 SECOND EDITION

Measurement,
Instrumentatmn
and SENSOI'S
‘Handbook

-\ Spatial, Mechanical, Thermal,
— and Radiation Measurement

Ml =—= EDITED BY
| | ‘% John G. Webster

e — 1

= Halit Eren

CRC Press

Taylor & Francis Group




SECOND EDITION

Measurement,
Instrumentation,
and SENSOIS
Handbook

Spatial, Mechanical, Thermal,
and Radiation Measurement



SECOND EDITION

Measurement,
Instrumentation,
and SENSOIS
Handbook

Spatial, Mechanical, Thermal,
and Radiation Measurement

EDITED BY

John G. Webster
Halit Eren

CRC Press
Taylor & Francis Group
Boca Raton London New York

Taylor & Francis Group, an informa business




MATLAB® is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does not warrant the
accuracy of the text or exercises in this book. This book’s use or discussion of MATLAB® software or related products
does not constitute endorsement or sponsorship by The MathWorks of a particular pedagogical approach or particular
use of the MATLAB® software.

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2014 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20130725

International Standard Book Number-13: 978-1-4398-4889-0 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

0 S -1 TSR xiii
AckNowled@ments .........oooiiiiiiiiiiiiiii e XV
STe o) o T PRSP PURRRRN xvii
CONEIIDULOTS .evvviiiiiieeeiieiiiiiieee et e e e e e et e e e e e e e e s ssatbberaeeeeeessesnnnsnseeees Xix

PART 1 Instrumentation and Measurement Concepts

1 Measurements, Instrumentation, and SENSOTS.......coovvvovvieeeeireeiiieeeeeeeeeeeenn 1-1
Halit Eren
2 Characteristics of INStrUMENTAION vovovevvveeeeeeeeeeeeeeeeeeeeeeeeee e, 2-1

John R. Hansman, Jr.

3 Operational Modes of INStrumMentation ..........ccc.coveeververirrisreniniserisieniniens 3-1
Richard S. Figliola

4 Static and Dynamic Characteristics of Instrumentation.................cccocoee. 4-1
Peter H. Sydenham

5 Measurement ACCUTACY .....o.coeverierieereeiieieeiese e 5-1
Ronald H. Dieck

6 Development of StaNAArds ..........cocovvvveoeeieeieeeeeeeeeeeeeeeeeee e 6-1
Halit Eren

7 Measurement Standards ...........co.cocoverveiveereereereeieieeeseie e 7-1
DeWayne B. Sharp

8 Calibrations in Instrumentation and Measurements................cocooovveennn... 8-1
Halit Eren

9 Intelligent Sensors and INSEIUMENTS...........ovuririeriiriiieeieeieeieneee e 9-1
Halit Eren

10 Virtual INStrUmMEnts .......o..ovveeveeeceeveecesseeeese e 10-1

David Potter and Halit Eren



Vi Contents

11 Fail-Safe Instruments and DevVices ............cccovrvrveierrrreeireeeeeeeseeessereeean, 11-1
Davide Quatrini, Giuseppe Fazio, Mauro Giaconi, and Adelio Salsano

12 Dynamic Error Measurements of FOTce Sensors............cccooververerrrerrrrnnnens. 12-1
Akihiro Takita, Jin Tao, and Yusaku Fujii

PART II Spatial Variables

13 Thickness Measurement .............cccco.ovuveevvrreseseeeeeseeeseseseeesen e, 13-1
John C. Brasunas, G. Mark Cushman, and Brook Lakew

14 Distance Measurement .............cccocovvevvvreeeeieeeeeessesiesessesessesesees s 14-1
W. John Ballantyne

15 Altitude Measurement ..........co.co.covvveevevereeeieeeeeeseeseeseseeeee e 15-1
Dimitris E. Manolakis

16 Attitude Measurement ..........o.co.covvveeveveerreeeeeeeeeseeeeseesseeee s 16-1
Mark A. Stedham, Partha P. Banerjee, Seiji Nishifuji, and Shogo Tanaka

17 TInertial Navigation ......cccoocovvoiiiiiiiiiieieieiese e 17-1
Halit Eren

18 Level Measurement..........cc.coooovvvieeveeceieieeeeeeeeeee e, 18-1
Detlef Brumbi

19 Area Measurement..........cc.coooiviveevceeeeeeeeeeeeeeeeeeeee e, 19-1
Charles B. Coulbourn and Wolfgang P. Buerner

20 Volume Measurement ...............coeveveeeeverereereeeseseesseeeessessesessesesessessesses s, 20-1
René G. Aarnink and Hessel Wijkstra

21 Tilt MeaSUIEMENL.........ouiveveeeeeieeeeeieeeeee e 21-1
Adam Chrzanowski and James M. Secord

22 Proximity Sensing for RODOTICS . ......vvuivuieeieiiieieieeiciee e 22-1
Ricardo E. Saad, Ben Benhabib, A. Bonen, and K.C. Smith

PART III Displacement

23 Resistive Displacement SENSOTS............c.co.vvreerverveerreriieeessereessenseeeseserenenees 23-1
Keith Antonelli, James Ko, and Shyan Ku

24 Inductive Displacement SNSOTS. .........cc.co.cvvververveeeeereeeeeeseseesseserseessenenes 24-1
Halit Eren

25 Capacitive Sensors: Displacement, Humidity, FOrce..........ccccccooovvrrrrrrnrnn, 25-1
Halit Eren

26 Piezoelectric Sensors and TransdUCErS .........cccooovvevveeeeverserereeeereeennnan. 26-1
Ahmad Safari, Victor F. Janas, Amit Bandyopadhyay, and Andrei Kholkine

27 Laser Interferometer Displacement SENSOT........cocco.vvereervrrverrrriersnrsrsniens. 27-1

Bernhard Giinther Zagar



Contents vii

28 Bore-Gaging Displacement SENSOTS. ..........oourvuririeriiriisreiniineseeseiseeesenenas 28-1
Viktor P. Astakhov
29 Ultrasonic Displacement SENSOTS. ..............o.ovrverveeveeeereseeeeeeeeeseeseeeeeeeeenaees 29-1

Nils Karlsson and Ole Pedersen

30 Optical Encoder Displacement SENSOTS................oovrvrreerrrrersesiersrsierenans 30-1
J.R. René Mayer

31 Magnetic Displacement SENSOIS........cccevveiiiiiriiiieieeeccee e 31-1
David S. Nyce

32 Synchro/Resolver Displacement SENSOTS...........ccoovvervriverirnrerionisnieinneerinnen. 32-1
Robert M. Hyatt, Jr. and David Dayton

33 Optical Fiber Displacement SENSOTS ...........co.ovvrveveervsreriersnssseenissssesieneas 33-1
Richard O. Claus, Vikram Bhatia, and Anbo Wang

34 Optical Beam Deflection SENSOTS..........c.ovvrverveveerieeierierersssessessesesies s 34-1
Grover C. Wetsel

35 Velocity Measurement...........co.cov.ueveveeveereceessesieesssseessssesses s 35-1
Charles P. Pinney and William E. Baker

PART IV Mechanical Variables

36 Acceleration, Vibration, and Shock Measurement .............occoovevveveeeenn., 36-1
Halit Eren

37 Strain MEaSUTEIMENT c...vvoveeeeeeeeeeeeeee oo eeeeeee oo ee e s oot e s e s e e s e s e ee e e s eseeeesas 37-1
Christopher S. Lynch

38 Tactile SENSING ... 38-1

Ricardo E. Saad, A. Bonen, K.C. Smith, and Ben Benhabib

39 Pressure MEaSUTEIMENT .. ..ovovveveeeeeeeeeeeeeeeee oo ee e oo e e et eeses e e e e es e eresas 39-1
Kevin H.L. Chau

40 Vacuum MeasUrement ...........co.coveerververrverremssssesseossssesssssessssssssessosssessessessoon, 40-1
Ron Goehner, Emil Drubetsky, Howard M. Brady, and William H. Bayles, Jr.

4] FOrce MEASUTEIMENT ..vvevveeeeeeeeeeeeeeee ettt et ee e s e ee e, 41-1
M.A. Elbestawi

42 Angle MEaSUIEMENt ..........o.ovuiveeveireeeeeisissssssesssesssess s 42-1
Robert J. Sandberg

43 Mass, Weights, and Instrumentation ..........c.cccceceviinineniiniincnceeceee 43-1
Emil Hazarian

44 Torque and Power Measurement .............coooovueveereeeeereemeeseoseeseessessesensennnss 44-1
Ivan J. Garshelis

45 Density Meastrement .........coo.riuiierieiirreriesiesneisssinssessessessses s 45-1
Halit Eren



viii

46

47

Contents

Fluid Viscosity Measurement .............cccocuoueeiioiiiciiniiecicceecceeeccas 46-1
R.A. Secco, M. Kostic, and J.R. deBruyn

Surface Tension MeasuUTeIMENT.........eoouieeeeeee e, 47-1
David B. Thiessen and Kin F. Man

PART V Acoustics

48

49

ACOUSTIC MEASUTEMENT...cciiiiiiiiiii et 48-1
Per Rasmussen

Ultrasound MeasSUTEmMIENt . ..co e uueeeeeeeeeeeeeeee e et e e e e e e e e e e e e e 49-1
Peder C. Pedersen

PART VI Flow and Spot Velocity

50

51

52

53

54

55

56

57

58

59

60

61

Capillary-Type Mass FIOW Meter.....coocevvniiiiuiininieiniicinnicinniennneennnecnneenns 50-1
Reza Pakdaman Zangabad and Manouchehr Bahrami

Differential Pressure FIOWMEters.......cocvoieiiiiieieiiie e 51-1
Richard Thorn

Variable Area FIOWMETErS ....ocuiiviiiiiiciieiieiecie et 52-1

Adrian Melling, Herbert Kéchner, and Reinhard Haak

Positive Displacement FIOWMEters.........ccocvvieiinieiiiiiiiiiicescccceecea 53-1
Zaki D. Husain and Donald ]J. Wass

Turbine and Vane FIOWIMEters...........ooovviiiiiviiiiiiiie e, 54-1
David Wadlow

Impeller FIOWMETETS ...ccuoiviiiieiieie ettt 55-1
Harold M. Miller

Electromagnetic FIOWMETers.......coccoviiriniiniiiiiiiniciccec e 56-1
Halit Eren

UItrasonic FIOWIMIETETIS. .....ccoiiiiiiiiiiiiioiie ettt 57-1

Hans-Peter Vaterlaus, Thomas Hossle, Paolo Giordano, and Christophe Bruttin

Vortex-Shedding FIOwmeters..........cccooeiiiiiiiiiiiiiiiiii e 58-1
Wade M. Mattar and James H. Vignos

Thermal Anemometry ... 59-1
Jugal K. Agarwal and John G. Olin

Coriolis Effect Mass FIOWIMEtOIS....cooouvviiioie oo, 60-1
Jesse Yoder

Drag Force FIOWMEters.......ccccooiviiiiiiiiiiiieicieec et 61-1
Rekha Philip-Chandy, Roger Morgan, and Patricia ]. Scully



Contents ix

62 Pitot Probe ANEMOMEET ...oovovieeeeeeeeeeeeeeeeeeeeee e eeeeeeee oo eee e e s 62-1
John A. Kleppe

63 Thermal Dispersion Mass FIow Meters........ccooceveririaniniiieieecccee e 63-1
John G. Olin

64 Laser ANEMOMELIY .........covveveireeeeereseeeieeseeeeesee e 64-1
Rajan K. Menon

PART VII Thermal and Temperature Measurement

65 Temperature Measurements, Scales, and Calibrations ...........cc.ccococereninn. 65-1
Franco Pavese

66 Thermal Conductivity Measurement .............cccovveverveerrererresrenrssreressennen. 66-1
William A. Wakeham and Marc J. Assael

07 HEAt FLUX .o e 67-1
Thomas E. Diller

68 ReSistive TREIMOMELETS . ..vovoveeeeeeeeee oo e e oo eee s 68-1
Jim Burns

69 Thermistor THerMOMETETS . .vovovveveeeeeeeeeeeeeee e eeeeeees e oo e e e e e eee oo e e s s s 69-1
Rod White and Meyer Sapoff

