
circuitrv of the dev ice. Sinking and sourcing 
referen~es are terms used to describe a cur· 
rent Signal flow relationship between field in
put and output dev ices in a control system 
and their power suppl y (Fig. 2-11). These dc 
input and output field circuits are commonl y 
used with field devices that have some form 
of internal solid-state circuitry that needs a 
dc signal voltage to function . Field devices 
connected to the pos itive s ide (+V) of the 
field power supply are sourcing field ~ev ic.es. 
Field devices connected to the negatl\'e s ide 
(dc common) of the field power supply are 
sinking field devices, To maintain electrica l 
compatibility between field devices, and th,e 
programmable controller system, thiS ~efi~I' 
tion is extended to the input/output CirCUitS 

on the discrete dc 110 modules . 

• Sourcing 110 circuits supply (source) 
current to sinking fie ld devices 

• Sinking 110 circuits receive .(sink) cur
rent from sourcing field deVices 
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CR 
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FIGURE 2·10 Interposing relay connection. 

r-------~ __ I,---_, 
Field device 

Input 

Vdo 

'" ,"puI 
Circuli 

(a) Sinking device with sourcing input module circuit . The field 
device is on the negative side 01 the power supply, between 
the supply and the inpullerminal. When Itle field device is 
activated. it sinks current from the input circuit . 

[;:,"1 0..1 

"'-

'" output 
CIrCUli 

te) Sinking dfMoI with sourcing output module circuit. The field 
device is or\ !he negatiwl side of the power supply, belWeen 
the supply and the output terminal . When the output is 
activated. iI sources current 10 Ihe field device. A current 
source output uses a PNP transistor. 

FIGURE 2·11 Sinking and sourcing references. 
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(b) Sourcing device with sinking inpul module circuit. The 'ield 
device is on !he posilive side of !tie power supply, between 
the supply ancl lhe inpu1 terminal. When the field device is 
activated, il souees Wlren! to the input circuit 

I. I ~ 
V <k 

-"-. 
Field device O~ 

L ~~=erJ 
'" 1- output 

"'- Circuit 

(d) Sourcing device with sinking output module circ\Jit. The 
field device is on the positive side of !he power supply. 
between the supply and the output terminal. When the 
output is activated, it sinks current from the r.eld device. 
A. current sink output uses an NPN tr.InsiStOf. 
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~ALOG 1/0 MODULES 
• 

The earlier PLCs weTe limited to discrete 
I/O interfaces. which allowed only on/off
type devices to be connected. This limita
tion meant that the PLC could have only 
partial control of many process applica
tions. Today. however. a complete range of 
both discrete and analog interfaces are 
available that will allow controllers to be 
applied to practically any type of control 
process. 

Discrete devices are inputs and outputs that 
have only two states: on and off. Analog de
vices are inputs and outputs thai can have an 
infinite number of slates. Not only can these 
devices be on and off. but they can also be 
barely on. almost totally on, not quite off. and 
so on. These devices send/receive complex 
signals to/from a PLe. 

Analog input jnter/ace modules contain the 
circuitry necessary to accept analog voltage 
or current signals from analog field devices. 
These inputs are converted from an analog to 
a digital value by an analog-lo-digital (AID) 
converter circuit. The conversion value. 
which is proportional to the analog signal. is 
expressed as a 12-bit binary or as a 3-digit 
binary-coded decimal (BCD) for use by the 
processor. Analog input sensing devices 
include temperature. light. speed. pressure. 
and position transducers. Figure 2-12 shows 
a typical analog input interface module 
connection to a thermocouple. A varying dc 
voltage in the millivolt range. proportional to 
the temperature being monitored. is pro
duced by the thermocouple. This voltage is 
amplified and digitized by the analog input 
module and then sent to the processor on 
command from a program instruction. Be
cause of the low voltage level of the input 
signal, a shielded cable is used in wiring the 
circuit to reduce unwanted electrical noise 
signals that can be induced in the conductors 
from other wiring. This noise can cause tem
porary operating errors that can lead to haz
ardous or unexpected machine operation. 
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1 
Thermocouple 
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pair wire 

User 1 
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Analog 
input 
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FIGURE 2-12 Typical thermocouple connection to 
an analog input module. 

There are two basic types of analog input 
modules available: current sensing and volt· 
age senSing. Voltage input modules are 
available in two types: unipolar and bipolar. 
Unipolar modules can accept only one po
larity for input. For example. if the applica
tion requires the card to measure 0 to + 10 V. 
a unidirectional card would be used. The 
bipolar card will accept input of positive 
and negative polarity. For example. if the 
application produces a voltage between 
-10 V and +10 V. a bidirectional input 
card would be used because the measured 
voltage could be negative or positive. Cur
rent input modules are normally designed 
to measure current in the 4-mA to 20-mA 
range. 

The analog output interface module receives 
from the processor digital data. which are 
converted into a proportional voltage or cur
rent to control an analog field device. The 
digital data is passed through a digital-to
analog (DIA) converter circuit to produce the 
necessary analog form. Analog output de
vices include small motors, valves and analog 
meters. 

. 
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FIGURE 2-13 Typical analog )10 (Ontrol system. 

Figure 2-13 illustrates the use of analog 110 
modules in a typical PLC control system. In 
this application the PLC controls the 
amount of fluid placed in a holding tank by 
adjusting the percentage of the valve open
ing. The valve is initially open 100%. As the 
flu id level in the tank approaches the preset 
point. the processor modifies the output . 
which adjusts the valve to maintain a set 
point. 

~CIAl 110 MODULES 
• 

Special ItO modules have been developed to 
meet several needs. These include: 

• High-Speed Counter Module 
The high-speed counter module is 
used to prOVide an interface for ap
plications requiring counter speeds 
that surpass the capability of the 
PLC ladder program. High-speed 
counter modules are used to count 
pulses from sensors. encoders. and 
switches at very high speeds. They 
have the electronics needed to count 
independently of the processor. A 
typical count rate available is 0 to 
75 kHz. which means the module 
would be able to count 75 .000 pulses 
per second. 

• Tbwnbwbeel Module 
The thumbwheel module allows the 
use of thumbwheel switches for feed
ing information in parallel to the 
PLC to be used in the control program. 
The thumbwheel information is usu
ally in BCD form . and it enables a 
person to change set points or preset 
points externally without modifying 
the control program. 

• TIL Module 
The TTL module allows the transmit
ting and receiving of TTL Signals for 
communication with the PLC's 
processor. TTL-level signals are in a 
form the processor can accept. and 
only buffering is required. 

• Encoder-Counter Module 
The encoder-counter module allows 
continual monitoring of an incremen
tal or absolute encoder. Encoders 
keep track of the position of shafts 
or axes . Grav code is common for 
absolute encoders, with posi tion 
determined by decoding the Gray 
code. This module allows the user 
to read the signal from the encoder on 
a real-t ime basis and stores thi s infor
mation so it can be read later by the 
processor. 

• BASIC or ASCD Module 
The ASCII module allows the trans
mitting and receiving of ASCII fi les. 
These files are usually programs or 
manufacturing data. The modules are 
normally programmed with BASIC 
commands. The user writes a program 
in the BASIC language. BASIC mod
ules can be used to output text to a 
printer or terminal to update an 
operator. 

• Stepper·Motor Module 
The stepper-motor module provides 
pulse trains to a stepper-motor 
translator. which enables control of a 
stepper motor. The commands for the 
module are determined by the control 
program in the PLC. 
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• BCD·Output Module 
The BCD-output module enables a 
PLC to operate devices that require 
BCD-coded signals such as seven
segment displays. 

Some special modules are referred to as intel
hgent 110 because they have their own 
microprocessors on board that can function 
in parallel with the PLC. These include: 

• PID Module 
The proportional-integral-derivative 
(PIO) module is used in process con
trol appl ications that incorporate PIO 
algorithms. An algorithm is a complex 
program based on mathematical 
calculations. A PID module allows 
process control to take place outside 
the CPU. This arrangement prevents 
the CPU from being burdened with 
complex calculations. The micro
processor in the PIO module processes 
data. compares the data to set points 
provided by the CPU. and determines 
the appropriate output signal. 

• Servo Module 
The servo modu le is used in closed
loop process control applications. 
Closed-loop control is accomplished 
via feedback from the device. The pro
gramming of thi s modu le is done 
through the PLC; but once pro
grammed . it can control a device inde
pendently without interfering with 
the PLC's normal operation. 

• Communication Module 
As different systems are integrated. 
data must be shared throughout all the 
systems. PLCs must be able to com
municate with computers. computer 
numerical control (CNC) machines. 
robots . and other PLCs. This module 
allows the user to connect the PLC to 
high-speed local networks that may be 
different from the network communi
cation provided with the PLC. 

• Language Module 
The language module enables the user 
to write programs in a high-level 
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language. Via a high-level-language in
terpreter. it converts the high-level 
commands into machine language un
derstandable to a PLC's processor. 
BASIC is the most popular language 
module. Other language modules avail
able include C, Forth , and PASCAL. 

• Speech Module 
Speech modules typically are used to 
digit ize a human voice pronouncing 
the desired word. phrase, or sentence. 
The digitized sound is stored in the 
module's memory. Each word, phrase. 
or sentence is given a number. Ladder 
logic is used to output the appropriate 
message at the appropriate time. 

New modules continue to be developed to 
meet speci fi c application demands. At the 
same time. some modules. such as the PIO 
module. are no longer necessary because the 
newer PLC models include PIO in thei r in
struction set. 

1/0 SPECIFICATIONS 
Manufacturers' speci fi cations provide much 
information about how an interface device is 
correct Iv and safelv used . The specifications 
place certain Iimita'ti ons not only on the mod
ule but also on the field equipment that it can 
operate. The follOWing is a list of some typi
ca l manufacturers' 110 specifications, along 
with a short description of what is speCified. 

• Nominal Input Voltage 
This ac or dc value specifies the magni
tude and type of voltage Signal that 
will be accepted. 

• On·State Input Voltage Range 
This value spec ifies the voltage at 
which the input Signal is recognized 
as being absolutely ON. 

• Nominal Current per Input 
This value specifies the minimum 
input current that the input devices 



must be capable of driving to operate • Off-State Leakage Current per Output 

the input circuit. This value specifies the maximum 
value of leakage current that flows 

• Ambient Temperature Rating through the output in its OFF state. 
This value specifies what the maxi-
mum temperature of the air surround- • Electrical Isolation 
ing the 110 modules should be for best This maximum value (volts) defines 

operati ng conditions. the isolat ion between the 110 circuit 
and the controller's logic circuitry. 

• Input Delay Although this isolation protects the 
Also known as response time, this logic side of the module from excessive 
value specifies the time duration for input or output voltages or current, 
which the input signal must be ON the power circuitry of the module 
before being recognized as a valid in- may be damaged. 
put. This de lay is a result of fi ltering 
circuitry provided to protect against • Number of Inputs and Outputs per Card 
contact bounce and voltage transients. This value indicates the number of 
This input delay is typically in the field inputs or outputs that can be 
9-ms to 2S-ms range. connected to the module. Some mod-

Nominal Output Voltage 
ules provide more than one common 

• terminal. which allows the user to use 
This ac or dc value specifies the mag- different vo ltage ranges on the same 
nHude and type of voltage source that card as well as to distribute the cur-
can be controlled by the output. rent more effectively. 

• Output Voltage Range • Backplane Current Draw 
This va lue specifies the minimum and This value indicates the amount of 
max imum output operat ing voltages. current the module requires from the 
An output circuit rated at 120 V ac, backplane. The sum of the backplane 
for example. may have an abso lute current drawn for all modules in a 
working range of 92 V ac {min .} to chassis is used to select the appropri-
138 V ac (max.). ate chass is power supply rating. 

• Maximum Output Current Rating per Resolution • Output and Module The resolution of an analog 110 mod-
These va lues specify the maximum ule specifies how accurate ly an analog 
current that a single output and the value can be represented digitally. 
module as a whole can safel y carry The higher the resolution (typically 
under load (at rated voltage) . For ex-

specified in bits), the more accurately 
ample. the speci fi cation may give each 

an analog value can be represented. 
output a current limit of 1 A. The 
overall rating of the module current • Input Impedance and Capacitance 
will normally be less than the total of For analog 1I0s, these values must be 
the individuals. The overall rating matched to the external device con-
might be 6 A because each of the nected to the module. Typical ratings 
eight devices would not normally are in megohms (MOl and picofarads 
draw their 1 A at the same time. (pF). 

• Maximum. Surge Current per Output • Common Mode Rejection Ratio 
This value specifies the maximum in- This specification refers to an analog 
rush current and duration (e.g., 20 A module's ability to prevent noise from 
for 0.1 sl for which an output circuit interfering with data integrity on a 
can exceed its maximum continuous single channel and from channel to 
current rating. channel on the module. 

PlC Hardware Components 



THE CPU 
The CPU houses the processor· memory 
module(s), communications circuitry. and 
power supply. Figure 2·140 is a simplified 
illustration of the CPU. Central processing 
unit architectures may differ from one man· 
ufacturer to another. but in general most 
of them follow this organization. The 
power supply may be located inside the 
CPU enclosure or may be a separate unit 
mounted next to the enclosure. as shown in 
Figure 2-14b. Depending on the type of 
memory. volatile or nonvolatile. the power 
supply could also include a backup battery 
system. For example, on the Allen-Bradley 
SLC 500 system, a battery is installed on the 
processor cards . 

A PLC's power supply provides all the volt
age levels required for operation. The power 
supply converts 120 or 220 V ac into the dc 
voltage required by the CPU, memory, and 
110 electronic ci rcuitry. The PLC operates 
on +5 and - 5 V dc. Therefore, the power 
supply must be capable of rectifying the 
stepping-down of the ac input voltage to a 
usable level of dc voltage. 

" r;: , 
Processor Memory 

" 
Pow" 
supply ... 

(0) 

The term CPU is often used interchangeably 
with the term processor. However. by strict 
definition, the CPU term encompasses all the 
necessary elements that form the intelligence 
of the system. There are definite relationships 
between the sections that form the CPU and 
the constant interaction among them. Tbe 
processor is continually interacting with 
the system memory to interpret and execute 
the user program that controls the machine or 
process. The system power supply provides 
all the necessary voltage levels to ensure 
proper operation of all processor and memory 
components. 

The CPU contains the same type of micro
processor found in a personal computer. The 
difference is that the program used with the 
microprocessor is designed to facilitate in
dustrial control rather than provide general
purpose computing. The CPU executes the 
operating system. manages memory. monitors 
inputs, evaluates the user logic (ladder pro
gram), and turns on the appropriate outputs. 
The CPU of a PLC system may contain more 
than one microprocessor. The advantage of 
using multiprocessing is that control and 
communication tasks can be divided up. and 
the overall operating speed is improved. For 
example. some PLC manufacturers use a 

••• ••• ••• ••• 

Power supply 
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Power supply 

Powers PLC system 
Regulates and litters 
Protects Ple 

Processor sectiOn 

Is braIn 01 system 
Executes program 
Contains memory 

FIGURE 2-14 Major components of the CPU: (a) simplified illustration of the CPU; (b) power supply 

mounted outside CPU encl05ure. 
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FIGURE 2-15 Typical processor unit. 

control microprocessor and a logic micro· 
processor. The control microprocessor carries 
ou t the more complex computations and data 
manipulations. The logic microprocessor ex
ecutes the timing, logic, and counting opera
tions, as well as looks after the applications 
program. 

Associated with the processor unit will be a 
number of status LED indicators to provide 
system diagnostic information to the operator 
(Fig. 2-15). Also, a keyswitch may be pro
vided that allows you to select one of the fol
lowing three modes of operation (otherwise 
these modes must be accessed from the pro
gramming device): RUN, PROG, and REM. 

RUN Position 
• Places the processor in the Run mode 

• Executes the ladder program and ener· 
gizes output devices 

• Prevents you from performing online 
program editing in this position 

• Prevents you from using a programmer! 
operator interface device to change the 
processor mode 

Front view 

PROG Position 
• Places the processor in the Program 

mode 

• Prevents the processor from scanning or 
executing the ladder program. and the 
controller outputs are de-energized 

• Allows you to perform program entry 
and editing 

• Prevents you from using a programmer! 
operator interface device to change the 
processor mode 

REM Position 
• Places the processor in the Remote 

mode: either the REMote Run, REMote 
Program. or REMote Test mode 

• Allows you to change the processor 
mode from a programmer/operator 
interface device 

• Allows you to perform online program 
editing 

The processor module also contains circuitry 
to communicate with the programming de
vice. Somewhere on the module you will find 
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a connector that allows the PLC to be con
nected to an external programming device. 

The decision-making capabilities of PLC 
processors go far beyond simple logic pro
cess ing. The processor performs other func
tions such as timing. counting. latching. 
comparing. and complicated math beyond 
the basic four functions of addition. subtrac
tion. multiplication. and division. 

PLC processors have changed constantly due 
to advancements in computer technology and 
greater demand from applications. Today. 
processors are faster and have additional 
instructions added as new models are intro
duced . Because PLCs are microprocessor 
based. they can be made to perform tasks 
that a computer can do. In addition to their 
control functions. PLCs can be networked to 
do supervisory control and data acquisition 
(SCADA). 

Many electronic components found in 
processors and other types of modules are 
sensitive to electrostatic voltages. These volt
ages can be as low as 30 V and the current as 
low as 0.001 A. far less than you can feel. 
hear. or see (Fig. 2-16). You need to build up 
only 3.500 V to feel the effects of electrostati c 
discharge. only 4.500 V to hear them. and 
only 5.000 V to see a spark. The normal 
movements of someone around a workbench 
can generate up to 6.000 V. The charge that 
builds up on someone who walks across a ny
lon carpet in dry air can reach 35.000 V. The 
following static control procedures should be 
followed when handling and working with 
static-sensitive devices and modules: 

Electrostatic discharge can produce currents thaI could 
oestroy a sensi1iYe device or degrade performance. 

FIGURE 2-16 Electrostatic damage. 
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• Ground yourself by touching a conduc
tive surface before handling static
sensitive components 

• Wear a wrist strap that provides a path 
to bleed off any charge that may build 
up during work 

• Be careful not to touch the backplane 
connector or connector pins of the PLC 
system (alwavs handle the ci rcuit cards 
by the edge if possible) 

• Be careful not to touch other circuit 
components in a module when you con
figure or replace its internal co~ponents 

• Create a static-safe work area by cover
ing your workbench and floor area with 
a conductive surface that is grounded 

~MORY DESIGN 
• 

Memory is a physica l space inside the CPU 
where the program fil es (control plan) and 
data files are stored and manipulated. Data is 
typically stored in a file by address. The in
formation stored in the memorv relates to 
how the input and ou tput dat~ should be 
processed. 

The complexity of the program determines 
the amount of memory required. Memory ele
ments store individual pieces of information 
ca lled bits (for binary digits) . The amount of 
memory capacity is specified in increments of 
1000 or in "K" increments. where 1 K is 1024 
bytes of memory storage (a byte is 8 bits). 

The program is stored in the memory as 1s 
and Os. which are typically assembled in the 
form of 16-bit words . Memorv sizes are com
monly expressed in thousands of words that 
can be stored in the system; thus 2 K is a mem
ory of 2000 words. 64 K is a memory of64 .000 
words. The memory size varies from as small 
as 1 K for small systems to 2000 K (2 M) for 
very large systems. The fo llowing chart is an 
overview of the specifications for selected 
Allen-Bradley manufactured PLCs: 



PlC Type Memory 

Micrologic 1000 1 K 

SLC 500 Upto64K 

( ontrolLogilt 160 K through 2 M 

Memor'\" locotion refers to an address in the 
CPU's ~emor\' where a binarv word can be 
stored. A singie contact may use one location 
in the machine's memory. The total number 
of bits thai can be stored in the RAM mem
ory of a PLC is called the memorv capacity. 
M~mory capacity is most often ex'pressed in 
bytes. Words may be 1. 2, or 4 bytes wide. 

,\lemon ' utilizotion refers to the number of 
memor~' locations required to store each type 
of instruction. A rule of thumb for memory lo
cations is one location per co il or contact One 
K of memory would then allow a program con
ta in ing 1000 coils and contacts to be stored in 
RAM. If a timer takes two b,1es of memorv, we 
cou ld ha\'e 512 timers in l ' K of memory: 

The memorv of a PLC is broken into sections 
that have specific functions. Sections of mem-

c"' .. 

Input 

mod"" 
ProceSSOf memory 

---JU>-~~f;~:::'":~:':'m=·2':·~":·=·~l 

,.) InpUt staluS t.1b1e EKh onP~1I holS one COrfespond,ng bit ,n 
men"lOfy li the 'nput's CloSe<!. the Dol'S sel to 1. ,1 the 'nput 
.s ooen lhe bot '5 'esel to lefO 

FIGURE 2·11 Input and output status tables or files. 

Communications 
1/0 Points Options 

UP to 20 inputs Serial. DH-485, 
Up to 14 outputs DeviceNet 

UP to 4096 Serial, DH-485, 
inputs and outputs DH +, DeviceNet. 

(ontrolNet, Ethernet 

Up to 128,000 Serial. DH·485, 
inputs and outputs DH +, DeviceNet, 

(ontroINet, Ethernet 

ory used to store the status of inputs and out
puts typica ll y are call ed input status files or ta
bles and output status fi les or tables (Fig. 2-17). 
These terms simply refer to a location where 
the status of an input or output dev ice is 
stored. Each bit is either a 1 or 0, depending on 
whether the input is open or closed. A closed 
contact would have a binarv 1 stored in its re
spective location in the input table , whereas 
an open contact would have a 0 stored . A lamp 
that is ON would have a 1 stored in its respec
ti ve location in the output table, whereas a 
lamp that is OFF would have a 0 stored . Input 
and output image tables are constantly being 
revi sed bv the CPU. Each time a memorv loca
tion is e·xamined . the table changes' if the 
contact or coil has changed state. 

Status table fi les store system information 
such as scan time, fault status. fault codes, 

Processor memory 
Output ,mage lable 

Output 
module 

(0) Output status table. Each output has one correspondil"g bit 
,n memory. It the bII ,s at . the output wi" be turned ON; ,f 
the bit is a O. lhe output wijl be sw,tched OFF. 



and watchdog timer; and some have preci
sion timing bits for use in the control pro
gram. Timer files are usually three words 
long. One word contains timer status infor
mation; another contains the preset value or 
set point: and the last contains the accumu
lated value. Counter files. also three words 
long. have the same configuration as the 
timer. Bit. control, and integer files are also 
used to allow more programming flexibility 
and to allow for more complex instructions. 

Although there are many types, memory can 
be placed into two general categories: volatile 
and nonvolatile. Volatile memory wHllose its 
stored information if all operating power is 
lost or removed. Volatile memory is easily 
altered and is quite suitable for most applica
tions when supported by battery backup. 

Nonvolatile memory has the ability to retain 
stored information when power is removed 
accidentally or intentionally. Although non
volatile memory generally is unalterable, 
there are special types in which the stored in
formation can be changed. 

PLCs execute memory-checking routines to be 
sure that the PLC memory has not been cor
rupted. This memory checking is undertaken 
for safety reasons. It helps ensure that the PLC 
will not execute if memory is corrupted. The 
program normally runs from RAM for fastest 
speed and is transferred from EEPROM or 
EPROM to RAM at power up. 

~MORYTYPES • 

As the name implies. programmable logic 
controllers have programmable memory that 
allows users to develop and modify control 
programs. This memory is made nonvolatile 
so that if power is lost, the PLC holds its pro
gramming. PLCs make use of different types 
of memory devices. 

Data are stored in memory locations by a 
process called writing. Data are retrieved from 

memory by what is referred to as reading. 
Following is a generalized description of a 
few of the more common types of memory de
vices. Details for specific memory types can 
be obtained from the specification sheets pro
vided as part of the software package for a 
controller. 

Read-Only Memory (ROM) 

Read-only memory (ROM) is designed so that 
information stored in memory can only be 
read and, under ordinary circumstances. can
not be changed. Information found in the 
ROM is placed there by the manufacturer. for 
the internal use and operation of the PLC. 
Read-only memories are nonvolatile; they re
tain their information when power is lost and 
do not require battery backup. 

ROM is used by the PLC for the operating sys
tem. The operating system is burned into 
ROM by the PLC manufacturer and controls 
the system software that the user uses to pro
gram the PLC. The ladder logic that the 
programmer creates is a high-level language. 
The operating system software must convert 
the ladder program to instructions that the 
microprocessor can understand. 

Random Access Memory 
(RAM or R/W) 

Random access memory (RAM), often referred 
to as read-write (R/WJ memoI1'. is designed so 
that information can be written into or read 
from the memory. RAM is a type of solid-state 
memory contained in an integrated circui t 
and is commonly used for user memory . 
The user's program, timer/counter values. 
input/output status. and so on are stored in 
RAM. When the program is executed, the 
microprocessor, under the control of the pro
gram. allows input to the RAM, which can 
change the stored information. 

RAM is memory that could be lost if the 
power is turned off. Volatile RAM is usually 
protected by a battery (Fig. 2-18). A P~C.must 
not lose its programming if power IS mter
rupted briefly, and this is accomplished with 
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FIGURE 2-18 Battery used to protect processor RAM . 

battery backup for those times when ac power 
is lost. The battery takes over when the PLe is 
shut off. Most PLCs use CMOS-RAM technol
ogy for user memory. CMOS·RAM chips have 
ver\' low current draw and can maintain 
men-lOry with a lithium battery for an ex
tended time. two to five years in many cases. 
Some processors have a capacitor that pro
\' ides at least 30 minutes of battery backup 
when the battery is disconnected and power 
is OFF. Data in RAM are not lost if the power 
is replaced within 30 minutes. 

Many controll ers, for the most part , use the 
CMOS-RAM with battery support for user 
program memory. Random access memory 
provides an excellent means for easily creat
ing and altering a program. The CMOS- RAM 
is popular because it has a very low current 
drain (lS-p.A range) when not being accessed, 
and the information stored in its memory can 
be retained by as little as 2 V dc. 

Programmable Read-Only Memory 
(PROM) 

Tbe programmable read·only memory 
(PROM) is a special type of ROM. Program
mable read-only memory allows initial 
andlor additional information to be written 
into the chip. Programmable read-only mem· 

ory may be written into only once after being 
received from the manufacturer. Program
ming is accomplished by pulses of current 
that melt fusible links in the chip , preventing 
it from being reprogrammed. Very few con
trollers use PROM for program memory be
cause any program change would require a 
new set of PROM chips. 

Erasable Programmable Read-Only 
Memory (EPROM) 

The erasable programmable read.only memory 
(EPROM) is a specially designed PROM that 
can be reprogrammed after being entirely 
erased with the use of an ultraviolet light 
source. Also called an ultraviolet PROM 
(UVPROM), this chip has a quartz window 
over a silicon material that contains the inte
grated circuits. This window is normally 
covered by an opaque material. When the 
opaque material is removed and the circuitry is 
exposed to ultraviolet light for approximately 
20 minutes, the memory content can be erased. 
Once erased, the EPROM chip can be repro
grammed using the programming device. 

EPROM or UVPROM memory is used to back 
up, store. or transfer PLC programs. The PLC 
processor can only read from this type of 
memory device. An external PROM program
mer is used to program (write to) the device. 
The UVPROM is a nonvolatile memory de
vice and does not require battery backup. 

Electrically Erasable Programmable 
Read-Only Memory (EEPROM) 

Electrically erasable programmable read
only memory (EEPROM) is a nonvolatile 
memory that offers the same programming 
flexibility as does RAM. The EEPROM can be 
electrically overwritten with new data in
stead of being erased with ultraviolet light. 
Because the EEPROM is nonvolatile memory. 
it does not require battery backup. It provides 
permanent storage of the program. and can be 
changed easily using standard programming 
devices . Typically. an EEPROM memory 
module is used to store, back up. or transfer 
PLC programs. 

PLC Hardware Components 
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Recently, PLC processors have started to use 
flash memory. Flash EEPROMs are similar to 
EEPROMs in that they can only be used for 
backup storage. The main difference comes in 
the "flash": they are extremely fast at saving 
and retrieving files. In addition. they do not 
need to be physically removed from the 
processor for reprogramming; this can be 
done using the circuitry within the processor 
in which they reside. Flash memory is also 
sometimes built into the CPU module, where 
it automatically backs up parts of RAM. If 
power fails while a PLC with flash memory is 
running. the PLC will resume running with
out having lost any working data after power 
is restored. 

PROGRAMMING DEVICES 
Easy-la-use programming equipment is one 
of the important features of programmable 
controllers. The programming device pro
vides the primary means by which the user 
can communicate with the circuits ofthe con
troller. (Fig. 2-19). The programming device 
is used to input the desired instructions. 
These instructions determine what the PLC 
will do for a specific input. An operator inter
face device allows process information to be 
displayed and new control parameters to be 
entered. 

PLC manufacturers use various types of pro
gramming units for program and data entry. 
The simplest type of proprietary program
ming unit is the handheld programmer 
(Fig. 2-20). A handheld programming device 
has a connecting cable so that it can be 

Cenlral proceSSing unit 

Programming device Operalor Interlace 

FIGURE 2-19 User communications with PlC circuits. 
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FIGURE 2·20 Handheld programming del/ice. 

plugged into a PLC's programming port. 
Handheld programmers are compact. inex
pensive, and easv to use. These units contain 
multicolored, multifunction keys and a 
liquid-crystal display (LCD) or light-emitting 
diode (LED) window. There are usuallv keys 
for instruction entering and editing, and na'v
igation keys for moving around the program. 
Handheld programmers have limited display 
capabilities. Some units will only display the 
last instruction that has been programmed, 
whereas other units will display from two to 
four rungs of ladder logic. Certain micro con
trollers use a plug-in panel rather than a 
handheld device. 

There are two types of handheld program
mers: the dumb terminal and the smart termi· 
nal. A dumb terminal or programmer has no 
built-in intelligence or memory of its own. It 
must be phYSically attached to a PLC in order 
to be used to program, edit. or monitor a 
program. Most newer models of handhe ld 
programming terminals are the smart type. A 
smart handheld programming terminal has 
its own onboard microprocessor. which al
lows it to operate independently from the 
PLC. Sometimes called a stand-alone termj
na/, a smart programming terminal can be 
used to develop programs offline without 
being connected to a PLC. Then. when con
nected to PLC. a communication link is 
created that can be used to download the 
program from the smart terminal to the CPU 
of the controller. Similarly, if you need to 
look at a copy of a program that is currently 
running in the PLC. you can upload a 
copy into the smart handheld programmer's 
memory. 

• 
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FIGURE 2-21 Personal (omputer used as the 
programming device. 

At one time. PLC manufacturers sold propri
etary programming units. which looked like 
personal computers except that they could 
be used only to program and monitor PLCs. 
These types of programming units are rarely 
seen today. Currently. the most popular 
method of PLC programming is to use a per
sonal computer in either a DOS or Windows 
environment to run the manufacturer's soft
ware for a specific PLC (Fig. 2-21), Some of 
the advantages of using a personal computer 
for programming are as foll ows: 

• Large amounts of logic can be displayed 
on the monitor. which simplifies the in
terpretation of the program. Scrolling 
through a program rung by rung is eas il y 
accomplished by pressing the up or 
down arrow key. 

• A color monitor can highlight the circuit 
elements in different colors to indicate 
status. 

• More than one program can be stored on 
the computer's hard dri ve. 

• The computer can be used to document 
the PLC program. This documentation 
may be in the form of labels for each 
element or comments that may be 
usefu l for troubleshooting and 
maintenance . 

• PC software provides cut-and-paste 
features for program development and 
editing. 

• A PC allows easy monitoring of data 
tables. 

• Copies of the program can be made easily 
on floppy disk, CD-ROM, or hard drive. 

• The added graphics capabilities of 
some software packages allows for the 
development of flow diagrams of the 
controlled equipment . 

• A laptop or notebook PC is small and 
portable. 

~CORDING AND 
RETRIEVING DATA 

• 

Printers are used to provide hard-copy print
outs of the processor's memory in ladder 
program format . Lengthy ladder programs 
cannot be shown completely on a screen. 
1)rpically, a screen shows a maximum of 
five rungs at a time. A printout can show 
programs of any length and analyze the 
complete program. 

Some older PLC systems use a magnetic cas
sette recorder to record and store the user 
program. These tape systems have been su
perseded by computer disk drives. The ad
vantages of using a floppy disk to record and 
store programs include faste r speed , rapid 
program accessibility, and greater quantity of 
data that can be stored (Fig. 2-22). 

The PLC can have only one program in mem
ory at a time. To change the program in the 
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FIGURE 2-22 Copying programs. 
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Memory module 

FIGURE 2-23 An EEPROM or UVPROM memory 
module installed in the processor is used as backup 
to the program entered in the PlC. 

With a memory module . you can: 

• Save the contents of the processor RAM 
for storage purposes 

• Load the conte nts of the EEPROM and 
EPROM memory into the processor RAM 

• Use the EPROM memory module when 
program security is requi red because 
the program in the EPROM ca nnot be 
altered when it is install ed in the 
controlle r 

• Configu re the PLC to automati cal h" 
download the program on power ~p or if 
there is a memon' error 

PLC. it is necessary either to ent er a new pro- ~ 
gram directly from the keyboa rd or to down- .---------___ ... 

load one from the computer ha rd d;sk. Some PL~ WORKSTATIONS 
PLCs use internal EEPROMS or EPROM 
memory modules (Fig. 2-23) that can store a 
backup to the prog ram en tered in the PLC. 
If the PLC we re to losf' ils program. the pro· 
gra m in the EEPROM or EPROM \muld be 
dO\\'nloadf!d qu ickly 10 the PLC's memory. 

A PLC II 'orkstation or operator illtl'f.lacp can 
be connected to commun i(.a lf' with a PLC and 
to replace pushbu ttons. pilot Ii~hts. thumb
w hee ls. ann other opera tur l ontro] p;uw] 
dedces (Fi g. 2-24 ). LUllli npscl'nl hHILh-~tTPI'II 

FIGURE 2-24 Typ ical PlC operator interface. (Courtesy of Red Lion Controls. 

York, Pennsylvan ia) 
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keypads provide an operator interface that 
operates like traditional hard-wired control 
panels. 

Through personal computer-based setup soft
ware. you can configure display screens to: 

• Replace hardwired push buttons and 
pilot lights with realistic-looking icons. 
The machine operator needs only to 
touch the display panel to activate the 
push buttons. 

• Show operations in graphic format for 
easier viewing 

• Allow the operator to change timer and 
counter presets by touching the numeric 
keypad graphic on the touch screen 

• Show alarms. complete with time of 
occurrence and location 

• Display variables as they change over 
time 



Chapter 2 Review 

Questions 
1. What is the function of a PlC input module? 

2. What is the function of a PlC output module? 

3. Define the term logical rack. 

4. a. What is a remote rack? 
b. Why are remote racks used? 

S. How does the processor identify the location of a specific input or output device? 

6. Describe three basic elements of an 110 address. 

7. What connections must be made to the terminals of an I/O module? 

8. Compare a standard I/O module with a high-density type. 

9. What types of field input devices are suitable for use with discrete input modules? 

10. What types of field output devices are suitable for use with discrete output modules? 

11. list three functions of the optical isolator circuit used in 110 module circuits. 

12. Name the two basic sections of an 1/0 module. 

13. list four tasks performed by an input module. 

14. What electronic component is often used as the switching device for 120 V ac output 
interface module? 

15. a. What is the maximum current rating for a typical 120 V ac output interface module? 

b. Explain how outputs with larger current requirements are handled. 

16. What electronic component is used as the switching device for dc output modules? 

17. What type of output devices can be controlled by an output module that uses relays for the 
switching device? 

18. Compare the connection of dc sourcing and sinking field devices. 
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19. a. Compare discrete and analog 110 modules with respect to the type of input or output 
devices with which they can be used. 

b. Explain the function of the AID converter circuit used in analog input modules. 

c. list three common types of analog input sensing devices. 

d. Why is shielded cable often used when wiring low-voltage analog sensing devices? 

20. State one application for each of the following special 110 modules: 

•• High-speed counter module 

b. Thumbwheel module 

c. TTL module 

d. Encoder·counter module 

e. BASIC or ASCII module 

f. Stepper-motor module 

g. BCD·output module 

21. list four types of intelligent 110 modules that have their own microprocessors on board. 

22. Write a short description for each of the following 110 specifications: 

•• Nominal input voltage 

b. On·state input voltage range 

c. Nominal current per input 
d. Nominal output voltage 

e. Output voltage range 
f. Maximum output current rating 
g. Off-state leakage current per output 
h. Electrical isolation 
i. Number of points 
j. Backplane current draw 
k. Resolution 
I. Input impedance and capacitance 
m. Common mode rejection ratio 

23. Explain the basic function of each of the three major parts of the CPU. 

24. lis~ three typical modes of operation that can be selected by the keyswitch of a processor 
umt. 

25. State three other functions, in addition to simple logic processing, that PLC processors are 
capable of performing. 

26. What steps can be taken to prevent damage to static-sensitive PLC components? 
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27. a. What information is stored in input and output tables? 

b. How is this information stored in memory? 

28. Compare the memory storage characteristics of volatile and nonvolatile memory elements. 

29. Why do PlCs execute memory-checking routines? 

30. Compare ROM and RAM memory design with regard to: 

a. How information is placed into the memory 

b. How information in the memory is changed 

c. Classification as volatile or nonvolatile 

31 . a. How is initial andlor additional information written into a PROM chip? 

b. What is the main limitation of PROM memory chips? 

32. How is the program erased in the following chips? 

• . EPROM 

b. EEPROM 

33. Discuss the advantages of a processor that uses flash memory. 

34. list three possible functions of a PlC programming device. 

35. list three types of programming equipment available. 

36. Compare the so-called dumb and smart handheld programming terminals. 

37. How can a personal computer be converted into a PlC programmer? 

38. What information can be included as part of computer documentation of a program? 

39. What are the benefits of using a printer to provide a hard-copy printout of the program? 

40_ list three advantages of using a floppy disk. over magnetic tape storage. to record and store 
PLC programs. 

41 . Explain the function of an EEPROM or UVPROM memory module installed in a processor. 

42. Outline several functions that a PlC workstation screen can be configured to do. 
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Problems 

1. A discrete 120 V ac output module is to be used to control a 230 V de solenoid valve. Draw a 
diagram showing how this could be accomplished using an interposing relay. 

2. Assume a thermocouple generates a linear voltage of from 20 mV to 50 mV when the 
temperature changes from 750°F to 12S0oE How much voltage will be generated when 
the temperature of the thermocouple is at 1000°F? 

3. a. The input delay time of a given module is specified as 12 ms. How much is this expressed 
in seconds? 

b. The output leakage (urrent of a given module is specified as 950 ~A. How much is this 
expressed in amperes? 

c. The maximum ambient temperature for a given 110 module is specified as 60°C. How 
much is this expressed in degrees Fahrenheit? 

4. Create a typical five-digit address (according to Fig. 2-4) for each of the following: 

a. A pushbutton conneded to terminal 5 of module group 2 located on rack 1. 
b. A lamp connected to terminal 3 of module group 0 located on rack 2. 

5. Assume the triac of an ac output module fails in the shorted state. How would this affect the 
device connected to this output? 

6. A personal computer is to be used to program several different PlC models. What is required? 



After completing this chapter, you will be able 
to : 

• Define the decimal, binary, octal, and 
hexadecimal numbering systems and be able 
to convert from one numbering or coding 
system to another 

• Explain the BCD, Gray, and ASCII code 
systems 

• Define the terms bit byte, word, least 
significant bit (L58), and most significant bit 
(M58) as they apply to binary memory 
locations 

• Add, subtract, multiply, and divide binary 
numbers 

Using PlCs requires us to become 

familiar with other number systems 

besides decimal. Some PLC models and 

individual PlC functions use other 

numbering systems. This chapter deals 

with some of these numbering systems, 

induding binary, octal, hexadecimal, 

BCD, Gray, and ASCII. The basics of each 

system, as well as conversion from one 

system to another, are explained. 



Formula 
023 

BATCH SIZE r-r-r--.r-r-r--. 
1.0 c .yd 

p .. Us·11 

~~ 

Control scheme for a PlC 

batch operation . 
(Cour tesy of Sca le· Tron, Inc.) 
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~CIMAL SYSTEM 
• 

Knowledge of different number systems and 
digital codes is quite useful when working 
with PLCs or with most any type of digital 
computer. This is true because a basic re
quirement of these devices is to represent, 
store, and operate on numbers. In general, 
PLCs work on binary numbers in one form or 
another; these are used to represent various 
codes or quantities. 

The decimal system. which is most common to 
us, has a base of 10. The radix or base of a num
ber system determines the total number of dif
ferent symbols or digits used by that system. 
For instance. in the decimal system. 10 unique 
numbers or digits-Le., the digits 0 through 
9-are used: the total number of symbols is the 
same as the base. and the symbol with the 
largest value is 1 less than the base. 

The value of a decimal number depends on 
the digits that make up the number and the 
place value of each digit. A place (weight) 
value is assigned to each position that a digit 
would hold from right to left. In the decimal 
system the first position, starting from the 
rightmost position, is 0; the second is 1; the 
third is 2; and so on up to the last position. 
The weighted value of each position can be 
expressed as the base (10 in this case) raised 
to the power of the position. For the decimal 
system then, the position weights are 1, 10, 
100, 1000, and so on. Figure 3-1 illustrates 

. 32' 0 
1 9 6 2 

1= 2 

6Xl0 1=6)( 10= 60 

'------ 9 X 102 = 9 x 100 = 900 

L ____ I )(103= 1 X \000 = 1000 

196210 
(Sum 01 products) 

FIGURE 3-1 Weighted value in the decimal system. 

Oigital signal waveform 

.5l II II _H"h,H,," 
""'" 0 EE==I_---= LJ==--_= L= __ __Low (L) (0) 

Time 

FIGURE 3-2 Digital signal waveform. 

how the value of a decimal number can 
be calculated by multiplying each digit by 
the weight of its position and summing the 
results. 

BINARY SYSTEM 
The binary system uses the number 2 as the 
base. The only allowable digits are 0 and 1. 
With digital circuits it is easy to distingu ish 
between two voltage levels (i.e ., +5 V and 
o V), which can be related to the binary 
digits 1 and 0 (Fig. 3-2). Therefore the binary 
system can be applied quite easily to PLCs 
and computer systems. Most PLC timers and 
counters operate in binary. 

Since the binary system uses only two digits, 
each position of a binary number can go 
through only two changes, and then a 1 is car
ried to the immediate left position. Table 3-1 
shows a comparison among four common 
number systems: decimal (base 10), octal 
(base 8), hexadecimal (base 16), and binary 
(base 2). Note that all numbering systems 
start at zero. 

The decimal equivalent of a binary number 
is calculated in a manner simi lar to that 
used for a decimal number. This time the 
weighted values of the positions are 1, 2, 4, a. 
16,32,64, and so on. The weighted value, in
stead of being 10 raised to the power of the 
position, is 2 raised to the power of the 'posi
tion. Figure 3-3 illustrates how the bmary 



NUMBER SYSTEM COMPARISONS 

Decimal Octal Hexadecimal Binary 

0 0 0 . .. . ...... 0 
1 1 1 . . . . . . . . . . 1 
1 1 1 . .... ... . 10 
3 3 ...... 3 . ........ 11 

• . .. 4 ..... .. . 100 
5 5 .... 5 .... .... 101 
6 6 . 6 . . 110 
7 7 .... .. . 7 .... . 111 
8 .. 10 .. . 8 1000 
9 11 . . 9 1001 

10 12 ..... . A 1010 
11 13 . .. ..... 8 1011 
11 14 .... . .. C 1100 
13 15 ..... ... D 1101 
14 16 ... .... . E 1110 
15 17 F 1111 
16 10 10 10000 
17 11 11 10001 
18 11 11 10010 
19 13 13 10011 
10 l' 14 10100 

number 10101101 is converted to its decimal 
equivalent: 173. 

Each digit of a binary number is known as a 
bit. In a PLC the processor-memory element 
consists of hundreds or thousands of loca
tions. These locations. or regjsters. are re
fe rred to as words. Each word is capable of 
storing data in the form of binary djgits , or 
bits. The number of bits that a word can store 

8on31)' 

number 

;l~ 
, " 

5 • 3 2 1 0 , , 

~ 
2')( 2°. , )( 

0 ><2' . 0 >< 

,. , 
2. , 

' >< 2 2 . , )( 4 .. 4 

' >(2) . 1 >< 8. 8 

Ox2'.Ox 16 . 0 
l X 2 ~. I )( 32 .. 32 

O x2' . 0 )( 64 .. 0 

1 X 2 ' • 1 x 128 :a 128 

DecImal number 173'G 
(Sum 01 products) 

FIGURE 3-3 Converting a binary number to a dec:imal 
number. 

depends on the type of PLC system used . 
Sixteen-bit and 32-bit words are the most 
common. Bits can also be grouped within a 
word into bytes. Usually. a group of 8 bits is a 
byte . and a group of 2 or more bytes is a word. 
Figure 3-40 illustrates a 16-bit word made up 
of 2 bytes. The least Significant bit (LSB) is 
the digit that represents the smallest value. 
and the m ost sjgn jficant bit (M SBJ is the digit 

, 0000 

000 

0002 

0003 

"" 000 5 

BIts 

15 14131211109 876 54 3210 

I I 
I 

, , 1 0[0 1 1 0 0 0 1 I I 0 1 , 
I 

I 

1018 !=l=t+f=R=t+t=l::t=t=t=R=1 
MSB Ba1 LSB 

j j I 
1019 H--+++-H++H--+++-H-1 
10" 
1021 H--+++-H++H--+++-H-1 1,1, I, I, I, I, I, I, I, I, I, I, I, I, I, I, I 

1---- Upper byte _ Lower e =:::::3 
1------- 16obot WOfdI-------.J 

(.I) A. 16-t1it word. 

FIGURE )-4 PlC processor words and memory size. 

1022 H++-I-++t-I++-I-+++1-1 
1023 LJ--'--'-.L..'-'--'--'-J...J--'--'-.L..L.J....J 
Word 
Addresses 

(b) I ·K WOfd memory. 

Number Systems and Codes 



that represents the largest value. A bit within 
the word can exist only in two states: a logical 
1 (or on) condition , or a logical 0 (or of 0 
condition. 

Data can be stored in one 16-bit word as two 
separate groups of B-bit data. The lower byte 
will contain 8 bits of data, while the upper 
byte will contain another B bits of data . 
Newer PLCs, such as the Allen-Bradley Con
trolLogix PLC, use 32-bit memory words. 
These 32-bit words are also called double 
integers. 

The size of the programmable controller 
memory relates to the amount of user pro
gram that can be stored. If the memory size is 
1 K word (Fig. 3-4b), it can store 1024 words 
or 16.384 (1024 x 16) bits of information 
using 16-bit words, or 32,768 (1024 x 32) bits 
using 32-bit words. Today's PLCs contain 
anywhere from 1-K to 256-K words of mem
ory. most of which is RAM. 

To convert a decimal number to its binary 
equivalent. we must perform a series of divi
sions by 2. Figure 3-5 illustrates the conver
sion of the decimal number 47 to binary. We 
start by dividing the decimal number by 2. If 
there is a remainder, it is placed in the LSB of 
the binary number. If there is no remainder, a 
o is placed in the LSB. The result of the divi
sion is brought down and the process is re
peated until the result of successive divisions 
has been reduced to O. 

Even though the binary system has only 
two digits, it can be used to represent any 
quantity that can be represented in the 
decimal system. All PLCs work internally in 
the binary system. The processor, being a 

15 " 13 12 " 10 9 • 7 , , 0 0 0 0 , 0 , 
0 0 , , 0 , 0 0 0 , 0 , 0 , , 0 0 , 
0 0 0 0 0 0 0 0 0 , , , 0 , 0 0 , , 

, , 
0 , 
, , 

FIGURE 3-6 SLC 500 output status fi le . 
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Oeclmal number 
r 

47 + 2 _ 23 with a remainder 01 1 LSB 

---23 + 2 • II with a remainder 01 ---11/5 wilh a remainder 01 1 

5/2 with a remainder 01 

2/' with a remainder 01 

1 + 2 • wilh a remainder 01 MSB 

Bmarynumber_ 1 101111 

FIGURE 3·S Converting a decimal number to a binary 
number. 

digital device. understands only Os and 1s. or 
binary (a lso ca lled machine language) . For 
example, the ladder program you develop is 
sent to an interpreter or assembler. which 
converts it to machine language for the 
processor. 

Computer memory is. then. a series of binary 
I s and Os. Figure 3-6 shows the output status 
file for an Allen-Bradley SLC-SOO modular 
chassis, which is made up of single bits 
grouped into 16-bit words. One I6-bit out
put file word is reserved for each slot in the 
chassis. Each bit represents the on or off 
state of one output point. These points are 
numbered 0 through 15 across the top row 
from right to left . The column on the right 
li sts the output module address. Although 
the table illustrates sequentially addressed 
output status file words. in reality a word 
is created in the table only if the processor 
finds an output module res iding in a partic
ular slot. If the slot is empty, no word will be 
created. 

5 • 3 2 , 0 Address , , 0 0 0 , 0' 
0 0 , , , , 02 , 0 0 0 0 , 03 
0 0 , 0 0 0 o. 
0 0 , , 0 , OS 



~GATIVE NUMBERS 
• 

If a decimal number is positive. it has a plus 
sign: if a number is negative. it has a minus 
sign. In binary number systems. suc~ ~s used 
in a PLe. it is not poss ible 10 use posItive and 
negath'e symbols to represent the polarity of a 
number. One method of representing a binary 
number as either a positive or negative va lue 
is to use an extra digit. or sign bit. at the MSB 
side of the number. In the s ign bit position. a a 
indicates that the number is positive. and a 1 
indicates a negative number (Table 3-2). 

Another method of express ing a negative 
number in a digital system is by using the 
complement of a binary number. To comple
ment a binary number. change all the l s to Os 
and all the O's to 15. This is known as the l's 
complement form of a binary number. For 
example. the l's complement of 1001 is 0110. 

The most common way to express a negative 
binarv number is to show it as a 2'5 comple
ment' number. The 2's complement is the 
binarv number that results when 1 is added to 

Magnitude ---, Decimal 
Sign I~ Value 

Same as 
bil'lary 
l'Iumbers 

0111 .. .. + 1 
0110 . .. .. +6 
0101 . . . . + 5 
0100 . . .. +4 
0011 . .. + 3 
0010 .... . +2 
0001 . . . + 1 
0000 .... .... a 
1001 . . . . -1 
1010 . ... .... - 2 
1011 ........ -3 
1100 ....... . -4 
1101 .... . ... -5 
1110 . . .. -6 
1111 ... . .... -7 

, 'S AND 2'S COMPLEMENT 
REPRESENTATION OF POSITIVE 
AND NEGATIVE NUMBERS 

Signed ,', 2', 
Decimal Complement Complement 

+7 0111 .. 0111 
+. 0110 .. 0110 
+s 0101 . 'Same as 

0101 
+, 0100 . 'bil'lary 0100 
+3 0011 .. l'Iumbers 0011 
+2 0010 .. 0010 
+1 0001 ........ 0001 

0 0000 . 0000 
- 1 ........ 1110 .. 1111 
- 2 1101 .. 1110 
- 3 1100 . 1101 -, 1011 . . 1100 
- s 1010 . 1011 
- 6 1001 .. 1010 
-7 1000 .. 1001 

the l 's complement. This system is shown in 
Table 3-3. A a s ign bit means a positi ve num
ber. whereas a 1 sign bit means a nega ti ve 
number. 

Us ing the 2's complement makes it easier for 
the PLC to perform mathematica l operations. 
The correct sign bit is generated by forming 
the 2's complement. The PLC knows that a 
number retrieved from memory is a negative 
number if the MSB is 1. Whenever a negative 
number is entered from a keyboard. the PLC 
stores it as a 2's complement. What follows is 
the original number in true binary followed 
by its 1 's complement. its 2'5 complement. 
and finally, its decimal equivalent. 

~ALSYSTEM • 
To express the number in the binary system 
requires many more digits than in the deci
mal system. Too many binary digits can 
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Power SlOt 0 SlOt 1 SlOt 2 SlOt J 51014 
supply 

CPU Address Address Address Address 
.-7 10-17 20-27 30-37 

". ". ". ". ", ", 
I~ 

", '" "2 "2 "2 
"3 "3 "3 "3 

'" ", ", ", 
'" ", '" '" ". • ". ". "7 "7 "7 "7 

"~,, __________ 0-- r< 0 :3122 
~ 

l iO modute screw 
SIOI nu~~ 
and tslreu., 

termlnat number 
2 3 I ' , 

• • ,. 2. 30 , , " " " 2 " 32 
3 3 " 23 33 , , 

" " " , , 
" 2' 3S 

• • " 26 36 
7 7 " 27 37 

FIGURE 3-7 Addressing of 110 modules using the octal numbering system. 

become cumbersome to read or write. To 
solve this problem. other related numbering 
systems are used. 

The octal numbering system, a base 8 system. 
is often used in microprocessor. computer. 
and programmable controller systems be
cause 8 data bits make up a byte or inrorma
tion that can be addressed by the PLC user or 
programmer. Figure 3-7 illustrates the ad
dressing or 110 modules using the octal num
bering system. The digits range from 0 to 7; 
thererore, numbers 8 and g are not allowed. 
The Allen-Bradley ramily or PLCs use the rol
lowing addressing schemes ror 110 data: 

Controller 

PLC-5 processor 
SLC-500 processor 

Logix controller 

110 Addressing 

base 8 (octal) 

base 10 (decimal) 

base 10 (decimal) 

Octal is used as a convenient means of han
dling large binary numbers. As shown in 
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Table 3-4. one octal digit can be used to ex
press three binary digits. As in all other num
bering systems. each digit in an octal number 
has a weighted decimal value according to 
its position. Figure 3-8 illustrates how the 
octal number 462 is converted to its decimal 
equivalent: 306. 

Octal is popular in programmable controller 
systems because it converts easily to binary 

BINARY AND RELATED OCTAL CODE 

Binary Octal 

000 . . 0 
001 ... . 1 
010 . . . . 2 
011 . . . . 3 
100 . . ...... 4 
101 ........ 5 
110 . . . .. . . . 6 
111 ........ 7 



• • 2 

2)(80 .. 2x ,'" 2 

L--- 6 ..:B ' .. 6 x 8,. 48 

L-___ 4 x8~ "' 4 x 64= 256 

o.::trMIlIIII'NIer - 306" 
(Sum 01 prodUc\$j 

FIGURE 3-8 Converting an octal number to a decimal 

number. 

equivalents. For example. the octal number 
462 is converted to its binary equivalent by 
assembling the 3·bit groups, as illustrated in 
Figure 3·9. Notice the simplicity of the nota
tion: the octa l 462 is much easier to read and 
write than its binary equivalent is. 

~XADECIMAl SYSTEM 
• 

The hexadecimal (hex) numbering system is 
used in programmable controllers because a 
word of data consists of 16 data bits , or two 
a-bit bytes. The hexadecimal system is a base 
16 5v5tem. with A to F used to "represent deci
mal 'numbers 10 to 15 (Table 3-5), The hexa
decimal numbering system allows the status 
of a large number of binary bits to be repre
sented in a small space, such as on a computer 
screen or PLC programming device display. 

The techniques used when converting hexa
decimal to decimal and decimal to hexadeci
mal are the same as those used for binary and 
octal. To convert a hexadecimal number to its 
decimal equivalent , the hexadecimal digits 

0"" _ 
numbel' 7 -,,--.:!. ____ I _____ 
1,10 I 0 II , I , 10 II 0 1,10 I- a 

HEXADECIMAL NUMBERING 
SYSTEM 

Hexadecimal Binary Decimal 

0 0000 0 
1 ........... 0001 1 
2 ........... 0010 2 
3 · . . . . . . . . . . 0011 3 

• .... . . .... . 0100 • 
5 .... ....... 0101 5 
6 . . . . . . . . 0110 ........ . 6 

7 . . ........ . 0111 ....... . . 7 
8 ..... . .... . 1000 .... . . . .. 8 
9 .......... . 1001 ......... 9 
A ........ 1010 10 
8 101 1 . ... . .. . 11 
C · . . . . . . . . . . 1100 ...... . . 12 
0 · . . . . . . . . . . 1101 . .... . . . 13 

E · . . . . -. . . . . 1110 ,. 
F · . . . . . . . . . . 1111 .... . . . . 15 

in the columns are multiplied by the base 
16 weight. depending on d igit significance. 
Figure 3-10 illustrates how the conversion 
would be done for the hex number 187. 

Like octal numbers. hexadecimal numbers 
can easily be converted to binary numbers. 
Conversion is accomplished by writing the 
4-bit binary equiva len t of the hex digit for 
each position, as illustrated in Figure 3-11. 
As Figw es 3-10 and 3-11 show. the hex num
ber 187 is 000110110111 in binary and 439 in 
decimal. 

H" 
number 

~ 
, ,,,' 

11 x 16 : 

1 x 16' 

7 x 1 :: 7 

., 11 x 16 .. 176 

",1 x2S6 =256 

a...a.......,- 439 '0 
(Sum of procIucts) 

FIGURE ) ., Converting an octal number to a binary FIGURE ) -'0 Converting a hexadecimal number to a 
number. decimal number. 
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Hex numberf---- 1 B 7 

j 
I 0 I 0 I 0 11 II 101, 11 1011 11 11 I -~~::r 
FIGURE ] -11 Converting a hexadecimal number to a 
binary number. 

~DSYSTEM • 
The BCD system provides a convenient way 
of handling large numbers that need to be 
input to or output from a PLC. As you can 

see from looking at the various number sys
tems, there is no easy way to go from binary 
to decimal and back. The BCD system pro
vides a means of converting a code readily 
handled by humans (decimal) to a code 
readily handled by the equipment (binary) . 
PLC thumbwhee l swi tches and LED di s
plays are examples of PLC devices that 
make use of the BCD number svstem. Table 
3-6 shows examples of numer-ic values in 
decimal, binary. BCD. and hexadecimal rep
resentation . 

The BCD system uses 4 bits to represent 
each decimal digit. The 4 bits used are the 

NUMERIC VALUES IN DECIMAL, BINARY, BCD, AND HEXADECIMAL 
REPRESENTATION 

Decimal Binary BCD Hexadecimal 

o o . . . . 0000 
1 1 ..... 0001 
2 .. 
3 ... . .. 
5 .. 
6 . 

10 .......••. 0010 .... • . •... 

o 
1 
2 
3 ... 11 ............... . 0011 ....... . . 

100 ..... ...•....... 0100 4 

. . . . . . . .. 101 .•....... 0101 . . ... . ..... 5 

7 . . 
8 
9 

10 . . .. . .. •. 

" 12 
13 ,. 
15 

110 ...... 
111 ... 

1000 .. 
1001 
1010 
1011 
1100 . . 
1101 
1110 
1111 

0110 ..... ... . 
0111 .... .. . •. 
1000 
1001 . ... . . • . . 

6 
7 
8 
9 
A 0001 0000 

0001 0001 
0001 0010 
0001 001 1 
0001 0100 
0001 0101 

.... .. .... 8 

.. . ..... .... . ( 

.......... 0 
. .. ....... E 

.. .. f 

16 .... . 
17 

1 0000 . . .. ... . 0001 0110 ........ . 10 
1 0001 ...... . .... . 00010111 .......•. " 12 18. 1 0010 ... . . . .. . 0001 1000 .... . 

19 . . ...... . 1 0011 
20 . 1 0100 

126 ....... . ... .. 111 1110 .... . 
127 ............. 1111111 . . ..... . 
128 . ....•. • .... 1000 0000 ....... . 

510 ........... 11111 1110 ...... .. 
511 ... 1 1111 1111 ....... . 
512 ... 1000000000 ....... . 

Chapter 3 

0001 1001 .... . 
00100000 ... . 

13 
14 

000100100110 ...... 7E 
0001 00100111 . . . . . • . . . 7F 
0001 00101000 ... . .. . . ..... 80 

0101 0001 0000 ..... . • ..... IFE 
0101 0001 0001 .....•...... 1 FF 
0101 0001 0010 .... .• ... ' .. 200 

• 



DecImal number-r;.."I"_~.i.,! 

1 \ 
~,;;:'.,- I 0 I, I ' I ' II ' 10 I 0 I 0 11 0 1' 1' 10 II 0 I 0 I , I, I BCD 

t 
4 bils used 10( each decimal digit 

FIGURE 3-1 2 The BCD representation of a decimal number. 

binary equivalents of the numbers from 0 to 
9. In the BCD system. the largest decimal 
number that can be displayed by any four 
digits is 9. 

The BCD representation of a decimal num
ber is obtained by replacing each decimal 
digit by its BCD equivalent. To distinguish 
the BCD numbering system from a binary 
system. a BCD designation is placed to the 
right of the units digit . The BCD representa
tion of the decimal number 7863 is shown in 
Figure 3-12. 

A thumbwheel switch is one example of an 
input device that uses BCD. Figure 3-13 
shows a single-d igit BCD thumbwheel. The 

- !-~ 

= l=~" \. 
1=~ 

riJ " IS Inpul . 0 
2s Inpul _ 0 

4S InpY' " 0 
8s Input _ , 

' I. -,. 

circuit board attached to the thumbwheel has 
one connection for each bit's weight plus a 
common connection. The operator dials in a 
decimal digit between 0 and 9. and the 
thumbwheel switch outputs the equivalent 
4 bits of BCD data. In this example. the num
ber eight is dialed to produce the input bit 
pattern of 1000. A four-digit thumbwheel 
switch. similar to the one shown, would con
trol a total of 16 (4 x 4) PLC inputs. 

Scientific calculators are availab le to convert 
numbers back and forth between decimaL bi
nary. octal. and hexadecimal. They are inex
pensive and easy to use; for example. to con
vert a number displayed in decimal to one in 
binary. you simply hit one key to change the 

Input 
module 

0000 
0000 
00 ,g 
00 

• • • • • • • • • • • • • 
FIGURE ] -13 BCD t humbwheel sw itch interfaced to a PlC. 
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l ThUrnb.Wheel or 
other mput J PLC • BCD 

r-" 1 'I Binary ( 1 76 5) - ,. I- Processor ,. 
bmary BCD ,--- r---

- Inpul Qulplll 
module module 

'- ~ 

Is) PlC processorslunction in 
binary, not BCD or decimal. 

rnPUtA TOO"' __ ~ .... 

1------fTO BCD 1----1 
Source N7:23 
Desllnahon 0 -20 

(b') EJlampie 01 c:onven·to-decimaJ instruction. 

FIGURE 3-14 PlC number conversion. 

display mode from decimal to binary. In ad
dition. most PLCs contain number conver
sion functions. as illustrated in Figure 3-14. 
As shown in Figure 3-14(0). BCD-to-binary 
conversion is required for the input. Binary
to-BCD conversion is required for the output. 
Note that in Figure 3-14(b) the convert-to
decimal instruction will convert the binary 
bit pattern at the source address. N7:23. into a 
BCD bit pattern of the same decimal value as 
the destination address. 0 :20. The instruc
tion executes every time it is scanned. and 
the instruction is true. 

Many PLCs allow you to change the format of 
the data that the data monitor displays. For 
example. the change radix function found on 
Allen-Bradley controllers allows you to 
change the display format of data to binary. 
octal. decimal. hexadecimal. or ASCII. 

GRAY CODE 
The Gray code is a special type of binary code 
that does not use position weighting. In other 
words. each position does not have a definite 
weight. The Gray code is set up so that as we 
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progress from one number to the next. only 
one bit changes. This can be quite confusing 
for counting circuits. but it is ideal for en
coder circuits. For example. absolute en
coders are position transducers that use the 
Gray code to determine angular position. The 
Gray code has the advantage that for each 
"count" (each transition from one number to 
the next) only one digit changes. Table 3-7 
shows the Gray code and the binary equiva
lent for comparison. In binary. as many as four 
digits could change for a Single "count." For 
example. the transition from binary 0111 to 
1000 (decimal 7 to 8) involves a change in all 
four digits . This kind of change increases the 
possibility for error in certain digital ci rcuits. 
For this reason. the Gray code is considered to 
be an error-minimizing code. Because only 
one bit changes at a time. the speed of transi
tion for the Gray code is conSiderably faster 
than that for codes such as BCD. 

Gray codes are used with position encoders for 
accurate control of the motion of robots. ma
chine tools, and servomechanisms. Figwe 
3-15 shows an optical encoder that uses a 4-bit 
Gray code to detect changes in angular posi
tion. In this example. the encoder disk is at
tached to a rotating shaft and outputs a digital 
Gray code signal that is used to determine the 



GRAY CODE AND BINARY 
EQUIVALENT 

Gray Code Binary 

0000 0000 
0001 0001 
0011 0010 
0010 00 11 
011 0 0100 
01 11 0101 
0101 01 10 
0100 0111 
1100 1000 
1101 1001 
1111 1010 
1110 1011 
1010 1100 
1011 1101 
1001 1110 
1000 ......... 1111 

posit ion of the shaft. A fixed array of photo 
diodes senses the reflected light from each of 
the cell s across a row of the encoder path. De
pending on the amount of light reflected. each 
cell wil l output a \'oltage corresponding to a 
binar\" 1 or O. Thus. a different 4-bit word is 
gener'a led for each row of the disk. 

0111 0101 
0110 

\ \ I 0'00 

I 

'000 , t 
1001 1011 

FIGURE 3·15 Encoder disk that uses the Gray code to 
detect changes in angular position. 

ASCII CODE 
ASC II stands for American Standard Code 
for Information Interchange. It is an al
phanumeric code because it includes letters 
as well as numbers. The characters accessed 
bv the ASCII code include 10 numeric dig
it-s: 26 lowercase and 26 uppercase letters of 
the alphabet; and about 25 special charac
ters, including those found on a standard 
typewriter, i.e ., @. #. $. % . ... and so 
on. Table 3-8 shows a partial listing of the 
ASC II code. It is used to interface the PLC 
CPU with alphanumeric keyboards and 
printers. 

The keystrokes on the keyboard of a com
puter are converted di rectly into ASCII for 
processing by the computer. Each time yo u 
press a key on a computer keyboard. a 7- or 
a-bit word is stored in computer memory to 
rep resent the alphanumeric. function. or 
control data represented by the spec ific key
board kev that was depressed . ASCII input 
modules 'convert ASCII code input informa
tion from an external device to alphanumeric 
information that the PLC can process. The 
communication interfacing is done through 
either an RS-232 or RS-422 protoco l. Mod
ules are ava ilable that wi ll transmit and re
ceive ASCII files and that can be used to cre
ate an operator interface. The user writes a 
program in the BASIC language that operates 
in conjunction with the ladder logic as the 
program runs. 

PARITY BIT 
Some PLC communication systems use a bi
nary digit to check the accuracy of data trans
mission. For example, when data are trans
ferred between PLCs, one of the binary digits 
may be aCcidentally changed from a 1 to a O. 
This can happen because of a transient or a 
noise or because of a failure in some portion 
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PARTIAL LISTING OF ASCII CODE 

Character 7-Bit ASCII 

A .100 0001 
B . .... 100 0010 
C ........ 100 001' 
0 · ... 100 0100 
E .... 1000101 
F ... 100 0110 
G .. . . 100011 1 
H · . . . 100 1000 
I . lOa 1001 
) · . lOa 1010 
K · . 100 lOll 
l .. 1001'00 
M .. 100 1101 
N .... 1001110 
O. . . . . 1001111 
P · . .. 101 0000 
Q . .1010001 
R · ... 101 0010 
S .. .... 1010011 
T ..... 101 0100 
U · . 101 0101 
V . 101 01 10 
W. . . .... 101 0111 

of the transmission network . A parity bit is 
used to detect errors that may occur whi le a 
word is moved . 

Parity is a system in which each character 
tran;mitted . contains one additiona l bit. 
That bit is known as a parity bit. The bit 
may be a binary 0 or binary 1, depending 
on the number of 1s and Os in the character 
itself. 

Two systems of parity are normally used: odd 
and even. Odd parity means that the total 
number of binary 1 bits in the character, in
cluding the parity bit , is odd. Even parity 
means that the number of binary 1 bits in the 
character, including the parity bit. is even. 
Examples of odd and even parity are shown 
in Table 3-9. 

Character 7-Bit ASCII 

X · . 101 1000 
Y •.•.. . . . . . 101 1001 
Z ... 101 1010 
0 · . 011 0000 
1 . . . 01 1 0001 
1 . . . . . .. 0110010 
3 ... 0110011 
4 . all 0100 
5 · . all 0101 
6 .0110110 
7 · . all 0111 
8 .... 01 11 000 
9 ....... . . all 1001 

blank ......... 010 0000 
........ . . 010 1110 

.0101100 
+ .... ...... 010101' 
- .. · . 010 11 01 

• .. . . 0100011 
( . 01 0 1000 
% .. · .0100101 

... 0111 101 

ODD AND EVEN PARITY 

Character 
Even 

Parity Bit 

0000 0 
0001 1 
0010 1 
0011 0 
0100 1 
0101 0 
011 0 0 
0111 . . .. . . .... 1 

Odd 
Parity Bit 

1 
o 
o 
1 
o 
1 
1 
o 

1000 1 ........ 0 
1001 0 



~ARY ARITHMETIC 

• 

.\rithmetic circuit units form a part of the CPU. 
t\lathematical opera tions include add ition. 
subtraction. multiplication , and division. Bi
nan' add ition follows ru les similar to decimal 
addition. When adding with binary numbers. 
tht're are onl y four condit ions that can occur: 

r'II~*lII---------

o 
+0 
o 

+ 0 
1 

o 
+ 1 

1 

+ 1 
o carry 1 

The first three conditions are easy because 
they are likp. addin g decima ls. but the las t 
condition is slightly different. In decimal. 1 + 
1 = 2. In hi nan', a 2 is written 10. Therefore. 
in binan', 1 '1" '1 = O. with a earn' of 1 to the 
ne . ...: 1 mos t signifi cant place \'~Iue. When 
add i n ~ larger binary numbers. the res ulting 
Is are carri ed into higher-order co lumns. as 
shown in the following examples. 

II 

Decimal Equivalent binary 

5 101 
~ 2 + 10 

7 111 
urry 

10 10 10 
+ 3 + 11 

13 11 01 

c .rry~ I !' (any 

I I 

26 1 1010 
+ 12 + 1100 

38 1 0 0 110 

In arithmetic functions. the initial numeric 
qua ntities that are to be combined by subtrac
tion are the minuend and subtrahend. The 
result of the subtraction process is called the 
difference. represented as : 

.-'INv~HIII----------

A (mi nuend) 
- 8 (subt rahend) 
C (difference) 

To subtract from larger binary numbers, sub
tract column bv column. borrowing from the 
adjacent colu~n when necessary. Remember 
that when borrowing from the adjacent col
umn , there are now two digits, i. e .. 0 borrow 
1 gives 10. 

Subtract 1001 from 1101. 

1101 
1001 
0100 

Subtract 01 11 from 1011. 

1011 
0111 
0100 

Binary numbers can a lso be nega ti ve . The 
procedure for this ca lculation is ident ical to 
that of decima l numbers because the smaller 
"alue is subtracted from the larger \'alue and 
a nega tive s ign is p laced in front of the 
result. 

Subtract 100 from 111 . 

111 
- 100 
- 011 

Subtract 10111 from 11011 . 

11 011 
- 10111 ---
- 00100 
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There are other methods available for do ing 
subtraction : 

l 's complement 

2's complement 

The procedure for subt racting numbers using 
the l 's complement is as fo llows: 

Step 1 Change the subtrahend to l 's 
complement. 

Step 2 Add the two numbers. 

Step 3 Remove the last ca rry and add it 
to the number (end-around ca rry). 

~NY-'r lll -------------------

Decima l Binary 

10 
- 6 

4 

1010 1'scomPlement 1010 
- 0110 + 1001 
~ rrl 00ll 

End,around c,nry L- + 1 

100 
= 

When there is a carr\' at the end of the res ult. 
the result is posi ti \·e'. When there is no ca rry. 
then the resul t is negath 'e and a minus sign 
has to be placed in front of it. 

Subtract 11011 fromOll01. 

01101 
+ e 00100 The ,'s complement 

10001 There is no carry, so we 
take the 1 '5 complement 
and add the minus sign: 
- 0 1110 

For subtraction us ing the 2's complement, the 
2's complement is added instead of subtract-
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ing the nu mbers. In the result , if the carry is 
a 1, then the result is positive; if the carry 'is a 
0, then the result is negative and requ ires a 
minus sign. 

Subtract 101 from 111. 

111 

+ l2} all The 2's complement 
1010 The first 1 indicates that 

the result is positive, so it 
is disregarded: 
010 

Subtract 11011 from 01101 

01101 
+ B 00101 The 2's complement 

10010 There is no carry, so 
the result is negative; 
therefore a 1 has to be 
subtracted and the l's 
complement taken to 
give the result : 

subtract 1 10010 1 10001 
l's complement 01110 

Binarv nu mbers are mult ipl ied in tllf'! S,lnW 

mann'er as decima l numbers . When mul t ipl~" 
ing bina ry numbers. there are on ly four con· 
d it ions that can occur: 

.--'V~*-I II ------------------

0 x 0 = 0 
0 X 0 
I X 0 0 
I X = 



To multiply numbers with more than one 
digit. form partial products and add them to
gether, as shown in the following example. 

,-'I;'Iv-*iII---------

Decimal 

5 
x 6 
30 

Equivalent binary 

101 
xll0 

000 
101 

101 
11110 

The process for dividing one binary number 
by another is the same for both binary and 
decimal numbers. as shown in the following 
exam ple. 

,-'I;'Iv-*-III---------

Decimal Equivalent binary 

111 
10)1110 

10 
11 
10 

10 
10 
00 

The basic function of a comparator is to com
pare the relative magnitude of two quantities. 
PLC data comparison instructions are used to 
compare the data stored in two words (or reg
isters) . At times, devices may need to be con
trolled when they are less than, equal to. or 
greater than other data values or set points 
used in the application, such as timer and 
counter values. The basic compare instruc
tions are as follows: 

A ~ 8 (A equals 8) 
A > 8 (A is greater than 8) 

A < 8 (A is less than 8) 



Chapter 3 Review 

Questions 
1. Convert each of the following binary numbers to decimal numbers: 

a. 10 

b. 100 

c. 111 

d. 1011 

e. 1100 

f . 10010 

g. 10101 

h. 11111 

i. 11001101 

j . 11100011 

2. Convert each of the following decimal numbers to binary numbers: 

a. 7 
b. 19 

c. 28 

d. 46 

e. 57 

f. 86 

g. 94 
h . 112 

i. 148 

j. 230 

3. Convert each of the following octal numbers to decimal numbers: 

a. 36 

b. 104 

c. 120 

d. 216 

e. 360 

f. 1516 
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4. Convert each of the following octal numbers to binary numbers: 

a. 74 

b. 130 

c. 2S0 

d. 1510 

e. 1551 

f. 1634 

5. Convert each of the following hexadecimal numbers to decimal numbers: 

a. SA 

b. C7 

c. 9B5 

d. lA6 

6. Convert each of the following hexadecimal numbers to binary numbers: 

a. 4C 

b. EB 
c. 601 

d. JIB 

7. Convert each of the following decimal numbers to BCD: 

a. 146 

b. 3B9 

c. 1678 

d. 1501 

8. What is the most important characteristic of the Gray code? 

9. What makes the binary system so applicable to computer circuits? 

10. Define each of the following as they apply to the binary memory locations or registers: 

a. Bit 

b. Byte 

c. Word 
d. L5B 

e. MSB 
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11. State the base used for each of the following number systems: 

a. Octal 

b. Decimal 

c. Binary 

d. Hexadecimal 

12. Define the term sign bit. 

13. Explain the difference between the l 's complement of a number and the 2's complement. 

14. What is ASCII code? 

15. Why are parity bits used? 

16. Add the following binary numbers: 

a. 110 + 111 

b. 101 + Otl 

c. 1100 + 101 1 

17. Subtract the following binary numbers: 

a. 1101 - 101 

b. 1001 - 110 

c. 10111 - 10010 

18. Multiply the following binary numbers: 

a. 110 x 11 0 

b. 010 x 101 

c.101 x 11 

19. Divide the following unsigned binary numbers: 

a. 10tO + 10 

b. 1100 + 11 

c. 110110 + 10 



Problems 

1. The following binary PLC sequencer (ode information is to be programmed using the 
hexadecimal (ode. Convert each piece of binary information to the appropriate hexadecimal 
(ode for entry into the PlC from the keyboard . 

a. 0001 1111 

b. 00100101 

c. 01001110 

d. 0011 1001 

2. The encoder circuit shown in Figure 3·16 is used to convert the decimal digits on the 
keyboard to a binary code. State the output status (HIGH/lOW) of A·B· (·0 when decimal 
number 

a. 
b. 

c. 
d. 

2 is pressed. 

5 is pressed. 

7 is pressed. 

8 is pressed. 

I Decima 
number 
pressed 

-

[]GJGJ 
DGJGJ 
DOl:] 

8 

FIGURE ]·16 

0 , 
2 

3 
High 4 

s , 
7 

8 , 
4 input~ 
High 

Encoder 

Low 

Low 

Hiah 

Low 

t 
Binary-coded 

A 

B 

C 
D 

0100 output produced 

3. If the bits o~ a .'6-bi~ word or register are numbered according to the octal numbering 
system, begmnlng with 00, what consecutive numbers would be used to represent each of 
the bits? 

4. Express the decimal number 18 in each of the following number codes: 

a. Binary 

b. Octal 

c. Hexadecimal 

d. BCD 
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After completing this chapter, you will be able 
to: 

• Describe the binary concept and the 
functions of gates 

• Draw the logic symbol, construct a truth 
table, and state the Boolean equation for the 
AND, OR, and NOT functions 

• Construct circuits from Boolean expressions 
and derive Boolean equations for given logic 
circuits 

• Convert relay ladder schematics to ladder 
logic programs 

• Develop elementary programs based on logic 
gate functions 

• Program instructions that perform logical 
operations 

• 

• 
• 

This chapter gives an overview of 

digital logic gates and illustrates how to 

duplicate this type of control on a PlC. 

Boolean algebra, which is a shorthand 

way of writing digital gate diagrams, is 

discussed briefly. Some small, handheld 

programmers have digital logic keys, 

such as AND, OR, and NOT, and are 

programmed using Boolean 

expressions. 

• 



logic stored in Integrated 

Circuit (Ie) chips. 
© Royalty-FreeICORBIS. 
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~E BINARY CONCEPT 
• 

The PLC. like all digital equipment. operates 
on the binary principle. The term binary 
principle refers to the idea that many things 
can be thought of as existing in one of two 
states. The states can be defined as "higb" or 
"low," "on" or "off," "yes" or "no," and "1" 
or "0." For instance. a light can be on or off. a 
switch open or closed. or a motor running or 
stopped. 

This two-state binary concept. applied to 
gates. can be the basis for making decisions. 
The gate is a device that has one or more in
puts with which it will perform a logical de
cision and produce a result at its one output. 
Figures 4·1 and 4-2 give two examples that 
show how logic gate decisions are made. 

Logic is the ability to make decisions when 
one or more different factors must be taken 
into account before an action is taken. This is 
the basis for the operation of the PLC, where 
it is required for a device to operate when cer
tain conditions have been met. 

AND, OR, AND NOT 
FUNCTIONS 

The operations performed by digital equip
ment are based on three fundamental logic 
functions: AND, OR, and NOT. Each function 

Ug",,"'''' B-AND High beam 
light 

High beam switch 

The automobile high beam light can be turned on onl~ when 
the hght SWitch ANO the high beam sWitch are on,-__ 

FIGURE 4-1 The logical AND. 

Passenger 
door switch 

Driver 
door SWitch 

OR Dome tight 

The automobile dome light Will be turned on whenever the 
passenger door SWitch OR the driver door SWitch IS activated 

FIGURE 4-2 The logical OR. 

has a rule that will determine the outcome 
and a symbol that represents the operation. 
For the purpose of this discussion. the out
come or output is called Y and the signal 
inputs are called A. B. C. and so on. Also. bi
nary 1 represents the presence of a signal or 
the occurrence of some event. and binary 0 
represents the absence of the signal or non
occurrence of the event. 

The AND Function 

The symbol drawn in Figure 4-3 is called an 
AND gate. An AND gate is a device with two 
or more inputs and one output. The AND 
gate output is 1 only if all inputs are 1. The 
truth table in Figure 4-3 shows the resulting 
output from each of the possible input 
combinations. 

Figures 4-4 and 4-5 show practical applica
tions of the AND gate function. When 
switches A and B are operated. the output Y. 
or the lamp, becomes active-it turns ON. If 
the active state is considered to be a logical 1 
and the inactive state a logica l 0, a truth 
table can be developed for the AND fun ction 
as shown. When 1 is used to depict the 

A 

Inputs 

• 
Two-input ANO 
gale s~mbol 

FIGURE 4· ] AND gate. 

Inputs Ovlpul 

A B Y 
o 0 0 
o , 0 

o 0 , 
AND 'ruth lable 



0 _,...-... 

Output (Y) - 0 

0uIpuI (Y) - 0 

Output (Y) - 0 

Output tYJ 1 

ABY 
000 
o 1 0 
1 0 0 
1 1 1 

Truth table 

Sa rule "all Inputs are 1. the output WI] be 1 
I any npu\,s O. the ootpul w I be 0 

FIGURE 4-4 AND gate function application
example 1. 

active state and 0 the inactive state, positive 
logic is being used. The AND gate operates 
like a series circuit that produces an output 
voltage when a voltage appears at each of its 
inputs. 

Circuit 

~ Output 

A B Y 

o 0 0 
o 1 1 
1 0 

OR truth table 

FIGURE ..... , OR gate. 

The OR Function 

The symbol drawn in Figure 4-6 is called an 
OR gate. An OR gate can have any number of 
inputs but only one output. The OR gate out
put is 1 if one or more inputs are 1. The truth 
table in Figure 4-6 shows the resulting output 
Y from each possible input combination. 

Figures 4-7 and 4-8 show practical applica
tions of the OR gate function. The OR gate is 
essentially a paral/el circuit that produces an 
output voltage when a voltage appears at any 
input. 

The NOT Function 

The symbol drawn in Figure 4-9 is that of a 
NOT function . Unlike the AND and OR 

Light 

SW·A 
Open (0) 
Open (0) 
Closed (1) 

SW-8 
(0) 0It (0) 
(1) 0It (0) 
(0) Off (0) 

T""" ""'" 

FtGUIJtE 4-5 AND gate function application-example 2. 
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All possible Input combinations 

A 0 

Output (Y) • 0 

A · .--- ~~ 

B • Output (Y) :z: 1 A B Y 
o 0 0 
o , 
, 0 , , 

B~ -, -, 
Output (Y) '" 1 Truth table 

B • Output (Y) '" \ 
BasIC rules: II one or more Inputs are 1. the output IS 1 
It all ,"puts are O. the outpu~'~.~, ~""",-,O,"--____ -" 

fiGURE 4·7 OR gate function application--e)(ample 1. 

functions, the NOT function can have only 
one input. The NOT output is 1 if the input is 
O. The output is 0 if the input is 1. The result 
of the NOT operation is always the inverse of 
the input , and the NOT function is, therefore , 
called an inverter. The NOT function is often 

Circuit 

~A 
1 ~B 

SW·8 . 1 

Light 

depicted by using a bar across the top of the 
letter, indicating an inverted output. The 
small circle at the output of the inverter is 
termed a state indicator and indicates that an 
inversion of the logical function has taken 
place. 

Figure 4-10 shows an example of a practical 
application of the NOT function, where a 
normally closed pushbutton is in series 

SW·A 
Open (0) 
Open (OJ 
Closed (1) 
Closed (1) 

SW·8 

Open 101 
Closed (1) 
Open (0) 
Closed (1) 

Truth table 

~ 
Otf ,01 
On ('I 
On (1) 
On (1) 

fiGURE 4·1 OR gate function application--eltample 2. 
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A __ ~ A (NOT A) 

InpJI ~ Output 

FIGURE 4·, NOT function symbol. 

A NOT A -o , 
, 0 

NOT truth Iable 

with the output. When the pushbutton is 
not actuated, the output is ON. and when 
the pushbutton is actuated. the output 
is OFF. 

The NOT function is most often used in 
conjunction with the AND or the OR gate. 

, I Pushbutton 

Single input 

• 

Figure 4-11 shows the NOT function con
nected to one input of an AND gate. 

The NOT symbol placed at the output of an 
AND gate would invert the normal output re
sult. An AND gate with an inverted output is 
called a NAND gate. The NAND gate symbol 
and truth table are shown in Figure 4-12. The 
NAND function is often used in integrated 
circuit logic arrays and can he used in pro
grammable controllers to solve complex 
logic. 

The same rule about inverting the normal 
output result applies if a NOT symbol is 

Pushbutton Ughl 

NOI pressed to) On (1) 
Pfessed 11) 011 (0) 

Truth table 

The lIght .... ,11 be on It the pushbutton IS not pressed 

fiGURE 4·10 NOT gate function application-example 1. 

(Power on) 

(Pressure 
swild'l open) 

(Power on) 

A . , 

s. , 
(Pressure 
switch closed) 

In thIS Iow.pressure·warnmg Indoeator CIrcUIt II the power 
IS on (1) and the pressure SV<ltch IS not clOSed (0). the 
warnmg ondoeator w'~ be on 

FIGURE 4-11 NOT gate function application-example 2. 
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A 
Inpu1s Output 

y A B Y 
Inputs 

""'""' B 0 0 1 
0 1 1 

TWO-input 
1 0 1 

1 0 
NANO gate 

NAND truth table 

FIGURE ""12 NAND gate symbol and truth table. 

placed at the output of the OR gate. The 
normal output is inverted. and the function 
is referred to as a NOR gate. The NOR 
gate symbol and truth table are shown in Fig
ure 4-13. 

The Exclusive-OR (X OR) Function 

An often-used combination of gates is the 
exclusive-OR (XOR) fun ction (Fig. 4-14). 
The output of this circuit is HIGH only 
when one input or the other is HIGH, but 
not both. The exclusive-OR gate is com
monly used for the comparison of two 
binary numbers. 

BOOLEAN ALGEBRA 
The mathematical study of the binary num
ber system and logic is called Boolean 
algebra. The purpose of this algebra is to 
provide a simple way of writing complicated 

A 

. . Inputs 
B 

Two-Input 
NOR gate 

Y 

Inputs Output 

A B Y 

o 0 1 
o 1 0 
1 0 0 

1 0 

NOR tfuth table 

FIGURE 4-13 NOR gate symbol and truth table. 
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,,_ Output XOR gate symbol 

A B Y 

0 0 0 A 
0 1 1 Y 
1 0 1 

B 1 1 0 
XOA truth table 

FIGURE 4-14 The XOR (exclusive-OR) gate symbol 
and truth table. 

combinations of logic statements. There 
are many applications where Boolean alge
bra could be applied to solving pte 
programming problems. and in fact some 
programmable controllers can be pro
grammed directly using Boolean instruc
tions (Table 4-1) . Compared to relay ladder 
logic (RLt), Boolean logic is more natural. 
Everyone knows the meanings of the words 
and, or, and not. Except for electricians and 
pte programmers, not everyone is familiar 
with ladder logic . 

Figure 4-15 summarizes the basic operators of 
Boolean algebra as they relate to the basic 
AND, OR, and NOT functions. Inputs are 
represented by capital letters A , B, C. and 
so on, and the output by a capita l Y. The 
multiplication sign (x ) or dot (.) represents 
the AND operation, an addition sign (+) rep
resents the OR operation, the circle with an 
addition sign (®) represents the EXCLUSIVE 
OR operation, and a bar over the letter (AI 
represents the NOT operation. 

Digital systems may be designed using 
Boolean algebra. Circuit functions are repre
sented by Boolean equations. See Fig
ures 4-16 and 4-17 for two examples of how 
the basic AND, OR, and NOT functions are 
used to form Boolean equations. 

An understanding of the technique of writ
ing simplified Boolean equations for com
plex logical statements is a useful tool when 
creating PLC control programs. Some laws of 
Boolean algebra are different from those of 
ordinary algebra. These three basic laws 
illustrate the close comparison between 
Boolean algebra and ordinary algebra, as 



~ 1 
Boolean Instruction and Function Graph ic Symbol 

Store {STR)-load (LO) 
Begins a new rung or an additional branch in a rung wi th a normally --f f--
open contact 

Store Not (STR NOT)-load Not (LO NOT) 
Begins a new rung or an additional branch in a rung with a normally Jf 
dosed contact 

Or (OR) 

~~ logically DRs a normally open contact in parallel with another contact 
10 a rung 

Or Not (OR NOT) 

~ logICally DRs a normally closed contact in parallel with another contact 
to a rung 

And (AND) 
logically ANDs a normally open contact in series with another contact in -I H f-
a rung 

And Not (AND NOT) 
Logically ANDs a normally closed contact in series with another contact -IH+-
In a rung 

And Store (AND STR)-And l oad (AND LD) 

~X~ logically ANDs two branches of a rung In series. 

Or Store (OR STRHlr l oad (OR LOAD) 

-If--!~ logically DRs two branches of a rung in parallel. 
-If--! 

Out (OUT) 
Refle<tS the status of the rung (on/off) and outputs the discrete (ON/OfF) -( OUT ) --0 
state to the specified image register point or memory location. 

Or Out (OR OUT) 
Reflects the status of the rung and outputs the discrete (ON/OfF) state to 

-(OROUT) the Image register. Multiple OR OUT instructions referencing the same 
discrete point can be used in the program. 

Output Not (OUT NOT) 
Reflects the status of the rung and turns the output OFF for an ON execution 
condition; turns the output ON for an OfF execution condit ion. --0 i 



Logic symbol Logic statement 800Iean equation Boolean notations 

A Symbol Meaning 

: fI"' :J Y YIS 111 Y. A-S 
A and Bare' " • ,,'" B - Y .. AB 

+ " A -
YIS III - "'" Y AorBISl Y . A .. B 

B ----, . invert 

A+-Y ; reStJII in - Y .. A 

FIGURE 4-15 Boolean algebra as related to AND, OR, and NOT functions. 

AND 

A 

B 

NAND OR 

A --<- ...... A 

B 

NOT 

A 

BaSIC logiC gates Implement Simple logIC lunctlOnS 
Each logIC lunc\lon can be expressed In terms 01 a 
Boolean expression. as shown., . _____ ~ 

FIGURE 4-16 Boolean equation--example 1. 

A 

B 

A 

B 

c -==-----,l1li 

FIGURE 4-17 Boolean equation--example 2. 
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well as one major difference between the 
two: 

COMMUTATIVE LAW 

A + B ~ B + A 

A · B ~ B · A 

ASSOCIATIVE LAW 

(A + B) + C ~ A + (B + C) 

(A . B) . C ~ A . (B . C) 

DISTRIBUTIVE LAW 

A (B + C) ~ (A- B) + (A . C) 

A + (B . C) ~ (A + B) . (A + C) 

This law holds true only in 

Boolean algebra. 

De Morgan 's laws are among the most impor
tant results of Boolean algebra. They show 

that any logical function can be implemented 
with AND gates and inverters or OR gates and 
inverters (see Fig. 4-18) . 

~VELOPING CIRCUITS 
FROM BOOLEAN 
EXPRESSIONS 

• 

As logic circuits become more complex. the 
need to express these circuits in Boolean 
form becomes greater. A simple logic gate is 
quite straightforward in its operation. How
ever. by grouping these gates into combina
tions. it becomes more difficult to determine 
which combinations of inputs will produce 
an output. Figures 4-19 and 4-20 illustrate the 
method used to develop a circuit from a 
Boolean expression. 

PRODUCING THE BOOLEAN 
EQUATION FROM A GIVEN 
CIRCUIT 

Figures 4-21 and 4-22 illustrate how to pro
duce the Boolean equation from a given circuit. 

According to De Morgan's la ..... s 

AB_A+B 

: A 
• y . A •• Y= AB A A - • -8 8 

A --r~ .. 

8- -.... .... , 

00' 
A+B=AB 

A :. y .. AB A - 8 8 

A 

8 

-~"""' Y . A;; 

FIGURE 4-18 Oe Morgan's laws. 
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Circuit diagram 

A --

8 --

C ---------0 
,~," 

y 

0,,,,,", 

Boolean expressIon Y: AB .. C 

Gales reqUIred (by Inspecllon) 

1 AND gate Wllh Inpul A and B 

OR gate WIth Input C and OUlPUI Irom preVIOI,IS AND gale 

FIGURE 4-19 Circuit development using a 800lean expres
sion-example 1. 

HARDWIRED LOGIC VERSUS 
PROGRAMMED LOGIC 

The term hardwired Jogic refers to logic can· 
trol functions that are determined by the way 
devices are interconnected. Hardwired logic 
can be implemented using relays and relay 
ladder schematics. Relay ladder schematics 
are universally used and understood in in· 
dustry. Figure 4-23 shows a typical relay lad
der schematic of a motor stop/start control 
station with pilot lights. The control scheme 
is drawn between two vertical supply lines. 

All the components are placed between these 
two lines, called roils or legs. connecting 
the two power lines with what look like 
rungs of a ladder-thus the name. ladder 
logic program. 

Hardwired logic is fixed ; it is changeable 
only by altering the way devices are con
nected. In contrast, programmable control is 
based on the basic logic functions. which are 
programmable and easily changed. These 
functions (AND. OR, NOT) are used either 
singly or in combinations to form instruc· 
tions that will determine if a device is 
to be switched on or off. The form in 

Circuit diagram 

8-----i 
c-----1._ .;I 

D-------,L~ 

A------------L-~ 
'0"",, 

Boolean expreSSIOn Y = A(BC .. D) 

Gates reqUIred (by inspectIon) 

AND gale WIth ,"puts Band C 

OR gale Wllh Inputs B • C and 0 
AND gate Wllh ,"puts A and the output 

110m the OR gate 

y 

FIGURE 4-20 Circuit development using a 800lean expression--example 2. 



• ----'r .... 

;====!~=-~----~====~-~:r--~ 
o----~ 

''''''''' 

A-----'I; 

8----1' 

C----~~~~~=====f--~--~~~,y 
o----j 

''''''''' FInal equalJon y,= CD (A + B) 

fiGURE 4-21 Producing a Boolean equation from a given 
circuit----example 1. 

Write the Boolean equatiOn lor the following circuit: 

''''''''' 

8. ------l----1»..-::--l. 

'"- FInal equation Y = AS + AS 

y 

0.","' 

fiGURE 4-22 Producing a Boolean equation from a given circuit
example 2. 



L1 

M2 
, , 
, , 

M3 l , , 

FIGURE 4-23 Relay ladder schematic. 

which these instructions are implemented to 
convey commands to the PLC is called the 
Janguage. The most common PLC language is 
ladder logic. 

In Figure 4-24 you can see a typical ladder 
logic program for the relay ladder schematic 
of Figure 4-23. The instructions used are 
the relay equivalent of normally open (NO) 
and normally closed (NC) contacts and coils. 

Contact symbolism is a simple way of ex
pressing the control logic in terms of symbols 
that are used on relay control schematics. 
A rung is the contact symbolism required 
to control an output. Some PLCs allow a rung 
to have multiple outputs. A complete ladder 

logic program thus consists of several rungs. 
each of which controls an output . 

Because the PLC uses ladder logic diagrams. 
the conversion from any existing relay logic 
to programmed logic is simple. Each rung is a 
combination of input conditions (symbols) 
connected from left to right , with the symbol 
that represents the output at the far right . The 
symbols that represent the inputs are con
nected in series, parallel. or some combina
tion of the two to obtain the desired logic. 
The following group of examples illustrate 
the relationship between the relay ladder 
schematic, the ladder logic schematic pro
gram, and the equivalent logic gate circuit 
(see Examples 4-1 to 4-9). 

Input 

mod"" -- STOP START Ol ~ M 

L:.:J' ( 
Output 
module 

STOP 

M G 

• R 

OL , 
L Aeiay 

( 

contact 
equivalent 

FIGURE 4-24 Ladder logic program. 
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Relay schematic Ladder logic ptognlm Gate logic 

r:~~ ~'f---{HY~ • Y 

• Clu1pot ,,,.... 
Boolean equa\JOn AS=Y 

EXAMPlE 4. ' Two limit switch~ connected in seri~ and used to control a solenoid valve. 

Relay schematic Ladder logic: prog!8tn Gale logic: 

~:=r4 ~~-/1 • Y 
L52 • Clu1pot 

'"puis 

Boolean equahon A + So: Y 

EXAMPLE 4-2 Two limit switches connected in parallel and used to control a solenoid valve. 

Relay schematic ladder logic program Gale logic 

Boolean equahon (A + BlC = Y 

EXAMPLE 4 · ] Two limit switches connected in parallel with each other and in series with a relay contact, 
and used 10 control a pilot light. 

Relay schematic ladder logic program Gale logic 

• 

C.D 
,.puIs 

Boolean equabOn iA + BI(C + D'I = y 

EXAMPLE 4-4 Two limit switch~ connected in parallel with each other and in series with two sets of 
conucts (that are connected in parallel with each other), and used to control a pilot light. 

Fundamentals of logic 



Relay schematic Ladder logic program Gate logic 

• 
8 

y 

c-----L ____ 
Inputs 

Boolean equation (AB) + C = y 

EXAMPLE 4-5 Two limit switches connected in series with each other and in parallel with a third limit switch 
and used to control a warning horn. ' 

Relay schematic Ladder logic program 

A 

8 

c 

o 
Inputs 

Gate logic 

Boolean equation lAB) .. [COl = Y 

EXAMPLE 4-6 Two limit switches connected in series with each other .and in parallel with two other switches 
(that are connected in series with each other), and used to control a pilot light. 

Relay sdWmItic Ladder logic program Gate logic 

jj 
8 

~~.------------iL __ -"~ 
Boolean equa110n AS = Y 

EXAMPlE 4-1 One limit switch connected in series with an NC relay contact used to control a solenoid valve. 
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"'P"" 

Gatti logic: 

.~--
B -+--+-.:---

Boolean equalJOn AS .. AS", Y 
A0S ",Y 

Ladder logic program 

y 

EXAMPLE 4·8 Exclusive OR circuit. The output of this circuit is ON only when pushbutton 
A or 8 is pressed, but not both. @ is the exclusive OR symbol. 

eStops 0 

Relay schematic 

Startl..A 

~--o---+ 

M 

Ladder logic program 

M 
Gate logic 

M 

EXAMPlE 4-9 A motor control circuit with two stop buttons. When t he start button is depressed, the motor 
runs. By sealing, it continues to run when the start button is released. The stop buttons stop the motor when 
they are depressed. 
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PROGRAMMING WORD
LEVEL LOGIC INSTRUCTIONS 

Most PLCs provide word-level logic instruc
tions as part of their instruction set. Table 4·2 
shows how to select the correct logic instruc
tion for different situations. 