70 Thermocouple Thermometry........ooovuuriiuriiriiriiriiseieeeiesisee e 70-1
R.P. Reed

71 Semiconductor Junction ThermoOmeters ... ..coovovoveeeeeeeeeeeeeeeeeeeeeeereeeseenns 71-1
Randy Frank

72 NONCONtACt TREIMOMELETS «.vvovveeeeeeeeeeeeeeeee e oo e ee e ee e 72-1
Jacob Fraden

73 Pyroelectric DeteCtOrS.....cooviiriiiieieeeieiieieieieieseesssseasesesasesesssasesasasesesenas 73-1
Jacob Fraden

74 Liquid-in-Glass ThermOmEters .........cooovvrvrvrveereieieseseesesiesseesesessesesssies 74-1
Rod White and J.V. Nicholas

75 Manometric TRermMOMEtErs ....oovovoeeeeeeeeeeeeeeeeee e, 75-1
Franco Pavese

76 Temperature INdicators .......coociiieiiiiiiee e 76-1
Jan Stasiek, Tolestyn Madaj, and Jaroslaw Mikielewicz

77 Fiber-Optic TRErMOMEters ............ocoveeveiveeeeeeeeeeeeieeeeeeeeeeee e 77-1
Brian Culshaw

78 Thermal IMaging........ccoccovvviviivireieieieiesesesese e 78-1

Herbert M. Runciman



79

Contents

Calorimetry Measurement ............ocooueiiiiiiiiiiiiieiic e 79-1
Sander van Herwaarden and Elina Iervolino

PART VIII Radiation

80

81

82

83

84

Radioactivity Measurement .........ccoueveieiniirieieiieiinieeieieieceie e 80-1
Bert M. Coursey

Radioactivity DeteCtorS.......cueveuiriiriiiiieiiiieicseee et 81-1
Larry A. Franks, Ralph B. James, and Larry S. Darken

Charged-Particle Measurement..........ccocevevieiiinininieieieeseeeeee e 82-1
John C. Armitage, Madhu S. Dixit, Jacques Dubeau, Hans Mes, and F. Gerald Oakham

Neutron MeasSUTEIMENT .........viiiieiiiiiee et e e e eaan 83-1
Steven M. Grimes

Dosimetry Measurement .............ccocooviiiiiiiiiiiiiiiiccee 84-1
Brian L. Justus, Mark A. Miller, and Alan L. Huston

PART IX Wireless Instrumentation

85

86

87

88

89

90

Wireless INStrumentation......oocouveiieeeiieeieiiee et 85-1
J.P. Carmo and J.H. Correria

Wireless Sensor Node Hardware..........ccocooeoieiiiinininiciiiiineceeceee 86-1
Michael Healy, Thomas Newe, and Elfed Lewis

Mobile Instrumentation with Wireless Design and Implementation.......... 87-1
Frederick Fortson and Kenneth Johnson

Powering Autonomous SENSOIS .........cccciviiiiiiiiiiiiii i 88-1
Manel Gasulla, Maria Teresa Penella, and Oscar Lopez-Lapeiia

Wireless Sensing Technology...........cocoooiiiiiiiiiiiccc 89-1
Gregory C. Willden, Ben A. Abbott, and Ronald T. Green

TeLEIMIETIY .o 90-1
Albert Lozano-Nieto

PART X Control and Human Factors

91

92

93

PID COontrol....ccccociiiiiiiiiiiiiiiiii i 91-1
F. Greg Shinskey

Optimal Control and the Software.........ccocceiiiiiiiiiiiinecee 92-1
Halit Eren

Electropneumatic and Electrohydraulic Instruments: Modeling............... 93-1

M. Pachter and C.H. Houpis



Contents

94 Explosion-Proof Instruments
Sam S. Khalilieh

95 Measurement and Identification of DC Brush and Brushless
Stepping Motors
Stuart Schweid, Robert Lofthus, and John McInroy

96 Human Factors in Displays
Jeffrey D. Onken, Barrett S. Caldwell, and Steven A. Murray

Appendix:.Units.and.Conversions
B.W. Petley

X1






Preface

Introduction

The second edition of The Measurement, Instrumentation, and Sensors Handbook comes in two vol-
umes. This edition reflects the current state of the art in measurement, instrumentation, and sensors. In
this two-volume set, all chapters have been updated, and 40 new chapters have been included to provide
the finest possible reference that is both concise and useful for engineers practicing in industry, scien-
tists and engineers involved in R&D, designers, college and university personnel and students, as well
as managers, together with many others who are involved in instrumentation and measurement design
and applications.

The handbook covers an extensive range of topics that comprise the subject of measurement, instru-
mentation, and sensors. It describes the use of instruments and techniques for practical measurements
required in engineering, physics, chemistry, environmental science, and the life sciences. It also explains
sensors, techniques, hardware, and the associated software. The handbook includes information pro-
cessing systems, automatic data acquisition, reduction and analysis, operation characteristics, accuracy,
errors, calibrations, standards, and their incorporation for control purposes. Emphasis is given on mod-
ern intelligent instruments and techniques, wireless network operations, human factors, and modern
display methods, as well as virtual instruments.

The chapters include descriptive information for professionals, students, and workers interested in
measurement. They include equations to assist engineers and scientists who seek to discover applica-
tions and solve problems that arise in fields not in their specialty. They also include specialized informa-
tion needed by informed specialists who seek to learn advanced applications of the subject, evaluative
opinions, and possible areas for future study. Thus, the handbook serves the reference needs of the
broadest group of users—from the advanced high-school science student to industrial and university
professionals.

Organization

In this edition, the first volume has 10 parts, each having several chapters, for a total of 96 chapters
written by experts in their areas. It concentrates on concepts in instrumentation and measurements,
spatial variable measurement, displacement measurement, mechanical variable measurement, acous-
tics, flow and spot velocity, thermal and temperature measurement, and radiation. It reflects recent
trends in instrumentation and measurements with the addition of a new part on wireless instrumenta-
tion. Concepts in control systems and human factors are given as a separate part.

The second volume has 10 parts, each having several chapters, for a total of 96 chapters written by
experts in their areas as in volume 1. It concentrates on sensors and sensor technology, electric variable
measurement, electromagnetic variables, time and frequency, optical measurement, chemical variables,
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medical, biomedical and health, and environmental measurement. Signal processing, and displays and
recorders constitute the last two parts of this volume.

Locating Your Topic

To find out how to measure a given variable, skim the table of contents, turn to that section, and find the
chapters that describe different methods of making the measurement. Consider the alternative methods
of making the measurement and each of their advantages and disadvantages. Select a method, sensor,
and signal processing method. Many chapters list a number of vendors to contact for more information.
You can also visit http://www.globalspec.com/ to obtain a list of vendors.

For more detailed information, consult the index, since certain principles of measurement may
appear in more than one chapter.

MATLAB® is a registered trademark of The MathWorks, Inc. For product information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098, USA
Tel.: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com

John G. Webster and Halit Eren
Co-Editors
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1.1 Introduction

Measurement is a process of gathering information from a physical world and comparing this
information with agreed standards. As highlighted in this chapter and discussed in detail in
this book, measurements are essential activities for observing and testing scientific and technologi-
cal investigations.

Measurements are carried out by using instruments, which are designed and manufactured to
fulfill specific tasks. Sensors are used as the primary elements in instruments to respond to the
physical variable under investigation. In this book, a diverse range of sensors and instruments
are discussed; the advances and the recent developments in measurements, instrumentation, and
sensors are introduced in the proceeding sections and chapters.

In many applications, many sensors and instruments are used to collect information about the pro-
cess under investigation. These instruments are connected together using wired, optical, or wireless
networks. The details of the supporting hardware and software technologies behind these networks are
discussed extensively.

1-1
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1.2 Measurements

If the behavior of the physical variable is known, its performance can be monitored and assessed by
means of suitable methods of sensing, signal conditioning, and termination. The applications of instru-
ments range from laboratory conditions to arduous environments such as inside nuclear reactors or
remote locations such as satellite systems and spaceships.

The sensor-output signals of the majority of modern instruments are in electric form. This is due to
electric signals being easy to process, display, store, and transmit. Once converted to electric forms, the
relation between the sensor signals and the physical variations can be expressed in the form of transfer
functions. The transfer function is a mathematical model between the sensor signal and the physical
variable. In a continuous system, the transfer function may be linear or nonlinear. A linear relationship
may be expressed by the following equation:

y=a+bx (1.1)

where
y is the electric signal
x is the physical stimulus
a is the intercept on the y-axis, which gives the output signal for a zero input
b is the slope that is also known as the sensitivity

In ideal cases, this relationship should be consistent without any errors, nonlinearity, or deviation.
However, in measurements, there may be many sources of errors; therefore, it is important to identify
these sources and draw up an error budget by considering factors, such as

« Imperfections in electric and mechanical components (e.g., high tolerances and noise or offset
voltages)

« Changes in component performances (e.g., shift in gains, changes in chemistry, aging, and drifts
in offsets)

« External and ambient influences (e.g., temperature, pressure, and humidity)

« Inherent physical fundamental laws (e.g., thermal and other electric noises, Brownian motion in
materials, and radiation)

Once the measurements are made, various forms of data analysis may be used to extract useful infor-
mation about the measurements and draw conclusions. Data analysis may include statistical methods,
curve fitting, selecting or discarding subsets of data, or many other techniques. For example, a typical
data analysis tool is the data mining, which aims to discover unforeseen patterns hidden in the data.
There is an extensive range of software available for the analysis (e.g., MATLAB®) to suit specific needs
of information obtained from experimental or test results. Further information on measurements and
analysis can be found throughout this book.

1.3 Instruments

Instruments are man-made devices for determining the value of the quantity/variable. They are
designed to maintain prescribed relationships between the parameters being measured and the physi-
cal variables under investigation. Instruments can be designed and constructed to be analog, digital,
or hybrid.

The construction of an instrument can be broken into smaller elements, as illustrated in Figure 1.1.
Typically, an instrument will have a sensor or transducer stage, a signal-conditioning stage, and an out-
put or termination stage. All instruments have some or all of these functional blocks.
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. Sensor |, Excitation . . Transmission
Physical s and/or Signal N Signal Output or
quantities g »/ conditioner processing " .
transducer Signal display

FIGURE 1.1 Construction structure of a typical instrument.

A diverse range of sensors and transducers may be available to meet the measurement requirements
of a physical system. The sensors can be categorized in a number of ways depending on the energy input
and output, input variables, sensing elements, and electric or physical principles.

In recent years, the rapid growth of the integrated circuit (IC) electronics and the availability of
cost-effective processors have led to an impressive progress in instrumentation and measurements
in all fields. This coupled with the improvement of mathematical methods, the extensive applica-
tions of digital techniques, and the addition of new application areas enabled modern instruments
to excel to new heights as discussed in detail in this two-volume Measurements, Instrumentation,
and Sensors Handbook.

1.3.1 Design of Instruments

Instruments are designed on the basis of existing knowledge, which is gained either from the experi-
ences of people about the physical process or from structured understanding of the process. In any case,
ideas conceived about an instrument are translated into hardware and software that can perform well
within the expected standards and easily be accepted by the end users.

Usually, the design of instruments requires many multidisciplinary activities. In the wake of a
rapidly changing technology, instruments are upgraded often to meet the demands of the marketplace.
Depending on the complexity of the proposed instrument, it may take many years to produce an instru-
ment for a relatively short commercial lifetime. In the design and production stages, engineers must
consider factors such as simplicity, appearance, ease and flexibility of use, maintenance requirements,
production costs, lead time to product, and positioning strategy in the marketplace.

The design process of an instrument may follow well-ordered procedures from ideas to marketing
of the final products. The process may be broken down into smaller tasks such as identifying specifica-
tions, developing possible solutions for these specifications, modeling, prototyping, installing and test-
ing, making modifications, manufacturing, planning marketing and distribution, evaluating customer
feedback, and making design and technological improvements. For example, many different specifica-
tions may be considered for particular product, which may include but are not limited to operational
requirements, functionality, technological limitations, quality, installation, maintenance, documenta-
tion, servicing, and acceptance level usage by customers.