Figure 4-25 illustrates the operation of the 
AND instruction to perform an ANO opera
tion using the bits in the two source ad
dresses. This instruction tells the processor to 
perform an AND operation on 83:5 and 83 :7 
and to store the resu lt in destination 83 :10 
when input device A is true. 

Figure 4-26 illustrates the operation of the 
OR instruction, which DRs the data in 
Source A, bit by hit. with the data in Source 
B and stores the result at the destination ad
dress. The address of Source A is 83:1, the 
address of Source B is 83 :2. and the destina
tion address is 83:20. The instruction may be 
programmed conditionally. with input in
struction(s) preceding it. or unconditionally. 
as shown. without any input instructions 
preceding it. 

SELECTING LOGIC INSTRUCTIONS 

If you want to ... 

Know when matching bits 
in two different words 
are both ON 

Know when one or both 
matching bits in two 
different words are ON 

Know when one or the 
other bit of matching 
bits in two different 
words is ON 

Reverse the state of bits 
in a word 

Chapt er 4 

.. . use this 
instruction. 

AND 

OR 

XOR 

NOT 

Input A 
BITWISE ANO 
Source A 83:5 
1100110011001 HlO 
Source B 83:7 
1111111100000000 
OeSl inalion B3:10 

Sou~ A "~~'~'OO~l1~O-~OO~<l~aC~C~CC~I)~;L~~ 
83:5 ~==:::::;:;~:;::;;;~~:;;;;:~~ 

Source B" 
B3:7 

D,~~:;oo l ' I ' I+I ' I ' I+H+I+H+1 
FIGURE 4·25 ANO instruct ion (dest inat ion bits are 
resu lt of logical AND operation). 

Figure 4·27 illustrates the opera tion of the 
XOR instruction. In this example, data from 
input 1:1.0 is compared. bit by bit. with data 
from input 1:3.0. Any mismatches energize 
the corresponding bit in word 0:4.0. As you 
can see, there is a 1 in every bit location in the 
destination corresponding to the bit locations 
where Source A and Source B are djfferent , 
and a 0 in the desti nation where Source A 
and Source B are the same, The XOR is often 
used in diagnosti cs. where real-world inputs, 
such as limit switches, are compared with 
thei r des ired states. 

Source 8 
83:2 

BIMISE INCLUS OR 
Source A B3:1 

Source B B3:2 

OeslinatiOn 83:20 

0e~~:'c" 1 ' I ' I ' 1,1,1,1 ' : ' ! ' : ' ! C! C I, : ' : o! 01 
FIGURE 4·26 OR instruction (destination biu are 
result of logical OR operation). 



BITWISE EXCLUS OR 
Source A 1:1 .0 

Sou~. 1:3.0 

Destination 0 ;4.0 

Sou~A 110:10 

1:1.0 ~::;:;::::~~::;:;:;:~:~ 
Sou ... 

1:3.0 

FIGURE 4-27 XOR instruction. 

Figure 4-28 illustrates the operation of the 
NOT instruction. This instruction inverts the 
bits from the source word to the destination 
word. The bit pattern in B3:10 is the result of 
the instruction being true and is the inverse 
of the bit pattern in B3 :9. 

NOT 

Sou .. 
Destination 

83:9 
83:10 

FIGURE 4021 NOT instruction (destination bits are 
result of logical NOT operation). 

For 32-bit PLCs. such as the Allen-Bradley 
ControlLogix controller, the source and desti
nation may be a SlNT (one-byte integer) , INT 
(two-byte integer). or DINT (four-byte integer) 
value. 



Chapter 4 Review 

Questions 
1. Explain the binary principle. 

2. What is the purpose of an electronic gate? 

3. Draw the logic symbol. construct a truth table, and state the Boolean equation for each of 
the following: 

a. Two-input AND gate c. Three-input OR gate 

b. NOT function d. XOR function 

4. Express each of the following equations as a ladder logic program: 

•. y ~ (A + B)CD c. Y ~ IIA + B)C) + Of 

b. y ~ ABC + 0 + f d. y ~ (ABC) + (OfF) 

5. Write the ladder logic program, draw the logic gate circuit, and state the Boolean equation 
for the two relay ladder diagrams in Figure 4·29. 

f~r1 
ps, 
-.L 

H 

,a, 
CR' 

FIGURE 4-29 ,., 
6. Develop a logic gate ci rcuit for each of the following Boolean expressions using AND, OR. 

and NOT gates: 

a. Y =- ABC + D 

b.Y ~ AB + CD 

c. Y ~ (A + B)(C + lY) 

d. Y ~ A(B + ClY) 

• • Y ~ AB + C 

f. Y ~ (ABC + lY)(fF) 

7. State the logic instruction you would use when you want to: 

a. Know when one or both matching bits in two different words are ON 

b. Reverse the state of bits in a word 

c. Know when matching bits in two different words are both ON 

d. Know when one or the other bit of matching bits, but not both, in two different words is ON 

88 Chapter 4 



Problems 
1. It is required to have a pilot light come on when all of the following circuit requirements are 

met: 

• AU four circuit pressure switches must be closed. 

• At least two out of three circuit limit switches must be dosed. 

• The reset switch must not be closed. 

Using AND. OR. and NOT gates. design a logi( circuit that will solve this hypothetical problem. 

2. Write the Boolean equation for each of the logic gate circuits in Figure 4-30a to f. 

: ----,D>-------, 
g==========O- y ,., 
A----4-" 
8---L'/---' 

c 

0-----' ,., 

", 
A-_...,-" 
8 --L~ 

c---___ ~~ 

D--------~=L~- y 
. --------1 

,., 
FIGURE 4-]0 
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A 

~, 8 

C 

0 ,.) 
A 

8 

C , 
0 

E 

F 

'f) 

FIGURE 4-30 (continued) 

3. Match each of the following situations (i) to (v) with the analogous logic circuit in 
Figure 4-31 : 

(i) To purchase the car, you must have 110,000.00 and a trade-in, or come up with another 
12,000.00. 

(ii) Two representatives from management and two from the union must be in anendance for the 
arbitration meeting. If a person from either group fails to show up, the meeting is called off. 

(iii) To obtain a credit in the (ourse, you must be registered and also pass at least one of the major 
tests. 

(iv) A pair of kings or a pair of aces will win the hand. 

(v) To qualify as a participant, you must attend at least one morning or afternoon session of either 
day of the conference. 

Logic circuits 

,.) ,.) 
fiGURE 4-31 
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'" 

,e) 

FIGURE 4-31 (continued) 

4. The logic circuit of Figure 4-32 is used to 
activate an alarm when its output Y is 
logic HIGH or 1. Draw a truth table for 
the circuit showing the resulting output 
for all 16 of the possible input 
conditions. 

5. What will be the data stored in the 
destination address of Figure 4-33 for 
each of the following logical operations? 

a. AND operation 

b. OR operation 
c. XOR operation 

") 

A 

y 
8 --,~ \---- Alarm 

c 

0 ---< " 

FIGURE 4-32 

5oo,,,AI+I+IoI+IoI,I+IoI,I+ 1oI 
5ooree·I+I+I+I+I, I, I, 10 1, 101, I, 1 

0.,"",,;001111111 11 11 1111 11 
FIGURE 4-33 

6. Write the Boolean expression and draw the gate logic diagram and typical PLC logic ladder 
diagram for a control system wherein a fan is to run only when all of the following 
conditions are met: 

• Input A is OFF 

• Input 8 is ON or input C is ON, or both 8 and ( are ON 

• Inputs D and E are both ON 

• One or more of inputs F, G, or H are ON 
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After completing this chapter, you will be able 
to: 

• Define and identify the functions of a PLC 
memory map 

• Describe input and output image table files 
and types of data files 

• Describe the PL( program scan sequence 

Understand how ladder diagram language, 
Boolean language, and function chart 
programming language are used to 
communicate information to the PL( 

• Define and identify the function of internal 
relay instructions 

• Identify the common operating modes found 
in PL(s 

Write and enter ladder logic programs 

• t 

• • 

• 

Each input and output PLC module 

terminal is identified by a unique 

address. In PLCs, the internal symbol for 

any input is a contact. Similarly, in most 

cases, the internal PLC symbol for all 

outputs is a coil. This chapter shows 

how these contact/coil functions are 

used to program a PLC for circuit 

operation. This chapter covers only the 

basic set of instructions that perform 

functions similar to relay functions. You 

will also learn more about the program 

scan cycle and the scan time of a PLC. 
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~OCESSOR MEMORY 
ORGANIZATION 

• 

The term processor memory organization 
refers to how certain areas of memory in a 
given PLC are used. Not all PLC manufactur
ers organize PLC memories in the same way. 
Although they do not all use the same mem
ory makeup and terminology. the principles 
involved are the same. 

Figure 5-1 shows an illustration of the 
Allen-Bradley PLC-2 memory organization. 
known as a memory map. Every PLC has a 
memory map. but it may not be like the one 
illustrated. The memory space can be di
vided into two broad categories: the user 
program and the data tab/e. The individual 
sections. their order. and the sections' 
length will vary and may be fixed or vari
able, depending on the manufacturer and 
model. 

The user program is where the logic ladder 
program is entered and stored. The user 
program will account for most of the total 
memory of a given PLC system. It contains 
the logic that controls the machine operation. 
This logic consists of instructions that are 
programmed in a ladder logic format. Most 
instructions require one word of memory. 

The data table stores the information needed 
to carry out the user program. This includes 

Data lable 
} 

InpuVoutput locations 
Intemal relay and 
timer/counter locations 

I'---------~ 1 The user program causes 
User program the controller to operate in 

a particular mannfH' 

Used to carry outlunctions 
HousekeepIng memory needed to make the 

processor operate 
(No access by user) 

(a) General organiZation 

FIGURE 5-1 Memory map for an Allen-Bradley PLC-2. 
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information such as the status of input and 
output devices. timer and counter values . 
data storage. and so on. Contents of the data 
table can be divided into two categories: sta
tus data and numbers or codes. Status is 
ON/OFF type of information represented by 
1s and Os, stored in unique bit locations. 
Number or code information is represented 
by groups of bits that are stored in unique 
byte or word locations. 

A processor file is the collection of program 
files and doto files created under a particular 
processor file name. It contains all the in
structions, data, and configuration informa
tion pertaining to a user program. Figure 5-2 
shows typical program and data file memory 
organization for an Allen-Bradley SLC-SOO 
controller. The contents of each file are out
lined in the sections that follow. 

Bll address 

Word address _rI ~ 
'000 00' Processor work area ~ I • 

B,I/Word storage 

Reserved 

Timer counter 

acc~,:~~ valu~~ (or b, storage 

Processor woril area 112 

Inpul rmage table Ille 

Bit/word Slorage 

Timer counter preset values 

EKpanded dala table 
andlor user program J 

001 11 
0;000 

017 t1 
020-00 

I 

~-!! 

027 

030 00 

on 17 

1OcfOO 
I 

101 11 
110 00 

!!!_!I 
.20 00 

127 11 
13(fOO 

177 17 
20000 
• 

E""~ 
M.mo<y 

(b) Memory map shows how memory is ortIanized. 

FIGURE 5-1(b) Memory map for an Allen-Bradley 

PLC-2. 



p, ., 

o System I\JncbOOs 

Reserved 

2 User program 

3-255 SubroutIne programs 

0 

, 
2 

3 

0 

5 

6 

7 

8 

, 
0-255 

o.~ 

hies 

I 
Output Ima98 

Input Image 

Status 

B,' 

T,mer 

Counter 

Cootrol 

Integer 

Reserved 

Network 

B" 
Timer 
Counter 
C,,,"'" 
Integer 

FIGURE 5-2 Program and data file memory organization for 
an Allen-Bradley SLC-SOO controller. 

Program Files 

Program fil es are the areas of processor mem· 
ory where ladder logic programming is 
stored. They may include: 

• System functions (file 0)- This file is 
always included and contains various 
system-related information and user
programmed information such as 
processor type. 110 configuration, 
processor file name, and password. 

• Reserved (file 1)-This file is reserved 
by the processor and is not accessible to 
the user. 

• Main ladder program (file 2)- This file 
is always induded and contains user
programmed instructions that define 
how the controller is to operate. 

• Subroutine ladder program (files 
3- 255}-These files are user-created and 

are acti va ted according to subroutine 
instructions residing in the main ladder 
program file. 

Data Files 

The data fi le portion of the processor's mem
ory stores input and output status, processor 
status, the status of various bits, and numeri
cal data. All this information is accessed via 
the ladder logic program. These files are or
ganized by the type of data they contain and 
may include: 

• Output (file O)- This file stores the 
state of the output terminals for the 
controller. 

• Input (file 1}-This file stores the status 
of the input terminals for the controller. 

• Status (file 2)- This file stores controller 
operation information. This fi le is useful 
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for troubleshooting controller and 
program operation. 

• Bit (file 3)-This file is used for internal 
relay logic storage. 

• TImer (file 4)-This file stores the timer 
accumulated and preset values and 
status bits. 

• Counter (file 5)-This file stores the 
counter accumulated and preset values 
and status bits. 

• Control (file 6)-This file stores the 
length. pointer position. and status bit 
for spec ific instructions such as shift 
registers and sequencers. 

• Integer (file 7)-This file is used to store 
numerical values or bit information . 

• Reserved (file B)- This file is not acces-
sible to the user. 

• Network communications (file 9)- This 
file is used for network communications 
if installed or used like fil es 10-255. 

• User-defined (files 1D-255)-These files 
are user-defined as bit, timer. counter. 
control. and/or integer data storage. 

There are about 1000 program files for an 
Allen-Bradley PLC-5 controller. These pro
gram files may be set up in two ways: either 
(1) standard ladder logic programming. with 
the main program in program file 2 and pro
gram files 3 through 999 assigned. as needed. 
to subroutines . or (2) in sequential function 
charts in which fil es 2 through 999 are as
signed steps or transitions, as required. With 
the processor set up for standard ladder 
logic , the main program will always be in 
program file 2, and program files 3 through 
999 will be subroutines. In either case, the 
processor can store and execute only one 
program at a time. 

Figure 5-3 shows typical data file memory or
ganization for an Allen-Bradley PLC-5 con
troller. Each data file is made up of numerous 
elements. Each element may be one. two. or 
three words in length. Timer, counter, and 

Address SI;te.m 
elements range 

0000 

0:031 
1000 

1031 
sooo 
5031 
63000 

63999 
T< 000 

T4.999 
c5000 

CS999 
A6-000 

R6999 
N1000 

N1999 
F8:000 

F8:999 

Oulput image file 

Input image file 

Processor status 

Billile 

TImer l ile 

Counter file 

Control file 

Integer file 

Floating-point Iile 

Files to be assigned lile nos. 9-999 

32 

32 

32 

1-1000 

1-1000 

1- 1000 

1-1000 

1-1000 

1-1000 

1-1000 
perlile 

FIGURE 5·3 Data file memory organization for an 
Allen-Bradley PlC-5 cont roller. 

control elements are three words in length: 
float ing- point elements are two words in 
length; and all other elements are a single 
word in length . A word consists of sixteen 
bits, or binary digits. The processor operates 
on two different data types: integer and float
ing point. All data types, except the fl oating
point files. are treated as integers or whole 
numbers. All element and bit addresses in the 
output and input data files are numbered oc
tally. Element and bit addresses in all other 
data files are numbered deCimally. Typical 
addressing formats are as foll ows: 

• The addresses in the output data file and 
the input data file are potential locations 
for either input modules or output mod
ules mounted in the 110 chassis: 

The address 0:012/15 is in the output 
image table file, rack 1.110 group 2, 
bit 15. 
The address 1:013/17 is in the input 
image table file, rack 1, 110 group 3, 
bit 17. 



• The status data file contains information 
about the processor status: 

The address 5:01 5 addresses word 15 
of the status file. 

. The address 5:027/09 addresses bit 9 
in word 27 of the status file . 

• The bit doto file stores bit status. It fre· 
quentl y serves for storage when using 
internal outputs. sequencers. bit·shift 
instruct ions. and logical instructions: 

The address 83 :400 addresses word 
400 of the bit file. The file number 
(3) must be included as part of the 
add ress. Note that the input. output. 
and status data files are the only files 
that do not requ ire the file number 
designator. 
Word 2. bit 15 is addressed as 8 3/47 
because bit numbers are always 
measured from the beginning of the 
file . Remember that here. bits are 
numbered decimallv (not octallv. as 
ther are in the in pu't and outpu t 
files). 

• The timer fi le stores the timer status and 
timer data . A timer element consists of 
three words: the control word. preset 
word. and accumu lated word. The ad· 
dress ing of the timer contro l word is the 
assigned timer number. Timers in file 4 
are numbered starting with T4:0 and 
runni ng through T4 :999. The addresses 
for the three timer words in timer 
T4:0 are: 

Control word : T4:0 

Preset word: T4:0.PRE 

Accumulated word : T4:0.ACC 

The enable·bit address in the control 
word is T4 :0/ EN . the timeNiming·bit 
address is T4 :0/TT. and the done·bit 
address is T4 :0/DN. 

• The counter file stores the counter 
status and counter data . A counter 
element consists of three words: the 

control word. preset word, and accu· 
mulated word . The addressing of the 
counter control is the assigned counter 
number. Counters in fil e 5 are num· 
bered beginning with C5:0 and runn ing 
through C5:999. The addresses for the 
three counter words in counter C5:0 
are : 

Control word: C5:0 

Preset word: C5:Q.PRE 

Accumulated word: C5:0.ACC 

The count·up·enable·bit address in the 
control word is C5:0/CU. the count· 
down·enable·bit address is C5:0/CD. the 
done·bit address is C5: 0/ DN. the over· 
flow address is C5:0/0V. and the under
flow address is C5:0/U N. 

• The control file stores the control e le
ment's status and data . and it is used 
to control va rious fil e instructions . 
The control element consists of three 
words: the contro l word . length wo rd . 
and position word . The address ing 
of the control's contro l word is the 
assigned contro l number. Control e le· 
ments in contro l fi le 6 are numbered 
beginning with R6:0 and running 
through R6:999. The addresses for the 
three wo rds in control element R6:0 
are: 

Control word: R6 :0 

R6:0.LEN 

R6:0 .POS 

Length: 

Pos ition: 

There are numero us control bits in the 
control word , and their function 
depends on the instruction in which 
the control element is used. 

• The integer file stores integer data val· 
ues. with a range from - 32 .768 through 
32 .767. Stored values are displayed in 
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decimal form. The integer element is a 
single-word 06-bit) element. As many 
as 1000 integer elements. addressed 
from N7:000 through N7:999. can be 
stored. 

The address N7:100 addresses word 
100 of the integer file. 
Bit addressing is decimal. from 0 
through 15. For example. bit 12 in 
word 15 is addressed N7:015/12. 

• The floating-point file element can store 
values in the range from :::: 1.1754944e- 38 

to ::::3.4028237e -+ 38
. The floating-point 

element is a two-word (32-bit) element. 
As many as 1000 elements. addressed 
from F8:000 through F8:999, can be 
stored . Individual words or bits cannot 
be addressed in the floating-paint file. 

• Data files 9 through 999 may be assigned 
to different data types, as required. When 
assigned to a certain type, a file is then 
reserved for that type and cannot be 
used for any other type. 

The bit file, integer fil e. or floating-point file 
can be used to store status or data . Which of 
these you use depends on the intended use 
of the data . If you are dealing with status 
rather than data. the bit file is preferable. If 
you are using very large or very small num
bers and require a decimal point. the floating
point file is preferable. The floating-paint 
data type may have a restri ction, however. be
cause it may not interface well with external 
devices or with internal instructions such as 
counters and timers, which use only 16-bit 
words. In such a situation. it may be neces
sary to use the integer file type. 

Figure 5-4 shows a typical connection of a 
switch to the input image table file through 
the input module . When the switch is 
closed, the processor detects a voltage at the 
input terminal and records that information 
by storing a binary 1 in the proper bit loca
tion. Each connected input has a bit in the in
put image table file that corresponds exactly 
to the terminal to which the input is con
nected. The input image table file is changed 
to reflect the current status of the switch 
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FIGURE 5-4 Typical input image table file 
connection. 

during the 110 scan phase of operation. If the 
input is on (switch closed). its corresponding 
bit in the table is set to 1. If the input is off 
(switch open), the corresponding bit is 
"cleared," or reset to O. 

The output image table file is an array of 
bits that controls the status of digital ou tput 
devices, which are connected to output in
terface circuits. Figure 5-5 shows a typical 
connection of a light to the output image 
table file through the output module . The 
status of this light (ON/OFF) is cont roll ed 
by the user program and is indicated b~' the 
presence of I s (ON) and Os (OFF ). Each con
nected output has a bit in the output image 
table file that corresponds exactly to the 
terminal to which the output is connected. 
If the program calls for a specific output to 
be on, its corresponding bit in the table is 
set to 1. If the program calls for the output to 
be off, its corresponding bit in the table is 
set to O. 
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FIGURE 5-5 Typical output image table file connection . 

PLC processors are constantly evolving. be
cause manufactwers of PLCs must stay com
petitive with other control technologies. The 
Allen-Bradley Logix platforms fea twe a more 
open architecture for discrete, motion. and 
process control . ControlLogix processors pro
vide a flexible memory structwe. With other 
contro llers. you develop yow applications in 
such a way as to fit within the confines of your 
programmable controller's data table . The 
ControlLogix processor eliminates this re
striction by provid ing arrays and user-defined 
structwes. These features allow the data to be 
constructed to meet the needs of your applica
tions rather than requiring your application to 
fit a particular memory structure. 

A project file is created for the ControlLogix 
controller that contains the programming and 
configuration information. This project file 
contai ns the following defined properties: 

• Chassis siz.e/type 

• Slot number of the controller 

• Description 

• File path 

• Project name 

The project for a ControlLogix controller is 
organiz.ed into three major components: 
tasks. programs. and routines (Fig. 5-6). Tasks 
schedule and provide priority for executing 
programs that are assigned to the task. There 
are two types of tasks: continuous and 

Task 32 

Task I 

Program 32 

PlOOram 1 

r·~m l [MaIn rOUlJne l (local) 

[FaUlt routlne l I "" 
[Other IOUtlnespJ 

r-

FIGURE 5-6 Controllogill controller project 
organization. 
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periodic. A continuous task has the lowest 
priority and is always interrupted by a peri
odic task. Up to 15 priority levels can be 
assigned to periodic tasks. with 1 being the 
highest priority and 15 being the lowest. 
The continuous task restarts itself after each 
execution. but it may be interrupted by a 
periodic task. When a project is created. the 
Main Task is assigned as a continuous task. 
Called a preemptive multitasking operating 
system. the ControlLogix system has the abil
ity to interrupt an executing task. switch con
trol to a different task. and then return to the 
original task once the interrupting task com
pletes its execution . Only one task may be 
executing at any given time. and only one 
program within a task may be executing at 
any given time. The Logix-5550 controller 
supports 32 separate tasks. 

Programs group logic and data. Each program 
contains a loca l data area (referred to as pro
gram tags). main executable routine . subrou
tines. and a fault routine. Up to 32 programs. 
each with its own local data and logic. may be 
assigned to a task. The programs within a task 
execu te from first to last. When you create a 
project. the Main Program is already defined 
as the Main Task. 

Routines contain the logic of the executable 
code. A routine is similar to a program file 
found in the PLC-5 or SLC processor and is 
basically a set of logic instructions in a single 
programming language such as ladder logic. 
Each program must have a Main Routine con
figured. which is the first routine to be 
scanned when the triggered task calls the as
sociated program. In addition. you can spec
ify a fault routine and as many additional 
subroutines as the program controller mem
ory allows. Libraries of standard routines can 
be created that can be reused on multiple 
machines or applications. 

ControlLogix processor modules use tags to 
identify the memory location in the controller 
where data are stored. This functionality 
allows you to name your data specifically for 
their functions within the control program 
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while providing self-documented logic. When
ever you wish to group data. you create an 
array. which is a grouping of tags of similar 
types. The Logix-5550 controller uses the 
following types of tags: 

• Base tag-defines the memory location 
where a data element is stored 

• Alias tag-references a memory 
location that has been defined by 
another tag 

• Consumed tag-references data that 
comes from another controller 

You may create tags before the logic is entered. 
enter tag names as the logic is entered. or use 
question marks (?I in place of tag names and 
assign the tags later. These options allow you 
flexibility in designing your programs. You 
can create symbolic tag names to access indio 
vidual pieces of data or to point to another tag. 
All the tag names you use are downloaded 
with the control program into the processor's 
memory. These lag names are then used at run
time to provide access to the controller'S data. 
Therefore. you no longer need to be concerned 
about the physical location of data within the 
controll er. When the controller is uploaded. 
all the tag names are retrieved to provide a par
tially documented program. 

When defining tags. the following informa
tion has to be specified : 

• A tag name, which must begin with an 
alphabetic character or an underscore 
(_). Names can contain only alphabetic 
characters, numeric characters. or 
underscores and may be up to 40 
characters in length. They may not 
have consecutive or trailing under
score characters and are not case
sensitive. 

• An optional tag description. which may 
be up to 120 characters in length. Tag 
descriptions are not downloaded to the 
controller but are stored in the offline 
project file. 

. 



• The tag type: base, alias, or consumed. 

• The data type. which is obtained from 
the list of predefined or user-defined 
data types. 

• The scope in which to create the tag. 
Your options are the controller scope 
or any one of the existing program 
scopes. 

• The disp!a.\· style to be used when 
monitoring the tag in the programming 
software. The software will display the 
choices of available stvles. 

• Whether or not vou want to make this 
tag al'oi/able to 'ather controllers and the 
number of other controllers that can 
consume the tag. 

The PLC-S and SLC-SOO store all data in 
global data tables and are based on 16-bit op
erations. You access thi s data by specifying 
the address of the data you want. Logix con
trollers are based on 32-bit operations and 
support data that are local to a program and 
data that are global to all the tasks within the 
controll er. The Logix controller can al so 
share data with other controllers. and instead 
of addresses, you use tags to access the data 
\'ou want. There are two predefined data 
iypes: basic data types and structured data 
('pes. Basic data types (also known as atomic 
data types ) include: 

Basic Data Type Type of Data Stored 

BOOl l-bit Boolean 

SINT 

INT 

DINT 

REAL 

1-byte integer 

2-byte integer 

4-byte integer 

4-byte floating point 

Structured types of data are created for 
predefined functions using basic data types. 
Structured data types include: 

Structured 

Data Type 

(ONTROL 

COUNTER 

MOTION_ 

INSTRUCTION 

PID 

TIMER 

AXIS 

MESSAGE 

MOTION 

GROUP 

Type of Data 

Stored 
Control structure for 

array instructions 

Control structure for 

counter instructions 

Control structure for 

motion instructions 

Control structure for 

PID instructions 

Control structure for 

timer instructions 

Control structure for 

an axis 

Control structure for 

the message 

instructions 

Control structure for 

a motion group 

Base-tag memory storage depends on the data 
type. The controller stores all data in a mini
mum of 4 bytes or 32 bits of data: 

• A BOOL base tag consists of 1 bit and 
will store its bit in bit 0 (bits 1-31 are 
not used) 

• A SINT base tag consists of 8 bits and 
stores its value in bits 0 through 7 
(bits 8-31 are not used) 

• A INT base tag consists of 16 bits and 
stores its value in bits 0 through 15 
(bits 16-31 are not used) 

• OINT and REAL base tags consist of 
32 bits so all bits 0-31 are used 

A structure is a grouping of different data 
types that function as a Single unit and serve 
a specific purpose. There are three different 
types of structures in a ControlLogix con
troller : predefined. user-defined. and module
defined. Structwes store a group of data. and 
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each member of a structure can be a different 
data type. Members within a structure are 
addressed by using the tag name and a 
period. followed by the member name 
(ta&-name.member_name). User-defined struc
tures supplement the predefined structures 
(e.g .. timers. counters. etc.) A user-defined 
structure can contain any base data type (e.g., 
BOOL, SINT, INT. etc.) or structure (either 
predefined or user-defined). 

An array is a sequence of elements, each of 
which is the same data type. Arrays allow the 
grouping of sets of data of the same data type 
in a block of controller memory. Many con
trol programs require the ability to store 
blocks of information in tables that can be tra
versed at runtime. ControlLogix controllers 
support this requirement by providing the 
ability to create custom arrays with up to 
three separate dimensions (Le .. row, co lumn. 
and depth). A single tag within the array is 
one element. The element may be a basic data 
type or a structure. The elements start with 0 
and extend to the number of elements minus 
1. The following table illustrates the memory 
layout of a one-dimension array with the tag 
name of Model_Data and the data type 
DINT[Sl. which indicates an array consisting 
of S elements numbered 0 through 7: 

Array: Model_Data 
Data Type: D1NTI 8 I 

Model_DatalOI 

Model_Datalll 

Model_Datal21 

Model_Datal31 

Model_Datal41 

Model_DatalSI 

Model_Datal61 

Model_Datal71 

Traditionally, the data within a controller are 
seoped or scanned in such a way that all rou
tines have access to read and modify the con
tents. This system can hamper the creation of 
library routines because of the collisions that 
can occur when two programs are placed in 

the same application. Logh. controllers solve 
this problem by providing both program and 
controller data encapsulation. Data that are 
created global to the controller are accessible 
by all logic within a contro ller, much the 
same way that a data table is accessible 
in PLC-5 and SLC processors. The program
local data. however. are accessible only to the 
routines within a single program. The same 
tag name may appear in different programs as 
local variables because you can se lect the 
scope in which to create the tag. 

In a ControlLogix controller. data can be 
shared between controllers via peer-to-peer 
connections. When you design your applica
tion. you configure it to both produce globall y 
to other controllers in the system via the 
backplane and to consume tags from other 
controllers. This feature allows you to be se
lective about which data are sent and re
ceived by any controller. Likewise , multiple 
controllers can connect to any data being pro
duced, thereby preventing the need to send 
multiple messages containing the same data. 

PROGRAM SCAN 
During each operating cycle, the processor 
reads all the inputs, takes these values. and 
energizes or de-energizes the outputs accord
ing to the user program. This process is 
known as a scan. Figure 5-7 illustrates a sin
gle PLC scan, which consists of the l iD scan 
and the program scan. Because the inputs can 
change at any time. the PLC must carryon 
this process continuously. 

The PLC scan time specification ind icates 
how fast the controller can react to changes in 
inputs. Scan time varies with program con
tent and length. The time required to make a 
single scan can vary from about 1 ms to 20 ms. 
If a controller has to react to an input signal 
that changes states twice during the scan 
time, it is possible that the PLC will neve~ b.e 
able to detect this change. For example. If It 
takes S ms for the CPU to scan a program, and 
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FIGURE 5·8 Scan process. 

module circuitry senses a voltage and a 1 
(ON) condition is entered into the input im
age table bit 1:3/6. During the program scan, 
the processor examines bit 1:3/6 for a 1 (ON) 
condition. In this case, because input 1:3/6 is 
1, the rung is said to be TRUE. The processor 
then sets the output image table bit 0:4/7 to 1. 
The processor turns on output 0 :4/7 during 
the next 110 scan, and the output device 
(light) wired to this terminal becomes ener
gized. This process is repeated as long as the 
processor is in the RUN mode. If the input de
vice were to open, a 0 would be placed in the 
input image table . As a result, the rung would 
be called FALSE. The processor would then 
set the output image table bit 0:4/7 to D, caus
ing the output device to turn off. 

Each instruction entered into a program re
quires a certain amount of time for the in
struction to be executed. The amount of time 
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required depends on the instruction. For ex
ample. it takes less time for a processor to read 
the status of an input contact than it does to 
read the accumulated value of a counter. 

There are two basic scan patterns that differ
ent PLC manufacturers use to accomplish the 
scan function (Fig. 5-9). Allen-Bradley PLCs 
use the horjzontal scan by rung method. In 
this system. the processor exami nes input 
and output instructions from the first com
mand. top left in the program. horizontally. 
rung by rung. AEG Modicon PLCs use the ver
tical scan by column method. In this system. 
the processor examines input and output in
structions from the top left command entered 
in the ladder diagram. vertically. column by 
column and page by page. Pages are executed 
in sequence. Misunderstanding the way the 
PLC scans a program can cause programming 
bugs. 

• 



Hofizot\tatlCf;nning 

00"" 

H f------< 

End 04 laclclef 

~ 
order Return 

"" ~~ 

""" 

1,-
FIGURE 5-9 Scanning can be vertical or horizontal. 

The time taken to scan the user program is 
also dependent on the clock frequency of the 
microprocessor system. The higher the clock 
frequency. the faster is the scan rate. 

~ PROGRAMMING 
LANGUAGES 

• 

The term PLC programming languoge refers 
to the method b\' which the user communi
cates informatio~ to the PLC. The three most 
common language structures are ladder dia
grom language. Boolean language. and func
tion chart. Although each language structure 
is similar from one PLC model to another, 
there are differences between manufacturers 
in the method of application. However, these 
differences are usually minor and easy to 
understand . 

Ladder diagram language is by far the most 
commonly used PLC language. Figure 5-10 
shows a comparison of ladder logic program
ming and Boolean programming. Figure 5-100 
shows the original relay ladder diagram drawn 
as if it were to be hardwired. Figure 5-10b 
shows the equivalent logic ladder program 
programmed into the controller. Note that the 
addressing format shown for input and out
put devices is generic in nature and varies for 
different PLC models. Figure 5-10c shows a 
typical set of generic Boolean statements that 

could also be used to program the original cir
cuit. This statement refers to the basic AND, 
OR, and NOT logic gate functions. Also in
cluded is the typical Boolean equation for the 
circuit. 

The function chart system of programming 
was originally developed in Europe and is 
called GRAFCET. It is a method of program
ming a control system that uses a more struc
tured approacb. Function chart programming 
languages use function blocks (steps and 
transition units). often controlled by Boolean 
expressions. A function chart program is a 
pictorial representation or a special type of 
flowchart of a sequential control process. It 
shows the possible paths the process can take 
and the conditions necessary to go from one 
block to another. 

In principle, function chart programming lan
guages allow the description of the process to 
become the actual control program. This 
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FIGURE 5-10 PlC ladder and Boolean languages. 
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method aids in understanding the system and 
localizing problems. A major advantage of 
function chart programming is that a block 
of logic can be programmed as a module, 
and transition logic ensures that only appro
priate software modules will operate at any 
given time. Other advantages include sim
pler programming, faster scan time. en
hanced maintainability. and ease of future 
enhancements. 

Any process or machine. no matter how com
plex. can be described as a combination of se
quential andlor parallel events. The overall 
program may be fairly complex. but the indi
vidual events are often quite simple. With 
function chart programming instructions. 

Wait lor 

.~" 

One cycle 

p," 
detectiOn 

sensor 

Check lor 

"'" 
Check lor 

PO" 
Step 2 

ConIlnUOUS 

Slep 7 

Check mode 

Press arm 

Lock the 
damp 

1. The operator presseslhe start switch to start the 
machine, or the stop switch to stop the machine. 

2. The machine checks lor a part. lIthe part Is present, 
the process continues. II not, the conveyor moves 
until a part Is present. 

3. Tl'Ie part Is locked in place with a damp. 

FIGURE 5-" Steps involved in press process. 

you can divide the program into several steps 
or stages instead of creating one long ladder 
program. Figure 5-11 shows the sequence of 
tasks or steps involved in a simple press 
process. Each step represents an event that 
corresponds directly to the machine 's se
quence of operations. 

When you create a program using the func
tion chart system. the steps or stages are pro
grammed individually without concern for 
how they will affect the rest of the program. 
Processors that support this type of program
ming understand which parts of the program 
are active and scan only the active steps. All 
other steps are not scanned. thus redUCing the 
program scan time. 

Pless the 

PO" 

Clamp 

Slop 101 One cycle mode 
Start ~ Continuous mode • 

Unlock 
damp 

.... , 
conveyor 

4. The press stamps the part. 

5. Tl'Ie clamp is unlocked and the finished piece is 

moved out altha press. 

6. The process slops if the machine is In one<vele 
mode, or continues II continUOUs mode is selected. 



Much of the time and effort in writing a lad· 
der logic program is spent programming jn
ter/ocks. which make sure that the process 
executes in the correct order. A substantial 
portion of the ladder logic is devoted to inter
locking, or making sure certain things don" 
happen. Function chart programming helps 
eliminate thi s problem. The processor does 
not even scan those parts of the program that 
are inactive. thus reducing the number of 
complex interlocks required . In addition. it 
makes control much easier to troubleshoot. 
When trouble occurs, you can determine 
quickly which step or stage the process is 
stuck in and exactly what part of the machine 
to examine. 

The PLC-S family of Allen-Bradley proces
sors can be programmed using a variation of 
function chart programming: sequential func
tion chart (SFC) programming. PLC·S SFC en
ables the user to program using function chart 
elements. However. re lay ladder logic (rather 
than Boolean expressions) is used for logic 
control. This allows the PLC ladder logic 

program to be structured into sections or 
modules, which simplifies troubleshooting 
and maintenance (see Fig. 5-12). 

Other programming language variations in
clude state diagrams in which the system is 
defined as a set of states, and activity from 
one logic element to another is triggered by a 
set of Boolean decisions . Other variations. 
such as traditional programming languages. 
including BASIC and C. come from the PC 
industry itself. 

Supporting multiple brands of PLCs through
out an industrial site can be a real nightmare. 
Although PLCs from different manufacturers 
function Similarly. each brand has its own 
programming philosophy. The IEC 61131-3 
International Standard for Programmable 
Control/ers represents an attempt to stan
dardize existing PLC languages used for 
PLC programming around the world. Allen
Bradley's newest family of ControlLogix 
controllers is based on lEC standards. Most 
PLC vendors provide more or less the same 

$ )5'" 
Corresponding ladder logic lor step First function step 01 SFC 

h [ ~ ~ 
A step Iypically repl'eSenlS an independent machine slale. One step 01 
ladOer logic runs repeatedly. top 10 00"001. until a logic condition (transilion) 
lets the processor progress 10 Ihe next slep at Ihe chart. The number (007 
in this example) represents the ladder l ile numbering that contains the 
lac:lder logic lor thaI step. 

(a) Step 

A transition repfe5ents the logic concIiIioIllhal allows the processor 10 
progress trom one step 10 the next. The IJansition ps true when it enels 
wilt! an EOT instruction on a troe rung. You draw I transition as a numbered 
cross below its step. 

(bJ Transition 

FIGUR:E 5-12 Sequential function chart (5FC) programming. 

It contains a block oIladcler logic 

Coodition that causes execution 
to pass from one step to the roe .. 

B-Transition 

Slop 

C-Transilion 

A simple palh contains steps thaI execute one 
at a time in sequence. Each step and transition 
is a file. 

(ej Simple path 

(continued on PJlge 108) 
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A selection Mnch cootains alternative 
paths, Irom which the processor select.s one. 

This is equivalent to an OR structure. 

Draw a selectiOn branch as parallel 
paths coonectecl with $ingJe horizontal tines. 

Two Of more aHernalive paths where 
only one is selected. 

The trans itiOns beginning each palh are 
scanned trom lell to right. The first true 
transitiOn determines the path taken. 

For e_ample. depending on a build code. 
one statiOn must either dr ill Of polish. 

(d) SelectiOn branch 

A. simultaneous branch runs steps that are in parallel paths 
$ImultaMOUsly. 

This is equivalent to an AND Slructure. 

Draw a simul'aneous branch as parallel paths connected with 
double horizon'at ~nes, 

Atl pa ths are active in the structure. 

Two Of more paratlel paths must be scanned at least once. 

The processor completes one step in the simultaneous diversion 
and then goes to the next step. 

A common transition lor the paths is outside the branch. 

The processor l inishes running a Simultaneous branch when it has 
scanned each step in each path at least once and the common 
transition is true. 

For example, assume thai you are mounting paris on printed 
circu~ board PCBI and soldering on pee2. and the molherboard 
is finished and waiting lor the olher two boards. The only logic 
scanned is Ihe logic lor mounting parts on PCBt and soldering on 
PCB>. 

(e) Simultaneous branch 

FIGURE 5-12 (continued) Sequential function chart (SFC) programm ing . 

functionalities but with different syntax. 
The lEe standard is a five-part standard for 
programmable controllers that covers general 
information . hardware requirements. pro
gramming languages. user gUidelines, and 

• • 
Chapter 5 

communications. By implementing machines 
that use these standards. users can move be
tween different brands and types of control 
with very little training and can exchange ap
plications with a minimum of effort. The lEe 

• 



61131.3 addresses a consistent programming 
environment by defining five standard Ian· 
guages. These are: 

• Ladder Diagram (LD)-graphical depic· 
tion of a process with rungs of logic. 
similar to the relay ladder logic schemes 
that were replaced by PLCs. 

• Sequential Function Charts (SFC)
flowchart of steps (one or more actions) 
and transitions (defined condition before 
passing to the next step). 

• Instruction List (lL}-assembler·type. 
text·based language for building small 
applications or optimizing complex 
systems. 

• Function Block Diagram (FBD}--graphi· 
cal depiction of process flow using sim· 
pie and complex building blocks that 
range from analog 110 to closed·loop 
control. algorithms. and diagnostics. 

• Structured Text (ST)- Ianguage devel· 
oped for IEC to provide high·level 
syntax using if and then statements. 

RELAY-TYPE INSTRUCTIONS 
The ladder diagram language is basically a 
s\'mbolic set of instructions used to create the 
c't;)fltroller program. These ladder instruction 
symbols are arranged to obtain the desired 
contro l logic that is to be entered into the 
memory of the PLe. Because the instruction 
set is composed of contact symbols. ladder 
diagram language is also referred to as con
tact symbology, 

Representations of contacts and coils are the 
basic symbols of the logic ladder diagram in
struction set. The three fundamental symbols 
that are used to translate relay control logic 
to contact symbolic logic are EXAMINE IF 
CLOSED. EXAMINE IF OPEN. and OUTPUT 
ENERGIZE (see Figs. 5·13 through 5·16 on 
pages 109-111 for the symbols and examples), 

Sym"" 

-3E--
Analogous to the normally open relay contact. For this 
instruction. we ask the processor to EXAMINE IF (the contact 
is) CLOSED. 

Typieally represents any inpul 
to the control logic. 

The input can be a connected 
switch or pushbunon, a contact 
from a connected outp!Jt. or a 
contactfrorn an internal output. 

Has a bit-level address. 

The status bit will be either 
I (ON) or 0 (OFF) 

The status bit is examined lor 
an ON conditiOn. 

If the status bit is I (ON). then 
the instnJclion is TRUE. 

II the status bit is 0 (OFF). then 
the instruction is FALSE. 

17161514131211 100706 05 ()4 03 02 01 00 

I I I I I I I I I I I L, j I I I 110" 
1-012 1 

-3 E- ---'-
• 

17 1615 141312 11 to 0706 05 ()4 03 02 0 1 00 

I I I ~ I ~ I I I I I ~r I I I 110" 

• 
FIGURE 5-13 EXAMINE IF CLOSED (XIC) instruction. 

The main function of the ladder logic diagram 
program is to control outputs based on in
put conditions. This control is accomplished 
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Symbol 

-3/E-
Analogous to the normally closed relay contact. For IhiS 
instruction, we ask the proceSSOf to eXAMINE IF (the contact 
is) OPEN. 

Typically represents any input 
10 the control logiC. 

The input can be a connected 
switch or pushbutton. a contact 
Irom a connected output, Of a 
conlacllrom an internal output 

Has a bit-level address. 

The stalus bit will be either 
1 (ON) or 0 (OFF). 

The SlalUS bit is examined lor 
an OFF condition. 

lithe STatus bil is 0 (OFF), then 
the instruction is TAUE. 

It the stalus bit is 1 (ON), then 
the Instruction is FALSE. 

1716 15 14 13 12 11 10 0706 OS 04 03 02 01 00 

11111 1 111 11 T 111 1----3 /E----
• 

1716151413121110070605' OJ 02 01 00 

---'--.L.J.--' ----3;E- -----' 
• 

fiGURE 5· '4 EXAMINE IF OPEN (XIOl instruction. 
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Symbol 

--()-
Analogous to the relay coil. The p!"OCesSO( makes ltIis 
Instruction 'rue (analogous to energizing a coil) when there is a 
path 01 true X]C and XIO instructions in the rung. 

Typically represents any output thaI 
is controlled by some combination 
01 inpullogiC. 

An OU\pY1 can be a connec1ed 
device Of an inl8fnal output (internal 
relay) . 

It any lelNo·right path 01 input 
conditions is TRUE. the output is 
energized (turned ON). 

The status bit 01 the addressed 
OUTPUT ENEAGtZE instruction 
is set to 1 (ON) when the rung is 
TAUE. 

The status bit 01 the addressed 
OUTPUT ENEAGIZE instruction 
is reset 10 0 (OFF) when the rung 
is FALSE. 

1716 15 14 t3 12 11 to 0706 05 04 03 02 01 00 

1716 15 141312 11 to 0706 05 04 03 02 Ot 00 

0013 

1 1 1012 

~ _1-[ _j[1-_ _ (o~ 
I J

'i1 iii ~1 1 
OUTPUT ENEAGIZE Inslructlon-TAUE 

17161514131211 10 070605 04 03 02 01 00 
I I I I I I ! I I I I I I I 10J : 0013 

1716.'4 13 12 .~ 10 070605 04 03 02 01 00 
I I • I I _ I I I I I ! I I I"" 

~_I-[ -j]I-[ _--« o~ 
I J • 's ~ I 

FIGURE 5-15 OUTPUT ENERGIZE (OTE) instruction. 
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FIGURE 5·1' Status bit examples. 

through the use of what is referred to as a 
ladder rung. In general. a rung consists of a 
set of input conditions. represented by can· 
tact instructions, and an output instruction 
at the end of the rung. represented by the coil 
symbol (Fig. 5-17). Each contact or coil sym
bol is referenced with an address number 
that identifies what is being evaluated and 
what is being controlled. The same contact 
instruction can be used throughout the pro
gram whenever that condition needs to be 
evaluated. For an output to be activated or 
energized, at least one left-ta-right path of 
contacts must be closed. A complete closed 

((AS) + OJ C .. Oulput 

Rung eoncI'\1OI1 IS TRUE ,I contacts 
ABC or O. C are closed 

Input condItIOns 

ABC 

1--7-1 f----1 f--r1 
o 

t-- --j f-------.> 

0u1PUl 
instruction 

r - ..... - - - - - - - - - - - - - - - -
Continuous ~th Is required lor logic 
continuity and to energize tM output. 

FIGUIlE 5·17 Ladder rung . 

-mod,. 

path is referred to as having Jogic continuity. 
When logic continuity exists in at least one 
path, the rung condition is said to be TRUE. 
The rung condition is FALSE if no path has 
continuity. 

During controller operation. the processor 
determines the ON/OFF state of the bits in 
the data files. evaluates the rung logic. and 
changes the state of the outputs according to 
the logical continuity of rungs. 

More specifica ll y. input instructions set up 
the conditions under which the processor 

Bit in memory Bit in memolY • • \ \ 
lS_1 SOl_S 

f--O~·----<C ~ 

The EXAMINE IF ClOSED instruction is true, 
making the rung true. 

Bit in memory Bil in memory • • \ \ 
lS_1 SOl..S 

f----l f-I -----{C H 
The EXAMINE IF ClOSED instruction is false. 
resulting in a false nrtg. 
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will make an output instruction true or false. 
These conditions are as follows: 

• When the processor finds a continuous 
path of true input instructions in a rung. 
the OUTPUT ENERGIZE [OTE) output 
instruction will become (or remain) true. 
We then say that rung conditions are 
TRUE. 

• When the processor does not find a con
tinuous path of true input instructions 
in a rung. the OTE input instruction will 
become (or remain) false. We then say 
that rung cond itions are FALSE. 

INSTRUCTION ADDRESSING 
To complete the entry of a relay-type instruc
tion. you must assign an address number to 
it. This number will indicate what PLC input 
is connected to what input device and what 
PLC output will drive what output device . 

The addressing of real inputs and outputs. as 
well as internals. depends on the PLC model 
used. These addresses can be represented 
in decimal. octal. or hexadecimal depending 
on the number system used by the PLC. 
Figure 5-18 shows a typical addressing for
mat for an Allen-Bradley SLC-500 controller. 
Consult the programming manual of your 
PLC to determine the specific format because 
the format can vary from model to model as 
well as from manufacturer to manufacturer. 

The address identifies the function of an in
struction and links it to a particular bit in the 
data table portion of the memory. Figure 5-19 
shows the structure of a 16-bit word and its 
bit values. 

The assignment of an 110 address can be in
cluded in the 110 connection diagram. as 
shown in Figure 5-20. Inputs and outputs are 
typically represented by squares and dia
monds. respectively. 

With Allen-Bradley ControlLogix controllers. 
you can use symbolic tag names {up to 40 

Address 
oolpul 

term,nal 

Output Image table 
lile 0 

Address 
Input 

terminal 
1:3/12 

Closed inpul 

,--------- ----
000000000 1 00000,0 

0,4'6 l ________ _ 

I 

BII address 

Inpullmage lable 

"~1 

o 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
1.3112 

1- BIt address : L-______ ~ __________ __" 
1 ___ -. -- ---, 

f--o Ie E-----O--{·C : ~ 
User-programmed rung 

Energized 
ootpul 

FIGURE 5-'8 The addreSS identifies a location in the processor's data files at which the 
ON/OFF state of the bit is stored. 
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Bil I 
Wo," ......... .,..,..,."'!"Tin"'T"'T""I"'T''''!''''I''1 

116 bits) L... ............. I0.1 ................ U-'c;'-t 

FIGURE 5-19 Structure of a 16-bit word. 

characters in length) to assign addressing that 
is compliant with IEC 61131-3. 110 points are 
configured and given tag names once, and the 
same tag name is used throughout all the soft 
ware applications. 

You can configure an 110 module using the 110 
configuration wizard by simply clicking on the 
module type you want to create. The create 
module wizard leads you through a series of 
dialogs from which you can complete the 
process of creat ing and configuring the 110 
module. Tags are created using a combinat ion 
of the communications node name, the physi
cal chassis slot number, I for input. 0 for out
put. and Data to reference the data to and from 
an 110 module. Addressing bit-level instruc
tions requires bit-level (Boo lean) addresses. In 
a base tag. the bit is referenced by the tag name 
of a BOOL data type: for example, switch_1. 

RSLogix SLC·SOO programming software in
cludes a translati on tool that converts PLC-S 
or SLC-SOO files for use with a Logix con
troller. The conversion process for 110 data 
tab les tries to follow the layout of the input 
and output image tables in the PLC-S and 
SLC-SOO processor. It does thi s by creating 
one single-dimension array for input (I) data 

'''''''' l2 
PBl 

and one single-dimension array for output 
(0) data . To preserve the original address. the 
conversion process creates alias tags based on 
the physical address . In the example shown 
here, keep in mind that the PLC-S uses octal 
110 addressing whereas the SLC-SOO Control
Logix controllers use decimal. 

Alias 

Original Converted Tag 

Controller Address Address Name 

PlC-5 1:007 1[7J 1_07 

1:021105 1[17J.05 1_021 

BitOS 

0:010 0[8J 0 _010 

0:035/15 0[29J.13 0 _035 -
Bit015 

5lC-500 1:007 1[7J C07 

1:021105 1[21J.05 C21_ 
8it05 

0 :010 0[10J 0 _010 

0 :035/15 0[35J.15 0_35_ 

8it015 

e-:-ANCH INSTRUCTIONS 
• 

Branch instructions are used to create paral
lel paths of input condition instructions. This 
allows more than one combination of input 

Outputs 

u L2 

FIGURE S-20 VO connection diagram. 
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Add. S,.nch 
Click this Icon on the inslructiOn tootbar 
to place a branch in your ladder logic. 
II your CUfSO( is on an instruction. 
the branch is placed immediately 
to Ille rlghl 01 the inslrl.lCtion. 
II your cursor is on the rung number, 
lhe branch is placed on the rung. 

FIGURE 5·21 Parallel path (branch) instructions. 

conditions (OR logic) to establish logic conti
nuity in a rung. Figure 5-21 illustrates a sim
ple branching condition. The rung will be 
true if either instruction A or B is TRUE. 

Input branching by formation of parallel 
branches can be used in your application pro
gram to allow more than one combination of 
input conditions, as illustrated in Figure 5-22. 
If at least one of these parallel branches forms 
a true logic path, the rung logic is enabled. If 
none of the parallel branches forms a true 
logic path. rung logic is not enabled and the 
output instruction logic will not be TRUE. In 
the example shown, either A and B. or C pro
vides a true logical path. 

On most PLC models, branches can be estab
lished at both input and output portions of a 
rung. With output branching. you can pro· 
gram parallel outputs on a rung to allow a 
true logic path to control multiple ou tputs. as 
illustrated in Figure 5-23. When there is a 
true logiC path. all parallel outputs become 
TRUE. In the example shown. either A or B 
provides a true logical path to all three output 
instructions: C, D, and E. 

Additional input logic instructions (condi
tions) can be programmed in the output 
branches to enhance condition contra) of the 
outputs. as illustrated in Figure 5-24. When 
there is a true logic path, including extra in
put conditions on an output branch. that 
branch becomes TRUE. In the example 
shown. either A and D or Band D provide a 
true logic path to E. 

Input and output branches can be nested to 
avoid redundant instructions and to speed 
up processor scan time. Figure 5-25 illus-
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trates nested input and output branches. A 
nested branch starts or ends within another 
branch. 

FIGURE 5·22 Parallel input branching. 

FIGURE 5-23 Parallel output branching. 

FIGURE 5-24 Parallel output branching wi th 
conditions. 

FIGURE 5·25 Nested input and output branches. 



• c 

l 11 I 
~---l 

E 

FIGURE 5-26 Nested contact program. 

Y>1 
A bfanch within 
• branch 

In some PLC models . the programming of a 
branch circuit within a branch circuit or a 
nested branch cannot be done directly. It is 
poss ible. however, to program a logically 
equivalent branching condition. Figwe 5·26 
shows an example of a circuit that contains a 
nested con tact D. To obtain the required 
logic. the ci rcuit would be programmed as 
shown in Figure 5-27. The duplication of 
contact C eliminates the nested contact D. 
Nested branching can be converted into non
nested branches by repeating instructions to 
make parallel equivalents. 

Ma~'lTI!Jm 7 
parallell+neS' 

~-{ • c Y

H 
Coo"", 

C instruction 
C 

repeated 

E 

FIGURE 5-27 Program required to eliminate nested 
contact. 

Some PLC manufacturers have virtually no 
limitations on allowable series elements. par
allel branches. or outputs. For others. there 
may be limitat ions to the number of series 
contact instructions that can be included in 
one rung of a ladder diagram as well as limi
tations to the number of parallel branches. 
Also. there is an additional limitation with 
some PLCs: only one output per rung. and the 
output must be located at the end of the rung. 
The only limitation on the number of rungs 
is memory size. Figure 5-28 shows the rna· 
trix limitation diagram for a typical PLC. A 

Only one oulpul 
per ruog 

Located al !he end 
ollhe rung 

FIGURE 5·21 Typical PLC matrix limitation diagram. The exact limitations are 
dependent on t he particular type of PLC used. Programming more than the 
allowable series elements. parallel branches. or outputs will result in an error 
message being displayed. 
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Boolean equaHoo: Y . (AD) + (BClJ) + (BE) + (ACE) 

FIGURE 5·29 Program with vertical contact. 

maximum of seven parallel lines and ten se· 
ries contacts per rung is possible. 

Another limitation to branch circuit program
ming is that the PLC will not allow for 
programming of vertical contacts. A typica l 
example of thi s limitation is contact C of the 
user program drawn in Figure 5-29. To obtain 
the required logic. the circuit would be repro
grammed as shown in Figure 5-30. 

The processor examines the ladder logic rung 
for logic con tinu ity from left to right only. 
The processor never allows fo r flow from 
right to left. This situation presents a problem 
for user program circuits simi lar to that 
shown in Figure 5-3 1. If programmed as 
shown , contact combination FDBC would be 
ignored. To obtain the required logic. the ci r
cu it would be reprogrammed as shown in 
Figure 5-32. 

AHD~YW 
BCD ./ I 
HH 

B E 

H 
ACE 

HH 
fiGURE 5·30 Reprogrammed to eliminate vertical 
contact. 
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Boolean equation: Y .. (ABC') + (ADE) + (FE) + (FDBC') 

FIGURE 5-31 Original circuit. 

INTERNAL RELAY 
INSTRUCTIONS 

Most PLCs have an area of the memory allo
c~ted for what are known as internol storoge 
blls. These storage bits are also called internal 
outputs, in ternol coils, in ternal control re
loys. or simply internal bits. The internal out
put operates just like any output that is 
controlled by programmed logic; however. 
the outpu t is used stri ctly for internal pur
poses. In other words, the internal output 
does not directly control an output device . 

The advantage of using internal outputs is 
that there are many situations in wh ich an 
output instruction is required in a program 
but no physical connection to a field device 
is needed . If there are no physica l outputs 
wired to a bit address, the add ress can be 
used as an in ternal storage point. Internal 
storage bits or points can be programmed by 
the user to perform relay functions withou t 

A B c Y 

f--------1 f--------1 / H 
A 0 E 

f--------1 f--------1 ~---1 
E 

o B C 

f--------1 f--------1 f--------1 
fiGURE 5-32 Reprogrammed circuit. 



234567 

Aungl HH HHHH 
8 9 10 11 12 

Internal ,""" 
~, 

H H H H 1f-------1 
! 

Internal 

~'Y 
conlac1 

f iGURE 5-33 Internal control re lay_ 

Discrete 
output 

occupying a physical output. In this way in
ternal outputs can minimize output card re
quirements whenever practical . 

An internal control relay can be used when a 
circuit requires more series contacts than the 
rung allows. Figure 5-33 shows a circuit that 
allows for a nI \' seven series contacts when 
twelve are actually requ ired for the pro
grammed logic. To so lve this problem. the 
contacts are split into two rungs. The first 
rung contains seven of the required contacts 
and is programmed to an internal relay. The 
address of the internal relay would also be 
the address of the first EXAMINE IF CLOSED 
contact on the second rung. The remaining 
five contacts. followed by the di screte output. 
are programmed. The advantage of an inter
nal storage bit is that it does not waste space 
in a physical output. 

~OGRAMMING EXAMINE • 
IF CLOSED AND EXAMINE 
IF OPEN INSTRUCTIONS 

A simple program using the EXAMINE IF 
CLOSED (XlC) instruction is shown in Figure 
5-34. This figure shows a hardwired circuit 
and a user program that provides the same 
results. You will note that both the NO and 
the NC pushbuttons are represented by the 
EXAMINE IF CLOSED symbol. This is be
cause the normal state of an input (NO or NC) 
does not matter to the controller. What does 
matter is that if contacts need to close to 
energize the output. then the EXAMINE IF 

PSI PB2 

~-LO-o ~J..o1a--_:~ 

(0) User program providing the same results 

FIGURE 5-34 Simple program using the EXAMINE IF 
CLOSED (XIC) instruction. 

CLOSED instruction is used. Since both PBl 
and PB2 in Figure 5-34 must be closed to en
ergize the pilot light. the EXAMINE IF 
CLOSED instruction is used for both. 

A simple program using the EXAMINE IF 
OPEN (XID) instruction is shown in Fig
ure 5-35. Again. both the hardwired circuit 
and user program are shown. When the push
button is open in the hardwired circuit. relay 
coi l CR is de-energized and contacts CRl 
close to switch the pilot light ON. When the 
pushbutton is closed. relay coil CR is ener
gized and contacts CRl open to switch the pi
lot light OFF. The pushbutton is represented 
in the user program by an EXAMINE IF OPEN 
instruction . This is because the rung must be 
TRUE when the external pushbutton is open. 
and FALSE when the pushbutton is closed. 

PB' 

-L"--___ _ -{, _ CA 

CA' , / 

t--Y1---- ----{iPL 
/ , 

(s) Hard-wired cirQJil 

PB 1 Pl 

H ; r-[ - --« H 
(0) User program providinglhe same results 

FIGURE 5-]5 Simple program using the EXAMINE IF 
OPEN (XIO) instruction. 
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The status oItha inSlrlJClioo Is 

If the data table bit XIC XIO OTE 

• EXAMINE IF CLOSED EXAMINE IF OPEN OUTPUT ENERGIZE 

---:l E--- -3/E- - 0 -
""'" 0 

False - I- TN' - r- False 

L"",,, T~ - False _ 1-
TN' 

I"p"" eM,,", Bit status 

r~ XIC XIO QTE xle XIO OTE 

I, (initial) False True False 0 0 0 

I, True True Goes Irue 1 0 1 

I, TN' False Goes false 1 1 0 , False False Remains false 0 1 0 

Input instructioos Output instruction 

XIC XIO OTE 

H E----i/ l-[ ---1()----i 
FIGURE 5-]6 Simple program using both the XIC and XIQ instructions. 

Using an EXAMINE IF OPEN instruction to 
represent the pushbutton satisfies these re
quirements . The NO or NC mechanical action 
of the pushbutton is not a consideration. It is 
important to remember that the user program 
is not an electrical circuit but a logic circuit. 
In effect. we are interested in logic continuity 
when establishing an output. 

Figure 5·36 shows a simple program using 
both the XIC and XIO instructions. The logic 
states (0 or 1) indicate whether an instruction 
is TRUE or FALSE and is the basis of con· 
troller operation. The figure shows the 
ON/OFF state of the output as determined by 
the changing states of the inputs in the rung. 

ENTERING THE LADDER 
DIAGRAM 

Although DOS-based programming software 
is still available. most of today's program
ming packages operate in the Windows 

environment. For example, Allen-Bradley's 
RSLogix software packages are Windows pro
gramming packages used to develop ladder 
logic programs. This software, in various ver
sions. can be used to program the PLC-5, SLC-
500, Contro lLogix, and Micrologic family of 
processors. An added feature is that RSLogix 
programs are compatible with programs that 
have been previously created with DOS
based programming packages. You can im
port projects that were developed with DOS 
products or export to them from RSLogix. 

Entering the ladder diagram. or actual pro
gramming, is usually accomplished with a 
computer keyboard or handheld programming 
device. Because hardware and programming 
techniques vary with each manufacturer. it is 
necessary to refer to the programming manual 
for a specific PLC to determine how the in
structions are entered. 

One method of entering a program is through 
a handheld keyboard. Keyboards usually 
have relay symbol and special function keys 
along with numeric keys for addressing. 
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FIGURE 5·)7 RSlogix SLC-SOO main w indow. 

Some also have alphanumeric keys (letters 
and numbers) for other special programming 
functions. In handheld units, the keyboard is 
small and the keys have multiple functions. 
Multiple-function keys work like second
function keys on calculators. 

1\ personal computer is most often used today 
as the programmer. The computer is adapted 
to the particular PLC' model through the 
use of the relevant programmable controller 
software. 

Figure 5-37 shows the RSLogix main win
dow. Different screens, toolbars. and dialog 

boxes are used to navigate through the Win
dows environment. It is important that you 
understand the purpose of the various 
screens. toolbars. and windows to make the 
most effective use of the software. This infor
mation is available from the software refer
ence manual for the particular PLC family 
and will become more familiar to you as you 
develop programs using the software. 

Figure 5-38 shows a typical instruction toolbar 
with Bit instructions selected. To place an in
struction on a rung. click its icon on the tool
bar and simply drag the instruction straight off 
the toolbar onto the rung of the ladder. Drop 

FIGURE 5·]8 Typical instruction set toolbar with Bit 
instructions selected. 



points are shown on the ladder to help posi
tion the instruction. In addition. instructions 
can also be dragged from other rungs in the 
project. There are several different methods 
that you can use to address instructions. You 
can enter an address by manually typing it in 
or by dragging the address from data files or 
other instructions. 

Some of the windows you will need to use 
when working with RSLogix 500 software 
include: 

• Main Window-This window opens 
each time you create a new project 
or open an existing one. Some of the 
features associated with this window 
include the foll owing: 

Window Title Bar-The title bar is 
located at the topmost strip of the 
window and displays the name of the 
program as well as that of the opened 
file . 
Menu Bar-The menu bar is located 
below the title bar. The menu contains 
key words associated with menus that 
are opened by clicking on the key 
word. 
Windows Toolbar-The Windows tool 
bar buttons execute standard Windows 
commands when you click on them. 
ProgramIProcessor Status Toolbar
This toolbar contains four drop-down 
lists that identify the current proces
sor operating mode. current online 
edit status, and whether forces are 
present and enabled. 
Project Window- This window dis
plays the fil e folders listed in the 
project tree. 
Project Tree-The project tree is a vi
sual representation of all folders and 
their associated files contained in the 
current project. From the project tree . 
you can open files , create files . modify 
file parameters, copy files . hide or un
hide files. delete files. and rename 
files. 
Result Window-This window di s
plays the results of either a search or a 
verify operation. The verify operation 
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is used to check the ladder program 
for errors. 
Active Ta~ This tab identifies which 
program is currently active. 
Status Bar-This bar contains infor
mation relevant to the current file. 
Split Bar-The split bar is used to 
split the ladder window so as to dis
play two different program files or 
groups of ladder rungs. 
Tabbed Instruction Toolbar-This 
tool bar displays the instruction set as 
a group of tabbed categories. 
Instruction Palette-This tool con
tains all the available instructions 
displayed in one table to make the 
selection of instructions easier. 
Ladder Window-This window di s
plays the currently open ladder pro
gram fil e and is used to develop and 
edit ladder programs. 
Ladder Window Properties- This w in 
dow allows you to change the display 
of your ladder program and its associ 
ated addressing and documentat ion. 

• Select Processor Type-The program
ming software needs to know what 
processor is being used in conjunction 
with the user program. The Selecl 
Processor Type screen (Fig. 5-39) con
tains a list of the different processors 
that the RSLogix software can program. 
You simply scroll down the li st until 
you find the processor you are using and 
se lect it. 

• I/O Configuration- The 110 Configura
tion screen (Fig. 5-40) leIs you cl ick or 
drag-and-drop a module from an a11-
inclusive li st to assign it to a slot in 
your configuration. 

• Data Files-Data File screens conta in 
data that are used in conjunction with 
ladder program instructions and include 
input and output files as well as timer. 
counter, integer, and bit files. Figure 
5-41 on page 122 shows an example of 
the bit file 83 . which is used for internal 
relays. Note that all the addresses from 
this file start with 83. 
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FIGURE 5-41 Data bit file 83 screen . 

R~lay ladd N logic is a graph ica l program
ming language designed to r.los~ l y represent 
thp. appea rance of a wired relay system. It of
fers considerable ad"antages for PLe control. 
Not onl y is it fI~aso na bly intuiti \'e. especially 
for technicians with relay experie nce. but it is 
also parti cularh' effecti"e in an online mode 
when the PLC i~ actually pp.rforming cont rol. 
Operation of the logic is apparent from the 
highlighting of rungs of the \'arious instruc
t ions on-sc reen. \\'hi ch iden tifi es the logic 
state in rea l time (Fig. 5-42) and has logic can
tinuit\'. 

~ 
r 

Highlighted rungs indicale 
lhe instruction is true. 

FIGURE 5-42 Monitoring a ladder logic program. 

.!:luge II Help 

For most PLe s\'s tems. each EXA~ II NE IF 
CLOSED and EXA MI NE IF OPEi\ conlact . 
each ou tput. and each branch STA RT/E:'\O 
instruction requires one word of tlst'r 1111'm· 
ory. You can refer 10 Ihl! SLC-;'iOO (:ol1lroll"r 
Properti es tn set;! the numbl!r III inslnu tifln 
\\'ords lI sed and the numbt!r Idt as th f' pro
gram is be ing de\·e loped. 

MODES OF OPERATION 

A processor has baSically t\\'o modes of opt;>r
ation : the program mode or some \'a riation of 
the run mode. The number of different oper
ating modes and the method of accessi ng 
them varies with the manufacturer. Some 
common operating modes are explai ned in 
the following paragraphs. 

Program Mode The program mode is used 
to enter a new program. edit or update an 
existing program. upload files. download 
files. document (print out) programs. or 
change any software configuration file in 



the program. When the PLC is switched 
into the program mode. all outputs from 
the PLC are forced off regardless of their 
rung logic status. and the ladder I/O scan 
sequence is halted. 

Run Mode The run mode is used to execute 
the user program. Input devices are moni
tored and output devices are energized ac
cordingly. After all instructions have been 
entered in a new program or all changes 
made to an existing program. the processor 
is put in the run mode. 

Test Mode The test mode is used to operate 
or monitor the user program without ener
gizing any outputs. The processor still 
reads inputs. executes the ladder program. 
and updates the output status table files. 
but without energizing the output circuits. 
This feature is often used after developing 
or edit ing a program to test the program 
execution before allowin~ the PLC to 

operate real-world outputs. Variations of 
the test mode can include the single-step 
test mode. which directs the processor to 
execute a selected single rung or group of 
rungs; the single-scan test mode. which 
executes a single processor operating scan 
or cycle; and the continuous-scan test 
mode. which directs the processor to con
tinuously run the program for checking or 
troubleshooting. 

Remote Mode Some processors have a three
position switch to change the processor op
erating mode. In the RUN position. all logic 
is solved and the 110 is enabled. In the 
PROGRAM position. all logic so lving is 
stopped and the 110 is disabled. The 
REMOTE position allows the PLC to be re
motely changed between program and run 
mode by a personal computer connected to 
the PLC processor. The PLC initially main
tains whichever mode it was in before it 
was switched to remote mode. 



Chapter 5 Review 

Questions 
1. Briefly explain the purpose of the user program portion of a typical PLC memory map. 

2. Briefly explain the purpose of the data table portion of a typical PLC memory map. 

3. a. What information is stored in the input image table file? 

b. In what form is this information stored? 

4. a. What information is stored in the output image table file? 

b. In what form is this information stored? 

5. Outline the sequence of events involved in a single PlC program scan. 

6. Draw the ladder logic program, write the Boolean 
program, and write the Boolean equation for the 
relay schematics in Figure 5-43. 

7. Draw the symbol and state the equivalent 
instruction for each of the following: NO contact 
NC contact. and coil. 

8. a. What does an EXAMINE IF CLOSED or 
EXAMINE IF OPEN instruction represent? 

FIGURE 5·4) 

b. What does an OUTPUT ENERGIZE instruction represent? 

c. The status bit of an EXAMINE IF CLOSED instruction is examined and found to be O. 
What does this mean? 

d. The status bit of an EXAMINE IF OPEN instruction is examined and found to be 1. What 
does this mean? 

e. Under what condition would the status bit of an OUTPUT ENERGIZE instruction be O? 

9. a. Describe the basic makeup of a ladder logic rung. 

b. How are the contacts and coil of a rung identified? 

c. When is the ladder rung considered TRUE, or as having logic continuity? 

10. What two addresses are contained in some five-digit PLC addressing formats? 

11. What is the function of an internal control relay? 

12. An NO limit switch is to be programmed to control a solenoid. What determines whether an 
EXAMINE IF CLOSED or EXAMINE IF OPEN contact instruction is used? 
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13. Briefly describe each of the following modes of operation of PlCs: 
a. PROGRAM b. TEIT c. RUN 

14. How are data files organized? 

15. list eight different types of data files. 

16. Compare the way horizontal and vertical scan patterns examine input and output 
instructions. 

17. list the five standard PlC languages as defined by the International Standard for 
Programmable Controllers, and give a brief description of each. 

18. Explain what is meant by a TRUE rung condition and a FALSE rung condition. 

19. Explain the function of input branching. 

20. In what way is the memory organization of a Controllogix processor different from that of 
traditional PlC-5 and SlC-500 processors? 

21 . In a Controllogix controller, what are the three major components of a project and what are 
their functions? 

22. What are the two types of tasks associated with a Controllogix controller? 

23. In a Controllogix controller. what is the term for the location at which the ladder logic is 
stored? 

24. What does the Controllogix processor module use to identify the memory location in which 
data are stored? 

25. In a Controllogix controller, what are the three types of tags used and what does each tag 
reference? 

26. What type of data is stored in each of the following basic data types? 
a. BOOl b. INT c. REAL 

27. What type of data is stored in each of the following structured data types? 
a. Control b. Counter c. Timer 

28. Define the term array as it applies to data in a Controllogix controller. 

29. Compare the way data is scoped in a SlC processor with the method used in a Controllogix 
controller. 
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Problems 
1. Assign each of the inputs and outputs shown in the table the correct address based on a 

typical five-digit addressing format. 

Inputs 

Terminal 
Device Number 

a. limit switch 1 

b. Pressure switch 1 

c. Pushbutton 3 

Output, 

Terminal 
Device Number 

a. Pilot light 10 

b. Motor starter 11 

c. Solenoid 11 

2. Redraw each of the following programs corrected 
for the problem indicated: 

a. Problem: nested programmed contact (Fig. 5·44). 

b. Problem: vertical programmed contact (Fig . 5·45). 

c. Problem: some logic ignored (Fig. 5·46). 

d. Problem: too many series contacts (only four 
allowed) (Fig. 5-47). 

A y 

Problem: vertical programmed contact 

FIGURE 5-45 

Problem: too many series contacts (only four allowed) 

FIGURE 5-47 
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Rack 
Number 

Rack 
Number 

A B 

Module Group 
Number 

3 

3 

3 

Module Group 
Number 

o 
o 
o 

y 

Problem: nesled prog,ammed contact 

FIGURE 5-44 

Problem: some logic ignored 

FIGURE 5-46 



3. Draw the equivalent ladder logic diagr5am48us~edto i,,!,plement 
the hardwired circuit drawn in Figure - • wlr uSing: LS> 

L2 
SOLA 

A 

4. 

5. 

a. A limit switch with a single NO (ontact connected to the 
PlC input module 

b. A limit switch with a single NC contact connected to the 
PlC input module 

Assuming the hardwired circuit drawn in Figure 5·49 is to 
be implemented using a L1 
PlC program. identify pel 

~ LSl 

a. All input field devices 

CA~ b. All output field devices 

c. All devices that could 
be programmed using 
internal relay CAl 

PSl 
instructions 0 Jf 

What instruction would 
you select for each of 
the following input field 
devices to accomplish LS2 L53 

the desired task? (State 0 ~ 

pe2 
the reason for your pe, 

answer.) ~ 

a. Turn on a light when CA' 
a conveyor motor is LS4 

funning in reverse. The 
input field device is a 
set of contacts on the 
conveyor start relay 
that dose when the 
motor is running 
forward and open 

FIGURE 5-49 when it is running in 
reverse. 

". v 

SOL. 

V 

FIGURE 5-48 

CAl 

, PLl / 

SSl 

~ 
/ , 

SOL A 

0 

CA2 

CA2 SOL 8 

CA, SOL C 

CA' 

, PL2/ 

/ , 

b. When a pushbutton is pressed, it operates a solenoid. The input field device is a normally open 
pushbutton. 

c. Stop a motor from running when a pushbutton is pressed. The input field device is a normally 
dosed pushbutton. 

L2 

d. When a limit switch is dosed, it triggers an instruction ON. The input field device is a limit switch 
that stores a 1 in a data table bit when dosed. 

6. Write the ladder logic program needed to implement each of the following: (assume inputs 
A, B, and C are all normally open toggle switches): 

a. When input A is dosed, tum ON and hold ON outputs X and Y until A opens. 

b. When input A is dosed and either input 8 or C is open, tum ON output r. otherwise, it sllould be OFF. 

c. When input A is dosed or open, turn ON output Y. 

d . When input A is dosed, turn ON output X and turn OFF output Y. 
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• 

After completing this chapter, you will be able 
to: 

• Identify the functions of electromagnetic 
control relays, (ontactors, and motor starters 

• Identify switches commonly found in PlC 
installations 

• Explain the operation of sensors commonly 
found in PLC installations 

• Explain the operation of output control 
devices commonly found in PlC installations 

• Describe the operation of an electromagnetic 
latching relay and the PLC-programmed 
LATCH/UNLATCH instruction 

• Compare sequential and combination control 
processes 

• Convert fundamental relay ladder diagrams 
to PlC ladder logic programs 

• Write PlC programs directly from a narrative 
description 

• 

• 

?l.C 
h.Jl.IlJ Ei 

For ease of understanding, ladder logic 

programs can be compared to relay 

schematics. This chapter gives examples 

of how traditional relay schematics are 

converted into PLC ladder logic 

programs. You will learn more about 

the wide variety of field devices 

commonly used in connection with the 

110 modules. 



Through-beam 

photoelectric sensor. 
(Courtesy of Weber Sensors Inc.) 
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ELECTROMAGNETIC 
CONTROL RELAYS 

The PLC's original purpose was the replace
ment of electromagnetic relays with a solid
state switching system that could be pro
grammed. Although the PLC has replaced 
much of the relay control logic. electromag
netic relays are still used as auxiliary devices 
to switch 110 field devices . The programmable 
controller is designed to replace the physi
cally small control relays that make logic 
decisions but are not designed to handle 
heavy current or high voltage. In addition. an 
understanding of electromagnetic reJay opera
tion and terminology is important for correctly 
converting re lay schematic diagrams to ladder 
logic programs. 

An electrical relay is a magnetic switch. It 
uses electromagneti sm to switch contacts. A 
relay will usually ha ve only one coil but may 
have any number of different contacts. Fig
ure 6-1 illustrates the operation of a typ ical 
control re lay. With no current flow through 
the coi l (de-energized). the armatu re is held 
away from the co re of the coil by spring ten
sion. When the co il is energized. it produces 

Filed contacts 

F~~""'. ./ Movable contact 
¥ /Armature 

_Spring 

Coil 

COil de'energized 

an electromagnetic field. Action of this field. 
in turn, causes the physical movement of the 
armature. Movement of the armatwe causes 
the contact points of the relay to open or 
close. The coil and contacts are insulated 
from each other: therefore , under normal 
conditions. no electric circuit will exist be
tween them. 

The symbol used to represent a control relay 
is shown in Figure 6-2. The contacts are rep
resented by a pair of short parallel lines and 
are identified with the coil by means of the 
same number and letters (CR1). Both an NO 
and an NC contact are shown. Normally open 
contacts are defined as those contacts that are 
open when no current flows through the coil 
but that close as soon as the coil conducts a 
current or is energized. Normally closed con
tacts are closed whe n the coil is de-energized 
and open when the coi l is energized. Each 
contact is usually drawn as it wou ld appear 
with the co il de-energized. 

A typical control relay used to cont rol two 
pilot lights is shown in Figure 6-3. With the 
switch open. coil CR 1 is de-energized. The 
circuit to the green pilot ligh t is completed 
th rough NC contact CRl-2 . so this light will 
be on. At the same time. the ci rcu it to the red 

Coil energized 

FIGURE 6-1 Electromagnet ic control relay operation. 



CoOl 

CA1·2 CA1-' 

<,-H" * Normally open (NO) contilCl Normally dosed (NC) contact 

ta) Control relay symbol 

(bl Typocal indus!nal control 
re la~ . ,Courtesy 01 Allen· 
Bradley Company. Inc.) 

FIGURE 6·2 Control relay. 

pilot light is opened through NO contact 
CR t-I. so this light will be off. 

With the switch closed (Fig. 6-4). the coil is 
energized. The NO contact CR1-1 closes to 
switch the red pilot light on. At the same 
time. the NC contact CRl -2 opens to switch 
the green pilot light off. 

L2 

s 
~--~~------~(CR1~--~ 

CAt-' OFF 

r--------{iRI}----+ 

CAt·2 
, , 

ON 

FIGURE 6-3 Relay cir(uit-switc.h open. 

L1 L2 

S 
R1 

I 
ON , 

, , 
, , 

G , , 
CR1 ·2 OFF 

FIGURE 6-4 Relay cir(uit---switcn closed. 

A relay will usually have only one coil, but it 
may have any number of normally open and 
normall y closed contacts. Control relays gen
erally do not need to carry heavy currents or 
high voltages. The contacts are usually rated 
between 5 and 10 amperes. with the most 
common rating for the co il voltage being 
120 V ac. 

CONTAGORS 
A contactar is a special type of re lay designed 
to handle heavy power loads that are beyond 
the capabilit y of control relays. Unlike relays, 
contactors are designed to make and break 
electric power ci rcuits without being dam
aged. Such loads include lights . heaters, 
transformers. capacitors. and electric motors 
for which overload protection is provided 
separately or not required (Fig. 6-5). 

A control relay can pick up a contactor that is 
built to handle the heavy current and higher 
voltages. Programmable controllers have 110 
capable of operating the contactor. but they 
do not have the capacity to operate heavy 
power loads directly. Figure 6-6 illustrates 
the application of a PLC used in conjunction 
with a contactor to switch power on and 
off to a pump. The output module is con
nected in series with the coil to form a low
current switching circuit. The contacts of the 
contactor are connected in series with the 
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(e) Wiring diagram 

FIGURE 6-5 Magnetic contactor. 

pump motor to fonn a high-current switching 
circuit. 

The advantages of using magnetic contactors 
instead of manually operated control equip
ment include the following: 
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• Where large currents or high voltages 
have to be handled, it is difficult to 
build a suitable manual apparatus. 
Such an apparatus is large and bard to 
operate. On the other hand. it is a rela
tively simple matter to build a magnetic 
contacler that will handle large cur
rents or high voltages. The manual ap
paratus must control only the coil of 
the contacter. 

• Contactors allow multiple operations to 
be performed from one operator (one lo
cation) and interlocked to prevent false 
and dangerous operations. 

• Where the operation must be repeated 
many times an hour, a distinct savings 
in effort will result if contactors are 
used. The operator simply has to push a 
button and the contactors will automati
cally initiate the proper sequence of 
events. 

Contactot 
po,,,, 
contacts 

P,mp 

l2 

High-current 
wiring 

~--- L1 

FIGURE 6-6 PlC used in conjunction with a contactor 
to switch power on and off to a pump. 



• Contactors can be controlled automati
cally by sensitive pilot devices. Pilot de
vices of this nature are limited in power 
and size. and it would be difficult to 
design them to handle heavy current 
direct ly. 

• High voltage may be handled by the con
tactor and kept entirely away from the 
operator. thus increasing the safety of an 
installation. The operator also will not 
be in the proximity of high-power arcs, 
which are always a source of danger 
from shocks, bums, or perhaps injury to 
the eyes. 

• With contactors. the control equipment 
rna" be mounted at a remote point. The 
on(v space required near the machine 
will be the space needed for the push
button. It is possible to control one 
contactor from as many different push
buttons as desired. with the necessity of 
running onl y a few light control wires 
between the stations. 

• With contactors. automatic and semiau
tomatic control is possible with equip
ment such as programmable logic 
contro llers. 

• 
A motor starter is a relay specially designed 
tei provide power to motors. The magnetic 
starter (Fig. 6-7) is a contactor with an over
load relay attached physically and electri
ca lly. The overload relay will open the 
suppl y voltage to the starter if it detects an 
overload on a motor. It does this by putting 
heaters in series with the contactor supply
ing the voltage to the motor. When these 
heaters are heated by the current, their heat 
indirectly heats an element such as a bimetal 
strip . which trips a mechanical latch. Trip
ping this latch opens a set of contacts that 
are wired in series with the supply to the 
contactor feeding the motor. The characteris
ti cs of the heaters can be matched to the 

~"" 

Overload 
resel butlon L~' 

FIGURE 6·7 Magnetic starter. 

healers 

motor so that the motor is protected against 
overload. 

Magnetic motor starters are electromagneti
cally operated switches that provide a safe 
method for starting large motor loads. Figure 
6-8 on page 134 shows the wiring diagram for 
a typical three-phase. magnetically operated, 
across-the-line ac starter. When the START 
button is pressed. coil M is energized. When 
coil M is energized. it closes all M contacts. 
The M contacts in series with the motor close 
to complete the current path to the motor. 
These contacts are part of the power circuit 
and must be designed to handle the full load 
current of the motor. Control contact M 
(across START button) closes to seal in the 
coil circuit when the START button is re
leased. This contact is part of the control cir
cuit and. as such. is required to handle the 
small amount of current needed to energize 
the coil. An overload (OL) relay is provided 
to protect the motor against current over
loads. A normally closed relay contact OL 
opens automatically when an overload cur
rent is sensed in order to de-energize the M 
coil and stop the motor. 

Motor starters are available in various stan
dard National Electric Manufacturers Associ
ation (NEMA) sizes and ratings. When a PLe 
needs to control a large motor, it must work 
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FIGURE 6·8 Across-the-line a( starter. 

in conjunction with a starter. The power 
requirements to the starter coil must be 
within the power rating of the output module 
afthe PLC (Fig. 6-9). 

Three-phase lines , 
~ ~2 ~3 

MagnetiC 
Load Motor motor starter 
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FIGURE 6-9 When a PlC needs to control a large 
motor, it must work in conjunction with a starter. 
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(b) Typical across-the·line ac starter. \Courtesy 
01 Allen-Bradley Company. Inc.) 

MANUALLY OPERATED 
SWITCHES 

Manually operated swjtches are controlled b\' 
hand. These include toggle switches. push"' 
button switches. knife switches . and selector 
switches. 

Pushbutton switches are the most common 
form of manual control found in industrv. 
Three commonly used pushbutton swi t ch~s 
are illustrated by their symbols in Figure 
6·10. The NO pushbutton makes a ci rcu it 
when it is pressed and returns to its open 
position when the button is released . The 
NC pushbutton opens the circuit when it 
is pressed and returns to the closed posi
tion when the button is released. The 
break-make pushbutton is used fo r inter
locking controls. In this switch. the lOp sec
tion is NC and the bottom section is NO. 
When the button is pressed, the bottom con· 
tacts are closed as the top contacts open . 
Also available are make-before-break push· 
buttons. When the button is p ressed with 



~ Normally open (NO) pushbutton 
o 0 

Normally closed (NC) pushbutton 

c.lc Break-make pushbunOtl 

o 0 
N( n auure.,,,abOns NO and NC repfesent the 

late of the sWItch COIllacts when 
I~ w,tch IS not actuated 

(er) Pushbutton switches 

--

(b) Control circuit using a combination 
break-make pushbunon 

11Iuminated 
pushbutton 

(e) Typical pushbunon COfitrol slat ion. (Courtesy 
01 Allen-Bradley Company. If'IC.J 

fiGURE 6·10 Various types of pushbutton symbols and switches. 

this type of sw itch. the normally open 
contacts close before the normall y closed 
con tacts open. 

The selector SII"j tch is another common 
manually operated switch. Selector switch 

Coo""" 

FIGUR£ 6 · 11 Selector switch. 
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(b) Three-position selector 
swiIeh and truth table 

B 

X 

positions are made by turning the operator 
knob. not pushing it. Selector switches may 
have two or more selector positions with e i· 
th er maintained contact position or spring 
return to give momentary contac t operation 
(Fig. 6-11) . 
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I'" Selectof switch used in conjunction with a reversirog motor 
staner to select lorwatd or reverstl operation oIlhe motor 
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(a) Rocker type 

(b) Switching arrangement 

FIGURE 6·12 DIP switch. 

DuaJ in -line package {DIP} switches are 
small switch assemblies designed for 
mounting on printed circuit board modules 
(Fig. 6-12) . The pins or terminals on the bot
tom of the DIP switch are the same size and 
spacing as an integrated circuit (Ie) chip. 
The individual swi tches may be of the tog
gle, rocker, or slide kind. Switch settings are 
se ldom changed. and the changes occur 
mainly during installation or configuration 
of the system. 

MECHANICALLY OPERATED 
SWITCHES 

A mechanically operated switch is controlled 
automatically by factors such as pressure, 
position. or temperature. The limit switch, 
shown in Figure 6·13, is a very common in
dustrial control device. Limit switches are 
designed to operate only when a predeter
mined limit is reached, and they are usually 
actuated by contact with an object such as a 
cam. These devices take the place of a human 
operator. They are often used in the control 
circuits of machine processes to govern the 
starting, stopping. or reversal of motors. 
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Symbols 

~ NO contact 

(a) limit switches. (Photo courtesy 01 EATON Corpora/ion. 
Cutler-Hammer Products) 
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(cl Control circuit lor staning and stopping a motor in 
forward and reverse with limit switches providing 
over-travel protection 

FIGURE 6-13 limit switch. 



Symbols 

T NO ,.,""" 

tal Temperature SWItch. (Photo courtesy of Allen-Bradley 
Company. Inc. } 

L O_--i Motor 

(0) Temperature switch used to 
automatically control a motor 

FIGURE 6-14 Temperature switch . 

The temperature switch, or thermostat, shown 
in Figure 6-14 is used to sense temperature 
changes. Although there are many types avail
able . they are all actuated by some specific 
enviro~ental temperature change. Tempera
ture sWitches open or close when a designated 
temperature is reached. Industrial applications 
for these devices include maintaining the 

desired temperature range of air. gases. liquids. 
or solids, 

The temperature switch uses a closed. chem
ically filled bellows system. The pressure 
in the system changes in proportion to the 
temperature of the bulb. The temperature
responsive medium in the system is a volatile 
liqUid whose vapor pressure increases as 
the temperature of the bulb rises. Conversely. 
as the temperature of the bulb falls. the vapor 
pressure decreases. The pressure change is 
transmitted to the bellows through a capillary 
tube operating a precision switch at a prede
termined setting. 

Pressure switches (Fig. 6-15) are used to 
control the pressure of liquids and gases. 
Again. although many types are available. 
they are all basically designed to actuate 
(open or close) their contacts when a specified 
pressure is reached. Pressure switches can be 

Symbols 

NO contact 

NC cootact 

,a) Pre$$IJre switch. (Photo OOCNtesy 01 AJIen-Btadley 
Company, Inc.) 

FIGURE 6-15 Pressure switch. (continued on page 138) 
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(e) Staner operated by pressure switch 

FIGURE 6-15 (continued) PreSsure switch. 

pneumatically (air) or hydraulically (liquid) 
operated switches. Generally. bellows or 
diaphragm presses up against a small mi
croswitch and causes it to open or close. 

Level switches. such as the one illustrated in 
Figure 6-16, are used to sense the height of a 
liquid. The raising or lowering of a float that 
is mechanically attached to the level switch 
trips the level switch; the level switch itself is 
used to control motor-driven pumps that 
empty or fill tanks. Level switches are also 
used to open or close piping solenoid valves 
to control fluids. 

TRANSDUCERS AND 
SENSORS 

A transducer is any device that converts en
ergy from one form to another. Transducers 
may be divided into two classes: input trans
ducers and output tran sducers (Fig. 6-17). 

Chapter 6 

~~.~~~ _ Switch 

Symbols 

_Ftoat 

(a) Level switch 

L 1 L2 

SWtTCH I FLOAT I 
~--~~6~~~-----0~~~~ 

(b) Two·wire level switch conlfol of slarter 

FIGURE 6· 16 Level switch. 

Electric-input transducers convert nonelec
tri c energy. such as sound or ligh t, into elec
tric energy. Electric-output transducers work 
in the reverse order. They convert electric 
energy to forms of nonelectr ic energy. 

Sensors are transducers for detecting. and of
ten measuring. the magnitude of something. 
They convert mechanical. magnetic. therma l. 
optical. and chemical variations into electric 
voltages and currents. Sensors are usually 
categorized by what they measure, and 
they play an important role in modern 
manufacturing process control. They prOVide 

,fl Speaker 

EleclronlC 
am hiler 

<f;J'(lM~i'~"~"hO:O~'~::-[~~~ 
Input signal Output signal ! 

+ 
Input transducer 
converts sound energy 
to electrical energy. 

Output transducer 
converts electrical 
energy to sound energy. 

FIGURE 6-11 Electric-input and electric-output 

transducers. 

. 
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FIGURE 6-18 Sensors. 

the equivalents of our eyes, ears, nose . and 
tongue to the microprocessor brain of indus
trial automation systems (Fig. 6-181. 

Proximity Sensor 

Proximity sensors or switches are pilot de
\'ices that detect the presence of an object 
(usually ca lled the target) without physical 
contact (Fig. 6-19 on page 140). They are solid
state electronic devices that are completely 
encapsulated to protect against excessive 
vibration. liquids. chemicals, and corrosive 
agents found in the industrial environment. 
Proximity sensors are used when: 

• The object being detected is too small. 
lightweight . or soft to operate a mechan
ical switch. 

• Rapid response and high SWitching rates 
are required. as in counting or ejection 
control applications. 

P-

(0) Sensors provide equivalent 01 eyes, ears. nose, and 
tongue to miCroprocessor Drain. 

• An object has to be sensed through non
metallic barriers such as glass , plastic, 
and paper cartons. 

• Hostile environments demand improved 
sealing properties, preventing proper op
eration of mechanical switches. 

• Long life and reliable service are required. 

• A fast electronic control system requires 
a bounce-free input signal. 

An inductive proximity sensor is actuated by 
a metal object. Inductive proximity sensors 
are commonly used in the machine tool in
dustry. A typical application is shown in Fig
we 6-19b. Proximity sensors (A' and B'I de
tect targets A and B moving in the directions 
indicated by the arrows. When A reaches A'. 
the machine reverses its motion; the machine 
reverses again when Breaches B'. 

In principle. an inductive sensor consists of a 
coil. oscillator. detector circuit. and solid-state 
output (Fig. 6-20 on page 141). When energy 
is supplied. the oscillator operates to generate 
a high-frequency field. At this moment. there 
must not be any conductive material in the 
high-frequency field . When a metal object 
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enters the high-frequency field, eddy currents 
are induced in the surface of the target. These 
currents result in a loss of energy in the oscil
lator circuit, which in turn causes a smaller 
amplitude of oscillation. The detector circuit 
recognizes a specific cbange in amplitude 
and generates a signal that will turn the solid
state output on or off. When the metal object 
leaves the sensing area, the oscillator regener
ates. allowing the sensor to return to its 
normal state. 

The method of connecting and actuating a 
proximity sensor varies with the type of sensor 
and its application (Fig. 6-21). With a current
sourcjng output. or PNP transistor. the load is 
connected between the sensor and ground. 
Current flows from the sensor through the load 
to ground (open emitter). With a current
sjnking output, or NPN transistor. the load is 
connected between the positive supply and 
sensor. Current flows from the load through 
the sensor to ground (open collector), 

Hysteresis is the distance between the operat
ing point when the target approaches the prox
imity sensor face and the release point when 
the target is moving away from the sensor face 
(Fig. 6-22 on page 142). The object must be 
closer to tum the sensor on rather than to turn 
it off. If the target is moving toward the sensor. 
it will have to move to a closer point. Once the 
sensor turns on. it will remain on until the tar
get moves to the release point. Hysteresis is 
needed to keep proximity sensors from chat
tering when subjected to shock and vibration. 
slow-moving targets, or minor disturbances 
such as electrical noise and temperature drift. 

As a result of solid-state SWitching of the out
put. a small leakage current fl ows through the 
sensor even when the output is turned off. 
Similarly. when the sensor is on, a small 

(a) BaHel·type physical appearance «(J) Inductive prolimity sensor-typical machine tool appticahon 

(e) Prorimity switch applications. (Coort&sy 01 Recnm.r EIec/ronK:s Indus/riBs. Inc.' 

FIGURE 6-19 Proximity sensor. 



(oil BIoctt diagram 

ON 

(b) Operation- as the target moves in to the sensing 
area. the sensor switches the output ON. 

FIGURE 6-20 Inductive prm\imity sensor. 

voltage drop is lost across its output termi~ 
nals_ To operate properl y. a proximity sensor 
should be powered continuously. Figure 6~23 
on page 142 illustrates the use of a bleeder re
sistor connected to allow enough current for 
the sensor to operate but not enough to turn 
on the input of the PLe. 

A capacitjl'e proximity sensor is a sensing de~ 
vice actuated bv conductive and nonconduc· 
tive materials. -The operation of capacitive 
sensors is also based on the principle of an os
ci llator. Instead of a coil. however, the active 
face of a capacitive sensor is formed by two 
metallic electrodes-rather like an "opened" 
capacitor. The electrodes (Fig. 6-24a on page 
142) are placed in the feedback loop of a high
frequency oscillator that is inactive with "no 
target present." As the target approaches the 
face of the sensor. it enters the electrostatic 
field formed by the electrodes. This approach 
causes an increase in the coupling capaci
tance. and the circuit begins to oscillate_ The 
amplitude of these oscillations is measured by 
an evaluating circuit that generates a signal to 
turn the solid-state output on or off. 

A typical application is shown in Figure 6-24b. 
Liquid filling a glass or plastic container can 

11 l2 

Normally I---~"",_ ~T-~I!!!!IIt--i 
open (NO) 

(a) Two-wile sensor conl"WlCtion 

(Control 
output) • to.8to30Vdc 

(b ) Current-sourcing output (PNP) 

(Control 
outputl + 

~w-······· 
(e) Current-sinking output (NPN) 

FIGURE 6-21 Proximity sensor connections_ 

be monitored from the outside of the con
tainer with a capacitive proximity sensor. In 
some applications, the empty container is de
tected by a second sensor, which starts the 
flow of liquid. The flow is shut off when the 
level reaches the upper sensor. 

To actuate inductive sensors , we need a con
ductive material . Capacitive sensors may be 
actuated both by conductive materials and by 
nonconductive materials such as wood, plas
tics, liquids, sugar, flour, and wheat. Along 
with this advantage of the capacitive sensor 
(compared to the inductive sensor) comes 
some disadvantages. For example. inductive 
proximity switches may be actuated only by a 
metal and are insensitive to humidity. dust, 
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and OFF point is called hysleresis. 

FIGURE 6-22 Hysteresis. 

dirt. and the like. Capacitive proximity 
switches, however, can be actuated by any 
dirt in their environment. For genera l app li
cations, the capacitive proximity switches are 
not really an alternative but a supplement to 
the inductive proximity switches. They are a 
supplement when there is no metal available 

Input 
module 

@ 
@ 
@ 

1 PrOXimity 
@ 

sensor ~ @ 
@ 

; 
Bleeder resistor = 

FIGURE 6-23 Connection of a proxi mity sensor to 
the input module of a PlC. 
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Sensor electrodes 

(im .. .:----(Open capacitor) 

(a) Operation 

(b) Typical applicatiOn 

FIGURE 6·24 Capacitive proximity sensor, 

for. the actuation (e.g .. for woodworking rna. 
chines and for determining the exact level of 
liquids or powders). 

Magnetic Switches 

A magnetic switch (also called a reed SII'itCh) 

contact is composed of two flat contact tabs 
that are hermetically sealed (airtight) in a 
glass tube filled with protect ive gas. As a per
manent magnet approaches. the ends of the 
overlapped contact tab attract one another 
and come into con tact. As the permanent 
magnet is moved further away. the con tact tab 
ends are demagnetized and' return to their 
original positions (Fig. 6-25). The magnetic 
reed switch is almost inertia free. Because the 
contacts are sealed, they are unaffected bv 
dust . humidity. and fumes; thus, their life e;· 
pectancy is quite high. 