1.3.2 Testing and Use of Instruments

After the instrument is designed and prototyped, various evaluation tests may be conducted. These tests
may be made under reference conditions or under simulated environmental conditions. Some examples
of reference condition tests are accuracy, response time, drift, and warm-up time. Simulated environ-
mental tests may be compulsory, being regulated by governments and other authorities. Some simulated
environment tests include climatic test, drop test, dust test, insulation-resistance test, vibration test,
electromagnetic compatibility tests, and safety and health hazard tests. Many of these are strictly regu-
lated by national and international standards.

For maximum efficiency, an appropriate instrument for the measurement must be selected. Users
should be fully aware of their application requirements, since instruments that do not fit their pur-
poses will deliver false data resulting in wasted time and effort. For a particular application, users must
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carefully study the documents about all the candidates and make comparisons among all options.
While selecting the instrument, users must evaluate many factors such as accuracy, frequency response,
electric and physical loading effects, sensitivity, response time, calibration intervals, power supply
needs, spare parts, technology, and maintenance requirements. They must ensure compatibility with
the existing equipment.

When selecting and implementing of instruments, quality becomes an important issue from both
quantitative and qualitative perspectives. The quality of an instrument may be viewed differently
depending on the people involved. For example, quality in the eyes of designer may be an instrument
designed on sound physical principles, whereas from the users’ point of view, it may be reliability, main-
tainability, cost, and availability.

1.3.3 Response and Drift

Instruments respond to physical phenomenon by sensing and generating signals. Depending on the
type of instrument used and the physical phenomenon, the signals may be either slow or fast to change
and may also contain transients. The response of the instruments to the signals can be analyzed in a
number of ways by establishing static and dynamic performance characteristics. Although the static
performances are relatively simple, the dynamic performances may be complex. More information on
this can be found in Chapters 4, 11, and 12.

1.3.4 Accuracy and Errors

The performance of an instrument depends on its static and dynamic characteristics. The performance
may be indicated by its accuracy, which may be described as the closeness of measured values to the real
values of the variable. The total response is a combination of dynamic and static responses. If the signals
generated by the physical variable are changing rapidly, then the dynamic properties of the instrument
become important. For slow-varying systems, the dynamic errors may be neglected. Further informa-
tion on accuracy can be found in Chapter 5.

The performance of an instrument may also be decided by other factors, such as the magnitudes of
errors; the repeatability, which indicates the closeness of sets of measurements made in the short term;
and the reproducibility of the instrument. The reproducibility is the closeness of sets of measurements
when repeated in similar conditions over a long period of time.

The ideal or perfect instrument would have perfect sensitivity, reliability, and repeatability
without any spread of values and would be within the applicable standards. However, in many
cases, there will be imprecise and inaccurate results because of internal and external factors. The
departure from the expected perfection is called the error. Often, sensitivity analyses are con-
ducted to evaluate the effect of individual components that are causing these errors. Sensitivity
to the affecting parameter can be obtained by varying that one parameter and keeping the others
constant. This can be done practically by using the developed instruments or mathematically by
means of appropriate models.

When determining the performance of an instrument, it is essential to appreciate how errors arise.
There may be many sources of errors; therefore, it is important to identify these sources and draw
up an error budget. In the error budget, there may be many factors, such as (1) imperfections in
electric and mechanical components (e.g., high tolerances and noise or offset voltages), (2) changes
in component performances (e.g., shift in gains, changes in chemistry, aging, and drifts in offsets),
(3) external and ambient influences (e.g., temperature, pressure, and humidity), and (4) inherent
physical fundamental laws (e.g., thermal and other electric noises, Brownian motion in materials,
and radiation).

In instrumentation systems, errors can be broadly classified as systematic, random, or gross errors.
For further information, readers can refer to Chapters 2 and 4.
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1.3.5 Error Reduction

Controlling errors is an essential part of measurements and instrumentation. Various techniques are
available to achieve this objective. The error control begins in the design stages by choosing the appro-
priate components, filtering, and bandwidth selection; by reducing the noise; and by eliminating the
errors generated by the individual subunits of the complete system. In a good design, the errors of the
previous group may be compensated adequately by the following groups.

The accuracy of instruments can be increased by postmeasurement corrections. Various calibration
methods may be employed to alter parameters slightly to give correct results. In many cases, calibration
graphs, mathematical equations, tables, the experiences of the operators, and the like are used to reduce
measurement errors. In recent years, with the application of digital techniques and intelligent instru-
ments, error corrections are made automatically by the computers or the devices themselves. More
information is available in Chapters 8 and 9.

In many instrumentation systems, the application of compensation strategy is used to increase static and
dynamic performances. In the case of static characteristics, compensations can be made by many methods,
including introducing opposing nonlinear elements into the system, using isolation and zero environmen-
tal sensitivity, opposing compensating environmental inputs, using differential systems, and employing
feedback systems. On the other hand, dynamic compensation can be achieved by applying these tech-
niques as well as by reducing harmonics, using filters, adjusting bandwidth, using feedback compensation
techniques, and the like. Further information on dynamic error measurements can be found in Chapter 12.

1.3.6 Calibration of Instruments

The calibration of all instruments is essential for checking their performances against known standards.
This provides consistency in readings and reduces errors, thus validating the measurements universally.
After an instrument is calibrated, future operation is deemed to be error bound for a given period of
time for similar operational conditions. The calibration procedure involves comparison of the instru-
ment against primary or secondary standards. In some cases, it may be sufficient to calibrate a device
against another one with a known accuracy.

Many nations and organizations maintain laboratories with the primary functions of calibrating
instruments and field measuring systems that are used in everyday operations. Examples of these labo-
ratories are National Association of Testing Authorities (NATA) of Australia and the British Calibration
Services (BCS). Detailed information on calibration is available in Chapter 8.

Calibrations may be made under static or dynamic conditions. A typical calibration procedure of
a complex process involving many instruments is illustrated in Figure 1.2. In an ideal situation, for

Parameter 1 Parameter 2 Parameter n
Standard instrument 1 ~ Standard instrument 2 Standard instrument #

| S

Element or system under calibration

l N

Output 1 Qutput 2 Output k
Standard instrument 1 Standard instrument 2 Standard instrument k
Calibrated instrument 1 ~ Calibrated instrument 2 Calibrated instrument k

FIGURE 1.2 Instruments need to be frequently calibrated sequentially for all affecting inputs. Calibrations are
made under static or dynamic conditions by varying a single input and observing the corresponding output while
keeping all the other inputs constant until all inputs are covered.
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an instrument that response to a multitude of physical variables, a commonly employed method is
by keeping all the inputs constant except one. The input is varied in increments in increasing and
decreasing directions over a specified range. The observed output then becomes a function of that
single input. The calibration is continued in a similar manner until all other inputs are covered.
For better results, this procedure may be repeated by varying the sequences of inputs, thus devel-
oping a family of relationships between the inputs and the outputs. As a result of these calibration
readings, the input and output relation usually demonstrates statistical characteristics. From these
characteristics, appropriate calibration curves can be obtained, and other statistical techniques can
be applied.

1.4 Analog and Digital Instruments

Instruments can be analog or digital or a combination of the two. Nowadays, most instruments are
produced to be digital because of the advantages they offer. However, the front end of majority of
instruments is still analog; that is, most of the sensors and transducers generate analog signals. The
signals initially are conditioned by analog circuits before converting into digital form for further sig-
nal processing. It is important to mention that nowadays, digital instruments operating purely on
digital principles are being developed. For instance, today’s smart sensors contain the complete signal
condition circuits in a single chip integrated with the sensor itself. The output of smart sensors can
be interfaced directly with other digital devices. More information on smart sensors can be found in
Chapter 9.

1.4.1 Analog Instruments

Analog instruments are characterized by continuous signals. A purely analog system measures, trans-
mits, displays, and stores data in analog form. The signal conditioning is usually made by integrating
many functional blocks such as bridges, amplifiers, filters, oscillators, modulators, offsets and level con-
verters, and buffers, as illustrated in Figure 1.3. Generally, in the initial stages, the signals produced by
the sensors and transducers are conditioned mainly by analog electronics, even if they are configured
as digital instruments later.

In analog instruments, the changes in amplitudes, phases, or frequencies or a combination of the
three convey the useful information in response to physical variables. These signals can be deterministic
or nondeterministic. As in the case with all signal-bearing systems, there are useful signals that respond
to the physical phenomena and unwanted signal resulting from various forms of noise requiring exten-
sive filtering and other signal processing as explained in the chapters in Electrical, Optical, Chemical,
and Biomedical Measurement.

Analog signals can also be nondeterministic; that is, the future state of the signal cannot be deter-
mined. If the signal varies in a probabilistic manner, its future can be determined only by statistical
methods. The mathematical and practical treatment of analog and digital signals, having foreseen, sto-
chastic, and nondeterministic properties, is a very lengthy subject, and a vast body of information can
be found in the literature; therefore, they will not be treated here.

Sensor

Physical N and/or N Input N Pre- N Filters and Transmission Output

variable transducer circuit amplifier amplifiers display

FIGURE 1.3 Analoginstruments measure, transmit, display, and store data in analog form. The signal condition-
ing involves such components as bridges, amplifiers, filters, oscillators, modulators, offsets and level converters,
buffers, and so on.
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FIGURE 1.4 Digital instruments have more signal-processing components than analog counterparts. However,
they have the advantage of data handling, storing, displaying, and transmitting.

1.4.2 Digital Instruments

In modern instruments, the original data acquired from the physical variables are usually in analog form.
This analog signal is converted to digital before being passed onto the other parts of the system. For conver-
sion purposes, analog-to-digital (A/D) converters are used together with appropriate sample-and-hold and
multiplexing devices. The typical components of a digital instrument are illustrated in Figure 1.4. The digital
systems are particularly useful in performing mathematical operations and storing and transmitting data.

A/D conversion involves three stages: sampling, quantization, and encoding. The Nyquist sampling
theorem must be observed during sampling; that is, “the number of samples per second must be at least
twice the highest frequency present in the continuous signal.” As a rule of thumb, depending on the
significance of the high frequencies, the sampling must be about 5 to 10 times the highest frequency of
the signal. The next stage is the quantization, which determines the resolution of the sampled signals.
The quantization error decreases as the number of bits increases. In the encoding stage, the quantized
values are converted to binary numbers to be processed digitally. Once in digital form, the data can
further be processed by employing various techniques such as FFT analysis, digital filtering, sequential
or logical decision making, correlation methods, spectrum analysis, and more.

1.5 Sensors and Transducers

A sensor is a device that responds to a changing phenomenon. A transducer is a device that transfers
energy from one form to another.

Sensors and transducers can be categorized in a number of ways depending on factors such as the
energy input and output, input variables, sensing elements, and electric or physical principles. From
the energy input and output point of view, there are three types: the modifiers, the self-generators, and
the modulators.

In modifiers, a particular form of energy is modified rather than converted; therefore, the same form
of energy exists in both the input and the output stages. In self-generators, electric signals are produced
from nonelectric inputs without the application of external energy. Typical examples are piezoelectric
transducers and photovoltaic cells. Modulators, on the other hand, produce electric outputs from non-
electric inputs, but they require an external source of energy. Strain gages are typical examples of such
devices. Some examples of sensors and measurements are listed as follows:

« Spatial variables, discussed in Part II of this book

o Displacements, discussed in Part III of this book

o Mechanical variables, discussed in Part IV of this book

« Acoustics, discussed in Part V of this book

o Flow measurements and sensors, discussed in Part VI of this book

o Thermal and temperature, discussed in Part VII of this book

« Radiation, Part VIII of this book

o Electric variables, discussed in Part II of Electrical, Optical, Chemical, and Biomedical
Measurement

o Electromagnetic variables discussed in Part III of Electrical, Optical, Chemical, and Biomedical
Measurement
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« Time and frequency, discussed in Part IV of Electrical, Optical, Chemical, and Biomedical
Measurement

o Optical variables, Part V of Electrical, Optical, Chemical, and Biomedical Measurement

o Chemical variables, discussed in Part VI of Electrical, Optical, Chemical, and Biomedical
Measurement

o Medical, biomedical, and health, Part VII of Electrical, Optical, Chemical, and Biomedical
Measurement

o Environmental sensors and measurements, Part VIII of Electrical, Optical, Chemical, and
Biomedical Measurement

The present trend in sensor technology has been shifted toward IC sensors in the form of microsys-
tems, intelligent sensors, nanosensors, and others. The usefulness of semiconductor-based IC sen-
sors is enhanced considerably by the integrations of microprocessors, microcontroller, converters,
logic circuits, and other digital components in the same chip. Further, micromachining techniques
combined with semiconductor processing technology provide a multiple range of sensors all inte-
grated in the same chip for mechanical, optical, magnetic, chemical, biological, and other types of
measurements.