A permanent magnet is the most common 
actuator for a reed switch. Permanent mag
net act uation can be arranged in severa l 
ways. dependent on the switching require
ment. The most commonly used arrange
ments are proximity motion . rotation. and 
the shielding method (Fig. 6-26). The device 
can also be actuated by a dc electromagnet. 
When operated by an electromagnet. it 
is known as a reed relay. Reed relays are 
faster and more reliable. and they produce 



Glalltube NO """*" 

...... ' 
NO 

NC 

FIGURE 6-25 Magnetic switch (reed switch). 

less arcing than do conventional electro
mechanical switches. However, the current
handling capabilities of the reed relay are 
limited. 

Reed switch 

Magnet 1 
(.) Proximily moIioo--frovement 0/ the 

switch or magnet will activate the switch. 

• 
(b) Rotary motlon-switch is activated 

twice lor every complete reYOlution. 

(e) Shielding--lerromagnetic (irorKlased) 
sNeId shon-circuits !he magnetic field 
holding the contacts; switch is activated 
by removat of the shield. 

fiGURE 6-26 Reed switch activation. 

PhotovoltaiC cen 

'" (soler celt) 

Ught produCes voltage. 

FIGURE 6-21 Photovoltaic, or solar, (ell. 

Light Sensors 

The photovoltaic ceJ/. or solar cell, is a 
common light-sensor device that converts 
light energy directly into electric energy 
(Fig. 6-27). Modern silicon solar cells are 
baSically PN junctions with a transparent 
P-layer. Shining light on the transparent 
P-Iayer causes a movement of electrons 
between P- and N-sections, thus producing a 
small dc voltage. The typical output voltage 
is about 0.5 V per cell in full sunlight. 

The photoconductive cell (also called a pho
toresistive cell) is another popular type of 
light transducer (Fig. 6-28). Light energy 
falling on a photoconductive cell will cause a 

Photoconductive cell 

Ught changes tHistance. 

FIGURE 6-21 Photoconductive cell. 
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FIGURE 6·29 Photoelectric sensor operation. 

change in the resistance of the cell. One of the 
more popular types is the cadmium sulphide 
photocell. When the surface of this device is 
dark . the resistance of the device is high. 
When brightly lit . its resistance drops to an 
extremely low va lue. 

Most industria l photoelectric sensors use a 
light-emitting diode (LED) for the light 
source and a phototransistor to sense the 
presence or absence of light (Fig. 6-29). In 
operation . light from the LED falls on the in
put of the phototransistor. and the amount of 
conduction through the transistor changes. 
Analog outputs provide an output propor-

Dlnuseo-reflective 

Eminer/receivar L-Opera'ing1 
I ' range 

~~l 

tional to the quantity of light seen by the 
photodetector. 

LEDs are chosen for the light source in photo
electric sensors because they are small . 
sturdy. and very efficient and because they 
can be turned on and off at extremely high 
speeds. The LEDs in sensors are switched on 
and off continually. The on-time is extremely 
small compared to the off-time. LEOs are 
pulsed on and off for two reasons: so that the 
sensor is unaffected by ambient light. and to 
increase the life of the LEO. The pulsed light 
is sensed by the phototransistor. The photo
transistor essentially sorts out all ambient 
light and looks for the pulsed light. The light 
sources chosen are typically invisible to the 
human eye. The wavelengths are chosen so 
that the sensors are unaffected by other light
ing in the plant. The use of different wave
lengths allows some sensors. called color 
mark sensors. to differentiate between colors. 

There are two main types of photoelectric sen
sors for sensing objects. Each emits a light 
beam (visible. infrared. or laser) from its light
emitting element (Fig. 6-30). A reflective-type 
photoelectriC sensor is used to detect the light 
beam reflected from the target. A through
beam photoelectriC sensor is used to measure 

R.lto-reflectlve 

Eminerfreeetver 1-000rat'l1Qi 

~ ,,~, 

Aellec'(lf 

(a) Reflective IyPe 
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(b) Through·beam type 

FIGURE ' ·]0 Types of photoelectric sensors. 
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Pulse generation 

(s) A reflective-type photoelectric senSOI used lor the detection 
oltha presence or absence 01 a label. 

(b ) Through-beam optical sensor heads are positioned above 
and below the resistors Iraveling Of) a production line. A 
varialiorl 01"1 the title changes the quantity 01 the laser beam. 
thus signaling a delect. 

FIGURE 6-3' Photoelectric sensor applications. 

the change in light quantity caused by the tar
get's crossing the optical axis. Typical photo
electric sensing modes include: 

• Light Sensing 
The output is energized (on) when the 
sensor receives the modulated beam. 

• Dark Sensing 
The output is energized (on) when the 
sensor does not receive the modulated 
beam. 

Figure 6-31 shows typical photoelectric 
sensor applications. Features of this type of 
sensor include: 

• NOReentact Detection 
Noncontact detection eliminates dam
age either to the target or sensor head, 
ens wing long service life and mainte
nance-free operation. You cannot 
use contact devices in a clean room 
because of particle generation. 

• Detection of Targets of Almost 
Any Material 

Detection is based on the quantity of 
light received, or the change in the 
quantity of light received. or the 
change in the quantity of reflected 
light. This method allows detection of 
targets of diverse materials such as 
glass, metal. plastics. wood. and 
liquid. 

• Long Detecting Distance 
The reflective-type photoelectric sen
sor has a detecting distance of 1 m, and 
the through-beam type has a detecting 
distance of 10 m. 

• Higb Response Speed 
The photoelectric sensor is capable of 
a response speed as high as 50 jJ.s 
(1 / 20 .0005J . 

• Color Discrimination 
The sensor has the ability to detect 
light from an object based on the re
flectance and absorption of its color. 
thus permitting color detection and 
discrimination. 

• Highly Accurate Detection 
A unique optical system and a preci
sion electronic circuit allow highly 
accwate positioning and detection of 
minute objects. 

Bar code technology is Widely implemented 
in industry and is rapidly increasing its broad 
range of applications. It is easy to use, can be 
used to enter data much more qUickly than 
manual methods. and is highly accwate. A 
bar code system consists of t.luee basic ele
ments: the bar code symbol. a scanner, and a 
decoder. 

The bar code symbol contains up to 30 char
acters encoded in a machine-readable form. 
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Bar code Quiel zone 

1 11111111111 11111111111111111111111111111 1 
......- '00 74983 12345 9 

Human readable cha.aclers 

FIGURE 6-32 Bar code symbol. 

The characters are usually printed above or 
below the bar code so data can be entered 
manually if a symbol cannot be read by the 
machine. The blank space on either side of 
the bar code symbol. called the qu iet zone. 
along with the start and stop characters lets 
the scanner know where data begin and end 
(Fig. 6-321. 

There are several different kinds of bar codes. 
In each one. a number. letter. or other charac
ter is formed by a certain number of bars and 
spaces. In the United States. the Universal 
Product Code (UPC) is the standard bar code 
symbol for reta il food packaging. The UPC 
symbol (Fig. 6-33) conta ins all of the encoded 
informati on in one symbol. It is strictl v a 
numeric code conta ining the: -

• UPC type (1 character) 

• UPC manufacturer. or vendor. ID num
ber IS characters ) 

• UPC item number (5 characters) 

• Check digit (1 character) used to mathe
matically check the accuracy of the read 

o 
'-- 0. .. " digil 

lIem number 

FIGURE 6-33 UPC bar code symbol. 
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FIGURE 6-34 Bar code scanner and decoder. 

Bar code scanners are the eves of the da ta 
collection system. A light so~rce within the 
scanner illumina tes the bar code s\'mbol: 
those bars absorb light. and spaces' refl ect 
light. A photodetector collects th is light in 
the form of an electronic-signal pattern repre
senting the printed symbol. The decoder 
receives the signa l from the scanner and con
verts these data into the characte r data re pre
sentation of the symbol's code. Although the 
scanner and decoder operate as a team. the\' 
can be integrated or separate. dependi ng on 
the applica tion (Fig. 6-34). 

Bar code modules are avai lable for PLCs. A 
typical appli ca tion might iO\'oh'e a bar code 
modu le reading the ba r code on boxes as they 
move along a conveyor line. The PLC is then 
used to divert the boxes to the ap propria te 
product lines (Fig. 6-35). 

• 

D,verte. 

The PLC checks the pari number and diverts the 
product accordingly. 

FIGURE 6-35 Typical PlC bar code application . 
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FIGURE 6·]6 Ultrasonic sensor. 

Ultrasonic Sensors 

An ultrasonic sensor operates by sending 
sound waves toward the target and measuring 
the time it takes for the pulses to bounce 
back. The time taken for this echo to return to 
the sensor is directly proportional to the dis
tance or height of the object because sound 
has a constant velocity. In Figure 6-36. the re
turning echo signal is electronically con
verted to a 4-mA to 20-rnA output, which 
supplies the monitored flow rate to external 
control devices. Solids. fluids. granular ob
jects . and textiles can be detected by an ultra
sonic sensor. The sonic reflectivity of liquid 
surfaces is the same as solid objects. Textiles 
and foams absorb the sonic waves and reduce 
the sensing range. 

Strain/Weight Sensors 

A stroin ga uge tro.nsducerconverts a mechan
ical strain into an electric signal. Strain 
gauges are based on the prinCiple that the 

Force appIlecI 

-
+ 

(b) Bridge measuring circuit 

Programmable controller 

I 560 Ibs. I con1rol 

__ LoadceM 

Sensor input 

Ie) The ~d cell provides sensor inpYl 10 the controller, which 
clisplays the weight and controls the hopper chtlIe. 

FIGURE 6·]7 Strain gauge. 

resistance of a conductor varies with length 
and cross-sectional area (Fig. 6-37). The force 
applied to the gauge causes the gauge to bend. 
This bending action also distorts the physical 
size of the gauge, which in turn changes its 
resistance. This resistance change is fed to a 
bridge circuit that detects small changes in 
the gauge's resistance. Strain gauge load cells 
are usually made with steel and sensitive 
strain gauges. As the load cell is loaded, the 
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Thermocouple RTO 

~ 

v R 

:t iLc: l~ 
I Tempelature T I Tempelalule T 

I . Selt-powered 
; • Srmple 
g' • Rugged 

" • InexpenSive • > • Wide vanery 
~ 

< • Wide tern rature po 
range 

• Nonlll'1·ear 
• Low IIOltage 
• Reterence reqUlre<i 
• Least stable 
• Least sensdlYe 

I • Most stable 
• Most accurate 
• More linear than 

thermocouple 

• Expensrve 
• Powe, supply 

requlled 
• Small.lR 
• Low absolute 

reslslance 
• Selt-heatong 

FIGURE 6-38 Common temperature sensors. 

metal elongates or compresses very slightly. 
The strain gauge detects this movement and 
translates it to a varying voltage signal. Many 
sizes and shapes of load cells are ava ilable, 
and they range in sensi tivity from grams to 
millions of pounds. 

Temperat ure Sensors 

There are four basic types of temperature sen
sors commonly used today: thermocouple. 
resistance temperature detector (RTDJ. ther
mistor. and Ie sensor. Figure 6-38 compares 
the important features of these devices. 

The thermocouple is the most commonly 
used device for temperature measurement in 
industrial applications. A thermocouple con
sists essentially of a pair of dissimilar conduc
tors welded or fused together at one end to 
form the "bot," or measuring, junction, with 

Thefmlstof 

e 
R 

• 

~ ~ 
~ • • « 

Temperalule 

• High output 
• Fast 
• Two-wire ohms 

measurement 

• Nonlinear 
• limited temperature 

range 
• Fragile 
• Power supply 

reqUired 
• Sell-heating 

IC SenSOI 

$ 
v"" 

·'L ~. .e = , 
00 
>5 

T T 
Temperatufe i 

• Most linear 
• Highest output 
• Inexpensive 

· r 200C 
• Power supply requlfed 
• Slow 
• Selt·heallng 
• Limited conI gurallons 

the free ends available for connection to the 
"cold ," or reference. junction. A temperature 
difference between the measuring and refer
ence junct ions must exist for this device to 
function as a thermocouple. When this tem
perature difference occurs, a small dc voltage 
is generated. Because of their ruggedness and 
wide temperature range , thermocouples are 
used in industry to monitor and control oven 
and furnace temperatures (Fig. 6-39). 

Flow Measurement 

Many industrial processes depend on accu
rate measurement of fluid flo w. Although 
there are several ways to measwe fluid flow, 
the usual approach is to convert the kinetic 
energy that the fluid has into some other 
measurable fo rm. This conversion can be as 
simple as connecting a paddle to a poten
tiometer or as complex as connecting rotating 



MHsuring 
Aelerence I >. nction 

;''''''' I·-I-------~ .. 

tB) Measuring and relereoce junctions 

sleel sheath 

Protectiofl 
hoad 

( tI) Industrial th41rmocoop!e physically mounted 
iI'I protective sheath 

FIGURE 6-39 Thermocouple. 

vanes to a pulse-sensing system or tachome
ter. With the turbine flowmeter shown in 
Fig. 6-400, the turbine blades turn at a rate 
proportional to the fluid velocity a~d are 
magnetized to induce voltage pulses In th.e 
coil. Figure 6-40b shows an electrOnIc 
magnetic flowmeter, which can be used with 
electricallv conducting fluids and offers no 
restriction" to flow. A coil in the unit sets up a 
magnetic field. If a conductive liquid flows 
through this magnetic field. a vo ltage is 
induced and is sensed by two electrodes. 

0<;1 

LJ 
Fk>w 

(a) Turbine flowmeter 

Magnet 

Turbine 

(bl Electronic magnetic flowmeter 

FIGURE 6~ Flow measurement. 

596 F) 
Controller 

NC c::J~ 
t!!£...... ' 
High-temperature .. ~ 

(e) Controller uses signal trom thermocouple 
to monitor oven temperatura and provide 
relay contrOl to an exlemal alarm. 

Velocity/RPM Sensors 

The output voltage of a generator varies with 
the speed at which the generator is driven. A 
tachometer normally refers to a small perma· 
nent magnet de generator. When the genera· 
tor is rotated. it produces a de voltage directly 
proportional to speed. Tachometers coupled 
to motors are commonly used in motor speed 
control applications to provide a feedback 
vo ltage to the controller that is proportional 
to motor speed {Fig. 6·41}. 

(a) Tachometer is oormally a smaM 
pennanenl magnet de 9&Mrator. 

Controller 

Feedback 
-go 

(b) Tachometer provides feedback voltage \0 the 
controller that is proportional to motor speed. 

FIGURE ,-4, Tachometer. 
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PiCkup coil Pole piece 

\ / P~~;;:'"' 

~~ 
Sensor output 

ov~ 

FIGURE 6-42 Magnetic pickup sensor. 

The rotating speed of a shaft is often mea
sured using a magnetic {inductive} pickup 
sensor. A magnet is attached to the shaft. A 
small coil of wire held near the magnet re
ceives a pulse each time the magnet passes. 
By measuring the frequency of the pulses, the 
shaft speed can be determined. The voltage 
output of a typical pickup co il is quite small 
and requires amplification to be measured 
(Fig . 6-42). 

OUTPUT CONTROL DEVICES 
A variety of output control devices can be op
erated by the controller output module to 
control traditional industrial processes. 
These devices include pi lot lights, control re
lays, motor starters, alarms, heaters, sole
noids, solenoid valves, small motors, and 
horns. Electrical symbols are used to repre
sent these devices both on relay schematics 
and PLC output connection diagrams. For 
this reason, recognition of the symbols used 
is important. Figure 6-43 shows common 
electrical symbols used for various output de
vices. Although these symbols are generally 
accepted by industry personnel. some differ
ences among manufacturers do exist. 

In the electrical sense, an actuator is any 
device that converts an electrical signal into 
mechanical movement. The principal types 
of actuators are relays, solenoids. and motors. 

A solenoid is a device used to convert an elec
trical signal or electrical current into linear 
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, / , ® , Pilot light 
/ , 

, 0 , 
CR1 · l CRl-2 Retay 

~OV 
~ Motor starter 

O' ___ H.::Oc:L_~, 
Motor overload lelay contatt 

Alarm 

Heater 

SOL 
C \ 0 Solenoid 

~ 
Sotenoid valve 

o--------§----- Motor 

'-----'lDr'----, Horn 

FIGURE 6-43 Symbols for output control devices. 

mechanical motion. As shown in Figure 6-44. 
the solenoid is made up of a coil with a 
movable iron core. When the coi l is ener
gized, the core (or armature, as it is some
times called) is pulled inside the coil. The 
amount of pulling or pushing force produced 
by the solenoid is determined by the number 
of turns of copper wire and the amount of 
current flowing through the coil. 

A solenoid valve is a combination of two 
basic. functional units: 

• A solenoid (electromagnet), with its core 
or plunger 



........ 
Coil Ifon core 

\ \ 

o Direction of 
too:e when 
COil is energized 

a a 

(tI) Whero energized, the soI&noicI produces 
a straighl·~ne mechanicallon:e. Ie) Heavy-duty solenoid 

FIGURE 6-44 Solenoid. 

• A valve body containing an orifice in 
which a disc or plug is positioned to re
strict or allow flow 

Flow through an orifice is stopped or allowed 
by the movement of the core and depends on 
whether the solenoid is energized or de
energized. When the coil is energized. the 
core is drawn into the solenoid coil to open 
the valve. The spring returns the valve to its 
original closed position when the current 
ceases. Solenoid valves are available to con
trol hydraulics (oil fluid) , pneumatics (airl. or 
water flow (Fig. 6-45), 

Directjonal solenoid valves (commonly 
called spool valves) start, stop. and control 
the direction of the flow path. These valves 
direct the flow by opening and closing 
flow paths in definite valve positions. They 
are classified by their number of connections 
and valve positions. Figure 6-46 on page 152 
illustrates typical directional solenoid con
trol valve applications. 

A stepper motor converts electrical pulses 
applied to it into discrete rotor movements 
called steps. A one-degree-per-step motor 
will require 360 pulses to move through one 

Solenoid COil 

Movable __ J'I 
........ --__ ~ oo" 

w., -
(,,) Operation 

FIGURE 6-45 Sot~nojd vatV1!. 

Outlet -

1 (In) 

1 (In) 

""'" Valve must be installed with direction 
of flow in acootdance with markings. 

(b) Solenoid valve Installation 
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L1 Forward 

--L 

Forward motion 
01 piston 

T 
p 

Start ,..,.,. 

L2 

o-----{ CR }-----, 

CR SolenOid B 

(a) A two-position, single·soIenoid valve used to operate a 
double·acting eytinder. When the pushbunon is depressed, 
the valve spool in the solenoid valve is shifted so thaI the 
fluid is directed to lhe back side 01 the eytinder piston, 
causing it to move lorward, When lhe pushbutton is 
released, the valve spool returns 10 its Original, 
cle-energized posilion so lhal the fluid is directed to the 
lront side oIlhe eytioder piston, causing it 10 move in 
reverse. 

Cylinder Piston 

«() Pneumatic cylinder extends when solenoid A is 
energized and solenoid B is cle-energized. 

-

(e) Energizing solenoid B reverses the 
pressure and exhaust valve positions 
as shown; eytinder retracts. 

FIGURE 6-46 Typka l directional solenoid control valve applications. 

revolution. Microstep motors, with thou
sands of steps per revolution, are also 
available. The rating of the stepper motor is 
generally given in steps per revolution of the 
motor. They are generally low speed and low 
torque, and they provide precise position 
control of movement. 

Figure 6-47 illustrates a typical PLC stepper 
motor control system. The stepper motor 
module provides pulse trains to a stepper mo
tor translator, which enables control of a step
per motor. The PLC is free to do other tasks 
once it communicates with the stepper mo
tor module. This module will send the com
mand to the translator and will not accept a 
different command until that command has 
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Stepper'motor 
tlanslator Step 

mOlor 

fa) Typical PlC stepper molor control system 

«()) The motor will move one slep lor each pulse received by 
!he driver. The computer prcMdes the desired number of 
pulses at a specilied Of programmed rale. which translates 
inlO distance and speed. 

FIGURE 6-41 Stepper motor. 



been executed. The commands for the mod- ~AA 
ule are determined by the control program in __ ~:~Ir'------------' 
the PLC. LATCHING RELAYS 

~L-IN CIRCUITS 
• 

Seol-in. or hold-in. circuits are very common 
in both relay logic and PLC logic. Essentially. 
a seal-in circuit is a method of maintaining 
current flow after a momentary switch has 
been pressed and released. In these types of 
circuits. the seal-in con tact is usually in 
parallel with the momentary device. 

The motor stop/start circuit shown in 
Figure 6-48 is a typical example of a seal-in 
ci rcuit. The hardwired circuit consists of a 
norma ll y closed stop button in series with a 
norma ll y open start button. The seal-in auxil
iary contact of the starter is connected in par
alle l with the start button to keep the starter 
coil energized when the start button is re
leased. When this ci rcuit is programmed into 
a PLC. both the start and stop buttons are ex
amined for a closed condition because both 
buttons must be closed to cause the motor 
starter to operate. 

START 

Electromagnetic latching relays are designed to 
hold the relay closed after power has been re
moved from the coiL Latching relays are used 
where it is necessary for contacts to stay open 
andlor closed even though the coil is energized 
only momentarily. Figure 6-49 on page 154 
shows a latching relay that uses two coils. The 
latch coil is momentarily energized to set the 
latch and hold the relay in the latched position. 
The unlatch or release coil is momentarilv en
ergized to disengage the mechanical latch and 
return the relay to the unlatched position. 

Figure 6-50 on page 154 shows the schematic 
diagram for an electromagnetic latching relay. 
The contact is shown with the relay in the un
latched position. In this state the circuit to 
the pilot light is open and so the light is off. 
When the ON button is momentarilv actu
ated, the latch coil is energized to set' the re
lay to its latched position. The contacts close. 
completing the circuit to the pilot light. and 
so the light is switched on. 

Note that the relav coil does not have to be 
continuously ene~gized to hold the contacts 

STOP 
Motor 

starter coil 
...:L. 

~>--<: M O---Q..L:>---{ 

'--jf---" 
Seal·in contact 

(a) Hard·wired circuit 

ladder logic program Output l2 

STARTER 
START STOP COIL M 

MOTOR ~ 

My 
~I--~(}---i MOTOR 

STARTER 
COIL 

(b) Programmed circuit 

FIGURE 6-48 Seat-in circuit. 
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FIG URE 6-49 Electromagnetic latching relay. (Courtesy of Potter and Brumfield, Inc.) 

closed and keep the light on. The only way to 
switch the lamp off is to actuate the OFF but
ton. which will energize the unlatch coil and 
return the contacts to their open. un latched 
state. In cases of power loss . the relay will re
main in its origina l latched or unlatched state 
when power is restored. 

An electromagnet ic latching relay function 
can be programmed on a PLC to work like its 
real-world cou nterparts. The use of the output 
latch and output unlatch coil instruction is il
lustrated in the ladder program of Figure 6-51. 
Both the latch (Ll and the un latch (U) co il 
have the same address (0:013 /10). When the 

L1 ON 

-.L<>-____ -{ L 

OFF 

-.Lo.-_ __ ---{ U 

, / 

L-----1I--~PL 
/ , 

Contact shown with relay In the 
unlatched POSltton. 

L2 

FIGURE 6·50 Schematic of electromagnetic latching 
relay. 

Command Name S mbot Oeser; l ion 

OTl 

OTU 

OTl sels the bit to 
Output talGh • t · when the rung 

-{L)- becomes true and 
retains Its state when 
the rung loses 
continuity or a power 
cycle occurs. 

-{U)-
OTU resets the bot to 

Output ' 0' when the rung 
unlatch becomes true and 

retains it. 

---(L~~ latch cod Same 

address 

XXX 
---{ U) Unlatch coil 

(a) latch and unlatch coits have the same address. 

latch 

'" 0013 
UnlatCh 

0 :Ot3 
Output 

I " 
17161S1413 121110 0706050403 02 01 00 

I I I I I I I (I I I I I I I I 10'" 
(b) ConlroilogiC 

FIGURE 6-51 Output latch and output unlatch 
instructions. 

I 



ON button is momentarily actuated. the latch 
rung becomes true and the latch status bit (10) 
is set to 1 . and so the output is switched on. 
This status hit will remain on when logical 
continuity of the latch rung is lost. When the 
unlatch rung becomes true (OFF button actu
ated). the status bit (10) is reset back to 0 and 
so the light is switched off. 

Output latch is an output instruction with a 
bit-level address. When the instruction is 
true . it sets a bit in the output image file. It is 
a retentive instruction because the bit re
mains set when the latch instruction goes 
false. In most applications it is used with 
an unlatch instruction. The output unlatch 
instruction is also an output instruction with 
a bit-level address. When the instruction is 
true, it resets a bit in the output image file. It. 
too , is a retentive instruction because the bit 
remains reset when the instruction goes false . 

Po"", Low High 
FUMing "'" ,-, 

G • • High sensor switdl 

~ ~ 

The program of Figure 6-52 illustrates an ap
plication of the output latch and output un
latch instructions. The program is designed 
to control the level of water in a storage tank 
by turning a discharge pump on or off. The 
operation is as follows: ~ ~ 

~ 

~ 

l ow sensor SWitch • OFF Position 
~ 

~ 
~ 

The water pump will stop if it is run
ning and will not start if it is stopped. ~ 

• Manual Mode 

Pumpmo,()( 

The pump will start if the water in the 
tank is at any level except low. 

Input module 
wiring conoeetiOns 

OFF ON 
o 

MAN.....L.AUTO 
0-_ 

lOW SENSOR SWITCH 
o 

HIGH SENSOR SWITCH 
o 

l..adder logic program 

MAN/AUTO lOW SENSOR SWITCH OFFfQN MOTOR 

3 d [-----{ 
MAN/AUTO LATCHIUNLATCH 

[[-----13 

n 

MANlAUTO HIGH SENSOR SWITCH 
f---l [ 3 [-[ ----«L 

LATCH COil 

MAN/AUTO lOW SENSOR SWITCH 

[ 1 / .... --,r--_-<U~_1 

MANlAUTO 
r---l / .... ~---' 

UNLATCH COIL 

MOTOR G 

[f-------~(~~ 
lOW SENSOR SWITCH R 

i------l / .... ------<=< '----' 
HIGH SENSOR SWITCH V 

[-[ -------{( 

FtGURE 5-52 Program designed to control the level of water in a storage tank. 

Oulput module 
wiring connection 

L2 

MOTOR 

Mi---+ 
PUMP RUNNING 

lOW lEVEL 

HIGH LEVEL 

Vr---1 
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• Automatic Mode 
If the level of water in the tank 
reaches a high point, the water pump 
will stan so that water can be re
moved from the tank, thus lowering 
the level. 
When the water level reaches a low 
point, the pump will stop. 

• Status Indicating Lights 
Water pump running light (green) 
Low water level stat us light (red) 
High water level status light (yellow) 

~NVERTING RELAY 
SCHEMATICS INTO PLC 
LADDER PROGRAMS 

• 

The best approach to developing a PLC pro
gram from a relay schemati c is to understand 
first the operation of each re lay ladder rung. 
As each relay ladder rung is understood. an 
equiva lent PLC rung can be generated. This 
process will require access to the relay 
schematic. docu mentation of the va ri ous in
put and output devices used. and possibly a 
process fl ow diagra m of the operation. 

Most industria l processes require the com
pletion of severa l operations to produce the 
required outpu t. Manufacturing. machining. 
assembling. packaging, finishing. o r trans
porting of products requires the precise 

Filling operation 

Bottll movemlnt 

FIGURE 6·53 Sequential control process. 
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coordination of tasks. The majority of in
dustria l control processors use sequential 
controls. Sequential contro ls are required 
for processes that demand that certain oper
ations be performed in a specific order. Fig
ure 6-53 illustrates part of a soda-bott ling 
process. In the filling and ca pping opera
tions, the tasks are (1) fill bottle and (2) 
press on cap. These tasks must be per
formed in the proper order. Obviouslv we 
could not fill the bottle after the c~p is 
pressed on. This process. therefore . requires 
sequential contro l. 

Combination controls require that certain op
erations be performed without regard to the 
order in which they are performed. Figu re 
6-54 illustrates another part of the same soda · 
bottling process. Here. the tasks are (1) place 
label 1 on bottle and (2) place label 2 on bot· 
tie. The order in which the tasks are per
formed does not rea lly matter. In fact. how
ever. many industrial processes that are not 
inherently sequentia l in nature are performed 
in a sequential manner for the most efficient 
order of operations. 

Automaticcontrol involves maintaining a de
sired set point at an output. A good exa mple 
is maintaining a certain set-point temperature 
in a furnace or a certain liqu id level in a tank. 
If there is deviation from that set point. an er
ror is determined by compari ng the output 
against the set point and using this error to 
make a correction. This requires feedback 
from the ou tput to the control for the input. 

Capping opera lion 

• 



label soMInoid 1 

j 

FIGURE 6·54 Combination control process. 

The converting of a simple sequential process 
can be examined with reference to the simple 
task illustrated in Figure 6·55. Shown is a 
process flow diagram along with the relay 
ladder schematic of its electrical control cit· 
cui!. The sequential task is as follows: 

1. START button is pressed. 
2. Table motor is started. 

STOP , , 
, 

AUN , , 
@ , , 

____ label solenoid 2 

3. Package moves to the position of the 
limit switch and stops. 

Other auxiliary features include: 

1. An emergency STOP button that will 
stop the table , for any reason, before 
the package reaches the limit switch 
position 

Emergency 

STOP [j] 

STAAT 

G 
tal Process llow diagram 

Rung 1 

START Emergency 
STOP 

PB2 

<>------t--o..lD----<><0]0------f;A1 
LS1 

CRI·' 

Rung 2 t---tf---------- - -----i 
CA1·2 / , 

, RUN / 
Rung 3 r---------------~G 

CA1·3 / , 
Aung 4 r-----------------~MrY~ 

CAl-4 

(b) Relay schemalic 

FIGURE 5--55 Sequential process. 
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2. A red pilot light to indicate the table 
is stopped 

3. A green pilot light to indicate the 
table is running 

A summary of the control task for the process 
illustrated in Figure 6-55 could be written as 
follows: 

1. START button is actuated; CRl is 
energized if emergency STOP 
button and limit switch are not 
actuated. 

2. Contact CRl-l closes. sealing in CRl 
even if the START button is released. 

3. Contact CRl-2 opens, switching the 
red pilot light from ON to OFF. 

4. Contact CRl-3 closes, switching the 
green pilot light from OFF to ON. 

5. Contact CRl-4 closes to energize the 
motor starter coil. sta rting the motor 
and moving the package toward the 
limit switch. 

6. Limit switch is actuated. de
energizing relay co il CRt. 

7. Contact CRl-l opens. opening the 
seal-in circuit. 

8. Contact CRI-2 closes. switching the 
red pilot light from OFF to ON. 

9. Contact CRI-3 opens. switching the 
green pilot light from ON to OFF. 

10. Contact CRl-4 opens. de-energizing 
the motor starter coil to stop the 
motor and end the sequence. 

At this point . it is wise to make an 110 ad
dress chart for the circuit. Each input and 
output device should be represented along 
with its address. These addresses will indi
cate what PLC input is connected to what in
put device and what PLC output will drive 
what output device. The address code, of 
course, will depend on the PLC model used. 
Figure 6-56a shows a typical 110 address 
chart that uses SLC-500 addressing for the 
process. Note that the electromagnetic con
trol relay CRl is not needed because its func
tion is replaced by an jnternal PLC control 
relay. Symbols are added to the inputs and 
outputs to relate the program better to real
world field devices. 
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The four rungs of the relay schematic of Fig
ure 6-55b can be converted to four rungs of 
PLC language. as illustrated in Figure 6-56b. 
In converting these rungs, the operation of 
each rung must be understood. The PBt. PB2, 
and LSI references are all programmed using 
the examine if closed HH instruction to pro
duce the desired logic control action. Also, 
internal re lay is used to replace control relay 
CRt. To obtain the desired control logic, all 
internal relay contacts are programmed using 
the PLC contact instruction that matches 
thei r normal state (NO or NC). Whereas the 
original hardwired relay CRt requ ired four 
different contacts, the internal relay uses only 
one contact. which can be exam(ned for a~ 
ON or OFF condition as many times as you 
like. The use of these internal relay equiva
lents is one of the things that makes the PLC 
unique. 

There is more than one correct way to imple
ment the ladder logic for a given control 
process. In some cases one arrangement may be 
more efficient in terms of the amount of mem
ory used and the time required to scan the pro
gram. Figure 6·57 illustrates how to arrange 
instructions for optimum performance. 

Loglc.1 Symbolic: 

Field devlc:e adelr • •• address 

Start bunon 1:310 P8' 

Emergenc:y stop bunon 1:311 P82 

Limit switch 1:312 LS' 

MotOl' Slaner wi 0 :" /1 M 

Red--stop pilot light 0 :412 Pc> 

Green--run pilot light 0 :413 PLl 

(a)' A logical address is a specific arrangement 01 numbers. 
leners. and punctuation thai is used to idenllfy a 
location in the Gata !able. 

• A symbolic: address is a real name 01' code that the 
programmer can substitute lor a logical address beCause 
il relates physic:ally to Ihe application. II is a physical 
name convention 101' a location in the Gala table. 

FIGURE 6·56 Process program. 



Ladder lOgIC program 

Ll 
Input module 

wiring connecllons 

pel PB2 LS1 Inlemal _ _ _ relay 
OulpUlmocIule 

wiring connection 

PB, 

-L"o-l_ 

T "' ... ,.----., ~ 
Inlemal 

relay 

PB2 

L5' 

PLl -I ~.---------< )0.---1 
Internal 

relay 

PL2 -f-------( },. ,------1 
Internal 

relay 

M -f-------(~.----1 
Internal 

ro"Y 

(b) Control logic 

FIGURE 6-56 (continued) Process program. 

Inslruclion least 

,; .. " 10 7LSE 

f------iI ~ .. ----.....,( r-1 
(a) Sequence series instructions Lrom the most likely to be FALSE (Iar lett) to least 

likely to be FALSE (lar right) . Doce the processor sees a FALSE input 
inslruction in series. it e)(6Cutes the remaining instructions FALSE even it they 
are TRUE. 

(b) If your rung contains paraUel branches, place the path thaI is most otten TRUE 
on the top. The processor will not look althe others unless the lop path is 
FALSE. 

FIGURE 6-51 Arranging instructions for optimum performance. 
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~'T'NG A LADDER LOGIC • 
PROGRAM DIREGLY 
FROM A NARRATIVE 
DESCRIPTION 

In most cases. it is possible to prepare a lad
der logic program directly from the narrative 
description of a control process. Some of the 
steps in planning a program are as follows: 

• Define the process to be controlled. 

• Draw a sket ch of the process, including 
all sensors and manual cont rols needed 
to carry out the control sequence. 

• List the sequence of operationa l steps in 
as much detail as possib le. 

PB1 PB2 

Part sensor 

(a) Sketch or lhe process 

• Write the ladder logic program to be 
used as a basis for the PLC program . 

• Consider different scenarios where the 
process sequence may go ast ra y and 
make adjustments as needed. 

• Consider the safety of operating person
nel and make adjustments as needed. 

A simple drilling operation requires 
the drill press to turn on only if there 
is a part present and the operator 
has one hand on each of the start 
switches. This precaution will ensure 
that the operator's hands are not In 

the way of the drill. 

Solution: 

• Figu re 6·58a is an illu ... tration of 
the proc!'ss, 

• The sequence of opl'fdtion i ... a ... 
follows: 

Switches I and 2 dnd the peut 
sensor mus t be J( ti\'ated to 
make the drill motor operatE'. 

• Figure 6·58b shows the iaddl'r 
logic rrquired for th(' proce ...... 

ladder logiC program l2 

Inpuls 

PBI 
...I... 

0-; 1:314 

PB2 
...I... 

0---. 1:315 

SENSOR 

MOTOR 
PB1 PB2 SENSOR CONTACTOA 
[3 13 13 04 

~ ~ c-,-------< l-.-, ---I 

(b) Conlrollogic 

FIGURE 6·58 Dr illing operation process. 
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Output 

MOTOR 
CONTACTOR 

040 



A motorized overhead garage door is to 
be operated automatically to preset open 
and closed positions. The field devices in
clude one of each of the following: 

• Reversing motor contactor for the 
up and down directions 

Normally closed down limit switch to 
sense when the door is fully closed 

Normally closed up limit switch to 
sense when the door is fully opened 

• Normally open door up button for 
the up direction 

• Normally open door down button 
for the down direction 

• Normally closed door stop button 
for stopping the door 

Red door ajar light to signal when 
the door is partially open 

• Green door open lightto signal 
when the door is fully open 

• Yellow door closed light to signal 
when the door is fully closed 

Solution: 
• The sequence of operation is as 

• 

follows: 
\Vhen the up button is pushed. the 
up molor contac tor energizes and 
the door travels upward until the 
up IimH switch is actuated. 
\Vhen the down button is pushed. 
the down motor contact or ener
gizes and the door travels down 
until the down limit switch is 
actuated, 
When the stop button is pushed. 
the motor stops. The motor must 
be stopped before it can change 
direction. 

Figure 6-59 on page 162 shows the 
ladder logic required for the process. 

. .' ~ 
• • 



Input devices 
(shown in unaclual&cl 

condition) 

Program Output devices 

L2 
L1 

UP LIMIT 
DOOR AJAR , , 

DOWN 
STOP UP DOWN INTRLOCK UP LIMIT MOTOR UP .. - ...... - .,.. 04/0'~.f_-I 

, , 
DOWN LIMIT 

1:311 15 ~/~/T i.o .. -----1c • 
MQTOR UP -c[.c---------~u=,--" 

DOOR OPEN 

STOP DOOA 

STOP DOWN UP INTRLOCK DOWN LIMIT MOTQA DOWN 
a.:.a ... I : ' ... _ 0 ." 

~ 
~/~/T i.o .. -----1c • 

MOTOR DOWN -[-:[,-------" 

UP LIMIT DOWN LIMIT OOOFI AJAR 
1:11 I : ' 0 · 4 
~ r~,----------------------~(· o 

UP LIMIT DOOR OPEN 
I: ' 0 :4 
/£ 0 ( 

DOWN LIMIT DOOR CLOSED 
1:3 0 : 4 
I~[,~-----------~C , 

04 .. 1 G 
, , 

DOOR 
CLOSED 

04/2 Y 

MOTOA 
CONTACTOR 

04'3 UP 

MOTOA 
CONTACTOA 

04.4 

FIGURE 6 -59 Motorized door PLC program . 

A continuous filling operation requires 
boxes movi ng on a conveyor to be auto
mat ically positioned and filled . 

Solution: 
• Figure 6-600 is an illustrati on of the 

process. 

• The sequence of operation is as 
follows: 

Start the conveyor when the 
START button is momentaril y 
pressed. 
Stop the conveyor when the STOP 
button is momentaril y pressed . 
Energize the RUN sta tus light when 
the process is operating. 
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Energize the STANDBY status light 
when the process is stopped. 
Stop Ihe conveyor and energize the 
STANDBY light when the right 
edge of the box is fi rst sensed by 
the photosensor. 
With the box in position and the 
conveyor stopped. open the so le
noid va lve and a llow the box to fi ll. 
Filling should stop when the 
LEVEL sensor goes true. 
Energize the FULL light when the 
box is fulL The FULL light should 
remain energized until the box is 
moved clear of the photosensor. 

• Figure 6-60b shows the ladder logic 
required for the process. 



. , 
Inputs 

STOP 

START 
...I

e-
PHOTO 

..,,,,, 

", .. ,..,'" 

I P""" 
~ switch 

Iil START 

~ STOP 

, / e Run 

/ , , / e Standby 

/ , , / e Full 

/ , 

(a) Sketch of the process 

laOder logiC pl'ogram 

RUN lEVEL FULL PHOTO 

~/~--l!~ E-E - ----< 

(0) Conlrollogie 

FIGURE 6·60 Continuous filling operation. 

Outputs 

MOTOR L2 

SOLENOID 

RUN 

STANDBY 

FULL 
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Chapter 6 Review 

Questions 
1. a. Explain the basic operating principle of an electromagnetic control relay. 

b. Explain the terms normally open con tad and normally closed contact as they apply to 
this relay. 

2. In what way is the construction of a (ontactor different from that of a control relay? 

3. What is the main difference between a (ontactor and a magnetic motor starter? 

4. a. Draw the schematic for an across-the-line ae starter. 

b. With reference to this schematic, explain the function of each of the following parts: 

(1) Main (ontact M 

(2) Control contact M 

(3) Starter (oil M 

(4) Ol relay (oils 

(S) Ol relay contact 

c. Expla in the difference between the current requirements for the starter's control circu it 
and for the starter's power circuit. 

5. a . Compare the method of operation of each of the following types of switches: 

(1) Manually operated switch 
(2) Mechanically operated switch 

(3) Proximity switch 

b. What do the abbreviations NO and NC represent when used to describe switch contacts? 

c. Draw the electrical symbol used to represent each of the following switches: 

(1) NO pushbutton 

(1) NC pushbutton 

(3) Break·make pushbunon 
(4) Single-pole selector switch 
(5) NO limit switch 
(6) NC temperature switch 
(7) NO pressure switch 
(8) NC level switch 
(9) NO proximity switch 
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6. Compare the methods used to actuate inductive and capacitive proximity sensors. 

7. Compare the operation of a photovoltaic cell with that of a photoconductive cell. 

8. What do most industrial photoelectric sensors use for the light source and light sensing 
device? 

9. Compare the operation of the reflective-type and through-beam photoelectric sensors. 

10. Explain how bar code scanners operate to read bar code symbols. 

11. Explain how an ultrasonic sensor operates. 

12. Explain the principle of operation of a strain gauge. 

13. Explain the principle of operation of a thermocouple. 

14. Compare the operation of a turbine and electronic magnetic flowmeter. 

15. State two types of speed sensors, and explain the basic operation of each. 

16. Draw the electrical symbol used to represent each of the following PlC output control 
devices: 

a. Pilot light 
b. Relay 

c. Motor starter coil 

d . Ol relay contact 
e. Alarm 

f. Heater 
g_ Solenoid 

h. Solenoid valve 

i. Motor 

j. Horn 

17. Explain the function of each of the following actuators: 

a. Solenoid 

b. Solenoid va lve 
C. Directional solenoid valve 

d. Stepper motor 

18. What is a seal-in circuit? 

19. a. Draw the schematic of a simple electromagnetic latching relay circuit wired to operate a 
pilot light. 

b. With reference to this circuit, explain how the pilot light is switched on and off. 

c, In this circuit, assume that the pilot light was on and power to the circuit is lost. When 
the power is restored, will the light be on or off? Why? 

20. Explain the difference between a sequential and a combination control process. 

21. In ~hat ways can different programming arrangements for a given control process be more 
effiCIent? 
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Problems 
1. Design and draw the schematic for a conventional hardwired relay circuit that will perform 

each of the following circuit functions when an NC pushbutton is pressed: 

• Switch a pilot light on 

• De-energize a solenoid 

• Start a motor running 

• Sound a horn 

2. Design and draw the schematic for a conventional hardwired circuit that will perform the 
following circuit functions using two break-make pushbuttons: 

• Turn on light II when pushbutton PBl is pressed. 

• Turn on light l2 when pushbutton PB2 is pressed. 

• Electrically interlock the pushbunons so that II and l2 cannot both be turned on at the same 
time. 

3. Study the ladder logic program in Figure 6-61, and answer the questions that follow: 

a. Under what condition will the latch rung 1 be TRUE? 

b. Under what conditions will the unlatch rung 2 be TRUE? 

c. Under what condition will rung 3 be TRUE? 

d. When Pl1 is on, the relay is in what state (LATCHED or UNLATCHED)? 

e. When Pl2 is on, the relay is in what state (LATCHED or UNLATCHED)? 

f. If ac power is removed and then restored to the circuit, what pilot light will automatically come 
on when the power is restored? 

g. Assume the relay is in its LATCHED state and all three inputs are fALSE. What input change(s) 
must occur for the relay to switch into its UNLATCHED state? 

h. If the examine if dosed instructions at addresses II1, II2, and II3 are all TRUE, what state will 
the relay remain in (LATCHED or UNLATCHED)? 

Inpuls ladder logic program OUIpuiS 

11 l2 

...L 
0--1"1 111 112 019 

, , 
Rung 1 f------j I Cl 0/9 

~ 113 019 

Rung 2 I Cu , , 
0,'1 

<>- 113 019 0110 

Rung 3 

FIGURE 6·6 1 
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4. Design a PlC program and prepare a 
typical 110 connection diagr~m and 
ladder logic program that will c?rre.ct~y 
execute the hardwired control Circuit In 

Figure 6·62. 

5. Design a PlC program and prepare a 
typical VO connection diagr~m and 
ladder logic program that will correctly 
execute the hardwired control circuit in 
Figure 6-63. 

6. Design a PlC program and prepare a 
typical 110 connection diagram and 
ladder logic program that will correctly 
execute the hardwired control circuit in 
Figure 6·64. 

7. Design a PlC program and prepare a 
typical 110 connection diagram and 
ladder logic program for the following 
motor control specifications: 

• A motor must be started and stopped 
from anyone of three START/STOP 
pushbutton stations. 

• Each START/STOP station contains one 
NO START button and one NC STOP 
button. 

• Motor OL contacts are to be hardwired. 

8. Design a PlC program and prepare a 
typical 110 connection diagram and 
ladder logic program for the following 
motor control specifications: 

• Three starters are to be wired so that 
each starter is operated from its own 
START/STOP pushbutton station. 

• A master STOP station is to be included 
that will trip out all starters when 
pushed. 

• Overload relay contacts are to be 
programmed so that an overload on any 
one of the starters will automatically drop 
all of the starters. 

• All pushbuttons are to be wired using 
one set of NO contacts. 

L1 

L1 

JOG M 

Assume: STOP is wired using an NO pushbutton. 
RUN is wired using an NO pushbutton. 
JOG is wired using one set 01 NO conlacls. 
Ol is hard·wired. 

FIGURE 6·62 

STAAT 

...l!Bl 

CRH 

STOP 

PB' 

CAl -2 

CR, 

, 
Pll 

/ 

l2 

t------<,,'o-------1 f--~ 
SOll 

P5, 

CR' 

l 5l CA2·1 

+----<>...~c ------il f------1 
SOl2 

, 551 ..l... CR2·2 

+-~"........o 
SO" 

, / 

Pl2 
/ , 

Assume: PBl and P5l are wired NO. 

FIGURE 6·63 

PB2 is wired NC. 

l51 is wired using one sal 
01 NC contac1s. 
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11 
FWD 

L2 

STOP REV PB3 

PBl P82 I R·1 OL 

~~~~~~--~~~~~--~~F~--~--~-4 , , 
, , 

, , 

FIGURE 6·64 
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, , , , , ~ F-2 

, , , , , , , , 

, Pl1 / 

/ , 
/" " F·' 

L-~ __ ~~-.L~-r~~~R~ __ ~ 

R·' , PL2 / 

/ , 
Assume: PB 1 is wired NC. 

PB2 and PB3 are wired using 
one sel 01 NO contacts. 

OL is hard-wired. 



9. A temperature control system consists of four thermostats controlling three heating units. The 
thermostat contacts are set to close at 50°, 60°, 70° and 80°F. respedively. The PlC ladder 
logic program is to be designed so that at a temperature below 50°F. three heaters are to be 
ON. Between 50° to 60°F, two heaters are to be ON. For 60° to 70°F. one heater is to be ON. 
Above 80°F, there is a safety shutoff for all three heaters in case one stays on because of a 
malfunction. A master switch is to be used to turn the system ON and OFF. Prepare a typical 
PlC program for this control process. 

10. A pump is to be used to fill two storage tanks. The pump is manually started by the operator 
from a START/STOP station. When the first tank is full, the control logic must be able to 
automatically stop flow to the first tank and direct flow to the second tank through the use 
of sensors and electric solenoid valves. When the second tank is full, the pump must shut 
down automatically. Indicator lamps are to be included to signal when each tank is full. 

a. Draw a sketch of the process. 
b. Prepare a typical PlC program for this control process. 

11. Write the optimum ladder logic rung for each of the following scenarios, and arrange the 
instrudions for optimum performance: 

a. If limit switches lSl or lS2 or lS3 are on, or if lSS and lS7 are on, turn on; otherwise, turn off. 
(Commonly, if lSS and lS7 are on, the other conditions rarely occur.) 

b. Turn on an output when switches SW6, SW7, and SW8 are all on, or when SW55 is on. (SW55 is 
an indication of an alarm state, so it is rarely on; SW7 is on most often, then SW8, then SW6.) 
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• 

• 

After completing this chapter, you w ill be able 
to: 

• Describe the operation of pneumatic on
delay and off-delay timers 

• Describe PlC timer instruction and 
differentiate between a nonretentive and 
retentive timer 

• Convert fundamental timer relay schematic 
diagrams to PLC ladder logic programs 

• Analyze and interpret typical PlC timer 
ladder logic programs 

• Program the control of outputs using the 
timer instruction control bits 

•• 
• 

• • 

• 
• 

The most commonly used PLC 

instruction, after coils and contacts, is 

the timer. This chapter deals with how 

timers time intervals and the way in 

which they can control outputs. The 

basic PlC on-delay timer function, as 

well as other timing functions derived 

from it, will be discussed. Typical 

industrial timing tasks are also 

discussed . 
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i 
A 

Programmed timing 

operation . 
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~CHANICAL TIMING RELA; 
There are very few industrial control systems 
that do not need at least one or two timed 
functions. Mechanical timing relays are used 
to delay the opening or closing of contacts for 
circuit control. The operation of a mechanical 
timing relay is similar to that of a control 
relay. except that certain of it s contacts are 
des igned to operate at a preset time interval. 
after the coil is energized or de-energized. 

Figure 7-1 shows the construction of an on
delay pneumatic (air) timer. The time-delay 
function depends on the transfer of air 
through a restri cted orifice. The time-delay 
period is adjusted by positioning the needle 
valve to vaev the amount of orifice restriction . 
When the coil is energized. the timed con
tacts are prevented from opening or closing. 

However, when the coil is de-energized, the 
timed contacts return instantaneously to their 
normal state, This particular pneumatic timer 
has non timed contacts in addition to timed 
contacts , These nontimed contacts are con· 
trolled direct ly by the time r coil, as in a 
general-purpose control relay. 

Mechanical timing relays provide time delay 
through two arrangements. The first arrange· 
ment. on deJay {see Fig. 7-1). provides time 
delay when the relay is energized. The sec
ond arrangement. off delay, provides time de· 
lay when the relay is de-energized. Figure 7·2 
illustrates the standard relay diagram sym
bols used for timed contacts. 

The circuits of Figures 7-3. 7·4. 7·5. and 7-6 
{on pages 173 , 174 . and 175) are designed to 
illustrate the basic timed-contact functions. 
In each circuit, the time-delay setting of the 
timing relay is assumed to be 10 s. 

Time control contacts 

+- """,,lIy open terminals (Y ) 

FIGURE 7.' Pneumatic on·delay timer. (Courtesy of Allen-Bradley Company, inc.) 



On-4elay symbols 

NoImalty open. limed 
clOSed contact (NOTC). 

Contact IS open when 
relay 001 is de-energized. 

When relay ;5 energized. 
there is a time delay in 
CloSIng. 

Normally closed. timed 
open contact (NCTO). 

Contact is closed when 
relay coil;s de·energized. 

When relay Is energized. 
there Is . time delay in 
opening. 

0fI-4e1ay symbols 

Normally open. timed 
open contacts (NOTO). 

Contact is normally 
open when relay coil 
IS de·energized. 

When relay 001 is 
energIZed. contact 
cJoses instantly. 

When relay coil is 
de·energized. there is 
a time delay belore the 
contact opens. 

NOfmal1y closed. timed 
Closed contact (NCTC). 

Contact is normally 
closed when relay coil 
is de·energized. 

When relay coil is 
energized, contact 
opens instantly. 

When relay COil is 
_energiZed, there is 
a time cMlay belore the 
coniaci closes. 

FIGURE 7·2 Timed contact symbols. 

TIMER INSTRUCTIONS 
PLC timers are output instructions that pro
vide the same functions as mechanical timing 
relays. Thev are used to activate or deactivate 
a device after a preset interval of time. The 
timer and counter instructions ate the second 
oldest pair of PLC instructions, after the 
standard relay instruction discussed in Chap
ter 6. Although first-generation PLC systems 
did not include these instructions , they are 
found on all PLCs manufactured today. The 
number of timers that can be programmed de
pends on the model of PLC you ate using. 
However. the availability usually far exceeds 
the requirement. 

L1 L2 

~ 
51 

TO 

, Lt / 

/ , 

Sequence 01 operation: 

5 1 open. TO de-energized. TOI open, LI oft . 

S I closes. TO energizes. timing period starts. 
TOI is stijl open. L I is st~1 oft. 

Atter 10 s. TO I closes, L1 is switched on. 

51 is opened. TO d&-energizes. TOI opens instantly. 
L I is switched oft. 

(.) 

I 10 ' I 
Input ~ 

_ _ --"OH:::.......J L Ouopul 

(. ) 

FIGURE 7·) On-delay timer circuit (NOTC contact). 
(aJ Operation. (b) Timing diagram. 

The advantage of PLC timers is that their set
tings can be altered easily, or the number of 
them used in a circuit can be increased or 
decreased. through the use of programming 
changes rather than wiring changes. Timer 
addresses are usually specified by the pro
grammable controller manufacturer and are 
located in a specific area of the data organiza
tion table. Another advantage of the PLC 
timer is that its timer accuracy and repeata
bility are extremely high since it is based on 
so lid-state technology. 

In general . there are three different timers: the 
on-delay timer (TON). off-delay timer (TOF). 
and retentive timer on (RTO). The most com
mon is the on-delay timer, which is the basic 
function. There are also many other timing 
configurations, all of which can be derived 
from one or more of the basic time-delay 
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Lt l2 
S1 

o-------<TO 

TOI , Ll / 

/ , 

Sequence 01 operation: 
51 open, TO cle-energized. TOI closed, l l on. 

5 1 closes, TO energizes, liming period starts, 
TOI is stilt closed, L 1 is SliM on. 

Aller 10 S, TOt opens. Ll is switched oft. 

51 is opened, TO de-energizes, TO 1 closes instantly. 
L 1 is switched on. 

,.) 
10, 

Input L 
"" OOtpul __ =-__ -, 

L--:o:.o',------,I 
,.) 

FIGURE 7-4 On-delay timer ci rcu it (NCTO contact) . 
(a) Operation. (b) Tim ing diagram. 

functions. Figure 7·7 shows the typical 
programmed timer commands based on the 
Allen-Bradley SLC-SOO PLC and its associ
ated RSLogix software. 

Several quantities are associated with the 
timer instruction: 

• The preset time represents the time du
ration for the timing circuit. For exam
ple. if a time delay of 10 5 is required, 
the timer will have a preset of 10 s. 

• The accumulated time represents the 
amount of time that has elapsed from 
the moment the timing coil became 
energized. 

• Once the timing rung has continuity. the 
timer counts in time-based intervals and 
times until the preset value and accumu
lated value are equal or. depending on the 
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11 l 2 

k 
S 1 

TO 

, 11 / 

/ , 

Sequence 01 operation: 
51 open. TO de·energized. TOI open. 11 011 . 

51 closes. TO energizes. TOI doses instantly. 
L 1 is switched on. 

51 is opened. TO de·energizes. timing periOd slarts. 
TO 1 is still closed. L 1 is still on. 

Alter 10 S. TO I opens, Lt is Switched 011 

,.) 

i I 10, 

Input 
00 

OutPUI~ L 
,.) 

FIGURE 7·5 Off·delay timer circuit (NOTO contact) 
(a) Operation. (b) Timing d iagram. 

type of controller. up to the maximum 
time interval of the timer. The intervals 
that the timers time out at are generally 
referred to as the time bases of the timer. 
Each timer will have a time base. Timers 
can be programmed with several different 
time bases: 1 s. 0.1 s. and 0.01 s are typi
cal time bases. If a programmer entered 
0.1 for the time base and 50 for the num· 
ber of delay increments. the timer would 
have a 5-s delay (50 x 0.1 s = 5 s). 

The timers in a programmable controller are 
operated by an internally generated clock that 
originates in the processor module. The 0.01 s 
(to-ms) timer is valuable when the PLC is con
trolling high-speed events or when it is neces
sary to generate short-duration pulses. The 
10-ms timer may cause problems when it op
erates in conjunction witli extremely long user 
programs and scan times. To overcome this 



" 
L2 

S' 
~ __ -{TO 

TO' 

/ , 

Sequence 01 operatlOl'l: 

5 I open. TO de-energized. TOI closed. L1 on. 

5 1 closes. TO energtzes. TOI opens Instantly. 
L 1 IS SWltCI\e'd on 
S 1 ,s opened. TO de-energizes. liming period stans. 
TO 1 1$ still open. L 1 is stWI 011. 

Aner 105, TOI closes, 11 is switched on. 

{., 

", 
Inp!.l t -.-J 
OulPUt~ I 

Off I 
{" 

FIGURE 7-6 Off-delay t imer circuit (NCTC contact). 
(a) Operation. (b) Timing diagram. 

problem, the lOoms timers or other devices 
that could be affected by a long scan time can 
be inserted more than once in the program. 
The add itional rungs will ensure that devices 
are scanned by the processor in a time less 
than the increment time of the device. 

Altbough each manufacturer may represen t 
timers different ly on the ladde r log ic pro
gram, most timers operate in a similar man
ner. One of tbe first methods used depicts the 
timer instruction as a relay coil s imilar to that 
of a mechan ical timing relay (Fig. 7-8 on page 
176). The timer is ass igned an address and is 
ident ified as a timer. Also included as part of 
the timer instruction is the time base of the 
timer. the timer's preset val ue or time-delay 
period , and the acc umulated va lue or curren t 
time-delay period fo r the timer. When the 
timer rung has logic continuity. the timer be
gi ns counting time-based intervals and times 
until the acc umulated value equa ls the preset 
value. When the accumulated time equals the 
preset time. the output is energized and the 
timed output con tact assoc iated with the out
pu t is closed. The timed contact can be used 
as many times as you wish throughout the 
program as an NO or NC contact. 

I i I ~ K User J( Bit X Timer/Counter I< InputfOutput I< Compare I 

Command Name Description 

TO' Timer On DeilY Countl tlme-bliHd In llrvlll 
when thl Inltructlon I. TRUE 

TUt' Timer Ott DeilY Counil tlme-bliHd Intervll. 
when thllnltructlon I. FALSE 

Countl time-bliHd Intervlli. 
when the Inltruction I. TRUE 

"0 Retentive TlITIIf On Ind retelnl thl Iccumullted 
VIII» when IhllnllNctlon 
gaM; FALSE or when power 
cydloccul'l 

FIGURE 7-1 Timer commands based on the Allen-Bradley SlC-SOO PlC 
and iu associated RSlogiK software. 
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~ 
Type ~ "m" n!~ ...... ,," 

~ XXX 

t
I-l ------jEo 

/

PA VYY 
Contact determines T8 0 1 s 
rung conlinuiry AC , OOO "'-

/ 

Time 
Timer preset value base 

Time accumulated 
or CUfrent value 

FIGURE 7·8 Coil-formatted timer instruction. 

01 timer 

Timers are most often represented by boxes 
in ladder logic . Figure 7-9 illustrates a 
generic block format for a retentive timer 
that requires two input lines. The timer 
block has two input conditions associated 
with it . namely, the control and reset . The 
control line controls the actual timing oper
ation of the timer. Whenever this line is true 
or power is supplied to this input . the timer 
will time. Removal of power from the con· 
trolline input halts the further timing of the 
timer. 

The reset line resets the timer 's accumulated 
value to zero. Some manufacturers require 
that both the control and reset lines be true 
for the timer to time; removal of power from 
the reset input resets the timer to zero. Other 
manufacturers' PLCs require power flow for 
the control input only and no power flow 
on the reset input for the timer to operate. For 
this type of timer operation , the timer is reset 
whenever the reset input is true. 

Control line , _____ -, 

Reset tine 

Preset tIme 
TIme base 

Accumulated lime 

Output line 

FIGURE 7-9 Block-formatted timer instruction. 
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The timer instruction block contains informa
tion pertaining to the operation of the timer. 
including the preset time, the time base of the 
timer, and the current or accumulated time. 
All block-formatted timers provide at least 
one output signal from the timer. The timer 
continuously compares its current time with 
its preset time. and its output is logic 0 as 
long as the current time is less than the preset 
time. When the current time equals the preset 
time, the output changes to logic 1. 

ON-DELAY TIMER 
INSTRUCTION 

Timers are output instructions that yo u can 
condition with input instructions such as ex
amine if closed and examine if open. They 
time intervals as determined by your applica
tion program logiC. The on-delay timer oper
ates such that when the rung containing the 
timer is true, the timer time-out period com
mences. At the end of the timer time-out pe
riod . an output is made active, as shown in 
Figure 7-10. The timed output becomes true 
sometime after the timer rung becomes true: 
hence, the timer is said to have an on delay. 
The length of the time delay can be adjusted 
by changing the preset va lue. In addition. 
most PLCs allow the option of changing the 

H~r.'-----l 
F ... 

Rung conchlJOn 

Timed perlOd--....J 
On deLay 

Timed duratoon 

True 

~1 1 
~F~"~H~~ _____ ~lv'",,-

Timed output Dlt- Off (logic 0) f 
Preset value = accumulated value...--J 

FIGURE 7·10 On-delay timer sequence. 
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time base. or resolution. of the timer. As the 
time base vou select becomes smaller. the 
accuracy or the timer increases. 

Allen-Bradley PLC-5 and SLC-SOO controller 
timer elements each take three data table 
words: the contIol word. preset word. and ac
cumulated word. The cantro/ll'ard uses three 
control bits: 

• Enable (EN) bit 
The enable bit is true (has a status of 1) 
whenever the timer instruction is true. 
When the timer instruction is false. the 
enable bit is fa lse (has a status of 0) . 

• TImer-timing (TI) bit 
The timer-timing bit is tIue whenever 
the accumulated value of the timer is 
changing, which means the timer is 
timing. When the timer is not timing, 
the accumulated value is not chang
ing. so the timer-timing bit is false. 

• Done (ON) bit 
The done bit changes state whenever 
the accumulated va lue reaches the 
preset value. lis state depends on the 
type of timer being used. 

The preset \'Clue (PRE) word is the set point 
of the timer. that is. the value up to which the 
timer will time. The preset word has a range of 
o through 32.767 and is stored in binary fonn. 
The preset will not store a negative number. 

The accumulated value (ACe) word is the 
value that increments as the timer is timing. 
The accumulated value will stop increment
ing when its value reaches the preset value. 

The timer instruction also requires that you 
enter a time base. which is either 1.0 s or 
0.01 s. The actual preset time interval is the 
time base multiplied by the value stored in the 
timer's preset word. The actual accumulated 
time interval is the time base multiplied by the 
value stored in the timer's accumulated word. 

Figure 7-11 shows an example of the on
delay timer instruction used as part of the 
Allen-Bradley PLC-s and SLC-500 controller 

,..-TONI-----.., 
_ TlMEA ON DELAY .1 __ .... ~---1 

Timer T40 r 
Time baM I 0 1---(1)'" 
Prasel 15 
Aa;umulaled 0 

FIGURE 7-11 On·delay timer instruction. 

instruction sets. The information to be en
tered includes: 

• TImer number 
This number must come from the 
timer file. In the example shown. 
the timer number is T4:0. which 
represents timer file 4. timer 0 in 
that 6le. There may be up to 1000 
timers in each timer file. numbered 
from 0 through 999. The timer address 
must be unique for this timer and may 
not be used for any other timer. 

• TIme base 
The time base (which is always ex
pressed in seconds) may be either 
1.0 s or 0.01 s. In the example shown, 
the time base is 1.0 s. 

• Preset value 
In the example shown. the preset 
value is 15 . The timer preset value can 
range from 0 through 32,767. 

• Accumulated value 
In the example shown. the accumu
lated value is o. The timer's accumu
lated value normally is entered as 0, 
although it is possible to enter a value 
from 0 through 32,767. Regardless of 
the value that is preloaded. the timer 
value will become 0 whenever the 
timer is reset. 

The on-delay timer (TON) is the most com
monly used timer. Figure 7-12 on page 178 
shows a PLC program that uses an on-delay 
timer. The timer is activated by closing the 
switch. The preset time for this timer is 10 s, 
at which time output D will be energized. 
When the switch is closed. the timer begins 
counting and counts until the accumulated 
time equals the preset value; the output is 



Ladder logic program l2 - TON .:-::-:::::'" ___ --, 
TIMER ON DELAY 
Tllner T40 --{EN)-- Output B 

Time base 10 
Preset 10 -'n 
Accumulated 0 ~DN) 

Output C A 

T":O Output 8 

I~E~N----------------4( 
T4:0 Output C 

~I TI~-------------4( r-------~ 

Output D y 

T4:0 Output 0 

tI D~N----------------~( r-------~ 

(a) ladder diagram 

~ 

Input condition A ~ 

~ 

Timer-enable bit ~ 

~ n I Timer-timing bit ~ 

~ 14 s 1 10 s I 

~ Timer-done bit ~ 

I I I 

Timer accumulated 0 
value 

(bl Timing diagram 

Timer element then energized. If the switch is opened before 
the timer is timed out, the accumulated time 
is automatically reset to O. This timer config
uration is termed non retentive because loss 
of power flow to the timer causes the timer 
instruction to reset. This timing operation is 
that of an on-delay timer because output Dis 
switched on 10 5 after the switch has been 
actuated from the off to the on position. 

15 14 13 12 11 10 9 8 7 6 5 4 3 2 t 0 Word 

In Figure 7-12b, the timing diagram first 
shows the timer timing to 4 s and then going 
false. The timer resets. and both the timer
timing bit and the enable bit go false. The 
accumulated value also resets to O. Input A 
then goes true again and remains true in ex
cess of 10 s. When the accumulated value 
reaches 10 s. the done bit (ON) goes from 
false to true and the timer-timing bit (TT) 
goes from true to false. When input A goes 
false. the timer instruction goes false and also 
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EN TT ON , Internal use 

Preset value PAE 

Accumulated value ACe 

Addre ... ble bit . 

EN : B" t5 enable 
TT" Bit 1411mer timing 
ON" Bit 13 done 

Addressable words 

PAE " Preset value 
ACC " Accumulated value 

o 

2 

Ie) Timers are 3·word etements. Word 0 is the control word. 
word 1 stores the preset value. and word 2 stores the 
accumulated value (Allen-Bradley PlC-5 and SLC-5O(l 
Iormal). 

FIGURE 1-12 On-delay timer. 

resets. at which time the control bits are all 
reset and the accumulated value resets to O. ' 

TImer addressing in the'AlIen-Bradley PLC-S 
and SLC-SOO is done at three different levels: 



the element level. the word level. and the bit 
level. The timer uses three words per element. 
Each element consists of a control word. a 
preset word, and an accumulated word. as 
!ihown in Figure 7-12c. Each individual word 
in an element address is referred to as a 
!iubelement. Integer elements have one word 
per element. Each word has 16 bits, which are 
numbered from 0 to 15. When addressing to 
the bit level. the address always refers to the 
bit within the word, or subelement. 

Allen-Bradley ControlLogix controller timers 
function in the same manner as PLC-5 and 
SLC-500 controllers. The differences occur in 
the time base, timer address. and the maximum 
values of the preset and accumulated values. 
For the ConlrolLogix controller: 

• the time base is fixed at 1 ms {O.OOl sl. 

• the address is a predefined structwe of 
the TIJIAER data type. 

• the maximum value for the preset and 
accumulated values is 2.147.483.647. 

TImers mayor may not have an instantaneous 
output (also known as the enable bit) signal 
associated with them, If an instantaneous 
output signal is required from a timer and it is 
not provided as part of the timer instruction. 
an equivalent instantaneous contact instruc
tion can be programmed using an internally 
referenced relay coi l. 

STOP START L2 

Figure 7-13 shows an application of this tech
nique. According to the relay ladder sche
matic diagram. co il M is to be energized 5 s 
after the start pushbutton is pressed. Contact 
ITD-1 is the instantaneous contact. and con
tact 1 TO-2 is the timed contact. The ladder 
logiC program shows that a contact instruc
tion referenced to an internal relay is now 
used to operate the timer, The instantaneous 
contact is referenced to the internal relay coil. 
whereas the time-delay contact is referenced 
to the timer output coil. t--ol.o,,~.l~~ __ --{1TD 

lTO-I 

lTD-2 
(5 s) 

(oi) Relay ladder schematic di.1gtam 

,,,...- -

Figure 7-14 on page 180 shows an application 
for an on-delay timer that uses an NCTO con
tact. This ciIcuit is used as a warning signal 
when moving equipment. such as a conveyor 
motor. is about to be started. According to the 
relay ladder schematic diagram. coil CRt is 
energized when the start pushbutton PBI is 

Ladder logic program -
TIMER 

PR 5 
T6 110 

(b) Ladder logic 

f 

INTERNAl 
RELAY 

MOTOR 
M 

Output line 

FIGURE 7-13 On-delay timer with instantaneous output programming. 



Inputs 

II STAAT-UP 

~
~ 

RESET .. 

STAAT·UP RESET 

~Bl pe2 
1----<; 

CRH 

CRI-2 

ITO-I 
(10 s) 

CRI -3 

(s) Relay ladder schematiC diagram 

Ladder logic program 

CR, 

'TO 

Horn 

TON - --------, 
TIMER ON DELAY 
Timer T4:0 
Time base 1.0 
Preset 10 
Accumulated 0 

T4:0 T4:0 .... 

/H f--I ~( 
ON EN 

(tI) ladder logic 

FIGURE 7·14 Starting-up warning signal circui t . 

12 

Output 

l2 
EN 

momentarily actuated. As a result, contact 
CR1-l closes to seal in CR1, contact CRl-2 
closes to energize timer coil 1 ro, and contact 
CRl -3 closes to sound the hom. After a lO-s 
time-delay period. timer contact lTD·1 opens 
to automatically switch the hom off. The lad-

der logic program shows how the circuit could 
be programmed using a PLe. 

Input 
L' -I s:'::" <>--SW 

omer_l.dn 

E 

Figure 7-15 shows an application for an on
delay timer that uses a ControlLogix TON 
timer instruction. This program calls for the 

ladder logic program 

Output 
TON 
llMER ON DELAY l2 
TIme! hmecl EN 

Preset ,- 4 Accumulated 0 ON) 

VALVE 

( 

FIGURE 7-15 Program for ill solenoid valve to be time-closed using the ControlLogill TON timer. 
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solenoid valve to be energized if the switch is 
closed for 12 s. 

Timers are often used as part of automatic 
sequential control systems. Figure 7-16 
shows how a seri es of motors can be started 
automatica lly wi th only one start/stop con-

trol station. According to the relay ladder 
schematic. lube-oil pump motor starter coil 
M1 is energized when the start pushbutton 
PB2 is momentarily actuated. As a result. 
M1-1 control contact closes to seal in M1 . 
and the lube-oil pump motor starts. When 
the lube-oil pump builds up sufficient oil 

Inpuls 

L1 

11 STOP 

pe, 

M1 -1 
PO> 

LUBE OIL 
PUMP MOTOR OL 

MAIN DRIVE 
MOTOR OL 

l2 

+-~.~------~~M2'}-~~~ 

(Lube oil 
pressure switch) 

1m 

Ol 

t--<>-,..?----------{M"l----M---4 
ITO-I 

(IS s) 
FEED 

MOTOR 

(a) Relay ladder schematic diagram 

ladder logic program 

• 

• • H h----------< 

T40 

ON 

mN~~~~~--~ ____ -{ TIMER ON DELAY EN 
Tlmer 
Time base 
Prase! -, .. T4:0 

'0 f---{ION) 

" o 

• 
(b) ladder logic 

FIGURE 7-1' Automatic sequential control system. 

Oulputs 

l2 

Ol 

OL 

Ol 



pressu re . the lube-oil pressure switch PSl 
c loses. This in turn energizes co il M2 to 
start the main drive motor and energizes 
coillTO to begin the time-delay period. Af
ter the preset time-delay period of 15 s. 
1 TO-l contact closes to energize co il M3 
and start the feed motor. The ladder logic 
program shows how the ci rcuit could be 
programmed using a PLC. 

~F-DELAY TIMER 
INSTRUCTION 

• 

The off-delay timer (TOF) operation wi ll 
keep the output energized for a time period 

after the rung containing the timer has gone 
false. Figure 7-17 illustrates the generi c pro
gramming of an off-de lay timer that uses the 
SLC-500 TOF timer instruction. If logic con
tinuity is lost. the timer begins counting 
time-based interval s until the accumulated 
time equals the programmed preset value. 
When the switch connected to input 1:1.010 
is first closed, timed output 0 :2.0/ 1 is sel to 1 
immediately and the lamp is s\vit ched on. If 
thi s switch is now opened. log ic continuity 
is lost and the timer begins countin g. After 
15 s, when the accumulated time equals 
the preset time. the output is reset to 0 and 
the lamp switches off. If logic con tinuity 
is gained before the timer is timed out. the 
accumulated ti me is reset to O. For th is 
reason . this ti mer is al so classified as 
nonretentive . 

Ladder logic program 

,,,,,,,, Output 

1:1,0/0 TOF -----~ 

TIMER OFF DELAY 
Timer T43 
Time base 1,0 
Preset 15 
Accumulated 0 

EN>---1 -*iL2 

ON ' o 2M Pl , , 

1I 

l ~ I ~[: l ,OJO 

T4.3iDN 02.0/1 

I ( '>---1 

(a) Programmed circuil 

True 
Inpu1 ~Iion I 

False 

TImed period 

Tomed 
oolput 

02.0/1 

ON delay 
limed dUlat,on 

True (logiC 1) 

___ --'I False (logic 0) 

Preset value .. accumulated value 

(b) Timing diagram 

FIGURE 7-17 Off-delay programmed t imer. 
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l.ackIer logic program 

O~"" 

" 
I""", - TOF 

~~ 
TIMER OFF DELAY EN OL 
r"",. l i.".,-1 

......""~ ON) 
Aa:umulalec1 0 

OL 

TOF 
TIMER OFF DELAY EN 
Timer Iimer_2 OL 
-.;;(,\ - .-, .... ..,..-

ON) 
Accumulated 0 

TOF 
TIMER OFF DELAY EN 
r ...... timer_3 -. - ON) 
Accumulaled 0 

tImer l,dn • E ( 

~ • ( 

tlmer_3dn • ( 

FIGURE 1-18 Off-delay t imer i nstru~ions programmed to switch motors off at 5-s intervals. 

1I 

Figure 7-18 illustrates the use or the Control
Logix off-delay timer instruction. In this ap
plication . closing the switch immediately 
turns on motors M1. M2. and M3. When the 
switch is opened. motors Ml. M2. and M3 
turn off at 5-s intervals. 

LSI 
I--<;;;;.i>-------{TOI s , 

OL 

TOI-2 

L2 

L2 

Figure 7-19 shows how a relay circuit with a 
pneumatic off-delay timer could be pro
grammed using a PLe. According to the re
lay schematic diagram . when power is first 
applied (limit switch LSt open). motor 
starter coil Mt is energized and the green 
pilot light is on. At the same time. motor 
starter coil M2 is de-energized. and the red 
pilot light is off. 

OL 
1-~~-~M2r_---V~~ 

When limit switch LSl closes. off-delay 
timer coil TOt energizes. As a result. timed 
contact TOt-1 opens to de-energize motor 
starter coil Mt. timed contact TDt-2 closes to 

TOI-3 , 
/ - , / 

I-------{A 
/ , 

Is) Relay schematic diagram 

FIGURE 1·19 Programming a pneumatic off·delay 
timer circuit. 
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Ladder logiC program 

Input -L1 TOF Outputs 

f-,-~ 
TIMER OFF DELAY OL l2 
Timer T4:1 
Time base 1.0 MI 
Presel 5 
Accumulated 0 OL 

T4:1 • M2 /r -( , / 

T4; t ON • G 

[ ( 
, 
/ 

T4:1 ON R R 

/r • / , 
-( 

T4:1 EN it 
[ ( 

EN 
(b) Ladder logiC 

FIGURE 7-19 (continued) Programming a pneumatic oH·de(ay timer circuit. 

energi ze motor starter coil M2 . instantaneous 
contact T01-3 opens to switch the green light 
off. and ins tantaneous contact TOI-4 closes 
to switch the red light on. The circuit re
mains in thi s state as long as limit switch LSI 
is closed. 

When limit switch LSI is opened , the off
delay timer coil TOI de-energizes . As a re
sult, the time-delay period is started, instan
taneous contact TOI-3 closes to switch the 
green light on, and instantaneous contact 
TOI-4 opens to switch the red light off. After 
a 5-s time-delay period, timed contact TOI-1 
closes to energize motor starter MI. and 
timed contact TOI-2 opens to de-energize 
motor starter M2, Figure 7-19b shows how 
the circuit is programmed using the SLC-500 
TOF timer. 

Figure 7-20 shows a program that uses both 
the on-delay and the off-delay timer instruc
tion . The process involves pumping fluid 
from tank A to tank B. The operation of the 
process can be described as follows: 
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• Before starting. PSI must be closed. 

• When the start button is pushed. the 
pump starts. The button can then be 
released and the pump continues to 
opera te. 

• When the stop button is pushed. the 
pump stops. 

• PS2 and PS3 must be closed 5 5 after the 
pump starts . If either PS2 or PS3 opens. 
the pump wi ll shut off and will not be 
able to start again for another 14 s. 

RETENTIVE TIMER 
A retentive timer accumulates time whenever 
the device receives power, and it 'maintains 
the current time should power be removed 
from the device . Once the device accumu
lates time equal to its preset value. the con
tacts of the device change state. Loss of power 



II Inpul5 

t..L -: PSI .. 

<>- PS3 

T .... 

• 
PS 1 P$2 PS3 

• 

(ao) Process 

ladder logic program 

Tank 
B 

_ _ T",' _ _ 

~ c---r" /~ f-[ -----{( 

~M~ 
TON Pump delay 

TIMER ON DELAY 
TImer 
TIme base 
Preset 
AectJmulated 

TOF Pump lime 

TIMER OFF DELAY 

TIme base 
Preset 
Accumulaled 

(b) LaclOer logic 

T4:6 

" , 
o 

FIGURE 7·20 Fluid pumping process. 

QuIpu1 

to the device after reaching its preset value 
does not affect the state of the contacts. The 
retentive timer must be intenHonally reset 
with a separate signal for the accumulated 
time to be reset and for the contacts of the 
device to return to their shelf state. 

The PLC-programmed RETENTIVE ON
DELAY timer (RTOl operates in the same way 
as the nonretentive on-delay timer (TON). with 

Figure 7· 21 illustrates the action of a motor
d riven. electromechanical retentive timer 
used in some appliances. The shaft-mounted 
carn is driven by a molor. Once power is ap
plied. the motor starts turning the shaft and 
cam. The positioning of the lobes of the cam 
and the gear reduction of the motor deter
mine the time it takes for the motor to turn 
the cam far enough to activate the contacts. If 
power is removed from the motor, the shaft 
stops but does not reset. 

-~ 
= 

/f': 

FIGURE 7·21 Electromechanical retentiv@ timer. 
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Inputs 

L1 

t~ 0 -TIME 

...L -0 

Time input PBI 

Timer r4:2 enable bit 

Ladder logiC program Output - - l2 [ 1------i(RES}----! __ ' ,,' I - RTO---__ ~ ~ 
RETENTIVE TIMER ON 

Preset 
Accumulated 

-1.0 

• o - . 
f-[ ------« 

ON 

(a) Programmed logic: 

True -~=:::JL_.r.======::I __ l False 

Do -~::=::::lL-f:~::::=~~~~=~~- Enable bit is reset on when input pushbunon 
Accum = Preset PBt is opened. 

Accumulated value reta ined when rtJ09 

coodil ion goes lalse -----=--;-----;j::L_J 
, 2 3 
, 1 

Accumulated value o 

Do : ~ t' TImerT4:2ION (done) bit Off ; 

~ i J 
PL output I I 

Resel input PB2 
On : '~ W. hen reset PB2 is 
0' _-+' _______________ .,I~. closed. the T4:2IDN 

j bit in fesellO O. 
I I Accumulated value 
o 1 2 3 .. 5 6 7 8 9 101112 is reset and hekl at 

Time in seconds 

(b) Timing chan 

zero until the reset 
P\lshbunon is 
opened. 

FIGURE 7·22 Retentive on-delay timer program and timing chart. 

one major exception-a retentive timer reset 
(RES) instruction. Unlike the TON, the RTO 
will hold its accumulated value when the 
timer rung goes false and will continue timing 
where it left off when the timer rung goes true 
again. This timer must be accompanied by a 
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timer reset instruction to reset the accwnulated 
value of the timer to O. The RES instruction is 
the only automatic means of resetting the accu
mulated value of a retentive timer. The RES in
struction has the same address as the timer it is 
to reset. Whenever the RES instruction is true. 



'''''''' L.adcMr IoQIC program 

l2 

LI - time,_S 
ON RESET I ( RES 

~ 
0 -KEY SWITCH 

RTO 
S' 

RETENTIVE TIMER ON EN 

PRESSURE SWITCH r~, timer_S 

0 Presel 60000 
Accumulated 0 -( 

FIGURE 7-23 Retentive on-delay alarm program. 

both the timer accumulated value and the 
timer done bit (ON) are rest to OJ . 

Figure 7-22 shows a PLC program for a re
tentive on-delay time along with a timing 
chart for the circuit. The timer will start to 
time when time pushbutton PBI is closed. If 
the pushbutton is opened 3 s, the timer ac
cu mulated va lue stays at 3 s. When the time 
pushbutton is closed again, the timer picks 
up the time at 3 5 and continues timing. 
When the accumulated va lue equals the pre
set value, the timer done bit T4 :2/DN is set 
to 1 and the pilot light output PL is 
switched on. 

Because the retentive timer does not reset to 0 
when the timer is de-energized. the reset 
instruction RES must be used to reset the 
timer. The RES instruction given the same 
address (T4:2) as the RTO. When reset push
button PB2 closes. RES resets the accumu
lated time to 0 and the ON bit to O. turning 
pilot light PL off. 

The program drawn in Figure 7-23 illus
trates a practical application for an RTO. 
The purpose of the RTO timer is to detect 
whenever a piping system has sustained a 
cumulative overpressure condition of 60 s. 
At that point. a hom is sounded automati
cally to call attention to the malfunction. 
When they are alerted. maintenance person-

nel can silence the alarm by switching the 
key switch S1 to the reset (contact closed) 
position . After the problem has been cor
rected. the alarm svstem can be reactivated 
by switching the - key switch to the on 
(contact open) position. The timer shown 
represents a ControlLogix display. but the 
PLC-S and SLC-S OO timers function in the 
same way. 

Figure 7-24 on page 188 shows a practica l ap
plication that uses the on-delay. off-delay. 
and retentive on-delay instructions in the 
same program. In this industrial application. 
there is a machine with a large steel shaft sup
ported by babbitted bearings. This shaft is 
coupled to a large electric motor. The bear
ings need lubrication. which is supplied by 
an oil pump driven by a small electric motor. 
The sequence of operation is as follows: 

• To start the machine. the operator turns 
SWan. 

• Before the motor shaft starts to turn, the 
bearings are supplied with oil by the 
pump for 10 s. 

• The bearings also receive oil when the 
machine is running. 

• When the operator turns SW off to stop 
the machine. the oil pump continues to 
supply oil for 15 s. 
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Ladder logic program 

-TON 
Motor Starting Time Delay 

TIMER ON OELAY 
-{ Timer 14:0 EN 

Time base ... 
Preset ,. ~ 
Accumulated • 

Pump on Time Delay 
r TOF 

~ TIMER OFF DELAY -{ EN 
Timer T4:1 
Time base 1 .• -{I 
Preset 15 

ON) 

Accumulated • T4:1 __ 

[~------------------~( 
ON 

T4:0 

[ 
ON -

PUMP -~O Pump Running Time 

[-_ ___ _ -1 A,ETENTIVE TIMER ON LrEN 
Tmer T4:2 1 ~. 
Time base 1.0 
Preset 10800 ~DN) 
Accumulated 0 

T4:2 • 

r[----------------------~( 
ON 

FIGURE 7-24 Bear ing lubrication program. 

Outputs 
l2 

OL 

__ -{M' H./f----< 

opt 

• A retentive timer is used to track the to
tal running time of the pump. When the 
total running time is 3 h. the motor is 
shut down and a pilot light is turned on 
to indicate that the filter and oil need to 
be changed. 

pletely to be reset. Rather. such a timer can 
be reset at any time dur ing its operation . 
No te that the reset input to the timer will 
override the contro l input of the timer even 
though the control input to the timer has 
logic continuity. 

• A reset button is provided to reset the 
process after the filter and oil have been 
changed. 

A retentive off-delay timer is programmed 
in the same man ner as an RTO. Both main
tain their accumulated time va lue even if 
logic continuity is lost before the timer is 
timed out or if power is lost. These retentive 
timers do not have to be timed out com-
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CASCADING TIMERS 
The programming of two or more timers to
gether is called cascading. Timers can be 
interconnected. or cascaded. to satisfy any 
required control logiC. Figure 7-25 shows 



u, TON-----, 
TIMER ON DELAY 
Timer ,_ ENI}---j 
Preset 20000 
Accumulated 0 ON) 

limeU ·dn • 

~-------.,( 
TOO-----, 
TIMER ON DELAY 
Timer _ ENI}---j 
Preset 20000 
Accumulated 0 DN) 

limer_2.dn • 

~-----1( 
(b) l.aclder logic 

FIGURE 7·25 Sequential t ime-delayed motor-starting circuit. 

Outputs 
OL L2 

how three mOlars can be started automati
cally in sequence with a 20-s time delay be
tween each motor start-up. According to the 
relay schematic diagram. motor slarter coil 
Ml is energized when the start pushbutton 
PBZ is momentaril y actuated. As a result. 

motor 1 starts, contact Ml-l closes to seal in 
Ml, and timer coil TOt is energized to begin 
the first time-delay period . After the preset 
time period of 20 5, TOt-l contact closes 
to energize motor starter coil M2. As a re
sult. motor 2 starts and timer coil TD2 is 
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."""b ladder logic program 
Outputs 

L2 11 

~ - TON , / 
/ TIMER ON DELAY 

ON Timer -~ Time base I .• / , 
Preset 1 , / 
Accumulated • 

~ - TON 
TIMER ON DELAY / , 

ON Timer - , / 

Time base I .• 
Preset 1 
Accumotated • / , - T4:5 

J ( 
ON - T4:5 

J ( 
ON - T4:5 

( 
ON 

FIGURE 7·26 Annunciator flasher program. 

energized to begin the second time-delay pe
riod . After the preset time period of 20 5, 

TD2-1 contact closes to energize motor 
starter coil M3. and 50 motor 3 starts . The 
ladder logic program shows how the circuit 
could be programmed using a PLe. Note that 
two ControlLogix timers are used and the 
output of the first timer is used to control the 
input logic to the second timer. 

Two timers can he interconnected to form an 
oscillator circuit. The oscillator logic is basi
cally a timing circuit programmed to generate 
periodic output pulses of any duration. Fig
ure 7-26 shows the program for an annuncia· 

• ( 
• ( 
• ( 

tor flasher circuit . Two internal timers form 
the oscillator circuit. which generates a 
timed. pulsed output. The oscillator ci rcuit 
output is programmed in series with the 
alarm condition. If the alarm condition (tem
perature. pressure. or limit switch) is true. the 
appropriate output indicating light will flash. 
Note that any number of alarm conditions 
could be programmed using the same flasher 
circuit. 

At times you may require a time·delay period 
longer than the maximum preset time al 
lowed for the single timer instruction of the 
PLC being used. When this is the case. the 



" ''''''' 
Ladcler logic program 

~- - TON 
TIMER ON DELAY 
nmer -Time base 1.0 
Preset -Accumulated 0 

L2 

, _ / I 
~ 

- TON 
TIMER ON DELAY 

ON Timer -Ttme base ' .0 
Preset -Accumolated 0 

- . 
rE -----------4( ~~ 
ON 

FIGURE 7-27 Cascading of timers for longer time delays. 

problem can be solved by simply cascading 
timers. as illustrated in Figure 7·27. The type 
of timer programmed for thi s example is a 
TON, and the tota l time delay period re
quired is 42.000 s. The first timer. T4:1, is 
programmed for a preset time of 30,QOO sand 
begins timing when input SW is closed . 
When it completes its time-delay period 
30,000 s later. the T4:1 /0N bit will be set to 
1. This in turn activates the second timer, 
T4:2. wh ich is preset for the remaining 
12 .000 s of the total 42,000-5 time delay. 
Once T4:2 reaches its preset time. the 
T4 :2/DN bit will be set to 1. which switches 
on the output PL, the pilot light , to indicate 
the completion of the full 42 ,000-s time 
delay. Opening input SWat any time will re
set both timers and switch output PL off. 

A typical application for PLC timers is the 
control of traffic lights. The ladder logic 
circuit of Figure 7-28 (on page 192) illustrates 
a simulated control of a set of traffic lights in 
one direction only. Transition from red to green 
to amber is accomplished by a cascading 
timer circuit. The sequence of operation is: 

Red 
Green 
Amber 

30 s on 
25 s on 
5 s on 

The sequence then repeats itself. Figure 7-29 
shows the original traffic light program modi
fied to include three more lights that control 
traffic flow in the other direction. 



L.aclder Iogie program 

14:2 

f--oj /~---1 
ON 

T4:0 

ON 

T4:1 

ON 

TON ________ "R='OdCT"'m,,' 
TIMER ON DELAY 
Timer 
Time base 
Preset 
Accumulated 

.ccc-__ -"G"' .. ec"CT"'m~. 
~ERONOELAY 
Timer 
Time base 
Preset 
Accumulated 

__ c-c-"A~m""~'"T"' m"i' TON-=-
TIMER ON DELAY 
Timer 
Time base 
Preset 
Accumulated 

T4:0 T4:0 _ 

~!-~j/ ~!----~~ ~----1 
EN ON 

T4:1 T4: ' _ 

~[------oj" / ~~-----------------~( 
EN ON 

T4:2 T4:2 _ 

~[ ------oj! / ~! - ------------- ( }----j 
EN ON 

FIGURE 7-28 Control of traffic lights in one direction. 

L2 
TraHie lights 

G"EEN --{ Green 



T4:2 

I 
ON 

T4:0 

) 
ON 

T 4:1 

ON 

T 4:0 

EN 

T4: 0 .. 
E N 

T4: 1 

I 
EN 

T4: 2 

I 
EN 

T4 
" ! 
EN 

T4 
" 
I 
ON 

,0 

I 
ON 

Ladder lOgIC program 

,TON 
TIMER ON DELAY 
TIme, 
TIITI8 base 
Preset 
Aecomulated 

_TON 
TIMER ON DELAY 
Timer 
Time base 
Presel 
Aecomulated 

- TON 
TIMER ON DELAY 
Timer 
Time base 
Preset 
Ac:cumulaled 

r !ON 
TIMER ON DELAY 
Timer 
Time base 
Presel 
Accumulaled 

T4:0 

ri / ~ 
ON 

T4:1 

ri /~ 
ON 

T4:2 

j/" 
ON 

T4:3 

ri /~ 
ON 

T4:0 

ri / ~ 
ON 

T4:0 
-{EN)-

1.0 
30 -{ON) 

0 

T4:1 [-<EN}-

1.0 
f-<DN) 25 

0 

T4:2 f-<EN)-

1.0 
f-<DN) 5 

0 

T4:3 
-{EN)-

1.0 
25 -{ON) 

0 -( -( -( 
-( 

-( 

-( 

RED 
NORTH/SOUTH 

AMBER 

GREEN 

RED 

AMBER 

GAEEN 

-

Eastlwesl 
uathc lights 

(e) Ladder logic 

Red = oorthi sovth Green", nor\h,lSOUlh lAmber", oorlh/soulh 

Green'" eas\lwesl 1-·..- Red = east-west 

11 

-----25. ----~'_'--5. -_,.'~----25 .---~'_,--- 5._ 
(b) Timing chart 

FIGUIIE 1-1' Control of traffic lights in two directions. 



Chapter 7 Review 

Questions 
1. Explain the difference between the timed and instantaneous contacts of a pneumatic timer. 

2. Draw the symbol and explain the operation of each of the following timed contacts of a 
pneumatic timer: 

a. On-delay timer-NOTC contact 

b. On-delay timer-NCTO contact 

c. Off-delay timer-NOTO contact 

d. Off-delay timer- NCTC contact 

3. State five pieces of information usually associated with a PLC timer instruction. 

4. When is the output of a programmed timer energized? 

5. What are the two methods commonly used to represent a timer within a PlC's ladder logic 
program? 

6. a. Explain the difference between the operation of a nonretentive timer and that of a 
retentive timer. 

b. Explain how the accumulated (ount of programmed retentive and nonretentive timers is 
reset to zero. 

7. State three advantages of using programmed PlC timers. 

8. a. Name three different types of PlC timers. 

b. Which of the three is most commonly used? 

9. Explain what each of the following quantities associated with a PlC timer instruction 
represents: 

a. Preset time b. Accumulated time c. TIme base 

10. a. When is the enable bit of a timer instruction true? 

b. When is the timer-timing bit of a timer instruction true? 

c. When does the done bit of a timer change state? 

11. State the method used to reset the accumulated time of each of the following: 

a. TON timer b. TOF timer C. RTO timer 

12. Compare the way a timer is addressed in the Allen-Bradley PlC-5 and SlC·500 controllers 
with the method used in a Controllogix controller. 
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Problems 
1. A. With reference to the relay schematic diagram in 

Figure 7-30, state the status of each light (on or 
off) after each of the following sequential events: 

(1) Power is first applied and switch Sl is open. 

(2) Switch 51 has just dosed. 

(3) Switch Sl has been closed for 5 s. 

(4) Switch Sl has just opened. 

(5) Switch S1 has been opened for 5 s. 

B. Design a PlC program and prepare a typical 110 
connection diagram and ladder logic program 
that will execute this hardwired control circuit 
correctly. 

2. Design a PlC program and prepare a typical 110 
connection diagram and ladder logic program that will 
correctly execute the hardwired control circuit shown 
in Figure 7·31. 

Relay schematic diagram 

L1 
S' 

T01-l 
, / 

PC> 
(5 s) / , 

TOI-2 
, / 

PL2 
(5 s) / , 

T02-1 
, / 

PL3 
(5 s) / , 

T02-2 
, / 

Pc< 
(5 $) / , 

FIGURE 7-30 

3. Study the ladder logic program in Figure 7·32 on page 196, and answer the questions that 
follow: 

a_ What type of timer has been programmed? 

b. What is the length of the time-delay period? 

c. What is the value of the accumulated time when power is first applied? 

d. When does the timer start timing? 

e. When does the timer stop timing and reset itself? 

C> STOP STAAT 

t-----c"'-:.:-:...-J ::~~ ~B' I ~B2 
OL 

L2 

To')----- 4 

PS' 

TOI -2 

FIGURE 7·31 

L2 
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Ladder logic program 

Input 
LS' Outputs 

U TON l2 

~LS' 
, TIMER ON DELAY 

Timer T4:0 
Time base , 

SOLA 
Preset 10 
Accumula ted 0 

SOL B 

T4:0 SOLA , / 

2 
ION e R 

/ , 
T4:0 SOlB 

, / 

3 
Y Y 

ON / , 
T4:0 R 

4 

l EN e 
T4:0 y 

5 

EN 

FIGURE 7-32 

f. When input lSl is first closed, which rungs are true and which are false? 

g. When input lS 1 is first closed, state the status (on or off) of each output. 

h. When the timer's accumulated value equals the preset value, which rungs are true and which are 
false? 

i. When the timer's accumulated va lue equals the preset value, state the status (on or off) of each 
output. 

j. Suppose that rung 1 is true for 5 s and then power is lost. What will the accumulated value of 
the counter be when power is restored? 

4. Study the ladder logic program in Figure 7·33, and answer the questions that follow: 

a. What type of timer has been programmed? 

b. What is the length of the time-delay period? 

c. When does the timer start timing? 

d . When is the timer reset? 

e. When will rung 3 be true? 

f. When will rung 5 be true? 

g. When will output Pl4 be energized? 

h. Assume that your accumulated time value is up to 020 and power to your system is lost. What 
will your accumulated time value be when power is restored? 

i. What happens if inputs PBl and PB2 are both true at the same time? 
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Ladder logic program 

Inputs - timer_S 
LI 

I ~ES 
Oulpuls 

L2 

~~ 
, / - PLI 

/ , - -0 PL2 RTO 
2 RETENTIVE TIMER ON EN 

Timer timer_S / 

Preset 50000 ON) PL3 
Accumulated 0 

timer_S.en - , / 

( Pc< 
3 

/ , 
timer_S.en -• 
timer_S.dn -5 ( 
limer_S.d" -• 

FIGURE 7-33 

5. Study the ladder logic program in Figure 7-34 on page 198, and answer the questions that 
follow: 

a. What is the purpose of interconnec.ting the two timers? 

b. How much time must elapse before output Pl is energized? 

c. What two conditions must be satisfied for timer 14:2 to start timing? 

d. Assume that output Pl is on and power to the system is lost. When power is restored, what will 
the status of this output be? 

e. When input PB2 is on, what will happen? 

f . When input PBl is on, how much accumulated time must elapse before rung 3 will be true? 
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II Inputs 

t:---: 

FIGURE 7-34 

2 

ladder logic program 

.-
r-------------r--

"'" T. " 

, ATO----
RETENTIVE TIMER ON 
Timer T4:1 ~ EN 
Time base 1.0 
Preset 2900 L.., 
Accumulated 0 I ,ON) 

, RTO 
RETENTIVE TIMER ON 

3 E--------l Timer T4:2 f-< EN 
ON Time base 1.0 

Preset 17,. 
f-< Accumulated 0 ON) 

T4:2 Pl 

• r.[O~N------------( 

Pl 

Output 

, / 

/ 

L2 

6_ You have a machine that cycles on and off during its operation. You need to keep a record of 
its total run time for maintenance purposes. Which timer would accomplish this? 

7_ Write a ladder logic program that will turn on a light, PL, lS s after switch Sl has been 
turned on. 

S. Study the on·delay timer ladder logic program in Figure 7-35, and from each of the 
conditions stated, determine whether the timer is reset. timing, or timed out or if the 
conditions stated are not possible. 

a. The input is true, and EN is 1, n is 1, and ON is O. 

b. The input is true, and EN is 1, n is 1, and ON is 1. 

c. The input is false, and EN is 0, n is 0, and ON is 0. 

d. The input is true, and EN is 1, n is 0, and ON is 1. 



, TON - ---- -, 
TIMER ON DELAY 

f-_-cl'OPUf-' ___ -1 H .O ---<EN"-1.0 ,~ ,." 
Timer 
Time base 

Accumulated 19 --(ON) 

T4:00 ____ --=====~~==--~ 
Preset 

C C 
EN 

T4:0 
E-E - - -------«( 
TT 

H·1~----------{( 
ON 

FIGURE 7-35 

9. Study the off-delay timer ladder logic program in Figure 7-36, and from each of the 
conditions stated. determine whether the timer is reset, timing. or timed out or if the 
conditions stated are not possible. 

a. The input is true, and EN is O. n is 0, and ON is 1. 

b. The input is true, and EN is 1. TT is 1, and ON is 1. 

c. The input is true, and EN is 1, 'IT is 0, and ON is 1. 

d. The input is false. and EN is 0, TT is 1. and ON is 1. 

e. The input is false. and EN is 0, TT is 0, and ON is O. 

10. Write a program for an "anti-tie down circuit" that will disallow a punch press solenoid 
from operating unless both hands are on the two palm start buttons. Both buttons must be 
pressed at the same time within O.S s. The circuit also will not allow the operator to tie 
down one of the buttons and operate the press with just one button. (Hint: Once either of 
the buttons is pressed, begin timing O.S s. Then, if both buttons are not pressed, prevent the 
press solenoid from operating.) 

r TO' --------, 
TIMER OFF DELAY Input 

f--------cl f--------1 TImer T4.0 UEN'---
Time base 1.0 I \.""V 

Preset 10 f-<o 
Acc:umulaled 0 ON) 

T4:00 -----======<>===----4 f- ( 
EN 

T4:0 
E[----------j( }------j 
n 

T4;O 
E[----- -----{( }-----1 
ON 

FIGURE 7-36 
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11. Modify the traffic control program of Figure 7-29 (on page 193) so that there is a 3-s period 
when both directions will have their red lights illuminated. 

12. Write a program to implement the process illustrated in Figure 7-37. The sequence of 
operation is to be as follows: 
• Normally open start and normally closed stop pushbuttons are used to start and stop the process. 

• When the start button is pressed, solenoid A energizes to start filling the tank. 

• As the tank. fills, the empty level sensor switch closes. 
• When the tank. is full, the full level sensor switch closes. 

• Solenoid A is de-energized. 
• The agitate motor starts automatically and runs for 3 min to mix the liquid. 

• When the agitate motor stops, solenoid B is energized to empty the tank. 

• When the tank is completely empty, the empty sensor switch opens to de-energize solenoid B. 

• The start button is pressed to repeat the sequence. 

SOLA 

switch 

FIGURE 7-37 
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13. When the lights are turned off in a building, an exit door light is to remain on for an 
additional 2 min, and the parking lot lights are to remain on for an additional 3 min after 
the door light goes out. Write a program to implement this process. 

14. Write a program to simulate the operation of a sequential taillight system. The light system 
consists of three separate lights on each side of the car. Each set of lights will be activated 
separately, by either the left or right turn signal switch. There is to be a 1-s delay between 
the activation of each light and a 1-s period when all the lights are off. Ensure that when 
both switches are on, the system will not operate. Use the least number of timers possible. 
The sequence of operation should be as follows: 

• The switch is operated. 
• light 1 is illuminated. 
• light 2 is illuminated 1 s later. 
• light 3 is illuminated 1 5 later. 
• light 3 is illuminated for 1 5. 

• All lights are off for 1 5. 

• The system repeats while the switch is on. 
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After completing this chapter, you will be able 
to : 

• list and describe the functions of PlC counter 
instructions 

• Describe the operating principle of a 
transitional, or one-shot, contact 

Analyze and interpret typical PlC counter 
ladder logic programs 

Apply the PlC counter function and 
associated circuitry to control systems 

• Apply combinations of counters and t imers 
to control systems 

, 

• 
• 

Most PLCs include both up-counters and 

down-counters, which function similarly. 

Counter instructions and their function 

in ladder logic are explained in this 

chapter. Typical examples of PLC 

counters include the following : straight 

counting in a process, two counters 

used to give the sum of two counts, and 

two counters used to give the 

difference between two counts. 



• 

Programmed counting 

operation. 
(© Roger RessmeyerlCORBIS) 
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COUNTER INSTRUCTIONS 

Programmed count ers can serve the same fun c
tion as mechanical counters. Figure 8-1 shows 
the construction of a si mple mechanical 
cou nte r. Every lime the actuating lever is 
mo\'ed o\'er. the counter adds one number: the 
actuating le \'er th en retu rns au tomaticallv to it s 
original position. Resell ing to zero is don'e with 
a pus hbutton located on the side of the uni!. 

Electronic counters (Fig. 8-2) can COllnt up. 
coun t down. or hI'! combined to count up and 
do\\'n. Although the majority of count l~rs 
lIsed in industry are lip-counters. nu m erous 
appl ications requim the impitmwntat ion of 
dou' n-counters or of com bination up/down 
counters. En~ry PLC mudel offers some form 
of coun ter instructi on as p<trt nf it s in struc
lion sel. Figure 8· 3 i llus trat es typ ical 
cuunter applicat ions. Common appJ icatillns 
of counters incl ude keeping trad of the 
nu mber o f ilt~m s modng past a gin-! n puint 
and dele rm i n i ng th e nu rnber 01" t i nleS a ginn 
action occu r. COO\'entional count p.rs W· 

p laced by th e PLC cou n ter functiu n include 
mechanical. elect rical. and e lectroni c types. 

Counters are s imilar to timers exce pt tha t they 
do not operate on an interna l clock but are de
pendent on external or program sources for 
counting. The two methods lIsed to represen t a 
counter wi thin a PLCs ladde r logic program 
are the coil format and the block format. The 

Top coming 

Top going 

FIGURE 8· ' Mechan ical counter. 

" <;''-------

FIGURE 8-2 Electronic counters. (CourtE"sy of Dyn.3 ' 
par Corporation, GUfnE"e. IIImois.) 

cnil prograllllllill~ format is si mi!;t .. III Ihal il· 
lu strtll1~d in F"iguw 8-4. Tlw «:I)unll 'l" is a~si).!.IlI'11 

an addwss anel is ident ifi !:!d ilS a Ulll 1l!1 'I". :\Isil 
incl uded as part of tlw coull!ur instnwlio ll i ~ 

the coun lt~ r"s pn-'sf'1 nilut-' and tIll' cum'Il1 1/( ' . 

rumulal,..d rount for Ihe cOUIlIt'r. TIll' up· 
coun ter in<.:rmnents ils acclIlllulah'd \" .. Iup h~' 1 

each tim!:! the r:Ollnler rung mi.lkl~s iI falst>·tll' 
trlle transi ti on. When the acc ulllulated coun t 
equals the preset co unt. the oll tpUt is energiwd 
and the counter output is d(lst~rl. The cuunlt'r 
contact can be USNI as mam' limes as \·ou wish 
throughout the prngram 'as an NO or Nr: 
contact. 



Item c:oonting 
Renectl)l" 

Length totalizer Footage wil'ldup control 

~-'-
& ~ ~ 
FIGURE 8·] Counter applications. 

A counter reset instruction, which permits 
the counter to be reset, is al so used in 
conjunction with the counter instruction. Up
counters are always reset to zero. Down
counters may be reset to zero or to some 
preset value ~ Some manufacturers include 
the reset function as a part of the general 
counler instruction . whereas others dedicate 
a separate instruction for resetting the counter. 
Figure 8-5 shows a generic coil-formatted 
counter instruction with a separate instruc
tion for resetting the counter. When pro
grammed. the counter reset coil (CTR) is 
given the same reference address as the 
counter (CTUl that it is to reset. The reset 
instruction is activated whenever the CTR 
rung condition is true. 

The second counter format is referred to as a 
block format. Figure 8-6 on page 206 illus
trates a generic block-formatted counter. The 
instruction block indicates the type of counter 
(up or down). along with the counter's preset 
value and accumulated or current value. The 
counter has two input conditions associated 
with it. namely, the count and reset. All PLC 

T"", 01 
counter Counter a<lctress 

LJ ~xx{ 
['r--I ~~ 

t r:~ ~, 
tl'lCrements 
counter by t 
lor each Preset counter Accumulated 
lalse-to-true vaJue counter value 
tJansition. 

F1GUitE 8-4 Coil·formatted counter instruction. 

ROiopuiser 

E:J E:J 
Counter Counter 

counters operate, or count, on the leading 
edge of the input signal. The counter will ei
ther increment or decrement whenever the 
count input transfers from an off state to an 
on state. The counter will not operate on the 
trailing edge. or on-to-off transition, of the 
input condition. 

Some manufacturers require the reset rung or 
line to be true to reset the counter, whereas 
others require it to be false to reset the counter. 
For this reason , it is wise to consult the PLC's 
operations manual before attempting any pro
gramming of counter circuits. 

Most PLC counters are normally retentive: 
that is, whatever count was contained in the 
counter at the time of a processor shutdown 
will be restored to the counter on power-up . 
The counter may be reset. however. if the re
set condition is activated at the time of power 
restoration. 

xxx 

I {T 
t PR: YYY Same 

Coo" AC: 000 address 
ruoog 

xxx 

I €T t t Reset 

R ... " ""'" counter .... , 
"'" 

FIGURE 8-5 Coil-formatted counter and reset 
instructions. 
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I Count line 
I 

Reset ~ne 

Type 01 
counier 

Preset yalue 

Accumulaled 
value 

Output line 

FIGURE 8-6 Block-formatted counter instruction. 

PLC counters can be designed to count up to 
a preset value or to count down to a preset 
va lue. The up-counter is incremented by 1 
each time the rung containing the counter is 
energized. The down-counter decrements bv 
1 each time the rung containing the counter i~ 
energized. These rung transitions can result 
from even ts occurring in the program. such as 
parts traveling past a sensor or actuating a 
limit switch. The preset value of a program
mable con troller counter can be set by the 
operator or can be loaded into a memory lo
cation as a result of a program decision . Fig
ure 8-7 illustrates the counting sequence of 
an up-counter and a down-counter. The value 
indicated by the counter is termed the accu
mulated value. The counter will increment or 
decrement. depending on the type of counter, 
until the accumulated value of the counter is 
equal to or greater than the preset value, at 
which time an output will be produced. A 
counter reset is always provided to cause the 
counter accumulated value to be reset to a 
predetermined va lue. 

UP-COUNTER 
The count-up counter is an output instruc
tion whose function is to increment its accu
mulated value on false-to-true transitions of 
its instruction. It tbus can be used to count 
false-to-true transitions of an input instruc
tion and then trigger an event after a re
quired number of counts or transitions . The 
up-counter output instruction will incre
ment by 1 each time the counted event 
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~
umjt sEW_"_'h ______ -lcounter-up [ I Counter I . 

. yalue ~ 

t SLn...JLJL - +4 

On 

AccumUlated .. Preset ~ Output 

"" 
fa) Up-countet 

On 

Accumulated .. Preset ~ Output 

"" 
(b) Down-counter 

FIGURE 8·7 Counter count ing sequence. 

occurs. Figu re 8-8 shows the program and 
timing diagram for a simple up-counte r. This 
control application is designed to turn the 
red pilot light on and the green pilot light off 
after an accumulated count of 7. Operating 
pushbutton PBl provides the off-to-on tran
sition pulses that are counted by the counter. 
The preset value of the counter is set fo r 7. 
Each false-to-true transition of rung 1 in· 
creases the counter's accumu lated va lue by 
1. After 7 pulses, or counts. when the preset 
counter va lue equals the accumulated 
counter value, output ON is energized. As a 
result, rung 2 becomes true and energizes 
output 0:2/0 to switch the red pilot light on. 
At the same time, rung 3 becomes false and 
de-energizes output 0:2/ 1 to switch the 
green pilot light off. The counter is reset by 
closing pushbutton PB2, which makes rung 
4 true and resets the accumulated count to 
zero. Counting can resume when rung 4 goes 
false again. 

Each Allen-Bradley PLC-5 and SLC-500 
counter instruction occupies three memory 
word locations in the C5 counter data file 



(Fig. 8~9 on page 208). These three data words 
are the control word. preset word, and accumu~ 
lated word. Each of the three data words shares 
the same base address, which is the address of 
the counter itself. The control word uses status 
control bits consisting of the following: 

• Count-Up (CU) Enable Bit 
The count~up enable bit is used with 
the COWlt-up counter and is true when~ 
ever the count-up counter instruction 
is true. If the COWlt-up counter instruc~ 
tion is false, the CU bit is false. 



vounler 
Address 

C5N ." 15 14 13 12 " '0 09[ 06[07[06[05[" [03[0210, [00 
C5:N.O 

woro 
CU 0 COON CN UN UA 

C5:N 1 Word , Preset Value 

C5: N 2 
Word 

Accumulated Value 
2 

FIGURE 8·9 CS counter data file. 

• Count-Down (CD) Enable Bit 
The count-down enable bit is used 
with the count-down counter and is 
true whenever the count-down 
counter instruction is true. If the 
count-down counter instruction is 
false. the CD bit is false. 

• Done (ON) Bit 
The done bit is true whenever the ac
cumulated value is equal to or greater 
than the preset value of the counter. 
for either the count-up or the count
down counter. 

• Overflow (OV) Bit 
The overflow bit is true whenever the 
counter counts past its maximum 
value, which is 32.767. On the next 
count. the counter will wrap around 
to -32,768 and will continue count
ing from there toward 0 on successive 
false-to-true transitions of the count
up counter. 

• Underflow (UN) Bit 
The underflow bit will go true when 
the counter counts below -32,768. The 
counter will wrap around to +32,767 
and continue counting down toward 0 
on successive false-to-true rung transi
tions of the count-down cowHer. 

• Update Accumulator (VA) Bit 
The update accumulator bit is used 
only in conjunction with an external 
HSC (high-speed counter). 

The preset value (PRE) word specifies the value 
that the counter must count to before it 
changes the state of the done bit The preset 
value is the set point of the counter and ranges 

Inlernal Use (not addressable) 

from -32.768 through +32,767. The number is 
stored in binary form. with any negative num
bers being stored in 2's-complement binary. 

The accumulated value (ACC) lI'ord is the 
current count based on the number of times 
the rung goes from false to true. The accumu
lated value either increments with a false-to
true transition of the count-up counter in
struction or decrements with a false-to-true 
transition of the count-down counter instruc
tion . It has the same range as the preset: 
-32,768 through +32 ,767. The accumulated 
value will continue to count past the preset 
value instead of stopping at the preset like a 
timer does. 

Figure 8-10 shows an example of the count-up 
counter and its status bits used in the 
Allen-Bradley PLC-5 and SLC-500 controller 

CTU'- - ------, 
COUNT·UP COUNTER 
Counter C5:0 
Preset to 
Accumulated 0 

C5:OJCU 
--3 E- Counter enable bit 

C5:OION 

--3 E- Counter done bit 

C5:0I0V 
--3 E- Overllow status bit 

C5:0 The reset instruction resets 
-<RE~ the counter's accumulated 

value back to lerO. 

FIGURE 8-10 E)(ample of the count-up counter 

instruction. 



instruction set. The address for counters be
gins at C5:0 and continues th.rough C5:999. 
ThEl information to be entered mcludes: 

• Counter Number 
This number must come from the 
counter fil e. In the example shown. 
the counter number is C5:0. which 
represents counter fil e 5. counter 0 in 
that fil p.. There mal' be up to 1000 
counters. numbered from 0 through 
999. in each counter file . The address 
for this counter should not be used for 
any other count-up counter. 

• Preset Va lue 
The preset \'alue can range from 
-32.768 to + 32.767. In the example 
shown. the preset va lue is 10. 

• Accumulated Va lue 
The accumulated val ue can also range 
from - 32.768 through +32.767 . Typi
ca ll y. as in this example. the value 
entered in the accumulated word is O. 
Regardless of what va lue is entered, 
the reset instruction will reset the 
accumulated value to O. 

Commend Name 

CTU Count·Up 

CTO Coun.·Down 

HSC High-Speed 
Counter 

,CTU --./, ~ _ COUNT.UP COUNTER -:CU 

Preset 100 DN) 

Accumulaled 0 

FIGURE 8·11 Controllogix count-up counter 
instruction. 

Although the PLC-5 and SLC-500 counters 
function in the same manner as those of the 
ControlLogix controller. the counter address 
and the maximum values of the preset and 
accumulated values differ. The counter ad
dress in the PLC-5 and SLC-500 is a data table 
address. whereas in the ControlLogix con
troller it is a predefined structure of the counter 
data type (Fig. 8-11). In the PLC-5 and SLC-
500. the maximum va lue for the preset and ac
cumulated va lues is 32.767 and the minimum 
value is - 32.768; for the ControlLogix con
troller the maximum value is 2.147.438.647 
and the minimum va lue is - 2.147.438.648. 

Figure 8-12 shows the timer/counter menu 
tab from the RSLogix toolbar. Several timer 

Description 

IflCremeniS the accumu'ated 
va'ue al each lalse·Ig..tflJe 
transilion and ,elains the 
accumulated value when 
power cycle occurs 

Decrements the accUmylated 
valtJe at each lalse·to·true 
transition and re'ains .he 
accumulated value when 
power cycle occurs 

Counts high-speed pulses from a 
lixed controller high·speed input 

FIGURE &-12 TImer I counter menu tab from the RSlogix toolbar. 



Parts conveyor line 

(a) Ladder logic program 

LI Inputs 

1----<5--=s,>-__ 

CTU'- - --_---, 
COUNT-UP COUNTER 
Counter C5:1 
Preset 10 
Accumulated 0 

CTU 
COUNT·UP COUNTER 
Counter C5:2 
Preset 32767 
Accumulated 0 

CU 

ON) 

cu 

oN) 
CLOSE BOX 

~- ., 
r[------------------~-( .. 
[ 

[ 

Packages ~~~.~ 
CTU'--: ____ - - --, 
COUNT-UP COUNTER 
Counter C5:3 
Preset 300 
Aocumutated 0 

CU 

ON) 

G~~~ 
C5:3 
RES 

(b) Program 

FIGURE 8-13 Parts counting program. 

and counter instructions appear when this 
tab is selected. The first three are timer in
structions that are covered in Chapter 7. The 
next two instructions from the left are the 
up-counter (CTU) and down-counter (CTD) 
instructions. To the right of the CTU and CTD 
instructions is the reset (RES) instruction, 
which is used by both counters and timers. 

Figure 6-13 shows a PLC parts-counting pro
gram that uses three up-counters. Counter 
C5:2 counts the total number of parts coming 
off an assembly line for final packaging. Each 
package must contain 10 parts. When 10 parts 
are detected, counter C5:1 sets bit B3/ 1 to ini-
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tiate the box closing sequence. Counter C5:3 
counts the total number of packages filled in a 
day. (The maximum number of packages per 
day is 300.) A pushbutton is used to restart the 
total part and package count from zero daily. 

Figure 8-14 shows the program for a one-shot, 
or transitional, contact circuit that is often 
used to automatically clear or reset a counter, 
The program is designed to generate an out
put pulse that. when triggered. goes on for the 
duration of one program scan and then goes 
off. The one-shot can be triggered from a mo
mentary signal or from a signal that comes on 
and stays on for some time. Whichever Signal 



Internal One-"'" 

L1 ,- • ray contact output 