IC devices refer to the dimensions of devices in micrometer (10-° m) ranges, whereas nanotechnology
refers to the dimensions of devices in nanometer (10~ m) ranges. The microsystems technology (MST)
is well established and simply known as the MST. A subset of MST is the microelectromechanical sys-
tems (MEMS). Another subset of MST is the microelectro-optical systems (MEOMs) and systems-on-chip
(SOC) devices. Most of the sensors manufactured by MEMs and MEOMs are 3D devices with dimen-
sions in the order of few micrometers.

For example, single-chip microsensors and microinstruments are being developed and used exten-
sively for temperature, pressure, and radiation measurements, as well as mechanical, chemical, envi-
ronmental, biomedical, biological variables, and implantable sensors, and many others. A typical
example is illustrated in Figure 1.5, and detailed information on such devices can be found in Part I of
Electrical, Optical, Chemical, and Biomedical Measurement. This particular single-chip implementation
of microinstrumentation system is based on complementary metal-oxide-semiconductors (CMOS)
and other technologies. It incorporates voltage, current, and capacitive-sensor interface; a temperature
sensor; a 10-channel 12 bit A/D converter; and an 8 bit microcontroller with a 16 bit hardware multiplier
and a 40 bit accumulator. This device operates on 3 V power supply drawing 16 mA when fully powered
or 850 LA at standby:.

—> Timers PWM

Voltage
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USART Tx/Rx

o

Parallel I/O PI
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sensor -
interface
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> Filters [ >

A/D

input
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Analog interface
'

Analog multiplexer

Microprocessor core

Current
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Q
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FIGURE 1.5 Block diagram of a typical micro-instrument.
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Modern microsensors and microinstruments are fabricated by making full use of properties of semi-
conductors and their associated technologies. In the manufacturing process, the use of other materials
and the deposition of thick and thin films are often required to give the sensing materials useful proper-
ties otherwise they would not have. For example, piezoelectric material films applied to silicon wafers
provide piezoelectric properties. There are several methods of depositing thin and thick films on sub-
strates or semiconductor wafers. Some of the methods are spin casting, vacuum deposition, sputtering,
electroplating, screen printing, etc.

1.5.1 Smart Sensors

A conventional sensor measures physical, biological, or chemical parameters and converts these param-
eters into electric signals. They require extensive external circuits and components for signal processing
and display. The term smart sensor was adopted in the mid-1980s to differentiate a new class of sen-
sors from the conventional ones. Smart sensors have intelligence of some form and can convert a raw
sensor signal into a level that makes them much more convenient to use. They provide value-added
functions, thus increasing the quality of information rather than just passing the raw signal. They can
perform functions such as self-identification, self-testing, lookup tables, calibration curves as well as
ability to communicate with other devices. These functions are conducted by the integration of sensors
with microcontrollers or microprocessor or logic circuits in the same chip. Understandably, the micro-
processor contains RAM and ROM and can conveniently be programmed externally. Smart sensors also
include signal amplification, conditioning, processing, and A/D conversions.

A variety of smart sensors are manufactured with the neural network and other intelligence tech-
niques programmed and held onboard the chip. These sensors are capable of assimilating a large quan-
tity of data; hence, they are capable of taking autonomous and appropriate actions to achieve goals in
any dynamically changing environment. They are adaptable in anticipating events and complexities of
the process; therefore, sensing, learning, and self-configurations are the key elements. Intelligent sen-
sors appear in the marketplace as pressure sensors and accelerometers, biosensors, chemical sensors,
optical sensors, magnetic sensors, and so on. Intelligent vision systems and parallel processors-based
sensors are typical examples of such devices.

1.5.2 Wireless and Autonomous Sensors and Instruments

Sudden growth in the wireless communication technology has prompted the expansion of wireless
industry by order of magnitudes. This is largely supported by improvement in digital and RF circuit fab-
rication methods, advances in signal-processing theory and applications, and emergence of new large-
scale wireless-related ICs and other supporting devices. Particularly, the new IC technology makes radio
equipment smaller, cheaper, and more reliable. In parallel to industrial expansion, consumer acceptance
and need for products permit widespread deployment of the wireless communication systems. Trends
will continue at an even greater pace in the coming years.

Wireless technology is used extensively in modern sensors and instrumentation. A typical wireless
sensor contains sensing elements, signal-processing circuits, and wireless communication components
in the same chip. Several miniaturization techniques are available for wireless sensors, including SOC,
MEMS, and ASICs. In a wireless sensor, there are five main components that need to be integrated for a
complete system; these components are sensor, signal-processing circuitry, radio, battery, and package.
Radio, sensors, and signal-processing circuitry can be reduced in size through hybrid circuits, MEMS,
or mixed-signal ASIC design. However, the power supply components must be dealt with separately as
explained in Chapter 90 of this book and Chapter 13 of Electrical, Optical, Chemical, and Biomedical
Measurement.

Wireless instruments consist of five main components—sensors and signal conditioners, programma-
ble digital hardware, memory and storage, input/output and communication components, and others, for
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FIGURE 1.6 Components of a wireless instrument.

example, displays, keypads, and power supplies. A typical wireless instrument is illustrated in Figure 1.6.
Instruments differ from each other by the way that they handle, transmit, and display information. Further
information can be found in Part IX, which is dedicated to wireless technology for instruments and sensors.

Autonomous sensors are self-powered measurement devices that are capable of communicating wire-
lessly. They serve as the nodes in distributed data acquisition systems and wireless sensor networks
(WSN) finding applications such as in health care, aerospace, and environmental monitoring. To increase
their autonomy, autonomous sensors seek to reduce their average power consumption by working in low
power modes whenever possible. They spend most of the time in sleep (standby) mode and only wake up
to perform specific actions—namely, measurement, processing, and transmission/reception of data.

Autonomous sensors are composed of sensors, signal conditioners, processors, and transceivers.
Sensors convert a signal from a physical or chemical quantity to a corresponding signal in the electric
domain. Often, commercial transceivers are used for wireless communication. They transmit in the
free-licensed ISM bands and can use a proprietary or standard (e.g., IEEE 802.15.4) protocol. Further
information on autonomous sensors can be found in Chapter 90.

1.6 Instrumentation and Networks

Networking of hardware and software resources is essential to bring multiple sensors and instruments
together for exchange of information, collaborative operations, and sharing of functions of equipment
and devices. Networks are made by the collection of devices, the medium that links these devices, and
the software that supports the networking of the entire system. A system is made from a group of inter-
related parts with the focus of establishing an interrelationship between them to improve efficiency, to
facilitate integration of the application, and to share the resources.

Due to recent progress in communications technology, sensors and instruments can easily be net-
worked. Many processes require measurements of hundreds and perhaps thousands of parameters
employing many instruments. The resulting arrangement for performing the overall measurement in
a complex processes is called the measurement system. In measurement systems, instruments operate
autonomously but in a coordinated manner. Information generated by each instrument may be com-
municated between the instruments themselves and the controllers or between instruments and other
digital devices such as recorders, display units, printers, routers, base stations, or host computer.

Connecting devices together to form networks is not a new concept, and it has been operational for
many years in a diverse range of applications. In the earlier networks, almost all the communicating
devices were connected by wires; hence, they were largely fixed in space. The devices in modern networks,
as discussed in this book, can be configured by using wireless communication technology and related
software; hence, they can have mobility in space while still maintaining feasible networks. Therefore,
modern networks can be viewed as (1) wired networks in which the communication devices are connected
by wires, hence largely fixed in space, (2) wireless networks in which devices communicate wirelessly,
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hence can move in space, and (3) hybrid networks in which both wired and wireless techniques are
used in combination. At the moment, mobile networks based on wireless techniques provide primarily
voice-based services, but they are increasingly handling data and other forms of information. Wireless
networks can match similar functions as fixed networks plus they offer many advantages such as the
reduction in cost for initial setup and maintenance.

Devices need network software to issue the requests and responses that allow them communicate with
each other successfully. A communication process between two devices is illustrated in Figure 1.7. In
this case, communication is taking place in simplex form; device A is sending information to device B.

In many networks, communicating devices invoke a layer of codes, which is called network operat-
ing systems (NOSs). NOSs control the access to network recourses. Examples of common NOSs used in
computers are Windows.NET, WindowsXP, Novell’s NetWare, etc.

Most network software packages come with modules for logging on and off the network. Logging on and
logging off network modules may include considerations such as password security, validation of user access
to specific files and software, automatic log-on feature for some devices, help menus, and error messages.

More information on instrument networks can be found in Part IX of this book and Part I of
Electrical, Optical, Chemical, and Biomedical Measurement.

1.7 Software Support for Sensors and Instruments

The software is a term for describing the role of programs, procedures, and documentation in program-
mable digital devices and computer systems. Software support is an integral part of modern instrumenta-
tion system. It can be divided into three major groups: (1) system software, (2) programming software, and
(3) application software. All are developed using programming languages, scripting languages, machine
languages or assembly codes, or FPGA configurations. Some examples of programming languages are C
or C++, Java, and Basic.

The software in instrumentation systems includes

o Application software such as Excel, word processors, video games, and Open Office that provides
tasks for users.

o Firmware is software permanently stored in programmable memory devices on the main boards
or other types of integrated hardware carriers.

o Middleware controls and coordinates distributed systems.

o System software such as operating systems that interface with hardware to provide a coordinated
service for applications such as Linux and Microsoft Windows.

o Web pages developed by technologies such as HTML, Perl, JSP, XML, PHP.
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FIGURE 1.8 Al-controlled single-chip multisensor array.

At thelowest level, software consists of a machine language specific to an individual processor. A machine
language consists of groups of binary values signifying processor instructions that change the state of
the computer from its preceding state. Software is an ordered sequence of instructions for changing the
state of hardware in a particular sequence. It is usually written in high-level programming languages
that are easier and more efficient for humans to use than machine language. High-level languages are
compiled or interpreted into machine language object code. Software may also be written in an assem-
bly language that is mnemonic representation of a machine language using a natural language alphabet.
Assembly language must be assembled into object code via an assembler.

For example, the microinstrument illustrated in Figure 1.5 is supported by C programming language.
It includes hardware support for a single break point and trace event for code debugging. A develop-
ment system interface provides instructions for halting the processor, single stepping through code, and
reading and writing system registers. Single-cycle interrupt response and direct memory access (DMA)
allow application of this device in time-critical applications. A clock manager is used to divide the sys-
tem clock to reduce power, assign a slow clock, or halt the clock to the different sections of the chip until
a programmed event occurs.

The integration of sensors with complex analog and digital signal-processing circuits and micro-
processors in the same chip has enabled extensive development of the supporting software. The use
of digital signal-processing circuits and the integration of intelligent techniques such as the artificial
neural networks (ANNs) and other techniques serve as nonlinear signal-processing tools leading to
convenient and easy to use devices. The onboard operating system and the additional decision-making
software such as artificial intelligence (AI) and complex logic circuits result in much faster and efficient,
fault-tolerant and reliable systems. A typical system configuration of an Al-controlled single-chip, mul-
tisensor array is shown in Figure 1.8. In fully integrated decision and control systems, an ANN performs
both sensor enhancement and intelligent control. Fully integrated systems find extensive applications in
aerospace, defense, consumer products, and industrial needs.

There are many different software tools to implement applications of sensors and instruments such as
the LabWindows and LabVIEW from National Instruments and the VEE from Hewlet-Packard. Further
information can be found in Chapter 10.

1.8 Application Examples

Many different instruments are offered to fulfill specific measurement requirements. Here, some exam-
ples will be discussed briefly. In this book, detailed information can be found on specific instruments,
sensors, and measurements in the proceeding chapters.

In medical technology, there are three basic types of instruments—imaging, physiological measure-
ments, and laboratory analysis. In imaging and physiological measurements, the instruments are closely
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linked with patients. Some examples of these instruments are x-ray tomography, magnetic resonance
imaging (MRI) and magnetic resonance tomography, ultrasound imaging, thermography, brain and
nervous system sensors, and respiratory sensors. Many instruments are based on radiation and sound,
force and tactile sensing, electromagnetic sensing, and chemical and bio-analytical sensors.

Power plants are instrumented for maximum availability, operational safety, and environmental
planning. Therefore, their measurements must be as accurate as possible and reliable. Instruments are
used for temperature, pressure, flow, level, vibration measurements, and water, steam, and gas analysis.
For example, gas analysis requires instruments to measure carbon compounds, sulfur and nitrogen
compounds, and dust and ash contents.

Environmental monitoring requires a diverse range of instruments for air, water, and biological mon-
itoring. Instruments are used for measuring various forms of radiation, chemical hazards, air pollut-
ants, and organic solvents. Many sophisticated instruments are also developed for remote monitoring
via satellites, and they operate on optical, microwave, and RF electromagnetic radiation principles.

Industry uses instruments extensively for online monitoring purposes and off-line analysis. Specific
instruments are used commonly for sensing variables such as temperature, pressure, volumetric and
mass flow rate, density, weight, displacement, pH levels, color, absorbency, viscosity, material flow,
dew point, organic and inorganic components, turbidity, solid and liquid level, humidity, and particle-
size distribution.

In automobiles, instruments are used to assist drivers by sensing variables such as cooling, braking,
fuel consumption, humidity control, speed, travel route monitoring, and position sensing. Instruments
also find applications for safety and security purposes, such as passenger protection and locking and
antitheft systems. Recently, with the advent of micromachined sensors, many diverse instruments such
as engine control, fuel injection, air regulation, and torque sensing are developed.

The manufacturing industry, especially automated manufacturing, requires a diverse range of instru-
ments. Machine diagnosis and process parameters are made by instruments that are based on force,
torque, pressure, speed, temperature, and electric-parameter sensing. Optics, tactile arrays, and acous-
tic scanning instruments are used for pattern recognition. Distance and displacement measurements
are made by many methods (e.g., inductive, capacitive, optical, and acoustic techniques).

Aerospace instrumentation requires an accurate indication of physical variables and the changes in
these variables. Instruments are designed to suit specific conditions of operations. Some of the measure-
ments are gas temperature and pressure, fluid flow, aircraft velocity, aircraft icing, thrust and accelera-
tion, load, strain and force, position, altitude sensing, and direction finding.
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In addressing measurement problems, it is often useful to have a conceptual model of the measurement
process. This chapter presents some of the fundamental concepts of measurement in the context of a
simple generalized instrument model.

In abstract terms, an instrument is a device that transforms a physical variable of interest (the mea-
surand) into a form that is suitable for recording (the measurement). In order for the measurement to
have broad and consistent meaning, it is common to employ a standard system of units by which the
measurement from one instrument can be compared with the measurement of another.

An example of a basic instrument is a ruler. In this case, the measurand is the length of some object,
and the measurement is the number of units (meters, inches, etc.) that represent the length.

2.1 Simple Instrument Model

Figure 2.1 presents a generalized model of a simple instrument. The physical process to be measured is
in the left of the figure, and the measurand is represented by an observable physical variable X. Note that
the observable variable X need not necessarily be the measurand but simply related to the measurand
in some known way. For example, the mass of an object is often measured by the process of weighing,
where the measurand is the mass but the physical measurement variable is the downward force the mass
exerts in the Earth’s gravitational field. There are many possible physical measurement variables. A few
are shown in Table 2.1.

The key functional element of the instrument model shown in Figure 2.1 is the sensor, which has the
function of converting the physical variable input into a signal variable output. Signal variables have the
property that they can be manipulated in a transmission system, such as an electrical or mechanical
circuit. Because of this property, the signal variable can be transmitted to an output or recording device
that can be remote from the sensor. In electric circuits, voltage is a common signal variable. In mechani-
cal systems, displacement or force is commonly used as a signal variable. Other examples of signal
variable are shown in Table 2.1. The signal output from the sensor can be displayed, recorded, or used
as an input signal to some secondary device or system. In a basic instrument, the signal is transmitted
to a display or recording device where the measurement can be read by a human observer. The observed

2-1
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FIGURE 2.1 Simple instrument model.

TABLE 2.1 Examples of Physical Variables
and Typical Signal Variables

Common Physical Variables Typical Signal Variables
Force Voltage
Length Displacement
Temperature Current
Acceleration Force
Velocity Pressure
Pressure Light
Frequency Frequency
Capacity —
Resistance —
Time -

output is the measurement M. There are many types of display devices, ranging from simple scales and
dial gages to sophisticated computer display systems. The signal can also be used directly by some larger
system of which the instrument is a part. For example, the output signal of the sensor may be used as the
input signal of a closed-loop control system.

If the signal output from the sensor is small, it is sometimes necessary to amplify the output shown in
Figure 2.2. The amplified output can then be transmitted to the display device or recorded, depending
on the particular measurement application. In many cases, it is necessary for the instrument to provide
a digital signal output so that it can interface with a computer-based data acquisition or communication
system. If the sensor does not inherently provide a digital output, then the analog output of the sensor is
converted by an analog-to-digital converter (ADC) as shown in Figure 2.2. The digital signal is typically
sent to a computer processor that can display, store, or transmit the data as output to some other system,
which will use the measurement.

Physical Analog Analog Digital
measurement signal signal signal
variable variable variable variable >
A/D Computer
Sensor | | Amplifier [mm—m]p Converter »H

\mp Output

FIGURE 2.2 Instrument model with amplifier, ADC, and computer output.
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2.1.1 Passive and Active Sensors

As discussed earlier, sensors convert physical variables to signal variables. Sensors are often transduc-
ers in that they are devices that convert input energy of one form into output energy of another form.
Sensors can be categorized into two broad classes depending on how they interact with the environ-
ment they are measuring. Passive sensors do not add energy as part of the measurement process but may
remove energy in their operation. One example of a passive sensor is a thermocouple, which converts
a physical temperature into a voltage signal. In this case, the temperature gradient in the environment
generates a thermoelectric voltage that becomes the signal variable. Another passive transducer is a
pressure gage where the pressure being measured exerts a force on a mechanical system (diaphragm,
aneroid, or Borden pressure gage) that converts the pressure force into a displacement, which can be
used as a signal variable. For example, the displacement of the diaphragm can be transmitted through
a mechanical gearing system to the displacement of an indicating needle on the display of the gage.

Active sensors add energy to the measurement environment as part of the measurement process. An
example of an active sensor is a radar or sonar system, where the distance to some object is measured by
actively sending out a radio (radar) or acoustic (sonar) wave to reflect off of some object and measure its
range from the sensor.

2.1.2 Calibration

The relationship between the physical measurement variable input and the signal variable (output) for
a specific sensor is known as the calibration of the sensor. Typically, a sensor (or an entire instrument
system) is calibrated by providing a known physical input to the system and recording the output. The
data are plotted on a calibration curve such as the example shown in Figure 2.3. In this example, the
sensor has a linear response for values of the physical input less than X|,. The sensitivity of the device is
determined by the slope of the calibration curve. In this example, for values of the physical input greater
than X, the calibration curve becomes less sensitive until it reaches a limiting value of the output sig-
nal. This behavior is referred to as saturation, and the sensor cannot be used for measurements greater
than its saturation value. In some cases, the sensor will not respond to very small values of the physical
input variable. The difference between the smallest and the largest physical inputs that can reliably be
measured by an instrument determines the dynamic range of the device.
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FIGURE 2.3 Calibration curve example.
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The accuracy of instruments can be increased by calibration. In many cases, calibration graphs,
mathematical equations, tables, and experience of the operators can be utilized. In recent years, with
the application of digital techniques and intelligent instruments, error corrections are made automati-
cally by computers or within the devices and sensors themselves.

2.1.3 Modifying and Interfering Inputs

In some cases, the sensor output will be influenced by physical variables other than the intended mea-
surand. In Figure 2.4, X is the intended measurand, Y is an interfering input, and Z is a modifying input.
The interfering input Y causes the sensor to respond in the same manner as the linear superposition of Y
and the intended measurand X. The measured signal output is therefore a combination of X and Y, with
Y interfering with the intended measurand X. An example of an interfering input would be a structural
vibration within a force measurement system.

Modifying inputs changes the behavior of the sensor or measurement system, thereby modifying the
input/output relationship and calibration of the device. This is shown schematically in Figure 2.5. For
various values of Z in Figure 2.5, the slope of the calibration curve changes. Consequently, changing Z
will result in a change of the apparent measurement even if the physical input variable X remains
constant. A common example of a modifying input is temperature; it is for this reason that many devices
are calibrated at specified temperatures.

2.1.4 Accuracy and Error

The accuracy of an instrument is defined as the difference between the true value of the measurand
and the measured value indicated by the instrument. Typically, the true value is defined in reference to
some absolute or agreed upon standard. For any particular measurement, there will be some error due
to systematic (bias) and random (noise) error sources. The combination of systematic and random error
can be visualized by considering the analogy of the target shown in Figure 2.6. The total error in each
shot results from both systematic and random errors. The systematic (bias) error results in the grouping
of shots being offset from the bulls eye (presumably a misalignment of the gunsight or wind). The size of
the grouping is determined by random-error sources and is a measure of the precision of the shooting.

2.1.5 Systematic Error Sources (Bias)

There are a variety of factors that can result in systematic measurement errors. One class of cause factors
are those that change the input-output response of a sensor resulting in miscalibration. The modify-
ing inputs and interfering inputs discussed earlier can result in sensor miscalibration. For example,
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FIGURE 2.6 Target analogy of measurement accuracy.

if temperature is a modifying input, using the sensor at a temperature other than the calibrated tem-
perature will result in a systematic error. In many cases, if the systematic error source is known, it can
be corrected for by the use of compensation methods.

There are other factors that can also cause a change in sensor calibration resulting in systematic errors.
In some sensors, aging of the components will change the sensor response and hence the calibration.
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Damage or abuse of the sensor can also change the calibration. In order to prevent these systematic
errors, sensors should be periodically recalibrated.

Systematic errors can also be introduced if the measurement process itself changes the intended mea-
surand. This issue, defined as invasiveness, is a key concern in many measurement problems. Interaction
between measurement and measurement device is always present; however, in many cases, it can be
reduced to an insignificant level. For example, in electronic systems, the energy drain of a measuring
device can be made negligible by making the input impedance very high. An extreme example of inva-
siveness would be to use a large warm thermometer to measure the temperature of a small volume of
cold fluid. Heat would be transferred from the thermometer and would warm the fluid, resulting in an
inaccurate measurement.

Systematic errors can also be introduced in the signal path of the measurement process shown in
Figure 2.4. If the signal is modified in some way, the indicated measurement will be different from the
sensed value. In physical signal paths such as mechanical systems that transmit force or displacement,
friction can modify the propagation of the signal. In electric circuits, resistance or attenuation can also
modify the signal, resulting in a systematic error.

Finally, systematic errors or bias can be introduced by human observers when reading the measure-
ment. A common example of observer bias error is parallax error. This is the error that results when an
observer reads a dial from a non-normal angle. Because the indicating needle is above the dial face, the
apparent reading will be shifted from the correct value.

2.1.6 Random-Error Sources (Noise)

If systematic errors can be removed from a measurement, some error will remain due to the random-
error sources that define the precision of the measurement. Random error is sometimes referred to as
noise, which is defined as a signal that carries no useful information. If a measurement with true ran-
dom error is repeated a large number of times, it will exhibit a Gaussian distribution, as demonstrated
in the example in Figure 2.7 by plotting the number of times values within specific ranges are measured.
The Gaussian distribution is centered on the true value (presuming no systematic errors), so the mean
or average of all the measurements will yield a good estimate of the true value.