~~~ ~ t \ Trigger ..... 
~ 
[ ( 
• Inlemal 

relay COil 

FIGURE 8-14 On~shot or transitional. contact 

program. 

is used. the one-shot is triggered by the 
leading-edge (off-to-on) transition of the in
put signal. It stays on for one scan and goes 
off. It stays off until the trigger goes off. and 
then comes on again. The one-shot is perfect 
for resetting both counters and timers since it 
stays on for one scan only. 

Some PLCs provide transitional contacts or 
one-shot instruction in addition to the stan
dard NO and NC contact instructions. The 
transitional contact (Fig. 8-150) is pro
grammed to provide a one-shot pulse when 
the referenced trigger signal makes a positive 
(off-to-on) transition. This contact will close 
for exactly one program scan whenever the 
trigger signal goes from off to on. The contact 
will allow logic continuity for one scan and 
then open. even though the triggering signal 
may stay on. The on-to-off transitional con
tact (Fig. 8-15b) provides the same operation 

I 
"""""'" moIo< S1artlstop station 

0If 

--lIf-
Symbol 

0If 

(.) 

--llf-
Symbol 

FIGURE 8-15 The two types of transitional contact. 
(a) oH-ta-on transitional contact. (b) on-to-off tran
sitional contact. 

as the off-to-on transitional contact instruc
tion. except that it allows logic continuity for 
a single scan whenever the trigger signal goes 
from an on to an off state. 

The conveyor motor PLC program of 
Figure 8-16 illustrates the application of an 
up-counter along with a programmed one-shot 
reset circuit. The counter counts the number 
of cases coming off the conveyor. When the to
tal number of cases reaches 50. the conveyor 

• CounI_ 

""""" 
(8) P!ooesa flow ~ 

FKiURE .1' Conveyor motor program. 



Ladder logic program 

Inputs - - 0,," ""~~ 
L1 .. 

C5:f
N 

( STOP 

°iJ 
L2 

~ J 0210 Mt 

STAAT - CTU 

-'- COUNT-UP COUNTER 

~ltl2 Counter C5:0 
Preset 50 
Accumulated 0 

PROXIMITY 
Internal 

SWtTCH 83:010 C5:0 
~ (RES 

RESET 

-'- Internal 0--_ 
C5:WON 83:010 

[ ( 

(0 ) Program 

FI G URE 8-16 (continued ) Conveyor motor program. 

motor stops automatically. The trucks being 
loaded will take a total of only 50 cases of this 
particular product: however, the count can be 
changed for different product lines. A proxim
ity switch is used to sense the passage of cases. 

The sequential task is as follows: 

1. The start button is pressed to start the 
conveyor motor. 

2. Cases move past the proximity switch 
and increment the counter's 
accumulated value. 

L' 

~-I-~ ~"f----.[B3.Jf---{~C-~ 
(a) When the input instruction goes l rom latse to true, the 

OSR instl'lJction conditions the rung so thatltle output 
goes true lor one program scan. The output goes lalse 
and remains lalse lor successive scans untit the Input 
makes another false ·to-true transition. The addressed 
OSR biI is set 11) as long as rung conditions preceding 
tna OSR instruction are true: the biI is reset (0) when 
rung conditions preceding the OSR instruction are 1aJse. 

3. After a count of 50, the conveyor motor 
stops automatica lly and the counter"s 
accumulated value is reset to zero. 

4. The conveyor motor can be stopped 
and started manually at any time with
out loss of the accumulated count. 

5. The accumulated count of the counter 
can be reset manually at any time by 
means of the count reset button. 

The Allen-Brad ley one-shot ri sing (OSR) in
struction shown in Figure 8-17 is a retentive 
input instruction that triggers an event to 

r"""' B3 
H OSR , 

TOD---------, 
To BeD 
Sou,," 

Destination 

T4:t .ACC 

0 :3 

(0) Applications include Ireezing rapidly displayed LEO 
values. In Ihis case, Ihe accumulated value 01 a timer 
is converted to BCD and moved to an output word 
where an LEO display is connected. When the ~mer Is 
running. Ina accumulated value changes rapidly. This 
value can be Irozen and d isplayed lor each false-to
true transition of the inpot condi1ion of the rung. 

FIGURE 8-17 Allen-8radley one-shot rising (OSR) instruction. 
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occur once. The 05R instruction is used 
when an event must start based on the 
change of slate of the rung from false to true , 
not on the resulting status. The address as· 
signed to the 0 5R instruct ion is not the one· 
shot address referenced by your program. 
This address allows the 05R instruction to 
remember its previous rung state. The out· 
put instruction(s) that fo llow the 05R in
struction can be referen ced by your program 
as the "one-shot. " 

Chapter 7. The operation of the alarm moni
tor is as fo llows: 

1. The alarm is triggered by the closing 
of liquid level switch LS1 . 

2. The light will flash whenever the 
alarm condition is triggered and has 
not been acknowledged. even if the 
alarm condition clears in the 
meantime. 

3. The alarm is acknowledged by closing 
selector switch 551 . 

The alarm monitor PLC program of Fig· 
ure 8-18 illustrates the application of an 
up-cou nter used in conjunct ion with 
the timed oscillator circuit studied in 

4. The light will operate in the steady on 
mode when the alarm trigger 
condition still exists but has been 
acknowledged. 

" Inputs 

~ 

OFF ON 

y .... 

Ladder logic program 

T4:6 TON 
/ TIMER ON DELAY EN 

ON r""" T4:5 
ON) Time base ,. 

Preset 1 
Accumulated • 

T4:S
r TON 

k EN ~N 
TIMER ON DELAY 
Timer T4:6 

r<0N) 

-
Time base 1 .• 
Preset 1 
Accumulated • 
CT1)I-----_ 
COUNT-UP COUNTER 
Counter C5:1 
Preset 1 
Accumulated 0 

cu 
ON) 

CS:l T4:5 _ 

t-------j tJ--.----1( ON ON 

CiE------n 
ON 

- E 05" [---------~CRES 

FIGURE .-,. Alarm monitor program. 

L2 

-%H , / 

/ , 



DOWN-COUNTER 
The down-counter output instruction will 
count down or decrement by 1 each time the 
counted event occurs. Each time the down
count event occurs. the accumulated value is 
decremented . Normally the down-counter is 
used in conjunction with the up-counter to 
form an up/down-counter. Figure 8-19 shows 
the program and timing diagram for a 
generic. block-formatted up/down-counter. 

Separate count-up and count-down inputs 
are provided. Assuming the preset value of 
the counter is 3 and the accumulated count is 
O. pulsing the count-up input (PB1 ) three 
times will switch the outpu t light from off to 
on. This particular PLC counter keeps track 
of the number of counts received above the 
preset value. As a result , three add itional 
pulses of the count-up input (PBt) produce 
an accumulated value of 6 but no change in 
the output. If the count-down input (PB2) is 
now pulsed four times, the accumula ted 
count is reduced to 2 (6 - 4) . As a result. the 

Ladder logiC program 

L 1 Inputs -

214 Chapter 8 

Coonl up 
UDC - PROO3 

I Coont down 

AC: 000 

~ ,1---;;R"",,::,:-1, 

(al Program 

, 
On 

2 " 4 , • 
Coon' "" O. 

t 2 3 14 
On rumn Coon'down 
O. , , , • , , 

Counter I 4 
, 4 3 , 2 

accumulated 13 2 
value Of 

Preset value 

"'""' 0 

0, 
Output 

O. 

On 
Reset 

Off 

(b) Timing diagram 

fiGURE 8-19 Generic up/down-counter program. 
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ladder lOgiC program 

Ll Inputs 

ENTER 
C> SWITCH 

EXIT 
o- SWITCH EXIT 

Output l.2 

LOT FULL ,-;:~ I 
UGHT~ 

SWIT'EC~H~-r'~~"""I!~Blr-~~C~ 

C5:11DN 

Presst 
Accumulated 

150 
o LOT FULL 

UGHT 

r-[ ---------j 

FIGURE 8-20 Parking garage counter. 

accumulated count drops below the preset 
count and the output light switches from on 
to off. Pulsing the reset input (PB3) at any 
time will reset the accumulated count to 0 
and turn the output light off. 

Not all counter instructions count in the same 
manner. Some up-counters count only to 
their preset values. and additional counts are 
ignored. Other up-counters keep track of the 
number of counts received above the 
counter's preset value. Conversely, some 
down-counters will simply count down to 
zero and no further. Other down-counters 
may count below zero and begin counting 
down from the largest preset value that can be 
set for the PLC's counter instruction. For ex
ample. a PLC up/down-counter that has a 
maximum counter preset limit of 999 may 
count up as follows: 997. 998, 999, 000, 001, 
002 . and so on. The same counter would 
count down in the following manner: 002 . 
001. ODD. 999. 998. 997. and so on. 

A typical application for an up/down-counter 
could be to keep count of the cars that enter 
and leave a parking garage. As a car enters. it 
triggers the up-counter output instruction 
and increments the accumulated count by 1. 
Conversely. as a car leaves. it triggers the 

down-counter output instruction and decre
ments the accumulated count by 1. Because 
both the up- and down-counters have the 
same address. the accumulated value will be 
the same in both. Whenever the accumulated 
value equals the preset value. the counter 
output is energized to light up the Lot Full 
sign. Figure 8-20 shows a typical PLC pro
gram that could be used to implement the cir
cuit. A reset button has been provided to reset 
the accumulated count. 

Figure 8-21 on page 216 shows an example of 
the count-down counter instruction used as 
part of the Allen-Bradley PLC-5 and SCL-500 
controller instruction set. The information to 
be entered into the instruction is the same as 
for the count-up counter instruction. 

The CTO instruction decrements its accu
mulated value by 1 every time it is transi
tioned. It sets its done bit when the accumu
lated value is equal to or greater than the 
preset value. The CTO instruction requires 
the RES instruction to reset its accumulated 
value and status bits. Because it resets its ac
cumulated value to o. the CTO instruction 
then counts negative when it transitions. If 
the CTO instruction were used by itself with 
a positive preset value. its done bit would be 

Programming Counters 215 



CTD---- _, 
COUNT-DOWN COUNTER 
Counter CS,O 
Preset 10 
Accumulated 0 

C5:OICO 

---3 E-- Counter enable bit 

C5:0I0N 

---3 E--- Counter clone bit 

C5:OIUN 

---3 E-- Underflow status bit 

co)
ON) 

C5:0 The reset instruction resets 
-(RES}- the counter's accomulaled 

value back to zero. 

reset when the accumulated value reached 
o. Then, counting in a negative direction. the 
accumulated value would never reach its 
preset value and set the done hit. However, 
the preset can be entered with a negati ve 
value: then the done bit is set when the 
accumulated value becomes less than the 
preset value. 

FIGURE 8·21 Example of the count-down counter 
instruction. 

Figure 8-22 shows an up/down-counter pro
gram that will increase the counter's accumu
lated value when pushbutton PBl is pressed 
and will decrease the counter's accumulated 
value when pushbutton PBz is pressed. Note 
that the same address is given to the up
counter instruction, the down-counter in
struction , and the reset instruction. All three 
instructions will be looking at the same 
address in the counter file. When input A 
goes from false to true , one count is added to 
the accumulated value. When input B goes 
from fal se to true, one count is subtracted 

""." 
11 

--'---~ 

--'---~ 

--'---~ 

Ladder logic program 

CW - COUNT-UP COUNTER 
Counter lie CU 
Preset 10 
Accumulated • ON) 

CTO - COUNT-DOWN COUNTER 
Counter CS:2 
Preset I. 
Accumulated • 

C5:2 _ 

~Ic~u ------------~C }---~ 

C5,2 - C 
Ico }---, -C5,2 C 
~lo~N------~ }---~ - -~1~----------~CAES'r---~ 

fiGURE I-U Upldown-counter program. 
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Ootput A 

Output C 



from the accumulated value. The operation of 
the program can be summarized as follows: 

C5:21DN will he true. causing output C 
to be true. 

• When the CTU instruction is true, 
C5:2/CU will be true, causing output A 
to be true . 

• When the CTD instruction is true. 
C5:2 /CD will be true. causing output B 
to be true. 

• When the accumulated value is greater 
than or equal to the preset value. 

Photoelectric: 
~".., 

• Input C going true will cause both 
counter instructions to reset. When reset 
by the RES instruction. the accumulated 
value will be reset to 0 and the done bit 
will be reset. 

Figure 8-23 illustrates the operation of the 
up/down-counter program used to provide 
continuous monitoring of items in process. 

PhotoelectriC 
Material sensor .... -system 

(Iinished parts) 

(raw parts) 

L1 ",,, .. ,, 

~ 

~ 
--'-e>-- RESET TO 

ZERO 

• 
OUT·FEED 

COUNT 

(a) Process 

LaOClet logic program 

CTU-----~ 

COUNT-UP COUNTER 
Counter C5: 1 
Preset 50 
Accumulated 0 

ACCUMULATED:: No. In-process parts 

cu 
ON) 

CTO-----~ 

F------l COUNT·DOWN COUNTER CD 
ON) Counter C5: 1 

Preset 50 
Accumulated 0 -E-

_________ ----<C." 
(RES 

(b) Program 

f iGURE "1] Upldown-counter used in an in-process monitoring system. 
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An in-feed photoelectric sensor counts raw 
parts going into the system, and an out-feed 
photoelectric sensor counts finished parts 
leaving the machine. The number of parts be
tween the in-feed and out-feed is indicated by 
the accumulated count of the counter. Counts 
applied to the up-input are added, and counts 
applied to the down-input are subtracted. 
The operation of the program can be summa
rized as foll ows: 

• Before start-up, the system is completely 
empty of parts, and the counter is reset 
manually to O. 

• When the operation begins, raw parts 
move through the in-feed sensor, with 
each part generating an up count. 

• After processing, finished parts ap
pearing at the out-feed sensor generate 
down counts, so the accumulated 
count of the counter continuously 
indicates the number of in-p rocess 
parts. 

The counter preset value is irrelevant in this 
application. It does not matter whether the 
counter outputs are on or off. The output on
off logic is not used. We have arbitrarily set 
the counter's preset values to 50. 

The maximum speed of transit ions that you 
can count is determined by your program's 
scan time. For a reliable count. you r counter 
input signal must be fixed for one scan 
time. If the input changes faster than one 
scan period, the count value will become 
unreliable because counts will be missed. 
When th is situation occurs, yo u need to use 
a high-speed counter inpu t or a separate 
counter I/O module designed for high-speed 
applications. 

CASCADING COUNTERS 
Depending on the app lication, it may be 
necessary to count events that exceed the 

Ladder logic program 

Inputs 

L1 COUNT - CTU 
BUTTON COUNT·UP COUNTER 

...L~ Counter -Preset ,SOOO 
Accumulated 0 

RESET --BUTTON CTU 
...L.,...... H COUNT·UP COUNTER 

Counter -Preset ,SOOO 
Accumulated 0 

-- -1---1 [ ] F-[ -----<C - C5:0 

C
RES 

C5:1 

RES 

I---:l [I--------r---< 

fiGURE 8-24 Counting beyond the maximum count. 
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maximum number allowable per counter 
instruction. One way of accomplishing this 
count is bv interconnecting. or cascading. 
two counters. The program of Figure 8·24 
illustrates the application of the technique. In 
this program the output of the first counter is 
programmed into the input of the second 
counler. The status bits of both counters are 
programmed in series to produce an output. 
These two counters allow twice as many 
counts to be measured. 

Another method of cascading counters is 
sometimes used when an extremely large 
number of counts must be stored. For exam· 
pie, if you require a counter to count up to 
250.000, it is possible to achieve this by using 
only two counters. Figure 8·25 shows how 
the two counters wou ld be programmed for 

this purpose. Counter CS:l has a preset value 
of 500 and counter C5:2 has a preset value of 
500. Whenever counter C5:1 reaches 500, its 
done bit resets counter C5:1 and increments 
counter CS:2 by 1. When the done bit 
of counter C5 :1 has turned on and off SOD 
times. the output light becomes energized. 
Therefore. the output light turns on after 
500 x SO~. or 250.000. transitions of the 
count input. 

Some control systems incorporate a 24-h 
clock to display the time of day or to log data 
pertaining to the operation of the process. 
The logic used to implement a clock as part 
of a PLC's program is straightforward and 
simple to accomplish, A single timer in· 
struction and counter instructions are all 
you need. 

Ladder logic program 

Inputs 

" 

t'1:<>--
POl 
-Lo.

o 
__ _ 

-
-• 

CTU------, 
COUNT·UP COUNTER 
Counter _ 

Preset soo 
Accumulated 0 

CTU-------, 
COUNT-UP COUNTER 
Counler C5:2 
Preset 500 
Accumulated 0 

-(RES 

- C5:2 
1:-[ --------1(RES 

C5:2 _ 

1:--[ ---------{( 

ON 

l2 

_ 'r-.' I 
~ 

FIGURE 1-25 Cascading two counters to store an elrtremely large number of counts. 
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Ladder Iopic program 

Seconds 

OOOf----1 
ATO-----., 
RETENTIVE TIMER ON 

001 

003 

"" 
005 

T4:OION 

CS:OION 

T4:OJON 

TImer T4:0 
TIm8 base 1.0 
Preset 60 
Accumutated 0 

CTU_...:::M1",n":::,,,,,,,-_., 
COUNT·UP COUNTER 
Counler CS:O 
Preset 60 
Accumulated 0 

Hours 
CTU----'=~-___, 
COUNT-UP COUNTER 
Counter CS: 1 
Preset 24 
Accumulated 0 

T4:0 

[ I:----------«AES 
CS:OION 

[ 
CS:O 

I:--------«AES 
CS:lION 

[ 
CS:l 

f---------«AES 

FIGURE 8-26 24-h clock program. 

Figure 8-26 illustrates a timer-counter pro
gram that produces a time-of.day clock 
measuring time in hours and minutes. An 
RTO timer instruction (T4:0) is programmed 
first with a preset value of 60 seconds. This 
timer times for a 60-s period, after which its 
done bit is set. This. in turn, causes the up
counter (C5:0j of rung 001 to increment 1 
count. On the next processor scan, the timer 
is reset and begins timing again. The C5:0 
counter is preset to 60 counts, and each time 
the timer completes its time-delay period, 
its count is incremented. When this counter 
reaches its preset value of 60, its done bit is 
set. This action causes the up-counter (C5:1) 
ohung 002, which is preset for 24 counts, to 
increment 1 count. Whenever the C5 :1 

counter reaches its preset value of 24. its 
done bit is set to reset itself. The time of dav 
is generated by examining the current. or a~
cumu lated. count or time for each counter 
and the timer. Counter C5:1 indicates the 
hour of the day in 24-h military fo rmat. 
while the current minutes are represented 
by the accumulated count va lue of counter 
C5:0. The timer di splays the seconds of a 
minute as its current. or accumulated. time 
value. 

The 24-h clock ca n be used to record the 
time of an event. Figure 8-27 illustrates the 
principle of thi s technique. In this applica
tion the time of the opening of a pressure 
switch is to be recorded. The circu it is set 
into operation by pressing the reset button 
and setting the clock for the time of dav. This 
starts the 24-hour clock and sWitch-es the 
set indicating light on. Should the pressu re 
switch open at any time. the clock will 
automatically stop and the trip indicating 
light will switch on. The clock can then be 
read to dete rmine the time of opening of the 
pressure sw itch. 

~REMENTAL ENCODER· 
COUNTER APPLICATIONS 

• 

The incremental encoder shown in Fig
ure 8-28 on page 222 creates a series of 
square waves as its shaft is rotated. The 
encoder disk interrup ts the light as the 
encoder shaft is rotated to produce the square 
wave output waveform. 

The number of square waves obtained from 
the output of the encoder can be made to 
correspond to the mechanical movement 
required. For example, to divide a shaft 
revolution into 100 parts. an encoder could 
be selected to supply 100 square wave 
cycles per revolution. By using a counter to 
count those cycles . we could tell how far 
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FIGURE 8-27 Program for monitoring the time of an event. 
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the shaft had rotated . Figure 8-29 on page 
222 illustrates an example of cutting objects 
to a specified size. The object is advanced 
for a specified distance and measured by en
coder pulses to determine the correct length 
for cutting. 

measw-ement. This system accumulates the 
total length of random pieces of bar stock 
moved on a conveyor_ The operation of the 
program can be summarized as follows: 

The program in part (b) of Figw-e 8-30 on page 
223 illustrates the use of a counter for length 

• Count input pulses are generated by 
the magnetic sensor, which detects 
passing teeth on a conveyor drive 
sprocket. If 10 teeth per foot of 
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FIGURE 8-28 Incremental encoder. 
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FIGURE 8-29 Cutting objects to a specified size. 
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Incremental disk 

ElectroniCs board Output wavelorm 

Code disk 

Code track on disk 

conveyor motion pass the se nsor, the 
accumulated count of the counter 
would indicate feet in tenths . 

• The photoelectric sensor monitors a 
reference point on the convevor. When 
activated, it prevents the unit from count · 
ing. thus permitting the counter to accu· 
mulate counts only when bar stock is 
moving. 

• The counter is reset by closing the reset 
button. 

COMBINING COUNTER AND 
TIMER FUNCTIONS 

Many PLe applications use both the counter 
function and the timer function. Figure 8-31 
illustrates an automatic stacking program that 
requires both a timer and counter. In this 



e Conveyor Reflector (e 

(oa) Process 

Ladder logic program 

11 
Inputs -- 10 counts per tOOl 

CTV 

E-----31 COUNT·UP COUNTER CU 
Counter C5:1 ON) 
Preset 10 
Accumulated 0 

PHOTO 
SENSOR 

..L - C5:1 
0 [ CRES 

(b) Program 

FIGURE 8·30 Counter used for length measurement. 

process, conveyor Ml is used to stack metal 
plates onto conveyor M2. The photoelectric 
sensor provides an input pulse to the PLC 
counter each time a metal plate drops from 
conveyor Ml to M2. When 15 plates have 
been stacked. conveyor M2 is activated for 5 5 

by the PLC timer. The operation of the pro
gram can be summarized as fo llows: 

• When the start button is pressed, con
veyor Ml begins running. 

• After 15 plates have been stacked, con
veyor Ml stops and conveyor M2 begins 
running. 

• After conveyor M2 has been operated for 
5 5, it stops and the sequence is repeated 
automatically. 

• The done hit of the timer resets the timer 
and the counter and provides a momen
tary pulse to automatically restart COD

veyor M1. 

Figure 8-32 on page 225 shows a motor lock
out program. This program is designed to pre
vent a machine operator from starting a motor 
that has tripped off more than 5 times in an 

Complete Siadl 

(.) Process 

fiGURE 8-]1 Automatic stacking program. 
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Laclcler logic program 

Inpuls "" .... 11 M2 TON L2 
TIMER ON DELAY 

:j Timer T4:1 
Time base 1.0 
Preset 5 
Accumulated 0 - - M2 • [ '1/ 

Ml M2 
[ 31 

T4:1 

- ON .i.· .. 1 
CTU 
COUNT-UP COUNTER CU 
Counter C5:t ON) Preset 15 
Accumulated 0 

C5:1 • [ ( 
ON 

T4:1 
C5:1 

SiD 
(RES 

T4:1 T4:1 

SiD 
(RES 

(b ) Program 

FIGURE 8-11 (continued ) Automatic stacking program. 

hour. The operation of the program can be 
summarized as follows: 

• The normaBy open overload (OLl relay 
contact momentarHy closes each time an 
overload current is sensed. 

• Every time the motor stops due to an 
overload condition, the motor start cir· 
cuit is locked out for 5 min. 

• If the motor trips off more than 5 times 
in an hour, the motor start circuit is 
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permanently locked out and cannot 
be started untH the reset button is 
actuated. 

• The lock·out pilot light is switched on 
whenever a permanent lock-out condi
tion exists. 

Figure 8·33 on page 226 shows a product 
part flow rate program. This program is 
designed to indicate how many parts pass a 
given process point per minute. The operation 
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FIGURE 8·)2 Motor lock-out program. 

of the program can be summarized as 
follows : 

• When the start switch is closed, both the 
timer and counter are enabled. 

• The counter is pulsed for each part that 
passes the parts sensor. 

• The counting begins and the timer 
starts timing througb its t-min time 
interval. 

• At the end of 1 min, the timer done bit 
causes the counter rung to go false. Sen
sor pulses continue but do not affect 
the PLC counter. The number of parts 
for the past minutes are represented by 
the accumulated value of the counter. 

• The sequence is reset by momentarily 
opening and closing the start switch. 

A timer is sometimes used to drive a counter 
when an extremely long time-delay period is 
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Y .... ' - TON.J~~~_-, 
TIMER ON DELAY 
Timer T4:1 
TIITIe base 1.0 
Preset 60 
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EN 

DN) 
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COUNT-UP COUNTER 
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FIGURE 8-33 Product flow rate. 

required. For example. if you require a timer 
to time to 1.000,000 s. you can achieve this by 
using a single timer and counter. Figure 8-34 
shows how the timer and counter would be 
programmed for such a purpose. Timer C4:0 
has a preset value of 10,000, and counter C5:0 
has a preset value of 100. Each time the timer 
T4:0 input contact closes for 10,000 s, its 

DN Counter C5:1 
Preset 0 
Accumulated 0 

done bit resets timer T4:0 and increments 
counter C5:0 by 1. When the done bit of timer 
T4:0 has turned on and off 100 times. the out
put light becomes energized. Therefore, the 
output light turns on after 10,000 x lOa, or 
1.000.000, seconds after the timer input con
tact closes. 
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FIGURE 8-34 Timer driving a counter to produce an extremely long time-delay period. 



Chapter 8 Review 

Questions 
1. Name the three forms of PLC counter instructions. and explain the basic operation of each. 

2. State four pieces of information usually associated with a PLC counter instruction. 

3. In a Ple counter instruction, what rule applies to the addressing of the counter and reset 
instructions? 

4. When is the output of a PLe counter energized? 

5. When does the PLC counter instruction increment or decrement its current count? 

6. The counter instructions of PLCs are normally retentive. Explain what this means. 

7. a. Compare the operation of a standard PlC EXAMINE FOR ON contact with that of an off
to-on transitional contact. 

b. What is the normal function of a transitional contact used in conjunction with a counter? 

8. Identify the type of counter you would choose for each of the following situations: 

a. Count the total number of parts made during each shift. 
b. Keep track of the current number of parts in a stage of a process as they enter and exit. 
c. There are 10 parts in a full hopper. As parts leave, keep track of the number of parts remaining 

in the hopper. 

9. Describe the basic programming process involved in the cascading of two counters. 

10. In addition to count measurement, what other type of measurement is commonly performed 
using a counter? 

11. a. When is the overflow bit of an up·counter set? 
b. When is the underflow bit of a down-counter set? 

12. Describe two common applications for counters. 

13. What determines the maximum speed of transitions that a PlC counter can count? Why? 
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Problems 
1. Study the ladder logic program in Figure 8-35, and answer the questions that follow: 

a. What type of (ounter has been programmed? 

b. When would output 0:2/0 be energized? 

c. When would output 0:2/1 be energized? 
d. Suppose your accumulated value is 24 and you lose ac line power to the controller. When power 

is restored to your controller. what will your accumulated value be? 

e. Rung 4 goes true and while it is true, rung 1 goes through five false-Ie-true transitions of rung 
conditions. What is the accumulated value of the (ounter after this sequence of events? 

f. When will the (ount be incremented? 

g. When will the count be reset? 

Ladder logic program 

.1:111 

Rung 1 1----:...: f----
CTUJ----
COUNT-UP COUNTER 
COI.Inler C5:1 
Preset 50 
Accumulated 0 

cu 
ON) 

C,:;: l /DN 0:210 

",o, 2f---_ rE-----------( 

",0, 31-_~ .. C57~r"~ ___________ _ 
~ : 1 12 C5:1 

"'0,. 1---1 J tE---------- ---("" 

FIGURE 8-35 
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FIGURE 8·36 

2. Study the ladder logic program in Figure 8-36, and answer the questions that follow: 

a. Suppose the input pushbutton is actuated from off to on and remains held on. How wi ll the 
status of output 83:0/9 be affected? 

b. Suppose the input pushbuton is now released to the normally off position and remains off. How 
will the status of output 83 :0/9 be affected? 

3. Study the ladder logic ladder program in Figure 8-37, and answer the questions that follow: 

a. What type of counter has been programmed? 

b. What input address wilt cause the counter to increment? 

c. What input address will cause the counter to decrement? 

d. What input address will reset the counter to a count of zero? 

e. When would output 0:612 be energized? 

f. Suppose the counter is first reset, and then input I:lf6 is actuated 15 times and input 1:3/8 is 
actuated 5 times. What is the accumulated count value? 

230 Chapter 8 

1:216 

1:3/8 

Ladder logic program 
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4. Design a PlC program .and prepare a ~pica~ 110 connection diagram and ladder logic 
program for the following counter specifications: 

• Counts the number of times a pushbutton is dosed. 
• Decrements the accumulated value of the counter each time a second pushbutton is dosed. 
• Turns on a light any time the accumulated value of the counter is less than 20. 
• Turns on a second light when the accumulated value of the counter is equal to or greater 

than 20. 
• Resets the counter to 0 when a selector switch is dosed. 

5. Design a PlC program and prepare a typical lIO connection diagram and ladder logic 
program that will execute the following control circuit correctly: 

• Turns on a nonretentive timer when a switch is dosed (preset value of timer is 10 s). 
• Resets timer automatically through a programmed transitional contact when it times out. 

• Counts the number of times the timer goes to lOs. 
• Resets counter automatically through a second programmed transitional contact at a count of 5. 

• latches on a light at the count of 5. 

• Resets light to off and counter to 0 when a selector switch is dosed. 

6. Design a PlC program and prepare a typical lIO connection diagram and ladder logic 
program that will correctly execute the industrial control process in Figure 8-38. The sequence 
of operation is as follows: 

• Product in position (limit switch lSl contacts dose) . 
• The start button is pressed and the conveyor motor starts to move the product forward toward 

position A (limit switch lSl contacts open when the actuating arm returns to its normal position). 

• The conveyor moves the product forward to position A and stops (position detected by 8 off-to
on output pulses from the encoder, which are counted by an up-counter). 

• A time delay of 10 s occurs, aher which the conveyor starts to move the product to limit switch 
lS2 and stops (lS2 contacts dose when the actuating arm is hit by the product). 

• An emergency stop bunon is used to stop the process at any time. 

• If the sequence is interrupted by an emergency stop, counter and timer are reset automatically. 

LS ' 

~ 
Q , , , , 

Forward -
Encoder 

FIGURE 8-]8 

Position 
A 

I LS2 

~ 
a 
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7. Answer the following questions with reference to the up/down-counter program shown in 
Figure 8-22. Assume that the following sequence of events occur: . 

• Input C is momentarily closed. 
• 20 on/off transitions of input A occur. 
• 5 on/off transitions of input 8 occur. 

As a result: 

a. What is the accumulated count of counter CTU? 
b. What is the accumulated count of counter (TO? 
c. What is the state of output A? 
d. What is the state of output 8? 
e. What is the state of output C? 

8. Write a program to implement the process illustrated in Figure 8-39. An up-counter must be 
programmed as part of a batch-counting operation to sort parts automatically for quality 
control. The counter is insta lled to divert 1 part out of every 1000 for quality control or 
inspection purposes. The circuit operates as follows: 

• A start/stop pushbutton station is used to turn the conveyor motor on and off. 
• A proximity sensor counts the parts as they pass by on the conveyor. 
• When a count of 1000 is reached, the counter's output activates the gate solenoid, diverting the 

part to the inspection line. 
• The gate solenoid is energized for 2 s, which allows enough time for the part to continue to the 

quality control line. 
• The gate returns to its normal position when the 2-s time period ends. 

• The counter resets to a and continues to accumulate counts. 
• A reset pushbutton is provided to reset the counter manually. 

Parts conveyer 
hoe 

Pro_,mity 
switch 

FIGURE 8-] 9 
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9. Write a program that will increment a counter's accumulated value 1 count every 60 s. A 
second counter's accumulated value will increment 1 count every time the first counter's 
accumulated value reaches 60. The first counter will reset when its accumulated value 
reaches 60, and the second counter will reset when its accumulated value reaches 12. 

10. Write a program to implement the process illustrated in Figure 8-40. A company that makes 
electronic assembly kits needs a counter to count and control the number of resistors placed 
into each kit. The controller must stop the take-up spool at a predetermined amount of 
resistors (100) . A worker on the floor will then cut the resistor strip and place it in the kit. 
The circuit operates as follows: 

• A start/stop pushbutton station is used to turn the spool motor drive on and off manually. 

• A through·beam sensor counts the resistors as they pass by. 

• A counter preset for 100 (the amount of resistors in each kit) will automatically stop the take-up 
spool when the accumulated count reaches 100. 

• A second counter is provided to count the grand total used. 

• Manual reset buttons are provided for each counter. 

FIGURE 8-40 

Through·beam 
sensor 

Spool 
motor drive 
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11. Write a program that will latch on a light 20 s after an input switch has been turned on. The 
timer will continue to cycle up to 20 s and reset itself until the input switch has been turned 
off. After the third time the timer has timed to 20 s, the light will be unlatched. 

12. Write a program that will turn a light on when a count reaches 20. The light is then to go 
off when a count of 30 is reached. 

13. Write a program to implement the box-stacking process illustrated in Figure 8-41. This 
application requires the control of a conveyor belt that feeds a mechanical stacker. The 
stacker can stack various numbers of cartons of ceiling tile onto each pallet (depending on 
the pallet size and the preset value of the counter) . When the required number of cartons 
has been stacked, the conveyor is stopped until the loaded pallet is removed and an empty 
pallet is placed onto the loading area. A photoelectric sensor will be used to provide count 
pulses to the counter after each carton passes by. In addition to a conveyor motor start/stop 
station, a remote reset button is provided to allow the operator to reset the system from the 
forklift after an empty pallet is placed onto the loading area. The operation of this system 
can be summarized as follows: 

• The conveyor is started by pressing the start button. 

• As each box passes the photoelectric sensor, a count is registered . 

• When the preset value is reached (in this case, 12), the conveyor belt turns off. 

• The forklift operator removes the loaded pallet. 

• After the empty pallet is in position, the forklift operator presses the remote reset button, which 
then starts the whole cycle over again. 

FIGURE 8-41 
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14. Write a program to operate a light according to the following sequence: 

• A momentary pushbutton is pressed to start the sequence. 

• The light is switched on and remains on for 2 s. 

• The light is then switched off and remains off for 2 s. 

• A counter is incremented by 1 after this sequence. 

• The sequence then repeats for a total of 4 counts. 

• After the fourth count, the sequence will stop and the counter will be reset to zero. 



After completing this chapter. you will be able 
to: 

• State the purpose of program control 
instructions 

• Describe the operation of the master control 
reset instruction, and develop an elementary 
program illustrating its use 

• Describe the operation of the jump 
instruction and the label instruction 

• Explain the function of subroutines 

• Describe the immediate input and output 
instructions function 

• Describe the forcing capability of the PlC 

• Describe safety considerations built into PlCs 
and programmed into a PlC installation 

• Describe the function of the selectable timed 
interrupt and fault routine files 

• Explain how the temporary end instruction 
can be used to troubleshoot a program 

tfuJ 

• 

The program control instructions 

covered in this chapter are used to alter 

the program scan from its normal 

sequence. The use of program control 

instructions can shorten the time 

required to complete a program scan. 

Portions of the program not being 

utilized at any particular time can be 

jumped over, and outputs in specific 

zones in the program can be left in 

their desired states. Typical industrial 

program control applications are 

explained. 



Program control 

instructions optimize the 

total system response by 

executing certain routines 

only when required. 
(© M ike Clemmer/CORBIS) 
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~STER CONTROL RESET 
INSTRUCTION 

• 

Several outpuHype instructions. which are 
often referred to as override instructions. 
provide a means of executing sections of the 
control logic if certai n conditions are met. 
These program control instructions allow fo r 
greater program fl ex ibility and greater effi · 
ciency in the program scan. Port ions of the 
program not being utilized at an y parti cular 
time can be jumped over. and outputs in spe
cific zones in the program can be left in their 
des ired states . 

Figure 9-1 shows typica l program control 
instructions based on the Allen-Bradiev 
SLC-SOO PLC and its associated RSLogix soft 
ware . Instructions comprising the override 
instruction group include the moster control 
reset (Me R). and jump (JMP) instructions. 
These operations are accomplished by using 
a series of conditiona l and uncond iti onal 
branches and return instructions. The\' all 
operate over a user-speci fi ed range. section. 
or zone of processor logic. The size of the 
zone is speci fied in some manner as part of 
the instruction. 

Hardll';red master control rela\'s are used in 
relay circuitry to provide input/o utput power 

Program Control J( Ascii Control J( AscII String I< Mlcr4 

Command Name Description 

JMP Jump to label 
Jump lorward l baekward to a 
cOffesponcling Iabel lnSlfuction 

LBL label Specilies tabet location 

JSR Jump to Subroutine 
Jump to a clesignated subrouline 
instruction 

RET Retum Irom Subroutine 
ExilS CtJrrenl subroutine and 
relurns to previous condition 

SBR Subroutine Identities the subroutine program 

TNO Temporary End 
Makes a temporary end that halts 
program execuliOn 

MeR Masler Control Aesel 
Clears all set outputs between 
the paried MeA instructions 

Identities specitic conditions for 

SUS ""-' program debugging and system 
trO\.lOleshooting 

FIGURE 9-' Program control commands based on the Allen-Bradley Sl C-SOO PlC 
and its associated RSlogix software. 



" y 

MA$TERSTOP 

_""R 

-.L 

'----1 ~ 
CR' 

CR2 M1 

l2 

r 

MCR 

CR 

-.L 
OL 

M1 

CR1 
OL 

~l+-----1 f------{ M2 }----th 

FIGURE 9·2 Hardwired marter control re lay circuit. 

shutdown of an entire circuit. Figure 9-2 
shows a typical hardwired master control 
relay circuit. In this circuit . unless the master 
control relay coil is energized. there is no 

power flow to the load side of the MeR 
contacts. 

The master control relay circuit shown in Fig
ure 9-2 CQuid not be programmed into the 
PLC as it appears because it contains two 
vertical contacts. For this reason. most PLC 
manufacturers include some form of master 
control relay as part of their instruct ion set. 
These instructions function in a similar man
ner to the hardwired master contro l relay; 
that is. when the instruction is true. the cir
cuit functions normally. and when the in
struction is false. outputs are switched off. 
Because these instructions are not hardwired 
but programmed, for safety reasons they 
should not be used as a substitute for a hard· 
wired master control relay, which provides 
emergency 110 power shutdown. 

The master control reset instruction can be 
programmed to control an entire circuit or 
to control only selected rungs of a circuit. 
In the program of Figure 9·3. the MeR is 
programmed to control an entire circuit . 

Ladder logic program 
11 Inputs Outputs L2 

-.lo-_ -[ ~CR - - • • When MeR 

~~ 
is de-energized. 
all nonretentive - , / ou1pu~ 

• de-energize . 

-1-0-_ M 
/ , 

• - Eo ( - _ WhenMCR 

• - is de-energized. 

[ ( L aM retentive 
outputs remain 0-. - - in last slate. 

E ( u - MeR 

FIGURE 9-1 Master control reset (MeR) instruction programm@d to control an entire circuit. 
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Z40 

When the MCR instruction is false. or de
energized. all non retentive (nonlatched) rungs 
below the MCR will be de-energized even if 
the programmed logic for each rung is true. 
All retentive rungs will remain in their last 
state. The MCR instruction establishes a zone 
in the user program in which all nonretentive 
outputs can be turned off simultaneously. 
Therefore. retentive instructions should not 
normally be placed within an MCR zone 
because the MCR zone maintains retentive in
structions in the last active state when the 
instruction goes false. 

For Allen-Bradley PLC-5 and SLC-500 con
trollers. a master control reset instruction sets 
up a zone or multiple zones in a program. The 
MCR instruction is used in pairs to disable or 
enable a zone within a ladder program. and it 
has no address. Figure 9-4 shows the program
ming of a typical MCR zone. The operation of 
the program can be summarized as follows: 

• The MCR zone is enclosed by a start 
fence. which is a rung with a cond i
tional MCR. and an end fence . which is 
a rung with an unconditional MCR 

• When the MCR in the start rung is true 
(input A is true), outputs act according 
to their rung logic as if the zone did 
not exist. 

• When the MCR in the start fence is 
false. all rungs within the zone are 
treated as false. The scan ignores the 
inputs and de-e nergizes all nonreten
live outputs (that is, the output ener
gize instruction , the on-delay timer. 
and the off-delay timer) . All retentive 
devices. such as latches. retentive 
timers. and counte rs, remain in their 
last state. 

• When input A is false. output A and 
T4:1 will be false and output B will 
remain in its last state. The input condi · 
tions in each rung will have no effect 
on the output conditions. 

• Allen-Bradley MCRs cannot be nested in 
a program; that is. it is not possible to 
use an MCR zone inside another MCR 
zone. 

• Multiple MCR zones are permitted in a 
program. 

Ll Inputs Ladder logic program OulPliIS L2 

Slarllence - ACTIVE 

f-----! - -f-----! ! ( 

+---<>....,,~ Inpul A OulplJI 

_ , TON 
~ f=- T!MER ON DELAY 

Timer T4:1 
----¢>N) Time base 1.0 

Presel 10 
Accumulaled 0 

t--<>..L<>- Inpul B 

...L 
O---<Inpul C 

Oulpul 

-!---J E -(L -!---J E -(u 

End fence 

Ca) MeR lone Irue. 

FIGURE 9-4 MeR instruction programmed to control a fenced l one. 
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Lackler logic program Outputs L2 
U Inp!.lts - Start 'ence 

O---< 'nput A - -.. ( 

Input C TON 
l~ul8 TIMEA ON DELAY EN 

Timer T4:1 
OulpO' Time base >.0 .. 

.J...O-- Input C 
Preset 10 
Accumulated 0 

InptJt 0 Latch output 8 

[ o(L 
Inp!.ltD - Unlatch output 8 

o(u 

Input E 
End 'ence 

ib) MeR zone talse. 

FIGURE 9-4 (continued) MeR instruction programmed to (ontrol a fenced zone , 

A common application of an MCR zone can
trot invotves examining one or more fauh 
bits as part of the start fence and enclosing 
the portion of the program you want de
energized in case of a fault in the MCR zone. 
In case of a detected fault condition, the 
outputs in that zone would be de-energized 
automatically. 

The master control reset instruction oper
ates the same in the Allen-Bradley Controt
Logix controller as it does in the PLC-5 and 
SLC-500 controllers. You use the MCR in
struction in pairs. which creates a zone be
tween instructions. It does not have an ad
dress . You program the first MCR with input 
instructions in the rung and the ending 
MCR without the any other instructions in 
the rung. 

If you start instructions such as timers or 
counters in an MCR zone, instruction opera
tion ceases when the zone is disabled. The 
TOF timer wiB activate when ptaced inside a 
false MCR zone. When troubleshooting a pro
gram that contains an MeR zone, you need to 

be aware of which rungs are within zones in 
order to correctly edit the circuit. 

MCR-controlled areas must contain only two 
MeR instructions-one to define the start and 
one to define the end. Never overlap or nest 
MCR zones. Any additional MCR instruc
tions, or a jump instruction programmed to 
jump to an MCR zone, could produce unex
pected and damaging results to your program 
and to machine operation. 

JUMP INSTRUCTIONS 
AND SUBROUTINES 

Like in computer programming, in PLC pro
gramming it is sometimes desirable to be able 
to jump over certain program instructions if 
certain conditions exist. The jump (JMP) in
struction is an output instruction used for 
this purpose. The advantage to the jump in
struction is that you can reduce the processor 
scan time by jumping over instructions not 
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pertinent to the machine's operation at that 
instant. Other useful functions of the jump 
instruction are the following: 

• The programmable controller can hold 
more than one program and scan only 
the program appropriate to operator 
requirements. 

• Sections of a program can be jumped 
when a production fault occurs. 

Most PLC manufacturers include a jump in
struction as part of their instruction set. Some 
manufacturers provide a skip instruction. 
which is essentially the same as the jump in
struction. By using the jump instruction , you 
can branch or skip to different portions of a 
program (as illustrated in Fig. 9-5) and freeze 
all affected outputs in their last state. Jumps 
are normally allowed in both the forward 
and backward directions. Jumping over coun
ters and timers will stop them from being 
incremented. 

With Allen-Bradley programmable controllers. 
the jump OMP) instruction and the label 
(LBL) instruction are employed together so 
the scan can jump over a portion of the 
program. The label is a target for the jump; it 
is the first instruction in the rung. and it is 
always true. A jump instruction jumps to a 
label with the same address. The area that 

Program 1 
~" 

--E~ __ ~-
Program scan 1 

continued 

FIGURE 9-5 Jump operation. 
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the processor jumps over is defined by the 
locations of the jump and label instructions 
in the program. If the jump coil is energized. 
all logic between the jump and label instruc
tions is bypassed and the processor cont inues 
scanning after the LBL instruction. 

Figure 9-6 shows a simple example of a 
jump-to-Iabel program. The label instruction 
is used to identify the ladder rung that is the 
target destination of the jump instruction. 
The label address number must match that 
of the jump instruction with which it is 
used. The label instruction does not con
tribute to logic continuity. and for all practi
cal purposes. it is always logically true. 
When rung 4 has logic continuit y. the 
processor is instructed to jump to rung 8 and 
continue to execute the main program from 
that point. Jumped rungs 5, 6. and 7 are not 
scanned by the processor. Input conditions 
are not examined and outputs controlled by 
these rungs remain in their last sta te . Any 
timers or counters programmed within the 
jump area cease to function and will not 
update themselves during this period. For 
this reason they should be programmed 
outside the jumped section in the main 
program zone. 

You can jump to the same label from multiple 
jump locations. as illustrated in the program 
of Figure 9-7 on page 244 . In this example, 
there are two jump instructions numbered 20. 
There is a single label numbered 20. The scan 
can then jump from either jump instruction 
to label 20. depending on whether input A or 
input D is true. 

It is possible to jump backward in the pro
gram. but this should not be done an exees· 
sive number of times. Care must be taken 
that the scan does not remain in a loop too 
long. The processor has a watchd.og timer 
that sets the maximum allowable hme for a 
total program scan. If this time is exceeded. 
the processor will indicate a fault and shut 
down. 

In the SLC-SOO or PLC-5. the JMP will have 
a number from 0 to 255. and the corresponding 
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14:6 

H---l [ON 
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TIMER ON DELAY 
T.mer T4.6 
Time base 1.0 
Preset 5 
Accumulated 0 -( ., 
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~LSI 
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• -[ ( - -[ -{ - T4:6 -• y-tr lON ( 
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• -,·f-ti -{ 

FIGURE '·6 Jump·ta·label program. 

LBL will have the same number. In the 
ControlLogix controller. the IMP and corre
sponding LBL have the same name. The name 
can be up to 40 characters. including letters. 
numbers. and underscores. 

You should never jump into an MCR zone. In
structions that are programmed within the 
MCR zone starting at the LBL instruction and 
ending at the end MCR instruction will al
ways be evaluated as though the MCR zone is 

/ , 

, / 

/ , 

Jumped program rungs 
are notscanned by the 
pr0C8SSOf. 

Input conditions are not 
examined. and outputs 
remain in their last state. 

true. without consideration to the state of the 
start MCR instruction. 

Again, as in computer programming. another 
valuable tool in PLC programming is to be 
able to escape from the main program and 
go to a program subroutine to perform certain 
functions and then return to the main pro
gram. In situations in which a machine has a 
portion of its cycle that must be repeated 
several times during one machine cycle. the 
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Ladder logic program 

A 

B 

Input D 

I------i 

TIMER ON 
Timer 
Time base 
Preset 

F 

A 

o 

FIGURE 9-1 Jump-to-Iabel from two locations. 

subroutine can save a great deal of duplicate 
programming. The subroutine concept is the 
same for all programmable controllers. but 
the method used to call and return from a 
subroutine uses different commands. de
pending on the PLC manufacturer. For Allen
Bradley controllers. the subroutine will be 
acted on when the rung containing the jump· 
to-subroutine OSR) is true. The CPU will then 
look for the destination address at an LBL in 
the subroutine area (Fig. 9-8). The subroutine 

Program rungs 

ii 

Returns to naK! 
instruction after JSR 

FIGURE 9-8 Jump-ta-subroutine operation. 
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must always be completed with a return. This 
return rung is always unconditional. The exit 
from the subroutine is always returned to the 
rung following the JSR in the main applica
tion program. When the rung containing the 
JSR goes false. all outputs in the subroutine 
area are held in their last state. either ener
gized or de-energized. 

Figure 9-9 shows the three Allen-Bradley 
subroutine-related instructions. The function 
of each is summarized as follows: 

JSR The JSR instruction causes the scan to' 
jump to the program file designated in the 
instruction. It is the only parameter entered 
in the instruction. When rung conditions 
are true for this output instruction. it causes 
the processor to jump to the targeted sub
routine file. Each subroutine must have a 
unique file number (decimal 3-255). 

SBR The SBR instruction is the first instruc
tion on the first rung in the subroutine file. 
It serves as an identifier that the program 
file is a subroutine. This file number is 
used in the JSR instruction to identify the 



JSR----~ 

JUMP·To-SUBROUTINE 
SBA FIle Nl,HTIber U. 

r RET H ---"1 F\ETUAN 

~IGU RE 9·9 Subroutine-related instructions, 

large t to which the program sho uld jump. 
Iii :, al\\"an; true. and alt hough its use is op
tional. it "is still recom mended . 

RET The RET instruction is an outpu t in
st ru ction thai marks the end of the sub· 
rOll!int~ fih~. It ca uses the sca n to return to 
tbe main prog ram al the inst ruct io n fol
lowing the ISR instruction where it exited 
the program. The scan returns from the 
end of tht> file if the re is no RET instruc
tion. The rung containing the RET in
s t ruction rna\' be condiliona l if thi s 
rung precedes' the end of the subrou tine. 
In thi s way. the processo r omi ts the bal
ance of a subroutine on ly if its ru ng 
cond ition is true. 

Figure 9-10 shows a materials conveyor sys
tem with a fla shing pilot light as a subrou
tine. If the weight on the conveyor exceeds a 
prese t \·a lue. the solenoid is de-e nergized 
and the alarm light w ill begi n flashing . 
When the weight senso r sw itch closes. the 
ISR is activated and the processor scan 
jumps to the subroutine area. The subrou 
tine is con tinua ll y scanned and the light 
flashes. When the senso r switch opens. the 
processor w ill no longer scan the subroutine 
area and the alarm light will return to the on 
state. 

Allen-Bradl ev PLC-5 and SLC-500 controller 
subroutines ace located in different program 
files than the main program is. The main pro
gram is located in program file 2. whereas 
subroutines are assigned to program file num
bers 3 to 255. Each subroutin e must be pro
grammed in its own program file by assigning 

it a unique file number. Figure 9-11 on page 247 
illustrates the use of the jump-Io-subroutine. 
subroutine. and return instructions . The proce
dure for setting up a subroutine is as follows: 

• Note each ladder loca ti on where a sub
routine should be ca ll ed. 

• Create a subroutine file for each loca
tion . Each subroutine file should begin 
wit h an SBR ins tructi on. 

• At each ladde r location w here a 
subroutine is ca lled . program a ISR 
instruction speci fying the subroutine 
fi le number. 

• The RET inst ruction is op ti onal. 
The end of a subroutine program wi ll 
cause a return to the main program. 
If vou want to end a subrout ine pro
gram before it executes to the end of 
program fil e. a condi tional return 
(RET) inst ruction rna\' be used. 

An optional SBR instruction is the header in 
st ruc tion that stores incoming parameters. 
Thi s feature lets you pass selected \'a lues to a 
subroutine before execution so the subrou
tine can perform mathematical or log ica l op
era ti ons on the data and retu rn the results to 

, / • / , 

Mo' .. 

(a) Process 

FIGURE 9·10 f lashing pilot light subroutine. 
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liTe 2 

11 
InpulS _ JSR ___ ~" 

I---~ ~----li JUMP·lO-SUBROUTINE 
Outputs 
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SSR Ille number U:3 
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0 
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- SENSOR SO~ 
[ u- ( 

SubfOutine 
lile 3 

TON 
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Timer T",. ~EN~ 
Time base 1.0 DN 
Preset , 
Accumulated • 

~ON 
~TON 

TIMER ON DELAY 
Timer " , k EN 
Time base 1 0 WON 
Preset , 
AccumUlaTed • 

(b) Program 

FIGURE 9·10 (cont inued) Flashing pilot light subroutine. 

the main program. For example, the program 
shown in Figure 9-12 will cause the scan to 
jump from the main program file to program 
file 4 when input A is true. When the scan 
jumps to program file 4, data will also be 
passed from N7:30 to N7:40. When the scan 
returns to the main program from program 
file 4. data will be passed from N7:50 to 
N7,60. 

Nesting subroutines allows you to direct 
program flow from the main program to a 
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subroutine and then to another subroutine, 
as illustrated in Figure 9-13 on page 248. 
Nested subroutines make complex program
ming easier and program operation faster be
cause the programmer does not have to con
tinually return from one subroutine to enter 
another. Programming nested subroutines 
may cause scan time problems because 
while the subroutine is being scanned. the 
main program is not. Excessive delays in 
scanning the main program may cause the 
outputs to operate later than required. This 



Main pmgrIIm 

"'e2 

SR 
JUMP-Ta-SUBROUTINE 
SBR fole number 3 

1"e3 

seA ~ SUBROUTINE 

.-----: 

.-------------~( H 

FIGURE '-11 Setting up a subroutine file. 
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• • 
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Subroutine 
file 4 
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SUBROUTINE [-{ 
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Main program 
lile 2 

'SR 
JUMP· TO-SU8Il0UTlNE 

SBRlile3 

'SR 

Levell 
lile3 

JUMP· TO-SUBAOUTlNE 

SBRlile4 

RET 
RETURN 

FIGURE 9·13 Nested subroutines. 

situation may be avoided by updating criti
ca l I/O using immediate input andlor imme
diate output instructions. 

IMMEDIATE INPUT AND 
IMMEDIATE OUTPUT 
INSTRUCTIONS 

The immediate input and immediate output 
instructions interrupt the normal program 
scan to update the input image table file with 
current input data or to update an output 
module group with the current output image 
table file data . These instructions are in
tended to be used only in areas where time or 
timing is critical. 

The immediate input (liN) Allen-Bradley 
PLC-5 instruction is used to read an input 
condition before the 110 update is performed. 
This operation interrupts the program scan 
when it is executed. After the immediate in
put instruction is executed. normal program 
scan resumes. This instruction is used with 
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'SR 

Level 2 
lile4 

JUMP-TO SUBAOUllNE 

SBR lile 5 

RET 
RETURN 

levelJ 
lile 5 

SBR 
SUBROUTINE 

critical input dev ices that require updating in 
advance of the I/O scan. 

The operation of the immediate input instruc· 
tion is illustrated in Figure 9-14. When the 
program scan reaches the immediate input in
struction, the scan is interrupted and the bits 
of the addressed word are updated. The im
mediate input is most useful if the instruction 
associated with the critical input device is at 
the middle or toward the end of the program. 
The immediate input is not needed near the 
beginning of the program since the I/O scan 
has just occurred at that time. Although the 
immediate input instruction speeds the up
dating of bits, its scan-time interruption in
creases the total scan time of the program. 

The immediate output (lOT) Allen-Bradley 
PLC-5 instruction is a special version of the 
OUTPUT ENERGIZE instruction used to up
date the status of an output device before the 
I/O update is performed. The immediate out
put is used with critical output devices that 
require updating in advance of the I/O scan. 
The operation of the immediate output in
struction is illustrated in Figure 9-15 on page 
250. When the program scan reaches the 



When the program scan 
reaches a true liN instruction. 
the scan is interrupted and 
the processor updates silCleen 
bits in the input image table 
at the location indicated on the 
liN instruc;tion. The two-digit 
address on the liN instruc;tiOn 
is comprised 01 the rack 
number (Iirst digit) and the 
nllmber (first digit}and the 

__ P"",~m """ 

Immediate input instruction 
interrupts program scan 
and e~amines bits in word 
1:012 here in program 

Returns 10 
program 

""" 

Module 
group 
(input) 

110 group number containing the 
input or inputs that need 
immediate updating (second digit). 

word l :O' 2 -PIIJ:IrP:IDIIJ:Ij 

FIGURE 9·14 Immediate input instruction. 

immediate output instruction . the scan is in· 
terrupted and the bits of the addressed word 
are updated. 

The Allen-Bradley SLC-SOO PLC's immediate 
110 instructions contain a few improvements 
over those of the PLC-s. The SLC-sOO's in
structions, which are called immediate input 
~dth mask (11M) and immediate output with 
mask (10M). allow the programmer to specify 
which of the 16 bits are to be copied from an 
input module to the input image data table 
(or from the output image table to an output 
module) . The other bits in the input image 
table or output module are not affected by 
these instructions. In addition , the SLC-SOO 
instructions allow you to input or output a se· 
ries of data words from a single input module 
or output a series of data words to an output 
module. 

L- 16 bits --~IE :EI---o-J 
tromone 

module group 
wrinen into 
input image Rack 1 
table word 

The symbol for the immediate input with 
mask (lIM) instruction is illustrated in Figure 
9-16 on page 250. The lIM instruction operates 
on the inputs assigned to a particular word of 
a slot. When the 11M rung is true . the program 
scan is interrupted, and data from a specific 
input slot is transferred through the mask to 
an input data file . This data is then available 
to the commands in the ladder following the 
lIM instruction. The following parameters are 
entered in the instruction: 

Slot Specifies the slot and word that contain 
the data to be updated. For example, 1:3.0 
means the input of slot 3, word o. In the 
SLC fixed and 5101 controllers. there can 
be up to 8 words associated with the slot. 
In the SLC 5/02, 5/03, 5/04. and 5/05 con
trollers, there can be up to 32 words associ
ated with the slot. 
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When the program scan 
reaches a true lOT 
inSlrlJ(;Hon, Ihe scan is 
interrupted and the data 
in the output image table 
at the word address on 
the instruction are 
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output energize instruction 
Thus, the output image table 
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and then the data are 
transferred 10 the 
feal-world outputs. 

Program scan 
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program 
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output image table wo,d to 
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FIGURE 9-15 Immediate output instruction. 
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I ~ I t K Inpul / Output J( Compare ;{ ComputeJMaTh ;{ MoveJLog,4 

IIM _ _ _ __ --, 

ImmMlale Input wf Mask 

SIo, 
Mask 
Length 

11 .0 
OOOFh 

FIGURE 9·16 11M instruction. In this example the 11M instruction 
retrieves data from 1:1.0 and passes it through the mask. The 
mask permits only the four least significant bits to be moved to 
the input register 1:1.0, allowing the programmer to update only 
sections of the inputs to be used throughout the rest of the 
program. 
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FIGURE 9-17 10M instruction . 

Mask Spec ifi es ei ther a hex constant or a 
register address . For the mask. a 1 in the 
bit position passes data from the source to 
the destination . A 0 inhibits or blocks bits 
from passing from the source to the desti 
nation. 

length Used to transfer more than one word 
per sial: found only in SLC 5/03, 5/04 and 
5/05 processors. 

The svmbol for the immediate output with 
mask "(10M) instruction is illustrated in Fig
uce 9·17. The 10M operates on the physical 
output s assigned to a particular word of a 
slot. When the 10M rung is true. the program 
scan is interrupted to update output data to 
the module located in the slot specified in the 
instruction. This data is then available to the 
commands in the ladder following the 10M 
instruction. The parameters entered are basi
ca lly the same as those entered for the 11M 
instruction . 

Processor communication with the local 
chassis is many times faster than communica
tion with the remote chassis. This is due to 
the fact that local 110 scan is synchronous 
with the program scan and communication is 
in parallel with the processor. whereas the re
mote 110 scan is asynchronous with the pro
gram scan and conununication with remote 
110 is serial. For this reason, fast-acting de
vices should be wired into the local chassis. 

~RCING EXTERNAL 110 
ADDRESSES 

• 

The forcing capability of a PLC allows the 
user to turn an external input or output on or 
off from the keyboard of the programmer. 
This step is accomplished regardless of the 
actual state of the field device (limit switch. 
etc.) for an input or logic cung for an output. 
This capability allows a machine or process 
to continue operation until a faulty field de
vice can be repaired. It is also valuable during 
start-up and troubleshooting of a machine or 
process to simulate the action of portions of 
the program that have not yet been imple
mented. 

Forcing inputs manipulates the input image 
table file bits and thus affects all areas of the 
program that use those bits. The forcing of in
puts is done just after the input scan. When 
we force an input address. we are forcing the 
status bit of the instruction at the 110 address 
to an on or off state. Figure 9-18 on page 252 
illustrates how an input is forced on. The 
processor ignores the actual state of the limit 
switch (which is oft) and considers input 1:1 /3 
as being in the on state. The program scan 
records this, and the program is executed with 
this forced status. In other words. the program 
is executed as if the limit switch were actually 
closed. 
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Force> ON ,oj 

0215 0216 0216 M 

FIGURE 9·18 Forcing an input address on. 

Forcing outputs affects only the addressed 
output terminal. Therefore. since the output 
image table file bits are unaffected, your pro
gram will be unaffected. The forcing of out
puts is done just before the output image 
table file is updated. When we force an out
put address. we are forcing only the output 
terminal to an on or off state. The status bit of 
the output instruction at the address is usu
ally not affected. Figure 9-19 illustrates how 
an output is forced on. The programming ter
minal acts in conjunction with the processor 
to turn output 0 :2/5 on even though the out
put image table file indicates that the user 
logic is setting the point to off. Output 0 :2/6 
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remains off because the status bit of output 
0:2/5 is not affected. 

Overriding of physical inputs on com'en
tional relay contro l systems can be accom
plished by installing hardwire jumpers. With 
PLC contro l hard wire jumpers are not neces
sary because the input data table values can 
be forced to an on or off state. The force func
tion allows you to override the actual status 
of external input circuits by forcing external 
data bits on or off. Similarly. you can override 
the processor logic and status of output data 
file bits by forcing output bits on or off. 
By forCing outputs off. you can prevent the 
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Status o! bit 
02·5 remains .. , 

Output module 

Field output 
devices 

Programming terminal 

ladder logic program 

It Input 

~1:'f3 -[ - Outputs 

-< Force>ON 

- f---[ - -----1( 
FIGURE 9·'9 forcing an output address on. 

controller from energizing those outputs even 
though the ladder logic, which normally con
trols them, may be true. In other instances, 
outputs may be forced on even though logic 
for the rungs controlling those outputs may 
be false. 

You can enter and enable or disable forces 
while you are monitoring your file offline, or 
in any processor mode while monitoring your 
file online. With RSLogic software. the steps 
are as follows: 

1. Open the program file in which you 
want to force the logic on or off. 

2. With the right mouse button. click the 
I/O bit you want to force. 

3. From the menu that appears. select 
Goto Data Table. 

4. From the associated data table that 
appears, click on the Forces button. 

5. The Forces version of the data table 
appears with the selected bit high
lighted. Click on this bit with the 
right mouse button. 

6. From the menu that appears. you can 
force the selected bit on or off. 

Figure 9-20 on page 254 shows the forces ver
sion of the data table with bit 1:1/3 forced on. 
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FIGURE 9-20 Forces version of the data table with bit I: 1f3 forced on . 

Exercise ca re when you use forcing functions. 
Forci ng fun ction s should be used onlv bv 
personnel \\'ho completely understand th~ 
circuit and the process machinen' or drh·en 
equipment. You must understand the poten
ti al t-! ffect tha t forcing ginm inputs or outputs 
will han~ on machi ne operCltion in order tl.l 
a \·oid poss ible personal injury and equip
ment damage. Before using CI force functi on. 
check whe ther the force <lcts on the 110 point 
onl y or whether it acls on the user logic as 
well as on the 110 point. Most programming 
terminals pro,·ide some d sible means of 
a lerting the user that a force is in effect. 

In situations in which rotating equipment is 
invoked, the force ins truction can hI'! ex
tremely dangerous. For example. if main te
nance personnel are performing routine 
maintenance on a de-energized motor, the 
machine may suddenly become energized by 
someone forcing the motor to turn on. This is 
whv a hardwired master control circuit is re
qui~ed for the 1/0 rack. The hardwired circuit 
will provide a method of physically removing 
power to the 110 system , thereby ensuring 
that it is impossib le to energize any inputs or 
outputs when the master control is off. 

SAFETY CIRCUITRY 
Sufficient emergency circuits must be pro
vided to stop e ither partially or totally the 

operation of the controll er or lIH ~ cf)ntrnll.,d 
machi ne or prOCl~SS . Thestl cifcuits slwuld 1)1' 
h<lrdwiwd outside tht! co nt roll~!r so that in 
the enml ortotal controller failllft, . indplwnd
en t and rapid shutdown is CI\·ailabl, !. 

Figure 9-2 1 shows a typical safdY wiring di'l
gram for a PLC installatinn . .-\ ma in disUln
neel switch is insti.lll~~d un tilt' incoming 
power lines as a means of ft,tl1tl\ ·ing (JOI\"t'f 
from the Im tire programmilhl., ~ nntrull,'r 
systtml . 

The main power di sconnect switch shlluld lit' 
located whew opp.('ltnrs .md lIlainlt·malln' 
personne l ha\·c quick and pasy aCI"t'ss til it. 
Idea lh', the di scon nect switch is motlnh~d un 
the o~tside of the PLC endo:-'lln~ so thitt it can 
be accessed without opening the enclnsllrP. 
In addition to di sconnecting electrical POn-for. 
you should dc-energize lock out. and tag all 
other sources of power (pneumatic and h~·
drauli cl befo re YOU work on a mach ine or 
process control ll~d by the cont roller. An isola
tion transformer is used to isolate the con
troller from the main power distribution 
system and step the voltage down to 120 V ae. 

A hardwired master contro l relay is included 
to provide a convenient means for emergency 
controller shutdown. Because the master con
trol rela v allows the placement of several 
emergency-stop switches in diffe rent loca
tions, its installation is important from a 
safety standpoint. Overtravel limit switches 
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fiGURE 9·21 Typical PLe safety wiring diagram. 

or mushroom head pushbuttons are wired in 
series so that when one of them opens, the 
master control is de-energized. This removes 
power to input and output device circuits. 
Power continues to be supplied to the con
troller power supply so that any diagnostic 
indicators on the processor module can still 
be observed. Note that the master control re
lay is not a substitute for a disconnect switch. 
When you are replacing any module. replac
ing output fuses, or working on equipment. 

the main disconnect switch should be pulled 
and locked out. 

The master control relay must be able to in
hibit all machine motion by removing power 
to the machine 110 devices when the relay is 
de-energized. Any part can fail. including the 
switches in a master control relay circuit. The 
failure of one of these switches would most 
likely cause an open circuit. which would be 
a safe power-off failure. However. if one of 
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0 

FIGURE 9·22 Motor starter program using the 
auxiliary contact. 

these switches shorts out, it no longer pro
vides any safety protection. These switches 
should be tested periodically to ensure that 
they will stop machine motion when needed. 
Never alter these circuits to defeat their 
function. Serious injury or machine damage 
could result. 

Certain safety considerations should be de
veloped as part of the PLC program, A PLC 
program for any application will be only as 
safe as the time and thought spent on both 
personal and hardware considerations make 
it. One such consideration involves the use 
of a motor starter seal-in contact (Fig. 9-22) 
in place of the programmed contact refer-
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enced to the output coil instruction. The use 
of the field-generated starter auxiliary con
tact status in the program is more costly in 
terms of field wiring and hardware. but it is 
safer because it provides positive feedback to 
the processor about the exact status of the 
motor. Assume, for example, that the OL 
contact of the starter opens under an over
load condition. The motor, of course, would 
stop operating because power would be lost 
to the starter coil. If the program was written 
using an NO contact instruction referenced 
to the output coil instruction as the seal · in 
for the circuit, the processor would never 
know that power had been lost to the motor. 
When the OL was reset, the motor would 
restart instantly. creating a potentially unsafe 
operating condition. 

Another safety consideration concerns the 
wiring of stop buttons. A stop button is gen
erally considered a safety function as well 
as an operating function. As such, it should 
be wired using an NC contact and pro· 
grammed to examine for an on condition . 
Using an NO contact programmed to exam
ine for an off condition (Fig. 9-23) will pro· 
duce the same logic but is not considered to 
be as safe. Assume that the latter configura
tion is used. If. by some chain of events. the 
circuit between the button and the input 
point were to be broken. the stop button 
could be depressed forever, but the PLC 
logic could never react to the stop command 
because the input would never be true. The 



Ladder Iogie program 

FIGURE 9·2] Normally open pushbunon stop configuration. 

same holds true if power were lost to the 
stop button contro l circuit. If the NC wiring 
configura tion is used, the input point re
ceives power continuously unless the stop 
function is desired. Any faults occurring 
with the stop circuit wiring, or a loss of 
circuit power. would effectively be equiva
lent to an intentional stop. 

~ECTABLE TIMED 
INTERRUPT 

• 

The selectabJe timed interrupt (STI) function 
allows you to interrupt the scan of the main 
program file automatically, on a time basis, to 
scan a spec ified subroutine file. For Allen
Bradlev SLC-500 controllers, the time base at 
which· the program file is executed and the 
program file assigned as the selectable timed 
interrupt file are determined by the values 
stored in words 30 and 31 in the status sec
tion of the data files. The value in word 30 
stores the time base, which may be from 1 
through 32,767 ms, at 1-ms intervals. Word 
31 stores the program file assigned as the 
selectable interrupt file, which may be any 
program file from 3 through 999. Entering a 0 
in the time-base word disables the selectable 
timed interrupt. 

Programming the selectable timed interrupt 
is done when a section of program needs to be 
executed on a time basis rather than on an 

event basis. For example, a program may re
quire certain calculations to be executed at a 
repeatable time interval for accuracy. These 
calculations can be accomplished by placing 
this programming in the selectable timed
interrupt file. This instruction can also be 
used for process applications that require 
periodic lubrication. 

The immediate input and immediate output 
instructions are often located in a selectable 
timed interrupt file. so that that section of 
program is updated on a time basis. This 
process could be done on a high-speed line. 
when items on the line are being examined 
and the rate at which they pass the sensor is 
faster than the scan time of the program. In 
this way. the item can be scanned multiple 
times during the program scan, and the ap
propriate action may be taken before the end 
of the scan. 

The selectable timed disable (STD) instruc
tion is generally paired with the selectable 
timed enable (STE) instruction to create 
zones in which STI interrupts cannot occur. 
Figure 9-24 on page 258 illustrates the use of 
the sm and STE instructions. In this program, 
the STI instruction is assumed to be in effect. 
The sm and STE instructions in rungs 6 and 
12 are included in the ladder program to avoid 
having STI subroutine execution at any point 
in rungs 7 through 11. The sm instruction 
(rung 6) resets the STI enable bit, and the STE 
instruction (rung 12) sets the enable bit again. 
The first pass bit S:1/15 and the STE instruction 
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FIGURE 9-24 Selectable timed disable (STO) and selectable timed 
enable (STE) instructions. 

in rung 0 are included to ensure that the STI 
function is initialized after a power cycle. 

~ULT ROUTINE 
• 

Allen-Sradley PLC-s and SLC-sOO controllers 
allow you to designate a subroutine file as a 
fault routine. If used. it determines how the 
processor responds to a programming error. 
The program file assigned as the fault routine 
is determined by the value stored in word 
29 in the status file. Entering a 0 in word 29 
disables the fault routine. 

There are two kinds of major faults that re
sult in a processor fault : recoverable and 
nonrecoverable faults. For the PLe-s, bits 00 
through 07 in the major-fault word, word 11 
in the status file. indicate recoverable faults : 
bits 08 through 15 indicate nonrecoverable 
faults. When the processor detects a major 
fault. it looks for a fault routine . If a fault 
routine exists. it is executed: if one does 
not exis t, the processor shuts down. When 
there is a fault routine. and the fault is 
recoverable. the fault routine is executed. If 
the fault is nonrecoverable. the fau lt routine 
is scanned once and shuts down. Either 
way. the fault routine allows for an orderly 
shutdown. 



~MPORARY END 
INSTRUCTION 

• 

The tempomr)' end ITNDI instruction is an 
output instruction used to progressively 
debug a program or conditionally omit the 
balance of your current program file or 
subroutines. When rung conditions are true, 
this instruction stops the program scan, up· 
dates the 110. and resumes scanning at rung 
o of the main program file. 

Figure 9·25 illustrates the use of the TND in
struction in troubleshooting a program. The 
TND instruction lets your program run only 
up to this instruction. You can move it pro
gressively through your program as you 
debug each new section. You can program 
the TNO instruction unconditionally. or you 
can condition its rung according to your 
debugging needs. 

Ll Inputs 

l-~ 
• 
• 

I 

Main program 

• • 

SW12 ___ t ________ -C--1 

f-----I, TON 
TIMER ON DELAY EN 
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[~--------------~ 
ON -f-------------------__ ~~ 

SW 1 LT1 
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SW2 LT1 
~[-------------------( U 

SW~ ATO --f 

E------r-RETENTIVE TIMER ON ---.:;.EN 
Timer T4:3 . " ON ) 
Time base (sec) 1.0 
Preset 50 
Accumulated 0 

PB 1 T4:3 
[-[ -----------------« RES 

Remainder of main program 
• • 
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FIGURE ' ·25 Temporary end (TND) instruction. 



Chapter 9 Review 

Questions 
1. a. Two MCR output instructions are to be programmed to control a section of a program. 

Explain the programming procedure to be followed. 

b. State how the status of the output devices within the fenced zone will be affected when 
the MCR instruction makes a false-to-true transition. 

c. State how the status of the output devices within the fenced zone will be affected when 
the MCR instruction makes a true-to-false transition. 

2. What is the main advantage of the jump instruction? 

3. What types of instructions are not normally included inside the jumped section of a program? 
Why? 

4. a. What is the purpose of the label instruction in the jump-to-Iabel instruction pair? 

b. When the jump-to-Iabel instruction is executed, in what way are the jumped rungs 
aHected? 

5. a. Explain what the jump-to-subroutine instruction allows the program to do, 

b. In what type of machine operation can this instruction save a great deal of duplicate 
programming? 

6. What advantage is there to the nesting of subroutines? 

7. a. When are the immediate input and immediate output instructions used? 

b. Why is it of little benefit to program an immediate input or immediate output instruction 
near the beginning of a program? 
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8. a. What does the forcing capability of a PlC allow the user to do? 

b. Outline two practical uses for forcing functions. 

c. Why should extreme care be exercised when using forcing functions? 

9. Why should emergency stop circuits be hardwired instead of programmed? 

10. State the function of each of the following in the bask safety wiring for a PlC installation: 

a. Main disconnect switch c. Emergency stops 

b. Isolation transformer d. Master control relay 

11. When programming a motor starter circuit, why is it safer to use the starter seal·in 
auxiliary contact in place of a programmed contact referenced to the output coil 
instruction? 

12. When programming stop buttons, why is it safer to use an NC button programmed to 
examine for an on condition than an NO button programmed to examine for an off 
condition? 

13. Explain the selectable timed interrupt function. 

14. Explain the function of the fault routine file. 

15. How is the temporary end instruction used to troubleshoot a program? 
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Problems 
1. Answer the questions, in sequence, for the MeR program in Figure 9-26, assuming the 

program has just been entered and the PlC is placed in the RUN mode with all switches 
turned off. 

a. Switches 52 and 53 are turned on. Will outputs Pl1 and Pl2 come on? Why? 

b. With switches 52 and 53 still on, switch 51 is turned on. Will output PL1 or Pl2 or both (orne 
on? Why? 

c. With switches 52 and 53 still on, switch S 1 is turned off. Will both outputs PL 1 and Pl2 de-
energize? Why? 

d. With all other switches off, switch $6 is turned on. Will the timer time? Why? 

e . With switch 56 still on, switch 55 is turned on . Will the timer time? Why? 

f . With switch 56 still on, switch 5S is turned off. What happens to the timer? If the timer was an 
RTO type instead of a TON. what would happen to the accumulated value? 

Ladder logiC program 

Ll 
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51 
Outputs 
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[ ~CA ...,. 0-5, PLl .. PLl , , 
-<> 0- 52 2 [ C , , 
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, , ...,. 0- 53 53 

3 [ CL 
~0-S4 

54 PL2 

-<r 0- 55 
, [ Cu 

.....0--0- 56 
5 MCA 

55 , [ ~CR 
sa TON 

TIMER ON DELAY 
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Timer T4:1 
Time base 1:0 
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,. 
Accumulated • 

8 MCA 

FIGURE 9·26 
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2. Answer the questions. in sequence. for the jump·to-Iabel program in Figure 9·27. Assume all 
switches are turned off after each operation. 

a. 5witch 53 is turned on. Will output Pl1 be energized? Why? 

b. Switch 52 is turned on first then switch 55 is turned on. Will output Pl4 be energized? Why? 

c. 5witch 53 is turned on and output Pll is energized. Next. switch 52 is turned on. Will output Pll 
be energized or de·energized after turning on switch 52? Why? 

d. All switches are turned on in order according to the following sequence: 51 . 52. 53. 55. 54. Which 
pilot lights will turn on? 

Ladder logiC program 

Inputs ,~.[ .. Outputs 
l2 

11 

( , / 

<>-ta • 10 / , 
2 [ ~M 

• .. / , 
3 [ ( 

<>-ta • .. / , 
, [ ( , / 

~ Il1o 
10 .. .. / , 

5 lBLH [ ( 

FIGURE 9·27 
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3. ~nswer the questions, in s,:quence, for the jump-to-subroutine and return program in 
Figure 9-28. Assume all sWitches are turned off aher each operation. 

a. Switches 51, 53, 54, and 55 are all turned on. Which pilot light will not be turned on? Why? 

b. Switch S2 is turned on and then switch 54 is turned on. Will output Pl3 be energized? Why? 

c. To what rung does the RET instruction return the program scan? 

Ladder logic program 

U Inputs Main program tile 2 
Outputs 

SO PL, l2 

[ ( , / 

S2 Pl., 
/ , 

SSR lile number , / 

Pl2 
53 .... 

[ ( 
P13 

55 Pc< 

[ ( 
PIA 

Subroutine file 3 / , 
S< PL3 

[ ( 
RET 

RETURN 

FIGURE 9·28 

4. Answer the questions, in sequence, for Figure 9-29. Assume all switches are turned off after 
each operation. 

a. Switches 52, 512, and S5 are turned on in order. Will output PlS be energized? Why? 

b. All switches except S7 are turned off. Will RTO start timing? Why? 

c. Switches 53 and 58 are turned on in order. Will pilot light P12 come on? Why? 

d. When will timer TON function? 

e. Assume all switches are turned on. In what order will the rungs be scanned? 

1. Assume all switches are turned off. In what order will the rungs be scanned? 
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After completing this chapter, you will be able 
to: 

• Define data manipulation and apply it by 
writing a PlC program 

• Describe the operation of the word-level 
instructions used to copy data from one 
memory location to another 

• Interpret data transfer and data compare 
instructions as they apply to a PlC program 

• Compare the operation of discrete 1I0s with 
that of multibit and analog types 

Describe the basic operation of a closed-loop 
control system 

• • 

Data manipulation involves the 

following: (1) transferring data and 

(2) operating on data with math 

functions, data conversions, data 

comparison, and logical operations. This 

chapter covers both data manipulation 

instructions that operate on word data 

and those that operate on file data, 

which involve mUltiple words. Data 

manipulations are performed internally 

in a manner similar to that used in 

microcomputers. Examples of processes 

that need these operations on a fast 

and continuous basis are studied. 



Devices used in 

conjunction w ith the 

manipulation of data. 
(Courtesy o f Honeywell 
International Inc. ) 
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DATA MANIPULATION 
Data manipulation instructions enable the 
programmable controller to take on some of 
the qualities of a computer system. Most 
PLCs now have thi s ability to manipulate 
data stored in memory. Th is extra computer 
characteristic gives the PLC capabilities that 
go far beyond the conventional relay equiva
lent instructions. 

Data manipulation involves transfer of data 
and operation on data with math fun ctions, 
data conversion , data comparison. and logi
cal operations. There are two basic classes of 
instructions to accomplish thi s: instructions 
that operate on word data. and those that op
erat e on file. or block. data . which involve 
mult iple words. 

Each data manipulation instruction requires 
two or more words of data memory for opera
tion. The words of data memory in singular 
form may be referred to either as registers or as 
lI'ords, depending on the manufacturer. The 
terms table or file are generally used when a 
consecutive group of related data memory 
words is referenced. Figure 10-1 illustrates the 

Section 04 
memory map 

difference between a word and a file. The data 
contained in fi les and words will be in the 
form of binary bits represented as series of 1s 
and Os. A group of consecutive elements or 
words in an Allen-Bradley SLC-500 are re
ferred to as a file . and in a ControlLogix 
controller, they are referred to as an array. 

The data manipulation instruct ions allow the 
movement . manipulation, or storage of data 
in either single- or multiple-word groups 
from one data memory area of the PLC to an
other. Use of these PLC instructions in app li
cations that require the gene ration and 
manipulation of large quantiti es of data 
greatl y reduces the complexity and quantity 
of the programming requi red. Data manipula
tio n can be placed in two broad ca tegories: 
data transfer and data comparison. 

The manipulation of enti re words is an im
portant fea ture of a programmable controll er. 
This feature enables PLCs to handle inputs 
and outputs containing mult ip le bit configu
rations such as analog inputs and outputs. 
Arithmetic functions also requi re data within 
the programmable controll er to be handled 
in word or register format. To simplify the 
explanation of the various data manipulation 
instructions avai lable. the instruction protocol 

Binary bit 

/ 
_ ___ _ • 111011111011111110111011 10111111 1 

File Of .able 

fiGURE 10-1 Data fil@5, words, and b iu. 



~ I ~ U Compare f.. Compute Math ). MOlle / Loglc.1 / FllelMlscJ 

Command Name Description 

MOIIes Ihe source lIalue 
MOV ..... to the CSilstinalion. 

MOlIn oata Irom a source 
MVM Masked Molle location 10 a selected portion 

01 the CSilstinalion. 

Peilorms a bilWlse AND 
AND Aod opelalion. 

OR 0, Per/Omls a bitwise OR 
operatiOn. 

E_clusille Or 
Per/orms a bitwise XOR 

XOR operation. 

NOT NO< Perlorms a NOT operalion. 

CLR Clear Sets all bits 0 1 a word to zero. 

FIGURE 10·2 Data manipulation instructions based on the Allen·Bradley Sl C-SOO 
PlC and its assO(iated RSlogi)C software. 

for the Allen-Sradley PLC-2. PLC-5 . and SLC-
500 families of PLCs wi ll be used . Again. 
even though the format and instructions vary 
with each manufacturer. the concepts of data 
manipulation remain the same. Figure 10-2 
shows typica l data manipulation instructions 
based on the Allen-Sradley SLC-500 PLC and 
its associated RSLogix software. 

~TA TRANSFER 
OPERATIONS 

• 

Data transfer instructions simply involve the 
transfer of the contents from one word or reg_ 
ister to another. Figure 10-30 and b on page 270 

• 

illustrate the concept of moving numerical 
binary data from one memory location to an
other. Figure 10-30 shows that numerical data 
are stored in word 130 and that no informa
tion is current ly stored in word 040. Figure 
10-3b shows that after the data transfer has 
occurred. word 040 now holds a duplicate of 
the information that is in word 130. If word 
040 had other information already stored 
(rather than all Os). this information would 
have been replaced. When new data replace 
existing data in this manner, the process is re
ferred to as IVTiting over the existing data . 

Data transfer instructions can address almost 
any location in the memory. Prestored values 
can be automatically retrieved and placed in 
any new location. That location may be the 
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Data translerred lrom word 130 to word 040. 

,b, 
FIGURE 10·] Data transfer concept. 

preset register for a timer or counter or even 
an output register that controls a seven
segment display. 

Typically, two common types of instruction 
sets are used to acquire and move data. 
Some manufacturers use a single instruction 
to perform the entire operation. whereas oth
ers use two separate instructions. The Allen
Bradley PLC-2 controller uses coil-formatted 
data transfer instructions: GET and PUT. 
GET instructions tell the processor to go get 
a value stored in some word. The GET in
struction is programmed in the condition 
portion of a logic rung. It is always a logic 
true instruction that will get an entire 16-bit 

word from a specific locat ion in the data 
table. 

PUT instructions tell the processor where to 
put the information it obtained from the GET 
instruction. The PUT instruction is pro
grammed in the output portion of the logic 
rung. A PUT instruction receives all 16 bits of 
data from the immediately preceding GET in
struction. It is used to store the result of other 
operations in the memory location (word or 
register) specified by the PUT coil. 

The PUT instruction is used with the GET in
struction to form a data transfer rung. Figure 
10-4 shows an example of a data transfer 

Inp!J1 

Progtammed in 
condition portion 

01 rung-atways true 

Programmed in the 
output portion 

01 rung 

W"'/ 
L1 ~. V o-ti [ 

\ 
Conlrol contael 

instruction 

'\. address 
020 '30 

• .t-------1 
005 ······-·~OOS 

Numeric value 

FIGURE 10-4 GETIPUT data transfer rung. 
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This output instruction moves the sourca value to 11'18 destinalion location. 
The source value remains unchanged. and 1"10 dala conversiOn occurs. 

FIGURE 10-5 PlC-S and SCl-SOO block-formatted move instruction. 

rung. When input A is true. the GET/PUT 
instructions tell the processor to get the 
numeric value 005 stored in word 020 and 
put it into word 130. In every case, the PUT 
instruction must be preceded by a GET 
instruction. 

Allen-Bradlev PLC-5 and SLC-500 con
trollers use a block-rormatted move (MOV) 
instruction to accomplish data moves. The 
MOV instruction is used to copy the value in 
one word to another word . This instruction 
copies data rrom a source word to a destina
tion word . Figure 10-5 shows an example of 
the MOV instruction . In this example, when 
the rung is true , the value stored at the 
source address. N7:30. is copied into the 
destination address. N7:20. When the rung 
goes false. the destination address will 
retain the value. unless it is changed else
where in the program. The instruction 
may be programmed with input conditions 
preceding it. or it may be programmed un
conditionally. 

The move with mask (MVM) instruction dif
fers slightly from the MOV instruction be
cause a mask word is involved in the move. 
The data being moved must pass through the 
mask to get to their destination address. The 
MVM instruction is used to copy the desired 
part of a 16-bit word by masking the rest of 
the value. 

Figure 10-6 on page 272 shows an example of 
a mask move (MVM) instruction. This in
struction transfers data through the mask 
from the source address. 83:0. to the destina
tion address, 83 :4. The mask mav be entered 
as an address or in hexadecimal' format. and 
its value will be di splayed in hexadecimal. 
Where there is a 1 in the mask. data will pass 
from the source to the destination. Where 
there is a 0 in the mask. data in the destina
tion will remain in their last state. The mask 
must be the same word size as the source and 
destination. 

The bit distribute (BTD) instruction is used to 
move bits within a word or between words. as 
illustrated in Figure 10-7 on page 272. On 
each scan. when the rung that contains the 
BTD instruction is true . the processor moves 
the bit field from the source word to the des
tination word. To move data within a word, 
enter the same address for the source and des
tination. The source remains unchanged. The 
instruction writes over the destination with 
the specified bits. 

Figure 10-8 on page 273 shows how the MOV 
data transfer instruction can be used to change 
the preset time of an on-delay timer. When the 
selector switch is in the 10-s position, rung 2 
has logic continuity and rung 3 does not. As a 
result. the value 10 stored at the source ad
dress. N7:1. is copied into the destination 
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,-
MASKED MOVE 

"""~ 
Mask 

10101010 1010" 1010 Source83:0 

11111111 0000 1111 Maslo:FFOF 

83:0 

1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 Destination 83;4 before instruction 
_nltrue 

' O 'O'O' O~'O' O Destination 83:4 after instruction 
wenl_ 

Status unchanged due 10 zeroes in the mask (remained in laSI stale). 
Status in bits 0-3 and 8- 15 copied lrom source to destination when instruction went true. 

FIGURE 10-6 Masked move (MVM) instruction . 

BTD-____ ~ 

BIT FIELD DISTRIBUTION 

Source 
Source bit 

Destination 
Desllnatlon bll 
Length 

N7022 
3 

N70:22 
10 

• 

BTD--___ -, 
BIT FIELD OISTAIBlITlON 

Sao". 
Source bit 

Destination 
OeSI,nal00n bit 
length 

N7;020 
3 

N7022 
5 

10 

la) Moving bits between words 

~==~ 
(bj MovIng bita between won». BIts Bra nt " !hey extend beyond !he end 

of the dellinalion word: !he bits are not wrapped 10 the MXI: higher word. 

N7:022 

FIGURE 1~1 Bit distribute (8TO) instructio n. 
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ladder logic program 

InpulS 

--I)--' P81 

10 S 5 S 

, ~B~~:ERONDELAY 
Timer T4;1 
Tmeba$8 1 0 
Preset 0 
Accumulated 0 

::~ - ,:~ I 
~ 

2 MOVE ~
Sl MOV-------,~ 

Source N7 I ,. 
I Oesl,natlOrl T4 I PRE 

• 
• ,MOV 

3 r--------3 Ef---------jl MOVE 
Source 

I DeSllnaIK)ll_ 

N72 
S 

T4 I PRE 

• 

,W 'Ef-' ---------<- >------1 
ON 

FIGURE 10·8 Changing the preset value of a timer using the move (MOV) instruction. 

address. T4:1.PRE. Therefore. the preset value 
of timer T4:l will change from 0 to 10. When 
pushbutton PBl is closed. there will be a 10-s 
delay period before the pilot light is energized. 
To change the preset value of the timer to 5 s. 
the selector switch is turned to the 5-s posi
tion. This makes rung 3 true and rung 2 false. 
As a result, the preset value of timer T4:1 will 
change from 10 to 5. Pressing pushbutton PBl 
closed will now result in a 5-s time-delay 
period before the pilot light is energized. 

Figure 10-9 shows an example of how the 
GET/PUT and MOV data transfer instruc
tions can be used to change the preset count 
of an up-counter. In this example, a limit 
switch programmed to operate a counter 
counts the products coming off a conveyor 
line onto a storage rack. Three different types 
of products are run on this line. The storage 
rack. bas room for only 300 boxes of product 
A or 175 boxes of product B or 50 boxes of 
product C. Three switches are provided to se
lect the desired preset counter value depend-

ing on the product line-A. B. or C-being 
manufactured. A reset button is provided to 
reset the accumulated count to O. A pilot 
lamp is switched on to indicate when the 
storage rack. is full. If more than one of the 
preset counter switches is closed. the last 
value is selected. 

A file is a group of related consecutive words 
in the data table that have a defined start and 
end and are used to store information. For ex
ample. a batch process program may contain 
several separate recipes in different files that 
can be selected by an operator. 

In some instances it may be necessary to shift 
complete files from one location to another 
within the programmable controller memory. 
Such data shifts are termed file-ta-file shifts. 
File-to-file shifts are used when the data in 
one file represent a set of conditions that 
must interact with the programmable con
troller program several times and. therefore, 
must remain intact after each operation. 
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Ll Inputs ~-----':;.f-----1 

Ladder logic program 

cru----~ 
COUNT UP 
Counter 
Preset 
Accumulated 

, MOV 
MOVE 
Source 

C5:1 • o 

N,J-
Destination C5: 1 . P~ i 

r-MOV 
MOVE f-----
Source N7:2 • Destination C5:1,PAE 

0 

. I----i- t---------j 
MOV-----~ 

MOVE 
Soo,~ 

Destination 

N7:3 
50 

C5:1.PAE 

_

o~ I ~'" ,~ [-----------~( 
ON 

I ~ C'\ _---j , ~ [ - - --------_(AE5 I 

FIGURE 10-9 Changing the preset value of a counter using the move (MOV) instruction. 

Because the data within this fi le must also be 
changed by the program action. a second file 
is used to handle the data changes. and the 
information within that file is allowed to be 
altered by the program. The data in the first 
file. however. remain constant and therefore 
can be used many times. Other types of data 
manipulation used with file instructions 

include word-to-file and file-to-word moves 
(Fig. 10-10). 

Files allow large amounts of data to be 
scanned quickly and are useful in programs 
requiring the transfer, comparison. or conver
sion of data. Most PLC manufacturers display 
fi le instructions in block format on the 

(a) Word to lile (b) File to lile (el File to word 

FIGURE 10-10 Moving data with file instructions. 
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''') AOdres.s N7 JO ., a word address Ihal repl'esenls 
a Single word: word number 30 in inleger lile 7. 

•

' "' .N"O 
CO""". 8 

N7:37 

(b) AOdres.s _ repfesenlS the slarting address 01 a group 
of consecullve words in inleger tile 1. The lengl'" $hOWn is 
eight words. which is delermined by Ihe inslruction where 
the tile aOdress IS used. 

FIGURE 10 -11 Allen-Bradley PLC-S and SLC· SOO 

word and file addresses. 

programming terminal sc reen. With Allen
Bradley PLC·S and SLC-SOO controllers . the 
address that defines the beginning of a file 
starts with the index prefix ## (Fig. 10-11). The 
## prefix is omitted in a word or element 
address. 

The file arithmetic and logic {FALl instruc
tion is used to COPy data from one file to an
other and to do file ·math and fil e logic. An ex
ample of the F AL instruction is shown in 
Figure 10-12. The basic operation of the in
struction is similar in all functions and 
requi res the following parameters and ad
dresses to be entered in the instruction: 

• Control is the first entry and the address 
of the control structure in the control 
area (R) of processor memory. The 
processor uses this information to run 

FAL - -----, 
FilE AAITHlLOGICAl 

Control 
length -Modo 
Destination 
ExpreS5ion 

FIGURE 10-12 FAl instruction. 

EN}-

ON) 

ER ) 

the instruction. The default fi le for the 
control file is data file 6. Other control 
files may be ass igned from data files 9 
through 999. The control element for the 
FAL instruction must be unique for that 
instruction and may not be used to con
trol any other instruction. The control 
element is made up of three words. The 
control word in the FAL instruction uses 
four control bits: bit lS (enable bit) . bit 
13 (done bitl . bit 11 (error bit ). and bit 
10 (unload bit) . 

Bit: 15 13 11 '0 
Control word: R6:0 EN DN ER UL 

Length word: R6:0.LEN Stores file 
length, 1-1000 

Position word: R6:0.POS Position in 
the file 

• Length (the second and sometimes third 
word of the control element I is the sec
ond entry and represents the file length. 
This entry will be in words, except for 
the floating- pai nt file. ror which the 
length is in elements. (A floating-paint 
element consists of two words. I The 
maximum length poss ible is 1000 ele
ments. Enter any decimal number from 
1 to 1000. 

• Position (the fourth word of the control 
element) is the third entry and repre
sents the current location in the data 
block that the processor is accessing. It 
points to the word being operated on. 
The position starts with 0 and indexes to 
1 less than the file length. You generally 
enter a 0 to start at the beginning of a 
file . You may also enter another position 
at which you want the FAt to start its 
operation. When the instruction resets, 
however, it will reset the position to o. 
You can manipulate the position from 
the program. 

• Mode is the fourth entry and represents 
the number of file elements operated on 
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per program scan. There are three 
choices: 

The all mode. for which you enter an 
A. In the all mode. the instruction will 
transfer the complete file of data in 
one scan. The enable (EN) bit will go 
true when the instruction goes true 
and will follow the rung condition. 
When all of the data have been trans
ferred . the done (ON) bit will go true. 
This change will occur on the same 
scan during which the instruction 
goes true. If the instruction does not 
go to completion due to an error in 
the transfer of data (such as trying to 
store too large or too small a number 
for the data-table type). the instruction 
will stop at that point and set the error 
(ER) bit. The scan will continue. but 
the instruction will not continue until 
the error bit is reset. If the instruction 
goes to completion. the enable bit and 
the done bit will remain set until the 
instruction goes false. at which point 
the pos ition. the enable bit . and the 
done bit will all be reset to o. 
The numeric mode. for which you en
ter a decimal number (1-1000). In the 
numeric mode. the file operation is 
distributed over a number of program 
scans. The value you enter sets the 
number of elements to be transferred 
per scan. The numeric mode can de
crease the time it takes to complete a 
program scan. Instead of waiting for 
the total file length to be transferred in 
one scan, the numeric mode breaks up 
the transfer of the file data into multi
ple scans. thereby cutting down on the 
instruction execution time per scan. 
The incremental mode. for which you 
enter an l. In the incremental mode. 
one element of data is operated on for 
every false-to-true transition of the in
struction. The first time the instruc
tion sees a false-to-true transition and 
the position is at 0, the data in the first 
element of the file is operated on. The 
position will remain at 0 and the UL 
bit will be set. The EN bit will follow 
the instruction's condition. On the 
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second false-to-true transition. the po
sition will index to 1 . and data in the 
second word of the file will be oper
ated on. The UL bit controls whether 
the instruction will operate just on 
data in the current position. or 
whether it will index the pos ition and 
then transfer data. If the UL bit is 
reset. the instruction-on a false-to
true transition of the instruction-will 
operate on the data in the current po
sition and set the UL bit. If the UL bit 
is set. the instruction-on a false-to
true transition of the instruction-will 
index the position by 1 and operate on 
the data in its new position. 

• Destination is the fifth entry and is the 
address at which the processor stores 
the result of the operation. The instruc
tion converts to the data type specified 
by the destination address. It mav be ei
ther a file address or an element ~ddress. 

• Expression is the last entrv and contains 
addresses. program consta·nts. and oper
ators that specify the source of data and 
the operations to be performed. The 
expression en tered determines the 
function of the F AL instruction. The 
expression may consist of file addresses. 
element addresses. or a cons tant and 
may contain only one function because 
the FAL instruction may perform only 
one function. 

Figure 10-13 shows an example of a file-to
file copy function using the FAL instruction. 
When input A goes true, data from the ex
pression file #N7:20 will be copied into the 
destination file #N7:50. The length of the two 
files is set by the value entered in the control 
element word R6:1.LEN. In this instruction. 
we have also used the ALL mode. which 
means all of the data will be transferred in the 
first scan in which the FAL instruction sees a 
false-to-true transition. The ON bit will also 
come on in that scan unless an error occurs in 
the transfer of data, in which case the ER bit 
will be set, the instruction will stop operation 
at that position. and then the scan will con
tinue at the next instruction. 

. 



ladder lOgIC program 

r FAl-----------, 
FilE AAITHIlOGICAL ;-l 

L' r---~ 'op.' r-
r-----

'f N7.2 5 

ExpreSSfon 
'N7'2Q 

528 

'" n8 

986 

3" 
135 

Control AS:1 -{ 
Length 6 EN 
Position 0 
MoOe All -{ON } 

Oeslinahon IIN750 -{ER ) 
528 

'N7:20 

DestinatiOn 
'N7'SO ,,. 

'" na 
986 

342 

135 

N7:SO 

N7:55 

FIGURE 10·13 File-to-file copy function using the FAl instruction . 

Figure 10- 14 shows an example of a fil e-to
ward copy fun ction using the FAL instru c
tion . With each false-Io-true rung transi ti on 
of inpu t A. the processo r reads one element of 
in teger fil e N29, starting at element 0, and 
writes the image into element 5 of integer file 

Input 

N29. The instruction writes over an\' data in 
the destination. 

Figure 10-15 on page 278 shows an example 
oCa word-la-fil e copy function using the FAt 
instruction. It is s imilar to the file-to-word 

ladder logic Pfogram 

LI • r FAL-------, 
r--~ FilE ARITHJl.OGICAl -{EN)------j 

Control R6:6 
Length 5 -{ON ) 
PositIOn 0 -{ 
Mode INC EA ) 
Destination N29:5 

expressiOn 'N29:0 

First move 

WordN29:5 

Fifth move 
Fourth move 

Word 

FIGURE 10·14 File-to-word copy function using the FAL instruction. 
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Ladder logic program 

'0,,", 
L1 • r FAL------, E----I FILEARITHIlOGICAl ~EN)---1 

Control R6:2 1" 
Length 6 LrON ) 
PoSition 0 1-'" 
Mode Incremenlal LrER ) 
Destination 'N7:101 I ' 

o 
Expression N7:100 

C========J First move 
N" oo ~ 

N7: IOI 

N7:106 

FIGURE 10·15 Word-to-file copy function using the FAl instruction. 

copy function except that the instruction 
copies data from a word address in to a file . 
Note that the express ion is a word address 
(N7:100) and the destination is a file address 
(# N7: 101). lfwe start w ith position 0 , the data 
from N7:100 will be copied into N7:101 on 
the first false-la-tru e transition of input A. 
The second fa lse-la-true transition of input A 
will copy the data from N7:100 into N7:102. 
On success ive false-la-true transitions of the 
instruction. the data wi ll be copied into 
the next posit ion in the file until the end of 
the fi le. N7:106. is reached . 

The exception to the rule that file addresses 
must take consecutive words in the data 
table are in the timer. counter, and control 
data files for the F AL instruction . In these 
three data files. if you designate a file ad· 
dress. the F AL instruction will take every 
third word in that file and make a file of 
preset, accumulated. length, or position data 
within the corresponding file type. This 
might be done, for example , so that recipes 
storing values for timer presets can be 
moved into the timer presets. as illustrated 
in Figure 10-16. 

The file copy (COP) instruction and the fill file 
(FLL) instruction are high-speed instructions 
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that operate more quickly than the same oper
ation with the FAL instruction. Unlike the 
FAL instruction. there is no contro l element 
to monitor or manipulate. Da ta cOO\'ersion 
does not take place. so the source and destina
tion should be the same fi le types. An exam
ple of the fi le COP instruction is shown in Fig
ure 10-17. Both the source and desti nation are 
file addresses. When inpu t A goes true. the 

Rec.pe A 

3452 'N7:10 
6789 length II: 4 

"" 983 

Fife·to-file copy 
j 

T4:0 preset value 

T4:1 preset value 

'T4:0 .PRE 
Length'" 4 

T4:2 preset value F ile 01 timer preset values 

T4:3 preset value 

t 
File-Io-file copy Recipe B 

na . N7:20 
986 length ,. 4 

342 

". 
FIGURE 10-16 Copying recipes and storing values 

for t imer presets. 
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Location in RSLogix sottware 

B =l~J-H+".H-J-1 8 
! . Io k ~. \.)'" h ... - L f~S'~~~e' ,i P' -4 

Laooer logic program 

L~' '"'""....' r -E-----1rcop COPY FilE r-
Source INIe:1 
Destination __ 

,-L~,~"~g'~h __________ ~'~ 

FIGURE 10-17 File copy (COP) instruction. 

values in file N40 are copied to file N20. The 
instruction copies the file length for each scan 
during which the instruction is true. 

An example of the fill file (FLL) instruction 
is shown in Figure 10·18. It operates in a 
manner similar to the F AL instruction that 

location in RSLogix sottware 

laooer logic program 

tnput 

~-L1 r Fll 

r--""" Fill FilE 
Sou~, -Destination -Longlh • 

NISS 

fIGU"E 10-1. Fill file (FlL) instruction. 
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Inputs Ladder logic program 

LI - -coP 
COPY FILE "-
Soo~ -DestinatiOn ....... 
Length , 

- , FLL 
FILL FILE "-Soulee 0 
Destination .,,,"" 
Length , 

FIGURE 10·19 Using the Fll instruction to change all the 
data to 0 in a file. 

performs the word-to-file copy in the ALL 
mode. When input A goes true , the va lue in 
N15:5 is copied into N20:1 through N20:6. 
Because the instruct ion transfers to the end of 
the fil e, the file will be filled with the same 
data value in each word. 

The FLL instruction is frequently used to zero 
all of the data in a file, as illustrated in the 
program of Figure 10-19. Momentarily press
ing PBl copies the contents of fi le #N10:0 
into file #N12:0. Momentaril y pressing PB2 
then clears file #N1 2:0. Note that 0 is en tered 
for the source va lue. 

~TACOMPARE 
INSTRUCTIONS 

• 

Data transfer operations are all output 
instructions, whereas data compare instruc
tions are input instructions. Word compari
son instructions have many uses in industry. 
The word compare instructions can be used 
when data needs to be compared before the 
next part of a process can take place. Appli 
cations in which the comparison instructions 
are used include the following: 

• To start an action or process when the 
counter is at a specific value. 
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• To veri fy that an input device's data 
(thumbwheel switch) is within range be
fore sending the thumbwheel va lue to 
the presets of timers or counters. 

• To veri fy thai the parts are within 
to lerance. 

Data compare instructions compare the data 
stored in two or more words (or registers) and 
make decis ions based on the program instru c
tions. Numeric values in two words of mem
ory can be compared for each of the following 
conditions, depending on the PLC: 

Name Symbol 

LESS THAN ( ) 

EQUAL TO (- ) 

GREATER THAN (» 

LESS THAN OR EQUAL TO (,,) 

GREATER THAN OR EQUAL TO (,,) 

Data comparison concepts have already been 
used with the timer and counter instructions 
explained in Chapters 7 and 8. In both these 
instructions, an output was turned on or off 
when the accumulated value of the timer or 
counter equaled its preset value. What actually 
occurred was that the accumulated numeric 
data in one memory word was compared to 



. 1 • L< 81~A Tlmer 'Counler f Inputi Output ).. Compare /.. Coml 

Command Name Descript ion 

Tests whether one value 

UM lImit test is within the timit range 
ot two other values. 

Tests portions ot two 
values to see whether 
they are equal. 

Masked Compares 16·bit oata 01 MEa Comparison lor Equal a source address to t 6· 
bit data at a relerence 
address through a mask 

EOU Equal 
Tests whether two values 
are equal. 

Tests whether one value 
NEO Not Equal is not equal to a second 

vatue. 

Tests whether one value 
LES Less Than is less than a second 

value. 

Tests whether one value 
GRT Greater Than is greater than a second 

value. 

Tests whether one value 
LEO Less Than or Equal is less than or equal to a 

second value. 

Tests whether one value 
GEO Greater Than or Equal is greater than or equal 

to a second value. 

f iGU RE 10-20 Typical compare instructions based on the Allen-Bradley SLC-500 PLC and its 
associated RSLogi)( software. 

the preset value of another memory word on 
each scan of the processor. When the proces
sor saw that the accumulated value was equal 
to the preset value. it switched the output on 
or off. 

Comparison instructions are used to test 
pairs of values to determine if a rung is 

true. Figure 10-20 shows typica l compare 
ins tructions based on the Allen-Bradley 
SLC-500 PLC and its associated RSLogix 
software. 

The equal (EQU) instruction is an input in
struction that compares source A to source B: 
when source A is equal to source B. the 
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ladder logic program 

EOU-------, 
EQUAL 

_ l2 

~ 
,,"tput 

Sou<~A -Sou~ B -
FIGURE 10·21 EQU logic rung . 

instruction is logica lly true; otherwise it is 
logically false. Figure 10-21 shows an exam
ple of the EQU input-comparison instruction. 
In thi s application. when the accumulated 
value of counter T4 :0 stored in source A's ad
dress equals the value in source B's address. 
N7:40. the instruction is true and the output 
is energized. Source A may be a word address 
or a floating-point address. Source B may be 
a word address. a floating- point address. or a 
constant value. With the equal instruction. 
the floating-point data is not recommended 
because of the exactness required. One of the 
compari son instructions. such as the limit 
test. is preferred. 

The not equal (NEQ) instruction is an input 
instruction that compares source A to 
source B: when source A is not equal to 
source B. the instruction is logically true; 
otherwise it is logica lly false. Figure 10-22 
shows an example of the NEQ input
comparison instruction. When the value 
stored at source A's address. N7 :5. is not 
equal to 25. the output will be true; other
wise, the output will be false. In all input· 
comparison instructions. source A and 
source B can either be values or addresses 
that contain values . 

The greater than (CRT) instruction is an in
put instruction that compares source A to 
source B: when source A is greater than 
source B. the instruction is logically true; oth
erwise it is logically false. Figure 10-23 shows 
an example of the CRT input-comparison 
instruction. The instruction is either true or 
false, depending on the values being com
pared. In this application, when the accumu-
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lated value of timer T4 :10. stored at the 
address of source A , is greater than the 
constant 200 of source B, the output will be 
on; otherwise. it will be off. 

The less than (LES) instruction is an input 
instruction that compares source A to source 
B: when source A is less than source B. the 
instruction is logically true: otherwise it is 
logically false. Figure 10-24 shows an exam
ple of the LES input-compari son instruction. 
In this applicat ion , when the accumu lated 
value of counter C5:10. stored at the address 
of source A. is less than the constan t 350 of 
source B. the output will be on: otherwise, it 
will be off. 

The greater than or equal (CEQ) instruction is 
an input instruction that compares source A 
to source B: when source A is greater than or 
equal to source B. the instruction is logically 
true; otherwise it is logically fal se. Figure 
10-25 shows an example of the CEQ input
comparison instruction. If the va lue stored al 
the address of source A, N7:55 , is greater than 
or equal to the va lue stored at the address of 
source B, N7:12. the output will be true: 
otherwise. it will be fa lse. 

The less than or equal (LEQ) instruction is 
an input instruction that compares source A 
to source B: when source A is less than or 
equal to source B, the instruction is logically 
true; otherwise it is logica lly false . Figure 
10-26 shows an example of the LEQ input
comparison instruction. In this application. 
if the accumulated count of counter C5:1 is 
less than or equal to 457. the pilot light will 
turn on. 



NEO , ... ," ... prog~ .~ 
NOT EOUAL 
Source A N7:5 • SourceS • 

FIGURE 10-22 NEQ logic rung. 