The precision of the measurement is normally quantified by the standard deviation (o) that indicates
the width of the Gaussian distribution. Given a large number of measurements, a total of 68% of the
measurements will fall within +16 of the mean, 95% will fall within +26, and 99.7% will fall within +3e.
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FIGURE 2.7 Example of a Gaussian distribution.
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Smaller standard deviation leads to more precise the measurement. For many applications, it is common
to refer to the 20 value when reporting the precision of a measurement. However, for some applications
such as navigation, it is common to report the 3¢ value, which defines the limit of likely uncertainty in
the measurement.

There are a variety of sources of randomness that can degrade the precision of the measurement—
starting with the repeatability of the measurand itself. For example, if the height of a rough surface is to
be measured, the measured value will depend on the exact location at which the measurement is taken.
Repeated measurements will reflect the randomness of the surface roughness.

Random error generating noise can also be introduced at each stage in the measurement process, as
shown schematically in Figure 2.8. Random interfering inputs will result in noise from the measure-
ment environment N,, which are introduced before the sensor, as shown in the figure. An example
would be background noise received by a microphone. Sensor noise N, can also be introduced within
the sensor. An example of this would be thermal noise within a sensitive transducer, such as an infrared
sensor. Random motion of electrons, due to temperature, appears as voltage signals, which are appar-
ently due to the high sensitivity of the device. For very sensitive measurements with transducers of this
type (e.g., infrared detectors), it is common to cool the detector to minimize this noise source.

Noise N, can also be introduced in the transmission path between the transducer and the amplifier.
A common example of transmission noise in the United States is 60 Hz interference from the electric
power grid that is introduced if the transmission path is not well grounded or if an inadvertent electric
grand loop causes the wiring to act as an antenna.

It is important to note that the noise will be amplified along with the signal as it passes through the
amplifier shown in Figure 2.8. As a consequence, the figure of merit when analyzing noise is not the level
of the combined noise sources but the level of the signal-to-noise ratio (SNR), defined as the ratio of the
signal power to the power in the combined noise sources. It is common to report SNR in decibel units.

The SNR is ideally much greater than 1 (0 dB). However, it is sometimes possible to interpret a signal
that is lower than the noise level if some identifying characteristics of that signal are known and suffi-
cient signal processing power is available. The human ability to hear a voice in a loud noise environment
is an example of this signal processing capability.

2.1.7 Error Reduction

Controlling errors is an essential part of instruments and instrumentation systems. Error control begins
in the design stages by choosing the appropriate components, filtering, and bandwidth selection and by
reducing noise. Minimizing the errors generated by the individual subunits of the complete system will
result in lowering the overall error of the instrument.

In many instrumentation systems, the application of compensation strategy is used to increase static
and dynamic performances. In the case of static characteristics, compensations can be made by different
methods, including the introduction of opposing nonlinear elements into the system; by using isolation
and zero environmental sensitivity conditions, opposing compensating environmental inputs; and by
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using differential and feedback systems. At the same time, dynamic compensation can be achieved by
applying these techniques as well as by taking measures to reduce harmonics, using filters, adjusting
bandwidths, using feedback compensation techniques, and so on. Further information can be found in
Chapter 1.

2.1.8 Sensor Fusion

The process of sensor fusion is modeled in Figure 2.9. In this case, two or more sensors are used to
observe the environment, and their output signals are combined in some manner (typically in a pro-
cessor) to provide a single enhanced measurement. This process frequently allows measurement of
phenomena that would otherwise be unobservable. One simple example is thermal compensation of a
transducer where a measurement of temperature is made and used to correct the transducer output for
modifying effects of temperature on the transducer calibration. Other more sophisticated sensor-fusion
applications range to image synthesis where radar, optical, and infrared images can be combined into a
single enhanced image. Sensor fusion has become more prevalent with the advent of data bus architec-
tures (such as the Controlled Area Network [CAN] bus) where sensor information can be easily shared
between devices through the data bus.

2.1.9 Estimation

With the use of computational power, it is often possible to improve the accuracy of a poor-quality
measurement through the use of estimation techniques. These methods range from simple-averaging
or low-pass filtering to cancel out random fluctuating errors to more sophisticated techniques such as
Wiener or Kalman filtering and model-based estimation techniques. The increasing capability and low-
ering cost of computation makes it increasingly attractive to use lower performance sensors with more
sophisticated estimation techniques in many applications.

2.1.10 Testing of Instruments

After the instrument is designed and prototyped, various evaluation tests are conducted. These
tests may be made under reference conditions or under simulated environmental conditions.
Some examples of reference condition tests are accuracy, response time, drift, and warm-up time.
Simulated environmental tests may be compulsory, thus being regulated by the governments and
other authorities. Some simulated environment tests include climatic test, drop test, insulation-
resistance test, vibration test, electromagnetic compatibility tests, safety and health hazard tests,
and ingress progress (IP) tests against water and dust. The IP tests are particularly important for
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electronic portable instruments since they are most likely to be used during their operations in
unsteady environments containing rain, water, humidity, and dust. Many of these tests are strictly
regulated by national and international standards.
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3.1 Null Instrument

The null method is one possible mode of operation for a measuring instrument. A null instrument uses
the null method for measurement. In this method, the instrument exerts an influence on the measured
system so as to oppose the effect of the measurand. The influence and the measurand are balanced until
they are equal but opposite in value, yielding a null measurement. Typically, this is accomplished by
some type of feedback operation that allows the comparison of the measurand against a known stan-
dard value. The key features of a null instrument include an iterative balancing operation using some
type of comparator, either a manual or automatic feedback used to achieve balance, and a null deflection
at parity.

A null instrument offers certain intrinsic advantages over other modes of operation (e.g., see deflec-
tion instruments). By balancing the unknown input against a known standard input, the null method
minimizes interaction between the measuring system and the measurand. As each input comes from
a separate source, the significance of any measuring influence on the measurand by the measurement
process is reduced. In effect, the measured system sees a very high input impedance, thereby minimizing
loading errors. This is particularly effective when the measurand is a very small value. Hence, the null
operation can achieve a high accuracy for small input values and with a low loading error. In practice,
the null instrument will not achieve perfect parity due to the usable resolution of the balance and detec-
tion methods, but this is limited only by the state of the art of the circuit or scheme being employed.

A disadvantage of null instruments is that an iterative balancing operation requires more time to
execute than simply measuring sensor input. Thus, this method might not offer the fastest measurement
possible when high-speed measurements are required. However, the user should weigh achievable accu-
racy against needed speed of measurement when considering operational modes. Further, the design of
the comparator and balance loop can become involved such that highly accurate devices are generally
not the lowest cost measuring alternative.

An equal-arm balance scale is a good mechanical example of a manual balance-feedback null instru-
ment, as shown in Figure 3.1. This scale compares the unknown weight of an object on one side against
a set of standard or known weights. The known values of weight are added iteratively to one side to

3-1
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FIGURE 3.1 Measurand and the known quantities balance one another in a null instrument.

exert an influence to oppose the effect of the unknown weight on the opposite side. Until parity, a high
or low value is noted by the indicator providing the feedback logic to the operator for adding or remov-
ing weights in a balancing iteration. At true parity, the scale indicator is null; that is, it indicates a zero
deflection. Then, the unknown input or measurand is deduced to have a value equal to the balance
input, the amount of known weights used to balance the scale. Factors influencing the overall measure-
ment accuracy include the accuracy of the standard weights used and resolution of the output indicator
and the friction at the fulcrum. Null instruments exist for measurement of most variables. Other com-
mon examples include bridge circuits, often employed for highly accurate resistance measurements and
found in load cells, temperature-compensated transducers, and voltage-balancing potentiometers used
for highly accurate low-voltage measurements.

Within the null instrument, the iteration and feedback mechanism is a loop that can be controlled
either manually or automatically. Essential to the null instrument are two inputs: the measurand and
the balance input. The null instrument includes a differential comparator, which compares and com-
putes the difference between these two inputs. This is illustrated in Figure 3.2. A nonzero output from
the comparator provides the error signal and drives the logic for the feedback correction. Repeated cor-
rections provide for an iteration toward eventual parity between the inputs and the results in the null
condition where the measurand is exactly opposed by the balance input. At parity, the error signal is
driven to zero by the opposed influence of the balance input, and the indicated deflection is at null, thus
lending the name to the method. It is the magnitude of the balance input that drives the output reading
in terms of the measurand.

Known Unknown
input input
Balance input Measurand
- +
- Error signal | Sum
L Correction comparator
feedback

Deflection

FIGURE 3.2 Null instrument requires input from two sources for comparison.
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3.2 Deflection Instrument

The deflection method is one possible mode of operation for a measuring instrument. A deflection
instrument uses the deflection method for measurement. A deflection instrument is influenced by the
measurand so as to bring about a proportional response within the instrument. This response is an out-
put reading that is a deflection or a deviation from the initial condition of the instrument. In a typical
form, the measurand acts directly on a prime element or primary circuit so as to convert its informa-
tion into a detectable form. The name is derived from a common form of instrument where there is a
physical deflection of a prime element that is linked to an output scale, such as a pointer or other type
of readout, which deflects to indicate the measured value. The magnitude of the deflection of the prime
element brings about a deflection in the output scale that is designed to be proportional in magnitude
to the value of the measurand.

Deflection instruments are the most common of measuring instruments. The relationship between
the measurand and the prime element or measuring circuit can be a direct one, with no balancing
mechanism or comparator circuits used. The proportional response can be manipulated through signal-
conditioning methods between the prime element and the output scale so that the output reading is a
direct indication of the measurand. Effective designs can achieve a high accuracy, yet sufficient accuracy
for less demanding uses can be achieved at moderate costs.

An attractive feature of the deflection instrument is that it can be designed for either static or dynamic
measurements or both. An advantage to deflection design for dynamic measurements is in the high
dynamic response that can be achieved. A disadvantage of deflection instruments is that by deriving its
energy from the measurand, the act of measurement will influence the measurand and change the value
of the variable being measured. This change is called a loading error. Hence, the user must ensure that
the resulting loading error is acceptable. This usually involves a careful look at the instrument input
impedance for the intended measurement.

A spring scale is a good, simple example of a deflection instrument. As shown in Figure 3.3, the input
weight or measurand acts on a plate spring. The plate spring serves as a prime element. The original
position of the spring is influenced by the applied weight and responds with a translational displace-
ment, a deflection x. The final value of this deflection is a position that is at equilibrium between the
downward force of the weight, W, and the upward restoring force of the spring, kx. That is, the input
force is balanced against the restoring force. A mechanical coupler is connected directly or by linkage to
a pointer. The pointer position is mapped out on a corresponding scale that serves as the readout scale.
For example, at equilibrium W = kx or by measuring the deflection of the pointer, the weight is deduced
by x = Wrk.

The flow-diagram logic for a deflection instrument is rather linear, as shown in Figure 3.4. The
input signal is sensed by the prime element or primary circuit and thereby deflected from its initial
setting. The deflection signal is transmitted to signal conditioners that act to condition the signal into

Unknown input
(measurand)

Pointer

\l/ Output
x

display

Plate

Spring
(restoring effect)

FIGURE 3.3 Deflection instrument requires input from only one source but may introduce a loading error.
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FIGURE 3.4 Logic flowchart for a deflection instrument is straightforward.

a desired form. The examples of signal conditioning are to multiply the deflection signal by some scaler
magnitude, such as in amplification or filtering, or to transform the signal by some arithmetic func-
tion. The conditioned signal is then transferred to the output scale, which provides the indicated value
corresponding to the measurand value.

3.3 Analog and Digital Sensors

Analog sensors provide a signal that is continuous in both its magnitude and its temporal (time) or
spatial (space) content. The defining word for analog is “continuous.” If a sensor provides a continuous
output signal that is directly proportional to the input signal, then it is analog.