~~ATE::::~ ... '""~m·0 
500"" A 

Source B -FIGURE 10-23 GRT logic rung . 

~~~s TH::-' k>g< "og"m.~ 
Source A 

Source 8 -FIGURE 10-24 LES logic rung . 

Ladder 10gie program 

GEO------:-, 
GREATER THAN OR EQUAL 
Source A N7:55 -Source B N7:12 • 

FIGURE 10-25 GEQ logic rung . 

LaOder logiC program 

LEO - --:-:, 
LESS THAN OR EQUAL 
500"" A 

500"" B -FIGURE 10-26 LEO logic rung. 
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Ladder logic program 

lIM-----, 
LIMIT TEST (eiRe) 
_ N7:22 - . 

N7:23 
fit 

_ N7i*. 

PLl 

Output 

L2 

~
/ 

/ , 

False « 25) 2ii 
I 

• False (> SO) 
I 

(s) High limil has a greater value than lhe low limit. Instruction is Ir!.HI lor 
tesl values Irom 25 through 5O. lnstruclion is lals. lor test values less 
than 25 or greater than SO. 

Ladder logic program 

LIM - ------, 
LIMIT TEST (eiRe) 
~ N7:28 

UlII 
1Mt N7:29 

125 
~ N7:27 

51 

Output 

L2 

~
/ 

PLl 

/ , 

True (:s SO) eo 
I 

108. (2: 1(0) True 
I 

False 

(b) Low limit has a greater value than the high Nmil. InSlruction is talse for 
lest values greater than 50 and less than 100. Instruction is l rue lor lesl 
values equal to or less lhan SO or equal 10 or greater Ihan tOO. 

FIGURE 10·27 limit test (LI M) instruction logic rungs. 

The limit test (LIM) instruction shown in Fig
ure 10·27 compares a test value to values in 
the low limit and the high limit. The limit test 
instruction is said to be circular because it 
can function in either of two ways: 

• If the high limit has a greater value than 
the low limit. then the instruction is true 
if the value of the test is between or 
equal to the values of the high limit and 
the low limit. 

• If the value of the low limit is greater 
than the value of the high limit, the 
instruction is true if the value of the test 
is equal to or less than the low limit or 
equal to or greater than the high limit. 

In Figure 10-270, the high limit has a value of 
50, and the low limit has a value of 25. The 

instruction is true. then. for values of the test 
from 25 through 50. The instruction as shown 
is true because the va lue of the test is 48. In 
Figure 10-27b. the high limit has a value of 
50. and the low limit has a value of 100. The 
instruction is true, then, for test va lues of 
50 and less than 50 and for test va lues of 100 
and greater than 100. The instruction as 
shown is true because the test va lue is 125. 
Applications in which the limit tesl instruc
tion is used include the following: 

• To allow the mixer to start as long as the 
temperature is within range. 

• To allow a process to happen as long as 
the temperature is outside the range. 

Figure 10-28 shows an example of the 
masked comparison for equal (MEQ) input-
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FIGURE 10·28 Masked comparison for equal (MEQ) logic rung_ 

compari son inst ruction. This instruction 
compares a value from a source address with 
data al a compare address and allows portions 
of the data to be masked. If the data at the 
source address match the data at the compare 
address bit-bv-bit (less masked bits ). the in
struction is tr-ue. The instruction goes false as 
soon as it detects a mismatch. A mask passes 
data when the mask bits are set (1): a mask 
blocks data when the mask bits are reset (0). 
The mask must be the same element size (16 
bits) as the source and compare addresses. You 
must set mask bits to 1 to compare data. Bits in 
the compare address that correspond to Os in 
the mask are not compared. If you want the 
ladder program to change mask value. store 
the mask at a data address. Otherwise. enter a 
hexadecimal value for a constant mask value. 

Applications in which the masked compare 
for equal instruction is used include the 
following: 

• To compare the correct position of up to 
16 limit switches when the source con
tains the limit switch address and the 
compare stores their desired states. The 
mask can block out the switches you 
don 't want to compare. 

• When a two-digit thumbwheel is con
nected to an input module and you want 
to compare the 8 bits to a desired state. 
You can block out the other inputs con
nected to the module and make the com
parison to just the two digits. 

~TA MANIPULATION 
PROGRAMS 

• 

Data manipulation ins truct ions give new 
dimension and flexib ility to the program
ming of control circuits. For example . coo
sider the origina l relay-operated. time-de lay 
circuit in Figure 10-29. This c ircuit uses 
three pneumatic time-delay relays to con
trol four solenoid valves . When the start 

" 1.2 

STAAT 
STOP -.L 

CR}---t 

SOl A 

-{5 sl 

-(5 II 

- SOL D 

(5 II 

FIGURE 10..29 Orig inal relay time-delay circuits. 
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FIGURE 10-30 Multiple timers using the GEQ instruction. 

pushbutton is pressed. solenoid A is ener
gized immediately, solenoid B is energized 
5 5 later, solenoid C is energized 10 5 later. 
and solenoid D is energized 15 5 later than 
solenoid A. 

This circuit could be implemented using a 
conventional pte program and three inter
nal timers . However, the same circuit can be 
programmed using only one internal timer 
along with data compare instructions. 
which will result in savings of memory 
words. Figure 10-30 shows the program re
quired to implement the circuit using only 
one internal timer. Assume that the stop 
button is closed. When the start button is 
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pushed. SOL A output will energize. As a 
result . solenoid A will switch on; SOL A 
contact will close to seal in output SOL A 
and to start on·delay timer T4:1. The timer 
has been preset to 15 s. Output SOL D will 
energize (through the timer done bit 
T4:1/DN) after a total time delay of 15 s 10 

energize solenoid D. Output SOL B will en· 
ergize after a total time delay of 5 s. when 
the accumulated time becomes equal to and 
then greater than 5 s. This, in turn. will en· 
ergize solenoid B. Output SOL C will ener· 
gize after a total time delay of 10 s, when the 
accumulated time becomes equal to and 
then greater than 10 s. This. in turn. will en· 
ergize solenoid C. 



Ladder lOgic program 

"",,,"I 

TON 
L2 

1"",1 I ~· TIMER ON DELAY EN 

~ 
LI Timer T4:1 

~ 
Time base I.. ON ) 
Preset 20 

/ " $1 Accumulated • 

-fEOU 
T41 ACC I • 

2 EOUAL ( L 

I Sao.,' 
' I SourceB 

EO\! • 
3 ~ EQUAL U 

Source A T41.ACC 

Source B IS 

FIGURE 10-]1 Timer program using the EQU instruction. 

Figure 10-31 shows an on-delay timer program 
that makes use of the equal instruction. When 
the switch (51) is closed. timer T4:1 will begin 
timing. Both equal instructions' source As are 
addressed to get the accumulated value from 
the timer while it is running. The equal in
struction in rung 2 has the value of 5 stored in 
source B. When the accumulated value of the 
timer is equal to 5. the equal instruction in 
rung 2 will become logic true for 1 s. As a re
sult. the latch output will energize to switch 
the pilot light PLI on. Then. when the accu
mulated value of the timer reaches 15. the 
equal instruction in rung 3 will be true for 1 s. 
As a result. the unlatch output will energize to 
switch the pilot light PLl off. Therefore, when 
the switch is closed. the pilot light will come 
on after 5 s, stay on for 10 s, and then turn off. 

Figure 10-32 on page 288 shows an up
counter program that makes use of the less 
than instruction. Up-counter C5:1 will incre
ment by 1 for every false-to-true transition 
of pushbutton PB. Source A of the less than 
instruction is addressed to the accumulated 
value of the counter. whereas source B has 
a value of 20 stored in it. The less than in-

struction will be true as the long as the value 
contained in source A is less than that of 
source B. Therefore. the output and pilot 
light PLl will be on when the accumulated 
value of the counter is between 0 and 1 g. As 
soon as the counter 's accumu lated va lue 
reaches 20. the less than instruction will go 
false. turning off the output and the light. 
When the counter's accumulated value 
reaches its preset value of 50. the counter re
set will be energized through the counter 
done bit (C5:1 / DN) to reset the accumulated 
count to O. 

The use of comparison instructions is gener
ally straightforward. However. one common 
programming error involves the use of these 
instructions in a PLC program to control the 
flow of a raw material into a vesseL The re
ceiving vess.el has its weight monitored con
tinuously by the PLC program as it fins. 
When the weight reaches a preset value. the 
flow is cut off. While the vessel fiUs, the PLC 
performs a comparison between the vessel's 
current weight and a predetermined constant 
programmed in the processor. If the program
mer uses only the equal instruction. problems 

Data Manipulation Instructions 287 



Ladder logic progl1im 

• r CTU ""',,"' 
COUNT UP f- cu 

l2 

Counler CS:l 
Preset 50 "-
Accumulated 0 

ON ) Pl1 ~
/ 

/ , 
lES Pl1 

f- LESS THAN 
Source A CS1 ACe 

0 
Source B 20 

I : s:t;-::-____________ ----«~~:~ 
~ ON 

FIGURE 10-32 Counter program using the lES instruction. 

may result . As the vessel fills . the comparison 
for equality will be false. At the instant the 
vesse l weight reaches the desired preset 
va lue of the equal instruction , the instruction 
becomes true and the fl ow is stopped. How· 
ever. should the supply system leak addi 
tional mate rial into the vessel. the total 
weight of the materia l could rise above the 
preset va lue. causing the instruction to go 
fa lse and the vessel to overfi ll . The simplest 
solution to this problem is to program the 
comparison instruction as a greater than or 
equal to instruction. This way. any excess 
material entering the vessel will not affect the 
filling operation. It may be necessary, how
ever. to include add itiona l programming to 
indicate a serious overfi ll condition. 

~MERICAL DATA 
110 INTERFACES 

• 

The expanding data manipulation processing 
capabilities ofPLCs led to a new class of 110 in· 
terfaces known as numerical data 110 inter· 
faces. In general. numerical data 110 interfaces 
can be divided into two groups: those that pro· 
vide interface to multibit digital devices and 
those that provide interface to analog devices. 
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The multibit digital devices are like the 
discrete I/O because processed signals are 
discrete (on/off). The difference is that. with 
the discrete 110. only a Single bit is required 
to read an input or con trol an ou tpu t. Multibil 
interfaces allow a group of bits to be in put or 
output as a unit. They are used to accommo
date devices that require BCD inputs or 
outputs. 

Figure 10·33 shows a BCD input interface 
module connected to thumbwheel s L\·itches 
(TWS). The BCD input module allows the 
processor to accept 4·bit digita l codes. This 
interface inputs data into specific register or 
word locations in memory to be used by the 
control program. Register inpu t modules gen
erally accept voltages in the range of 5 V de 
(TTL) to 24 V dc . They are grouped in a mod
ule containing 16 or 32 inputs. corresponding 
to one or two I/O registers. respectively. Data 
manipulation instructions are used to access 
the data from the module that provides data 
for registers used in the control program. This 
allows a person to change set points or pre
sets externally without modifying the control 
program. 

Figure 10·34 on page 290 shows a BCD out· 
put interface module connected to a seven
segment LED display board . This interface 



Decimal 

" 
L2 

Tllvmbwheel 
SWllCh 

\ ITWS I 

I suMS 

l OS vnits 

1005 vMS 

1000s vMS 

BCD' 

j 

0 
0 

~ 1 7 
0 

I 

B,' 
acklress , \ 

0 
0 , , , 

0 3 
L 

0 r:: , , 
5 , 
6 
7 

, 
8 , 
9 , 
" 0 

" 
0 r 
0 " 0 " " 0 

" 
-j£) 

B,na ' y ' -1 01010101010[,[01,[1[,1, I 1[1 101 1 [ 

_ _ ." , BCD input 
Interface module, (a) 

Module. (b) Four BCD 
thumbwheel swi t ches 
(Courtesy of Cincinnati 
MllacronJ 

t Memor) ,'.'o,a 01 ,,~glsiel t 
MSB LSB 

'In thIS Illustration II IS aSSvmea thai the PLC 
processor IS prog 'ammed 10 convert tl'le BCD va lue 
IntO an equivalent binary va lue ana then to load 
mat bmary value mto t!'le reglSle, .. , 

<b, 

'r 

• l , , 

Data Manipulat ion Instru(t ions 289 



L1 

L2 

ls units 

lOs uMs 

lOOs units 

OOOs unitS 

Decimal' 

j 

8 
Y 
3 
2 
I 

BCD' 

1 B" 
address 

0 , 
0 0 

0 
, , 2 
3 

0 , 
0 , 5 

0 6 
7 

, >-, B 

0 9 

0 10 

" 
0 

12 , 
0 13 

0 " 15 
~ 

= 
I = 

Bmary ' - 10 1 0 I 0 I 0 I O! 1 10 [1 10 I 0 [1 10 [ 1 [1 to I 0 I 
t Memory word or reglsler t 

M5B L5B 

' In th iS IlluSlralion. " '5 assumed lhal Ihe PLC 
processol '5 programmed to convert the binary va lue 
m Ihe reg,ster ,nto an equ,valenl BCD value and 
thai the LEO display board ,s respons,ble lor 
encodmg the programmable controller BCD output 
to produce the correct deCimal dlgll on each display 

'" 

(0) 

FIGURE 10-34 BCD output interlace module. (a) M odul e. (b) SCD to 

seven-segment d isplay. (Courtesy of Cincinnati Milacron) 



Ladder Iogie program 

""!PO" l> 

" InpulS MCN 
MCNE 

, / .,... Soo~ • -DeSlination - / , 

2 ~'" • • 
(All 16 .to, [ 

8 
Eau 

J EQUAL 8 
Source A - 8 • 
Source 8 100 8 

Thumbwheel switch 
LEO diSplay 
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is used to ou tput data from a specific regis
ter or word loca tion in memory. Register 
ou tput modules generally provide voltages 
that range from 5 V dc (TTL) to 30 V dc and 
have 16 or 32 output lines corresponding to 
one or two 110 registers . respectively. This 
type of module enab les a PLC to operate de
vices that require BCD-coded signals. The 
BCD output module can also be used to 
d ri ve small dc loads that have current re
quirements in the 0.5-A range. 

Figure 10-35 shows a PLC program that uses a 
BCD input interface module connected to a 
thumbwheel switch and a BCD output inter
face module connected to an LED display 
board. The LED display board monitors the 
decimal setting of the thumbwheel switch. In 
this program. the setting of the thumbwheel 
switch is compared to the reference number 
100 stored in source B of the equal instruc
tion . The pilot light output PL will be ener
gized when the input switch Sl is true and 
the value of the thumbwheel switch is equal 
to 100. 

Input and output modules can be addressed 
either at the bit level or at the word level. 
whichever is more convenient in the ladder 
logic program. Analog modules convert 
analog signals to 16-bit digital signals (input) 
or 16-bit digital signals to analog values 

(output) . For example. they are used to inter
face with thermocouples and pressure trans
ducers. 

An analog I/O will allow monitoring and con
trol of analog voltages and currents. Fig
ure 10-36 on page 292 shows how an analog 
input interface operates. The analog input 
module contains the circuitry necessary to 
accept analog voltage or current signals from 
field devices. These voltage or current inputs 
are converted from an analog to a digital 
value by an AID converter circuit. The con
version value. which is proportional to the 
analog signal. is passed through the con
troller 's data bus and stored in a specific reg
ister or word location in memory for later use 
by the control program. 

An analog output interface module receives 
numerical data from the processor: this data 
is then translated into a proportional voltage 
or current to control an analog fie ld device. 
Figure 10-37 on page 293 shows how an analog 
output interface operates. Data from a specific 
register or word location in memory is passed 
through the controller's data bus to a 0 / A con
verter. The analog output from the converter is 
then used to control the analog output device. 
These output interfaces normally require an 
external power supply that meets certain CUf

rent and voltage requirements. 
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FIGURE 10-36 Analog input interface module. 

SET-POINT CONTROL 
Set-poin t control in its simplest form com
pares an input value. such as an analog or 
thumbwheel inputs, to a set-point value. A 
discrete output signa l is provided if the input 
value is less than. equal to, or greater than the 
set-point value. 

The temperature control program of Figure 
10-38 on page 294 is one example of set-point 
control. In this application. a PLC is to provide 
for simple offl on control of the electric heating 
elements of an oven. The oven is to maintain 
an average set-point temperature of 600°F with 
a variation of about 1 % between the off and on 
cycles. Therefore, the electric heaters will be 
turned on when the temperature of the oven 

t • 
Memory word 01 register 

MSB LSB 

is 597°F or less and will stay on until the tem
perature rises to 603°F or more. The electric 
heaters stay off until the temperature drops to 
597°F, at which time the cycle repeats itself. 
When the less than or equal instruction is true, 
a low-temperature condition ex ists and the 
program switches on the heater. When the 
greater than or equal instruction is true. a high
temperature condition exists and the program 
switches off the heater. 

Several common set-point conlrol schemes 
can be performed by different PLC models. 
These include onloff control. proportional (P) 
control. proportional-integral (PI) control. 
and proportional-integral-derivative (PID) 
control. Each involves the use of some form 
of closed-Joop control to maintain a process 
characteristic such as a temperature. pres
sure, flow, or level at a desired value. 
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FIGURE 10·]7 Analog output interlace module. 

A typical block diagram of a closed-loop con
trol system is shown in Figure 10-39 on page 
294. A measurement is made of the variable 
to be controlled. This measurement is then 
compared to a reference point. or set point. If 
a difference (error) exists between the actual 
and desired levels. the PLC control program 
will take the necessary corrective action. 
Adjustments are made continuously by the 
PLC until the difference between the desired 
and actual output is as small as is practical. 

With onl off control (also known as two
position and bang-bang con tra/). the output 
or final control element is either on or off
one for the occasion when the value of the 
measured variable is above the set point and 

the other fo r the occasion when the value is 
below the set point. The controller will never 
keep the fina l control element in an interme
diate position. 

Onloff control is inexpensive but not accu
rate enough for many process and machine 
control applications. Onloff control almost 
always means overshoot and resultant sys
tem cycling. A deadband is usually re
quired around the set point to prevent relay 
chatter at set point. Onloff control does not 
adjust to the time constants of a particular 
system. 

Proportional controls are designed to elimi
nate the hunting or cycling associated with 
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FIGURE 10-38 Set-point temperature control program using Allen-Bradley Ple-S or 5lC-SOO protocol. 

on/off control. They allow the final control ele
ment to take intermediate positions between 
on and off. This permits analog control of the 
final control element to vary the amount of 
energy to the process, depending on how much 
the value of the measured variable has shifted 
from the desired value. 
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FIGU"E 10-39 Block diagram of closed-loop (antral 
system. 
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The process illustrated in Figure 10-40 is an 
example of a proportional control process. 
The PLC ana log output module controls the 
amount of fluid placed in the holding tank 

Analog output -
t ~ .... _--:. -""'" 

........ ~ 
..L 

L ..... rsensor -
-Analog inpYI 

FIGURE 10-40 Proportional control prOCe55. 



b" adjusting the percentage of valve open
ing. The valve is initially open 100%. As the 
fluid level in the tank approaches the preset 
point. the processor modifies the output to 
degrade closing the valve by different per
centages. adjusting the valve to maintain a 
set point. 

Proportional-integral-derivative (PID) con
trol is the most sophisticated and Widely 
used type of process control. PID operations 
are more complex and are mathematically 
based (Fig. 10-41). PID controllers produce 
outputs that depend on the magnitude . 
duration. and rate of change of the system 
error signal. Sudden system disturbances are 
met with an aggressive attempt to correct the 
condition. A PID controller can reduce 
the system error to 0 faster than any other 
controller. 

Either programmable controllers are equipped 
with PID 110 modules that produce PID con
trol or the" have sufficient mathematica l 

Set·point 

FIGURE 10-41 Typical PIO control loop. 

functions of their own to allow PlD control to 
be carried out. In a PID module. the propor
tional mode produces an output signal pro
portional to the difference between the mea
swement being taken and the set point entered 
in the PLC. The integral control function pro
duces an output proportional to the amount 
and length of time that the error signal is 
present . The derivative section produces an 
output signal proportional to the rate of 
change of the error signal. 



Chapter 10 Review 

Questions 
1. Explain the difference between a register or word and a table or file. 

2. What do data manipulation instructions allow the PLC to do? 

3. Into what two broad categories can data manipulation instructions be placed? 

4. What is involved in a data transfer instruction? 

5. Explain what the logic rung in Figure 10-42 is telling the processor to do. 

6. The MOV instruction will be used to copy the information stored in word N7:20 to N7:35. 
What address should be entered into the source and destination? 

7. Explain the purpose of the move with mask instruction. 

8. Explain the purpose of the bit distribute instruction. 

9. List three types of data manipulation used with file instructions. 

10. list the six parameters and addresses that must be entered into the file arithmetic and logic 
(FAl) instruction. 

11. Assume the all mode has been entered as part of a FAl instruction. How will this affect the 
transfer of data? 

12. What is the advantage of using the file copy (COP) or fi ll file (Fll) instruction rather than the 
FAl instruction for the transfer of data? 

13. What is involved in a data compare instruction? 

14. Name and draw the symbol for five different types of data compare instructions. 

15. Explain how the limit test (LIM) instruction compares data. 

Input 

FIGURE 10-42 
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16. How are multibit 110 interfaces different from the discrete type? 

17. Assume that a thumbwheel switch is set for the decimal number 3286. 

a. What is the equivalent BCD value for this setting? 

b. What is the equivalent binary value for this setting? 

18. Assume that a thermocouple is connected to an analog input module. Explain how the 
temperature of the thermocouple is communicated to the processor. 

19. Name two typical analog output field devices. 

20. With the aid of a block diagram, explain the basic operation of a dosed-loop control system. 

21. Explain what each of the logic rungs in Figure 10-43 is telling the processor to do. 

22. Compare the operation of the final control element in on/off and proportional control systems. 

23. Explain the type of output produced by each of the following sections of a PlD module: 

a. Proportional control 

b. Integral control 

c. Derivative control 
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Problems 
1. Study the data transfer program in Figure 10-44, and answer the following questions: 

a. When S1 is off, what decimal number will be stored in integer word address N7:13 of the MOV 
instruction? 

b. When 51 is on, what decimal number will be stored in integer word address N7:112 of the MOV 
instruction? 

c. When 51 is on, what decimal number will appear in the LED display? 

d. What is required for the decimal number 216 to appear in the LED display? 

L1 Inputs 

s, 

Thumbwheel switch 

FIGURE 10-44 
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2. Study the data transfer counter program in Figure 10-45, and answer the following questions: 

a. What determines the preset value of the counter? 

b. Outline the steps to follow to operate the program so that the Pl1 output is energized after 
25 off-to-on transitions of the count PB input. 
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3. Construct a non retentive timer program that will turn on a pilot light after a time-delay 
period. Use a thumbwheel switch to vary the preset time-delay value of the timer. 

4. Study the data compare program in Figure 10-46, and answer the following questions: 

a. Will the pllot light Pll come on whenever switch 51 is closed? Why? 

b. Must switch 51 be closed to change the number stored in source A of the EQU instruction? 

c. What number or numbers need to be set on the thumbwheel in order to turn on the pilot light? 

5. Study the data compare program in Figure 10-47, and answer the following questions: 

a. List the values for the thumbwheel switch that would allow the pilot light to turn on. 

b. If the value in the word N7: 112 is 003 and switch 51 is open, will the pilot light turn on 1 Why? 

c. Assume that source 8 is addressed to the accumulated count of an up-counter. With 51 closed, 
what setting of the thumbwheel switch would be required to turn the pilot light off when the 
accumulated count reaches 1501 
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FIGURE 10-47 
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Ladder logic program 

GRT-------, 
GREATER THAN 
Source A N7:112 

Source B 12 

Output 

l2 

~
/ 

Pl1 
/ , 



6. Write a program to perform the following: 

a. Turn on pilot light 1 (Pll) if the thumbwheel switch value is less than 4. 
b. Turn on pilot light 2 (Pl2) if the thumbwheel switch value is equal to 4. 
c. Turn on pilot light 3 (Pl3) if the thumbwheel switch value is greater than 4. 
d. Turn on pilot light 4 (Pl4) if the thumbwheel switch value is less than or equal to 4. 

e. Turn on pilot light 5 (PlS) if the thumbwheel switch value is greater than or equal to 4. 

7. Write a program that will copy the value stored at address N7:56 into address N7:60. 

8. Write a program that uses the mask move instruction to move only the upper 8 bits of the 
value stored at address 1:2.0 to address 0:2.1 and to ignore the lower 8 bits. 

9. Write a program that uses the FAl instruction to copy 20 words of data from the integer 
data file, starting with N7:40, into the integer data file, starting with N7:80. 

10. Write a program that uses the COP instruction to copy 128 bits of data from the memory 
area, starting at 83:0, to the memory area, starting at 83:8. 

11. Write a program that will cause a light to come on only if a PlC counter has a value of 
6 or 10. 

12. Write a program that will cause a light to come on if a PlC counter value is less than 10 or 
more than 30. 

13. The temperature reading from a thermocouple is to be read and stored in a memory location 
every 5 min for 4 h. The temperature reading is brought in continuously and stored in 
address N7:1S0. File #7:200 is to contain the data from the last full4-hour period. 
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After completing this chapter, you will be able 
to: 

• Analyze and interpret math instructions as 
they apply to a PLC program 

• Create PLC programs involving math 
instructions 

• Apply combinations of PLC arithmetic 
functions to processes 

Most PLCs have arithmetic function 

capabilities. The PLC can do many 

arithmetic operations per second for 

fast updating when needed. The usual 

interval between PLC arithmetic 

function updates is 1 or 2 scan times. 

This chapter covers the basic 

mathematical functions performed by 

PLCs and their applications. 



Math instructions used fo r 

control of inventory_ 
(C M ichael Rosenfeld/Getty) 
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~TH INSTRUalONS 
• 

Math instructions. like data manipulation in
s tructions , enable the programmable can· 
troller to take on some of the qualities of a 
computer system. The PLC's math functions 
capability is nol intended to allow it to re
place a calculator but rather to allow it to per
form arithmetic functions on values stored in 
memory words. For example, assume you are 
using a counter to keep track of the number of 
parts manufactured. and you would like to 
display how many more parts must be pro
duced in order to reach a certain quota . This 
display would require the data in the accu
mulated value of the cou nter to be subtracted 

from the quota required. Other appli cations 
include combining parts counted. subtracting 
detected defects. and ca lculating run rates. 

Depending on what type of processor is used . 
various math instructions can be programmed. 
The basic mathematical functions performed 
by PLCs are: addition (+ ), subtraction (- J. 
multiplication (xl. and division ( -+ ). These in
structions use the contents of two words or 
registers and perform the desired function . 
The PLe instructions for data manipulation 
(data transfer and data compare) are used with 
the math symbols to perform math functions. 
Math instructions are all output instructions. 
Figure 11-1 shows typical math instructions 
based on the Allen-Beadle" SLC-500 PLC and 
its associated RSLogi.x soft~\lare . 

location in RSLogix software 

Command Name Description 

CPT Compute Evaluates an expression and stores the result in the 
destifllltion. 

ADO Add 
Adds source A to source B and stores the result in the 
destination. 

SUB Subtracl 
SUbtracts source B 'rom source A and stores the rasu\t in 
ttle destination. 

MUL Multiply 
Multiplies source A by source B and stores the IISUIt in the 
destinatiOn. 

OIV Divide 
Diyides source A by source B and stores the result in the 
destinetion and math register. 

SQA 
Square Calculates the square root of tha source end places the 
Aool integer result in the destination. 

NEG Negate 
Changes the sign althe source and places il in the 
destination. 

TOO 
To Corwerts I 16-bll integer source Yalue 10 BCD and stores 
BCD it in the math regIster or the destination. 

F,~ Converts a BCD yalue in the math register or the source to 
FAD 

BCD an integer and stores it in the destinatiOn. 

FIGURE 11-1 Math instructions based on the Allen-Bradley SLC-SOO PlC and its 

associated RSLogix software. 
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~DITION INSTRUCTION 
• 

The add instruction performs the addition of 
two values stored in the referenced memory 
locations. How these values are accessed de
pends on the controller. 

Allen-Beadle\' PLC-5 and SLC·SOO controllers 
use a block-formatted ADD instruction for ad
dition. Figure 11-2 shows an example of the 
ADD instruction. In this example. when the 
rung is true. the value stored at the source A 
address . N7:0 (25) . is added to the va lue 
stored at the source B address. N7:1 (50). and 
the answer (75) is stored at the destination 
address. N7:2 . Source A and source B can be 
either values or addresses that contain val
ues; however. source A and source B cannot 
both be constants. 

The program of Figure 11-3 on page 306 
shows how the ADD instruction can be used 
to add the accumulated counts of two up
coun ters. This application requires a light to 
come on when the sum of the counts from the 
two counters is equal to or greater than 350. 
Source A of the ADD instruction is addressed 
to store the accumulated value of counter 
C5:0. and source B is addressed to store the 
accum ulated va lue of counter CS:1. The value 
at source A is added to the value at source B, 
and the result (answer) is stored at destination 
address N7:1. Source A of the greater than 
or equal instruction is addressed to store 

the value of the destination address N7:1. 
whereas source B contains the constant value 
of 350. Therefore, the greater than or equal in
struction will be logic true whenever the ac
cumulated values in the two counters are 
equal to or greater than the constant value 
350. A reset button is prOVided to reset the ac
cumulated count of both counters to O. 

When performing math functions , care must 
be taken to ensure that values remain in the 
range that the data table or file can store; other
wise, the overflow bit will be set. For exam
ple, with the Allen-Bradley PLC-5 controller, 
you cannot store a value larger than 32,767 at 
an integer address. 

SUBTRACTION 
INSTRUCTION 

The subtract (SUB) instruction is an output 
instruct ion that subtracts one va lue from 
another and stores the result in the destina
tion address . When rung conditions are 
true , the subtrac t instruction subtracts 
source B from source A and stores the result 
in the destination. 

Figure 11-4 on page 306 shows an example of 
the block-formatted SUB instruction used as 
part of the Allen-Bradley PLC-5 and SLC-500 
controllers instruction set. In this example , 

Lackler logic program 

• AOO'------, 
ADO 
SotJrceA 

Source B 

DeshniilbOn 

N7.0 
25 

N71 
50 

N72 
75 

FIGURE " -2 Allen-Bradley PlC-S and SlC-SOO add 
instruction (ADD). 
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Aoo--------, 
ADD 
Source A 

Source B C5:1.ACC 

DeSTinaTion -GEa~~~~~~~~ ______ --{1II GREATER THAN OR EOUAL 
Source A _ 

Source B 350 

_ C5:0 

1f---------~Gr-1RES 
C5:1 

RES 

FIGURE " . ] PlC-5 and SLC·500 counter program that uses the ADO instruction. 

when the rung is true, the value stored at the 
source B address. N7:05 (3221. is subtracted 
from the value stored at the source A address , 
N7:10 (520). and the answer (198) is stored at 

the destination address, N7:20. Source A and 
source B can be either values or addresses 
that contain values; however. source A and 
source B cannot both be constants. 

Lackler logic ptogtam 

]06 Chapter 11 

InpuT • SUB 
L1 SUBTRACT 

t---~ 
Source A N7. IO 

520 
Soo~ B N70S 

322 
Oes1onaTIOn N720 , .. 

FIGURE ,,-4 Allen-Bradley block·formatted subtract 
instruction (SUB). 



ladOer logiC program 

FILL OutP\lIS 
Inputs 

" 
_ _ FUll SOLENOID 

r----'I -r.1l~1 }-----1 

bEN~ 

l2 

....Le>-- START 
FILL 

SOLENOID 

, , 
t--<l..l.-- STOP 

FilL _ 
SOLENOID FULL 

FILliNG , , 
2 I-------i f-E -_II!~-------j( )-----j 

, , 
1012 

GEO 
FULL , , 

Weight (All 16 blIS) 3 r-- GAEATER THAN OR EQUAl 
Source A 1012 

transducer ALARM 
Source 8 500 

FULL , E i
SU8 
SUBTRACT 
Source A 1012 

Source B 500 

I DestinatiOn N7:1 

rGEa~~~~~~l-____ ~""~ 
5 - GREATEA THAN OR eaUAL 'I 

Source A N7:1 

Source B 5 

FIGURE 11·5 Allen-Bradley PLC-S and SlC·500 overfill alarm program. 

The program of Figure 11·5 shows how the 
SUB function can be used to indicate a vessel 
Q\'erfill condition. This application requires 
an alarm to sound when a supply system 
leaks 5 lb or more of raw material into the 
vessel after a preset weight of 500 lb has been 
reached. When the start button is pressed. the 
fill solenoid (rung 1) and filling indicating 
light (rung 2) are turned on and raw material 
is allowed to flow into the vessel. The vessel 
has its weight monitored continuously by the 
PLC program (rung 3) as it fills . When the 
weight reaches 500 lb . the fill solenoid is de· 
energized and the flow is cut off. At the same 
time. the filling pilot light indicator is turned 
off and the full pilot light indicator (rung 3) is 
turned on. Should the fill solenoid leak 5 lb 

or more of raw material into the vessel. the 
alarm (rung 5) will energize and stay ener
gized until the overflow level is reduced be
low the 5·lb overflow limit. 

MULTIPLICATION 
INSTRUCTION 

The multiply (MUL) instruction is an output 
instruction that multiplies two values and 
stores the result in the destination address. 
Figure 11·6 on page 308 shows an example of 
the MUL instruction. In this example. the data 
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Ladder logic program 

Input • MUL 

LI MULTIPlY 

t---~ 
Source A 2<l 

Sou~. C5:10.ACC 

DesllnatlOn N72 

FIGURE " ·6 Multiply instruction (MUL). 

in source A (the constant 20) will be multi
plied by the data in source B (the accumulated 
value of counter C5: 10), with the result being 
placed in the destination N7:2. Like in previ
ous math instructions. source A and B in 
mult iplication instructions can be values 
(constants) or addresses that contain values. 

Figure 11-7 shows a simple MUL program. 
When input A is true. the value stored in 
source A. address N7:1 (123), is multiplied by 
the value stored in source B, address N7:2{611. 
and the product (7503) is placed into destina· 
tion word N7:3. As a result. the equal instruc· 
tion becomes true. turning output PLI on. 

Figure 11-8 shows how the Allen·Bradley 
PLC·5 and SLC-500 MUL instruction is used as 
part of an oven temperature control program. 

In this program. the PLC calculates the upper 
and lower deadband, or offl on limits. about 
the set point. The upper and lower limits are 
set automatically at ::!. I % regardless of the set
point value. The set-point temperature is ad· 
justed by means of the thumbwheel switch. An 
analog thermocouple interface module is used 
to monitor the current temperature of the oven. 
In this example. the set-point temperature is 
400°F. Therefore. the electric heaters will be 
turned on when the temperature of the oven 
drops to less than 396°F and stay on until the 
temperature rises above 404°F. If the set point 
is changed to tOO°F. the deadband remains at 
::!. 1%. with the lower limit being 99°F and the 
upper limit being 101°F. The number stored in 
word N7:1 represents the upper temperature 
limit. and the number stored in word N7:2 rep
resents the lower limit. 

ladder logic program Output 

Ll Input 

~ • _----I 
MUL--------, 
MULTIPLY -
Sou,.. A 

Source S 

Destination 

N7:1 • N7:2 

" N7:3 -EOU~----------1-____ -<.(1II 
EOUAl , ~ 
Sourceo A N7:3 -Source S 7503 

FIGURE " ·1 Simp[@ multiply program. 
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ladder Iogie proglam 

ON OFF 

TWS 

o 

Thermocouple 
input 

r-

r-

l ES 
LESS THAN 
Source A 

Source B 

GRT 
GREATER THAN 
Sou~ A 

Source B 

-

MUl 
MULTIPLY 
Source A 

Sou~ . 

Destination 

ADD 
ADD 
Source A 

Source S 

Destination 

r SUB 
SUBTRACT 
Source A 

Source S 

Destination 

-0 
N7:2 
3 .. 

-0 
N7:1 ... 

PC> Pl2 

Outputs 
l2 

r--"'" HEATER-[_.l--i 

0.0100000 

N7:0 

• Pl' 

-- Pl2 ... 
N7:0 

• 
N7:1 
«). 

-r-
' 00 

N7:0 

• 
N7:2 
3 .. 

~>---

~ , 

-~;r/~ 
( 

HEATER 

FIGURE " -8 Oven temperature (ontrol program. 

~ISION INSTRUCfION 
• 

The divide (D1V) instruction divides the 
value in source A by the value in source B 
and stores the result in the destination and 

math register. If the remainder is 0.5 or 
greater, a roundup occurs in the integer des
tination. The value stored in the math regis
ter consists of the unrounded quotient 
(placed in the most significant word) and the 
remainder (placed in the least significant 
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'"put • OIV 
DIVIDE 

L1 
Source A C510ACC 

~~ Source B 2 

DestmalJon N7:3 

FIGURE 11·9 Divide instruction (OIV), 

word), Some larger PLCs support the use of 
floating-decimal as well as integer values. As 
an example. 10 divided by 3 may be ex
pressed as 3.333333 (floating-decimal nota
tion) or 3 with a remainder of 1. Figure 11 ·9 
shows an example of the DlV instruction . In 
this example. the data in source A (the accu
mulated value of counter C5:10) will be di
vided by the data in source B (the constant 
2), with the result being placed in the desti
nation N7:3. 

Figure 11-10 shows a simple DIV program. 
When input A is true, the value stored in 
source A. address N7:0 (120), is divided by 
the value stored in source B, address N7:1 (4) 
and the answer, 30, is placed in the destina
tion address N7:S. As a result . the equal 

Ll Input 
Ladder logic program 

instruction will be true . and output PL 1 will 
be switched on. 

Figure 11-11 shows how the DrV function is 
used as part of a program to convert Celsius 
temperature to Fahrenheit. In this application. 
the thumbwheel switch connected to the in
put module indicates Celsius temperature. 
The program is designed to convert the 
recorded Celsius temperature in the data 
table to Fahrenheit values for di sp lay. The 
formula 

~II 
I==(! . oc) + 32 

Output 

~ 
• OIV -------, L2 

310 Chapter 11 

DIVIDE 
Source A 

Source B 

Destination 

EOU-----, 
EQUAl 
Sou~A 

Source B 

FIGURE 11-10 Simple divide program. 

N7:S • 30 

N7:0 .. 
N7:1 

• 
N7:S • 
• 

*1/ Pll 
/ , 



TWS 
o 

• 
o 

Input 

Ladder lOgiC program 

MUL 
MULTiPlY 

'"'"~ A 

'"'"~ . 
Destination 

, O<V 
DIVIDE 
Source A 

'"'"~ . 
Destination 

ADD 
ADD 
Source A 

Source B 

Destination 

Output 
L2 - lEO display 

• , 
N7:0 

"" 
C-

N7:0 

"" 5 

N7:1 

'08 

r-
N7:1 

'08 
32 --

FIGURE 11-" Converting Celsius temperature to Fahrenheit using Allen-Bradley 
PlC-S or SlC·SOO instruction set. 

form s the basis for the program. In this 
example. a current temperature reading of 
60°C is assumed . The MUL instruction mul
tiplies the temperature (60°C) by 9 and 
stores the produc t (540) in address N7:0. 
Next. the DlV instruction divides 5 into the 
540 and stores the answer (108) in address 
N7:1. Finallv. the ADD instruction adds 32 
to the value 'of 108 and stores the sum (HO) 
in address 0:13 Thus 60°C = Ho°F. 

OTHER WORD-LEVEL MATH 
INSTRUCTIONS 

Figure 11-12 shows an example of the square 
root (SQR) instruction. The number whose 
square root we want to determine is placed in 
the source. When the instruction is true, the 
function calculates the square root and places 

Ladder logic: program 

5OA---- --, 
SQUARE ROOT 
Source A N7:101 • Destination N7:105 ,. 

FIGU"E 11-12 Square root instruction (SQR). 
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Ladder logic program 

NEO---__ , 
NEGATE 
Source A N7;52 • Destination N7:53 -

FIGURE 11 ·13 Negate instruction (NEG). 

it in the destination. If the value of the source 
is negative. the instruction will store the 
square root of the absolute value of the source 
at the destination. 

Figure 11-13 shows an example of the 
negate (NEG) instruction. This instruction 
negates (changes the sign of) the value 
stored at the source address, N7:52, and 
stores the result at the destination address. 
N7:53, when the instruction is true. Positive 
numbers will be s tored in straight binary 
format. and negative numbers will be stored 
in 2's complement. 

The clear (CLR) instruction is used to set the 
destination value of a word to o. The example 
shown in Figure 11-14 changes the va lue 
stored in the destination address, N7:22, to 0 
when the instruction is true. 

The convert to BCD (TOO) instruction is 
used to convert 16-bit integers into binary· 
coded decimal (BCD) values. This instruc
tion could be used when transferring data 
from the processor (which stores data in bi
nary format) to an external device, such as 
an LED display, that functions in BCD for
mat. The example shown in Figure 11-15 
will convert the binary bit pattern at the 
source address, N7:23, into a BCD bit pattern 
of the same decimal value at the destination 
address, 0:20. The source displays the value 
10, which is the correct decimal value; how
ever, the destination displays the value 16. 
Because the processor interprets all bit pat
terns as binary, the value 16 is the binary 

Chapter 11 

interpretation of the BCD bit pattern. The bit 
pattern for 10 BCD is the same as the bit 
pattern for 16 binary. 

The convert from BCD (FRO) instruction 
is used to convert binary-coded decimal 
(BCD) values to integer values. This instruc
tion could be used to convert data from 
a BCD external source. such as a BCD 
thumbwheel switch, to the binarv format in 
which the processor operates. The examp le 
shown in Figure 11-16 will convert the 
BCD bit pattern sto red at the source ad
dress, 1:30, into a binary bit pattern of the 
same decimal value at the destination ad
dress, N7:24. 

The scale data (SCLI instruction is used to 
allow ve ry large or very small numbers to be 
enlarged or reduced by the rate value. When 
rung condit ions are true. this instruction 
multiplies the source by a specified rate . 
The rounded result is added to an offset 
value and placed in the destination. You 
can use this instruction to scale data from 
your analog module and bring it into the 
limits prescribed by the process variable or 
another analog module. For instance. you 
can use the SCL instruction 10 convert a 
4-20 rnA input signal to a PID process vari
able, or to scale an analog input to control 
an analog output. In the example shown in 
Figure 11-17, the number 100 stored at the 
source address, N7:0, is multiplied by 
25,000, divided by 10,000, and added to 
127. The result , 377, is placed in the desti
nation address, N7:1. 

. 



LadCler lOgiC program 

Ll Input ~A 

~ I 
eLR ------------, 
CLEAR 
DeShnat,on N722 

OOOOOOOOOOOOOOO 

FIGURE '1 -14 Clear instruction (CLR). 

Ladder logic program 

" ,,,,,,,, r· 
r· \ 

TOO-------~ 

TO BCD 
Sou~. N7:23 • Destination 0:20 • 

FIGURE 11-15 Convert to BCD instruction (TOO). 

Ladder logiC program 

1
·1~:MBeo Source [:30 • Destination Nl:24 

L--_ _ ~.~ 

FIGURE 11·16 Convert from BCD instruction (FRO). 

Ladder logic program 

Input I A SeL 

" SCALE 

~ 
Source N7:0 

' 00 
Rate (/10000) 25000 

Off~' '" 
Destination N7:1 

377 

FIGURE "·17 Scale data instruction (Sell. 



FILE ARITHMETIC 
OPERATIONS 

File arithmetic functions include file add, file 
subtract. file multiply, file divide. file square 
root. file convert from BCD, and file convert 
to BCD. The fiJe arithmetic and logic (FAL) 
instruction can combine an arithmetic opera
tion with file transfer. The arithmetic opera
tions that can be implemented with the F AL 
are ADD. SUB. MULT. DIY. and SQR. 

The file add function of the F AL instruction 
can be used to perfonn addition operations on 
multiple words. In the example shown in Fig
ure 11-18. when the rung goes true, the expres
sion tells the processor to add the data in file 
address N7:25 to the data stored in file address 
N7:50 and stores the result in file address 
N7:100. The rate per scan is set at all. so the 
instruction goes to completion in one scan. 

Figure 11-19 shows an example of the file 
subtract function of the FAL instruction. In 
this example. when the rung goes true , the 

Ladoer logic program 

lop" r-L1 

r FAL 
'f-- FILE ARITHILOGICAL 

~~ 

.N7:25 

N7:25 ms + N7:50 '3' • 
1256 4-

N7:28 n + N7:S3 

Control R6:1 
Length • 
PosiIion 0 
Mode All 
Oe5tination .N7100 

e .. pression 
IW':I5 + 'N7:50 

.N7:50 

m -N"'OO 
22 

456 
100 "N7:103 

FIGURE 11-18 File add function of the FAL instruction, 

Ladder logic program 

I""" i-II 

~~ 
r FAL 

'f-- FILE ARITHIlOGICAl 
Control A8:5 
Length 4 

Position 0 
Mode 2 
Destination -E .. preSS1on 
.Nl0:0 - 255 

'Nl0:0 

Nl0:0 ... 255 .. N7:255 

950 
20 

Nl0:3 '00 .. N7:2S8 

FIGURE 11-19 File subtract function of the FAL instruction. 

.N7:100 

75 
256 

1112 
In 

ENfI ON) 
ER) 

'N7:255 

42' 
69' 

-235 



processor subtracts a program constant 
(255) from each word of file address N10:O 
and stores the result at the destination file 
address, N7:255, The rate per scan is set at 
2, so it will take 2 scans from the moment 
the instruction goes true to complete its 
operation. 

the data in element address N7:23. with the 
result stored in fi le address N7:500. 

Figure 11-20 shows an example of the file 
multiply function of the FAL instruction. In 
this example, when the rung goes true . the 
data in file address N7:330 is multiplied by 

Figure 11-21 shows an example of the fi le 
divide function of the FAL instruction. 
In this example. the data in file address 
F8:20 is divided by the data in file address 
F8:100. with the result stored in element ad
dress F8:200. The mode is incremental. so 
the instruction operates on one set of ele
ments for each false-to-true transition of the 
instruction. 

Ladder logic program 

I
-~ r~:.'eAAr_OGrcAl ENri 

Conlrol R6:8 '-__ -{; ~ 
longth • r ; DN) 
Position 0 , ER) 
Mode All 
Deslination _ 

ifN7:33Q 

N7 '330~ , .. 
-78 

N7:333 321 

• N7:23 

ElCpI'ession 
_ . N7:23 

N7:23 

'''' .. N7:SOO 

.. N7:503 

FIGURE 11-20 File multiply function of the FAl instruction. 

l.addef logic program 

r""", I-II 

t---~ 
.~ 

FAl 
FILE ARITH!t.OOICAL 
Control R6:7 
Lenglh 4 
Position I ..... Incremental 
Oeslination -Expression 
-..M=lt11O 

'F8:20 'F8:100 
F8:20 '''' + F8:100 m .. F8:200 

25 
"3 15 

F8:23 586 F8:103 3 

FIGURE 11-21 File d ivide fu nction of the FAl instruction. 

'N7:SOO 

'000 
24000 
-7800 

"'''' 

ENri ON) 
ER) 

F8:200 
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Chapter 11 Review 

Questions 
1. Explain the purpose of math instructions as applied to the PLC. 

2. What are the four basic math functions that can be performed on some PLCs? 

3. What standard format is used for PlC math instructions? 

4. Would math instructions be classified as input or output instructions? 

5. With reference to Figure 11·22, what is the 
value of the number stored at source 8 if 
N7:3 contains a value of 60 and N7:20 
contains a value of 80? 

6. With reference to Figure 11-23, what is the 
value of the number stored at the 
destination if N7:3 contains a value of 
500) 

7. With reference to Figure 11-24, what is the 
value of the number stored at the 
destination if N7:3 contains a value of 40 
and N7:4 contains a value of 37 

8. With reference to Figure 11-25, what is the 
value of the number stored at the 
destination if N7:3 contains a value of 15 
and N7:4 contains a value of 47 

9. With reference to Figure 11-26, what is the 
value of the number stored at N7:20 if 
N7:3 contains a value of - 3457 
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ADD'-------, 
ADD 
Sol,lrce A 
Source B 
Destination 

fiGURE "-22 

N7:3 
N7:4 

N7:20 

SUB,-------, 
SUBTRACT 
SOl,lrce A 
SOl,lrce B 
Destination 

fiGURE 11 -23 

N7:3 
338 

N7:20 

DIV -------, 
DIVIDE 
SOl,lrce A 
SOl,lrce B 
Destination 

FIGURE "-24 

N7:3 
N7:4 

N7:20 

MUL-------, 
MULTIPLY 
Source A 
Source B 
Destination 

fiGURE 11-2S 

N7:3 
N7:4 

N7:20 

NEG-----, 
NEGATE 
Sol,lrce 
Destinalion 

FIGURE 11-26 

N7:3 
N7:20 



10. With reference to Figure 11-27, what will 
be the value of each of the bits in word 
83:3 when the rung goes true? 

11 . With reference to Figure 11 ·28, what is 
the value stored at N7:101 when the rung 
goes true? 

FIGURE 11·27 

FIGURE 11·28 

r CLR -------, 
CLEAR 
Destination 83:3 -

000011 11 0000111 1 

r SQR--------, 
SQUARE ROOT 
Source A N7:101 -
Destination N7:105 

• 

12. With reference to Figure 11·29, list the values that will be stored in file #N7:1 0 when the 
rung goes true. 

II FAL 
FILE ARITHIlOGICAL 

ENr! Control R6:0 ON) 
Length 5 
Posilion 0 

ER) 
Mod. All 
Destination _N7:10 

Ellpression 
_Nl' :0 +10 

File_Nl1 :0 

m 150 
10 
32 
0 

FIGURE 11·29 
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Problems 
1. Answer each of the following with reference to the counter program shown in Figure 11-3 

(page 306): 

a. Assume the accumulated (aunt of (ounters (5:0 and (5:1 to be 148 and 36, respectively. State 
the value of the number stored in each of the following words at this point: 
(1) CS:O.AC( 
(2) CS:l.ACC 
(3) N7:1 
(4) source 8 of the GEQ instruction. 

b. Will output Pl1 be energized at this point? Why? 

c. Assume the accumulated count of counters (5:0 and (5:1 to be 250 and 175, respectively. State 
the value of the number stored in each of the following words at this point: 

(1 ) (5:0.A(( 
(2 ) (S:1.A(( 
(3) N7 :1 
(4) source 8 of the GEQ instruction. 

d. Will output Pll be energized at this point? Why? 

2. Answer each of the following with reference to the overiill alarm program shown in 
Figure 11-5 (page 307): 

a. Assume that the vessel is filling and has reached the 300·lb point. State the status of each of the 
logic rungs (true or false) at this point. 

b. Assume that the vessel is filling and has reached the 480-lb point. State the value of the number 
stored in each of the following words at this point: 

(1) 1:012 
(2) N7:1 

c. Assume that the vessel is filled to a weight of 502 lb. State the status of each of the logic rungs 
(true or false) for this condition. 

d. Assume that the vessel is filled to a weight of 510 lb. State the value of the number stored in 
each of the following words for this condition: 

(1) 1:012 
(2) N7:1 

e. With the vessel filled to a weight of 510 Ib, state the status of each of the logic rungs (true or 
false), 
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3. Answer the following with reference to the oven temperature control program shown in 
Figure 11 ·8 (page 309): 

a. Assume that the set-point temperature is 600°F. At what temperature will the electric heaters be 
turned on and off? 

b. Assume that the set-point temperature is 600°F and the thermocouple input module indicates a 
temperature of S90°F. What is the value of the number stored in each of the following words at 
this point: 
(1) 1:012 
(2) 1:013 
(3) NrO 
(4) N7:1 
(5) Nn 

c. Assume that the set-point temperature is 600°F and the thermocouple input module indicates a 
temperature of 608°F. What is the status (energized or not energized) of each of the following 
outputs: 
(1) Pl1 
(2) Pll 
(3) heater 

4. With reference to the Celsius to Fahrenheit conversion program shown in Figure 11-11 (page 
311), state the value of the number stored in each of the following words for a thumbwheel 
setting of 035: 

(1) 1:012 

(2) N7:0 

(l) N7:1 

(4) 0:013 

5. Design a program that will add the values stored at N7:23 and N7:24 and store the result in 
N7: 30 whenever input A is true, and then, when input 8 is true, will copy the data from 
N7:30 to N7:31. 

6. Design a program that will take the accumulated value from TON timer T4:1 and display it on 
a 4-digit. BCD format set of LEOs. Use address 0:023 for the LEOs. Include the provision to 
change the preset value of the timer from a set of 4-digit BCD thumbwheels when input A is 
true. Use address 1:012 for the thumbwheels. 

7. Design a program that will implement the following arithmetic operation: 

• Use a MOV instruction and place the value 45 in N7:0 and 286 in N7:1. 

• Add the values together and store the result in N7:2. 

• Subtract the value in N7:2 from 785 and store the result in N7:3. 

• Multiply the value in N7:3 by 2S and store the result in N7:4. 

• Divide the value in N7:4 by 35 and store the result in F8:0. 
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" ADD 

ADD 
Source A N7:1 

208 
Source B N7:2 

11. 
Destination N7:3 

r MUl -
MULTIPLY 
Source A N7:3 

Source B N7:4 

• 
Destination N7:S 

'--
r DIV 

DI VIDE 
Source A N7:5 

Source B 5.000000 

Destination F8:! 

FIGURE 11·30 

8. a. There are three part conveyor lines (1-2-3) feeding a main conveyor. Each of the three 
conveyor lines has its own counter. Construct a PLC program to obtain the total count of 
parts on the main conveyor. 

b. Add a timer to the program that will update the total count every 30 s. 

9. With reference to Figure 11-30, when the input goes true, what value will be stored at each 
of the following: 

a. N7:3 

b. N7:5 

c. F8:t 

10. With reference to Figure 11·31 , when the input goes true, what value will be stored at each 
of the following? 

a. N7:J 

b. N7:4 

c. N7:5 

d. N7:6 
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"' SUB 
SUeTRACT 
Source A N7:1 

80 
Source B N7:2 

20 
Destination N7:3 

MUl 
- MULTIPLY 

Source A N7:3 

Source 8 2 

OesMalion N7:4 

-ADO 
>---- ADD I-

Source A N7:4 

Source 8 " 
Destination N7:5 

saR 
L-- SQUARE ROOT I-

Source N7:5 

Oest inatioo N7:6 

FIGURE 11 -31 

11. Two part conveyor lines, A and B. feed a main conveyor line M. A third conveyor line, 
R, removes rejected parts a short distance away from the main conveyor. Conveyors A, B, and 
R have parts counters connected to them. Construct a PlC program to obtain the total parts 
output of main conveyor M. 

12. A main conveyor has two conveyors, A and B, feeding it. Feeder conveyor A puts six-packs of 
canned soda on the main conveyor, Feeder conveyor B puts eight-packs of canned soda on 
the main conveyor. Both feeder conveyors have counters that count the number of packs 
leaving them. Construct a PlC program to give a total can (Qunt on the main conveyor. 
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After completing this chapter, you w ill be able 
to: 

• Identify and describe the various forms of 
mechanical sequencers and explain the basic 
operation of each 

• Interpret and explain information associated 
with PlC sequence input, output, and load 
instructions 

• Compare the operation of an event-driven 
and a time-driven sequencer 

Describe the operation of bit and word shift 
registers 

• Interpret and develop programs that use 
shift registers 

• 

• 

This chapter explains (1) how the PLC 

sequencer and shift register functions 

operate and (2) how they can be 

applied to control problems. The 

sequencer instruction evolved from the 

mechanical drum switch, and it can 

handle complex sequencing control 

problems more easily than does the 

drum switch. Shift registers are often 

used to track parts on automated 

manufacturing lines by shifting either 

status or values through data files. 



Sequencer instruct ion used 

to track the position of 

bottles in an automated 

filling operation . 
(Courtesy o f Inline Filling 
Systems Inc.) 
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~CHANICAL SEQUENCERS· 
Sequencer instructions are named after the 
mechanical sequencer switches they replace. 
These switches are often referred to as drum 
switches. rotary switches. stepper switches. 
or cam switches (Fig. 12-1) in addition to the 
sequencer switch identifica tion. Figure 12·2 
illustrates the operation of a cam-operated se
quencer switch. An electric motor is used to 
drive the cams. A series of leaf-spring
mounted contacts interacts with the cam so 
that in different degrees of rotation of the 
cam, various contacts are closed and opened 
to energize and de-energize various electrical 
devices . 

Figure 12-3 illustrates a typical mechanical 
drum-operated sequencer switch. The switch 
consists of series of contacts that are operated 
by pegs located on a motor·driven drum. The 
pegs can be placed at random locations around 
the circumference of the drum to operate can· 
tacts. When the drum is rotated. contacts that 
align with the pegs will close. whereas the 
contacts where there are no pegs will remain 

,., 

Posilion (1 ) 
Switch 1 open 
SwitCh 2 open 

Position (2) 
Swilch 1 closed 
SwilCh 2 open 

,b, 

--

FIGURE 12- ' Typical industrial rotat ing cam timit 
switch is a pilot circuit device used with machinery 
having a repet itive cycle of operation. (Courtesy of 
Allen·Bradley Company, Inc.) 

open. In this example. the presence of a peg 
can be thought of as logic 1. or on. and the ab· 
sence of a peg can be logic 0. or off. 

Figure 12·3 also shows an eqUiva lent se
quencer data table for the drum cylinder. If the 
first five steps on the drum cylinder were re
moved and flattened out. they would appear as 
illustrated in the table. Each horizontal loca
tion where there was a peg is now represented 
by a 1 (on ). and the positions where there were 
no pegs are each represented by a 0 (off). 

Sequencer switches are used whenever a re
peatable operating pattern is required . An ex
cellent example is the sequencer switch used 

Posilion (3) 
Switch 1 closed 
Switch 2 closed 

Position (4) 
Switch 1 closed 
SwilCh 2 open 

FIGURE 12-2 Mechanical cam-operated sequencer. (a) Cam-driving mechanism. (b) Cam 

and contact operation. 
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s,,. 
2 , 
• 

, ~ 

I" '" ... 
~ I I 

\, \ \, 

Peg locations in cylinder 

7 /"" "r ;/ y ", .". "/ / "/, '\ 
" I' f' f' 

( """"" f- -
I,. I,. I,. I,. I,. 

,""~~~" " """ / 

Step , , , , 0 0 , , 0 0 , 0 , 0 , I 

2 0 , , , 0 0 , 0 , 0 , 0 I 0 , 0 

J , 0 0 0 0 0 0 0 0 , 0 0 0 , 0 0 

• 0 , 0 , 0 , , 0 0 0 , 0 I 0 , 0 

, 0 0 0 0 0 0 0 , , , 0 0 0 0 0 0 

Equivalent sequencer data table 

FIGURE 12·3 Mec.hanic.al drum-operated sequencer, 

in dishwashers to pilot the machinery 
through a wash cycle (Fig. 12·4). The cycle is 
always the same, and each step occurs for a 
specifi c time. The domestic washing machine 
is another example of the use of a sequencer. 
as are drve rs and s imilar time-c1ock
controlled dev ices. 

Figure 12-5 on page 326 shows the wiring d ia
gram and data table for a dishwasher thaI uses 
a cam-operated sequencer commonly known 
as the timer. In this unit. a synchronous motor 

drives a mechanical train that. in turn . drives 
a series of cam whee ls. The cam ad vances in 
increments of about 45 s in duration. Nor
mally. the timer motor operates continuously 
throughout the cycle of operation . The data 
tabl e in Figure 12·5 outlines the sequence of 
operation of the timer. Each time increment is 
45 s. A total of sixty 45·s steps are used to 
complete the 45·min operating cycle. The 
numbers in the "Active Circuits" co lumn re
fer to the circled numbers found on the 
schematic di agram. 

FIGURE 12 ... Dishwasher sequencer switch. 



L1 

T~, 

Ur-------, 

IIS·volt power cord 

L2 
= Ground 

-®-'~- i I I I Line 
I I sw~eh 

.----{>O-- 7 __ J 
I 

3 • 
I 

---0--- ' ----<Xl 
I 
I r---, 

'--0- I ~ • -{)()""""","'-iX)----j 
, L __ .J 

Fill valve • I Salety water 
level SWitch 

I 
I Timer mOlor 

'--0--- 5 ---
I 

I I Circulating molor 

~------~ . ---
Heater ,.j 

FIGURE 12-5 Dishwasher wir ing d iagram and data table. 

~UENCER INSTRUCTIONS' 
The PLC sequencer instruction can be used to 
rep lace electromechanical drum sequencers or 
drum switches. A sequencer instruction can 
perform the same specific on or off patterns of 
outputs that are continuously repeated with a 
drum switch, but the PLC sequencer performs 
with more flexibility. Figure 12-6 on page 328 
shows typical sequencer instructions based 
on the Allen-Bradley SLe-SOO PLC and its 
associated RSLogix software . Sequencer in
structions simplify your ladder program by 
allowing you to use a s ingle instruction or pair 
of instructions to perform complex operations. 

Sequencer instructions are used typically to 
control automatic assembly machines that 

ha ve a consistent and repeatable operation. 
Sequencer instructions can make program
ming many applications a much eas ier task. 
For example. the onloff operation of 16 dis
crete outputs can be controlled. using a se
quencer ins truction, with only one ladder 
rung. By contrast. the equiva lent contact-coil 
ladder control arrangement wou ld need 16 
rungs in the program. 

The sequencer instruction is a powerful 
instruction found on most PLCs toda y. A 
programmed sequencer can replace a -me
chanicsl drum switch. To program a se
quencer. binary information is entered into a 
series of consecutive memory words. These 
consecutive memory words are referred to as 
a word file . Data are first entered into a word 
file for each sequencer step. As the sequencer 
advances through the steps. binary information 



I TImer AdIW 

Mach,,.,. lurw;:hon locremenl c"cullS 

Off 0-' 

First preMSe Dram 2 , 2 • 
'0' 3 , 3 • 5 

Rinse '-5 , • 5 • 
Dr,,,n ' • , 2 • 5 

Prewash '0' 7 , 3 • 5 

Wash 8-10 , • 5 • 
Ora,n " 

, 2 • 5 

Second prennse Fill " 
, 3 • 5 

Rinse 13--15 , • 5 • 
Drain " 

, 2 • 
Wash Fill " 

, 3 • 
Wash ,8-30 , • 5 • 
Ora," " 

, 2 • 5 

First flnse Fill 32 , 3 • 5 

Rinse 33-34 , • 5 • 
Cra,n 35 , 2 • 5 

Second rinse Fill 36 , 3 • 5 

Rinse 37-41 , • 5 • 
Drain " 

, 2 • 5 

"" D~ ':;-58 , • • 
Dra,n I 59 , 2 • • 
D~ 60 I , • • 

(~ 

FIGURE 12-5 (c.ontinued) Dishwasher wiring diagram and data table. 

is transferred from the word file to the output 
word{s). 

The sequencer output (SQO) instruction can 
be used to control output devices sequen· 
tially. The desired sequence of operation is 
stored in a data file. and this information is 
then transferred sequentially to the outputs. 
Figure 12-1 on page 329 illustrates how the 
sequencer output instruction works. In this 
example. 16 lights are used for outputs. Each 
light represents one bit address (1 through 16) 
of output word 050. The lights are pro
grammed in a four-step sequence to simulate 
the operation of two-way traffic lights. 

Data are entered into a word file for each se
quencer step. as illustrated in Figure 12-8 on 

• 

page 329. In this example. words 60. 61. 62. 
and 63 are used for the four-word file. Using 
the programmer. binary information (ls and 
Os) that reflects the desired light sequence is 
entered into each word of the file. For ease of 
programming. some PLCs allow the word file 
data to be entered using the octal. hexadeci
mal. BCD, or similar number system. When 
this is the case. the required binary informa
tion for each sequencer step must first be 
converted to whatever number system is 
employed by the PLC. This information is 
then entered with the programmer into the 
word file. 

Once the data have been entered into the 
word file of the sequencer, the PLC is ready 
to control the lights. When the sequencer is 
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GJ -1-1~~.:i:,I.::I.:::I.::I I!I 
1 ~ 1 · ~ FlIeM'SC ~ F1"SM\ I~ ;1 P'2!jfarn Control ~I 

Command Name Oescrlpllon 

sao Sequencer Conlrols sequential machine 
Output operatiOn by lrans!erring 

16 bits Ihrough a mask to 
image addresses tor 
controlling outputS. 

SOC Sequencer Conuols sequential machine 

Compo" operaliotl by lIans!erring 
16 bits through a mask 10 
image addresses to 
reference dala lor monitoring 
inputs . 

SOL Sequencer Captures relerenee 
L~d conditions by manually 

stepping Ihe machine 
through its operating 
sequences. 

FIGURE 12·6 Sequencer instructions based on the Allen
Bradley SlC·500 PLC and its associated RSlogix software. 

activated and advanced to step 1. the binary 
information in word 060 of the file is trans
ferred into word 050 of the output. As a re
sult . lights 1 and 12 will be switched on and 
all the rest will remain off. AdvanCing the 
sequencer to step 2 will transfer the data 
from word 061 into word 050. As a result. 
lights 1 and B will be on and all the rest will 
be off. Advancing the sequencer to step 3 
will transfer the data from word 062 into 
word 050. As a result. lights 4 and 9 will be 
on and all the rest will be off. Advancing the 
sequencer to step 4 will transfer the data 
from word 063 into word 050. As a result. 
lights 4 and 5 will be on and all the rest will 
be off. When the last step is reached. the 
sequencer is either automatically or manu
ally reset to step 1. 

When a sequencer operates on an entire out
put word. there may be outputs associated 
with the word that do not need to be con
trolled by the sequencer. In our example. bits 
2.3.6.7,10.11.13. H. 15, and 16 of output 
word 050 are not used by the sequencer but 
could be used elsewhere in the program. 

To prevent the sequencer from controlling 
these bits of the output word. a mask word 
(040) is used . The use of a mask word is illus
trated in Figure 12-9 on page 330. The mask 
word selectivelv screens out data from the se
quencer word 'flle to the ou tput word. For 
each bit of output word 050 that the se
quencer is to control. the corresponding bit of 
mask word 040 must be set to 1. All other bits 
of output word 050 are set to 0 and thus can 
be used independently of the sequencer. 

Sequencers. like other PLC instructions. 
are programmed differently with each PLC. 
but again the concepts are the same. The ad
vantage of sequencer programming over the 
conventional program is the large savings of 
memory words. Typically. the sequencer 
program can do in 20 words or less what a 
standard program can do in 100 words. 
Also. by setting up a sequence of events. 
sequencers simplify programming. and any 
future changes are easier to make. 

Sequencer instructions are usually retentive. 
and there can be an upper limit to the number 



Step 1: Bits 1 and 12 are on. Step 2: Bits 1 and 8 are 00. 

, 3 4 , 1 / , / • 0 0 ® • 0 0 ® 
/ , / , 

5 6 7 • , . / 
0 0 0 0 0 0 0 • / , 

9 10 11 , 12 / 

@ 0 0 • @ 0 0 @ 
/ , 

13 " 15 16 

0 0 0 0 0 0 0 0 

Step 3: Bits 4 and 9 are on. Step 4: Bits 4 and 5 are on. 

4 , / 
, 4 

/ 

® 0 0 • ® 0 0 • / , / , 
,5/ 

0 0 0 0 • 0 0 0 
/ , 

, 9/ • 0 0 @ @ 0 0 @ 
/ , 

0 0 0 0 0 0 0 0 
FIGURE 12-7 Sequencer steps (R-red light. G-green light. 
A-amber light). 

of external outputs and steps that can be 
operated on by a single instruction. Many 
sequencer instructions reset the sequencer 
automatica lly to step 1 on completion of the 
last sequence step. Other instructions pro-

vide an individual reset control line or a 
combination of both. 

Figure 12-10 shows what a sequencer out
put (SQO) instruction typically looks like. A 

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 

::.::, - w,",,,,,, I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 10 H oi 0 I 0 I • I 

r - 06O 

Fow ., 1ft! file Word 061 

• 
Word 062 _.063 

0 

0 

0 

0 

0 0 

0 0 

0 0 

0 0 

0 1 0 0 0 

0 0 0 0 0 

0 0 0 0 1 

0 0 0 0 0 

FIGURE 11-8 Binary information for each sequencer step. 

0 0 0 0 0 0 0 

1 0 0 0 0 0 0 

0 0 0 0 1 0 0 0 

0 0 0 1 1 0 0 0 

Step 1 

Slep 2 

Step 3 

Slep 4 
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14 765432 

Step 1 

Mask 

address - WotcI 040 '--'--'--'--'-,--'--'---'-T .. --'----''-----'-.. '---1-'--'--'-~ 

r Word 060 Step 1 

Four-word hie Word 061 1-'+-'-1-'+-1-+ -'-1-'+-'-1-'+-'-1-'+-'-11-'+-'-1--=--1"111 Slep 2 
located In 

memory Word 062 Step 3 L WOtd 063 Slep 4 

FIGURE 12-9 Using a mask word. 

single instruction identifies where the out· 
put pattern data is stored (file #B3:0), the 
destination or add ress of that output data 
(word 0:2), and the length or number of 
steps of the sequence (4). This instruction 
al so manages or tracks what the current se
quencer position is . Each time the condi-

tional logic preceding the instruction 
changes from false to true, the sequencer 
will increment to the next step. When the 
last word in the sequencer file is transferred, 
the done bit is set, and on the next transition 
the instruction is reset to step 1. At start-up. 
when the processor is switched from the 

Input 

r WORO 
83:0 

Four-word f,le 83:1 
located In 

83:2 

83:3 

831 4 

0 

0 

0 

1 

Ladder logic program 

500-------, 
SEQUENCER OUTPUT 
File 1183:0 
Mask 00lFh 
DeSI 0 :2 
Control R6:0 
Length 4 
posilion 2 

8~ address 

B3I3 B3I2 8311 83/0 

0 0 0 0 

0 0 1 1 

1 1 0 0 

1 1 1 I 1 

.1-- 001,, 1 L --=--L-:..--L--'---'---'--J'--'-' 

___ ~RD I 0 0 0 

STEP 

o ,----
3 

0 :214 0:213 0 :212 0 :211 0 :210 

FIGU"E 11· 10 Typical sequencer output (SQO) instruction. 



program mode to the run mode. the opera· 
tion depends on the rung being. true or. false 
on the initial scan. When a vahd true mput 
starts the sequencer, the sequencer will be 
positioned at the 0 position. If false. t~e. se
quencer will be positioned at the 1 pOSition. 

The mask. as explained earlier in this section . 
is a filter through which all data from the se· 
quencer file must pass before being plac~d ~n 
the destination or output word. Only bits In 

the mask that are set to 1 will pass data to the 
destination. To enter a hexadecimal mask. 
tvpe the hexadecimal value followed by the 
l~tter h {hexadecimal}. To enter a binary 
mask. type the binary value followed by the 
leiter b (binarv). To enter a decimal mask. 
type the decim'al value. 

~QUENCER PROGRAMS 
• 

A sequencer program can be event-driven or 
time-driven. An event-driven sequencer oper
ates similarlv to a mechanical stepper switch 
that increme'nts by one step for each pulse ap
plied to it. A time-driven sequencer operates 
similarly to a mechanical drum switch that 
increments automatically after a preset time 
period. 

A sequencer chart. such as the one shown in 
Figure 12-11. is a table that lists the sequence 
of operation of the outputs contro lled by 
the sequencer instruction. These tables use 
a matrix-style chart format. A matrix is a 
two-dimensional. rectangular array of quanti· 
ties. A time-driven sequencer chart usually 
indicates outputs on its horizontal axis and 
the time duration on its vertical axis. An 
event-driven sequencer indicates outputs on 
its horizontal axis and the input. or event, on 
its vertical axis. 

Figure 12-12 on page 332 shows the program 
of a time·driven sequencer used for traffic 
light control at a fow·way intersection. In this 
example, the control oftraflic is accomplished 
using two sequencer output (SQO) instruc-

Step 1 

2 

, 
• 
5 

• 
7 

, 

Outputs 

755432 

* 
* 

* * 
* * 

* * * * 
* * 

* 
* 

o 

* 
* 

* * 

* 
* 

* Indicates that output IS energized. 

(a) MatriK·style chart 

-
(b) Sequencer output lite words 

o ",OFF 
Output .: =ON 
module l2 

I 

i~ ,. ,. 
106 Current 
116 step-_ 
". ". ,.. 
". 

(e) Output module connection 

FIGURE 12-11 Sequencer chart. 

Hons and a single on·delay timer (TON) in· 
struction. The first sequencer file (HN7:0) is 
set for the four states that the traffic lights will 
go through. Information from this file is 
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Ladder logic program Outputs 

T4:11ON sao _____ ~ 

r:. r- SEQUENCER OUTPUT ~N 
L File 'N7.0 ~ 

Mask OOFA, ON) 

Dest 0 :2 

North I South 

Control R6:0 
l8~h 4 
Position 0 

soo-----, 
'- SEQUENCER OUTPUT ~N 

File 'N7:10 ON' 
Mask OOFFh ~ 
Dest T4:t .PRE 
Control R6:0 
l8~h 4 
Position 0 

East I West 

T4:tION TON -----~ 
f-<.y~---1 TIMER ON DELAY 

Timer T4:t 
Time base 1.0 
Presel 25 
Accumulated 0 

Tming Chart 

REDiN 5) GREEN (N ·S) AMBER IN S) 

GREEN (EMIl AMBER IEIW) AEDIEiW) 

------25.---------5.---------25.-----___ 5. ___ 
FIGURE 12-12 Timer-driven sequencer used for traffic control at a four.way 
intersection. 

moved by the program to output (0:2). The 
second sequencer file (#N7:10) contains the 
preset timer values (25 s and 5 s). The pro
gram moves infonnation from this file to timer 
T4:1 's preset. The mask allows the proper data 
to pass and blocks the unnecessary data. 

The programming of sequencers will vary 
between PLC models and manufacturers, but 
the operational concepts are the same. The 
sequence of events controlled by the se
quencer is determined by the bit pattern of 
each consecutive word and the number of 
words in the sequence. An example of the 

sequencer output (SQO) instruction avail· 
able as part of the Allen-Bradley PLC-5 and 
SLC-500 instruction sets is shown in Figure 
12-13. The following parameters and ad
dresses must be entered into the instruction 
block, 

• File is the address ofthe sequencer file. 
You must use the file indicator (#) for 
this address. The file contains the data 
that will be transferred to the destina
tion address when the instruction 
undergoes a false-to-true transition. Each 
word in the file represents a pOSition, 
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N7:0I 
N7:11 
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0 • 0 • 0 
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FIGURE 12·12 (continued ) TImer-driven sequencer used for traHic 

control at a four-way intersection . 

starting \,'ith position 0 and continuing 
to the file length. The actual file length 
\\'ill b~ one word longer than that indi
ca ted by the length in the instruction. 

• ~-lask is a hexadeci ma l code or the ad
dress of the mask word or file through 
which the instruct ion moves data. Set 
mask bit s to 1 to pass data . and reset 
mask bits to 0 to mask data . Use a mask 
word or file if you want to change the 
mask according to application requi re
men ts. If the mask is a file, its lengt h 
wi ll be equal to the length of the 

sao --------, 
SEOUENCER OUTPUT 
Flle 

M"" 
DestinatIOn 
Cont.oI 
Length 
Pos~ion 

FIGURE 12·13 Allen-Bradley PLC-S and SLC-SOO 
sequencer output (SOO) instruction. 

sequencer file. The t\\'o fi les trac k auto
mat ica lly. 

• Destination is the add ress of the out put 
location where the data is written to 
when it is copied from the file . The des
tination Olav be a word address or a fi le 
address. If it is a fi le address, the posi
tion of the file and the position of the 
destination will automatically be the 
same. In most applications. the destina
tion will be a wo rd address. 

• Control, whic h is the instruction's ad
dress and contro l element. wi ll be from 
an R data fi le. The control stores the sta
tus byte of the instruction. the length of 
the sequencer file. and the instantaneous 
posit ion in the file as fo llows: 

Word 0 

Word 1 

Word 2 

15 

EN 
13 
DN 

11 

ER 
08 

FD 

l ength of sequencer file 

Position 

00 



Lt Input 

~-L-o--.o -
15 
,alololo! 

Ladder logic program 

500-- ---
SEOUENCER OUTPUT 
F~e ,e3_0 
Mask FOFF 
Destination 0 2 
Control R6:0 
length 8 
Position 2. 

FIGURE 12-14 SlC-SOO event-driven sequencer 
output instruction program. 

• The enable bit (EN; bit 15) is set by a 
false-to-true rung transition and indi
cates that the instruction is enabled. It 
follows the rung cond ition. 

• The done bit (DN; bit 13) is set by the in
struction after it has operated on the last 
word in the sequencer file. The done bit 
will reset on the true-to-false transition 
once the instruction has operated on the 
last position. 

• The error bit (ER; bit 11) is set when 
the processor detects a negative posi
tion value. or a negative or zero length 
va lue. 

• Length is the number of steps of the se
quencer file. starting at position 1. Posi
tion 0 is the start-up position. The 
instruction resets (wraps) to position 1 
at each cycle completion. The actual file 
length will be 1 plus the file length en
tered in the instruction. The maximum 

Output Outputs 
module 0 :2 l2 

0 , 

~1 
, 
3 

ON) 4 
5 ~ • 7 • 8 
9 

" " " ~ 

" " --0------ • 15 

Current 
o .. OFF "'" 

_ "'" 
. :ON 

length of an Allen-Bradley sequencer file 
is as follows : 

PLC-S 

SLC-500 

Micrologic 1000 

1-1000 

1-255 

1-104 

• Position is the word location or step in 
the sequencer fil e from which the in
struction moves data . Any va lue up to 
the fi le length may be entp.red. but the 
instruction wi ll alwavs reset 10 1 on the 
true-to-false transi tion after the inst ruc
tion has operated on the last position. 
Before we start the sequence. we need a 
starting point at which the sequencer is 
in a neutral position. The start position 
is all zeros. representing this neutral 
position; thus. all outputs will be off in 
position o. 

The SLe-SOO event-driven sequencer output 
program of Figure 12-14 can be used to ex
plain the operation of the sequencer output 
instruction. Data are copied from file #B3:0 at 
the bit locations where there is a 1 in the 
mask to the destination 0:2 on a false-la-true 
transition of input A. The position indexes 
one position. and the data are then copied. 
Once the position reaches the last position. 



Ladder logic program 

Input - TON 
U 

R6:0 TIMER ON DELAY 

~~ 
Timer T4:0 EN 

EN Time base 1.0 
Preset 3 ON) 
Accumulated 0 

SOD 
H :O SEOUENCER OUTPUT 

File '83:0 EN 

ON M.", FOFF 
DMtinatiOn 0 :2 ON) 
Control R6:0 
Length • 
PositiOn 0 

FIGURE 12·15 Time·driven sequencer output instruction program. 

on the true·to-false transition of the instruc
tion the position will reset to 1. Position 0 is 
executed under the following conditions: the 
position is at O. the instruction is true, and 
the processor goes from the program to the 
run mode. Position 0 is often used as a home 
or starting position, with a 0 loaded into this 
pos ition through the program. When the 
instruction sees a false-to-true transition. it 
indexes to position 1 and copies the data 
from the first position in the file to the desti
nation. On subsequent sequences. it will reset 
to position 1. Note that the data in 0:2 match 
the data in position 2 in the file. except for the 
data in bits 10 through 13. These bits may 
be controlled from elsewhere in the program: 
they are not affected by the sequencer 
instruction because of the 0 in these bit posi
tions in the mask. For the sequencer to be 
incremented automatically through each 
step. it must have a timer incorporated into 
its ladder logic program. Figure 12-15 shows 
a timer with a preset of 3 s. which is used to 
pulse the input for the sequencer. The enable 
bit ofthe sequencer is used to reset the timer 
after each increment occurs. This circuit in
crements automatically through the eight 
steps of the sequencer at 3·s intervals when 
input A is closed. 

The sequencer input (SQI) instruction is also 
common on PLCs. This sequencer allows 
input data to be compared for equality against 

data stored in the sequencer file. For exam
ple. it can make comparisons between the 
states of input devices and their desired 
states: if the conditions match. the instruc
tion is true. 

The PLC-5 sequencer input program of Fig· 
ure 12-16 on page 336 can be used to explain 
the operation of the sequencer input instruc
tion. The entries in the instruction are similar 
to those in the sequencer output instruction. 
except that the destination is replaced by the 
source. The SQI instruction compares a file of 
input image data 0 :3). through a mask (FFFO). 
to a file of reference data (#N7:11) for equal· 
ity. When the status of all nonmasked bils of 
the word at that particular step match those 
of the corresponding reference word. the in
struction goes true; otherwise. the instruction 
is false. The input data can indicate the state 
of an input device . such as the combination 
of input switches shown in this example pro
gram. When the combination of opened and 
closed switches are equal to the combination 
of 1s and Os on a step in the sequencer refer
ence file. the PL1 output of the sequencer be
comes energized. 

Unlike the sequencer output instruction, the 
SQI instruction does not automatically incre
ment its position each time its control 
logic makes a false-la-true transition. The 
position value in the SQl control element 
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Inputs Inpul Lackler logic program 

11 module 1:3 "","" sa, • 0 , SEQUENCER INPUT L2 
2 File 'N7:11 
3 M"k -, Sou,," • Pl1 ~ 5 Con,.,. R5:21 / , , 

Length • 7 

" 
PoSilion 2 

" " " " " " " Sequencer 
reference hie 

Word T'S 08 107 00 '" Slep 
N7:11 0 

12 I 
Input word 

(Source module 1:3) Mask value " DODO 1010 " DO 1101 2 

" 
,. 07 DO ~ 

3 

DODO 1010 "DO 11 01 - 11 II 1111 1111 DODO " , 

FIGURE 12-16 PlC-5 sequencer input (SQI) instruction program. 

must be changed by another instruction (such 
as the move instruct ion) to select a new input 
file value to compare against the value from 
the source address. 

The program of Figure 12-17 illustrates the 
use of the sequencer input (SQI) and se
quencer output (SQO) instructions in pairs to 
monitor and control. respectively. a sequen
tial operation. When programming sequencer 
input and output instructions in pairs. use 
the same control address. length value, and 
position value in each instruction. The se
quencer input instruction in our example is 
indexed by the sequencer output instruction 

because both control elements have the same 
address. R6:5. This type of programming 
technique allows input and ou tput sequences 
to function in unison. causing a specific 
output sequence to occur when a specific in
put sequence takes place. 

The Allen-Bradley's PLC-S sequencer input 
(SQIl and the SLC-SOO's sequencer compare 
(SQC) instructions are similar but not identi 
cal. Both compare a value from a source ad
dress (through a mask) to one of a series of 
data words in a sequencer file, and both per
form the comparison only while their control 
logic is true. In both the SQI and the SQC 

Ladder logic program 

r sa, r soo 

~: 
- SEQUENCER INPUT f-- SEQUENCER OUTPUT 

FoO 'N7:1 File .N7:20 
Mask DOFF Mask DOFF 
Sou", 1:3 Destination 0 :2 

Control - Con'''' -
EN 

Length 8 Length • 
Position 0 PoIition • 

FIGURE 11-17 PlC-S sequencer input and sequencer output pair. 



sao 
seOUENCER OUTPUT EN 
File N7:20 

FO ... '" 00" 
Destination 0 :2 ON) 

Coo'''' -Length • 
Position 0 

- soc ------
SEQUENCER COMPARE h EN 
File .N7:1 I ' 
Mask 
Destination 

Coo,'" 
Length 
PosiTion 

00" 
t3 ON) -• FO, 
o 

FIGURE 12·18 SlC-SOO sequencer compare and sequencer output 

pair. 

instructions, the first data word in the input 
file is used as a start-up pattern and is not in
cluded in the compare sequence the next 
time the sequence recycles. 

The main difference between the two is that 
the SQC instruction is considered to be an 
output element in an SLC-500 program . 
whereas the SQI is considered to be an input 
element in a PLe-S program. Unlike the SQI 
instruction . the SQC increments its position 
when its control logic goes from false to true. 
Because an ou tput element cannot be used 
to control another output element. an addi· 
tiona 1 status bit. called the found bit (FD), has 
been added to the control element for an 
SQC. The FD bit goes true when the sowce 
input pattern matches the sequencer file 
word pattern that it is being compared 
against. and it goes false if the words don't 
match . The FD bit can be examined in the 
control logic that increments the SQO and 
SQC so that they increment together. For 
example, to operate in a SLC·500. the PLC·S 
program from Figwe 12·17 would have to be 
reprogrammed as shown in Figure 12·18. 

Figure 12·19 on page 338 shows an example 
of a SLC·SOO sequencer compare (SQC) in· 
struction program. The data in the highest 4 
bits of the source (1 :1) are compared to the 

data in file B3:22. In this example, the high· 
est 4 bits in 1:1 match the status of the highest 
4 bits in #B3:22 at step position 3. If the push. 
button input 1:1/0 is true at this point. the 
found (FD) bit is set. which turns output PL1 
on. Whenever the combination of opened and 
closed switches connected to 1:1/ 12. 1:1 /13, 
1:1/ 14, and 1:1115 are equal to the combina
tion of 1s and Os on a step in the sequencer 
reference file and the input 1:1 /0 is true, the 
PL1 output will become energized. Note how 
the mask (FOOOh) allows unused bits of the 
sequencer instruction to be used independ
ently. In this example, unused bit 1:1 /0 is 
used for the conditional input of the se· 
quencer compare rung. 

Allen-Bradley PLCs also have a sequencer 
load (SQL) instruction that functions like a 
word-to-file move. It can be used as a teaching 
tool to load data into a sequencer file one step 
at a time. For example. a machine may be 
jogged manually through its sequence of op
eration. with its input devices read at each 
step. At each step. the status of the input 
devices is written to the data file in the se
quencer compare instruction. As a result, the 
file is loaded with the desired input status at 
each step. and these data are then used for 
comparison with the input devices when the 
machine is run in automatic mode. 
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338 

InPIJI5 Ladder logic program 

1:1/0 
1.1;0 "P" H C> ...L ~I:l 

t------" 0 
o I 
o 2 
0 3 
0 4 

600-----
SEQUENCER COMPARE 
File '63:22 
Mask FOOOh 
Source • 
Conlrol R6:7 

Output 

EN 

ON) 

FO) , 

L2 

0 5 Lenglh 5 PC> 
0 , 
0 7 

Position 0 
/ 

0 8 
o 9 R6:7 PL1 

H r[----C 
o W 
0 " 

12 FD 
13 

" ~ 15 
~ 

:. Binary Table __ _ _ ___ ~ 
15 1. 13 12 11 10 , • 7 • 5 • J 2 I 0 , 

8>22/ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

' l2J1 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 0 
B1211 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

81251 0 0 I I 0 0 0 0 0 0 0 0 0 0 0 0 .,'" 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
83:211 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 • 
RaoiK jBNI)' :=J T ebI8. jBl BNI)' :=J -- s_ 

FIGURE 12- '9 SLC-SOO sequencer compare (SQC) instruct ion program. 

The SLC-500 sequencer load program of Fig
ure 12-20 can be used to explain the operation 
of the sequencer load instruction. The se
quencer load instruction is used to load 
the file and does not function during the 
machine's normal operation_ It replaces the 
manual loading of data into the file with 
the programming terminal. The sequencer 
load instruction does not use a mask. It copies 
data from the source address to the file. When 
the instruction goes from false to true, the in
struction indexes to the next position and 
copies the data. When the instruction has 
operated on the last position and has a true
to-false transition, it resets to position 1. It 
transfers data in position 0 only if it is at 
position 0 and the instruction is true, and the 
processor goes from the program to run mode_ 
By manually jogging the machine through its 
cycle. the switches connected to input 1:2 of 
the source can be read at each position and 
written into the file by momentarily pressing 

Chapter 12 

PB1. Otherwise. the data would 
entered into the file manually. 

~FT REGISTERS 

have to be 

• 
The PLC not on ly uses a fixed pattern of regis
ter (word) bits. but also can easily manipulate 
and change individual bits. A bit shift register 
is a register that allows the shifting of bits 
through a single register or group of registers. 
The hit shift register shifts bits serially (from bit 
to bit) through an array in an orderly fashion . 

A shift register can be used to simulate the 
movement. or track the flow. of parts and in
formation . We use the shift register whenever 
we need to store the status of an event so that 
we can act on it at a later time. Shift registers 
can shift either status or values through data 

. 



''''''''' " 1-
" " 12 
13 

" 15 
~ 

FIGURE 12-20 SLC-SOO sequencer load (SQl) 

inrtruction program. 

files . Common applications for shift registers 
include the following: 

• Tracking parts through an assembly line 

-
N70:20 

21 
22 

" 
25 

Ladder lOgiC program 

SOl 
SeOUENCERLOAO EN~ "~ -""""" - ON) 
Control R6022 

eo""" 5 
Position • 

Sau~ 
1:2 

r 

0 

2 

5 
step 

• Controlling machine or process opera
tions 

• Inventory control 

• System diagnostics 

Figure 12-21 illustrates the basic concept of 
a shift register. A common shift pulse or 

clock causes each bit in the shift register to 
move 1 position to the right. At some point, 
the number of data bits fed into the shift reg
ister will exceed the register's storage capac
ity. When tbis happens, the first data bits fed 
into the shift register by the shift pulse are 
lost at the end of the shift register. Typically, 

Oala In., 

Register 
200 

101 100'1 0 \ 1 10 1 001 

Original dala In initial posilion 

f -------:E~~~lilll r 1 1'01100,10 1110100 

..... N_ data in &hift right position 

Stwft data 

'-I 
Data in. 0 
L 

1 11011001011\ 10 I 0 

..... N_ cilia in shift right position 

Shift cilia 

'-I 
FIGURE U-J1 Basic concept of a shift register. 
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Ca) Shift right register 

Least slgnlllcant 
bit address 

I 

Cb) Shit1lefl regiSler 

Ce) Wraparound or circulating shih r89isler 

FIGURE 12-22 Bit shift right and bit shift left registers. 

data in the shift register could represent the 
following: 

• Part types, quality, and size 

• The presence or absence of parts 

• The order in which events occur 

• Identification numbers or locations 

• A fault condition that caused a shutdown 

You can program a shift register to shift status 
data either right or left by shifting either status 
or values through data files. When you want 
to track parts on a status basis, use bit shift 
registers. Bit shift instructions will shift bit 
status from a source bit address, through a 
data file, and out to an unload bit, one bit at a 
time. There are two bit shift instructions: bit 
shift left (BSL), which shifts bit status from a 
lower address number to a higher address 
number through a data file . and bit shift right 
(BSR). which shifts data from a higher address 
number to a lower address number through a 
data file (Fig. 12-22). Some PLCs provide a 
circulating shift register function, which al
lows you to repeat a pattern again and again . 

When working with a bit shift register, you 
can identify each bit by its position in the reg-

ister. Therefore, working with any bit in the 
register becomes a matter of identifying the 
position it occupies rather than the conven
tional word numberlbit number addressing 
scheme. 

Figure 12-23 shows examples of the bit 
shift left (BSL) and bit shift right (BSR) 
instructions available as part of the instruction 
set for Allen-Bradley PtC-s and SLC-SOO con
trollers. The data file used for a shift register 
usually is the bit file because its data are dis
played in binary format , making it easier to 
read . BSL and BSR are output instructions that 
load data into a bit array one bit at a time. The 
data are shifted through the array. then un
loaded one bit at a time. 

The shift register function enables a pro
grammer to move digital bits within and 
through the PLC registers. A data array is a 
collection of more than one data word (more 
than 16 bits) in memory. Because data in the 
BSt and BSR instructions are shifted one bit 
at a time. the data that are shifted are stored 
in a binary or bit file . When several words are 
grouped together. the grouping is identified 
as a data array. The data files or arrays used 
with shift registers generally contain more 
than 16 bits . 



Comm.nd Name Description 

BSl Bit Shilt lelt loads a btt of data array_ 
shitts the pattern of data 
through the array 10 the 
telt . and unloads the last 
bil of data in the array. 

BSR Bil Shift Right loads a bit 01 data array. 
stlilts ItIe pattern 01 clata 
through the array to the 
right . and unloads the lasl 
bit 01 data in the array. 

lal Bit shilt lelt (BSll and bit shilt righl (BSR) inSlruction based 
on Ihe Allen-Bradley SCL-SOO PLC and ilS associated 
RSLogi~ SQltware. 

BSl 
BIT SHIFT LEFT 
File 
Control 
S.I acklress 
Lenglh 

(bl BII Shrlt lelt InSlruction 

BSR - ---- --, 
BtT SHIFT RIGHT 
File 
Control 
BII acklress 
Length 

(e) Brt shllt rrghl inSlruction 

FlGURE 12·2] Allen-Bradley PLC-S and SLC-SOO bit 
shift left and bit shift right instructions. 

To program a bit shift instruction, you need 
to provide the processor with the fo llowing 
information: 

• File is the address of the bit array you 
want to manipulate. You must start the 
array at a 16-bit word boundary. For ex
ample. use bit 0 of word 1. 2, 3, and so 
on. You can end the array at any bit 
number up to the file maximum. The in
struction invalidates all bits beyond the 
last bit in the array {as defined by the 
length}, up to the next word boundary. 

• Control is the address of the control 
structure. which con trols the operation 
of the instruction. It is reserved for the 
instruction and cannot be used to con
trol an\' other instruction. The three 
words that make up the control element 
are listed in the following table: 

Bit: 

Control Word 

length Word 

Position Word 

15 

EN 
13 
DN 

11 

ER 
10 

UL 

Stores the length of 

the file, in bits 

Points to the current 

bit and toggles 

between 0 and a 

value equal to the 

length of the file 

The enable bit. bit 15 . is set when the in
struction is true. The done bit. bit 13, is 
set when the instruction has shifted all 
the bits in the file 1 position. It resets 
when the instruction goes false. The er
ror bit. bit 11. is set when the instruction 
has detected an error. which can happen 
when a negative number is entered in 
the length. The unload bit, bit 10. is the 
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bit location into w hich the status from 
the las t bit in the fi le sh ifts when the in
struction goes from fal se to true. When 
the next shi ft occu rs. these data are lost. 
unless additional progra mming is done 
to reta in the data . 

• Bit address is the address of the source 
bit. The instruction inse rts the sta tus of 
thi s bit in eit her the first (lowest) bit 
pos ition (for the BSL inst ruction) or the 

Inputs 

11 

t---<>.:tOo-- lS, 

1--""--'i",...SENSOR 
]111 

es, 

last (highest) bit posit ion (for the BSR 
instruction) in the array. 

• Length is the number of hit s in the bit 
array. or the fi le length. in bit s. 

The bi t shift left program of Figun~ 12-2-1 
can be used to describe the opt>ration of tn t' 
BSL instructi on . A shift pulse is gem~ri:ltl!(l 
b,' a fa lse-to-true transition of limit switch 
LS 1. When tht'! rung goes from false tn tfUP. 

ladder logIC program 

eSl 
81T SHIFT LEFT EN)---
File 183:'0 
Con'rOI R6:0 ON) 
BIt address it .. , 

lenglh 2() 

la) Program 

Shllt dlfecrron o 

BIt address 
11'1 

110011001101 

• INVALID 

1 0 0 0 B3 to 

1 , t 0 B3 II 

• Note' SuccessIve brt addresses 
may contaIn data but are not 
valid IOf e~tefl"laJ use 

- ----- --

.:. Bln.ty Table 

" " " " 11 '0 9 

B3:101 , , 0 0 , , 0 

B3:111 0 0 0 0 0 0 0 

8 

0 
0 

Radi.: jBlnary ·1 Table: IB3: Binary 

Address SymbDI 

1 , 
0 

• , 
0 

2() 

Unload Dol 
R6:o/ul 

5 • , 
0 , , 
0 0 , 

·1 

, , 
0 0 , , 
Forces 

(b) Data block array belore shift pulse generated Dy LS 1 

" 
Shitt direction o 

1 0 0 1 1 0 0 1 I 0 1 1 0 0 0 I 83: '0 

INVALID , , Q , 83:11 

2() 

Unload bl! 
R6:OIUl 

Ie) Dala bIodo; array atter shift pulse gef\8rated by lSI 

FIGURE 12-24 Bit shift left program. 

0 
0 • 0 • 0 • 
I 

BII address 
]'11 



the enab le bit is set and the data block is 
shift ed to the left (to a higher bit numbed 
ont1 bit pos ition . The speci fied bit. at senso r 
bit addrc!'s 1:1/ 1. is shifted into the first bit 
position . 83 :10/0 . The las t bit is shifted out 
of the arra~' and stored in the unload bit. 
R6:0/ 11 L. The status that was previous ly in 
the un load bit is lost. Note that all the bit s in 
thfO unused portion of the last word of the 

file are invalid and shou ld not be used else
where in the program. For wraparound op
eration, set the position of the bit address to 
the last bit of the array or to the UL bit, 
whic hever applies . 

The bit shift ri ght program of Figure 12-25 
can be used to describe the operation of the 
8SR instruction. Before the rung goes from 

" 

Inputs 

LS1 aSR 
BIT SHIFT RIGHT 

o-lsl 
F.le 
ContrOl 
Bot address 

SENSOR Length 

1.315 

15 

_B3:5O 
R6:1 
13:5 

" 

• 

EN~ ON) 

Unload bot 
R6:I IUL 

1 0 1 1 0 0 0 I 1 0 0 1 0 I 1 0 B3:5O 

INVALID 1 0 1 I 0 0 I I B3:51 

g " 
13.5 

811 address 
- - --- -------

.5 Bln.ry T.ble ~ 

15 14 13 12 " 
,. • • 7 • 5 4 , 2 1 

83:501 1 • • • • 1 1 • • 1 • 1 1 

83:511 • • • • • • • • 1 • 1 1 • • 1 

R.,Ill IBlnlry . ) T.llle: laJ: Bin,ry . ) Fortet 

A,I,I"SI Symbol 

Ib) Data block affay belore shift pulse generated by LSI 

• Shift direction 

I I 0 1 I 0 0 0 1 1 0 0 I 0 I I 83:50 

INVALID 0 1 0 1 1 0 0 1 83:51 

• 24 
1.315 

Bit address 

Ie) Dala block array alter shift pulse generated by lSI 

FIGURE 12-25 Bit shift right program. 

• • • • 1 • 
I 

Unload bit 
R6:IIUL 
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false to true. the status of bits in words B3 :50 
and B3:51 are as shown. The status of the bit 
address. 1:3/5. is a O. and the status of the un
load bit , R6:1 /UL. is a 1. When limit switch 
LSI closes, the status of the bit address, 1:315 . 
is shifted into B3 :5II7. which is the twenty
fourth bit in the file. The status of all the bits 
in the file are shifted one position to the right. 
through the length of Z4 bits. The status of 
B3:50/0 is shifted to the unload bit , R6:I /UL. 
The status that was previously in the unload 
bit is lost. 

The program of Figure lZ-Z6 illustrates a 
spray-painting operation controlled by a shift 
register. Each fil e bit location represents a 
stat ion on the line. and the status of the bit 
indicates whether or not a part is present at 
that station. The bit address. I:l / Z. detects 
whether a part has come on the line. The shift 
register's function is used to keep track of the 
items to be sprayed. A bit shift left instruction 
is used to indicate a forward motion of the 
line. As the parts pass along the production 
line. the shi ft register bit patterns represent 
the items on the conveyor hangers to be 
painted. LSI is used to detect the hanger and 
LSZ detects the part . The logic of thi s opera
tion is such that when a part to be painted 
and a part hanger occur together (indicated 
by the simultaneous operation of LSI and 

o 

Oven 1 Limit 
switch 1 It Ii 

Un'."_' 
spray gun 1 ~ 

Reset 

LSZ) , a logic 1 is input into the shift register. 
The logic 1 will cause the undercoat spray 
gun to operate. and five steps later. when a 1 
occurs in the shift register. the topcoat spray 
gun is operated . Limit switch 3 counts the 
parts as they exit the oven. The count obtained 
by limit switch 2 and limit switch 3 should 
be equal at the end of the spray- painting run 
(PLI is energized) and is an ind ication that 
the parts commencing the spray-painting 
run equal the parts that have completed it. A 
logic 0 in the shift register indicates that 
the conveyor has no parts on it to be sprayed. 
and it therefore inhibits the operation of the 
spray guns. 

The program of Figure 12-Z7 on page 346 illus
trates a bit shift operation used to keep track of 
carriers flowing through a I6-stat ion machine. 
Proximity switch 1 senses a carrier. and prox
imity switch Z senses a part on the carrier. 
Pilot lights connected to output module 0:4 
turn on as carriers with parts move through 
the machine. They turn off as empty carriers 
move through. Station 4 is an inspection sta
tion. If the part fails. the inspectors push 
PBI as they remove the part from the system. 
which turns output 0 :4/4 off. Rework is added 
back into the system at station 6. When the op
erator puts a part on an empty carrier, he or 
she pushes PBz. turning output 0 :4/6 on, 

T __ ' 

spray gun 2 

u~!J 
switch 3 

, / • / , 
Pll 

Storage 

(8) Process 

FIGURE 12-26 Shift register spray-painting application , 



Inputs 

Shift pulse 
o-- LSI 

...i.O- RESET 

-

LS2 

-

Ladder logic program 

BSL 
BIT SHIFT LEFT 
File 'B3:0 
Control R6:1 
Bit address _ 
Length 8 

CTU -----------, 
COUNT-UP COUNTER 
Counter C5:1 
Preset 
Accumulated 

CTU -----, 
COUNT·UP COUNTER 
Counter C5:2 
Preset 
Accumulated 

EN 

CU 

CU 

_ C5:1 

r-[ - - - --- ( AES 
C5:2 AES 

EaU - - - - - 1---- --)-
EQUAL 
Source A C5:1.ACC 
Source B C5:2.ACC 

INVALID [0[0[0[0[0!0[0[0 ~ 'B3:0 

(b) Program 

FIGURE 12-26 (continued) Shift register spray-pa inting application. 

Outpuls 
L2 

Spray gun 1 

, / 

/ , 

~RD SHIFT REGISTERS 
• 

Bit shift registers are classified as synchronous 
registers because infonnation is shifted one bit 
at a time within a word, or from one word to 
another. The synchronous shift register may 
also be referred to as a serial shift register. 

pulses are required: one to shift data into the 
file (LOAD), and one to shift data out of the 
file (UNLOAD). These two shift pulses oper
ate independently (asynchronously) of each 
other. There are two basic types of PLC word 
shift registers: 

Asynchronous word shift registers permit 
stacking of data in a file. Two separate shift 

• FIFO (first in, first out) 

• LIFO (last in, first out) 

An example of the FIFO instruction pair is 
shown in Figure 12-28 on page 347. 80th of 
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rnpors Ladder logic program 
Ourputs 

L1 
PAOX.' - • BSL l2 

BrT SHrFT LEFT EN 0 • File - I PAQX ., , 
Conrrol A6:0 ON) 3 PAQX .2 BII address - • Length ,. 

5 

• 7 
PB, 8 

...L - - 9 
0 " [ ( u " pe, 12 ~ P52 13 ~ 

...L " 0 - 0 :4{6 " H I E- ° "OFF 
PB' PL6 )( =ON 

FIGURE 12-27 Bit shift operation used to keep track of carriers flowing through a 16-station machine. 

the FIFO instructions are output instructions. 
and they are used as a pair. The FIFO load 
(FFL) instruction loads data into a file from a 
source element; the FIFO unload (FFU) in
struction unloads data from a file to a desti
nation word. When used in pairs. these 
instructions establish an asynchronous shift 
register (stack) that stores and retrieves data 
in a prescribed order. 

When yo u program a FIFO stack. use the 
some file and control addresses. length. and 
position values for both instructions in the 
pair. You need to provide the processor with 
the following information: 

• Source is the word address location from 
which data that are entered into the FIFO 
file comes. The load instruction retrieves 
the value from this address and loads it 
into the next word in the stack. 

• Destination is the address that stores the 
value that exits from the stack. This is 
where the data go as they are indexed 
from the FIFO file on a false-to-true tran
sition of the FFU instruction. Any data 
cwrently in the destination are written 
over by the new data when the FFU is 
indexed. 
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• FIFO is the address of the stack. It must 
be an indexed word address in the in
put . output . status. bit. or integer file. 
The same address is programmed for the 
FFL and FFU instructions. 

• Control is the fil e address of the contro l 
structure. The status bits. stack length. 
and posit ion value are stored in this 
element. The FIFO load and FIFO unload 
instructions share the same control ele
ment . which may not be used to control 
any other instructions. The control bits 
in the FIFO control element are: 

Bit: 15 

EN 

14 

EU 
13 
DN 

12 
EM 

The EN bit is the FIFO load enable bit 
and follows the status of the FFL instruc
tion. The EU bit is the FIFO unlaad en
able bit and follows the status of the FFU 
instruction. The ON bit (the done bit) in
dicates that the position has reached the 
FIFO length. that is. that the FrFO file is 
full . When the ON bit is set. it inhibits 
the transrer of any additional data from 
the source to the FIFO file. The EM bit 



I i l t L< FllatMISC X FlleSl\Jft /s.q.- J( PropramCOntrol J( I 

Command Name Descrlptlon 

FFL FIFO Load and The FIFO instructions 

",' FIFO Unload load words into a lile 

FFU and unload them in Ihe 
same order in which 
they were loaded. 
The first word in 
is the l irst word out. 

r FFl 
FIFO lOAD 
Source 
FIFO 
Control 
Length 
Position 

ENn -- ON) -- EM) 

FFU 
FIFO UNLOAD 
FIFO _ Eun Deslination ON) 
Control 
Length 
Position -- EM) -_ (Same values lor both instructions) 

FIGURE 12-28 FIFO load (FFLj and FIFO unload (FFUj instruction 
pair. 

(the empty bit) is set when the last piece 
of data entered from the source has been 
transferred to the destination and the po
sition is O. If the FFU has a false-to-true 
transit ion after the EM bit is set, Os will 
be loaded into the destination. 

• Length lets you specify the maximum 
number of words in the stack. 

• Position is the pointer in the FIFO file. It 
indicates where the next piece of data 
from the source will be entered and also 
how many pieces of data are currently 
entered in the FIFO. Enter a position 
value only if you want the instruction to 
start at an offset at power-up; otherwise. 
enter O. Your ladder program can change 
the position if necessary. 

The program of Figure 12-29 on page 348 can 
be used to describe how data are indexed in 
and out of a FIFO file using the FFL and FFU 
instruction pair. Data enter the FIFO fil e from 
the source address. N7:10. on a false-to-true 
transition of input A. Data are placed at the 
position indicated in the instruction on a 
false-to-true transition of the FFL instruction. 
after which the position indicates the current 
number of data entries in the FIFO file. The 
FIFO file fills from the beginning address of 
the FIFO file and indexes to one higber ad
dress for each false-to-true transition of input 
A . A false-to-true transition of input B causes 
all data in the FIFO file to shift one position 
toward the starting address of the file. with 
the data from the starting address of the file 
shifting to the destination address. N7:11. 
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InplJts Ladder logic program 

" Input A 
FFL 
FIFO LOAO EN)---

-.L SolJrce N7:I O 
o--- Input A FIFO 'N7:12 DN) 

Control R6:0 
Length " EM) 

-.L 
POsit,on 8 

o--- Input 8 '0'"'1 FFU 
FIFO UNLOAO \EU~-
FIFO .tIN7:12 
Oes/mal,on N7:11 ~ON ! 
ConlrOI R6:0 
Lenglh " " EM ) I PosItIOn 8 

~~ - ~~-- ~ ~~~-- --- --~~-

.5t Integer Table ~ 

Value 
N7:IO 23 

N7:11 16 
N7:12 31 
N7:13 53 
N7:14 1<' 
N7 :15 9875 
N7 :16 125 
N7:17 86' 
N7:18 , 
N7:19 " N7:20 0 
N7:21 0 

Radix: j oecimal -I 
Addlen 

Oestlnalion 

N7:11 I 16 

Oala e~illrom position 0 01 the 
FIFO tile on a ralse-Io-Irue 
IranSition ollhe FFU and wrile 
~er current dala in the 
destination 

Source 

N7:10 b 23 

Oata enter the FIFO lile on a 
lalse-Io-Irue transition ollhe FFL 
at the position indicated in the 
inslruelion 

Table: IN7: Integer 

Symbol 

(al Program 

FIFO!.le 
_N7:12 

0 31 , 53 
2 1<, 
3 9875 , 

'" , 86' , , , 
" 8 0 

9 0 

Position 

(b) Transler 01 dala 

-I 

• 
• 

• 
Forteli I 

N7:12 Oata Inde~ 
toward the 
Slarting 
address 01 

the lile, one 
word with 
each lalse-to-'rue 
transition 01 the 

N7:21 FFU. 

FIGURE 12-29 How data are indexed in and out of a FIFO file. 
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Commlnd Name Description 

LFL LIFO load and The UFO instructions 

.od liFO Unload load words into a lile 

LFU and unload !hem in !he 
opposite order in which 
they were loaded. 
The last word in 
is the lirs. word out. 

LFL File .N70:3 WO<d 
LIFO LOAD EN 

3 5<m, N70.! 
UFO 'N70:3 ON) 

4 

5 
Control R6:61 • length 64 EM) 
Position 0 7 

• 64 words allocated lor 
LFU 

, ~ LI FO stack al 'N70:3 
U FO UNLOAD EU 

10 

LIFO 'N70:3 N70:! Source 11 Destination N70:2 

Dt"st"'Iat,on N702 ON) 
Control R6:6 1 

Lo"g<' 64 EM) 
LIFO load enters data into 63 UFO Uflload removes 

Position 0 slack al nelCl position. -' data from stack in 

FIGURE 12· JO LIFO instruction pair. 

The FIFO instruction is often used for ioven· 
tory control. For example. if a number of 
parts are to be manufactwed, each part would 
be assigned a different code. Once the PLC 
begins the manufacturing process, the differ
ent coded parts can be pulled out automati 
call y in the order prescribed by the FIFO 
instruction. 

The LIFO (last in. first outl instruction in
verts the order of the data it receives by out-

reverse orde r. 

Transler 01 data 

putting the last data received first and the first 
data received last. Essentially. a LIFO is a 
stack that allows data to be added without 
disturbing the data already contained in the 
stack. An example of the LIFO instruction 
pair is shown in Figure 12-30. The difference 
between FIFO and LIFO stack operation is 
that the LIFO instruction removes data in the 
reverse of the order they are loaded (last in. 
first out). Otherwise. LIFO instructions oper
ate the same as FIFO instructions . 



Chapter 12 Review 

Questions 
1. Explain the basic operation of a cam-operated sequencer switch. 

2. What type of operations are sequencer switches most suitable for? 

3. What is the advantage of sequencer programming over conventional programming methods? 

4. With reference to a PlC sequencer output instruction, answer the following questions: 

a. Where is the information for each sequencer step entered? 

b. What is the function of the output word? 

c. Explain the transfer of data that occurs as the sequencer is advanced through its various steps. 

5. Explain the purpose of a mask word when used in conjunction with the sequencer 
instruction. 

6. What are the two limits placed on some sequencer output instructions? 

7. Sequencer instructions are usually retentive. Explain what this means. 

8. Explain the difference between an event-driven and a time-driven sequencer. 

9. Explain the function of a sequencer input and compare instruction. 

10. Explain the function of a sequencer load instruction. 

11 . How does a bit shift register manipulate individual bits? 

12. list four common applications for shift registers. 

13. Name two types of bit shift instructions. 

14. Name the two types of shift pulses used with asynchronous word shift registers, and state 
the function of each. 

15. Explain the difference between a FIFO register and a LIFO register. 
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Problems 
1. Answer each of the following with reference to the dishwasher circuit shown in Figure 12-5 

(page 326) (the time per , tep i, 45 ,): 

a. How many cam switches can be found in the timer? 

b. How many timed steps are there for one complete operating cycle? 

c. What is the va lue of the time interval for each step? 

d. State the five output devices operated by the timer. 

e. What is the total length of time that the heater is on for one complete cycte? 

f . What output devices would normally be on when the timer is at the 20-min point in the cycle? 

g. What is the greatest length of time that the fill valve stays energized? 

h. Explain the function of the safety water level switch. 

i. Outline the sequence in which the outputs are energized for the first rinse panioo of the cycle. 

j. Why is the timer motor off for only one step in the entire operating cycle? 

2. Construct an equivalent sequencer data table for the six steps of the drum-operated 
sequencer drawn in figure 12-31. 

Slep '/ "/// "/// 
2 

3 

• .. , 
'" 

('(' 

I' 

'" '" 
" " I ' 

I' I' .. .. 
'" '" '" '" 6"~'~'~"'~'~'~" 

FIGURE U·3, 

( Ro1.,," 

3. Answer the following with reference to the sequencer word file of figure 12-32: 

a. Assume that output bit addresses 1 through 16 are controlling lights 1 through 16. State the 
status of each light for each of the steps. 

b. What output bit addresses could be masked? 

c. State the status of each bit of output word 2S for step 3 of the sequencer cycle. 
d. If word 31 is to be entered into the PlC using the hexadecimal code, how would it be written? 

16 15 14 13 12 II 10 9 8 7 6 5 4 3 2 

Word 30 , , , , , , 
WOld 31 , 0 , 0 , 0 

Word 32 0 , 0 , 0 , 
Word 33 0 0 0 0 0 0 

FIGURE 12·32 

, , , , , 
, 0 , 0 , 
0 , 0 , 0 

0 0 0 0 0 

, , , 
0 , 0 

, 0 , 
0 0 0 

, 
, 
0 

0 

, 
0 

, 
0 

Step' 

Slep 2 

Step 3 

Slep 4 
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4. Answer each of the following with reference to the timer-driven sequencer traffic light 
program shown in Figure 12-12 (page 332): 

a. How many bit outputs are controlled by this sequencer? 
b. What is the address of the word that controls the outputs? 
c. What is the address of the sequencer file that sets the states for the outputs? 
d. What is the address of the sequencer file set that contains the preset timer values? 
e. For what length of time is the red light programmed to be on? 
f. For what length of time is the green light programmed to be on? 
g. For what length of time is the amber light programmed to be on? 
h. What is the time required for one complete cycle of the sequencer? 

i. Assume that the value stored in N7:13 is changed to 35. Outline the changes that this new value 
will have on the operation of the traffic lights. 

5. Answer each of the following with reference to the event-driven sequencer output instruction 
program shown in Figure 12-14 (page 334): 

a. When does the sequencer advance to the next step? 

b. Assume that the sequencer is at position 2. as shown; what bit outputs will be on? 
c. Assume that the sequencer is stepped to position 8; what bit outputs will be on? 
d. Assume that the sequencer is at position 8 and a true-to·false transition of input A occurs. What 

happens? 

6. Using whatever PLC sequencer output instruction you are most familiar with, develop a 
program that will operate the cylinders in the desired sequence. The time between each step 
is to be 3 s. The desired sequence of operation will be as follows: 

• All cylinders to retract. 

• Cylinder 1 advance. 

• Cylinder 1 retract and cylinder 3 advance. 

• Cylinder 2 advance and cylinder 5 advance. 

• Cylinder 4 advance and cylinder 2 retract . 

• Cylinder 3 retract and cylinder 5 retract. 

• Cylinder 6 advance and cylinder 4 retract. 

• Cylinder 6 retract. 

• Sequence to repeat. 

7. Using whatever PlC sequencer output instruction you are most familiar with, develop a 
program to implement an automatic car-wash process. The process is to. b~ event-driven by 
the veh icle, which activates various limit switches (LSl through lS6) as It IS pulled by a . 
conveyor chain through the car-wash bay. Design the program to operate the car wash In the 
following manner: 

• The vehicle is connected to the conveyor chain and pulled inside the car-wash bay. 

• lSl turns the water input valve on. 
• lS2 turns on the soap release valve, which mixes with the water input valve to provide a wash spray. 
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• lS3 shuts off the soap valve, and the water input valve remains on to rinse the vehicle. 
• lS4 shuts off the water input valve and activates the hot wax valve, if selected. 

• lSS shuts off the hot wax valve and starts the air-blower motor. 
• lS6 shuts off the air blower. The vehicle exits the car wash. 

8. Using whatever PlC sequencer input and output instructions you are most familiar with, 
develop a program that contains a sequencer input and output instruction pair and that 
meets the following criteria: 

Inputs True to Cause 
Outputs to Index at 

Indicated Output Step 

1:002/00, 1:002/10 

Output Step 
Outputs True at 

Indicated Output Step 

. .. . 1 · .............. 0:015/15, 0 :015/17 

1:002/11 , 1:002/15 

1:002/11 

.. . . . ........ 2 

.... ... . . . . ... 3 

· . . . . . • . • . . 0:015/04 

· .. . .. •.• ...... 0:015/03, 0 :015/13 

1:002/05, 1:002/07 . . .. 4 · ..... • . • ...... 0:015/10 

1:002/04 . . . . . . . ...... 5 · ... ........... 0:015/11, 0 :015/16 

Mask out all unused input and output bits. Construct a chart to show the data that must be 
entered in the sequencer input and sequencer output files. 

9. A product moves continuously down an assembly line that has four stations, as shown in 
Figure 12-33. The product enters the inspection lone, where its presence is sensed by the 
proximity switch. The inspector examines it and activates a reject button if the product fails 
inspection. If the product is defective, reject status lights come on at stations 1, 2, and 3 to 
tell the assembler to ignore the part. When a defective part reaches station 4, a diverter gate 
is activated to direct that part to a reject bin. Using whatever PlC bit shift register you are 
most familiar with, develop a program to implement this process. 

I Sta,tion I St~ion I Sta~ion I Sta~ion I 
a a a 

Reject Reject Reject 
lamp lamp lamp 
status status status 

Product 

.,"" 
, Gate 

~DD~ 

Inspection wne 

FIGURE 12-]] 
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After completing this chapter, you will be able 
to: 

• Outline and describe requirements for a PLC 
enclosure 

• Identify and describe the functions of 
bleeder resistors in PLCs 

Differentiate between offline and online 
programming 

• Describe proper grounding practices and 
preventive maintenance tasks associated with 
PLC systems 

• List and describe specific PLC troubleshooting 
procedures 

,. 
• 

This chapter discusses guidelines for the 

installation, maintenance, and 

troubleshooting of a PLC-controlled 

system. Included is information on 

proper grounding that ensures personal 

safety as well as correct operation of 

equipment. Unique troubleshooting 

procedures that apply specifically to 

PLCs are listed and explained. 



Testing inputs and 

outputs as part o f a 

systemat ic approach to 

troubleshooting . 
(Courtesy of Fluke Corporat ion 
Reproduced with Permiss ion.) 
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PLC ENCLOSURES 
A PLC system. if installed properly. should 
give years of trouble-free service. The design 
nature of PLCs includes a number of rugged 
design features that all ow them to be install ed 
in almost an\' industrial environment. How
eve r. problems can occur if the system is not 
installed properl y. 

Programmable logic contro llers require pro
tection aga inst temperature extremes. humid
itv. dust. shock . and vibration or co rrosive 
e~\' ironmen ts . For these reasons, PLCs are 
genera lly mounted within a machine or in a 
separate enclosure (Fig. 13·1 J. An enclosure 
is the chie f protection from atmospheric 
conditions. The National Electrica l Manufac
turers Assoc iati on (NEMA) has defin ed 
enclosure Iypes. based on the degree of pro
tection an enclosure wi ll provide. For most 
solid-state con trol de"i ces, a NEMA 12 enclo
sure is recommended. Th is type of enclosure 
is for general-purpose areas and is des igned 
to be dust-t ight. In addition. metal enclosures 
also help to minimize the e ffec ts o f elec tro
magneti c radia ti on that ma~' be ge nerated by 

FIGURE 1]-1 PLC system mounted within an 
enclosure. (Courtesy of Industrial Solut ions Inc.) 
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su rround ing equipment. Enclosures do not 
protect against the internal condensa tion that 
can occur with temperature fluctuations . To 
protect agai nst condensation as we ll as ex
treme temperatures, consider installing some 
type of heating element in the enclosu re. 

Every PLC install ation will d issipa te hea t 
from its power supplies. loca l 1/0 racks. and 
processor. This heat accumulates in the 
enclosure and must be di ss ipa ted from it 
into the surrounding air. For man y applica
tio ns, norma l convection coo ling will keep 
the controller components within the spec i
fied temperature operating range. Pro per spac
ing of components w ith in the e nclos lln~ is 
usuall y suffi cient for heat di ss ipation . Th~! 
temperature inside the enclosure must not 
exceed the max imum operating temperat ure 
of the controller (typ ica ll y 60 'C maximum!. 
Additional cooling provisions. s lIch as a 
fan or blower. rna,' be required where h igh 
ambient temperat~res are encountered. Fig
ure 13·2 shows the typical layou t of compo
nent s for a PLC installation. 

The enclosure should ha\'c a power discon· 
nect so that . when required . the PLC can be 
worked on with the power off. Al so, a \·ieu'· 
ing window is desirable so that the indica turs 
and the PLC and modules ca n be \' iewed 
without ha ving to open the enclosure during 
normal operatio n. Viewing windows in· 
stall ed in the doors of control panels he lp 
facilitate maintenance and troubleshooting 
chores for factory personnel. 

A hardwired master control re/Q.\' {MeR) is 
normally included as part of the enclosu re lay· 
oul. Th~ hardwired MCR is used to interrupt 
power to the I/O rack in the event of a syst~m 
fa il ure. but it will still allow power to be maIO' 
tained at the CPU. In addition. an isolation 
transformer provides the following: 

• Phys ical isolation from the main power 
distribution . 

• Voltage transformation . if required. to 
provide 110 or 240 V to the ac di stribu
tion system. 



• NEMA-rated enclosure suitable lor your application. and 
erwironment that shields your controller from electrical 
noise and airbOrne contaminants 

• Disconnect device. 10 remove power from The system 

• Fused isolaTion transformer Of a conslant voHage 
transform". as your application requires 

• Master control relay/emergency-sTop circuit 

• Terminal blocks or wiring duds 

• Suppression devices for limiting electromagnetic 
interference (EMI) generatiOn 

r---------------------------~ , v· ® 
Disconnect ... " 

® Isolation 
transtormer 

• PLC 

~----------------------------
(a) Typical componenT layout 

FIGURE 13-2 Typical PlC installation . 

~CTRICAL NOISE 
• 

Electrical noise. also called electromagnetic 
interference. or EMf. is unwanted electrical 
signals that produce undesirable effects and 
otherwise disrupt the control system circuits. 
EMI may be either radiated or conducted. 
Radjated noise originates from a source 
and travels through the air. Radio and televi
sion Signals can radiate EMl. Conducted 
noise travels on an actual conductor. such as 
a power line. The original noise may have 
been radiated, coupled into the lines, then 
conducted. 

When the PLC is operated in a noise-polluted 
industrial environment, special considera
tion should be given to possible electrical 
interference. Malfunctions resulting from 
noise are temporary occurrences of operating 
errors that can result in hazardous machine 
operation in certain applications. Noise usu
ally enters through input, output, and power 
supply lines . Noise may be coupled into 
these lines by an electrostatic field or through 
electromagnetic induction. The follOwing re
duces the effect of electrical interference: 

• PLC design features 

• Proper mounting of the controller within 
an enclosure 

• Proper equipment grounding 

• Proper routing of wiring 

• Proper su ppression added to noise
generating devices 

To increase the operating noise margin. the 
controller should be located away from 
nOise-generating devices such as large ac 
motors and high-frequency welders. Poten
tial noise generators include relays. sole
noids, motors, and motor starters, especially 
when operated by hard contacts such as 
pushbuttons or selector switches. Suppres
sion for noise generation may be necessary 
when these types of loads are connected as 
output devices, or when they are connected 
to the same supply line that powers the PLC. 
Figure 13-3 on page 359 shows typical noise
suppression methods. 

Lack of surge suppression on inductive loads 
may contribute to processor faults and spo
radic operation. RAM can be corrupted (lost), 
and 110 modules can appear faulty or can 
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(b) Typical wiring layout. In the configuration shown. 
the emergency stop (ESTOP) relay contacts are in 
series with the output module power but not with 
the PLC power supply and the input modules. For 
an emergency stop with the input values still valid 
and the PLC still running. valuable troubleshooting 
data are made available by the program. 

FIGURE 13-2 (continued) Typical PLC installation. 

reset themselves. When inductive devices are 
energized or de·energized, they can cause an 
electrical pulse to be back·fed into the PLC 
system. The back·fed pulse, when entering 
the PLC system, can be mistaken by the PLC 
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for a computer pulse. It takes only one false 
pulse to create a malfunction of the orderly 
flow of PLC operational sequences. FO'f 

extremely noisy environments, use a memory 
module and program it for automatic loading 
on processor fault or power cycle for quick 
recovery. 

Careful wire routing also helps to cut down 
on electrical noise. Within the PLC enclosure. 
input power to the processor module shou ld 
be routed separately from the wiring to I/O 
modules. Never run signal wiring and power 
wiring in the same conduit. Segregate I/O 
wiring by signal type, and bundle wiring with 
similar electrical character istics together. 
Wiring with different signal characteristics 
should be routed into the enclosure by sepa
rate paths whenever possible. A fiberoptic 
system, which is totally immune to all kinds 
of electrical interference. can also be used for 
signal wiring. 

~KY INPUTS AND 
OUTPUTS 

• 

Many field input devices, such as proximity 
SWitches. used with PLC·based svstems are of 
a solid·state design. Any electro~ically based 
input sensor that uses a solid·switch silicon 
controlled rectifier (SCRJ. triac. or transistor 
will have a small leakage current even when 
in the off state. Often, the leaky input will 
only cause the module's input indicator to 
flicker. The leakage may. however, result in 
a falsely activated PLC input. To correct the 
problem, a bleeder resistor is connected 
across or in parallel with the input. as shown 
in Figure 13·4. 

This leakage may also occur with the solid· 
state switch used in many output modules. A 
similar problem can be created when a high
impedance output load device is used with 
these modules. Figure 13·5 shows how a 
bleeder resistor is connected to bleed off this 
unwanted leakage current. 
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GROUNDING 
Proper grounding is an important safety mea
sure in all electrical installations. The authori
tat ive source on grounding requirements for a 
PLe installation is the National Electrical 
Code. The corle specifies the type of conduc
tors. color codes. and connections necessary 
fo r safe grounding of electrical components. 
According to the code. the grounding path 
must be permanent (no solder) . continuous. 
and able to conduct safely the ground-fault 
current in the system with minimal imped
ance. In the event of a high value of ground 
current, the temperature of the conductor 
could cause the so lder to melt. resu lting in 
interruption of the ground connection. In ad
dition to the grounding required for the 
controller and its enclosure. you must also 
provide proper grounding for all controlled 
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FIGURE 1]·5 Connection for leaky output devices . 
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FIGURE 13-6 PLC ground connections. 

devices in your application. Most manufactur
ers provide detailed information on the proper 
grounding methods to use in an enclosure. 
Figure 13-6 shows typical grounding connec
tions for an enclosure. 

With solid-state control systems. grounding 
helps to limit the effects of noise due to elec
tromagnetic induction. The following ground
ing practices will help reduce electrical noise 
interference: 

• All PLe equipment and enclosure back
plates should be grounded individually 
to a central point on the enclosure frame. 

• Ground wires should be separated from 
power wiring at the point of entry to the 
enclosure. 

• All ground connections should be made 
with star washers between the grounding 
wire and lug and metal enclosure surface. 

• Paint or other nonconductive material 
should be scraped away from the area 
where a chassis makes contact with the 
enclosure. 

• The minimum ground wire size should 
be No. 12 AWG stranded copper for PLe 
equipment grounds and No. 8 AWG 
stranded copper for enclosure backplate 
grounds. 

• The enclosure should be grounded prop
erly to the ground bus. 

• The machine ground should be connected 
to the enclosure and to earth groWld. 

• The ground connection should have a 
very low resistance. A rule of thumb 
would be less than 0.1 n dc resistance 
between the device and ground. 

Ground loops can also cause noise problems 
and are often difficult to find . They generally 
occur when multiple grounds exist (Fig. 13-7). 
The farther the grounds are apart. the more 
likely is the noise problem. A potential can 
exist between the power supply earth and the 
remote earth. Ground-loop interference re
sults from multiple grounds that form loops 
ideal for picking up interference. If a varying 
magnetic field passes through one of these 
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FIGURE 1]-7 Formation of ground loops. 

loops, a voltage is produced and current 
flows in the loop. 

VOLTAGE VARIATIONS 
AND SURGES 

The power suppl y section of the PLC system 
is built to sustain line fluctuations and still 
allow the system to function within its oper
ating range. Where line voltage variation is 
excessive. a constant voltage transformer can 
be used to solve the problem. The constant 
voltage transformer stabilizes the input volt
age by compensating for voltage changes at 
the primary to maintain a steady voltage at 
the secondary. 

When current in an inductive load is inter
rupted or turned off, a very high voltage spike 
is generated. If not suppressed, these voltage 
spikes can reach several thousand volts and 
produce surges of damaging high currents. To 
avoid this situation, a suppression network 
should be installed to limit the voltage spike 
as well as the rate of change of current 
through the inductor. Generally, output mod
ules designed to drive inductive loads in
clude suppression networks built in as part of 
the module circuit. 

An additional external suppression device is 
recommended if an output module is used to 
control devices such as relays, solenoids, mo
tor starters, or motors. The suppression de
vice is wired in parallel (directly across) 

and as close as possible to the load device. 
Figure 13·8 illustrates different methods of 
suppressing dc and ac inductive loads. The 
suppression components must be rated ap
propriately to suppress the switching tran· 
sient characteristic of the particular inductive 
device. Check the installation manual for the 
PLC you are using for the proper type and 
rating of the suppression device. 

The metal axide varistor (MOV) surge sup
pressor (Fig. 13·9 on page 362) functions in the 
same manner as back-to-back zener diodes. 

L1 .V I -v l2 

I 

r-;v 

. V 
Y 

<2> 

<2> 0 

<2> 
-v 

'--
" IX OUIj)UI module 

(a) For indUC1ive IX load devices. a damping diode connected 
in reverse-oias is SUitable. A diOcle conducts only wtlen 
currenllo the solenoid is swilehed 011. When the inductive 
load switches off. i1 tries to maintain the same curren!. and 
the YOIIage actOSS the inductive load reYefSeS. The diode 
provides a path lor this CUlTenl so thaI the field in the 
Inductor collapses. 

FIGURE " .. Suppre-ssing de and ac inductive loads. 
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(b) Surge suppression is also known as snubbing. An RC 
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rise 01 The transient voltage. 

FIGURE 13-8 (continued) Suppressing de and ac 
inductive loads. 

Each zener diode acts as an open circuit until 
the reverse voltage across it exceeds its rated 
value. Any greater voltage peak instantly 
makes the diode act like a short circuit that by
passes this voltage away from the rest of the 
circuit. Additional suppression is especially 
important if your inductive device is in series 
or parallel to a hard contact, such as a push
button or selector switch. Switching inductive 
loads without surge suppression can signifi
cantly reduce the lifetime of contacts. It is rec
ommended that you locate the suppression 
device as close as possible to the load device. 

PROGRAM EDITING 
After you have entered the rungs for your pro
gram, you may need to modify them. Editing 
is simply the ability to make changes to an ex
isting program through a variety of editing 
functions. Using the editing function, in
structions and rungs can be added or deleted : 
addresses, data , and bits can be changed. 
Again , the editing format varies with differ
ent manufacturers and PLC models. 
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FIGURE 13·9 Snubbing circuits. 

Today, most PLC programming software is 
Microsoft Windows-based. so if vou are famil· 
iar with Windows and know ho~ to point and 
click with a mouse, you should have no prob
lem editing a program. In general. both in
structions and rungs are selected simply by 
clicking on them with the left mouse button. 
Double clicking with the left mouse button 
allows you to edit an instruction 's address. 
whereas right clicking displays a pop-up 
menu of related editing commands. If you 
want to include additional explanation of a 
symbol or address. you can place an address 
description on your ladder rung directly above 
the symbol. To add a page or rung comment. 



right-click on the rung number to which you 
wish to add the page or rung comment. 

When editing a processor's logic , the use of the 
search function can be extremely helpful. This 
function is used to search the program for spe
cific addressed instructions, Activation of the 
search function locates the specified addressed 
instruction in the processor memory, The cir
cuit con taining the searched instruction is then 
displayed automatically on the screen for user 
inspection. If desired . the user can then modify 
the instruction itself or the circuit containing 
the instruction. Depending on the PLC. the 
search function can be used to search for: 

• An instruction with an address 

• An instruction type 

• An address 

• A rung of logic 

Preparing a contro l process for start-up. also 
called commissioning, involves a series of 
tests to ensure that the PLC. the ladder logic 
program. the I/O devices, and all associated 
wiring operate according to specifications. 
Before commissioning any control system. 
you should have a good understanding of 
how the control system operates and how 
the various components interact. The follow
ing are general steps to be followed when 
commissioning a PLC system: 

1. Before applying power to the PLC or 
the input devices. disconnect or 
otherwise isolate any output device 
that could potentia lly cause damage 
or injury. Typically this precaution 
would pertain to outputs that cause 
movement such as starling a motor or 
operating a valve. 

2. Apply power to the PLC and input 
devices. Measure the voltage to verify 
that rated voltage is being applied. 

3. Examine the PLC's status indicator 
lights. If power is properly applied, 
the power indicator should be on, 
and there should be no fault indi
cation. If the PLC does not power up 
properly. it may be faulty. PLCs 

rare ly fail. but if they do fail. it 
usually happens immediately upon 
powering up. 

4. Verify that you have communication 
with the PLC via a handheld pro
grammer or a personal computer that 
is running the PLC programming 
software. 

5. Place the PLC in a mode that prevents 
it from energizing its output circuits. 
Depending on the make of the PLC, 
this mode may be called disable, 
continuous test, or single-scan mode. 
This mode will allow you to monitor 
input devices, execute the program. 
and update the output image file 
while keeping the output circuits de
energized. 

6. Manually activate each input device. 
one at a time. to verify that the PLC's 
input status lights tum on and off as 
expected. Monitor the associated 
condition instruction to verify that the 
input device corresponds to the 
correct program address and that the 
instruction turns true or false as 
expected. 

7. Manually test each output. One way 
you can do is by applying power to the 
terminal where the output device is 
wired. This test will check the output 
field device and its associated wiring. 

8. After verifying all inputs. outputs. and 
program addresses. verify all preset 
values for counters, timers. and so on. 

9. Reconnect any output devices that 
may have been disconnected and place 
the PLC in the run mode. Test the 
operation of all emergency stop 
buttons and the total system operation. 

~OGRAMMING AND • 
MONITORING 

When you program a PLC, several instruction 
entry modes are available, depending on the 
manufacturer and the model of the unit. A 
personal computer. with appropriate software. 
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FIGURE 13·10 Downloading and uploading programs. 

is generally used to program and monitor the 
program in the PLC. Additionally, it makes 
possible offline programming. which involves 
writing and storing the program in the per
sonal computer without its being connected 
to the PLC (Fig. 13-10) and later downloading 
it to the PLC.ln contrast. online programming 
involves programming or entering ladder 
logic directly into the PLG. Offline program
ming is the safest manner in which to edit a 
program because additions, changes, and 
deletions do not affect the operation of the 
system until downloaded to the PLc' 

Many manufacturers provide a continuous test 
mode that causes the processor to operate from 
the user program without energizing any out
puts, This mode allows the contro l program to 
be executed and debugged while the outputs 
are disabled. A check of each rung can be done 
by monitoring the corresponding output rung 
on the programming device. A Single-scan test 
mode may also be available for debugging the 
control logic. This mode causes the processor 
to complete a single scan of the user program 
each time the single-scan key is pressed with 
no outputs being energized, 

An online programming mode permits the 
user to change the program during machine 
operation, As the PLC controls its equipment 
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or process, the user can add. change. or delete 
control instructions and data values as de
sired. Any modifi cation made is executed 
immediate ly on entry of the instruction. 
Therefore, the user should assess in advance 
all possible sequences of machine operation 
that will result from the change. Online pro
gramming should be done only by experi
enced personnel who understand fully the 
operation of the PLC they are dealing with 
and the machinery being controlled. If at all 
possible. changes should be made offline to 
provide a safe transition from existing pro
gramming to new programming. 

Data monitor is a feature that allows vou to 
display data from any place in the data table. 
Depending on the PLC. the data monitor 
function can be used to do the following: 

• View data within an instruction 

• Store data or values for an instruction 
prior to use 

• Set or reset values andlor bits during a 
debug operation for control purposes 

• Change the radix or data format 

Figure 13-11 shows the data file folder and 
window for the Allen-Bradley SCL-SOO PLC 



and its associated R5Logix software. The data 
fill" foldflf allows the user to determine the 
status nfl l O files as well as the status file (52). 
bi mm' fil e (B3). timer fil e (T4) , counter file 
le5). ·t.:n nt ro l fil ~ (R6). integer file (N7). and 
th~ fl oa ting-poi nt file (FB) . Always be careful 
\\·h"n manipu lating data us ing the data mon
itor funct ion. Changing data could a£fect the 
program and turn output de\'ices on or off. 

The contact histogram function allows you to 
\'iew the transition hi story (the on and off 
states) of a data table value. The status of the 

• Data Files 
~ Cross Relerence 
o O,O·OUTPUT 
o "' ·INPUT o S2·STATUS o 83·8INARY o THIMER 
o C'·COUNTER o RHONTROL o N'·INTEGER o 'HLOAT 

~ ~I Dala hie 10000r 

Input Table 

15 14 '3 '2 " '0 9 8 7 6 , 
1 ~ 1 . 0 0 0 0 0 0 0 0 0 0 0 0 

1:2.0 0 0 0 0 0 0 0 0 0 0 0 

RadiI: IBinary -I Table : -
O:O:Output • Address I I l:l :lnpul 

I S2: Slatus 
B3: Binary 
14: Timer 
C5: Counler 
R6: Control 
N7: Inleger 
F8: Floal • 

{Ol Dala tile windo" 

bit{s) (on or off) and the length of time the 
bit{s) remained on or off (in hours. minutes, 
seconds. hundredths of a second) is dis
played. In a contact hi stogram file , the accu
mulated time indicates the total time that the 
histogram fun ction was running. The delta 
lime of the contact hi stogram ind icates 
the elapsed time between the changes in 
states. Contact histograms are extremely use
ful for detecting intermittent problems , either 
ha rd ware- or log ic·related . By tracking the 
status and time between status changes. you 
can detect different types of problems. 

~VENTIVE MAINTENANC: 

4 , 

The biggest deterrent to PLC system faults is a 
proper pre\'entive maintenance program. Al
though PLCs have been designed to minimize 
maintenance and prodde trouble-free opera
tion. there are several preventive measures 
that should be looked al regu larly. 

Many control sys tems operate processes that 
must be shut down for short periods for 
product changes. The foll o\\' ing pre\'entiH 

@ 
3 2 , a • 0 0 0 0 • 0 0 0 0 0 • 

Forces I 

FIGURE 13-11 Data tile folder and window for the Allen.Bradley 5CL-500 PLC 
and its aSlOCiated R5logil software. 
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maintenance tasks should be carried out dur
ing these short shutdown periods: 

• Any filters that have been installed in 
enclosures should be cleaned or re
placed to ensure that clear air circula
tion is present inside the enclosure. 

• Dust or dirt accumulated on PLC circuit 
boards should be cleaned. If dust is al
lowed to build up on heat sinks and 
electronic circuitrv, an obstruction of 
heat dissipation could occur and cause 
circuit malfunction. Furthermore. if con
ductive dust reaches the electronic 
boards. a short circuit could result and 
cause permanent damage to the circuit 
board. Ensuring that the enclosure door 
is kept closed will prevent the rapid 
bUildup of these contaminants. 

• Connections to the 1/0 modules should 
be checked for tightness to ensure that 
all plugs. sockets. terminal st rips . and 
module connections are making con
nections and that the module is in
stalled securely. Loose connections 
may result not only in improper func
tion of the con tro ller but also in dam
age to the components of the system. 

• All field lIO devices should be inspected 
to ensure that they are adjusted properly. 
Circuit boards dealing with process con
trol analogs should be calibrated every 6 
months. Other devices, such as sensors. 
should be done on a monthly basis. End 
devices in the environment. which have 
to translate mechanical Signals into elec
trical. may gum up, get dirty. crack. or 
break-and then they will no longer tri p 
at the correct setting. 

• Care should be taken to ensure that heavy 
noise- or heat-generating equipment is 
not moved too close to the PLC. 

• Check the condition of the battery that 
backs up the RAM memory in the CPU. 
Most CPUs have a status indicator that 
shows whether the battery's voltage is 
sufficient to back up the memory stored 
in the PLC. If a module is to be replaced, 
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it must be replaced with exactly the 
same type of module . 

• Stock commonly needed spare pa rts . In
put and output modules are the PLC 
components that fail most often. 

• Keep a master copy of operating 
programs used. 

To ~void injury to personnel and to prevent 
eqUipment damage, all connections should be 
checked with power removed from the system. 
In addition to disconnected electrical power. 
a1l o~er sources of power (pneumatic and hy
draulic:) should be de-energized before some
one works on a machine or process controlled 
by a PLC. Most companies use lock-out and tag 
procedures to make sure that equipment does 
not operate while maintenance and repairs 
are conducted. A personnel protection tag is 
placed on the power source for the equipment 
and the PLC. and it can be removed onl v bv the 
person who originally placed the tag. in ~dd i 
tion to the tag. a lock is al so attached so that 
equipment cannot be energized. 

~OUBlESHOOTING • 
In the event of a PLC fault. a careful and svs
tematic approach should be used when trou
bleshooting the system to resolve the prob
lem. PLCs are relativelv eas\, to troubleshoot 
because the control program 'can be displayed 
on a monitor and watched in real time as it ex
ecutes. If a control system has been operating. 
you can be fairly confident of the accuracy of 
the program logic. For a system that has never 
worked or is just being commissioned. pro
gramming errors should also be considered. 

When a problem does occur. the first step in 
the troubleshooting procedure is to identify 
the problem and its source. The source of a 
problem can generally be narrowed down to 
the processor module, I/O hardware, wiring. 
machine inputs or outputs. or ladder logic pro
gram. Once a problem is recognized. it is usu
ally quite simple to deal with . The following 

• 



sections will deal with troubleshooting these 
potential problem areas. 

Processor Module 

The processor is responsible for the seif
detection of potential problems. It performs 
error checks during its operation and sends 
sta tus information to indicators that are nor
mall\' located on the front of the processor 
mod~le. Typica l diagnostics include memory 
OK, processor OK, battery OK, and power 
supply OK, 

The processor then monitors itself continu
ally for any problems that might cause the 
controller to execute the user program 
improperly. Depending on the controller, a 
set of fault relay contacts may be available, 
The fault relay is controlled by the proces
sor and is activated when one or more spe
cific fault conditions occur. The fault relav 
contacts are used to disable the outputs and 
signal a failure. 

Most PLCs incorporate a I\'atchdog timer to 
monitor the scan process of the system. The 
watchdog timer is usually a separate timing 
ci rcuit that must be set and reset bv the 
processor within a predetermined p~riod . 
The watchdog timer circuit will time out if a 
processor hardwire malfunction occurs and 
will immediately halt the operation of the 
PLC. For example. if the program scan value 
equals the watchdog value. a watchdog major 
error will be declared. Operation manuals 
show how to apply this function. Errors in 
memory data aJ'e also detected through vari
ous built-in diagnostic routines. 

The PLC processor hardwaJ'e is not likely to 
fail because today's microprocessors and mi
crocomputer hardware are very reliable when 
operated within the stated limits of tempera
ture, moisture, and so on. The PLC processor 
chassis is typically designed to withstand 
harsh environments. 

Input Malfunctions 

If the controller is operating in the run mode 
but output devices do not operate as pro-

grammed. the most likely problem source is 
one of the following: 

• 110 devices 

• Wiring between 110 modules, 110 
devices. and user power 

• User power 

• 110 modules 

Narrowing down the problem sow ce can usu
ally be accomplished by comparing the actual 
status of the suspect 110 with controller sta
tus indicators. Usually each input or output 
device has at least two status indicators. One 
of these indicators is on the 110 module: the 
other indicator is provided by the program
ming device monitor. 

If input haJ'dware is suspected to be the source 
of a problem, the first check is to see if the sta
tus indicator on the input module illuminates 
when it is receiving power from its correspon
ding input device (e.g., pushbutton, limit 
switch). If the status indicator on the input 
module does not illuminate when the input 
device is on, take a voltage measurement across 
the input tenninal to check for the proper volt
age level (Fig. 13-12). If the voltage leve l is 
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FIGURE 13-11 Checking for input malfunctions. 
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FIGURE 13-13 Typical input device troubleshooting guide. 

correct, then the input module should be re
placed. If the voltage level is not correct. then 
check for faults with power to the input device; 
wiring among input device. input module. and 
user power; and the input device itself. 

If the programming device monitor does not 
show the correct status indication for a condi
tion instruction, the input module may not be 
converting the input signal properly to the 
logic level voltage required by the processor 
module. In this case, the input module should 
be replaced. If a replacement module does not 
eliminate the problem and wiring is assumed 
to be correct. then the VO rack, communica
tion cable. or processor should be suspected. 
Figure 13-13 shows a typical input device trou
bleshooting guide. This guide reviews condi
tion instructions and how their true/false 
status relates to external input devices. 

Output Malfunctions 

When an output does not energize as expected, 
first check the output module blown fuse indi-

cator. Usually this indicator will illwninate 
only when the output circuit corresponding to 
the blown fuse is energized. If this indicator is 
illuminated, correct the cause of the malfunc
tion and replace the blown fuse in the module. 

If the blown fuse indicator is not illuminated 
(fuse OK), then check to see if the output de
vice is responding to the LED status indicator. 
If an output rung is energized, the module 
status indicator is on. and the output device 
is not responding, then the wiring to the out
put device or the output device itself should 
be suspected. If, according to the program
ming device monitor. an output device is 
commanded to turn on but the status indica
tor is off, then the module should be re
placed. Figure 13-14 shows a typical output 
device troubleshooting guide. 

Ladder Logic Program 

The ladder logic program is also not likely to 
fai l, assuming that the program was at one 
time working correctly. A hardware fault in 
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FIGURe 13-14 Typical output device troubleshoot ing guide. 

the memory IC that holds the ladder logic 
program could alter the program . but this is 
a PLC hardware failure . If all other possible 
sources of trouble have been eliminated, the 
ladder logic program should be reloaded 
into the PLC from the master copy of the 
program. 

Start program troubleshooting by identifying 
which outputs operate properly and which 
outputs do not. Then. using the programming 
software and search function, trace back from 

the output on the non functioning rung and 
examine the logic to determine what may 
be preventing the output from energizing. 
Common logic errors include: 

• Programming an examine-far-on instruc
tion instead of an examine-far-off 
(or vice versa) 

• Using an incorrect address in the program 

Although the ladder logic program is not 
likely to fail, the process may be in a state that 

•
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was unaccounted for in the original program 
and thus is not controlled properly. In this 
case, the program needs to be modified to in
clude this new slate. A careful examination of 
the description of the control system and the 
ladder logic program can help identify this 
type of fault. 

The force on and force off instructions allow 
you to turn specific bits on or off for testing 
purposes. Forcing lets you simulate operation 
or control an output device. For example. 
forcing a solenoid valve on will tell you im
mediately whether the solenoid is functional 
when the program is bypassed. If it is . the 
problem must be related to the software and 
not the hardware . If the output fails to re
spond when forced. either the actual output 
module is causing the problem or the solenoid 
itself is malfunctioning. Take aJJ necessary 
precautions to protect personnel and equip
ment during forcing. 

Certain diagnostic instructions may be in
cluded as part of a PLC's instruction sel for 
troubleshooting purposes. The temporary end 
(TND) instruction (Fig. 13-150) is used when 
you want to change the amount of logic 
scanned to progressively debug your program. 
It operates only when its rung condit ions are 
true and stops the processor from scanning any 
logic beyond the TND instruction. When the 
processor encounters the TND instruction. it re
sets the watchdog timer (to 0). performs an 1/0 
update. and begins running the ladder program 
at the first instruction in the main program. 

The suspend (SUS) instruction (Fig. 13-15bl 
is used to trap and identify speci fi c condi
tions for program debugging and system trou
bleshooting. When the rung is true. thi s 
instruction places the controller in the sus
pend idle mode. Operation is suspended and 
the suspend ID number is placed in word 7 
(S:7) of the status fi le so that you can track 

I ~ I. D\ P' oe, .... ConUoi i Asc" Cofltrol i Asc~ Stnng i MICr4 

Commafld Name Descriptiofl 

TNO Temporary end Makes a temporary 
end that halls 
program execuTion. 

SUS ..... "" Identifies specific 
conditions for program 
clebugging anet system 
troubleshooTing. 

H '''""''----< r TND 

(a) Temporary end(TND) inStruction 

tnput Input Input 

~AHBHI SUS -~_~~-, 
SUSPEND 
Suspend 10 

(b) SuSl»nCI'(SUS) instruction 

FIGURE 1)·15 Diagnostic instructions. 



down the error in the logic . The program 
number containing the executed SUS instruc
ti on is placed in word a (S:7) of the status file. 
All outputs are de-energized. 

The wiring between the field devices and the 
terminals of the 110 modules is a likely place 
fo r problems to occur. Faulty wiring and 
mechanical connection problems can inter
rupt or short the signals sent to and from the 
110 modules. 

The sensors and actuators connected to the 
110 of the process can also fail. Mechanical 
switches can wear out or be damaged during 
normal operation. Motors. heaters. lights. and 
sensors can also fail. Input and ou tput field 
devices must be compati ble with the 110 
module to ensure proper operation. 

Some PLC manufacturers allow the same out
put coil to be used more than once in the 

ladder program. As a result. mult iple rung 
conditions can control the same output coil, 
making troubleshooting more difficult. In the 
case of duplicate outputs, the monitored rung 
may be true; but if a rung farther down in the 
ladder diagram is false. the PLC will keep the 
output off. Some software allows for checking 
multiple coil use. 

When a problem occurs, the best way to 
proceed is to try to logica lly identify the 
devices or connections that cou ld be caus
ing the problem rather than arbitrarily 
checking every connection. switch. motor, 
sensor, 110 module. and so on. First. observe 
the system in operation and try to desc ribe 
the problem. Using these observations and 
the description of the control system. vou 
should identify the poss ible sources' of 
trouble . Compare the logic s tatus of the 
hardwired inputs and outputs to their ac
tual state (Fig. 13-16). Any disagreements 

Memory 

Output image table 

InptJt 
module 

Status 0 
0 

o· t 
0 

" 0 

Input 
0 
0 ..... • • • 

• • Opetl-otl • • l2 • 

Hardv.~ companson test compare 
Ie of l'O as stored otl rnen'IOI'y to 

"""" ~.~-----

,. ,. .. , . , . 
" " """';1"'~ ' 11'. · ... , .. ' .... , .. ,. 
, , , , • , •• I • , '0; .. "" .. .. ,, ..... 
••• 1 ••••• • • 1 '" 
••• 1 • • ••••• • ••• 

-~.-~ ~ -
Input image table 

" " IlI1"", 11" " 1' 0 " 
,~ " "" """"" .. , .. ... ,' . ~ .' 
." ., I • • • • • • " 0 ,. 

" """""" I.' '. 

Oulput 
modute 

Status 0 
o 

Ont 
o 
o 
o 
o 

u 

III Load 
: energized 

H---1:',", '" • • • • ~:::F:::7 l2 

Log,e observahon-detemllfle vahd,tv 01 deciSIOnS made by processor 

FIGURE 1}-16 General met hods of troubleshooting. 

PlC Installation Practices. Ed iting. and Troubleshooting 371 



Output 
status 

IndocatOrs 

ON 

Display 
ftJOg on 
screen 

Tum OFF --
OFF 

-

IS output No 
Instruction 1-=-1 

tfue? 

Output 
OOVIce 

would not 

Chect liO -. ..... ,"fIg 

Check 110 
- Modules 
- SWing arm 
-Power 
- Rack 

TUfnON --
ON Output 

sta tus - Indicators 

Ind~tor 

I OFF 

Display 
rung on 
screen 

I 
'-

Is output 
In,structoon - true? 

.LNO 

ON - Find out why 
- Repa" 
- Replace 

FIGURE 13-17 Typical troubleshooting tree. 

ind icate malfunctions as well as thei r ap
proximate location. 

Most of your troubleshooting can be accom
plished by interpreting the status indicators 
on the 110 modules. The key is to know 
whether the status indicators are telling you 
that there is a fault or that the system is nor
mal. Quite often you will be given a trou
bleshooting guide. map, or tree that presents 
a list of observed problems and their possible 
sources. The troubleshooting tree in Figure 
13-17 and the input/output troubleshooting 
guides in Tables 13-1 and 13-2 are typical of 
the types used. 
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• ~NNECTING YOUR 
PERSONAL COMPUTER AND 
YOUR PROGRAMMABLE 
LOGIC CONTROLLER 

You must establish a way for your personal 
computer (PC) software to communicate with 
the programmable logic controller (PLC) 
processor. Making this connection is known as 
configuring the communications. The method 
used to configure the communications varies 
with each brand of controller. In Allen-Bradley 
controllers. RSLogix software is required to 



INPUT TROUBLESHOOTING GUIDE 

Circuit LED Is ... Device Is ... n 
If Your Input And Your Input 

A d Probable Cause 

Your input device will not Device is shorted or damaged. 
turn off. 

OnlClosedi Activated 
Your program operates as Input circuit wiring or module. 

though it is off. 
Input is fOfced off in program. 

On Input device off-state leakage 
current exceeds input circuit 

Your program operates as spedfication. 
Off/OpenfDeactivated though it is on and/or the 

Input device is shorted or input circuit will not turn off. 
damaged. 

Input circuit wiring or module. 

Input circuit is incompatible. 

Your program operates as low voltage across the input. 
OnlClosedfActivated though it is off and/or the Input circuit wiring or module. 

input circuit will not turn on. 
Input signal tum-on time too 

Off fast for input circuit. 

Your input device will not Input device is shorted or 
turn on. damaged. 

OfflOpenJDeactivated 
Input is forced on in program. Your program operates as 

I 
though it is on. Input circuit wiring or module. 

de\'elop and edit ladder programs. and a sec
ond software package. RSLinx. is needed to: 

tween vour PC and PLC processor. A drh'er 
is a co'mputer program that controls a de
vice. For example, you must have the correct 
printer driver installed in your PC in order 
to be able to print a word-processing docu
ment created on yo ur PC. RSLinx works 
much like the printer driver for RSLogi x 
software, The RSLinx program must be 
opened and drivers configured before com
munications can be established between a 
PC and a PLC that is using RSLogix software. 
If you need help configuring a driver, you 
can receive step-by-step instructions from 
your RSLinx help file. 

• mon itor PLC activity 

• download a program from your PC to 
your PLC 

• upload a program from your PLC into 
your PC 

RSLinx software is available in multiple 
packages to meet the demand for a variety 
of cost and functionality requirements. This 
software package is used as the driver be-



. , 
OUTPUT TROUBLESHOOTING GUIDE 

If Your Output And Yo ur Output 
Circuit LED Is ... Device Is ... And Probable Cause 

Programming problem: 

. (heck for duplicate outputs and 
addresses . 

. If using subroutines. outputs are 

Your program indicates left in their last state when not 

that the output circuit is executing subroutines. 

off or the output circuit - Use the force funaion to force 
OnfEnergized 

will not turn off. output off. If this does not force 
the output off. output circuit is 

On 
damaged. If the output does 
force off, then check again for 
logidprogramming problem. 

Output is forced on in program. 

Output circuit wiring or module. 

Your output device will 
Low or no voltage aooss the load. 

not turn on and the Output device is incompatible: 
Off/De-energized program indicates that check specifications and sinkJ 

it is on . source compatibi1ity (if de output). 

Output circuit wiring or module. 

Output device is incompatible. 

Output circuit off-state leakage 
Your output device will current may exceed output device 
not turn off and the specification. On/Energized program indicates that 
it is off. Output circuit wiring or module. 

Output device is shorted or 
damaged. 

Programming problem: 
- Check for duplicate outputs and 

addresses. 
off - If using subroutines. outputs are 

left in their last state when not 
executing subroutines. 

Your program indicates - Use the force function to force 
that the output circuit is output on. If this does not force 

Off/De·energized on or the output circuit the output on, output circuit is 
will not turn on. damaged. If the output does 

force on, then check again for 
logidprogramming problem. 

Output is forced off in program 

Output circuit wiring or module 
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FIGURE 13-18 Serial wiring connection between a personal computer and 
a PlC processor using a null-modem cable. 

RSLinx allows RSLogix to communicate 
through an interface cable to the PLC proces
sor. The simplest connection between a PC 
and a PLC is a serial connect ion , because it 
does not require any converters or adapters. 
The serial cable is connected to your PC's 
COM 1 or COM 2 port and to the PLC proces
sor's serial communications port. You might 
thi nk that any PLC processor with an RS-232 
serial port cou ld communicate with any other 
RS-232 port. Not necessarily. Two important 
aspects of the communication link must be 
considered . namely. the RS-232 standard and 
the communications protoco l. 

The RS-232 standard specifies a fun ction 
for each of the wires inside the standard 

communications cable and their associated 
pins but does not define how many pins 
and wires must be used. Minimum configu
ration for two-way communications re
quires the use of only three connected 
wires, as shown in Figure 13-18. For ease of 
connection, the RS-232 standard specifies 
that computer devices have male connectors 
and that peripheral equipment have female 
connectors. Direct communication between 
two computers, such as a PC and a PLC. 
does not involve intermediate peripheral 
equipment. Therefore, a se rial null-modem 
type cable must be used for the connection 
because both the PC and the PLC processor 
use pin 2 for data output and pin 3 for data 
input. 
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Chapter 13 Review 

Questions 
1. Why are PlCs generally placed within an enclosure? 

2. What methods are used to keep enclosure temperatures within allowable limits? 

3. State two ways in which electrical noise may be coupled into a PlC control system. 

4. Ust four potential nOise-generating devices. 

5. Describe two ways in which careful wi re routing can help cut down on electrical noise. 

6. a. What type of input field devices and output modules are most likely to have a small 
leakage current flow when they are in the off state? Why? 

b. How can leakage currents be reduced? 

7. When line voltage variations to the PLC power supply are excessive. what can be done to 
solve the problem? 

8. a. Under what condition will an inductive load generate a very high voltage spike? 

b. What can be used to suppress a dc load? 

c. What can be used to suppress an ac load? 

9. a. What is the purpose of PLC editing functions? 

b. What is the purpose of the search function as part of the editing process? 

10. a. Explain the difference between offline and online programming. 

b. Which method is safer? Why? 

11. list four preventive maintenance tasks that should be carried out on the PLC installation 
regularly. 

12. a. State two important reasons for grounding a PLC installation properly. 

b. list four important grounding practices to follow when installing a PLC system. 

13. a. list four types of diagnostic fault indicators that often operate from the processor's self
detection circuits. 

b. When a processor comes equipped with a fault relay, how does this circuit usually 
operate? 

c. What is the prime function of a watchdog timer circuit? 
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14. What causes ground-loop interference? 

15. Explain the operation of an MOV snubber. 

16. list four common uses for the data monitor function. 

17. What information is provided by the contact histogram function? 

18. How do most companies ensure that equipment does not operate while maintenance and 
repairs are conducted? 

19. Although the ladder logic program is not likely to fail. what type of ladder program fault is 
possible? 

20. Explain how forcing is used as part of the troubleshooting process. 

21. What happens when the processor encounters a temporary end instruction? 

22. Explain the function of the suspend instruction. 

23. In what negative ways can faulty wiring and connections affect signals sent to and from the 
VO modules? 

24. How can you determine the compatibility of field devices and VO modules? 

25. Summarize the steps to follow when commissioning a PLC installation. 

Problems 
1. The enclosure door of a PLC installation is not kept closed. What potential problem could 

this create? 

2. A fuse is blown in an output module. Suggest two possible reasons why the fuse blew. 

3. Whenever a crane located over a PLC installation is started from a standstill, temporary 
malfunction of the PLC system occurs. What is one likely cause of the problem? 

4. During the static checkout of a PlC system, a specific output is forced on by the 
programming device. If an indicator other than the expected one turns on, what is the 
probable problem? 

5. The input device to a module is activated, but the LED status indicator does not come on. A 
check of the voltage to the input module indicates that no voltage is present. Suggest two 
possible causes of the problem. 
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6. An output is forced on. The module logic light comes on, but the field device does not work. 
A check of the voltage on the output module indicates the proper voltage level. Suggest two 
possible causes of the problem. 

7. A specific output is forced on, but the LED module indicator does not come on. A check of 
the voltage at the output module indicates a voltage far below the normal on level. What is 
the first thing to check? 

8. An electronic-based input sensor is wired to a high-impedance PLC input and is falsely 
activating the input. How can this problem be corrected? 

9. An LED logic indicator is illuminated, and according to the programming device monitor, the 
processor is not recognizing the input. If a replacement module does not eliminate the 
problem, what two other items should be suspected? 

10. a. An NO field limit switch examined for an on state normally cycles from on to off five 
times during one machine cycle. How could you tell by observing the LED status light 
that the limit switch is functioning properly? 

b. How could you tell by observing the programming device monitor that the limit switch is 
functioning properly? 

c. How could you tell by observing the LED status light whether the limit switch was stuck 
open? 

d. How could you tell by observing the programming device monitor whether the limit 
switch was stuck open? 

e. How could you tell by observing the LED status light if the limit switch was stuck closed? 

f. How could you tell by observing the programming device monitor if the limit switch was 
stuck closed? 

11 . Assume that prior to putting a PLC system into operation, you want to verify that each input 
device is connected to the correct input terminal and that the input module or point is 
functioning properly. Outline the safest method of carrying out this test. 

12. Assume that prior to putting a PLC system into operation, you want to verify that each 
output device is connected to the correct output terminal and that the output module or 
point is functioning properly. Outline the safest method of carrying out this test. 

13. With reference to the ladder logic program of Figure 13-19, add instructions to modify the 
program to ensure that a second pump (pump 2) does not run while pump 1. is r~~nin.g. If 
this condition occurs, the program should suspend operation and enter code IdentifICation 
number 6549 into 52:7. 
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FIGURE 13-19 

ladder logic program -r-[ -~( 
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14. The program of Figure 13-20 is supposed to execute to sequentially turn Pl1 off for 5 sand 
on for lOs whenever input A is closed. 
a. Examine the ladder logic and describe how the circuit would operate as programmed. 

b. Troubleshoot the program and identify what needs to be changed to have it operate properly. 

" 
Input ladder logic program 

~~ ~ ~; - TON 
, "'Y~O TIMER ON DELAY -{EN 

Timer T4:2 

Output 
l2 

Time base 0.1 -{ON) 
Preset 50 
Accumulated 0 

T4:2 -[ 
ON 

T4:2 -TON 
[ TIMER ON DELAY -{EN 
ON Timer T4:3 

Time base 0.1 -{ON) 
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FIGURE 1 ]-20 
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After completing this chapter, you w ill be able 
to : 

• Discuss the operation of continuous process, 
batch production, and individual products 
production 

• Compare individual, centra lized, and 
distributive control systems 

Explain the function of the major 
components of a process control system 

• Describe the difference among on/off, 
proportional, derivative, and integral types 
of control 

• Outline the function of the different parts of 
a data acquisition system 

• Discuss common terms associated with the 
selection, operation, and connection of a 
data acquisition system 

, 

ruJ 

This chapter introduces the kinds of 

industrial processes that can be PLC 

controlled. The acquisition of data is 

included as a type of process. Open

loop and closed-loop control systems 

are defined, and the fundamental 

characteristics of each are discussed. 



PLC control of an 

industrial robot used in 

a discrete production 

process. 
(© Ted Horowitz/CORBlS) 
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TYPES OF PROCESSES 
Process control involves the automatic 
regulation of a control system. A variety of 
approaches can be used for process control. 
depending on the complexity of the process 
being controlled. The ability of a PLC to per· 
form math functions and utilize analog 
signals makes it ideally suited for this type of 
operation. Typical applications of process 
control systems include automobi le assem
bly. petrochemical production . o il refining. 
power generation. and food processing. Any 
operation that requires the manipulation and 
control of one or more variables is a Iype 
of process control system. Commonly con
troll ed variables in a process include temper
ature. speed . position . flow rate. pressu re . 
and level. The types of processes carried out 
in modern manufacturing industries can be 
grouped into three general areas (i n terms of 
the kind of operation that takes place): 

• Continuous process 

• Batch production 

• Individual. or discrete , products 
production 

Sending the 
completed 

engines 

PaJene 

Feeding 
eng.,e 
block 

Engine block 

Fetching the 
completed 

engine 

Engine -, 
loading 

-

-
Washing 

MaXimum 
"",'M ,pe" 

lueillow 

Crank· ,"'. 
assembly 

A continuous process is one in which raw 
material s enter one end of the system and the 
fini shed product comes out the other end of 
the system; the process itself runs continu
ously. Once the process commences, it is con
tinuous for a rela tively long time. The period 
may be measured in minutes. days. or even 
months. depending on the process. In manv 
cases. parts are mounted sequentially. in a~ 
assembly-line fashion. through a series of sta
tions. Units being assembled are moved from 
station to station via a transporter mechanism 
such as conveyor. A speci fi c assembly may 
utilize only manual operations. or it may 
include mach ine operations. 

Figure 14-1 shows a continuous process en
gine assembl y line. Engine blocks are fed into 
one end of the system and completed engines 
exit at the other end. In a cont inuous process. 
the product material is subjected to different 
treatments as it flows through the process 
(in this case. assembly, adjustment . and in
spection) . Auto assembly involves the use of 

Raw material 
input 

Conllnuous 
,~, 

Product 
output 

(a) B10eII diagram: the process runs lOf a 
relatively long time 

Adjustments. checIIs 

• 
Exhaust Airtightness Ignltloo 
analysIs 01 suctlOfl liming 

",' adjustment 
e~haust 

pressure I 
Haod assembly 

• • • 
Oil pan Oillilter 
anach- anaeh-
ment ment 

fbI Engine assembly line: involves assembly. 
adjustment. and inspection 

FIGURE 14-1 Continuous process. 
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automated machines or robots. Parts are sup
plied as needed at each station. 

In batch processing. there is no flow of prod
uct material from one section of the process 
to another. Instead. a set amount of each of 
the inputs to the process is received in a 
batch. and then some operation is performed 
on the batch to produce a finished product or 
an intermediate product that needs addi
ti onal processing. The process is carried out. 
the fin ished product is stored. and another 
batch of product is produced. Each batch of 
product may be different. Many chemically 
based products are manufactured by using 
batch processes. 

The steps that we follow in baking a cake are 
a good example of a batch process. Ow recipe 
may involve adding ingredients. stirring the 
mixture. pouring it into baking pans. and 
baking it for a specific time at a specific tem
perature. Industrial batch processes are simi
lar but are done on a larger scale. Products 
produced using the batch process include 
food. beverages. pharmaceutical products. 
paint . and fertilizer. Figure 14-2 shows a 
batch process system. 1Wo ingredients are 
added together, mixed. and heated: a third in
gred ient is added: and all three are processed 
and then stored. Each batch may have differ
ent characteristics by design. 

The indjvjdual. or discrete. product produc
tion process is the most common of all pro
cessing systems. With this manufacturing 

Time 5 
Material input 31 

Material input 2 ~ 
Time 2 
Material input I, 
Tme 1 , 

M'l( batch I-- Heat bate 
TIIT1e3 T,me4 - Store batch 

Time 6 

(a) BIoc::k diagram. a gwen quantify of mltenallS pJocessed 
through its manulacturing steps as a unit. each step being 
completed belore the unit passes Ofl 10 the nert step. 

FIGURE 14-2 Batc.h proc.ess. 

process. a series of operations produces a use
ful output product. The item produced may 
be bent . drilled. welded. and so on. at differ
ent steps in the process. The workpiece is 
normally a di screte part that must be handled 
on an individual basis. Figure 14-3 on 
page 384 shows an individual product pro
duction process. 

In the modern automated industrial plant. the 
operator merely sets up the operation and ini
tiates a start . and the operations of the ma
chine are accomplished automatically. These 
automatic machines and processes were de
ve loped to mass-produce products. control 
very complex operations . or operate ma
chines accu rately for long periods. They re
placed much hllffian decision , intervention . 
and observation. 

Machines were originally mechanically con
trolled, then they were electromechanically 
controlled . and today they are often con
trolled by purely electrical or electronic 
means through programmable logic con
trollers (PLCs) or computers. The control of 

Flow 
Material iopu11 ........, meter 

Material input 2 -. .. +--()<}--, 
Material input 3 

Healer _ + ""',11 batch 

Store batch 

{b} Multicomponenllmultitormula bitching system 
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Induslrial robol used in an individual item ptocess 

FIGURE 14-3 Individual product production. 

machines or processes can be divided into 
the following categories: 

• Electromechanical 

• Hardwired electronic 

• Programmable hardwired electronic 

• Programmable logic (PLC) 

• Computer 

Possible control configurations include 
individual. centralized. and distributed. lndj
vidual control is used to control a single 
machine. This type of control does not 
normally require communication with other 
controllers. Figure 14-4 shows an individual 

Operator . 

fiGURE 14-4 Individual control. 

• Chapter 14 

control application for the manufacture of 
aluminum handrails for indoor and outdoor 
applications. The operator enters the feed 
length and batch count via the interface 
control panel and then presses the start but
to~ to initiate the process. Rail lengths vary 
widely. The operator needs to select the rail 
length and the number of rails to cut. 

Centraljzed control is used when several 
machines or processes are controlled by one 
central controller (Fig. 14-5). The control lay
out uses a sjngle. large control system to con
trol many diverse manufacturing processes 
and operations. Each individual step in 
the manufacturing process is handled by a 
central control system controller. No ex
change of controller status or data is sent to 
other controllers. Some processes require 
central control because of the complexity of 
decentralizing the control tasks into smaller 
ones. One disadvantage of centralized control 
is that if the main controller fails. the whole 
process stops. A central control system is es
peCially useful in a large. interdependent 
process plant where many different processes 
must be controlled for efficient use of the 
facilities and raw materials . It also provides a 
central point at which alarms can be moni
tored and processes can be cbanged. thus 
eliminating the need to travel constantly 
throughout the plant. 

The djstributive control system (DCS) differs 
from the centralized system because each 
machine is handled by a dedicated control 

Slop 



FIGURE 14·5 Centralized control can be interpreted 
as a large individual control applied to a large 
process or to several mach ines. 

sl 'stem. Each dedicated control is totallv inde· 
pendent and could be removed from U;e over· 
all control scheme if it were not for the manu· 
facturing func tions it performs. Distributive 
contro l involves two or more computers com
municating with each other to accomplish the 
complete contro l task. This type of contro l 
typicall y employs local area networks (LANs). 
in which severa l computers control different 
stages or processes locally and are constantl y 
exchangi ng information and reporting on the 
status of the process. Communication among 
the computers is done through Single coaxial 
cables or fiberoptics at very high speeds. 
Distributive control drastically reduces field 

H .. , 
computer 

wiring and heightens performance because it 
places the controller and 110 close to the ma
chine process being controlled . 

Because of their flexibility. distributive con· 
trol systems have emerged as the system of 
choice for numerous batch and continuous 
process automation requirements. Distribu· 
tive control permits the distribut ion of the 
processing tasks among several control ele
ments. Instead of just one computer located 
at a central control point doing all the pro· 
cessing . each local loop controll er. placed 
very close to the point being controlled. has 
process ing capability. 

Figure 14-6 shows a DCS supervised by a host 
computer. The host computer could be a per
sonal computer and could handle tasks such 
as program up- and download. alarm reporting. 
data storage. and operator interaction faci li
ties. Remote computer operators overseeing 
the system can be located some distance from 
the j'ndustrial environment in dust-free and 
temperature-controlled conditions. Each PLC 
contro ls its associated machine or process. 
Depending on the process. one PLC failure 
would not stop the complete system most of 
the time. 

Local area networ1l. (LAN) 

{l== 

FIGURE 14-6 Distributive control system (DCS). This system is a design 
approach in which factory or machine control is divided into several 
subsystems, each managed by a unique programmable logic controller 
(PtC), yet all are interconnected to form a single entity. Va rious types of 
communication buses are used to connect the controllers . 
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• Axe related to a physical variable so that 
their electrical signal can be used to 
monitor and control a process STRUCTURE OF CONTROL 

SYSTEMS Operator-Machine Interface 
A process control system can be defined as 
tbe functions and operations necessary to 
change a material either physically or chemi· 
cally. Process control normally refers to the 
manufacturing or processing of products in 
industry. In the case of a programmable con
troller. the process or machine is operated 
and supervised under the control of the user 
program. Figure 14-7 shows the major com
ponents of a process control system. which 
includes the following: 

• Allows inputs from a human to set up 
the starting conditions or alter the con
trol of a process 

• Allows human inputs through various 
types of switches. controls. and keypads 

• Operates using supplied input informa
tion that may include emergency shut
down or changing the speed. the type of 
process to be run. the number of pieces Ie 
be made. or the recipe for a batch mixer 

Sensors Signal Conditioning 
• Provide inputs from the process and 

from the external environment 

• Convert physical informat ion such as 
pressure , temperature. flow rate, and 
position into electrical signals 

• Involves converting input and outp ut 
signals to a usable fo rm 

• Includes signal-conditioning techniques 
such as amplification. attenuation. filter
ing. scaling, AID and 01 A converters 

Operator-machine interface 

Operator 

External f--sensors 
Input 

Signal 
Controller conal-

tlOnmg 
Process r---sensors 

Controlled 
Materia, _ 
'"put 

process 

aotput - sogna' 
Condl-
tloomg 

~ ,Product 
output 

- External 
actuators 

Process 

~ actuators 

.. 
Machine-machine 

interface 

FIGURE 14-7 Components of a process control system. 



Set·poont 

FIGURE 14·8 Open·loop (ontrol system. 

Actuators 
• Convert svstem output electrical signals 

into physical action 

• Have process actuators that include flow 
control valves. pumps. positioning 
drives. variab le speed drives. clutches. 
brakes. solenoids. stepping motors. and 
power relays 

• Indicate the state of the process vari
ables (machine-operator interface) 
through external actuators such as me
ters. cathode-ray tube (CRT) monitors . 
printers. alarms. and pilot lights 

• Can send outputs directly from the con
troller to a computer for storage of data 
and analvsis of results (machine
machine' interface) 

Cont roller 
• Makes the system's decisions based on 

the input signals 

• Generates output signals that operate 
actuators to carry out the decisions 

Control systems can be classified as open
loop or closed-loop. Figure 14-8 depicts a typ
ical open-loop control system. The process is 
controlled by inputting to the controller the 
desired set point (also known as command, or 
reference) necessary to achieve the ideal oper
ating point for the process and accepting 
whatever output results. Because the only in
put to the controller is the set point. it is ap
parent that an open-loop system controls the 
process blindly: that is. the controller receives 
no information concerning the present status 
of the process or the need for any corrective 
action. Open-loop control reduces system 
complexity and costs less when compared to 
closed-loop control. However, open-loop con
trol has an element of uncertainty and is not 

considered to be as accurate as closed-loop 
control. 

Open-loop control is still found in many in
dustrial applications. Figure 14-9 shows an 
example of an open-loop stepper motor con
trol system operated by a PLC. Stepper mo
tors are often used to control position in 
low-power, low-speed applications. A step
per motor is basically a permanent magnet 
motor with several sets of coils. termed 
phases (A and B). located around the rotor. 
The phases are wired to the PLC output 
assembly and are energized. in turn. under 
the control of the user program. The rotor 
turn is determined by which phases are 
turned on. The programmable controller does 
not receive feedback from the motor to indi
cate that rotation has occurred. but it is 
assumed that the motor has responded cor
rectly because the motor phases are driven 
in a sequence by step pulses. Open-loop, or 
nonfeedback. control is only as stable as 
the load and the individual components of 
the system. 

A closed-loop control system is one in which 
the output of a process affects the input 
control signal. The system measures the 
actual output of the process and compares it 
to the desired output. Adjustments are made 
continuously by the control system until the 
difference between the desired and actual 

St .. 
pulses 

Stepper motors 

FIGURE 14-9 Open·loop stepper motor control. 

Process Control and Data Acquisition Systems 387 



Sel-po,nl <>--J. ->:J---'-=-j 

Process \lanable Signal 

FIGURE 14-10 Closed-loop control system. 

output is as small as is practical. Closed-loop 
systems are more difficult to adjust or cali
brate than are open- loop systems. but they 
have a higher certainty that the process 
output is occurring and a more accurate indi
cation of the output accuracy. Figure 14-10 
depicts a typical closed- loop control system. 
The actua l output is sensed and fed back 
(hence. the name feedback contra/) to be 
subtracted from the set-point input that indi
cates what outpu t is desired. If a difference 
occurs. a signal to the controller causes it to 
take action to change the actual output until 
the difference is O. The operation of the 
component parts are as follows: 

Set Point 
• The input that determines the desired 

operating point for the process. 

• Normally provided by a human operator. 
although it may also be supplied by an
other electronic circuit. 

Process Variable 
• The signal that contains information 

about the current process status. 

• Refers to the feedback signal. 

• Ideally. matches the set point (indicating 
that the process is operating exactly as 
desired). 

Error Amplifier 
• Determines whether the process opera

tion matches the set point. 

• Quite often a differential amplifier 
circuit provides output. referred to as 
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Inpul 
Sensors Feedback 

",,, 

the error signal or the system deviation 
signal. 

• The magnitude and polari ty of the error 
signal will determine how the process 
will be brought back under control. 

Controller 
• Produces the appropriate corrective 

output signal based on the erro r signal 
input. 

Output Actuator 
• The component that directly affects a 

process change. 

• Examples are motors. healers. fans. and 
solenoids. 

The container-filling process illustrated in 
Figure 14-11 is an example of a continuous 
control process. An empty box is moved in to 
position and filling begins. The weight of the 

\1'",." So<onoid 

"" 
80. 

(.I) Process 

FIGURE 14-11 Conta iner-filling closed-loop process. 



(b) Operation 

Container lilling 

Solenoid "",. 

(e) Block diagram 

FIGURE 14-" (continued) Container-fitling closed-loop process. 

box and contents is monitored. When the 
actual weight equals the desired weight, 
fi lli ng is halted. In this operation: 

• A sensor attached to the scale weighing 
the container generates the voltage sig
nal or digital code that represents the 
weight of the container and contents. 

• The sensor signal is subtracted from the 
voltage signal or digital code that has 
been input to represent the desired 
weight. 

• As long as the difference between the in
put signal and feedback signal is greater 
than 0, the controller keeps the solenoid 
gate open. 

• When the difference becomes 0, the 
controller outputs a signal that closes 
the gate. 

Virtually all feedback controllers determine 
their output by observing the error between 

the set point and a measurement of the 
process variable. Errors occur when an opera
tor changes the set point intentionally or 
when a disturbance or a load on the process 
changes the process variable aCcidentally. 
The controller's role is to eliminate the error 
automatically. 

~NTROllERS • 
Controllers may be classified in several dif
ferent ways. For example, they may be clas
sified according to the type of power they 
use. 1\vo common types in this category are 
electric and pneumatic contro llers. Pneu
matic controllers are decision-making de
vices that operate on air pressure. Electric 
(or electronic) controllers operate on electric 
Signals. 
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Onion 
controller 

Temperature 
sensor 

FIGURE 14-12 On/off liquid heating system. 

Controllers are also classified according to the 
type of control they provide. In this section, we 
discuss four types of control in this category: 

• On loff 

• Proportional (P) 

• Integral (I) 

• Deri vative (0) 

With on/off control (a lso know n as two
position and bong-bang control). the fina l 
control element is either on or off-one for 
the occasion when the va lue of the measured 
variable is above the set poi nt, and the other 
for the occasion when the value is below the 
set point. The controller will never keep the 
final control element in an intermediate po
sition . Controlling activi ty is achieved by 
the period of on-off cycling action. 

Figure 14-12 shows a system using on/off con
trol in which a liquid is heated by steam. If the 
liquid temperature goes below the set point , 
the steam valve opens and the steam is turned 
on. When the liquid tem perature goes above 
the set point. the steam val ve closes and the 
steam is shut off. The on/off cycle will con
tinue as long as the system is operating. 

Figure 14-13 illustrates the control response 
for an on/off temperature controller. The out
put turns on when the temperature falls 
below the set point and turns off when the 
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temperature reaches the set point. Control is 
simple, but overshoot and cycl ing about 
the set point can be disadvantageous in some 
processes. The measured variable will oscil
late around the set point at an amplitude and 
frequency that depend on the capacity and 
time response of the process. This osci ll ation 
is typical of the on/off controller. Oscillations 
may be reduced in amplitude by increas ing 
the sensitivity of the controller. This increase 
wi ll cause the controller to turn on and off 
more often, a possibly undes irable result . 

A deadband is usually es tab lished arou nd 
the set point. The deadband of the con troller 
is usually a selectable value that determines 
the error range above and below the set point 
that will not produce an outpu t as long as the 
process variable is within the set li mits. The 
inclusion of deadband eliminates any hunting 
by the control device around the set point. 
Hunting occurs when minor ad justments of 
the controlled position are con tinually made 
due to minor flu ctuations. On/off tempera
ture control is usually used in the following 
ci rcumstances: 

• When a precise control is unnecessary 

• In systems that cannot handle the energy 
being turned on and off frequently 

---- ! JCi---r s".~t 
~ I I I 
I I I I 

o L----f'--~'~=o~'~---+' -
Time I , , 
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Simplesl COtIlroi aClion is Onfotl 

FIGURE 14-13 On/off control. 



• When the mass of the system is so great 
that temperatures change extremely 
slowly 

• For alarm systems 

Proportjonal controls are desi~ned to ~liminate 
the hunting or cycling associated WIth on/off 
control. They allow the final control element to 
take intermediate positions between on and 
off. Proportioning action permits analog con
trol of the final control element to vary the 
amount of energy to the process, depending on 
bow much the value of the measured variable 
bas shifted from the desired value. 

A proportional controller allows tighter con
trol of the process variable because its output 
can take on any value between fully on and 
fully off. depending on the magnitude of the 
error signal. Figure 14-14 shows an example 
of a motor-driven analog proportional control 

4-20 rnA input 
Valve sigr"lal connector 

actuator 

Remote ~=;:;;;:;;)~:::. Power supply 
calibrat ion - . - connector 
connectiOn 

Acluator stem - -+t-t 

(a l ProportiOnal control valve 

Actuator current Valve response 
(rnA) \% open) 

• 0 
6 125 
8 2S 

10 375 

" " 14 62 5 
16 75 
18 875 
20 'GO 

(O) Changes in valve response in reaction 
to increases in actuator CUffenl 

FIGURE 14-14 Motor-driven analog proportional 

control valve. 

valve used as a final control element. Typi
cally. the actuator receives an input current 
between 4 rnA and 20 rnA from the controller: 
in response. it provides linear movement of 
the valve. A 4-20 rnA loop is a common 
method of transmitting analog data over long 
distances in industrial process control envi
ronments. A value of 4 mA corresponds to a 
minimum value (often 0) and 20 rnA corre
sponds to a maximum value (full scale) . The 
4 mA lower limit allows the system to detect 
opens. If the circuit is open, 0 mA would re
sult. and the system can issue an alarm. Be
cause the Signal is a current. it is unaffected 
by reasonable variations in connecting wire 
resistance and is less susceptible to noise 
pickup from other signals than is a voltage 
signal. Twisted pairs of wires are normal~y 
used to minimize the effects of magnetic 
fields from motors, transformers. and so on. 

Proportioning action can also be accom
plished by turning the final control element 
on and off fo r short intervals. This time 
proportioning (also known as proportjonal 
pulsewidth modulation) varies the ratio of 
on time to off. Figure 14-15 shows an exam
ple of time proportioning used to produce 
varying wattage from a 200 W beater element. 

200W ll1I:w~ge-,,,W 
ow 

(a) To produce 100 W!rom a 200 W heater. the heater must 
be on hall the time. 

200W I I I 
OW 

I Average-SO W 

(0) To produce SO W, the heater must be on one-quar1er. or 
25%, 01 the time. 

~: """----I ____ 1 ________ 1 ____ I A~~ .. -25 W 

(e) To produal 25 W. the heater must be on one-eighth. or 
12.5%. oIlhe time. 

FIGURE 1 ... 15 Time proportioning of a 200 W 

heater element. 
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Time proportional 

Example: heating 
Sel·point soooF 
Proportional band: 80°F ( !: 4O°Fj 

FIGURE 14-16 Proportional band. 

The proportioning action occurs within a 
proportional band around the set point, as 
illustrated in Figure 14-16. Outside this band, 

Sel·point - ---- -- -------------------

Time 

(s) The net resut1 01 this action is an offset signal thai is 
slightly lower than It'Ie set·point value, Depending on the 
PLC applicatiOn. It'Iis offset mayor may not be acceptable. 

Valve A 

--;I;;;;--~~~Ioat 

va~ B 

the controller functions as an onloff unit, 
with the output either fully on (below the 
band) or fully off (above the band). Within the 
band, however, the output is turned on and 
off in the ratio of the measurement difference 
from the set point. At the set point (the mid
point of the proportional band), the output 
on:off ratio is 1:1; that is, the on time and off 
time are equal. If the temperature is further 
from the set point, the on and off times vary 
in proportion to the temperature difference. If 
the temperature is below the set point. the 
output will be on longer; if the temperature is 
too high , the output will be off longer. 

In theory, a proportional controller should 
be all that is needed for process control. 
Any change in system output is corrected by 
an appropriate change in controller output. 
Unfortunately, the operation of a propor
tional controller leads to process deviation 
known as offset, or droop. This steady-state 
error is the difference between the attained 
value of the controller and the required 
value, as shown in Figure 14-17. It may re
quire an operator to make a sma ll adjust
ment (manual reset) to bring the contro lled 
variable to set point on initial start-up, or 
whenever the process conditions change 
significantly. Proportional control is often 
used in conjunction with derivative control 
and lor integral control. 

Valve A 

'loot 
f---.--~r---..j Set·point 

I.-'0~"~,:.~t -~_o..-'-----l New level 

Valve 8 

(b) In this example. when valve B opens. liQuid !Iows out and the level In the lank drops. 
This causes It'Ie!loat to lower. opening valve A and allowing more liQuid in. This process 
continues unlil the level drops to a poinl at which the lloat is low enough to open valve A, 
thus allowing tINt same Input as is 'lowing out. The level will stabilize at a new lower 
level, not attha desired set·point. 

FIGURE 14-17 Proportional control steady·state error. 



The integral action, sometimes termed reset 
action, responds to the size and time dura
tion of the error signal: therefore . the output 
signal from an integral controller is the 
mathematica l integral of the error. An error 
signal exists when there is a difference be
tween the process variable and the set point. 
so the integral action will cause the output 
to change and continue 10 change until the 
error no longer exists. Integral action elimi
nates stead v-state error. The amount of inte
gral action ' is measured as minutes per re
peat or repeats per minute. which is the 
relationship between changes and time. 

The deril"oti\'e mode control/er responds to 
the speed at which the error signal is chang. 
ing-that is. the greater the error change. the 
greater the correcting output. The derivative 
action is measured in terms of time. 

Proportional plus integral (PI) control com
bines the characteristics of both types of 
control (Fig. )4·18). A step change in the 
measurement causes the controller to reo 
spond proportionall y. followed by the inte
gral response. which is added to the propor
tion response. Because the integral mode 
determines the output changes as a function 

High limit 
:!:! Upset 

i " "po;" Ir-~A --'t\c.~"~-~,,C'~~-- . 
~ B 

Low limit 

Time 

o To eliminate the onset error. tM controller neecIs 10 change 
its output until tM process variable errOl" is zero. 

o Reset (integral) control action changes the controller output 
by the amount needed to drive the process variable back to 
the set-point value. 

o The new equilibrium point after reset action is al pain! C. 
o Since !he ptOpOf1ional controller must always operate on its 

proportionat band. the proportional band must be $tIitted to 
include the n_ point C. A controller with reset does this 
automatically. 

FIGU~E 1""1' Proportional plus integ,al (PI) control 
action. 

of time. the more integral action found in 
the control. the faster the output changes. 
The PI control mode is used when changes 
in the process load do not happen very 
often , but when they do happen. changes 
are small. 

Rate action acts on error just like reset does. 
but rate action is a fun ction of the rate of 
change rather than the magnitude of error. 
Rate action is applied as a change in output 
for a selectable time interval. usually stated 
in minutes. Rate· induced change in con
troller output is calculated from the deri va
tive of the change in input. Input change. 
rather than proportional control error change. 
is used to improve response. Rate action 
qu ickly positions the output, whereas pro· 
portional action alone would eventually posi
tion the output. In effect. rate action puts the 
brakes on any offset or error by quickly shift· 
ing the proportional band. 

Proportional plus derivative (PD) control is 
used in process control systems with errors 
that change very rapidly. By adding deriva
tive control to proportional control. we ob
tain a controller output that responds to the 
measurement's rate of change as well as to 
its s ize. 

Proportional·integral.derivative (PID) con· 
trollers produce outputs that depend on the 
magnitude , duration, and rate of change of 
the system error signal (Fig. 14-19 on page 
394). Sudden system disturbances are met 
with an aggressive attempt to correct the con· 
dition . A Pro controller can reduce the sys· 
tern error to zero faster than any other con
troller. Because it has an integrator and a 
differentiator, however. this controller must 
be custom-tuned to each process controlled. 
The PID controller is the most sophisticated 
and widely used type of process controller. 

To reduce fluctuations quickly and accurately 
in a control system. it is often necessary to 
solve for conditions by using mathematical 
equations. These equations are referred to as 
algorithms. An algorithm is any fixed set of 
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instructions that will solve a particular type 
of problem in a fin ite number of steps. In a 
PLC-based system. the CPU implements these 
instructions in the process of calculating sig
nals to be sent to process actuators. 

Tbe long-term operation of any system. large 
or small . requires a mass-energy balance be
tween input and ou tput. If a process were op
erated at equilibrium at all times. control 
would be simple. Because change does occur. 
the critical parameter in process control is 
time. that is. how long it takes for a change in 
any input to appear in the output. System 
time constants can vary from fractions of a 
second to many hours. The PID controller has 
the ab ility to tune its control action to specific 
process time constants and therefore to deal 
with process changes over time. pm control 
changes the amount of output signal in a 
mathematica lly specified way that accounts 
for the amount of error and the rate of signal 
change. 

Set· 
point 

Integral 

L , __ P~'~O~po~"~""",,!"~ . , 
Derrvaw-e 

Process 

• During serup. the set·point. proportional band. reset 
(integral). rate (derivative). and output limits are 
specified. 

• Alltnese can be changed during operation to tune 
the process. 

• The integral term improves accuracy. and the derivali .... 
reduces overshoot for transient upsets. 

• The output can be used to control valve positions, 
temperature, flow metering equipment, and so on. 

(a) PIO control loop 

A common pm equat ion for obtaining PID 
control is: 

r'V1fv-I*11<-------__ 

Proportional Integral 

Co ~ K(E + li T; f; Ed; 

Derivative 
, 

+ KD IE - E (n - 1)l!dt) + bias 

where Co = contro l output 
K = controller gain 

(no units) 
l I T; = reset gain constant 

(repeats per min) 
KD = rate gain constant 

(min) 
dt = time between 

samples (min) 
bias = output bias 

E = error; equal to 
measured min set 
point or set point 
minus measured min 

E(n - 1) ~ error from last 
sample 

Either programmable controllers can be fitted 
with input/output assemblies that produce 
pm control, or they will already have suffi
cient mathematical functions to allow PID 
control to be carried out. PID is essentially an 
equation that the controller uses to evaluate 
the controlled variable . Figure 14-20 illus
trates how a programmable logic controller 
can be used in the control of a PID loop. The 
controlled variable (pressure) is measured 

T = 40 C T ~ 45 C 

Error" WC 
F'ower . l 00W 

Error .. 1O"C 
Power _ SOW 

Error '" 5'<: 
Power .. 25 W 

(b) PtO atlows the output "power" levet to be varied. For e .. ample. assume that a lurnace is set at SO"C. 
The heater power will Increase as the temperature fall s further below the SO"C set·point. The lower 
the temperature. the higher the power. PIO has the elleet 01 gently turn ing the power down as the 
signat gets close to the sel-point. 

FIGURE 14-19 PIO control. 
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FIGURE 14-20 Programmable controller control of a PIO loop_ 

and feedback is generated. The PLC program 
compares the feedback to the set point and 
generates an error signal. The error is exam
ined in three ways: with proportional. integral. 
and derivative -methodology. The controller 
then issues a command (control output) to 
correct for any measured error by adjustment 
of the pos itio~ of the outlet valve. 

The response of a PIO loop is the rate at 
which it compensates for error by adjusting 
the output. The PIO loop is adjusted or tuned 
by changing the proportional gain. the inte
gral ga in , andlor the derivative gain. A PIO 
loop is normally tested by making an abrupt 
change to the set point and observing the con
troller's response rate. Adjustments can then 
be made as follows: 

• As the proportional gain is increased, 
the controller responds faster. 

• If the proportional gain is too high, the 
controller may become unstable and 
oscillate. 

• The integral gain acts as a stabilizer. 

• Integral gain also provides power. even 
if the error is zero (e.g., even when an 
oven reaches its set point. it still needs 
power to stay hot). 

• Without this base power. the controller 
will droop and hunt for the set point. 

• The derivative gain acts as an anticipator. 

• Derivative gain is used to slow the 
controller down when change is too fast. 

Basically. PID controller tuning consists of de
termining the appropriate values for the gain 
(proportional band). rate (derivative), and re
set time (integral) tuning parameters (control 
constants) that will give the control required. 
Depending on the characteristics of the devia
tion of the process variable from the set point. 
the tuning parameters interact to alter the con
troller's output and produce changes in the 
value of the process variable. In general. three 
methods of controller tuning are used: 

Manual 
• The operator estimates the tuning pa

rameters required to give the desired 
control ler response . 

• The proportional. integral. and deriva
tive terms must be adjusted. or tuned. 
individually to a particular system using 
a trial-and-error method. 

Semiautomatic or Autotune 
• The controller takes care of calculating 

and setting PID parameters. 
Measwes sensor 
Calculates error. sum of error. rate of 
cbange of error 



Calculates desired power with pm 
equations 
Updates control output 

Fully Automatic or Intelligent 
• This method is also known in the indus· 

try as fuzzy logic control. 

• The controller uses artificial intelligence 
to readjust PID tuning parameters con· 
tinually as necessary. 

• Rather than calculating an output with a 
formula . the fuzzy logic controller evalu
ates rules . The first step is to "fuzzify " 
the error and change·in·error from con
tinuous variables into linguistic vari· 
abIes. like "negati ve large" or "posi tive 
small. " Simple if·then rules are evalu
ated to develop an output. The resulting 
output must be de-fuzzified into a con
tinuous variable such as valve position. 

Temperature ramp and soak programming 
(Fig. 14-21) is set up by selecting a series of 
set points . with individual tuning of the 
control parameters. The set point changes lin
early between the endpoints over a selected 
time period. You can set the number of repeat 
cycles for each ramp and soak sequence. 

If the process does not require that the heat· 
up rate be controlled , a standard set-point 
controller may be used to control tempera· 
ture. The oven load will reach the desired 
temperature as quickly as the product and 
oven heating capacities will allow. but it will 
not necessarily be linear. If a controlled heat
up is required (e.g., heat·up at l °F/min) , a 
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FIGURE 14-21 Ramp and soak profile. 
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FIGURE 14-22 PID output instruction associated 
with the Allen-Bradley SLC·SOO instruction set. 

programmable. ramping controller is needed. 
Such a controller allows a specific. linear 
heat-up rate to be programmed. 

Soak time refers to the point at which the 
product has reached the desired process tern· 
perature for the des ired length of time. A pro
grammable controller can be programmed to 
remain at the desired temperature for a spec i
fied period. then cool down to complete the 
cycle. For most applications. the soak cycle 
begins once the time specified fo r the heat-up 
cycle has been completed. 

The PlO programmable contro ller output in
struction uses closed· loop control to automat
ica lly control phys ica l properties such as 
temperature. pressure , liquid level. or flow 
rate of process loops. Figure 14-22 shows the 
PID output instruction associated with the 
Allen·Bradley SLC-500 instruction set. This 
instruction normally reads data from an ana
log input module. processes this information 
through an algorithm. and provides an output 
to an analog output module as a response to ef
fectively hold a process variable at a desired 
set point. This task makes the instruction one 
of the most complex available for PLCs. 

The PIO equation controls the process by 
means of an analog output. time proportioning 
for heater control. or pOSitioning for valves 
with slide wire feedback. The greater the error 
between the set point and the process variable 
input , the greater the output signal. and vice 
versa . An additional value (feed forward or 
bias) can be added to control output as an off
set. The result of the PID calculation (control 
variable) will drive the process variable that 
you are controlling toward the set point. 



Normally, the PID instruction is placed on a 
rung without conditional logic. The output 
remains at its last value when the rung goes 
false. The integral term is also cleared when 
the rung is false. A summary of the basic in
formation that is entered into the instruction 
is as follows: 

• Control Block-a file that stores the data 
required to operate the instruction. 

• Process Variable---the element address 
that stores the process input value. 

• Control Variable---the element address 
that stores the output of the PID 
instruction. 

• Setup Screen-an instruction on which 
vou can double-click to bring up a dis
play that prompts you for other parame
ters you must enter to fully program the 
PID instruction. 

~TA ACQUISITION 
SYSTEMS 

• 

Data acquisition (DAQ) is the collection, 
analYSiS, and storage of information by a 
computer-based system. Initially, these sys
tems were used only with large mainframe 
computers and installations with thousands of 
input data channels. Today, however, power
ful personal computers and PLCs have 
opened up the advantages of data acquisition 
to all manufacturers at a modest cost. A data 
acquisition or computer interface system 
allows you to feed data from the real world 
to your computer. It takes the signals pro
duced by temperature sensors, pressure trans
ducers, flow meters, and so on, and converts 
them into a form that your processor can 
understand. With an acquisition system, you 
can use your computer to gather, monitor, dis
play, and analyze your data. Supervisory con
trol and data acquisihon (SCADA) systems 
bave additional control output capabilities 
you can also use to control your processes ac
curately for maximum efficiency (Fig. 14-23). 

• 

Signal sources ..... 
Temperalure I 
thermocouples 
and reSistance 
temperature detectors 

Pressure 

Positioo 

Force 

Sirain 

_~~"'"1 OutP~ds 

Alarms 

PLC relay 
controls 

Analog 
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process 
conlrol 

~~~ Tables and 
£: graphs 

FIGURE 14-23 Supervisory control and data 
acquisition (SCAOA) system. 

The great advantage of data acquisition is that 
data are stored automatically in a form that can 
be retrieved for later analysis without error or 
additional work. It is easy to examine the effect 
of factors other than those originally antici
pated because the cost of measuring some ad
ditional points is low. Measurements are made 
under processor control and then displayed on 
screen and stored on disk. Accurate measure
ments are easy to obtain, and there are no me
chanical limitations to measurement speed. 

In addition to producing product, PLCs also 
produce data. The information contained in 
this data can often be used to improve the 
efficiency of the process. The new generation 
of programmable controllers have been de
signed to accept a wide range of inputs, both 
analog and digital, and have powerful arith
metic functions and controlling ability, so 
they are now suitable for some data acquisi
tion applications. Under the control of the 
user program, the programmable controller 
can present a word of digital information to a 
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digital-to-analog converter, which will con
vert the digital signal to its analog equivalent. 
The resulting analog equivalent can then be 
used to control an output device such as an 
actuator, or it can be recorded. 

Data acquisition software works with the 
hardware interface equipment. In addition to 
controlling the data collection by the inter
face, the software is designed to display the 
data in tables like a spreadsheet or in his
togram charts, pie charts . or line plots. and 
also to analyze the data. Most data acquisi
tion systems share a basic overall similarity. 

Sensors and 
transducers 

Load cells 
Pressure 
Dislance 

Analog 
mulliple~er Amplitication 

and signal 
conditioning 

Major system components (Fig. 14-24) include 
the following: 

• Sensors and transducers are used to 
convert a mechanical or electrical signal 
into a specific signal such as a 4- to 
20-rnA loop. or a 0- to 5-V signa l. 

• Time-division multiplexer accepts 
several signals at once and allows the 
user to pick the signal to be examined 
(Fig. 14-25). much like a television that 
has 99 channels but displays only one at 
a time. It is used to reduce system cost 
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FIGURE 14-14 Major components of a data acquisition system. 
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Each device shares time on the line. 

FIGURE 14-25 Time-division multipleller. 

by time-sharing expensive elements. A 
~ultiplex system is. in effect. an intelli 
gElnl connector designed to permit the 
rep lacement of large bundles of parallel 
wiring with a simple twisted pair. Its use 
simpli fies wiring and reduces cost. 

• Amplifiers are used to increase the magni
tude of a signaL Amplifiers can increase 
the \'ohage or current a sensor produces . 

• Signal conditioners change a signal to 
make it easier to measu re or more stable 
(Le .. current to voltage con\'erter. V IF 
converter. or a filter) . 

(a) Block diagram 

Chassis 

• AID converters are special types of sig
nal conditioners that convert analog 
Signals into digita l Signals. 

• Digital and counter inputs are signals that 
have a speci fic number of poss ible values 
(1 bit = 2 values: 4 bits = 16 values). 

There are two k.inds of data acquisition inter
face systems: plug-in and stand-alone. These 
two extremes in providing signal condit ion
ing to a data acquisition system involve either 
putting the signal condit ion ing circuitry di
rectly on a data acquisition board. or using a 
stand-a lone data acquisition instrument with 
built -in signal conditioning. 

Figure 14-26 shows a modular plug-in data ac
quisition system that uses separate modules for 
signal conditioning and data acquisition. The 
advantage of a modular system is its ability to 

Amplified and 
isolated signals 

Personal computer 

Software ) 

Data acquISition 
hardware 

AnalySIS 
hardware 

(b) External instrumentation Iront-end chassis lor signal conditioning 
boan:ts: ~ncIs conditioned signals directly to • plug-in data 
acqUiSition board lor high·speed input into computer memory. 

FIGURE 14-26 Modular plug-in data acquisition system. 
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use the latest in plug-in data acquisition hard
ware, software, and PC technology while main
taining the proper signal-conditioning per
formance of stand-alone data acquisition units. 

Most sensors cannot be wired directl y to a 
data acquisition board without precondition
ing. Special sjgnal conditioning is needed. 
For example, thermocouples require cold 
junction compensation. RTDs. thermistors, 
and strain gauges need current or vo ltage 
excitat ion. Strain gauges often need bridge 
completion resisto rs. Most sensors need 
amplification to match the input range of the 
AID converter. Isolation and filtering are rec
ommended to protect yo ur equipment and to 
make accurate measurements in industria l 
environments. Anti-aliasing filters are useful 
for filtering out high-frequency noise from a 
measurement. Input multiplexers are eco
nomical for connecting to a large number of 
signals. External amplification allows low
level signals to be amplified for better trans
mission to the data acquisition board. Dis
crete inputs from switches or high-current 
relays need isolat ion and conditioning before 
reaching the computer. 

Data acquisition systems can get caught in 
ground loops (Fig. 14-27). A ground loop re
su lts when two or more connections to ground 
are on the same electrical path . causing differ
ent amounts of current to flow through some 
ground wires. The value received at the data 
acquisition board represents the vo ltage from 
the desired signal as well as the voltage value 

Grounded Ground·referenced 
signal measurement system 
source 

,h Source ground ... Measurement system ground 

FIGURE 14-21 Ground loops. 

from the additional ground currents in the sys
tem. If one of the ground references cannot be 
removed. signal conditioning accessories with 
isolation circuitry can break the ground loops 
and eliminate the effects of ground currents on 
measwement. 

Important terms associated with the se lec
tion . operation . and connection of data acqu i
si tion systems include: 

Absolute signals Signa ls that do not requ ire 
a reference quantity. 

Accuracy Not equal to reso lution (the most 
common perception is that these two terms 
are the same). Accuracy is the tota l of the 
errors caused by: 

,.-"IVv-*1It--------

Resolution + gain + offset + noise 

Alias A fa lse lower frequency component 
that appears in sampled data acquired at a 
sampling rate that is too low. 

Analog A signal that is continuous and has 
an infinite number of poss ible va lues. 

Analog ground Provides a reference for sig
nals. No shared circuit currents should 
flow in an analog ground. 

Baud rate Serial communications data lIans
miss ion rate expressed in bits per second 
(b/s). 

Calibration Enswing that the ou tput signal 
from a sensor is proportional land the pro
portion is known} to the quantity ~e sensor 
is measuring. The manufacturer wtll usually 
give the ca libration of the transducer on a 
data sheet or on a nameplate. For example: 

Distance Sensor 
Full scale ............ .. 2.0 mm 

Output at full scale ........ 5.0 mV 

Excit ation volt age . . 10.0 V 



• In this case, a 5.0 mV output corre
sponds to a full-sca le travel of 2.0 mm. 

• The offset factor. often called the zero, 
is the output when the sensor is set at 
o mm travel. 

Control update interval Refers to how often 
the computer checks the measured value 
and adjusts the control output. If it's too 
slow. the control may not work. If it's much 
faster than the rate the system changes. 
computer time is wasted. The update rate 
is oenerallv set to five to ten times faster o . 
than the time it takes the controlled system 
to droop by the desired accuracy. 

Data storage values Data acquisition systems 
can usually be programmed to save various 
\'alues. including: 

• A\'erages: the average value of all values. 

• Maximums: the maximum value of 
all measurements made in a certain 
interval. 

• J\<linimums: the minimum value of all 
measurements made in a certain interval. 

• ROil' samples: as measured each sample 
time. 

• Totals; the total of all measurements 
made in a certain interval. 

Floating signals and common mode voltages 
A floating Signal is not connected to any 
other systems or voltages. An example of a 
truly floating voltage is a standard 12 V car 
battery with no cables attached: 

• The voltage between the ( - ) and ( + ) 
terminals is 12 V. 

• The voltage between either terminal and 
any other system is 0 (or undefined). 

Consider a string of batteries in series with 
one end connected to ground (as shown in 
Figure 14-28): 

• The voltage at the beginning is 0 with 
respect to ground. 