Most physical variables, such as current, temperature, displacement, acceleration, speed, pressure,
light intensity, and strain, tend to be continuous in nature and are readily measured by an analog sensor
and represented by an analog signal. For example, the temperature within a room can take on any value
within its range, will vary in a continuous manner in between any two points in the room, and may vary
continuously with time at any position within the room. An analog sensor, such as a bulb thermometer
or a thermocouple, will continuously respond to such temperature changes. Such a continuous signal is
shown in Figure 3.5, where the signal magnitude is analogous to the measured variable (temperature)
and the signal is continuous in both magnitude and time.

Digital sensors provide a signal that is a direct digital representation of the measurand. Digital sen-
sors are basically binary (“on” or “oft”) devices. Essentially, a digital signal exists at only discrete values
of time (or space). And within that discrete period, the signal can represent only a discrete number of
magnitude values. A common variation is the discrete sampled signal representation, which represents
a sensor output in a form that is discrete both in time or space and in magnitude.

Digital sensors use some variation of a binary numbering system to represent and transmit the
signal information in digital form. A binary numbering system is a number system using the base 2.
The simplest binary signal is a single bit that has only one of two possible values, a 1 or a 0. Bits are like
electrical “on-oft” switches and are used to convey logical and numerical information. With appro-
priate input, the value of the bit transmitted is reset corresponding to the behavior of the measured
variable. A digital sensor that transmits information one bit at a time uses serial transmission. By
combining bits or transmitting bits in groups, it is also possible to define logical commands or integer
numbers beyond a 0 or 1. A digital sensor that transmits bits in groups uses parallel transmission.
With any digital device, an M-bit signal can express 2™ different numbers. This also provides the limit
for the different values that a digital device can discern. For example, a 2 bit device can express 22 or 4
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FIGURE 3.5 Thermocouple provides an analog signal for processing.
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FIGURE 3.6 Rotating shaft with a revolution counter produces a digital signal.

different numbers, 00, 01, 10, and 11, corresponding to the values of 0, 1, 2, and 3, respectively. Thus,
the resolution in a magnitude discerned by a digital sensor is inherently limited to 1 part in 2M.

The concept of a digital sensor is illustrated by the revolution counter in Figure 3.6. Such devices are
widely used to sense the revolutions per minute of a rotating shaft. In this example, the sensor is a mag-
netic pickup/voltage converter that outputs a pulse with each pass of a magnetic stud mounted to a hub
on the rotating shaft. The output from the pickup normally is “off” but is momentarily turned “on” by
the passing stud. This pulse is a voltage spike sent to a digital register whose value is increased by a single
count with each spike. The register can send the information to an output device, such as the digital
display shown. The output from the sensor can be viewed in terms of voltage spikes with time. The count
rate is related to the rotational speed of the shaft. As seen, the signal is discrete in time. A single stud
with pickup will increase the count by one for each full rotation of the shaft. The fractions of a rotation
can be resolved by increasing the number of studs on the hub. In this example, the continuous rotation
of the shaft is analog but the revolution count is digital. The amplitude of the voltage spike is set to acti-
vate the counter and is not related to the shaft rotational speed.

3.4 Analog and Digital Readout Instruments

An analog readout instrument provides an output indication that is continuous and directly analogous
to the behavior of the measurand. Typically, this might be the deflection of a pointer or an ink trace
on a graduated scale or the intensity of a light beam or a sound wave. This indicated deflection may be
driven by changes in voltage or current; or by mechanical, magnetic, or optical means; or combinations
of these. The resolution of an analog readout is defined by the smallest usable increment on its readout
scale. The span of the readout is defined by the difference between the minimum and the maximum
values that it can indicate. Its range specifies the minimum and maximum values that it can indicate.

A digital readout instrument provides an output indication that is a discrete value. The value is directly
related to the value of the measurand. The digital readout is typically in the form of a numerical value
that is either a fixed number or a number that is updated periodically. One means of displaying a digital
number is the seven-segment digital display chip, shown in Figure 3.7, whose output can be updated by
altering the grounding inputs A through G. The resolution of a digital readout is given by its least count,
the equivalent amount of the smallest change resolved by the least significant digit in the readout. The
span and the range are defined as for analog instruments.

Many digital devices combine features of an analog sensor with a digital readout or, in general, con-
vert an analog signal to a discrete signal, which is indicated through a digital output. In such situations,
an analog-to-digital converter (ADC) is required. This hybrid device has its analog side specified in
terms of its full-scale analog range, E.s;, which defines the analog voltage span over which the device
will operate. The digital side is specified in terms of the bit size of its register. An M-bit device will output
an M-bit binary number. The resolution of such a device is given by Epg/2M.
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FIGURE 3.7 Seven-segment display chip can display any digit from 0 to 9.

3.5 Input Impedance

In the ideal sense, the very act of measurement should not alter the value of the measured signal. Any
such alteration is a loading error. Loading errors can occur at any junction along the signal chain but
can be minimized by impedance matching of the source with the measuring instrument. The measuring
instrument input impedance controls the energy that is drawn from the source, or measured system, by
a measuring instrument. The power loss through the measuring instrument is estimated by P = E?/Z,
where Z, is the input impedance of the measuring instrument and E is the source voltage potential being
measured. Thus, to minimize the power loss, the input impedance should be large.

This same logic holds for the two instruments in a signal chain as the subsequent instrument draws
energy from the previous instrument in the chain. As a general example, consider the situation in
Figure 3.8 in which the output signal from one instrument provides the input signal to a subsequent
device in a signal chain. The open circuit potential, E,, is present at the output terminal of source device 1
having output impedance, Z,. Device 2 has input impedance Z, at its input terminals. Connecting the
output terminals of Device 1 to the input terminals of Device 2 creates the equivalent circuit also shown
in Figure 3.7. The potential actually sensed by Device 2 will be

E— L
1+2,/2,

h =

The difference between the actual potential E, at the output terminals of Device 1 and the measured
potential E, is a loading error brought on by the input impedance of measuring Device 2. It is clear that
a high input impedance Z, relative to Z, minimizes this error. A general rule is for the input impedance
to be at least 100 times the source impedance to reduce the loading error to 1%.
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FIGURE 3.8 Equivalent circuit is formed by applying a measuring instrument to the output terminals of
an instrument.
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In general, null instruments and null methods will minimize loading errors. They provide the equiv-
alent of a very high input impedance to the measurement, minimizing energy drain from the measured
system. Deflection instruments and deflection measuring techniques will derive energy from the pro-
cess being measured and therefore require attention to proper selection of input impedance.

Defining Terms

Analog sensor: Sensors that output a signal that is continuous in both magnitude and time (or space).

Deflection instrument: A measuring device whose output deflects proportional to the magnitude of
the measurand.

Digital sensor: Sensors that output a signal that is discrete (noncontinuous) in time and/or magnitude.
Input impedance: The impedance measured across the input terminals of a device.

Loading error: That difference between the measurand and the measuring system output attributed to
the act of measuring the measurand.

Measurand: A physical quantity, property, or condition being measured. Often, it is referred to as
a measured value.

Null instrument: A measuring device that balances the measurand against a known value, thus achiev-
ing a null condition. A null instrument minimizes measurement loading errors.

Readout: This is the display of a measuring system.
Resolution: This is the least count or smallest detectable change in measurand capable.

Sensor: The portion of a measurement system that responds directly to the physical variable being
measured.
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Before we can begin to develop an understanding of the static and time-changing characteristics of
measurements, it is necessary to build a framework for understanding the process involved, setting
down the main words used to describe concepts as we progress.

Measurement is the process by which relevant information about a system of interest is interpreted
using the human thinking ability to define what is believed to be the new knowledge gained. This infor-
mation may be obtained for purposes of controlling the behavior of the system (as in engineering appli-
cations) or for learning more about it (as in scientific investigations).

The basic entity needed to develop the knowledge is called data, and it is obtained with physical
assemblies known as sensors that are used to observe or sense system variables. The terms information
and knowledge tend to be used interchangeably to describe the entity resulting after data from one or
more sensors have been processed to give more meaningful understanding. The individual variables
being sensed are called measurands.

The most obvious way to make observations is to use the human senses of seeing, feeling, and hear-
ing. This is often quite adequate or may be the only means possible. In many cases, however, sensors are
used that have been devised by man to enhance or replace our natural sensors. The number and variety
of sensors is very large indeed. Examples of man-made sensors are those used to measure temperature,
pressure, or length. The process of sensing is often called transduction, being made with transducers.
These man-made sensor assemblies, when coupled with the means to process the data into knowledge,
are generally known as (measuring) instrumentation.

The degree of perfection of a measurement can only be determined if the goal of the measurement can
be defined without error. Furthermore, instrumentation cannot be made to operate perfectly. Because of
these two reasons alone, measuring instrumentation cannot give ideal sensing performance, and it must
be selected to suit the allowable error in a given situation.

4-1
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FIGURE 4.1 A patient’s temperature chart shows changes taking place over time.

Measurement is a process of mapping actually occurring variables into equivalent values. Deviations
from perfect measurement mappings are called errors: what we get as the result of measurement is not
exactly what is being measured. A certain amount of error is allowable provided it is below the level
of uncertainty we can accept in a given situation. As an example, consider two different needs to mea-
sure the measurand, time. The uncertainty to which we must measure it for daily purposes of attend-
ing a meeting is around a min in 24 h. In orbiting satellite control, the time uncertainty needed must
be as small as milliseconds in years. Instrumentation used for the former case costs a few dollars and
is the watch we wear; the latter instrumentation costs thousands of dollars and is the size of a suitcase.

We often record measurand values as though they are constant entities, but they usually change in
value as time passes. These “dynamic” variations will occur either as changes in the measurand itself
or where the measuring instrumentation takes time to follow the changes in the measurand—in which
case it may introduce unacceptable error.

For example, when a fever thermometer is used to measure a person’s body temperature, we are looking
to see if the person is at the normally expected value and if it is not, to then look for changes over time as an
indicator of his or her health. Figure 4.1 shows a chart of a patient’s temperature. Obviously, if the thermom-
eter gives errors in its use, wrong conclusions could be drawn. It could be in error due to incorrect calibration
of the thermometer or because no allowance for the dynamic response of the thermometer itself was made.

Instrumentation, therefore, will only give adequately correct information if we understand the static
and dynamic characteristics of both the measurand and the instrumentation. This, in turn, allows us to
then decide if the error arising is small enough to accept.

Asan example, consider the electronic signal amplifier in a sound system. It will be commonly quoted
as having an amplification constant after feedback if applied to the basic amplifier of, say, 10. The actual
amplification value is dependent on the frequency of the input signal, usually falling off as the frequency
increases. The frequency response of the basic amplifier, before it is configured with feedback that mark-
edly alters the response and lowers the amplification to get a stable operation, is shown as a graph of
amplification gain versus input frequency. An example of the open-loop gain of the basic amplifier is
given in Figure 4.2. This lack of uniform gain over the frequency range results in error—the sound out-
put is not a true enough representation of the input.

Before we can delve more deeply into the static and dynamic characteristics of instrumentation, it
is necessary to understand the difference in meaning between several basic terms used to describe the
results of a measurement activity.

The correct terms to use are set down in documents called standards. Several standardized metrol-
ogy terminologies exist, but they are not consistent. It will be found that books on instrumentation and
statements of instrument performance often use terms in different ways. Users of measurement infor-
mation need to be constantly diligent in making sure that the statements made are interpreted correctly.
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FIGURE 4.2 This graph shows how the amplification of an amplifier changes with input frequency.

The three companion concepts about a measurement that need to be well understood are its discrimi-
nation, its precision, and its accuracy. These are too often used interchangeably—which is quite wrong to
do because they cover quite different concepts, as will now be explained.

When making a measurement, the smallest increment that can be discerned is called the discrimina-
tion. (Although now officially declared as wrong to use, the term resolution still finds its way into books
and reports as meaning discrimination.) The discrimination of a measurement is important to know
because it tells if the sensing process is able to sense fine enough changes of the measurand.