5V 5V 5V 5V 5V 5V 5V 5V 

~
~~~~~~~-~F-'" 

<-5VJ 
<-10V-----J 
<----15V~ _____________ ~ 
< 40V 

Ground 

FIGURE 14-28 Common mode voltages. 

• The differential voltage across any 
battery is only 5 V. 

• The voltage at the end of the chain is 
40 V. 

• The common mode of a differential 
measurement across the third battery is 
10 V. Common mode signals can be 
present only on differential signals. 
Common mode voltage is the average of 
the voltage on the (+) and (- ) differen
tial connections referenced to ground. 

• When measuring the voltage across the 
last battery, the 5 V signal has 40 V of 
common vo ltage (Fig. 14-28). 

Gain The factor by which a Signal is ampli
fied. sometimes expressed in decibels (dB). 
A simple way to reduce the effects of sys
tem noise is to amplify the signal close to 
the source and thus boost the analog signal 
above the noise level before it can be cor
rupted by noise in the lead wires. 

Grapbic user interface (GUI) An intuitive, 
easy·to-use way of communicating infor
mation to and from a computer program by 
means of graphical screen displays. GUIs 
can resemble the front panels of instru
ments or other objects associated with a 
computer program. 

Ground There are two types of ground in 
data acquisition. System or power ground 
is used to provide a path for current flow. 
Analog or signal ground is used to provide 
a voltage reference for signal conditioners 
and converters. In general. no power current 
should flow in analog ground connections. 
Analog ground should never be connected 
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FIGURE 14-29 Optical isolator. 

to each other or to power ground because 
thi s would form a loop for current to flow 
through. 

Input/output (110) The transfer of data to or 
from a computer system via communica
tions channels, operator interface devices, 
and lor data acquisition and control inter
faces. 

Isolation The process of measuring a signal 
without djrect electri ca l connection (Fig. 
14-29). Isolation allows a signal to pass from 
its source to the measurement device with
out a ga lvanic or physical connection. Using 
optical or modulation techniques. high 
common mode voltages are rejected, ground 
loops are broken. and the desired differen
tial voltage is passed on for measurement. 
Isolators also provide an important safety 
function by protecting against high-voltage 
surges from sources such as power lines, 
lightning, or high-voltage equipment. 

Multitasking A property of an operating 
system in which several processes can be 
run Simultaneously. 

Noise Undesirable interference with an oth
erwise normal signal. Common sources of 
noise include power lines (60 Hz), fluores
cent lights, and large motors . Filters can be 
used to reject unwanted noise within a cer
tain frequency range. 

Real time A property of an event or system 
in which data are processed as they are ac
quired instead of being accumulated and 
processed later. 

Resolution The smallest signal increment 

system. Resolution can be thought of as 
how closely a quantity can be measured. 
Imagine a l -ft. ruler. If the only graduations 
on a 1-ft . ruler were inches, the resolution 
would be 1 in. If the graduations were 
every 'I. in .. the resolution would be Yo in . 
The closest we would be able to measure 
any object would be';' in. Resolution can 
be expressed in bits, proportions. or per
centage of full scale. For example. a system 
can have 12-bit resolution, 1 part in 4096 
resolution . and 0.0244% of full scale. 

Sample and hold amplifier This device 
takes a very fast "snapshot" of the input 
voltage and freezes it before the AID con
verts, which prevents the AID from mea
suring a signal that is changing and might be 
inaccurate. Most fast (kHz) AID converters 
use a sample and hold amplifier in the svs
tern. With simultaneous sample and ho ld: 

• More than one channel is captured at 
the same time. 

• Each channel needs its own sample and 
hold amplifier. 

• A global hold signal freezes all channels. 

• The AI D converter steps through each 
channel one at a time. 

• The user is thus able to compare data 
samples taken at the same instant from 
different sensors. 

Save interval or save period Specifies the 
time between data saves (Fig. 14-301. Note 
the following about the save interval: 

• It can be a constant , always the same. 

• It can vary with time. or it can vary as a 
function of certain measurements. 

Sample times ____ ...... 

that can be detected by a measurement FIGU"E 14-)0 Save interval. 



• In many data· logging applications. a 
fixed save rate can result in too much 
data . A variable save rate can be set up 
to save data only when something 
changes. 

Track·and.hold (TIH) A circuit that tracks 
an analog voltage and holds the value on 
command. 

Transfer rate The rate. measured in bytes. 
at which data are moved from source to 
destination after software initialization 
and set·up operations; the maximum rate 
at which the hardware can operate. 

Triggering Used to start andlor stop data ac· 
quisition. The system waits until it obtains 
a start signal (Le .. a trigger). and then it 
measures and saves data and waits for a 
stop signal. 

Various cable types are available for can· 
necting sensors to data acquisition systems. 

Wires and cables act like antennas. picking 
up noise from the environment. The more 
remote your sensors and signals are. the 
more attention you will need to pay to your 
cabling scheme. Unshielded wires or ribbon 
cables are inexpensive and work well for 
high-level signals and short to moderate 
cable lengths . For low·level signals or longer 
signal paths, you will want to consider 
shielded or twisted-pair wiring. If the signal 
has a bandwidth greater than 100 kHz, how· 
ever, you will want to use coaxial cables. 
Fiberoptic links are also available. Fiberop
tic cables are noise immune because the data 
are transmitted as light. 

Another useful method for reducing noise 
corruption is to use differential measure· 
ment. Because both the (+) and (-) signal 
lines travel from signal source to the mea· 
surement system, they pick up the same noise 
with differential measurement . A differential 
input rejects voltages common to both signal 
lines. 



Chapter 14 Review 

Questions 
1. list the three types of processes carried out in industries. 

2. State the type of process used for each of the following applications: 

a. Mixing ingredients to manufacture chemically based products 

b. Assembly of television sets 

c. Manufacturing of electronic chassis 

3. list three reasons why automatic machines and processes were developed. 

4. Compare individual, centralized. and distributive control systems. 

5. Define what is meant by the term process control system. 

6. State the basic function of each of the following as part of a process control system: 

a. Sensors d . Actuators 

b. Operator-machine interface e. Controller 

c. Signal conditioning 

7. Compare open-loop and closed- loop (antral systems. 

S. list four classifications of controllers according to the type of control they provide. 

9. Outline the operating sequence of an onloff controller. 

10. Explain how a proportional controller eliminates the cycling associated with on/off control. 

11. What process error or deviation is produced by a proportional controller? 

12. How does integral control work to eliminate offset? 

13. What does the derivative action of a controller respond to? 

14. list three factors of a system error signal that influence the output response of a 
proportional-integral-derivative (PIO) controller. 

15. Why must a PIO controller be custom-tuned to each process controlled? 

16. Compare manual. autotune, and intelligent tuning of a PID controller. 

17. Define data acquisition. 
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18. Outline how a typical data acquisition and control system operates. 

19. Explain the function of each of the following devices with reference to a data acquisition system: 

a. Transducer d. Signal conditioner 

b. Analog multiplexer e. AiD converter 

c. Amplifier 

20. Explain each of the following terms as it applies to the operation of a data acquisition 
system: 

a. Sensor calibration e. Real time 

b. Floating signal f. Resolution 

c. Gain g. Save interval 

d. Isolation h. Transfer rate 

Problems 
1. Give an example of an open-loop control system. Explain why the system is open-loop, and 

identify the controller and final control element. 

2. Give an example of a closed·loop control system. Explain why the system is closed-loop, and 
identify the sensor, controller, and final control element. 

3. How would an on/off controller respond if the deadband were too narrow? 

4. In a home heating system with on/off control, what will be the effect of widening the 
deadband? 

5. a. Calculate the proportional band of a temperature controller with a 5% bandwidth and a 
set point of SOQ°F. 

b. Calculate the upper and lower limits beyond which the controller functions as an onloff unit. 

c. Calculate the proportion gain: 

Gain ~ -,-:-=~1 o",o---;-c-;c;
percentage bandwidth 

6. What effect. if any, would a higher process gain have on offset errors? 

7. Describe the advantages of a 4- to 20-mA current loop as an input signal compared to a 0-
to 5-V input signal. 

8. How might a data acquisition system be applied to a petrochemical metering station whose 
purpose is measurement and flow control? 

9. If noise were a problem in an application, what types of changes might help alleviate the 
problem? 
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After completing this chapter, you wi ll be able 
to: 

• Discuss how a computer's operating system is 
designed to function 

• Explain how a work cell functions 

• Compare the methods by which computers 
communicate with each other 

• Discuss the pr inciple of operation of 
computer numerical control 

• Discuss the principle of operation of robotic 
computer control 

Because personal computers (PCs) are 

now common in industry, this chapter 

contains a brief discussion about 

important PC operations. The use of 

machine interfacing circuits and 

protocol standards are presented. This 

chapter also introduces computer 

numerical control and robotic computer 

control. 



Data communications 

between programmable 

(ontrollers and 

(omputers. 
(Courtesy of KTI Networks, Inc.) 
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COMPUTER 
FUNDAMENTALS 

Manufacturing systems are becoming increas
ingly computer-based . and an understanding 
of computer fundamentals is essential. Com
puters. particularly personal computers (PCs). 
are now accepted as useful devices for ma
chine and process control. 110 cards that plug 
directly into the expansion slots of most 
PCs are now available. These cards perform 
data acquisition functions as well as data con
version and power control. A PC equipped 
with special software packages and I/O cards 
can emulate many of the popular PLCs in use 
toda y. 

All computers consist of two basic compo
nents: hardware and software. The computer 
hardll'ore (Fig. 15-1) includes the physical 
components that make up the computer 
system: 

• Power Supply 
Converts the 120 V ac electricity 
from the line cord to dc voltages 
needed by the computer system. It 
also regulates the voltage to elimi
nate spikes and surges common in 
most electrical systems. Not all 
power supplies. however. perform 
adequate vo ltage regulation. so a 
computer is always susceptible to 
large voltage fluctuations. Power 
supplies are rated in terms of the 
number of watts they can safely 
supply. 

• Disk Drives 
Machines that read data from and 
write data into a disk. The disk drive 
rotates the disk very fast and has one 
or more heads that write or read data. 
There are different types of disk 
drives for different types of disks. For 
example. a magnetic disk drive reads 
magnetic disks and an optical drive 
reads optical disks. 
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• Hard Drive 
Allows information to be stored and 
read from nonremovable hard disks. 
The hard drive is the primary dri ve 
and holds most of the data used on 
the computer system. The term hard 
comes from the type of platters con
tained in the hard drive: the platters 
are rigid glass or aluminum and can
not bend or flex . and they cannot be 
removed like floppy disks. The opera
tion of a hard disk dri ve is ver\' simi
lar to that of a floppy disk dri~e in 
that both have a spinning disk with 
floating heads that read and write data 
on to the disk. 

• Motherboard 
Holds and electrically interconnects 
the major sections of the entire com
puter system. The motherboard con
tains the connectors for attaching 
addit iona l boards. Typically. the 
motherboard contains the CPU. 
8IOS. memory. mass storage inter
faces. serial and parallel ports. 
expansion slots. and all the con
trollers required to cont rol standard 
peripheral devices. such as the 
display screen, keyboard. and disk 
drive. 

• Microprocessor (CPU) 
In terprets the instructions for the 
computer and performs the required 
process for each of these instructions. 
The main functions include: 

Controlling of data around the 
system 
Performing all math operations 
Performing all logical operations 
and decisions 
Performing system control and arbi
trating when and how information 
is transferred 

• Read-Only Memory (ROM) 
Memory programmed at the factory 
that cannot be changed or altered by 
the user. It can be read but not writ
ten to. and it retains its content when 
the power is turned off. The ROM 
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contains the basic input/output 
systems that allow you to access 110 
dev ices . 

• RAM 
Read/write memory. Memory used to 
store computer programs and interact 
with them. It loses its content when 
the power is turned off. The more 
RAM memory held by the computer 
the larger the application program you 
can run . 

• Bus 

v ... 

A group of binary data lines or con
necting cables that provides a means 
of sending and receiving information 
between different parts of the com
puter. You can think of a bus as a 
highway on which data travels within 
a computer. When used in reference to 
pes. the term bus us ually refers to 
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internal bus. which is a bus that 
connects all the interna l computer 
components to the CPU and main 
memory. There's also an expansion 
bus that enables expansion boards to 
access the CPU and memory. All 
buses consist of two parts: an address 
bus and a data bus. The data bus 
transfers actual data, whereas the 
address bus transfers information 
about where the data should go. The 
size of a bus. known as its width. is 
important because it determines how 
much data can be transmitted at one 
time. For example. a 16-bit bus can 
transmit 16 bits of data. whereas 
a 32-bit bus can tra nsmit 32 bits of 
data. 

• Peripheral Cards 
Allow accessory features and connect 
the computer to input and output de
vices such as d rives. printers. moni
tors. and ot her external devices. 

• Expansion Siois 
Connectors used for the purpose of 
connecting other circuits to the 
motherboard. 

The computer softll'ore is wha t gives the com
puter "life." The software resides inside the 
hardware . You can think of software as a 
computer program. which is nothing more 
than a list of inst ructions tel ling the computer 
what to do. The programs are usually stored 
on some form of mass storage system, such as 
a CD-ROM or floppy disk, and are loaded into 
the computer's RAM as required. 

Disk drives act as both input and output de
vices. so they are used for placing informa
tion into the computer as well as for storing 
information from the computer. 

The floppy disk (diskette) is a magnetic stor
age device on which information is stored for 
later retrieval (Fig. 15-2). The information is 
stored on tracks in sectors of the disk; the 
location of the information is configured to 
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FIGURE 15-2 Floppy disk . 

a llow the computer access to a sector to read 
the information. 

The hole through the case is for write enablel 
protection. When th is hole is open. nothing 
can be written on the disk. The standa rd 
fl oppy disk in cu rrent use is the 3.5-inch HD 
(high-density) di sk, which stores 1.44 MB of 
da ta on two sides, with 80 tracks pe r side and 
18 sectors per track. 

All fl oppy disks must be fo rmatted before 
they can be used, Many (but not aliI floppy 
disks are preformatted by the manufacturer. 
Formatting makes your d isk compatible with 
the computer yo u are using. Once the dis k 
is inserted into the computer. the dri ve mo
tor spins the di sk while the stepper motor 
moves the read/write head to different posi
tions on the disk, The indicator light indi
cates whether the di sk drive is active. 

The floppy di sk is inserted in the disk drive 
with the slot and labels up. The disk drive 



door must then be shut to allow the disk 
reading heads to read the information. Care 
must be taken when handling the disk. or 
the information stored on the disk may be 
corrupted. 

• Ne\'er touch the exposed disk at the 
head slot. or surface. 

• Never expose the disk to heat or exces
sh'e sunlight . 

• Neve r expose the disk to electromag
netic or electrostatic fields that are 
likely to occur in the industrial 
environment. 

• Use onl v labels designed specifically for 
use with disks. These labels will not get 
stuck in a disk drive when you remove a 
di sk. 

• Never force the disk into the disk drive. 

• Alwavs make backup disks (copies) and 
store the or iginal disks in a safe place. 

An optica l di sk is a storage medium that uses 
lasers for reading and writing data. A single 
opt ica l di sk can store 700 MB of data. which 
is much more than floppies (Fig. 15-3). There 
are three basic types of optical disks: 

CD-ROM: Compact disk-read-only memory 

CD-R: Compact disk-recordable (once data is 
written onto the disk. it cannot be altered) 

CD-RW: Compact disk-recordable writeable 
(disks can be erased and loaded with new 
datal 

Hard disk drives (Fig. 15-4) store and retrieve 
data more quickly and can hold much more 
information than floppy disks. The hard disk 
mass storage system is located permanently 
within the computer and can store numerous 
programs simultaneously. The hard disk re
tains data as magnetic patterns on a rigid 
disk. usually made of a magnetic thin film 
deposited on an aluminum or glass platter. 

p, 
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FIGURE 15-3 Compact disk optical pickup. 

Typically. a hard drive consists of several 
platters stacked on top of each other in a 
sealed drive package. 

",od 
act1JalOf 

RGURE 1~ Hard d isk drive unit. 
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The contents of any floppy disk can be relo
cated onto the hard disk , and the programs 
can then be used as required . keeping the 
floppy disks as backup copies. The hard disk 
drive is normally referred to as the C: drive (it 
is conventional to place a colon after the 
drive letter). If one floppy disk drive is used. 
it is called the A: drive. and if a second floppy 
disk drive is used. it is called the B: drive. 
Other drives are called D:. E:. and so on. 

There are two major categories of software: 
system software and application software. 
System software provides the programs that 
allow you to interact with your computer-to 
operate the disk dri ves. the printer. and other 
devices used by the computer. Operating sys
tems software contains commands and pro
grams that allow the user to interact with the 
computer. This software is thought of as a 
translator between hardware devices and 
application programs or users (Fig. 15-5). 
Application softwa re involves programs writ
ten to give the computer a specific applica
tion. such as a word processor. Application 
software makes up the majority of the soft· 
ware available in the market. For application 
software to work in your computer. the 
system software must first be loaded into the 
computer's memory. 

A:!,~ o;'~ 

,~ 
Monilor \'--_1 

Printer 
~~--' 

fiGURE 15·5 Operating syttem software acts like 
a translator between hardware devices and 
application programs. 
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Microsoft DOS (disk operating system) is a 
command line user interface . MS-DOS 1.0 
was released in 1981 for IBM computers. and 
the latest version of MS-DOS is MS· DOS 6 .22 
released in 1994. MS·DOS is not commonl v 
used by itself today. but it still can be ac
cessed from different versions of Windows. 
The operating system (OS) of a compu ter 
performs basic tasks such as recognizing 
information from the keyboa rd and mouse. 
sending information to the monitor. storing of 
information to the hard dri ve. and controlling 
device peri pherals. It creates a command 
platform for all the software yo u use and 
allows you to: 

• Contro l input and output operations 

• Interpret and execute commands entered 
from the keyboard and mouse 

• Read. write. and edit fil es 

• Back up files 

• Organize a disk 

• Manage files 

• Display the contents of a di sk 

• Vi ew error messages 

A file is a collection of data stored under a sin· 
gle name. When information is stored on the 
disk, the file is saved or written to the disk. 
When the information is used. the di sk is read 
or data are loaded into the computer's memo 
ory. A computer can move. copy. rename. or 
delete the file at vour command. Some impor· 
tant types of files include: 

• Executable File 
A list of instructions to the CPU 

• Data File 
A list of information 

• Text File 
A series of characters such as letters. 
numbers. punctuation marks. word 
spaces. and so on. 

• Graphics File 
A picture converted to digital code 



After a disk is formatted. writing or reading a 
file is a process that involves yow operating 
svstem software. the PC's basic input/output 
system (BIOS). and the mechanism of the 
d-isk drive itself. The BIOS serves as a link be· 
tween the computer hardware and the soft· 
ware programs. It is stored permanently in 
the computer's memory and serves as a trans· 
lator between the CPU and all the other enti· 
ties it interacts with. 

When the computer is first turned on. the 
BIOS causes the computer to look into yow 
floppy di sk drives and CD-ROM for a disk 
that contains an as. If one is there. the com
puter will load the as into itself. The process 
of loading an OS into your computer is called 
booting. If there are no floppy disks in your 
drives that contain an OS, the hard drive (C: 
drive) will be examined for an OS. If there is 
no OS (or no hard drive) . then an error mes
sage will be displayed (Fig. 15-6) . 

The terms directory and folder are com
pletely interchangeable. Folders or directo
ri es are simply a way of organizing all the 
programs and files of floppies and hard 
disks. Because disks store large amounts of 
data. it is useful to divide the storage into 
uniquely named areas. Each area is used 
to store a group of related files (e.g .. word
processing files). This setup provides easy 
organization and maintenance of the disk 
and is what you see when you look at the 
contents of a drive using a file manager such 
as Windows Explorer. Associated clusters of 
information are grouped together as files. 

FIGURE 15-6 Loading the operating system (05) 
into memory. 

and associated files are further grouped to
gether as directories (or folders) . Directories 
are also hierarchically arranged to form what 
is called a directory tree. in which the main 
trunk is defined by the root directory (desig
nated as C: \ and usually referring to the 
hard drive on your computer) . Each main di
rectory is thus a subdirectory of the root, and 
every directory may have its own subdirec
tories. The directory that contains a subdi
rectory is referred to as its parent. If you do 
not understand the directory structure. you 
may. when uploading or downloading files. 
lose files or save them in an inappropriate 
area of your hard drive. 

Microsoft Windows® is a graphics-based in
terface for MS·OOS. It uses graphical images 
to replace the verbal commands that run 
~OS. Instead of typing commands, you se
lect graphic pictures (i cons) . Windows al
lows for multitasking. No computer can 
actually do two things at once, but it appears 
to do so by rapidly shuffling back and forth 
from one program to another. Programs in 
Windows share the CPU resources. passing 
control back and forth at times when the 
computer is not controlled by the user. Win· 
dows allows you to use multiple specia l
ized applications that run concurrently and 
work together. 

Ports are the connecting devices that stick out 
the back end of the computer case (Fig. 15-7 
on page 414). They are actually the back edge 
of an expansion card. providing the electrical 
door or gateway that connects the computer 
and a peripheral. Ports usually contain a pre
set number of pins to allow the proper cable 
connection and are referred to as male or fe
male (with pins or holes to fit the pins). Ports 
are also referred to as serial (for a mouse can· 
nection) or parallel (for a printer connection). 
A serial port sends data one bit at a time over 
a single, one·way wire; a parallel port can 
send several bits of data across eight parallel 
wires Simultaneously. Because of its simplic
ity. the serial port has been used to make a PC 
communicate with just about any device 
imaginable. The serial port is often referred 
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FIGURE 15-7 Computer peripheral connections. 

to as an RS-232 port (Electronics Industries 
Association designation). The parallel port 
is often called a Centronics port. The serial 
port is also known as the communications 
(COM) port. and the parallel port is also 
known as the printer port. or LPT (line 
printer terminal) port. 
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Universal serial bus (USB) is a peripheral bus 
standard that allows you to connect a variety 
of peripheral devices to your computer (Fig. 
15-8). This port is rapidly replacing both the 
serial and parallel ports because of its speed 
and expandability. The USB 1.1 ports transfer 
data at a rate of approximately 12 Mbps, 
whereas the USB 2.0 has a maximum rate of 
480 Mbps. Digital cameras. mice. keyboards. 
modems, printers, joysticks, and some scan
ners are common USB devices . These ports 
can connect or daisy chain 127 devices to a 
single USB port. 

A PC may have several ports for connecting 
peripheral devices. It is important that you 
check what type of port a device requires to 
interface with the PC. An adapter will be 
needed if the port of the computer does not 
match with the connector of an adaptive de
vice. Other computer ports may include: 

IEEE 1394 Port This port is also known as a 
fire wire. A competitor to the USB port. it 
supports up to 63 additional devices: 
specifically within the video and multime
dia arena. It currently connects a digital 
satellite system to a PC. 

Telephone Cord Ports Many computers 
use the RJ-ll (Registered Jack-ll) for 
phone cords. These ports allow dial-up 
connections to the Internet as well as the 
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FIGURE 15-8 Universal serial bus (USB) is a peripheral 
bus standard that allows you to connect a variety of 
peripheral devices to your computer_ 

faxin g of docu ments directly from the 
computer. 

Ethernet Port Known as an RJ-45 , the Ether
net po rt looks just like a telephone cord 
po rt except that it is larger. This port 
connects a computer to a network. allowing 
high-s peed communications. The Ethernet 
port is one of the more common methods of 
connecting process control devices such as 
110 to a computer. Use of the Ethernet port 
permits the I/O to be positioned close to 
the process equ ipment. with the computer 
located in a less hostile environment. 

PS/2 Port This port is speci fica lly designed 
fo r use with a mouse and a keyboard. 

Audio Ports Audio ports are dependent on 
the sound card of the computer. Possible 
jacks can be a microphone , speakers, and 
audio-in and audio-out. 

Video Port This port converts digital data 
from the video card to analog for many 
monitors. Flat panel displays used with 
thi s port convert the analog back to digital. 

SCSI (Small Computer System Interface) 
Pronounced "scuzzy," SCSI is a parallel in
terface that provides for faster data transmis
sion rates (up to 80 megabytes per second) 
than standard serial and parallel ports. In 

addition, you can attach many devices to a 
Single SCSI port . 

COMPUTER-INTEGRATED 
MANUFACTURING 

Today, automation is moving rapidly toward a 
true point of central control that res ides in the 
system operator's office. It is increasingly nec
essary for system operators to have fingertip 
control of the process by way of their personal 
computers. One application in which the 
computer is used to monitor and control a net
worked PLe system is shown in Figure 15-9 
on page 416. 

Computer-integrated manufacturing (CIM) 
systems provide individual machines used 
in manufacturing with data communication 
functions and compatibility, allowing the in
di vidual devices to be integrated into a single 
system. In general. four leve ls of computer 
integration are required for CIM to work: the 
cell level, area level, plont Jevel, and device 
Jevel (Fig. 15-10 on page 416). Each level has 
certain tasks within its range of responsibility: 

• Plant Controller 
Used for tasks such as purchasing. 
accounting, materials management . 
resource planning, and report 
generation. 
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control a networked Pl( system. 

• Area Controller 
Used for tasks such as machine and 
tool management. maintenance 
tracking. materials handling and track
ing. and computer-assisted simulations. 

• Cell Controller 
Used for dev ice machine control and 
data acquisition. 

• Device Controller 
Used for d irect contro l of equipment 
that produces or handles the product. 

HOST 

A work cell can be defined as a group of 
machine tools or equipment integrated to 
perform a unit of the manufacturing process. 
A typical work cell with assoc iated machines 
is shown in Figure 15-1 1. The computer. or 
cell controller, is baSica ll y a comm unicator 
between components. The main d ifference 
between the programmable controller and 
the cell contro ller is the language used to 
program the cell controller. The PLC pro
gramming language is simple and requires 
limited programming knowledge; the ce ll 
controller requires the programmer to have 
more programming knowledge. With thi s 
stipulation in mind. PLC manufacturers are 
developing PLCs with greater so ftware capa
bili ty. A recent outgrowth of this effort is a 
PC-based controller called a soft PLe. One 
example of thi s type of PLC is the AlIen
Bradley ControlLogix controlle r. This soft. 
Windows-based PLC control system can 
combine the functions of PLC. programming 
terminal. operator interface. and data acqui
sition. The benefits of this type of controller 
include: 

• Advanced, easy-to-use Windows-based 
graphical flowchart programming 
too ls that replace relay ladder logic 
programming 

• PLC functi ons. PC programming. 
human-machine interface . 110 . and 

DEVICE LEVEL 

Devices are task·specifiC equipment 

fiGURE 15-10 l evels of control in a computer·integrated manufacturing system. 
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network communications that can all 
operate from the same PC-based data
base and use the same tag names, 
thereby eliminating multiple databases, 
reducing human errors and program
ming errors. and speeding program 
development 

• Access to several different 110 families 
in the same PC simply by installing 
scanner cards for each 110 family. 

The entire industry of cell control was impos
sible until the advent of the industrial PC. 
More and more cell control programs are run
ning on PC hardware. Cell control involves a 
group of automated programmable machine 
controls (programmable controllers, robots. 
etc.) designed to work together to perform a 
complete manufacturing or process-related 
task. The function of a cell controller is to co
ordinate and oversee the operation of the ma
chine controls within the cell through its 
communication and information-processing 
capabilities. Even if the devices are unable to 
communicate with each other. they must be 
able to communicate with the cell controller. 

The cell controller must be able to upload/ 
download programs, exchange variable infor
mation. start/stop the device, and monitor the 
performance of each device. 

Cell control today involves influencing what 
happens up or down a production line. Pic
ture an assembly line, fo r example. Assume 
that you produce a part and that the part has 
to be tested. A robot can take the part , posi
tion it for the test, and depending on the out
come. put it back on the line or reroute the 
part. If the specs are off. you will want to 
convey this informat ion upstream or down
stream , wherever the effects will be. You also 
want to reroute that part with a bill that de
scribes the problem so that the part doesn't 
undergo diagnostics testing aga in but . rather, 
can be repaired or adjusted and sent back 
onto the line. This process requires commu
nications links to avoid the problems that the 
defective part wi ll cause if information about 
it is not relayed. 

~TA COMMUNICATIONS 
• 

Data communications refers to the different 
ways that microprocessor-based systems talk 
to each other and to other devices. Initially, 
data communication systems were provided 
between programmable controllers. but it 
was apparent that the advantages of inte
grated manufacture required computer
controlled and numerically controlled ma
chines and robot controllers to be connected 
to the programmable controller, which in 
turn would interconnect with a host com
puter and other equipment via the factory 
local area network. 

Communications between programmable 
controllers, or between programmable con
trollers and computers, has become a com
mon application. Local area networks are 
the backbone of communications networks. 
The fundamental job of a local area network 
(LAN) is to provide communication between 
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PLCs or between PLCs and computers. In in
dustry. the transmission medium used most 
often is coaxial cable or optical fiber because 
of the high noise immunity. The rate at 
which characters can be transmitted along a 
communications line depends on the num
ber of bits of binary information that can be 
sent at a given time. This transfer of infor
mation is measured in bits per second. PLCs 
can be connected into LANs via a serial con
nection. The network is required to allow for 
the PLC to copy outgoing data from the 
PLC's memory onto the LAN link and to 
copy data from the LAN link into the PLC's 
memory. 

LANs come in three basic topologies (that is, 
the phys ica l layout or configuration of the 
communicat ions network): star, or bus ring. 
(Fig. 15-12). The points at which the devices 
connect to the transmission medium are 
known as nodes. or sta tions. 

In a star network. a central control device or 
hub is connected to several nodes. This con
figuration allows for bidirectional communi
cation between the central control device and 
each node. All transmission must be between 
the central control device and the nodes be
cause the central control device controls all 
communication. All transmissions must be 
sent to the hub. which then sends them to the 
correct node. One problem with the star 
topology is that if the hub goes down. the en
tire LAN is down. This type of system works 
best when information is transmitted prima
rily between the main controller and remote 
PLCs. However. if most communication is to 
occm between PLCs. the operation speed is 
affected. Also. the star system can use sub
stantial amounts of communication conduc
tors to connect all remote PLCs to one central 
location. 

The first PLC networks used a star topology 
that consisted of a multipart host computer 
with each port connected to the programming 
port of a PLC. Figure 15-13 shows this arrange
ment. The network controller can be either a 
computer. a PLC. or another intelligent host. 
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In a bus network, each node is connected to 
a central bus. When a node sends a message 
on the network. the message is aimed at a 
particular station or node number. As the 
message moves along the total bus. each 
node is listening for its own node identifica
tion number and accepts only information 
sent to that number. Control can be either 
centralized or distributed among the nodes. 
Communication can take place between any 
two nodes without information having to be 
routed through a central node. This setup is 
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FIGURE 15-13 PlC star network. 

a so rt of parallel communications system in 
which the bus is simply the communications 
cable that connects the PLCs. 

A bus is simply a collection of lines that 
transmit data and lor power. Bus networks are 
ver\' useful in distributive control systems. 
because each station or node has equal inde
pendent control capabili ty and can exchange 
information at any given time. Another ad
vantage of the bus network is that you can 
add or remove stations from the network with 
a minimum amount of system reconfigura
tion. This network's main disadvantage is 
that all the nodes rely on a common bus trunk 
line. and a break in that common line can 
affect man v nodes. 

In a ring network. each node is connected in 
series with each other to form a loop. Trans
mitted messages travel from node to node in 
the loop. Messages are aimed at a particular 
node or station number, with each node lis
tening for its own identification number. Sig
nals are passed around the ring and are re~ 
generated at each node. Control can be 
centralized or distributed. This type of sys
tem is popular for token-passing protocol. 
The token. or bit pattern. is used by a node 
to gain control of the communications chan
nel. The key to successful implementation of 
computer-integrated manufacturing is com
munication compatibility among all the 
controllers involved in the process. Although 

communication standards do exist. each 
computer system may use a different stan
dard . In addition, as the level of sophistica
tion of communication increases, the need for 
more sophisticated standards also increases. 

Protocol refers to a predetermined set of con
ventions that specify the format and timing of 
message transmission between two or more 
communicating devices. It is nothing more 
than an agreed-upon set of rules by which 
communication takes place. Protocols are to 
computers what language is to humans. This 
book is in English, and to understand it. you 
must be able to read English. Similarly. for two 
devices on a network to successfully commu
nicate. they must both understand the same 
protocols. There are several standards to define 
the Signal protocol. For computer-integrated 
manufacturing, you need to tie all the different 
devices together using a common protocol. 
When the protocol is different. additional 
hardware and programming are required. 

In the past, communications networks were 
often proprietary systems designed to a spe
cific vendor's standards; users were forced to 
buy all their control components from a sin
gle supplier and were therefore limited by the 
options available. Today, the trend is toward 
open network systems based on international 
standards developed through industry associ
ations . Open networks offered by Allen
Bradley include DeviceNet. ControlNet , and 
EtherNet/IP. Manufacturers and third-party 
suppliers also sell interface devices, com
plete with software, to translate from one 
network-access scheme to another. If net
work-access translation is their only func
tion . the interfaces are known as bridges. If 
the interface also adjusts data formats or per
forms data transmission control. then it is 
called a gateway (Fig. 15-14 on page 420). 

Protocol is the method used by a LAN to es
tablish criteria for receiving and transmitting 
data through communications channels. It is. 
in effect. the way a LAN directs traffic on its 
data highway. The two basic access methods 
for network communicatioDs are master-s lave 
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FIGURE 15·14 Network interconnections. 

and peer-la-peer. A master-sJol'e system (Fig. 
15-15) uses a common bus with a host com
pute r to manage all network communications 
between network devices. The programming 
of the master networ k device incorporates 
rou tines to add ress each slave device ind ivid
ually. Direct commun ica ti on among s lave de
vices is impossible. Information to be trans
ferred between s laves must be sen t first to the 
network master un it. which will. in turn. re
tra nsmit the message to the designated s lave 
dev ice. 

WOtllstalion 
operator 
interface 

FIGURE 15-15 Master-slave access method. 
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Various types of access methods are used b\' 
PLCs to transmit info rmation through the nei. 
work. The access method most often used in 
master/slave protoco l is polling. In po ll ing. 
the master polls each station (sla\'e) in se
quence to see if it has data to transmit. The 
master sends a message to a spec ific sla \'c and 
waits a fixed amoun t of time fo r the sla\'e tn 
respond. The slave responds by sending ei
ther data or a message saying it has no data 10 
send . If the s lave does not respond wi lh in Ihe 
allotted time. the master assumes it is dead 
and continues polling the other slan'lS. 

With a pen- fa-peer system (Fig. 15-16). each 
networ k ded ce has the ab il i t ~· to reques t use 
of. and then take control of. the network for 
the purpose of transmitting informat ion to or 
requesting information from other network 
dev ices. This type o f network communica· 
ti on scheme is often desc ribed as a fokpn· 
possing system because con trol o f the net
work can be thought of as a token passed from 
unit to unit. In the token-pass ing method. 
ani" one station can talk at a time. The node 
or s tation must have the token to be able to 
use the line. The token circu lates among the 
stations until one of them wan ts to use the 
line. The node then grabs thf! token and uses 
the line. The node has use of the token only 
for the duration of its transmission. Once thp. 
node is fini shed transmitting. the token is re
circulated automatically among the nodes in 
the LAN. 

FIGURE 15-1' Peer-to-peer or token-pa~sing access 

method. 
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FIGURE 15-17 Parallel and serial transmissions. 

In a common bus network configuration that 
uses the token-passing access technique, each 
station is identified by an address. When the 
network is operating. the token passes from 
one station to the next sequentially. The node 
that is transmitting the token also knows the 
address of the next station that wi ll receive 
the token. The network circulates transmitted 
data in one or more information packets con
taining source, destination. and control data. 
Each node receives this information and uses 
it, if needed. Any additional information that 
the node has will be sent in a new packet. 

There are two basic ways of transferring infor
mation (Fig. 15-17). One is the parallel 
method. in which several bits are transferred 
at the same time; the other is the serial 
method. in which one bit is transferred at a 
time. Parallel data communication is satisfac
tory over short distances of approximately 
30 ft . Serial data communication requires only 
two wires and can be transmitted over greater 
distances. Each data word in the serial trans
mission must be denoted with a known start 
followed by the data bits that contain the in
telligence of the data transmission and a stop 
bit. Often. an extra bit. termed a parity bit. is 
used to provide some error-detecting ability. 

Modems permit any two devices to communi
cate over a single pair of dedicated wires or 
phone lines (Fig. 15-18). A pair of modems 
can be used to send and receive digital signals 
by using different tones for logic Is and logic 
Os. If data transmission is required between 
two distant points. or the public telephone 
network is to be used. the data bits must be 
converted to audio tones because data bits 
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(b) Serial data communications 

represented as voltage levels may be so atten
uated that they make the data signal uruead
able. A modem is used to convert the trans
mitted data bits to audio tones. It modulates 
the Signal at the transmitter and demodulates 
the signal at the receiver to convert the audio 
tones back to data bits. The term modem is 
made up of the first two letters of modulate 
and the first three letters of demodulate. 

There are several different standards for mo
dem transmission. The duplex mode refers to 
two-way communication between two devices 
(Fig. 15-19 on page 422) . Full-duplex trans
mission allows the transmission of data in 
both directions simultaneously. Half-duplex 
transmission uses a switching arrangement 
whereby information can be sent in only one 
direction at a time. 

Data communication can be either synchro
nous or asynchronous. In synchronous data 
transmissions. once the transmission starts. 
the time from one data byte to the next is 
known. Asynchronous data transmission 
means that the time between data bytes is 
random and cannot be predicted by the send
ing or receiving system. Most systems use 
asynchronous data communications. 

..... m 

FIGURE 15-'. Communications using a pair of 
modems. 
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In the future. the factory floor will not be lim
ited to one vendor's solutions. The industrial 
market is rapidly moving toward open stan
dards for both hardware and software. PLCs 
have become smaller, and these micro-PLCs 
as well as more distributed 110 are becoming 
more popular. A significant segment of indus
tria! au tomation systems now involves I/O 
processing: measurement and signal condi
tioning of a variety of sensor inputs: and 
recording, di splayi ng , trending, alarming, 
and controlling based on measurements pro
vided by those sensor inputs. Fina! contra ! 
outputs are typically so lenoids. va!ves. 
heaters. and various other actuators, which 
are manipulated through control algorithms 
related to the inputs. Access to real-time pro
duction data is an important element in opti
mal manufacturing performance, as is a com
prehensive database of historica! plant data. 
Figure 15-20 illustrates the various levels of 
communications required to achieve such a 
comprehens ive database. 

Two,way at same Orne 

ta) Full·duple~ 

Mod.m 

Various types of networks are used to com
municate between programmable controllers 
and between programmable controllers and 
computers. The communica tions network 
may be used for superv isory cont rol. data 
gathering. monitoring device and process pa
rameters. and downloading and uploading 
programs. Following is a short summary of 
the features of some of these networks. 

• Data Highway: DH-485 is a proprietary 
communications network used with the 
Allen-Bradley SLC-500 processor. It sup
ports the interconnection of a maximum 
of 32 devices with a maximum network 
length of 4000 ft. Processors from the 
same manufactu rer but different PLC 
fa milies may not be able to communicate 
because they have different protocols. 
As an example, an Allen-Bradley PLC-5 
processor (with the Data Highway Plus 
network) requires a bridge in order to 
communicate with an Allen-Bradley 
SLC-500 processor (with the Data High
way DH-485 network) because they ha ve 
different protocols . 

• RS-232: The RS-232 is an Electronics in
dustries Association (EIA) standard for 
serial binary communications. Us ing 

Modom 

Interlace 

mod". 
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FIGURE 15-19 Duplex modes. 
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FIGURE 15·20 Various levels used to access real· 
time production data. 

the RS-Z32 port from a computer. you 
can make a direct connection to a 
Contro lLogix or SLC-SOO controller with 
no specia l hardware other than the 
proper cable. The maximum distance 
allowed between the computer and con
troller is SO ft .. and data communications 
is slower than with other networks. 

• Data Highway Plus: DH + is a local in
formation network that is designed for 
remote programming and for accessing 
and transferring data. It is the primary 
communications network for Allen
Bradley PLC-S controllers and supports 
the interconnection of a maximum of 64 
devices with a maximum network length 
of 10,000 ft . 

• ControlNet: ControlNet is an open, 
high-speed. deterministic network that 
transfers time-critical I/O updates. con
troller-to-controller interlocking data, 
and non-lime-critical data (such as data 
monitoringl with repeatability on the 
same network. Determinism is the abil
ity to reliably predict when the data 
will be delivered . and repeatabilityen
sures that transmit times are constant 

and unaffected by devices connecting 
to . or leaving, the network. The net
work specifications and protocol are 
open. which means that users are not 
required to purchase hardware . soft
ware. or licensing rights to connect 
devices to a system. 

• OeviceNet: As PLCs have become more 
powerful. they are being required to 
control production in increasingly large 
areas. Therefore. at times it may not be 
practical to separately wire each sensor 
and actuator directly into 110 modules. 
DeviceNet is an ope'n network managed 
by the Open DeviceNet Vendor Associa
tion. A DeviceNet network allows vou to 
connect dev ices directly to plant-fioor 
controllers over an open network with
out the need to hardwire each device 
into I/O modules. This direct connectiv
ity reduces cost ly and time-consuming 
wiring. 

• Ethernet: Ethernet is a popular 
plantwide information network de
signed for the high-speed exchange of 
data between computers and other 
Ethernet devices. The advantage of 
Ethernet is that a wide variety of prod
ucts supplied by various manufacturers 
are available to use to communicate 
over long distances. Ethernet Industrial 
Protocol (EtherNetIlP) is an open 
industrial networking standard that 
supports both real-time I/O messaging 
and message exchange (Fig. 1S-21 on 
page 424). The protocol emerged be
cause of the high demand for using the 
Ethernet network for control applica
tions. Ethernet follows a set of rules 
that governs its basic operation. In Eth
ernet, any computer can send on the 
network if the network isn't already in 
use. Collisions happen if two comput
ers try to send simultaneously. but both 
computers sense the collision and stop. 

• MODBUS: MODBUS/TCP is a variant 
of the MODBUS family of simple, 
vendor-neutral communication proto
cols intended for supervision and 
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FIGURE 15·21 EtherNetllP network. 

control of automation equipment. 
Specifically, thi s protocol covers the use 
of MODBUS messaging in an intranet 
or Internet environment that uses the 
Transmiss ion Control Protocolllnternel 
Protocols (TCPIIP) . The most common 
use of the MODBUS protocols at this 
time is for Ethernet attachment of PLCs, 
I/O modules, and ga teways to other 
simple fieldbuses or I/O networks. 

• Fieldbus: Fieldbus is an all-digital. serial. 
two· way communications system thaI in
terconnects measurement and control 
equipment such as sensors , actuators, and 
controllers. At the base level in the hierar
chy of plant networks. it serves as a LAN 
for instruments used in process control 
and manufacturing automation applica
lions and has a built-in capability to dis
tribute the control application across the 
network. Fieldbus is an open, nonpropri
etary protocol that is available to any 
company that wishes to implement it. 

• PROFmUS-DP: PROFIBUS-DP is an 
open bus standard for a wide range of 
applications in manufacturing and au
tomation. It works at the level of field 
devices. such as power meters. motors 
protectors, circuit breakers. and lighting 
controls. It aHows the features of PLCs 
to be used to their full extent within a 
distributive system. 

Chapter 15 

Demands for decentralized control and dis
tributive intelligence to field devices have led 
to the creation of a more powerful tl/pe of 
network-the liD bus network. An lio bus 
network allows PLCs to communica te with 
I/O devices in a manner similar to how LANs 
let supervisory PLCs communicate with indio 
vidual PLCs. The basic function of an 110 bus 
network is to share data with. as well as sup
ply power to, the fi eld devices that are con
nected to the bus. Figure 15-22 illustrates 
what a typical connection among a PLC. a 
LAN, and an 110 bus network might look like. 
The PLC dri ves the field devices direct l\,. 
without the use of 110 modules. and comm~
nicates with each field 110 device according 
to the bus's protoco l. 

PLCs connect to 110 bus networks in a man
ner similar to the way they connect with reo 
mote 110, except that PLCs in an 110 bus use 
an 110 bus network scanner. This scanner 
reads and writes to each fi eld de vice's ad. 
dress as well as decodes the information con
tai ned in the network information packet. 
The fi eld devices that are connected to the 
network contai n intelligence in the form of 
microprocessors or other circui ts. These de
vices can communicate not on ly the onl off 
status of field devices but also diagnostic in
formation about thei r operati ng state. For ex
ample. you can detect via the network that a 
photoelectri c sensor is losing margin because 
of a dirty lens, and yo u can correct the situa
tion before the sensor fails to detect an object. 
A limit switch can report the number of 
motions it bas performed, which may be an 
indication that it has reached the end of its 
operating life and thus require rep lacement. 

110 bus networks can be divided into two cat
egori es: device bus networks and process bus 
networks. Device bus networks interface witb 
low-level information devices such as push
buttons and limit switches that primarily 
transmit data relating to the onloff state of the 
device and its operational status. Device bus 
networks can be further classified as bit-wide 
or byte-wide buses. Device bus networks that 
include discrete devices as well as small ana
log devices are called byte-wide bus networks. 
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fiGURE 1 5-22 What a typical connection among a PlC, a 
local area network, and an 1/0 bus network might look like. 

These networks can transfer 50 or more bytes 
of data at a time. Device bus networks that 
onlv interface with discrete devices are called 
bit--I\'ide bus networks. Bit-wide networks 
transfer less than 8 bits of information to and 
from simple discrete devices. 

Process bus netll'orks are capable of commu
nicating several hundred bytes of data per 
transmission. The majority of devices used in 
process bus networks are analog, whereas 
most devices used in device bus networks are 
discrete. Process bus networks connect with 
high-level information devices such as smart 
process valves and flow meters, which are 
typically used in process control applica
tions. Process buses are slower because of 
their large data packet size. Most analog con
trol devices are controlling such process vari
ables as flow and temperature, which are typ
ically slow to respond. 

Several organizations are working on estab
lishing protocol standards for I/O bus 

networks. Figure 15-23 on page 426 illustrates 
a block diagram of the currently available net
work and protocol standards. The two main 
organizations working on establishing process 
bus standards are the Fieldbus Foundation 
and the Profibus (Process Field Bus) Trade 
Organization. Some manufacturers will specify 
that their analog products are compatible with 
Profibus, Fieldbus. or another type of protocol 
communications scheme. 

Although no proclaimed standards exist for 
device bus network applications. several 
are emerging because of the availability of 
specifications from device bus network man
ufacturers. These network manufacturers or 
associations provide I/O field device manu
facturers with specifications in order to de
velop open network architecture. One of 
these standards for byte-wide device bus net
works is DeviceNet. originally from PLC man
ufacturer Allen-Bradley and now prOVided by 
an independent association called the Open 
DeviceNet Vendor Association. Another is 
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FIGURE 15·23 Currently available network and protocol standards. 

5DS (Smart Distribution System) ITom Hon
eywell. 80th of these device bus protocol 
standards are based on the control area net
work bus (CANbusJ, developed for the auto
motive industry. which uses the commer· 
cially available CAN chip in its protocol. 

~MPUTER NUMERICAL • 
CONTROL 

PLCs are not the only control systems used 
for machines . Machine tools such as lathes 
and grinding machines are used to produce 
precisely machined parts. Machine tools 
often combine a PLC control system with 
computer numerical control (eNC). CNC
controlled machine tools allow parts to be 
machined to complex and exacting specifica
tions. 

In general terms. numerical control (NC) is a 
flexible method of controlling machines auto
matically through the use of numerical val
ues. Numerical control devices are driven 
over a continuous path or to various points to 
manufacture a component or device using a 
program that coordinates the machine move
ment and operation numerically. NC ma
chines are program-dependent and bear a 
close relation to programmable controllers. 
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Numerica l contro l enables an operator to 
communicate with machine tools through 
a ser ies of numbers and svmbols . A set 01 
commands makes up the NC program and 
directs the machine to orient a cutting tool 
with respect to a workpiece. select different 
tools, control cutting speed, and direct spin
dle rotation as well as perform a range of 
aUXiliary functions such as turning coolant 
flow on or off. Many languages ca n be used 
for writing an NC program. but the one used 
most is called automatically programmed 
tools (A PTsj. 

Figure 15-24 illust rates a typica l numerica l 
control system. The controller reads and in
terprets the instructions and directs the ma
chine to perform the operations desired . The 
machine operalor is alerted when material 
must be inserted. 10015 must be changed. and 
so on. The system controller is usually an in 
dustrial computer that stores and reads the 
program electronically and converts the pro
gram information into signals that drive mo
tors to control the machine tool. The con
troller provides signals to either electrical or 
hydraulic motors that cause the machine 
head to be driven left or right as well as up or 
down. The table can be motor driven to move 
the workpiece back and forth. Feedback to 
the controller is prOVided by the position 
encoders and speed sensor so that the exact 
location and speed of the machine head is 
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FIGURE '5-24 Typical numerical control system , 

known. Because the accuracv of the electron
ics exceeds the mechanica( accuracy of the 
system . the repeatability. and therefore con
sistencv. of the manufactured components 
are within tight to lerances. 

Numerical control is ideally suited for oper
ations involving the production of parts made 
from simi lar feedstock (raw material) with 
variations in size and shape. Even if produc
tion quantities are in small lots. NC can be 
economically feasible. but it is necessary that 
the sequence of operations can be performed 
on the same NC machine. However. for com
plete manufacturing of parts involving several 
dissimilar sequences of operation. several NC 
machines may be used in production. 

If the controlled machine is a three-axis type. 
the location address of the tool is prefixed 

with the letter x, y. or z. Using x. y. and z co
ordinates. the machine can be directed to the 
correct location. The workpiece is located by 
using Cartesian coordinates. whereby the po
sition of a point can be defined with reference 
to a set of axes at right angles to each other. as 
illustrated in Figure 15-25. The vertical axis 
is the v axis and the horizontal axis is the 
x axis. -The point at which the two axes cross 
is the zero. or origin. point. To the left of 
the point of origin on the x axis and below 
the point of origin on the y axis. locations 
are written preceded by a minus (-) sign. To 
the right of the point of origin on the x axis 
and above the point of origin on the y axis. 

-x 

-z 
(a) Three·dimensional coo,dinale planes (axes) 

used in numerical contlol 

A 

B origin 

.x 

D 
c 

-y 

,., 
~ 15-25 locating points using Cartesian 
coordinates. 
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locations are written preceded by a plus (+) 
symbol . The z axis of motion is parallel to the 
machine spindle and defines the distance be
tween the workpiece and the machine. 

In Figure 15-25b, x , y. and z words refer to co
ordinate movements of the machine tool for 
positioning or machining purposes. Using 
Cartesian coordinates. each point is located 
as follows: 

r-'II~*iIl--------

A is x = +2 and y = +4 
Bisx= -3andy= +1 
C is x = - 5 and y = -4 
o is x = +3 and y = -3 

The programming of NC machines can be cat
egorized into two main areas: point-to-point 
programming and contour programming. 
Point-to-point programming involves straight
line movements. Figure 15-26 shows an 
example of point-to-point programming in 
which four holes are to be drilled . The point 
at which each hole is to be located is identi
fied by x and y coordinates. After each hole is 
drilled. the machine is instructed to move to 
the next point at which a hole is to be drilled. 
and so on. The holes are drilled sequent ially 
until the program is completed. The path the 
machine takes between holes is not important 
because the tool is in the air between hole 

Point 4 

Point 3 

Point 1 Point 2 

x axis 

FlCiUItE '~26 Point-to-point programming. 
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FIGURE 15-27 Contour programming . 

locations. The depth of each operat ion is 
controlled by the z axis. 

Con tour (a lso known as continuous path) 
programming involves work li ke that pro
duced on mill ing machines. where the cu t
ting tool is in contact with the workpiece as 
it travels from one programmed point to the 
next. Continuous path positioning requ ires 
the abi lity to control motions on two or 
more machine axes simultaneouslv to keep a 
constant cutter-workpiece relationship . The 
method by which contouring machine lools 
move from one programmed point to the nex i 
is called interpolation. All contouring con
trols provide linear interpolation. and most 
are capable of linear and circular interpola
tion (Fig. 15-27), 

Computerized numerical control (CNG) was 
introduced to replace the punched tape and 
hardwired machine control of older NC 
units (Fig. 15-28). The CRT sc reen shows 
the exact position of the machine table 
and lor the cutting tool at every position 
while a part is machined. CNC introduced a 
flexibility into the manufacturing industry 
because the microprocessor-based control 
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specialized and vary tremendously. They 
include: 

• Handling 
Loading and unloading components 
onto machines 

• Processing 
Machining, drilling. painting. and coating 

• Assembling 
Placing and locating a part in another 
compartment 

• Dismantling 
Breaking down an object into its com
ponent parts 

• Welding 
Assembling objects permanently by 
arc welding or spot welding 

• Transporting 
Moving materials and parts 

• Painting 
Spray painting parts 

• Hazardous Tasks 
Operating under high levels of heat. 
dust, radioactivity. noise, and noxious 
odors 

A robot is simply a series of mechanical 
links driven by servomotors. The area at each 
junction between the links is called a joint or 
axis. The axis may be a straight line (linear), 
circular (rotational), or spherical. Figure 15-29 

Arm sweep 

® 

fiGURE 15-29 Six-axis robot arm. 
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FIGURE 15-30 Robot work envelope. 

illustrates a six-axis robot arm. The ~tTist is the 
name usually given to the last three joints on 
the rahat's arm. Going out along the arm. these 
wrist joints are known as the pitch joint . .1/01\' 

joint. and roll joint. High-technology robots 
have from 6 to 9 axes. As the technology in
creases. the number of axes may increase to 16 
or more. These robots' movements are meant 
to resemble human movements as closely as 
possible. . 

The reach of the robot is defined as the work 
envelope. All programmed points within the 
reach of the robot are part of the work enve
lope. The shape of a work envelope is deter
mined by the major (non wrist) types of axes a 
robot has (Fig. 15-30). A robot that has two lin
ear major axes and one rotational major axis 
has a cylindrical work envelope. A robot that 
has three rotational major axes has a work en
velope very much like the motion range of a 
human body from waist to shoulder to elbow. 
Understanding the work envelope of the robot 
with which you work will help you avoid per
sonal injury or potential damage to equipment. 

Most applications require that additional 
tooling be attached to the robot. End-of-arm 
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FIGURE 15-31 End-of-arm tooling devices. 

tooling, commonly called the end effector, 
varies depending on the type of work the ro
bot does. Grippers or hands are used in mate
rials handling and assembly. Spot welding 
and arc welding require their own tooling. as 
do painting and dispensing (Fig. 15-3 1). 

Robots usually have one of three possible 
sources of manipulator or muscle power: 
electric motors, hydraulic actuators (pistons 
driven by oil under pressure). or pneumatic 
actuators (pistons driven by compressed air). 
Robots powered by compressed air are light
weight. inexpensive. and fast-moving but 
generally not strong. Robots powered by 
hydraulic fluid are stronger and more expen
sive, but they may lose accuracy if their 
hydraulic fluid changes temperature. 

Originally. all robots used hydraulic servo
drives. Driven mostly by the level of service 
required to maintain hydraulic servosystems 
in these early industrial robots . engineers de
veloped the articulated robot with dc electric 
servodrive motors. The industrial robot has 
since evolved from dc electric to ac electric. 
The benefits of ac servomotors over dc motors 
were Significant. The ac servomotor incorpo· 
rated brushless. maintenance· free designs. 
and incremental encoders offered servoposi
tion feedback . 

There are two types of robot control systems: 
closed-loop and open-loop (Fig. 15-32). In the 
open-loop system. there are no sensors or feed
back signals that measure how the manipulator 
actually moved in response to the conunand 
signals. The closed-loop system uses feedback 
signals from joint position sensors. The con
troller compares the actual positions of the arm 
joints with the programmed positions. It then 
issues conunand signals that minimize or elim
inate any discrepancies or errors. 

Robolarm 
and gro~f 

Controller 

Produce movement 

Command signals 

(s) Open-loop 

(b) Closed·1oop 

FIGURE 15-32 Open-loop and closed-loop robotic 
control systems. 
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The term servo robot is often used to refer to 
a closed.loop (feedback) system. and the 
term nonservo robot refers to an open.loop 
(no feedback) system. Nonservo robots are 
generally small and designed for light pay· 
loads. They have only two positions (open or 
closed) for each joint. and they operate at 
high speed. They are often ca lled bang-bang 
robots because of the way they bang from 
position to position. They are programmed 
for a task through settings of adjustable me
chanica I limit stops. Nonservo robots are ex
cellent for pick·and·place operations such as 
loading and unloading parts from machines . 
Unlike nonservo robot s. which have no con
trol of velocity and operate with jerky mo· 
tions. servo robots have smooth motions. 
Servo robots can control velocity. accelera· 
tion. and deceleration of each link as the ma
nipulator moves from point to point. They 
can use programs that may branch to differ
ent sequences of motions depending on 
some condition measured at the time the 
robot is working. 

Each axis of a servo robot is fundamentally a 
c1osed·loop servo control system. An exam
ple of a simple servo operation is illustrated 
in Figure 15-33. In thi s example. the servo 
amplifier is responsible for amplifying the 
difference between the command voltage and 
the feedback vo ltage. The erro r signal pro
duced is used to operate the servomotor. 
which is mechanically connected to the end 
effector and feedback potentiometer. 

The controller contains the power supply, op
erator controls. control circuitry, and memory 

Com""''''' 
voltage 

PositiOn 

, End enector 
, ___________ ~ oIrobol 

PositiOn leedback 

FIGURE 15-]3 Simple servo operat ion. 
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FIGURE 15·34 Robot control system conf iguration. 

that direct the operation and motion of the 
robot and communication with external de· 
vices. The controller has three major func
tional tasks to perform: 

• Provide motion contro l Signals for the 
manipulator unit (also known as Signal 
processing) 

• Provide storage for programmed events 

• Interpret input/output Signals. including 
operator instructions 

Different contro ller configurations are used 
(Fig. 15-34). In general, the controller in
cludes the following devices to operate tbe 
system: 

• Operator Panel 
Equipped with lights. buttons. and 
keys witches. Performs tasks such as 
powering up and powering down the 
system, calibrating the robot. reset· 
ting the controller after an error 
occurs, holding robot motion. start
ing or resuming automatic 



operation. and stopping the robot 
in an emergency. 

• Teach Pendanl 
Equipped with a keypad and LCD 
screen and connected to the controller 
b\' a cable that plugs into the com
p"uter RAM board inside the con
troller. Performs tasks such as jogging 
the robot: teaching positional data: 
testing program execution; recovering 
from errors; displaying user messages. 
error messages. prompts. and menus; 
displaying and modifying positional 
data . program variables. and inputs 
and outpu ts; and performing some 
operations on computer files. 

• CRT Screen and Keyboard 
Resembles a standard computer termi 
nal. Performs tasks such as performing 
computer file operations; displaying 
sta tus and diagnostic information; and 
entering. translating. and debugging 
programs. 

The robotic controller is a microprocessor
based sys tem that operates in conjunction 
with input and output cards or modules . An 
increas ing number of robots are controlled 
from programmable controllers. The pro
gramming format can be either the coil and 
contact or the drum/sequencer type. Before 
programming the PLC to control the robot. 
you must develop a scheme to connect and 
interface the PLC with the robot. 

With the growing use of computers and PLCs 
in industry. the robot controller has become 
more important than the manipulator it con
trols. The robot controller is now required 
to communicate with devices outside itself. 
such as PLCs and plant computer systems. 

Virtually all robots are programmed with 
some kind of robot programming language. 
These programming languages command the 
robot to move to ce rtain locations. Signal 
outputs. and read inputs. The programming 
language gives a robot its flexibility and 
allows a robot to react to its environment 
(through the use of sensors) and to make 
decisions . Many different types of robot 
programming languages are avai lable. Cur
rently. there are no standards for robot lan
guages. and each robot manufacturer has 
developed its own specia li zed program lan
guage for use with its robots. 

Alternate programming methods called walk
through and teach-through can also be used . 
In walk-through teaching. the programmer 
actually takes hold of the manipulator and 
physically moves it through the maneuvers it 
is intended to learn. The controller records 
the moves for playback later. perhaps at a 
much higher speed. Teach-through program
ming involves the use of a joystick or teach 
pendant to guide the robot along the planned 
path. The controller calcu lates a smooth 
path for the robot using computer-based 
teach software. 



Chapter 15 Review 

Questions 
1. Explain the function of each of the following computer hardware components: 

•• Power supply d. Motherboard g. RAM 

b. Floppy drives •• Microprocessor h. Peripheral cards 
c. Hard drive f. ROM i. Expansion slots 

2. What are the types of disk drives popularly used in personal computers? 

3. list five precautions to be observed when handling floppy disks. 

4. Compare the storage capacity and speed of hard disk drives with those of floppy disks. 

5. How are the different disk drives of a computer identified? 

6. Compare system software and application software. 

7. list five tasks an operating system allows you to do. 

8. Describe the contents of each of the following types of files: 

a. Executable C. Text 

b . Data d. Graphics 

9. Explain the function of the computer BIOS. 

10. What does the term booting refer to? 

11. Explain the function of directories or folders. 

12. Explain how Windows allows for multitasking. 

13. List ten types of ports that may be found on a computer. 

14. Describe the makeup of an industrial work cell . 

15. List three types of LAN configurations or topologies. 

16. Explain the importance of protocol in establishing communications between devices. 

17. Compare master·slave and peer·to·peer communication formats. 
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18. Compare proprietary and open communications netvo.rorks. 

19. list five popular types of open communications netvo.rorks. 

20. Discuss the advantage of using a DeviceNet system for connecting 110 devices. 

21 . Give a brief description of how numerical control devices operate. 

22. Numerical control is best suited for what types of industrial operations? 

23. Explain the function of Cartesian coordinates in NC programming. 

24. Compare the motions involved in NC point-to-point and contour programming. 

25. What does simple CNC programming consist of? 

26. list five specialized tasks commonly performed by an industrial robot. 

27. Give a brief description of the makeup of a robot. 

28. Define the robot work envelope. 

29. list three types of power that can be used to operate the robot manipulator. 

30. What are the major tasks performed by a robotic system controller? 

31 . Describe three ways in which robots are programmed. 

Problems 
1. Determine as many of the following specifications as possible about the computer available 

to you for lab experiments: 

a. Number of floppy disk drives 

b. Type of disk drives 

c. Label designation for each drive 

d. Storage capability of each drive 

2. Complete a report on one type of open communications netvo.rork. Make use of the Internet 
as well as manufacturer's literature for compiling the report. 
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1's compleme nt The system used to represent nega
tive numbers in a personal computer and a program
mable logic controller. 

2's complement A numbering system used to express 
positi ve and negative binary numbers. 

A 
Access To locate data stored in a programmable logic 

controller system or in computer-related equipment. 

Accumulated va lue The number of elapsed timed 
intervals or counted events. 

Actuator An output del'ice normalh' connected to an 
outpu t module. Examples are a'n air valve and 
cylinder. 

Address A code that indicates the location of data to 
be used by a program. or the location of additional 
program instructions. 

Algorithm Mathematical procedure for problem 
solving. 

Alias tag References a memory location that has been 
defined by another tag. 

Alpha numeric Term describing character strings con
sisting of any combination of letters, numerals, andlor 
special characters (e.g .. A15S) used for representing 
tex!. commands, numbers, andlor code gtoups. 

Alt ernating current (ae) input module An input mod· 
u le that converts various alternating current Signals 
originating at user devices to the appropriate logic 
level signal for use within the processor. 

Alternating current (ae) output module An output 
module that converts the logic level signal of the 
processor to a usable output Signal to control a user 
alternating current device. 

Ambient t emperature The temperature of the air sur
rounding a module or system. 

American National Standard Code for Information In
terchange (ASCII) An 8-bit (7 bits plus pari ty) code 

that represents all characters of a standard tl'pewritm 
keyboard , both uppercase and lowercase. as' well as a 
group of special characters used for control purposes. 

Americ~n Nat io nal Sta ndards Institute (ANSI) A 
cleannghouse and coordinating agenc\' for ,'olunlan' 
standards in the Un ited States.' . 

American wire gauge (AWG) A standard svstem used 
for designating the size of electrical c'onductors. 
Gauge numbers have an inverse relationship to size; 
larger numbers hal'e a smaller diameter. 

Analog device Apparatus that measures cont inuous 
information (e.g .. voltage-currentl. The measured 
ana log Signal has an infinite number of possible val
ues. The only limi tat ion on resolut ion is the accu
racy of the measuring device. 

Analog input module An input circuit that emplovs 
an analog-to-digital converter to convert an analog 
value. measured by an analog measuring del'ice. to a 
digi tal value that can be used by the processor. 

Analog o ut put module An output circuit that em
ploys a digital- to-analog com'erter to convert a digi
tal value. sent from the processor. to an analog ,'alue 
that will control a connected analog device. 

Analog signal Signal having the characteristic of be
ing continuous and changing smoothly over a gh'en 
range rather than switching slJddenJ~' between cer
tain levels. as with discrete signa ls. 

Analog-to-digital (AI D) converter A circuit for con
verting a varying analog signal to a correspond ing 
representative binary number. 

AND (logic) A Boolean operation that yields a logic 1 
output if al l inputs are 1. and a logic 0 if any input is O. 

Arithmet ic capability The ability to do addi tion, sub
traction, multiplication, division. and other ad
vanced math func tions with the processor_ 

Array A combination of panels. such as LEOs. coordi
nated in structure and fu nction. 

ASCII-input module Converts ASCU-code input infor
mation from an external peripheral into alphanu
meric information a PLC can understand. 



ASCII-output module Converts alphaoumeric in for
malion from the PLC into ASCII code to be sent to an 
external peripheral. 

Autom~tic control A process in which the output is 
kept at a desired level by using feedback from the 
outpulto control the input . 

Aultili~ry power supply A power supply not associ
ated with the processor. Auxiliary power supplies are 
usuall\' required to supply logic power to input/out. 
put ra~ks and to other processor support hardware 
and are often referred to as remote power supplies. 

B 
Backplane A printed circuit board. located in the back 

ofa chassis. that contains a data bus, power bus. and 
mating connectors for modules to be inserted in the 
chassis. 

Base tag A definition of the memory location at which 
a data element is stored. 

BASIC A computer language that uses brief English. 
language statements to instruct a computer or micro· 
processor. 

Battery indicator A diagnostic aid that provides a vi· 
sual indication to the user andlor an internal proces· 
sor software indication that the memory power-fail 
support battery is in need of replacement. 

Baud A unit of signaling speed equal to the number of 
discrete conditions or signal events per second; often 
defined as the number of binary digits transmitted 
per second. 

BCD-input module Allows the processor to accept 
4·bit BCD digital codes. 

8CD-output module Enables a PLC to operate devices 
that require BCD·coded signals to operate. 

8in~ry A number system using 2 as a base. The binary 
number system requires only two digits. zero {OJ and 
one (1). to express any alphanumeric quantity de
sired by the user. 

8inary-coded decimal (BCD) A system of numbering 
that expresses each individual decimal digit (O 
through 9) of a number as a series of 4-bit binary 
notations. The binary-coded decimal system is often 
refened to as 842J code. 

Binary word A telated group of 1s and Os thaI has 
meaning assigned by pOSition or by numerical value 
in the binary system of numbers. 

Bit An abbreviated term for the words binory digit. 
The bit is the smallest unit of information in the bi
nary numbering system. It represents a decision be
tween one of two possible and equally likely values 
or states. It is often used to represent an off or on 
state as well as a true or false condition. 

Bit manipulation instructions A family of programma
ble logic controller instructions that exchange, alter, 
move, or otherwise modify the individual bils of sin· 
gle or groups of processor data memory words. 

Bit stor~ge A user-defined data table area in which 
bits can be set or reset without directly affecting or 
controlling output devices. However. any storage bit 
can be monitored as necessary in the user program. 

810ck diagram A method of representi ng the major 
functional subdivisions. conditions. or operations of 
an overall system. function. or operation. 

Block format A PLe screen format with a vert ica l 
rectangle on the right. Output and internal opera
tion data are inserted into the rectangle during 
programming. 

Block transfer An instruction that copies the contents 
of one or more contiguous data memory words to a 
second contiguous data memory location: an instruc· 
tion that transfers data between an intelligent 
input/output module or card and specified processor 
data memory locations. 

BOOl One Boolean bit. 

BooIe~n algebra A mathematical shorthand notation 
that expresses logic functions, such as AND. OR. 
EXCLUSIVE OR. NAND. NOR. and NOT. 

Branch A parallel logic path within a rung. 

Buffer In software terms, a register or group of regis· 
ters used for temporary storage of data; a buffer is 
used to compensate fot transmissioo rate differences 
belween the transmitter and receiving device. In 
hardware terms, a buffer is an isolating circuit used 
10 avoid the reaction of one circuit with another. 

Bug A system defect or error that causes a malfunc
tion: can be caused by either software or hardware. 

BUrn The process by which information is entered 
into programmable read-only memory. 

Bus A group of lines used for data transmission or 
control: power distribution conductors. 

Byte A group of adjacent bits usually operated on as a 
unit, such as when moving data to and &om memory. 
There are 8 bits per byte. 
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c 
cascading In the programming oftimers and counters 

a technique used to extend the timing or countin~ 
range beyond what would normall y be available. 
This technique in volves the driving of one timer or 
counter instruction from the output of another, s imi
lar instruction. 

cathode-ray tube (CRT) terminal A portable enclosure 
contai ning a cathode-ray lube. a spedal· purpose key
board, and a microprocessor used to program a pro
grammable logic controller. 

Cell controller A specialized computer used to control 
a work cell through multiple paths to the various cel! 
devices. 

Central processing unit (CPU) That part of the pro
grammable logic controller thaI governs system ac
tivities. includi ng the interpretation and execution 
of programmed instructions. The central processi ng 
un it is also referred to as the processor or the cpu. 

Character A symbol that is one of a larger group of sim
ilar symbols and that is used to represent information 
on a display device. The letters of the alphabet and 
the decima l numbers are examples of characters used 
to convey information . 

Chassis A housing or framework used to hold assem
blies. When the chassis is filled with one or more as
semblies. it is often referred to as a rack. 

Chip A liny piece of semiconductor material on which 
electron ic components are formed. Chips are nor. 
ma lly made of silicon and are typically less than 1/4 
in. square and 1/ 100 in. thick. 

Clear An instruction or a sequence of instructions that 
removes all current information from a programma
ble logic controller'S memory. 

Clock A circuit that generates timed pulses to syn
chronize the timing of computer operations. 

Clocle rate The speed at which the microprocessor 
system operates. 

Coaxial cable A transmission line constructed such 
that an outer conductor forms a cylinder around a 
central conductor. An insulating dielectric separates 
the inner and outer conductors. and the complete as
sembly is enclosed in a protective outer sheath. 
Coaxial cables are not susceptible to external electric 
and magnetic fie lds and generate no electric or mag
netic fie lds of their own. 

Code A system of communications that uses arbitrary 
groups of symbols to represent infonnation or 
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instructi.ons. Codes are usually employed for brevity 
or securI ty. -

Coil Represents the output of a programmable logic 
co~troller. In the output devices. it is the electrical 
cod thaI. when energized. changes the status of its 
corresponding contacts. 

Coil form~t A PLC screen fo rmat with function coils 
on the fight. Output and internal operational data are 
insetted into and around the coil. 

Comment Text that is included with each PLC ladder 
rung and is used to help individuals understand how 
the program Operates or how the rung interacts with 
the rest of the program. 

Communication module Allows the user to connect 
the PLC to high·speed local networks that may differ 
from the network communicati on prOVided wilh Ihe 
PLC. 

Compare An instruction that compares the contents 
of two deSignated data memor~' locations of a pro
grammable logic controller for equa lity or inequal ity. 

Compatibility The ability of various specified uni ts 10 
replace one another with lillIe or no reduction in ca
pability; the ability of units to be interconnected and 
used wi thout modificalion . 

Complementary metal-oxide semiconductor (CMOS) 
A logic base that orfers lower power consumption 
and high-speed operation. 

Computer Any electronic del'ice that can accept in
fo rmation, man ipulate it according to a set orprepro
gremmed instructions. and suppl~' the results or the 
manipulation. 

Computer integrated manufacturing (CIM) A manu
facturing system controlled by an eaSily reprogram· 
mabIe compu ter for flexibility and speed of 
changeover. 

Computer interface A dev ice designed for data com
munication between a programmable logic con
troller and a computer. 

Consumed ug References data lOat comes from an
other controller. 

Conuct The current-catrying part of an electric relay 
or switch. The contact engages to permit power flow 
and disengages to interrupt power flow to a load 
device. 

Contact bounce The uncontrollable making and 
breaking of a contact during the initial engaging or 
disengaging of the contact. 



Contact histogram An instruction sequence that mon
itors a designated memory bit or a designated input 
or output point for a change of state. A listing is gen
erated bv the instruction sequence that displays how 
quickly the monitored point is changing state. 

Contactor A special-purpose relay designed to estab
lish and interrupt the power now of high-current 
electric circuits. 

Contact symbology A set of symbols used to express 
the control program with conventional relay symbols. 

Continuous current per module The maximum cur
rent for each module. The sum of the output cunent 
for each point should not exceed this value. 

Continuous current per point The maximum curtent 
each output is designed to supply continuously to a 
load. 

Controlled variable The output variable that the auto
matic control adjusts to keep the process value at a 
set point. 

Control logic The control plan for a given system; the 
program. 

ControlNet An open, high-speed. deterministic net
work that transfers on the same network time-critical 
110 updates. controller-to-controller interlocking 
data. and non-time-critical data such as data moni
toring and program uploads and downloads. 

Control relay A relay used to control the operation of 
an event or a sequence of events. 

Core memory A type of memory system that employs 
ferrite cores to store information. Core memory oper
ates by magnetizing the ferrite core in one direction 
to represent a 1. on. or true state, and in the opposite 
direction to represent a o. off. or false state. This 
form of memory is nonvolatile. 

Counter An electromechanical device in relay-based 
control systems that counts numbers of events for 
the purpose of controlling other devices based on the 
current number of counts recorded; a programmable 
logic controller instruction thai performs the func
tions of its electromechanical counterpart. 

Cross reference In ladder diagrams, letters or numbers 
to the right of coils or functions. The letters or num
bers indicate where on other ladder lines contacts of 
the coil or function are located. 

Crossu.lk Undesired energy appearing in ODe signal 
path as a result of coupling from other signal paths or 
use of a common return line. 

Current The rate of electrical electron movement. 
measured in amperes. 

Current-carrying capacity The maximum amount of 
current a conductor can carry without heating be
yond a predetermined safe limit. 

Current sinking Refers to an output device (typically 
an NPN transistor) that allows current Oow from the 
load through the output to ground. 

Current sourcing Output device (typically a PNP tran
sistor) that allows current (low from the output 
through the load and then to ground. 

Cursor A means for indicating on the screen of a 
cathode-ray tube the point at which data entry or 
editing occurs. 

Cyde A sequence of operations repeated regularly; the 
time it takes for one such sequence to occur. 

D 
Data lnformation encoded in a digital form. which is 

stored in an assigned address of data memory for 
later use by the processor. 

Data address A location in memory where data can be 
stored. 

Data file A group of data memory words acted on as a 
group rather than singly. 

Data highway A communications network that al· 
lows devices such as PLCs to communicate. They are 
normally proprietary. which means that only like de
vices of the same brand can communicate over the 
highway. 

Data link The equipment that makes up a data com
munications network. 

Data manipulation The process of exchanging. alter
ing, or moving data within a programmable logiC 
controller or between programmable logic con
trollers. 

Data manipulation instructions A classification of 
processor instructions that alter. exchange. move. or 
otherwise modify data memory words. 

Data table The part of processor memory that con
tains input and output values as well as files where 
data are monitored. manipulated. and changed for 
control purposes. 

Data transfer The process of moving information from 
one location to another. in other words. &om register 
to register, &om device to device, and so forth. 

Data transmission line A medium for transferring sig
nals over a distance. 



Debouncing The act of removing intermediate noise 
slates £rom a mechanical switch. 

Debug The process of locati ng and removing mistakes 
£rom a software program or £rom hardware intercon
nections. 

De<:imal number system A number system that uses 
ten nwneral digits (decimal digits); o. 1. 2, 3, 4, 5, 6. 
7,8,9. Each digit position has a place value of 1. 10, 
100. 1000. and so on, beginning with the least signif
leant (rightmost) digit; base 10. 

Decrement The act of reducing the contents of a stor
age location or value in varying increments. 

DeviceNet An open communication network designed 
to connect factory-floor devices together without in
terfaci ng through an 110 system. Up to 64 intelligent 
nodes can be connected to one DeviceNet network. 

Diagnostic program A user program designed to help 
isolate hardware malfunctions in the programmable 
logic controller and the application equipment . 

Diagnostics The detection and isolation of an error or 
malfunction. 

Digital device One that processes discrete electrir: 
signals. 

Digital gate A device that analyzes the digital states of 
its inputs and outputs and an appropriate output state. 

Digital signals A system of discrete states; high or low, 
on or off. 1 or O. 

Digrtal-to-analog converter An electrical circuit that 
converts binary bits to a representat ive. continuous. 
analog signal. 

OINT Four-byte integer. 

DIP switch A group of small. in-line on-off switches. 
From dual in-line package. 

Discrete 110 A group of input andlor output modules 
that operate with onloff Signals. as contrasted to ana
log modules that operate with continuously variable 
Signals. 

Disk drive The device that writes or reads data £rom a 
magnetic disk. 

Diskette The Dat. flexible disk on which a disk drive 
WTites and reads. 

Display The image that appears on a cathode-ray tube 
screen or on other image projection systems. 

Display menu The list of displays from which the user 
selects specific information for viewing. 

DistributC!d control A method of dividing process 
control into several subsystems. A PLC oversees the 
entire operation. 

Divide A programmable logic controller instruct ion 
that performs a numerical division of one number by 
another. 

Documentation An orderly collection of recorded 
hardware and software data such as tables. listings. 
and diagrams to provide reference in formation for 
programmable logic controller application operation 
and mai ntenance. 

Double precision The system of using two addresses 
or registers to display a number too large for one 
address or register; allows the display of more sig
nificant figu res beca use twice as ma ny bits are 
used. 

Down-counter A counter that starts from a speci fied 
number and increments down 10 zero. 

Download Loading data from a master lis ti ng to a 
readout or another position in a computer system. 

Dry-contact-output module Enables a PLC's proces. 
sor to control output devices by pro\'iding a contact 
isolated electrica lly from any power source. 

E 
Edit The act of modi fyi ng a program mable logic con

troller program to eliminate mistakes andlor sim
plify or change system operat ion. 

Electrically erasable programmable read-only memory 
(EEPROM) A type of programmable read'o.nly 
memory that is programmed and erased by electrical 
pulses. 

Electrical optical isolator A device that couples input 
to output using a semiconductor light source and de
tector in the same package. 

Electromagnetic interference (EMI) A phenomenon 
responsible for noise in electric circuits. 

Element A single instruction of a relay ladder diagram 
program. 

Emergency stop relay A relay used to iohibit all elec
tric power to a control system in an emergency or 
other event requiring that the controlled hardware be 
brought to an immediate halt. 

Enable To permit a particular function or oper~t.ion to 
occur under natural or preprogrammed cODdllions. 



Endosute A steel box with a removable cover or 
hinged door used to house electric equipment. 

Encoder A rotary device that transmits position infor
mation: a device that transmits a fixed number of 
pulses for each revolution. 

Energize The physical application of power to a cir
cuit or device to activate it; the act of setting the on. 
true. or 1 state of a programmable logic controller's 
relay ladder diagram output device or instruction. 

Erasable programmable read-only memory (EPROM) 
A programmable read-only memory that can be 
erased with ultraviolet light . then reprogrammed 
with electrical pulses. 

Error signal A signal proportional to the difference be
tween the actual output and the desired output. 

Ethernet network A loca l area network designed for 
high-speed exchange of information between com
puters. programmable controllers. and other devices. 

Even parity When the sum of the number of Is in a 
binary word is always even. 

hamine if dosed (XIQ Refers to a normally open con
tact instruction in a logic ladder program. An exam
ine if dosed instruction is true if its addressed bit is 
on (1). It is raise if the bi t is off (0). 

hamine if open (XIO) Refers to a normally closed 
contact instruction in a logic ladder program. An ex
amine if open instruction is lrUe if its addressed bit 
is off {OJ. It is false if the bit is on (1). 

hdusive OR gate A logic device requiring one or the 
other, but not both. of its inputs to be satisfied before 
activating its output. 

hecution The performance of a specific operation 
accomplished through processing one instruction. a 
series of instructions. or a complete program. 

hetution time The total time required for the execu
tion of one specific operation. 

F 
hlse As related to progra.mmable logic controller 

instructions. a disabling logic state. 

Fault Any malfunction thai interferes with normal 
operation. 

Fault indicator A diagnostic aid that provides a visual 
indication and/or an internal processor softwan in
dication that a fault is present in the system. 

fault-routine file A special subroutine that. if as
signed. executes when the processor bas a ma jor 
lault. 

feed"'ck In analog systems. a correcting signal re
ceived from the output or an output monitor. The 
correcting signal is fed to the controller for process 
correction. 

Fieldbus An open. all-digital. serial. two-way commu
nications system that Interconnects measurement 
and control equipment such as sensors. actuators. 
and controllers. 

File It. formatted block of data treated as a unit. 

fixed 110 Input /output terminals on a programma
ble logic controller that are built into the uni t and 
are not changeable. A fixed 110 PLC has no remov
able modu les. 

floating-point data file Used to store integers and 
other numerical values that cannot be stored in an 
integer fil e. 

Floppy disk A recording disk used with a computer 
disk drive for recording dala. The disk is typically 
l IS in. with a 1,44 MB capacity. 

Flowchart A graphical representation lor the defini
tion. anal~'s is. or solution of a problem. Symbols are 
used to represent a process or sequence of decisions 
and events. 

Force function A mode of operation or instruction 
that allows an operator to override the processor to 
control the state of a device. 

forc.e off function A feature that al lows the user to re
set an input image table fi le bit or de-energize an out
put independently of the programmable logic con
troller program. 

Forc.e on function A feature that allows the user to set 
an image table file bit or energize an output inde
pendently of the programmable logic controller 
program. 

full duplex A mode of data communications in which 
data may be transmitted and received simultane
ously. 

Functional block instruction set A set of instructions 
that moves. transfers, compaNs. or sequences blocks 
of data. 

function keys Keys on a personal computer. elec
tronic operator device. or handheld programmer 
keyboard that aN labeled F1 . F2 , and so on. The op
eration of each of these keys is defined on many elec
tronic operator interface devices. 



G 
Gate A circuit having two or more input tenninals and 

one output tenninal . where an output is present when 
and only when the prescribed inputs are present. 

GET inst ruction A programmable logic controller in
struction that fe lches the contents of a specified dala 
memory word. GET instructions are often used to 
fetch data prior to mathematical and data manipula
tion instructions. 

Glitch A voltage or CUfTent spike of short duration thai 
adversely affects the operation of a PLC. 

Gray ~~e A binary coding scheme that allows only 
1 bit In the data word to change slale at each incre
ment of the code sequence. 

Gray-encoder module COn \-erls the Gray-code signal 
from an input devi ce into straight binary. 

Gro und A conducti ng connection between an electric 
circui l or equ ipment chassis and the earth ground . 

High·level language A powerful set of user-oriented 
~nstructio~s in ~hich each statement may translate 
IOt.O a series of IOStructions or subroutines in rna
chlOe language. 

High-speed counter encoder module A module that 
enables you to count and encode faster than you 
~ou ld .with a regu lar control program written on a PLC 
In which the control program ·s execution is too slow. 

High = tru~ ~ signaitype in which the higher of two 
voltages IOdlcates a logic state of on (1 J. 

Histogra.'" A graphic representation of the frequenc\' 
at which an event occurs. . 

Host computer A mai n computer that controls other 
computers, PLes, or computer peripherals. 

Huma n-mach!ne in~erlace (HMI) Graphical display 
hardware In which machine status. alarms. mes
sages, d iagnostics, and data entr" are available to the 
operator in graphical display fo~mat. 

Gro und potential Zero voltage potential with respect I 
to the ground . 

H 
Half duplex A mode of data transmission that com

municates in two directions but in only one direc
tion at a time. 

Ha ndshaking The method by which two digi tal ma
ch ines establish communication. 

Hard conucts Any type of physical switch contacts. 

Hard copy Any form of a printed document such as a 
ladder diagram program listing, paper tape, or 
punched cards. 

Hard d rive An inflexible record ing disk used as a 
computer disk drive. 

Hardwa re The mechanical. electric, and electronic 
devices that make up a programmable logic con
troller and its application . 

Hardwired The physical interconnection of electric 
and electronic components with wire. 

Hexadecima l A number system baving a base of 16. 
Th is numbering system requires 16 elements for rep
resentation, and thus uses the decimal d igits zero (0) 
through nine (9) and the first six letters of the alpha
bet, A through F. 
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Image uble An area in programmable logic controller 
memory dedicated to input/output data. Ones and ze
ros (15 and Os) represent on and off conditions. respec
ti vely. Duri ng every input /output scan , each input 
controls a bi t in the input image table fi le: each output 
is controlled by a bit in the output image table file. 

Imme diate input instruction A program mable logic 
controller instruction that temporarily halts the user 
program scan so that the processor can update the in
put image table 6le with the current status of one or 
more user-specified input poi nts. 

Immediate output instruction A programmable logic 
controller instruction that temporarily ha lts the 
user program scan so that the current status of one 
or more user-speci fied output points can be up
dated to current output image table file status by the 
processor. 

Impedance The total resistive and inductive opposi
tion that an electric ci rcuit or device offers to a 
varying CUfTe nt at a specifi ed frequency. Imped
ance is measured in ohms (0) and is denoted by the 
symbol Z. 

Increment The act of increasing the contents of a stor
age location or value in varying amounts. 

Inductance A circuit property that opposes any cur
rent change. Inductance is measured in henrys and is 
represented by the letter H. 



Industrial tenninal The device used to enter and mono 
itor the program in a PLC. 

Input lnfonnation transmitted from a peripheral de
vice to the input modu le and then to the data table. 

Input devices Devices such as limit switches. pressure 
switches. pushbuttons. a.nd analog andlor digital de· 
\'ices that supply data to a programmable logic con· 
troller. 

Input/output (110) address A unique number as· 
signed to each input and output. The address num· 
ber is used when programming. monitoring. or mod· 
ifying a specific input or output. 

Input/output (110) module A plug·in assembly that 
contains more than one input or output circuit. A 
module usuallv contains two or more identical cir· 
cuits. NormalJ;·. it contains 2. 4. 8, or 16 circuits. 

Input/output (1 /0) scan time The time required for 
the processor to monitor inputs and control outputs. 

Input/output (110) update The conti nuous process of 
revising each and every bit in the input and output 
tables. based on the latest results from reading the in
puts and processing the outputs according to the 
control program. 

Input scan One of three parts of the PLC scan. During 
the input scan, input terminals are read and the in· 
put table is updated accordingly. 

Instruction A command that causes a programmable 
logic controller to perform one specific operation. 
Tbe user enlers a combination of instructions into 
the programmable logic controller's memory to form 
a unique application program. 

Instruction set The set of general-purpose instruc. 
tions available with a given controller. In general. 
different machines have different instruclion sets. 

INT 1\vo·byte integer. 

Integer A positive or negative whole number. 

Integrated ~n:uit (10 A circuit in which all compo
nents are IOtegrated on a single tiDy silicon chip. 

Intelligent field devices Microprocessor-based de
vices used to provide process-variable, performance, 
and diagnostic information to the PLC processor. 
These devices are able to execute their assigned can. 
trol functions with little interaction. except commu. 
nications. with their host processor. 

Intelligent input/output module A microprocessor' 
based moduJe that performs processing or sophisti. 
cated c1osed·loop application functions. 

Interface A circuit that permits communication be
tween the central processing unit and a field input or 
output device. Different devices require different 
interfaces. 

Interlock A system for preventing one element or de
vice from twning on while another device is on. 

Internal coil instruction A relay coil instruction used 
for internal storage or buffering of an on/off logic 
state. An internal coil instruction differs from an oul· 
put coil instruction because the onloff status of the 
internal coil is not passed to the input/output hard· 
ware for control of a field device. 

Inversion Conversion of a high level to a low level. or 
vice versa. 

Inverter The digital circuit that performs in\'ersion . 

VO group A logically addressed unit consisting of 16 
input points and 16 output points. Eight 110 groups 
make up one rack. 

IP address A specified Internet protocol address for 
every Ethernet device that is unique and is aSSigned 
by the manufacturer. 

Isolated input module A module that receives dry 
contacts as inputs, which the processor can recog· 
nize and change into two-state digital Signals. 

Isolated input/output (I /O) circuits Input and output 
circuits that are electrically isolated from any and all 
other circuits of a modu le. Isolated input/output cir
cuits are designed to allow field devices thaI are 
powered from different sources to be connected 10 

one module. 

J 
Jumper A short length of conduit used to make a oon

nection between terminals around a break in a circuit. 

Jump instruction An instruction that pemtits the by
passing of selected portions of the user program. 
Jump instructions are conditional wbenever their 
operation is determined by a set of preconditions 
and unconditional whenever they are executed to 
occur every time they are programmed. 

K 
K 210

,. lK ... 1024; used 10 denote size of memory and 
can be expressed in bits. bytes. or words; example: 
2K .. 2048. 
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k Kilo: a prefix used with units of measurement to 
designate quantities 1000 times as great. 

Keyboard The alphanumeric keypad on which the 
user types instructions to the PLC. 

Keying Bands installed on backplane connectors to 
ensure that only one type of module can be inserted 
into a keyed connector. 

L 
Label instruction A programmable logic controller in

struction that assigns an alphanumeric designation 
to a part icular location in a program. This location is 
used as the target of a jump. skip. or jump to subrou· 
tine instruct ion. 

Ladder diagram An industry standard for represent· 
ing relay logic control system s. The diagram resem
bles a ladder because the vertical supports of the 
ladder appear as power feed and return buses and 
the horizontal rungs of the ladder appear as series 
andlor para llel ci rcui ts connected across the power 
lines. 

Ladder d iagram programming A method of writing a 
user program in a format similar to a relay ladder 
diagram. 

Ladder matrix A rectangu lar array of programmed 
contacts that defines the number of contacts that can 
be programmed across a row and the number of par
allel branches allowed in a single ladder rung. 

Language A set of symbols and ru les for representing 
and communicating information among people or 
between people and machines; the method used to 
instruct a programmable device to perform various 
operations: examp les include Boolean and ladder 
contact symbology. 

language module Enables the user to write programs 
in a high-level language. BASIC is the most popular 
language module. Other language modules avai lable 
include C. Forth. and PASCAL. 

Latching relay A relay that maintains a given position 
by mecbanical or electrical means until released me
chanically or electrically. 

latch instruction One·half of an instruction pair (the 
second instruction of the pair being the un latch in
struction) that emulates the latching action of a 
latching relay. The latch instruction fo r a program
mable logic controller energizes a specified output 
point or internal coil until it is de-energized by a cor
responding unlatch instruction. 

Glossary 

Leakage The small amount of current that flows in a 
semiconductor device when it is in the off state. 

Least significant bit (lSa) The bit that represents the 
smallest value in a byte or word. 

Least significant digit (LSD) The digi t that represents 
the smallest value in a byte or word. 

Light-emftting diode (LED) A semiconductor junction 
that emits light when biased in the forward direction. 

Light-emitting diode (LEO) display A displa~' device 
incorporating light·emitting diodes to fo rm the seg· 
ments of the displayed characters and numbers. 

Limit switch An electric switch actuated b~· some part 
andlor motion of a machine or equipment. 

Line A component part of a system used to link \'ari · 
ous subsystems located remo tel ~' from the processor: 
the source of power for operation: exam ple: 120 Val· 
ternating current line. 

Line-powered sensor Normal",. th ree-w ire sensors. 
although four· wire sensors ·also exist. The line· 
powered sensor is powered from the power supply. 
A separate wire (the third ) is used for the outpul line. 

liquid-crystal d isplay (LCD) A display de\'ice using re· 
fl ected light from liquid cr~'st a l s to form the seg· 
ments of the d isplayed characters and numbers. 

l oad The power used by a machine or apparatus: 10 

place data into an internal register under program 
control; to place a program from an externa l storage 
device into centra l memory under operator control. 

Load-powered senso r "two·wire sensor. A small 
leakage current flows through the sensor e\'en when 
the output is off. The current is requ ired to operate 
the sensor electronics. 

load resistor A resistor connected in parallel with a 
high·impedance load so that the output circuit drh'
ing the load can provide at least the mini mum cur· 
rent required for proper operation. 

Local area network (LAN) A system of hardware and 
software designed to allow a group of intelligent de· 
vices to communicate within a fairly close proximity. 

local input/output 0 /0) A programmable logic con
troller whose inputfoutput distance is pbysicall y 
limited. The PLC must be located near the process; 
however. the PLC may still be mounted in a separate 
enclosure. 

local power supply The power supply used to pro
vide power to the processor and a limited number of 
local input/output modules. 

-



~tton In reference to memory. I storage position or 
regis ter identified by a unique address. 

Logi< A process of solving complex problems through 
the repeated use of simple fun ctions that can be ai· 
thl;lr true or false. The three basic logic functions are 
.... ND. OR. and NOT. 

logic diagram A diagram that represents the logic 
elements and their interconnections. 

Logic level The vohage magnitude associated with 
Signal pulses representing 1s and Os in binary com· 
putation. 

Loop control .... control of a process or machine that 
uses feedback. An output status indicator modifies 
the input signal effect on the process control. 

loop resistance The total resistance of two conduc· 
tors measured at one end (conductor and shield. 
twisted pair. conductor and armor). 

Low A state of being off. o. or false. 

Low = true A Signal type in which the lower of two 
vohages indicates a logic state of on (11. 

M 
Machine language A programmable language using 

the binary form. 

Magnetic disk A Ilat . circu lar plate with a magnetic 
surface on which data can be stored by selective 
polarization. 

Magnetic tape Tape made of plastic and coated with 
magnetic material; used to store infonnation. 

Malfunction Any incorrect function within elec
tronic. electric. or mechanical hardware. 

Manipulation The process of controlling and monitor· 
ing data table bits. bytes. or words by means of the 
user program to vary application functions . 

Manufacturing automation protocol (MAP) Standard 
developed to make industrial devices cornmwlicate 
more easily. 

Masking. A means of selectively screening out data. 
Masking allows unused bits in II specific instruction 
to be used independently. 

Mass storage A means of storing large amounts of 
data on magnetic tape. Ooppy disks, and $0 on. 

Master control relay (MCR) A mandatory hardwired 
relay that can be de-energized by any series-connected 
emergency stop switch. Whenever the master control 
relay is de-energized. its contacts open to de-energize 
al l application input and output devices. 

Master control relay (MCR) zones User program areas 
in which all nonretentive outputs can be turned off 
simultaneously. Each master control relay zone must 
be delimited and controlled by master control relay 
fence codes (master control relay instructions). 

Matrix A logic network that is an intersection of input 
and output connection points. 

Memory That part of the programmable logic con
troller in which data and instructions an stored ei· 
ther temporarily or semi permanently. The control 
program is stored in memory. 

Memory map A diagram showing a system's memory 
addresses and what programs and data are assigned 
to each section of memory. 

Memory protect A hardware circuit incorporated into 
PLC systems to protect user programs; generally. a 
keyswitch mechanism. 

Menu A list of programming selections displayed on a 
programming tenninal . 

Metal-oxide semiconductor (MOS) A semiconductor 
device in which an electric field controls the con· 
ductance of a channel under a metal electrode called 
agate. 

Metal oxide varistor (MOV) Used for suppressing 
electrical power surges. 

Microprocessor A central processing unit manufac
tured on a single integrated-circuit chip (or several 
chips) by utilizing large·scale integration tecbnology. 

Microsecond One millionth of II second = 1 x 10- & 
second .. 0.000001 second. 

Millisecond One thousandth of a second 
second = 0.001 second. 

Mnemonic A term. usually an abbreviation. that is 
easy to remember and pronounce. 

Mnemonic: code A code in wbich information is rep
resented by symbols or characters. 

Mode A term used to refer to the selected operating 
method. such as automatic. manual. TEST. PRO· 
GRAM. or diagnostic. 

Module An interchangeable. plug·in item containing 
electronic components. 



Module addressing A method of identifying the 
inputfo utput modules installed in a chassis. 

Module group TWo or more modules that. as a group. 
perform a specifi c function or operation or are 
thought of as a si ngle lUlit. 

Monitor Any display device incorporating a cathode
ray tube as the primary display medium: the act of 
listening to or observing the operation of a system or 
device. 

Most significant bit (MSB) The bit representing the 
greatest value of a byte or word . 

Most significant digit (MSD) The digit representing 
the greatest value of a byte or word . 

Motor controller or starter A device or group of de
vices that serve to govern , in a predetermined man
ner, the electric power delivered to a motor. 

Motor starter A specia l rel ay designed to provide 
power to motors; it has both a contaclor relay and an 
overload relay connected in series and prewi red 
so Ihat , if the overload operates, the contact or is 
de-energized. 

Move instruction A program mable logic conlroller in
struction thaI moves data from one location to an
other. Although a mo\'e instruct ion typically places 
the data in a new location. the original data sti ll re
sides in its original location. 

Multiplexing The time-shared scanning of a number 
of data lines into a single channel. and only one data 
line is enabled at any lime: Ihe incorporation of two 
or more signals into a single wave from which the in
dividual signals can be recovered. 

Multiply instruction A programmable logic controller 
instruction that provides for the mathematical multi
plication of two numbers. 

Multiprocessing A method of applying more than one 
microprocessor to a specific function to speed up op
eration time and reduce the possibility of system 
failure . 

N 
National Electrical Code (NEe) A set of regulations de

veloped by the National Fire Protection Association 
that govern the construction and installation of elec
tric wiring and electric devices. The Nalional Elec
trical Code is recognized by many governmental 
bodies, and compliance is mandatory in much of the 
United States. 

National Electrical Manufacturers Association (NEMA) 
An organization of electric device and prod uct man
ufacturers. The National Electrical Manu fac turers 
Association issues standards relating to the design 
and construction of electric devices and products. 

NEMA "TYpe 12 enclosure A category of induslrial en
closures intended for indoor use and designed to 
provide a degree of proteclion aga inst dusl. falling 
d irt. and dripping noncorrosive liqUi ds. They do not 
provide protection against conditions such as inter
nal condensat ion. 

Nested branches A branch that begins or ends withi n 
another branch. 

Network A series of sta tions or dedces connected b\' 
some type of commu nications medium. -

Node In hardware. a connection point on the network: 
in programming. the smallest possible increment in 
a ladder diagra m. 

Noise Random. unwanted electric signals, normally 
caused by radio waves or electric or magnetic fie lds 
generated by one conductor and picked up by another. 

Noise filter or noise suppressor An elect ronic fil ler 
network used to reduce andlor eli minale an\' noise 
that may be present on the leads 10 an el~lr ic or 
electronic device. 

Noise immunity A measure of insensili \·ity of an elec
tronic system to noise. 

Noise spike A short burst of electric noise with more 
magnit ude than the background noise level. 

Nonretentive output An output controlled conti nu
ously by a program rung. Whenever the rung changes 
state (true or fa lse), the output turns on or off: con
trasted with a retentive output. which remains in ils 
last state (on or off) depending on which of its two 
rungs, latch or unlatch. was last true. 

Nonvolatile memory A memory designed to retain ils 
data whi le its power supply is turned off. 

NOR The logic gate that results in zero unless both in
puts are zero. 

Normally closed (ontilct (Ne) A contact that is con
ductive when ils operating coil is not energized . 

Normally open contact (NO) A contact that is noncon
ductive when its operating coil is not energized. 

NOT A logical operation that yields a logic 1 at Ihe 
output if a logic 0 is entered at the input. an~ a 
logic 0 at the output if a logiC 1 is entered at the 10-

put. The NOT, also called the inverip.r. is nor~ally 
used in conjunction with the AND and OR funcllons. 



o 
Octal number system A base eight numbering system 

tha t u ses numbers 0-7,10-17.20-27, and so on. 
There are no 85 or 95 in the oclal number system. 

Odd parity Condit ion when the sum of the number of 
Is in a binary word is always odd. 

Off-delay timer An electromechanical re lay with con
tacts that change state a predetermined time period af· 
ler power is removed from its coil: on re-energization 
of the coil. the conlacts return to their shelf slate 
immediately: also. a programmable logic controller 
inslruction thaI emulates the operation of the electro
mechanical off-delay re lay. 

Offline Equipment or devices that are 001 connected 
10 or do not directl~' communicate with the central 
processing unit. 

Offline programming and/or offline ~iting A method 
of programmable logic controller programming 
andlor editing in which the operation of the proces
sor is stopped and all output devices are swilched off. 
Offline programming is the safest way to develop or 
edit a programmable logic controller program since 
the entry of instructions does not arrect operating 
hardware until the program can be veri6ed for 
aCCUIac~' of entry. 

On-delay timer An electromechanical relay with con
tacts that change state a predetermined time period 
after the coil is energized: the contacts return to their 
shelf state immediately on de·energization of the 
coil; also. a programmable logic controller instruc· 
tion that emulates tbe operation of the electro· 
mechanical on·delay timer. 

One-shot A programmed technique that sets a storage 
bit or output for only one program scan. 

Online Equipment or devices that communicate with 
the device they are connected 10. 

Online data change Allows the user to change various 
data table values using a peripheral device while the 
application is operating normally. 

Online progt'almming andlor online editing The ability 
of a processor and programming lenninal to make 
joint user-directed additions, deletions, or changes 
10 a user program while the processor is actively 
solviog and executing the commands of the existing 
user program. Extreme care should be exercised 
when perfonning online programming to ensure that 
erroneous syslem operation does Dot result. 

Open system A system in which the user has inter· 
changeability and connectivity choices from differ
ent vendors. 

Operand A number used in an arithmelic operation as 
an input. 

Operating system The fundamental software for a 
system that defines how it will store and transmit 
information. 

Operational amplifier (o~amp) A high.gain dc am· 
plifier used to increase signal strength for devices 
such as analog input modules. 

Optical (oupler A device that couples signals from 
one circuit to another by means of electromagnetic 
rad iation , usua lly infrared or visible. A typical opti. 
cal coupler uses a light-emitting diode to convert the 
electric signal of the primary circuil inlo lighl and 
uses a phototransistor in the secondary circuit 10 reo 
convert the light back into an electric signal : some· 
limes referred 10 as opticol isolation. 

Optical isolation Electrical separation of two circuits 
with the use of an optical coupler. 

OR A logical operation that yields a logic 1 output if 
one of any number of inputs is 1 . and a logic 0 if all 
inputs are O. 

Output Lnformation sent from the prO(:essor to a con
nected device via some interface. The infonnation 
could be in the form of control data that will signal 
some device such as a motor to switcb on or off or to 
vary the speed of a drive. 

Output device Any connected equipment that will 
receive information or instructions from the cen· 
tral processing unit. such as control devices (e.g .. 
motors. solenoids, alarms) or peripberal devices 
(e.g .. line printers, disk drives, disp lays). Each type 
of output device has a unique interface to the 
prO(:essor. 

Output image table file A portion of a processor's 
data memory reserved for the storage of output de
vice statuses. A 1. on, or true state in an output im· 
age table file storage location is used to switch on the 
corresponding output point. 

Output instruction The term applied to any program. 
mabie logic controller instruction capable of control
ling the discrete or analog stalus of an output device 
connected to the programmable IOSic controller. 

Output register or output word A particular word in 
a processor's output image table file io which nu
merical data are placed for bansmissioo to a field 
oUlput device. 

Output scan One of three parts of the PLC scan. Dur
ing the output scan, data associated with the output 
status table are transferred to the output terminals. 
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Overflow Exceeding the numerical capacity of a de
vice such as a timer or counter. The overflow can be 
either a positive or negative value. 

Overload A load greater than the one that a compo
nent or system is designed to handle. 

Overload relay A specia l-purpose relay designed so 
that its contacts transfer whenever its current e;l(
ceeds a predetermined value. Overload relays are 
used with electric motors to prevent motor burnout 
due to mechanical overload. 

p 

Parallel circuit A ci rcuit in which two or more of the 
connected components or contact symbols in a lad
der program are connected to the same pair of termi· 
nals so that current may flow through all the 
branches: contrasted with a series connect ion. in 
which the parts are connected end to end so that cUf' 
rent flow has only one path. 

Parallel instruction A programmable logic controller 
instruction used to begi n andlor end a parallel 
branch of instructions programmed on a program
ming terminal. 

Parallel operation A type of information transfer in 
which all bits, byles. or words are handled si multa
neously. 

Parallel transmission A computer operation in wh ich 
two or more bits of information are transmitted 
simultaneously. 

Parity The use of a self-checking code that employs bi
nary digi ts in which the total number of 1s is always 
even or odd. 

PC Personal computer. 

Peripheral equipment Units that commWlicate with 
the programmable logic controller but are not part of 
the programmable logic controller: example: a pro
gramming device or computer. 

PlD Proportional-integral-derivative closed-loop con
trol that lets the user hold a process variable at a de
sired set point. 

Pilot-type device Used in a circuit as a control appa
ratus to carry electric signals for directing perform
ance. This device does not carry primary current. 

PLC procenor A computer designed specifically for 
programmable controllers. 11 supervises the action of 
the modules attached to it. 
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Polarity The directional indication of electrical fl ow 
i~ a circuit: the indication of charge as either posi
tIVe or negative, or the indication of a magnet ic pole 
as either north or south. 

Port A connector or terminal strip used to access a 
system or circu it. Generally. ports are used for the 
con nection of peripheral equipment. 

Positive logic The use of binary logic in such a wav 
that 1 represents a positive logic level le.g .. 1 '"' +5 V. 
0 " 0 V). This is the conventional use of binary logic. 

Power supply A device used to convert an alternating 
current or direct current voltage of specific value to 
one or more direct current voltages of a specified 
value and current capacity. The power supplies de
signed for use with programmable logic controllers 
convert 120 or 240 V alternating current to the direct 
current voltages necessary to operate the processor 
and inpu t lout put hardware. 

Preset value (PRE) The number of time inten'als or 
events to be counted. 

Pressure swit<h A swi tch activated at a specified 
pressure. 

Printed <ircuit board A glass-epo;l(Y card with copper 
foi ls for electric conductors and electronic compo
nents. 

Process A continuous manu facturing operat ion. 

Program A sequence of instructions to be e;l(c<:uted by 
the processor to control a machine or process. 

Progrilm files The area of processor memory in which 
the ladder logic programming is stored . 

Progrilmma ble controller A computer that has been 
hardened to work in an industrial environment and 
is equi pped with special 110 and a control program
ming language. 

programmable read-only memory (PROM) 1\ reten
tive memory used to store data. This type of memory 
device can be programmed on ly once and can not be 
altered afterward. 

Programming terminal Also known as a programmer: 
a combination of keyboard and CRT used to insert. 
modify. and observe programs stored in a PLC. 

Program $GiIn One of three parts of the PLC scan. Dur
ing the program scan. the CPU scans each rung of the 
user program. 

Project file Contains all data associated wi~ th~ PU:: 
project. A project is comprised of five major pieces. 
help folder, controller folder, ladder folder. data 
folder, and data base folder. 



proportional-integrill-derivative (PlO) A mathemati
cal fonnula that provides a closed-loop control of a 
process. Inputs and outputs are continuously vari· 
able and t~' p i call y will be analog signals. 

Protocol A formal definition of criteria for receiving 
and transmitting data through communications 
channels. 

Proximity switch An input device that senses 
the presence or absence of a target without pbysical 
contact. 

PtJlse A short change in the value of a voltage or cur
rent level. A pulse has a definit e rise and (all time 
and a finite duration. 

PUT instruction A programmable logic controller 
instruction that places the data retrieved by a GET 
instruction in a data memory location specified as 
par1 of the PUT instruction. 

R 
Rack A housing or framework used to hold assem

blies: a plastic andlor metal assembly that supports 
inpulfoutput modules and provides a means of su p
pl~' i ng power and signals to each inpulfoutput mod· 
ule or card. 

Rack fault A red diagnostiC indicator that lights to sig
na l a loss of com munication between the processor 
and an~' remote inputloutput chassis: the condition 
based on the loss of communication. 

Random-access memory (RAM) A memory system 
thai penn its the random accessing of any storage lo
cation fo r the purpose of either storing (writing) or 
retrie\'ing (reading) information. Random-access 
memory systems allow the data to be retrieved and 
stored at speeds independent of the storage locations 
being accessed. 

Read The accessing of information from a memory 
system or data storage device: the gathering of infor
mation from an input device or devices or a periph
eral device. 

Read-only memory (ROM) A permanent memory 
structure in which data are placed at time of fabrica
tion or by the user at a speed much slower than it 
will be read. Information entered in a read-only 
memory is usually not changed once it is entered. 

Read/write memory Memory in which data cao be 
stored (write mode) or accessed (read mode). The 
write mode replaces previously stored data with cur
rent data: the read mode does not alter stored data. 

Real-time clock (RTC) A device that continually mea
sures time in a system without respect to what tasks 
the system is performing. 

Rectifier A solid-state device that converts alternating 
current to pulsed direct current. 

Register A memory word or area for the temporary 
storage of data used within mathematical . logical. or 
transfer functions. 

Relay An electrically operated device that mecbani
cal ly switches electric circui ts. 

Relay contacts The contacts of a relay that are either 
opened or closed according to the condition of the 
relay coil . Relay contacts are designated as either 
normally open or normally closed in design. 

Relay logic A representation of the program or other 
logiC in a fo rm normally used for relays. 

Remote input/output (1/0) system Any input/output 
system that permits communication between the 
processor and input /output hardware over a coaxial 
or twin axia l cable. Remote input/output systems 
permit the placement of inputloutput hardware at 
any distance fro m the processor. 

Report An application data display or printout con· 
taining information in a user-designed formal. Re· 
ports can include operator messages, part records . 
and production lists. Initially entered as messages. 
reports are stored in a memory area separate from the 
user program. 

Report generation The printing or displaying of user
formatted application data by means of a data termi
nal. Report generation can be initiated by means of 
either a user program or a data terminal keyboard. 

Resolution The smallest distinguishable increment 
into which a quantity is divided. 

Response time The amount of time required for a de
vice to react to a change in its input signal or to a 
request. 

Retentive Inltruct~n Any programmable logiC con
troller instruction that does not need to be continu
ously controlled for operation. Loss of power to the 
instruction does not halt execution or operation of 
the instruction. 

Retentive timer An electromechanical relay that ac
cumulates time wbenever the device receives power 
and maintains the current time should power be re
moved from the device. Loss of power to the device 
after reaching its preset value does not affect the 
state of the contacll. 
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Retentive timer instruction A programmable logic 
controller instruction that emulates the liming oper
ation of the electromechanical retentive timer. 

Retentive timer reset instruction A programmable 
logic controller instruction that emulates the reset 
operation of the electromechanical retentive timer. 

Routine A series of instructions that perfonn a spe
cific function or task. 

RS-232 An Electronic Industries Association tElA) 
standard for data transfer and communication for se
rial binary communication circuits. 

Run The single, continuous execution of a program by 
a programmable logic controller. 

Rung A group of programmable logic controller in
structions that controls an output or storage bit , or 
performs other control functions such as file moves, 
arithmetic. andlor sequencer instructions. A rung is 
represented as one section of a ladder logic diagram . 

s 
SCADA An acronym for su pervisory control and data 

acquisition. 

Scan time The time required to read all inputs, execute 
the control program. and update local and remote in
put and output statuses. Scan time is. in effect. the 
lime required to activate an output controlled by pro
grammed logiC. 

Schematic A diagram of graphic symbols representing 
the electrical scheme of a circuit. 

Screen The viewing surface of a cathode-ray tube. 
where data is displayed. 

Search function Allows the user to display quickly 
any instruction in the programmable logic controller 
program. 

Self-diagnostic The hardware and firmware within a 
controller that monitors its own operation and indi
cales any fauJt it can detect. 

Sensor A device used to gather infonnation by the con
version of a physical OCCUlTence to an electric signal. 

Sequencer A mecbanical, electric. or electronic de
vice that can be programmed so that a predetermined 
set of events occurs repeatedJy. 

Sequence table A table or cbart indicating the se
quence of operation of output devices. 
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Sequential control A process that dictates the correct 
order of events and allows one event to occur on ly 
after the completion of another. 

Serial communication A type of information transfer 
in which the bits are handled sequentially: con
trasted with parallel communication. 

Series circuit A circuit in which the components or 
contact symbols are connected end to end. and all 
musl be closed to permit current flow. 

Servo module The device whose feedback is used to 
accomplish closed-loop control. Though pro
grammed through a PLC. once programmed it can 
control a device independently without interfering 
with the PLC's normal operation. 

Set point The value that the process value is to be 
held to by the automatic control function . 

Shield A banier. usually conducth'e. that substantially 
reduces the effect of electric andlor magnetic fields . 

Shift To move binary data within a shift register or 
other storage device. 

Shift register A PLC function capable of storing and 
shifting binary data . 

Short circoit An undesirable path of \'ery low resist
ance in a ci rcuit between two pOints. 

Short-<ircuit protection An\' fu se. circuil breaker. or 
electronic hardware used to protect a ci rcuit or 
device from severe overcurrent conditions or short 
circuits. 

Signal The event or electrical quantity that COO\'e~'s 
information from one pOint to another. 

Significant digit A digit that contributes to the preci
sion of a number. The number of significant digits is 
counted beginning with the d igit contributing the 
most value, called the most significant digit (left
most). and ending with the digit contributing the 
least value, called the least Significant digit (right
most). 

Silicon-<ontrolled rectifier (SCR) A semiconductor de
vice that functions as an electronic switch. 

Single-scan function A supervisory instruction that 
causes the control program to be executed for one 
scan, including input/output update. -:his lr?u
blesbooting function allows step-by,slep IOspectlon 
of occurrences while the machine is stopped. 

Sink mode output A mode of operation of solid-state 
devices in whicb the device controls the current 



from the load. For example. when the output is ener
gized. it connects the loed to the negative polarity of 
the supply. 

Snubber A circuit generally used to suppress induc
ti ve loeds: it consists of a resistor in series with a ca
pacitor (RC snubber) and/or a MOV placed across the 
alternating current load. 

Software Programs that control the processing of data 
in a svstem. as contrasted to the physical equipment 
itself ·( hardware). 

Solid state Am' circuit or component that uses semi
conductors o~ semiconductor technology for opera
tion. 

Solid-state switch Any electronic device incorporat
ing a transis tor. silicon-controlled rectifier, or triode 
alternating current sem iconductor switch to control 
the on/off flow of electric power. 

Soul'(e mode output A mode of operation of solid
state output devices in which the device controls the 
current to the load. For example. when the output is 
energized. it connects the load to the positive polar
ity of Ihe suppl ~·. 

State The logic 0 or 1 condition in programmable logic 
controller memory or at a circuit input or output. 

Station Any programmable logic controller. com
puter. or data terminal connected to. and communi
cating by means of. a data highway. 

StatLlS The operating condition of a device. usually on 
or off. 

Stepper-motor module Provides pulse trains to a 
stepper'motor translator that enables control of a 
stepper motor. 

STl An acronym for selectable time interrupt, a sub
routine that executes on a time basis rather than an 
event basis. 

Storaoge bit A bit in a data table word that can be set or 
reset but that is not associated with a physical input 
or output terminal point. 

Subroutines Program 61es that are scanned only when 
called on by logic and can be used to break the pro
gram into smaller segments. 

Subtract A programmable logic controller instruction 
that performs the mathematical subtraction of one 
number from another. 

SUpptHston device A unit that attenuates the magni
tude of electrical noise. 

Surge A transient wave of current or power. 

Synchronous shift register A shift regis ter in whicb 
only one change of state occurs per control pulse. 

Synchronous traonsmission A type of serial transmis
sion that maintains a constant time interval between 
successive events. 

Syntax Rules governing the structure of a language. 

System A set of one or more programmable logic con
trollers. input/output devices and modu les, and 
computers. with associated software. peripherals. 
terminals, and communication networks. that 10' 

gether provide a means of performing information 
processing for controlling machines or processes, 

T 
Tags Used by the Allen-Bradley ConttolLogix con

troller 10 identify memory locations in the controller 
at which data are stored . 

Tasks A means of scheduling and providing priority 
for execution of progTams or a group of programs in 
an Allen-Bradley ControlLogix controller. 

Terminal aoddress The alphanumeric address assigned 
to a particular input or output point. It is also related 
directly to a speci6c image table bit address. 

Thermocouple A temperature-measuring device thai 
utilizes two dissimilar metals for temperature mea· 
surement . As the junction of the two dissimilar met· 
als is heated . a proportiona l voltage difference. 
which can be measured. is generated. 

Thumbwheel switch A rotating switch used to inpul 
numeric information into a controller. 

Time ~ A unit of time generated by a microproces
sor's clock cin:uit and used by PLC timer instructions. 
1)rpical time bases are 0.01. 0.1, and 1.0 second. 

Timed contaoct A normally open andlor normally 
closed contact that is actuated at the end of a timer's 
time-delay period. 

Timer In relay-panel hardware. an electromechanical 
device that can be wired and preset to control the op
erating interval of other devices, In a programmable 
logic controller. a timer is internal to the processor: 
that is, it Is controlled by a user-programmed 
instruction. 

Toggle switch A panel-mounted switch with an ex
teoded lever: normally used for on/off SWitching. 
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Tolten The logical right to in itiate communications in 
a communication network. 

Token pasSing A technique in which tokens are circu
lated among nodes in a communication network. 

TOpology The structure of a communications net
work: examples are bus. ring. and star. 

Transducer A device used to convert physical param
eters such as temperature. pressure. and weight into 
electric signals. 

Transformer An electric device that converts a cir
cuil's electrical energy into a circuit or circu its with 
different voltages and current ralings. 

Transistor A three-term inal active semiconductor de
vice composed of silicon or germanium that is capa
ble of switch ing or amplifying an electric current. 

Transistor-transistor logic (TTl) A semiconductor 
logic family in which the basic logic element is a 
multiple·emitter transistor. This family of devices 
is characterized by high speed and medium power 
dissipation. 

Transitional contact A contact that. dependi ng on 
how it is programmed, wi ll be on for one program 
scan ever\' 0 to 1 transition . or everv 1 to 0 transition 
of the referenced coil. . 

Transmission line A system of one or more electric 
conductors used to transmit electric signals or power 
from one place to another. 

Triac A solid-state component ca pable of switching al
ternating current. 

True As related to programmable logic controller in
structions. an on. enabled. or 1 state. 

Truth table A table listing that shows the state of a 
given output as a function of all possible input com
binations. 

TTl-input module Enables devices that produce TTL
level signals to communicate with a PLC's processor. 

TIl-output module Enables a PLC to operate devices 
requiring TTL-level signals to operate. 

u 
Ultraviolet-erasable programmable reacf.only memory 

An erasable programmable read-only memory that can 
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be cleared (set to 0) by exposure to intense ultraviolet 
light. After being cleared, it may be reprogrammed. 

Unlatch instruction One-half of a programmable logic 
controller instruction pair that emulates the unlatch
ing action of a latclting relay. The unlatch instruction 
de-energizes a specified output point or internal coil 
until re-energized by a latch instruction. The output 
point or internal coil remains de-energized regardless 
of whether or not the unlatch instruction is energized. 

Up-counter An event that starts from 0 and incre
ments up to the preset value. 

v 
Variable A factor that can be altered. measured. or 

controlled. 

Variable data Numerical informat ion that can be 
changed during application operation . It includes 
timer and counter accumulated values. thumbwheel 
settings. and arithmetic results. 

Volatile memory A memory structure that loses its in
formation whenever power is removed . Volatile 
memories require a battery backup to ensure mem
ory retention during power outages. 

w 
Watchdog timer Monitors logic ci rcuits controll ing 

the processor. If the watchdog timer. which is reset 
every scan. ever times out. the processor is assumed 
to be fault y and is disconnected from the process. 

Word A groupi ng or a number of bits in a sequence 
treated as a unit. 

Word length The total number of bits that comprise .a 
word. Most programmable logic controllers use ei

ther 8 or 16 bits to form a word. 

Work cell A group of machines that work together to 
manufacture a product: nonnall y includes one or 
more robots. The machines are programmed to work 
together in appropriate sequences. Work ceUs are of· 
ten controlled by one or more PLCs. 

Write Refers to the process or loading inronnati~n 
into memory: can also refer to block transfer. that IS. 

a transfer of data from the processor data table to an 
intelligent input/output module. 
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Amplifiers. 399. 402 

Analog control. 294 
Analog 110 modu les. 32- 33. 144 

Ana log s ignals. 400 

AND function . 72-73 

Architecture 
bus networks. 418-419 
closlld . 6 
computer. 13-1 4 
ope n. 6 
PLCs. 6- 10. 13-14 

Arrays. 102. 268 
ASCII (American Standard Code for Information 

Interchange) code. 33. 61 

Associative law. 79 

Asynchronous transmission . 421 

Audio ports. 41 5 

Automatic controls. 156 

Axis. 430 

B 

Bang-bang control. 293 . 390 

Bar code symbols. 145-146 

Basic input/output system (B IOS) , 413 

BASIC modules, 33 

Batch processing, 382-383 

Baud rate, 400 

Binary-Coded Decimal (BCD) system. 58-60 
math instructions and , 312 
numerical data 110 interfaces and. 288-291 
output modules for. 34 , 288-291 
sequencers and , 327 

Binary systems 
arithmetic in , 63--65 
Boolean algebra and . 76-80 
Gray code and . 60-61 
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Binary systems-Cant. 
logic and. 72 (see also Logic. general 

functions of) 
memory and. 52-54 

negative numbers and . 55 
parity bit and. 61--62 

registers and. 53 . 338-349 

sequencers and. 324-339 
words and. 53 

Bit distribute instruction. 271-272 

Bits. 24. 53. 96. 98. See also Memory 
bus networks and. 423-426 

counters and. 207-208 

data manipulation and. 275-280 
internal. 116- 117 

numerical data 110 interfaces and. 288-291 
(see also Inputloutput (110) systems) 

sequen cers and. 324-339 

shift registers and. 338-349 
sign. 55 

timers and. 177- 178 

Bit shift left (BSL) instruction. 340 

Bit shift right (BSR) instruction. 340 

Block data. 205. 268 

Boolean algebra 
circuit design and. 76-80 

hardwired logic and. 80-85 

programming and. 80-85. 105. 107. 113 

Branch instructions. 113-116 

Bridges . 419 

Bus networks. 409-410 

architecture of. 418-419 

byte-wide. 424-425 

device. 424-425 

features of. 423-426 

c 
Cadmiwn sulphide photocell, 144 

Calibration, 400-401 

Cam switcbes. 324-325 

Capacitance, 36 

Capacitive proximity sensor. 141-142 

Cartesian coordinates. 427-428 

Cascading counters, 218-220 

Cascading timers. 188-193 
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CD-ROMs. 411 

Central Processing Units (CPUs). See Processors 
Centronics port. 414 

Change radix. 60 

Chassis. 22. 99-100 

Circuits 
Boolean algebra and. 76-80 

branch instructions and. 113-116 
contactors and. 131-133 
counter. 204-227 

discrete 110 modules and. 26-31 

hardwired vs. programmed logic. 80-85 
logic gates and. 72-76 
nested. 115 

one-shot. 210-211 

oscillator. 190 

safety. 254-257 (see also Wiring) 
scans and . 102-105 
seal-in. 153. 256 

T/H.403 

timer. 172-193 

Clear (CLR) instruction. 312 

Closed-loop systems. 292. 387-389. 431-432 

CLOSED status . 12 

CMOS-RAM. 41 

Coaxial cable. 23 

Codes. 94 

Coils. 172. 205. See 0150 Relays 

Color discrimination . 145 

Combination controls. 156 

Commissioning. 363 

Common mode rejection ratio. 36 

Communication. 9-10. See also Programming 
addressing and. 112-113 (see also Addressing) 
computers and. 409-410. 417-426 (see also 

Computers) 
configuring and. 372-375 

CPU and. 36-38 

data files and. 96 

modules and. 23. 34 
peer-Io-peer. 102 

PLC languages and. 105-109 

ports and. 413-415 
protocol and, 419-421 
relay-type instructions and. 109-112 

Commutative law, 79 

Comparators , 65 



Comparison instructions. 280-285 

Computer-integrated manufacturing (CIM). 
415-41 7 

Computer numerical control (CNC) . 426-429 

Computers. 4. 363-364 
architecture of. 13-14 
ASCII and. 61 
binary system and. 54 
bus and. 409-410 
configuring. 372-375 
CPU and . 36-37 
data acquisition systems and . 397-403 
data communications and . 417-126 
data files and . 412-113 
hardware of. 408-410 
integrated manufacturing and . 415-117 
LANs and . 385, 417-118 
math instructions and. 304-315 
modems and, 421 
monitor and , 10 
numerical control and , 426-429 
operating systems and . 412 
PCs.9-10 
PLC connection and, 372- 375 
ports and . 413-415 
robotics and, 429-433 
RS·232 standard and, 375 
software and. 410-415 

Configuring. 372-375 

Contact histogram. 365 

Contactors. 131-133 

Continuous processes. 99-100. 364. 382-383 

Contour programming. 428 

ControlNet. 419. 423 

Co~tro l processors. 157-159. See also Instruc
tions: Programmable Logic Controllers (PLCs) 
analog. 294 
automatic controls and. 156 
combination controls and . 156 
proportional, 292-295 
sequencers and . 324-338 
sequential controls and . 156 
set-point controls and. 292-295 
shift registers and. 338-349 
two-position. 293 

Control systems 
actuators and, 381-388 
bang-bang control and. 293, 390 

Control systems-Cont. 
centralized, 384 
closed-loop, 387-389 
computerized, 408-433 (see 

olso Computers) 
data acquisition systems and . 391-103 
dedicated, 384-385 
distributive. 384-385 
individual. 384 
interfaces and. 386 
numerical . 426-429 
open-loop , 387 
PlD modules and. 393-397 
preventive maintenance and . 365-366 
process types and. 382-385 
proportional. 292-295 . 391-397 
reset action and, 393 
robotics and. 429-433 
Signal conditioning and. 386 
structure of, 386-389 
work cells and . 416-417 

Control update interval. 401 

Control word . 117 

Convert from BCD (FRD) in struction , 312 

Convert to BCD (TOO) instruction , 312 

Cost. 14 

Counters, 33-34. 96-97 
accumulated count and, 204 
accumulated value and, 209 
addressing and. 205 . 216 
bits and . 207-208 
block format and. 205 
cascading, 218-220 
coils and. 205 
down, 214-218 
FAL instruction and, 278 
Gray code and. 60-61 
incremental encoder applications and. 

220-222 
instructions and. 204-206, 212-213 
length measurement and. 221-222 
memory and, 206-207 
number and. 209 
OSR and. 212-213 
preset value and. 204. 208-209 
reset and, 205 
timer combination and. 222-227 
up, 206-213 
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CRT screens. 432 
Current. 34-35 

D 

leakage of. 358 
sourcing output. 140 

Data acquisition systems. 397 
ground loop and . 400 
interfaces for. 399-400 
multiplexers and. 398-399 
plug-in. 399-400 
save period and. 402-403 
sensors and . 398 
signa l condit ioning and . 399-402 
stand-a lone. 399 
s torage values and . 401 
transfer rate and . 403 
triggering and. 403 

Data communications 
asynchronous transfer and. 421 
bridges and. 419 
bus networks and. 409-410. 

415-419 . 423-426 
contact hi stograms and. 365 
Control Net and , 423 
DeviceNel and , 423 , 425 
DH + network and . 423 
DH·485 network. 422 
duplex mode and , 421 
Ethernet and. 423 
Fieldbus and, 424 
gateways and . 419 
LANs and. 417-416 
master-s lave system and, 420 
MOOBUS and . 423-424 
modems and. 421 
parallel method, 421 
peer-to-peer system and , 

420-421 
PROFIBUS-DP and. 424 
protocol and. 419-421 
ring network and, 419 
RS-232 port and. 422-423 
SDS and. 426 
serial method , 421 
star network and. 418 
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Data communications-Cont. 
synchronous transfer and, 421 
token-passing system and. 420-421 
topologies for. 418 
transmission medium for. 418 

Data files. 94 
arrays and, 102. 340 
bits and. 95-98 
computers and . 412-413 
control. 96--97 
counters and . 96--97 
data type and, 101 
directories and. 413 
elements and . 96 
floating-point fil e and. 98 
folders and . 413 
input. 95-96 
integer. 96-98 
multitasking and , 99-100 
network communications, 96 
output. 95-96. 98 
project. 99-100 
routines and. 100 
status. 22, 39-40. 94- 97 
structures and . 101-102 
tags and , 100-102 
timers and, 96-97 
user-defined . 96 
words and , 96 

Data manipulation . 43-44 
comparison instructions and. 280-285 
math instructions and, 304-315 
memory and . 268 
numerical 110 interfaces and, 288-291 
programs for, 285-288 
registers and , 268 
sequencers and . 324-338 
set-point control and , 292-295 
shift registers and. 340-345 
transfer operations, 269-280 

Data monitors . 364-365 

Data table. 94 
DC field devices, 30 

Deadband. 293. 308.390 

Decimal system, 52 
BCD system and , 58-60 
negative numbers and, 55 

Dedicated control systems. 384-385 



Delay, 6, 35 
Derivative mode controllers, 393 

Destination , 86-87 
Detection devices. See Sensors 

Device bus networks, 424 
DeviceNet, 419 . 423. 425 

Difference , 63 
Digita l-to-analog (DIAl converter, 32 

DINT \/alue . 87 . 101 
Directional solenoid valves, 151 

Directories. 413 
Discrete 110 modules, 26-31 

Discrete processing, 382-383 

Disk drives. 43, 410 

Display sty le. 101 
Distributi\'e control system 

(DCS).384-385 

Distributive law. 79 
Divide (D1V) instruction, 309-311 
Done (ON) bit, 108, 177 

FAL instruction and, 276 
sequencers and , 334 
shift registers and . 341. 346 

Down counters. 214-218 

Droop, 392 

Drum switches. 324 
Dual in· line package (DIP) 

sw itches. 136 

Duplex mode. 421 

E 

Editing functions, 362-363 
Electrically erasable programmable 

read-only memory 
(EEPROM), 4142, 44 

Electrical Doi se, 357-358 

Electric controllers. See Programmable Logic 
Controllers (PLCs) 

Electromagnetic control relays, 13D-131 
Electronic magnetic Dow-meters, 149 

Electronics Industries Association, 414 
Electrostatic voltage, 37 
Elements, 96 

Enable (EN) bit, 107-108, 177, 179 
FAt instruction and, 276 
sequencers and, 334 
shift registers and, 341, 346 

Enclosures, 356-357 

Encoders, 60-61 
counter applications and, 33, 22D-222 

End effector, 431 
Equal (EQU) instruction . 281-282 

Equations 
Boolean, 76-80 
PlD,394 

Erasable programmable read-only memory 
(EPROM), 41, 44 

Error 
accuracy and, 400 
control systems and, 388 
fault routine, 258 
noise and, 22-23 
preventive maintenance and, 365-366 
reset action and. 393 
sequencers and. 334 
shift registers and, 341 
troubleshooting and , 366-372 
wiri ng and. 4 

Ethernet, 423 

EtherNetlIP, 419 

Ethernet ports, 415 

Even parity, 61~2 
EXAMINE IF CLOSED/OPEN {XIC/XIOJ 

instructions, 109-112, 11 7-118, 176 

Exclusive-OR function, 76, 85 

F 

Fault routines, 258 

Feedback. See Control systems 

Fiber optics, 23 
Fieldbus, 424--425 

Field inputloutput (UO) , 9-12 

File arithmetic and logic (F AL) instructions, 
275-280,314-315 

File copy (COP) instruction, 278-279 
FiIl61e (FLL) instruction, 278-279 
First in, fust out (FIFO) shift registers, 345-349 
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Floating·point file. 98 
Floppy disks. 410-411 

Flow sensors. 148-149 
Folders . 413 

Forcing functions. 251-254, 370 

Function block diagram programming, 109 

Function chart programming. 105-106, 109 
Fuzzy logic contro l. 396 

G 

Gateways, 419 

GET instruction. 270-271. 273 
GRAFCET, 105 

Gray code. 33, 60-61 

Greater than (GRT) instruction. 282 

Greater than or equal (GEQ) 
instruction. 282 

Grounding. 359-361 

Ground loop. 400 

H 

Handheld units, 9-10. 42 

Hard disk drives , 411-412 
Hardware 

addressing elements and, 23-25 
chassis, 22 
CPU and. 36-38 
data management, 43-44 
interposing relay, 30 
programming devices and, 42-43 
rack. 22-23 

Hardwired logic , 80-85 

Hardwired master control relays , 
236-239. 254-255 

Hexadecimal system. 57-58 

Higb·speed counter modules, 33 

Hold·in circuits. 153 
Horizontal scans, 104 

Hysteresis. 140 

IC sensors. 148 

rEC standards, 107-109 
IEEE 1394 Port. 414 

Immediate I/O instructions. 248-251 
Impedance, 36 

Individual processing, 382-383 
Inductive sensors, 139-142. 150 
Industry 

CIM and, 415-417 
computers and, 408 (see also Computers) 
control systems and. 382-403 (see also Control 

systems) 
counters and, 204-227 
electrical noise and, 357-358 
extreme environments of. 13 
mixer process, 10-11 
numeri cal control and . 426-4 29 
PLC languages and . 105-109 
relays and. 130-150 (see also Relays) 
robotics and, 429-433 
limers and, 172-193 
vendor solulions and. 422 

Information . See Data communicati ons 
Input/output (110) systems. 55-57. See also 

Computers: Logic. relay ladder (RLL) 
addressing and . 23-25, 112-113 
analog, 32-33. 144 
BIOS. 413 
branch instructions and . 113-116 
chassis and. 22 
control processors and. 156-159 
control systems and. 382-403 (see also Control 

systems) 
counlers and. 204-227 
CPU and. 36-38 
data files and. 94-102 
data manipulation and . 268-295 
devices for, 8 
discrete modules and. 26-31 
editing and . 362-363 
field. 9-12 
fixed, 7 
forcing capabilities and. 251-254 
group, 22 
instructions and, 236-259 (see also Instructions) 
intelligent. 34 



Input/output (110) systems-Cont. 
leakage current and. 358 
location and. 22-25 
math operations and. 304-315 
memory and. 15.38--42 
noise and. 22-23. 357-358 
numerical data interfaces and. 288-291 
optical isolators and. 8-9 
output control devices and . 150-153 
program scan and. 102-105 
rack. 22-25 
re lays and. 130-150 
sensors and . 139-150 
sequencers and , 324-338 
shift regi sters and, 338-349 
size classes and. 14-15 
special modules and , 33-34 
specifications for, 34-35 
status information and. 22 
timers and. 172-193 
transducers and . 138-139 
transistors and . 140 
triac and. 29-30 
troubleshooting and, 366-372 
XIC/XIO instructions and. 109-112 

Instruction list programming. 109 
Instructions. 16. See also Programming 

addressing and , 112-113 
bit di stribute. 271-272 
branch. 113- 116 
SSL.340 
BSR.340 
STD. 271-272 
GLR.312 
comparison. 280-285 
COP. 278-279 
counters and. 204-206 
data manipulation, 268-295 (see a/so Data 

manipulation) 
OlV.309-311 
EQU. 281-282 
FAL, 275-280. 314-315 
fault routine. 258 
FIFO. 345-349 
FLL.278-279 
forcing external 110 addresses, 251-254 
FRD. 312 
GEQ, 282 
GET, 270-271, 273 

lnstructions-Cont. 
CRT. 282 
immediate 110. 248-251 
internal relay. 116-117 
jump, 241-248 
label, 242-243 
length,251 
LEQ,282 
LES.282 
LIFO. 345, 349 
LIM,284 
masks and. 249, 251. 284-285, 333, 335 
master control reset. 238-241. 243 
math, 304-3 15 
MEQ,284-285 
MOV, 271-274 
MUL. 307-309 
MVM,271-272 
NEQ,282 
nested . 115 
on-delay timers. 176-182 
OSR.212-213 
GTE. 112 
override, 238 
PUT. 270-271. 273 
relay-type, 109-112 
RET,245 
retentive rungs and, 240 
safety. 254-257 
SSR. 244-245 
SGL,3 12-313 
sequencers and, 326-338 
set-point control and. 292-295 
shift registers and, 338-349 
skip. 242 
slot. 249 
SQC, 336-337 
SQI, 335-337 
SQL. 337-338 
SQO, 327, 329-332 
SQR,311-312 
start fence and, 240 
STI/Sm.257-258 
SUB, 305-307 
subroutines, 241-248,258 
SUS, 370-371 
~,258-259 , 370 

TOD,312 
XIC/XlO. 109-112, 117-118. 176 
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Integral action. 393 
Intelligent 110, 34 

Interfaces. See Input/output (I/O) systems 
Interlocks . 107. 134 

Internal relay instructions. 116-117 

International Standard for Programmable 
Controllers. 107-108 

Interpolation. 428 

Interposing relay. 30 
!NT value, 87, 101 

Inventory control. 339 
Inverters, 74 

Isolation. 8-9 , 35. 402 

J 

Joint. 430 

'ump instructions. 241-248 

l 

Label instructions. 242-243 

Languages. 34, 105- 109 

Last in. first out (LIFO) shift registers, 345. 349 
Latching relays. 153-156 

Leakage current . 35 

Least significant bit (LSB). 53 
Legs. 80 

Length instruction, 251 

Less than (LES) instruction. 282 

Less than or equal (LEQ) instruction. 282 
Level switches, 138 

Light-emitting diodes (LEOs). 144 

Light sensors. 143-147 

Limit switches. 136 

Limit test (LIM) instruction . 284 

Local area networks (LANs). 385. 417 
bus network and. 418--419 
protocol and, 419-421 
ring network and. 419 
star network and , 418 

Index 

Logic. general functions of 
alias tag and. 100 
AND function , 72-73 
base tag and , 100 
binary principle and , 62 
Boolean algebra . 76-80 
branch instructions and. 

113-116 
consumed tag and. 100 
continuity and, 111 
data files and , 94-102 
FAL.275-280.314-315 
fuzzy. 396 
gates and . 72-80 
hardwired vs. programmed. 80-85 
instructions and, 240, 285-287/see also 

Instructions) 
math operations. 304-315 
NOT function. 73-76 
operation modification and . 12-13 
OR function . 73 
programming devices and. 42-43 
scans and , 102-105 
sensors and. 139-1 50 
soft controllers and . 14 
troubleshooting and, 366-372 
wiring errors and. 4 
word-level programming, 86-87 

(see also Words) 
XIC/XIO instructions. 109-112, 

117-118.176 
XOR function . 76. 85 

Logic. relay ladder /RLL). 4, 9 
Boolean algebra and. 76-80 
contact symbolism and, 82 
hardwired vs. programmed. 80-85 
instructions and, 242-243 

/see olso Instructi ons) 
mixing process and, 10-12 
narrative descriptions and. 

160-163 
operation modification and. 12-13 
programming and, 13-14, 105-111 . 

118-122 
relay schematic conversion and. 156-159 
RSLogix and. 113. 118-122 
timers and, 174-193 
troubleshooting and. 366-372 
user program and, 94 



M 
Magnetic pickup sensor, 150 

Magnetic sole noids. 150-151. 285-287 

Magnetic sw ilches. 142-143 

Main ladder program. 95 
Make-bera re-break switches. 134-135 

Manually operated switches. 134-1 36 

Mask instructi ons, 249. 251 
comparison for equal {MEQl. 284-285 
sequencers and, 333. 335 

Master control reset instruction . 
238-241. 243 

Master-slave system, 420 

Math instruct ions 
addition. 305 
addressing and , 342. 347 
basic func tions. 304 
clear. 312-3 13 

convert to BCD. 312 
division. 309-31 t 
file arithmet ic operations. 31 4-315 

FRD,3 12- 313 
multiplication, 307-309 

negate. 312 
seL. 312- 313 
square root. 311-312 

subtraction. 305-306 
TOO. 312-313 

Matrix-style fannat, 331 

Mechanically operated switches. 
136-138 

Mechanical timing relay. 172-173 

Memory, 12 
alias tag and, 100 
arrays and , 102 
base tag and, 100 
binary system and, 52-54 
consumed tag and, 100 
counters and, 206-207 
data acquisition systems and. 397-'103 
data files and. 94-102 
data manipulation and. 43--44. 268 
design. 38--40 
EEPROM. 41--42. 44 
EPROM. 41 . 44 

Memory-Cont, 
location and , 39 
map , 94 
math instructions and, 304-315 

modules. 44 
processor organization and . 94-102 
program files and , 94-95 
programming devices and . 42 
PROM, 41 
RAM , 40--41. 409 
read/write, 409 
ROM, 40 , 408--409 
sequencers and , 324-338 
shift registers and, 338-349 

size . 15 
status table fil es and , 39--40 
user program and , 94 
utili zation. 39 
words and, 94 

Metal oxide varistor (MOV) surge suppressor. 
361-362 

Microsoft , 118,412--413 

Minuend,63 

Mixer process. 10-11 

MODBUS. 423--424 

Modems, 421 

Modular input/output (If 0), 7 

Modules 
analog, 32-33 
ASCII. 33 
bar code. 146 
BASIC, 33 
BCD-output, 34 
communication. 34 
data files and , 94-102 
description of, 25-26 
discrete. 26-31 
encoder-counter, 33 
high-speed counter, 33 
input tasks of. 27-28 
language. 34 
location and . 22-23. 26 
memory. 44 
numerical data 110 interfaces and . 

288-291 
PID.34 
racks and. 22-25 

Index "1 



Modules-Cant. 
servo. 34 
special. 33-34 
speech. 34 
stepper·motor.33 
thumbwheel. 33 
TTL,33 

Most s ignill cant bit (MSBJ. 53-55 
Motors 

control processors and, 156-159 
counters and . 211-212. 224 

(see 0150 Counters) 
starters and. 133-134 
stepper switches and. 151-153. 324 
ti mers and. 187 (see also Timers) 

Move instructions . 271-274 

Multiple grounds. 360--361 

Multip lexers. 398-399 

Multipli cat ion (MUL) instruction . 307-309 

Mu lt itasking. 15 . 99-100 

MVM instruction. 271-272 

N 

Narrative descriptions. 160-163 

National Electri cal Code. 359 

National Electrical Manufacturers Association 
(NEMA). 133, 356 

Negate (NEG) instruction. 312 

Negative numbers. 55 

Nesting. 115 
MCRs and. 240 
subroutines and. 241-248, 258 

Networks. See Data communications 

Noise. 22-23, 357- 358. 402 

Nonservo robot. 432 

Normally closed INC) contacts, 82. 130--131 

Normally open (NO) contacts. 82. 130--131 

Not equal (NEQ) instruction. 282 
NOT function, 73-76 

NPN transistors. 140 

Number systems. 94 
base and , 52 
BCD. 34. 58-60. 288-291,312.327 
binary. 52-54.61-65 

Number systems-Cont. 
Boolean algebra and. 76-80 
decimal. 52. 55 
digital. 54 
hexadecimal. 57-58 
integer fi les and. 96-98 
octal. 55-57 
radix of. 52 
sequencers and , 327 

Numerical control. 426-429 
data 110 interfaces. 288-291 

o 
Odd parity. 61-62 

Off·delay timers. 173, 182-184 

Offset. 392 

Off·state leakage current. 35 

On·delay timers, 172-173 
instructi ons for. 176-182 
sequencers and. 331-332 

One shot contact ci rcu it. 210--211 

One·shot rising (OSR) instruction. 212-2 13 

Open· loop systems. 387. 431 

OPEN status, 12 

Operating systems. 412 

Operator interface. 44-45 

Optical isolators. 8-9 

OR function, 73 

Osci llator circu its. 190 

Output control devices. 150--153 
OUTPlIT ENERGIZE (aTE) instruction. 112 

Overload relay. 133 

p 

Parallel circuits, 73 
Parallel method, 421 

Parity bit , 61-62 
Peer--to·peer system. 102.420-421 

Photocells. 143-147 

Pitch joint. 430 
PNP transistors , 140 



Point-to-point programming. 428 

Poll ing. 420 

Ports. 413--415 
Position encoders. 60-61 

Power ground . 401 
Power suppl y. 7. 34-36 
Preemptive multitasking operating system. 100 

Preset value. 177. 204 . 208 

Pressure switches. 137-138 
Preventh'e maintenance. 365- 366 

Printers. 43 
Process control. See Control systems 

Processors. 8 
ASCII and. 61 
continuous test mode and. 364 
data files and, 94-102 
descripti on of. 36-38 
instructions and , 24 1-248 (see also lnstruc-

tions: Programmi ng) 
matrix-style format and. 331 
memory design and . 38-40. 94-102 
operation modes of. 122-123 
PIO modu les and . 34 
PROG position and . 37 
program files and. 94-95 
REM pos ition and. 37 
RUN position and . 37 
scans and. 102-105 
troubleshooting and . 366-372 

Production. See Industry 

PROFlBUS-DP.424 

Profibus Trade Organization. 425 

PROC position. 37 

Program files. 94-95 
Programmable Logic Controllers (PLCs) 

advantages of. 4 . 6 
algorithms and, 393- 394 
architecture of. 6-10. 13- 14 
batch operations and, 51 
CIM and. 415--417 
classification of, 389-390 
control management, 15 (see also Control 

systems) 
cost issues. 4 
CPU and . 8 
data manipulation and . 268-295 
deadband.293,308.390 

Programmable Logic Controllers-Cont. 
derivative mode . 393 
description of. 4-5 
electric, 389 
enclosures and. 356-357 
forcing capabilities and , 251-254 
hardware of. 22--45 
instruction set and. 16 
integral act ion and. 393 
languages and. 105-109 
math instructions and, 304-315 
memory and , 15. 38-42. 94-102 
mult itask, 15. 99-100 
number systems and . 52-65 
operat ion mod ification and. 12-13 
optica l isolators and , 8-9 
PCs and. 9-10. 372-375 
pneumat ic. 389 
power supp ly and, 7 
preventive maintenance and . 365-366 
principles of operation for, 10-12 
programming devices and, 42-43 
proportional. 391-396 
reset action and. 393 
robotics and, 432--433 
single-ended. 15 
size and , 14-15 
temperature. 390-391 
terminal of. 9-10 
troubleshooting and . 14 . 366-372 
workstations, 44--45 

Programmable read-on ly memory (PROM). 41 

Programmed logic. 80-85 

Programming 
addressing and . 112-113 
algorithms and . 393-394 
Boolean, 105, 107 
branch instructions and . 113-116 
configuring, 372-375 
contour, 428 
counters and. 204--227 
data files and. 94-102 
data manipulation and . 285-288, 364-365 
DOS based, 118 
editing and . 362-363 
function chart, 105-106, 109 
instructions and, 241-248 (see also 

lnstructions) 
interlocks and. 107 
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Programming-Cont. 
interpolation and. 428 
ladder diagram, 105-111.118-122 
math operations and . 304-315 
monitoring and , 363-365 
narrative deSCriptions and . 160-163 
numerical control and, 426-429 
omine.364 
PLC languages and . 105- 109 
point-to-poi nt. 428 
processor memory organization 

and , 94-102 
protocol and . 419-421 
relays and , 109-112. 116-117. 131-133 (see 

also Relays) 
RLL and . 13- 14 
robotics and . 433 
routines and. 100 
sequencers and . 331-338 
shift registers and. 338-349 
soak. 396 
standards for. 107-109 
structured text, 109 
subrouti nes. 95. 241-248. 258 
teach-through, 433 
timers and . 172-193. 325 
walk-through, 433 
Wi ndows and , 118 
word-level logic. 86-87 (see also Logic. relay 

ladder (RLL)) 

Programm ing devices . 9-10 , 13 
memory and , 42 
propri etary, 43 
types of. 42 

Program mode. 122-123 

Program scan. 102-105 

Project fil es , 99-100 

Proportional control. See Control systems 

Proportional-integral-derivative (pm) 
modules. 34 
control systems and. 393-397 
loop response and , 395 
set-point control and . 292, 295 
soak programming and , 396 
tuning of. 395-396 

Proprietary design. 6 

Protocol , 419-421 

Proximity sensors, 139-142 

PS/2 port, 415 

Pushbutton switches. 134-135 
PUT instruction. 270-271 , 273 

R 

Rack. 22-25 

Radix. 52. 60 
Rails. 80 

Random access memory (RAM ). 40-41. 409 
Read-only memory (ROM) , 40, 408--409 
Read/write memory. 409 
REAL base tag, 101 
Real time, 402 

Real-world input/output (110) , 9 
Reed switches, 142-143 

Reflective-type photoelectric sensor. 144 
Registers. 53. 268 

shift . 338-349 
Relays 

contactors, 131- 133 
control processors and . 156-159 
cou nters and . 204-227 
deadband and. 293 
de-energized . 172 
electromagnet ic control, 130-131 
bardwired master control, 236-239, 254- 256 
latching. 153-156 
motor starter, 133-134 
overload,133 
reed , 142-143 
safety and . 254-257 
schematic conversion and . 156-160 
sensors and . 139-150 
set-point control and, 292-295 
timers and, 172-193 
transducers and, 138-139 

Remote mode , 123 

REM position , 37 

Reset action. 393 
Reset line, 176 
Resistance temperatwe detector (RTD) , 148 

Resolution. 35, 402 

Response time. 6. 35 
Retentive timers , 173, 184-188 



RET instruction. 245 

Ring network, 419 
RI .11 port , 414-415 

RHo 5 port . 415 
Robotics. 429-433 
Roll joint . 430 
Rotary switches. 324 

Routines . 100 
RS.232 standard. 375, 414 . 422-423 

RSLinx, 373, 375 
RSLogix software. 113, 118- 122, 174. 253 

Run mode, 122-123 
RUN operation. 11-12. 31 

s 
Safety 

ci rcuitry for. 254-251 
fo rci ng and. 310 
grounding and . 359-361 
PLC enclosures and . 356-357 
preventive maintenance and . 365-366 
robotics and. 430 
surge suppressors and, 361-362 
troubleshooting and . 366-372 

SBR instruction. 244-245 

Sca le data (SeL) instruction , 312-313 

Scanning 
bar code. 146 
CPU and . 102-105 
edit ing and . 363 
immediate 110 instructions and. 

248-251 
PLC programming languages and. 

105-109 
scan time , 12 
subroutines and, 246-248 

Scope, 101-102 
Seal-in circuits, 153, 256 

Search function , 363 
Selectable timed disable (STD) instruction, 

257-258 

Selectable timed interrupt (S11) function, 
257-258 

Selector switches, 135 

Sensors 
control systems and, 386 (see also 

Control systems) 
data acquisition systems and, 398 
Dow, 148-149 
hysteresis and, 140 
inductive, 139-142, 150 
light , 143-147 
magnetic switches, 142- 143 
proximity, 139-142 
strain/weight. 141-148 
temperature, 148 
ultrasonic, 147 
velocity/RPM, 149-150 

Sequencers 
addressing and , 332-333 
instructions for. 326-331 
mask function and . 333, 335 
mechanical. 324-325 
number systems and. 327 
programs for, 331-338 
timers and , 331-332 
word 6 le and , 326-327 

Sequential function chart programming. 
105-106. 109 

Serial method , 421 

Servo modules, 34 

Servo rohot, 431 

Set-point control, 292-295 

Shift registers 
addressing and, 342 
data manipulation and. 340-345 
done (ON) bit and, 341 
enable (EN) bit and , 341 
error (ER) bit and, 341 
FWD, 345-349 
inventory control and, 339 
LWO, 345, 349 
system diagnostics and, 339 
tracking and , 338-340 
word. 345-349 

Signals. See also Input/output (UO) systems 
absolute. 400 
analog. 400 
conditioning and . 399-402 
control systems and, 386, 388 (see also Control 

systems) 
counters and. 204-227 
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Signals-Cont. 
floating. 399-401 
gain and. 401 
ground and. 401-402 
isolation and. 402 
noise and. 22-23. 357-358. 402 
numerical control and. 426-429 
power conduit and. 358 
relays and . 131-156 
system deviation. 388 
timers and. 172-193 
transfer rate and, 403 
triggering and, 403 

Sign bit. 55 
Single-ended PLCs , 15 

Sink..ing.30-31 

SlNT value. 87. 101 

Skip instructions. 242 

Slots. 24. 99-100. 249 

Small Computer System Interface (SCSI). 415 

Smart Distribution System (SoS)' 426 

Soak programming. 396 

Soft logic controliers. 14 

Software. See Computers 

Solar cells. 143 

Solenoids. 150-151. 285-287 

Sourcing. 30-31. 86-87 

Speech modules. 34 
Square root (SQR) instruction. 311-312 

Star network. 418 

Start fence. 240-241 

Status information . 22 . 39-40. 94-97 

Stepper switches. 33, 151-153. 324 

Strain sensors. 147-148 

Structured text programming. 109 

Structures. 101-102 

Subroutines. See Programming 
Subtract (SUB) instruction. 305-307 

Subtrahend. 63 

Surges. 35. 361-362 
Suspend (SUS) instruction. 37~371 
Switches. See also Input/output (110) systems; 

Logic. relay ladder (RLL) 
cam. 324-325 
data files and. 94-102 
oIP, 136 

Switches-Cant. 
drum. 324 
forcing capabilities and. 251-254 
interiock..ing. 134 
level. 138 
limit, 136 
magnetic. 142-143 
make-before-break.134-135 
manually operated . 134-136 
mechanically operated . 136-138 
normally open/closed contacts and. 82 . 130-131 
numerical data I/O interfaces and, 288-291 
pressure. 137-138 
pushbutton, 134-135 
relays and , 130-150 
rotary, 324 
safety and . 254-257 
se lector. 135 
sensors and . 139-150 
sequencers and, 324-338 
shift registers and , 338-349 
s tepper, 33. 151-153. 324 
temperature. 137 
transistors and, 140 

Symbols. See also Wiring 
bar code, 145-146 
instructions and, 251 (see also Instructions) 
normally open/closed contacts and . 130-131 
output control devices, 150 
timers and , 176 

Synchronous transmission, 421 

System deviation Signal. 388 

System diagnostics. 339 

System functions, 95 

T 
Tables, 268 
Tachometer. 149 

Tags. 10~102 
Teach pendant. 433 
Teach-through programming. 433 

Telephone ports. 414-415 
Temperature. 35.137. 148. 390-391. 396 
Temporary end (TND) instruction, 258-259. 370 . 

Terminals. 9-10. 13, 25 



Test mode, 123 

Thermistors , 148 
Tbermocouple sensors, 148 

Tbermostats. 137 
Through-beam photoelectric sensor, 144- 145 

Thumbwheel modules, 33. 59 

Time-di\'ision multiplexers, 398-399 

Time proportion ing, 391-392, 402-403 

Timers, 96-97 
accumulated time and , 174 
bases and . 174, 177 
bits and , 177-178 
cascading. 188-193 
control word and, 177 
counter combination and, 222-227 
done bit and . 177 
enable bit and . 177 
FAL and. 278 
instructions for, 173-184, 278 
mechanical. 172-173 
nonreten ti ve. 178 
number and. 177 
off-delay, 173, 182-184 
on-delay. 172-1 73, 176-182, 331-332 
preset and, 174 
reset line. 176 
retentive. 173, 184- 188 
sequencers and. 325. 331-332 
IT bit and. 177 

Token-passing system, 42D-421 

Track-and-hold (T/H) circuits, 403 

Tracking. 338-339 

Transducers, 138 
data acquisition systems and, 398 
sensor types and. 139--150 
strain gauge, 147-148 

Transfer rate. 403 
Transistors, 30, 140 

Transitional contact circuit. 210-211 

Triggering, 403 

Triode ac semiconductor switch (triac). 29--30 

Troubleshooting, 6, 14 
110 malfunctions and, 367-368 
ladder logic and, 368-372 
processor module and. 367 
source identification and, 366-367 

1TL modules , 33 

Thning, 395-396 

Turbine Oowmeters , 149 

2's complement number. 55 

Two-position control. 293, 390 

u 
Ultrasonic sensors, 147 

Ultraviolet PROM (UVPROM), 41 

Universal Product Code (UPC). 146 

Up counters, 206-213 

User program, 94 

v 
Veloc ity sensors. 149--150 

Vertical scans, 104 

Video ports, 41 5 

Voltage. See also Relays 
contactors and, 131-133 
e lectrostatic, 37 
grounding and. 359--361 
inverters and. 74 
110 specifications and, 34-35 (see also 

Input/output (I /O) systems 
leakage current and . 358 
logic gates and, 72- 16 
nominal input, 34 
on-state input range. 34 
output, 35 
PLC enclosures and . 356-351 
safety and, 254-257 
scans and, 102-105 
variations in, 23, 361-362 

w 
Walk-through programming. 433 

Weight sensors, 141- 148 

Wiring 
contactors and, 131-133 
counters and. 205-227 



Wiring-Cont. 
electrical noi se and. 357-358 
electomagnetic control relays and. 13D-13l 
grounding and. 359-361 
instructions and. 273 (see also Instructions) 
latching relays and. 153-156 
leakage current and. 358 
manually operated switches and . 134-136 
mechanically operated switches and , 

136-138 
motor starters and . 133-134 
output control devices and . 15D-153 
PC/PLC connection and . 372-375 
PLC enclosures and . 356-357 
safety and. 254-257 
seal·i n circuit and. 153 (see also Circuits) 
sensors and. 138-150 
signa l/power cond uit and . 358 
surges and . 35. 361-362 
timers and. 172-1 93 
troubleshooti ng and . 366-372 

\Vords. 24 . 53. 86-87. 96 
cou nters and. 208 
data fil es and. 95-102. 340 (see 0150 Data files) 
data manipulation and. 268. 275-280 (see also 

Data manipulati on) 
FAL instruction and. 275-280. 314-315 
sequencers and , 326- 338 

Words-Cont. 
shift registers and . 336-349 
timers and . 177 
user program and . 94 
word file and. 326-327 

Work cells. 416--417 

Work envelope. 430 

Workstations. 44-45 

Wrist. 430 

x 
XIC/XIO instructions. 109-11 2. 11 7-118. 176 

XOR functi on. 76. 85 

y 

Yaw joint. 430 

z 
Zener diodes. 361- 362 
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