Even if the discrimination is satisfactory, the value obtained from a repeated measurement will rarely
give exactly the same value each time the same measurement is made under conditions of constant
value of measurand. This is because errors arise in real systems. The spread of values obtained indicates
the precision of the set of the measurements. The word precision is not a word describing a quality of
the measurement and is incorrectly used as such. Two terms that should be used here are repeatability,
which describes the variation for a set of measurements made in a very short period, and the reproduc-
ibility, which is the same concept but now used for measurements made over a long period. As these
terms describe the outcome of a set of values, there is a need to be able to quote a single value to describe
the overall result of the set. This is done using statistical methods that provide for calculation of the
“mean value” of the set and the associated spread of values, called its variance.

The accuracy of a measurement is covered in more depth elsewhere, so only an introduction to it is
required here. Accuracy is the closeness of a measurement to the value defined to be the true value. This
concept will become clearer when the following illustrative example is studied, for it brings together the
three terms into a single perspective of a typical measurement.

Consider then the situation of scoring an archer shooting arrows into a target as shown in Figure 4.3a. The
target has a central point—the bull’s-eye. The objective for a perfect result is to get all arrows into the bull’s-eye.
The rings around the bull’s-eye allow us to set up numeric measures of less-perfect shooting performance.

Discrimination is the distance at which we can just distinguish (i.e., discriminate) the placement
of one arrow from another when they are very close. For an arrow, it is the thickness of the hole that
decides the discrimination. Two close-by positions of the two arrows in Figure 4.3a cannot be separated
easily. Use of thinner arrows would allow finer detail to be decided.

Repeatability is determined by measuring the spread of values of a set of arrows fired into the target
over a short period. The smaller the spread, the more precise is the shooter. The shooter in Figure 4.3a is
more precise than the shooter in Figure 4.3b.
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(b) [

FIGURE 4.3 Two sets of arrow shots fired into a target allow understanding of the measurement concepts of dis-
crimination, precision, and accuracy. (a) The target used for shooting arrows allows investigation of the terms used
to describe the measurement result. (b) A different set of placements.

If the shooter returned to shoot each day over a long period, the results may not be the same each time
for a shoot made over a short period. The mean and variance of the values are now called the reproduc-
ibility of the archer’s performance.

Accuracy remains to be explained. This number describes how well the mean (the average) value of
the shots sits with respect to the bull’s-eye position. The set in Figure 4.3b is more accurate than the set
in Figure 4.3a because the mean is nearer the bull’s-eye (but less precise).

At first sight, it might seem that the three concepts of discrimination, precision, and accuracy have a
strict relationship in that a better measurement is always that with all three aspects made as high as is
affordable. This is not so. They need to be set up to suit the needs of the application.

We are now in a position to explore the commonly met terms used to describe aspects of the static and
the dynamic performance of measuring instrumentation.

4.1 Static Characteristics of Instrument Systems

4.1.1 Output/Input Relationship

Instrument systems are usually built up from a serial linkage of distinguishable building blocks. The
actual physical assembly may not appear to be so, but it can be broken down into a representative dia-
gram of connected blocks. Figure 4.4 shows the block diagram representation of a humidity sensor. The
sensor is activated by an input physical parameter and provides an output signal to the next block that
processes the signal into a more appropriate state.

Calibration
gain adjust

Cantilever Resistance Electrical
Membrane beam [ strain gauge bridge

out

Environment being
sensed for humidity

FIGURE 4.4 Instruments are formed from a connection of blocks. Each block can be represented by a conceptual
and mathematical model. This example is of one type of humidity sensor.
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A key generic entity is, therefore, the relationship between the input and output of the block. As was
pointed out earlier, all signals have a time characteristic, so we must consider the behavior of a block in
terms of both the static and dynamic states.

The behavior of the static regime alone and the combined static and dynamic regime can be found
through use of an appropriate mathematical model of each block. The mathematical description of sys-
tem responses is easy to set up and use if the elements all act as linear systems and where addition of
signals can be carried out in a linear additive manner. If nonlinearity exists in elements, then it becomes
considerably more difficult—perhaps even quite impractical—to provide an easy to follow mathematical
explanation. Fortunately, general description of instrument systems responses can be usually adequately
covered using the linear treatment.

The output/input ratio of the whole cascaded chain of blocks 1, 2, 3, etc. is given as

|: Output :| _ |:Output:| y |: Output :| y |: Output ]

Input | . Input | Input |, Input |,

The output/input ratio of a block that includes both the static and dynamic characteristics is called the
transfer function and is given the symbol G.

The equation for G can be written as two parts multiplied together. One expresses the static behavior
of the block, that is, the value it has after all transient (time-varying) effects have settled to their final
state. The other part tells us how that value responds when the block is in its dynamic state. The static part
is known as the transfer characteristic and is often all that is needed to be known for block description.

The static and dynamic response of the cascade of blocks is simply the multiplication of all individual
blocks. As each block has its own part for the static and dynamic behavior, the cascade equations can be
rearranged to separate the static from the dynamic parts, and then by multiplying the static set and the
dynamic set, we get the overall response in the static and dynamic states. This is shown by the sequence
of Equations 4.1 through 4.4:

Gioal =G X G, XG;s. .. (4.1)
=[Static X Dynamic], X [Static X Dynamic], X [Static X Dynamic];... (4.2)
=[Static]; X [Static], % [Static];... X[Dynamic], Xx[Dynamic], X[Dynamicl... (4.3)
= [Static]ior X [Dynamic]i (4.4)

An example will clarify this. A mercury-in-glass fever thermometer is placed in a patient’s mouth. The
indication slowly rises along the glass tube to reach the final value, the body temperature of the person.
The slow rise seen in the indication is due to the time it takes for the mercury to heat up and expand up
the tube. The static sensitivity will be expressed as so many scale divisions per degree and is all that is
of interest in this application. The dynamic characteristic will be a time-varying function that settles
to unity after the transient effects have settled. This is merely an annoyance in this application but has
to be allowed by waiting long enough before taking a reading. The wrong value will be viewed if taken
before the transient has settled.

At this stage, we will now consider only the nature of the static characteristics of a chain; dynamic
response is examined later.

If a sensor is the first stage of the chain, the static value of the gain for that stage is called the sensitivity.
Where a sensor is not at the input, it is called the amplification factor or gain. It can take a value less than
unity where it is then called the attenuation.
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FIGURE 4.5 The graph relating input to output variables for an instrument block shows several distinctive static
performance characteristics.

Sometimes, the instantaneous value of the signal is rapidly changing, yet the measurement aspect
part is static. This arises when using AC signals in some forms of instrumentation where the amplitude
of the waveform, not its frequency;, is of interest. Here, the static value is referred to as its steady-state
transfer characteristic.

Sensitivity may be found from a plot of the input and output signals, wherein it is the slope of the
graph. Such a graph (see Figure 4.5) tells much about the static behavior of the block.

The intercept value on the y-axis is the offset value being the output when the input is set to zero.
Offset is not usually a desired situation and is seen as an error quantity. Where it is deliberately set up,
it is called the bias.

The range on the x-axis, from zero to a safe maximum for use, is called the range or span and is often
expressed as the zone between the 0% and 100% points. The ratio of the span that the output will cover
for the related input range is known as the dynamic range. This can be a confusing term because it does
not describe dynamic time behavior. It is particularly useful when describing the capability of such
instruments as flow rate sensors—a simple orifice plate type may only be able to handle dynamic ranges
of 3-4, whereas the laser Doppler method covers as much as 107 variation.

4.1.2 Drift

It is now necessary to consider a major problem of instrument performance called instrument drift. This
is caused by variations taking place in the parts of the instrumentation over time. Prime sources occur
as chemical structural changes and changing mechanical stresses. Drift is a complex phenomenon for
which the observed effects are that the sensitivity and offset values vary. It also can alter the accuracy of
the instrument differently at the various amplitudes of the signal present.

Detailed description of drift is not at all easy, but it is possible to work satisfactorily with simplified
values that give the average of a set of observations, this usually being quoted in a conservative manner.
The first graph (a) in Figure 4.6 shows typical steady drift of a measuring spring component of a weigh-
ing balance. Figure 4.6b shows how an electronic amplifier might settle down after being turned on.

Drift is also caused by variations in environmental parameters such as temperature, pressure, and
humidity that operate on the components. These are known as influence parameters. An example is the
change of the resistance of an electrical resistor, this resistor forming the critical part of an electronic
amplifier that sets its gain as its operating temperature changes.

Unfortunately, the observed effects of influence parameter-induced drift often are the same as for
time-varying drift. Appropriate testing of blocks such as electronic amplifiers does allow the two to be
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FIGURE 4.6 Diriftin the performance of an instrument takes many forms: (a) drift over time for a spring balance,
(b) how an electronic amplifier might settle over time to a final value after power is supplied, and (c) drift, due to
temperature, of an electronic amplifier varies with the actual temperature of operation.

separated to some extent. For example, altering only the temperature of the amplifier over a short period
will quickly show its temperature dependence.

Drift due to influence parameters is graphed in much the same way as for time drift. Figure 4.6¢ shows
the drift of an amplifier as temperature varies. Note that it depends significantly on the temperature of
operation, implying that the best designs are built to operate at temperatures where the effect is minimum.

Careful consideration of the time and influence parameter causes of drift shows they are interrelated
and often impossible to separate. Instrument designers are usually able to allow for these effects, but the
cost of doing this rises sharply as the error level that can be tolerated is reduced.

4.1.3 Hysteresis and Backlash

Careful observation of the output/input relationship of a block will sometimes reveal different results
as the signals vary in the direction of the movement. Mechanical systems will often show a small differ-
ence in length as the direction of the applied force is reversed. The same effect arises as a magnetic field
is reversed in a magnetic material. This characteristic is called hysteresis. Figure 4.7 is a generalized plot
of the output/input relationship showing that a closed loop occurs. The effect usually gets smaller as the
amplitude of successive excursions is reduced, this being one way to tolerate the effect. It is present in
most materials. Special materials have been developed that exhibit low hysteresis for their application—
transformer iron laminations and clock spring wire being examples.

Where this is caused by a mechanism that gives a sharp change, such as caused by the looseness of
ajoint in a mechanical joint, it is easy to detect and is known as backlash.

4.1.4 Saturation

So far, the discussion has been limited to signal levels that lie within acceptable ranges of amplitude.
Real system blocks will sometimes have input signal levels that are larger than allowed. Here, the domi-
nant errors that arise—saturation and crossover distortion—are investigated.
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FIGURE4.7 Generalized graph of output/input relationship where hysteresis is present. (Sydenham, P.H.: Handbook
of Measurement Science, Vol. 2.1983. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

As mentioned earlier, the information-bearing property of the signal can be carried as the instanta-
neous value of the signal or be carried as some characteristic of a rapidly varying AC signal. If the signal
form is not amplified faithfully, the output will not have the same linearity and characteristics.

The gain of a block will usually fall off with increasing size of signal amplitude. A varying amplitude
input signal, such as the steadily rising linear signal shown in Figure 4.8, will be amplified differently
according to the gain/amplitude curve of the block. In uncompensated electronic amplifiers, the larger
amplitudes are usually less amplified than at the median points.

At very low levels of input signal, two unwanted effects may arise. The first is that small signals are
often amplified more than at the median levels. The second error characteristic arises in electronic
amplifiers because the semiconductor elements possess a dead zone in which no output occurs until a
small threshold is exceeded. This effect causes crossover distortion in amplifiers.

If the signal is an AC waveform (see Figure 4.9) then the different levels of a cycle of the signal may not
all be amplified equally. Figure 4.9a shows what occurs because the basic electronic amplifying elements
are only able to amplify one polarity of signal. The signal is said to be rectified. Figure 4.9b shows the
effect when the signal is too large and the top is not amplified. This is called saturation or clipping. (As
with many physical effects, this effect is sometimes deliberately invoked in circuitry, an example being
where it is used as a simple means to convert sine-waveform signals into a square waveform.) Crossover
distortion is evident in Figure 4.9c as the signal passes from negative to positive polarity.
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Where input signals are small, such as in sensitive sensor use, the form of analysis called small signal
behavior is needed to reveal distortions. If the signals are comparatively large, as for digital signal con-
siderations, a large signal analysis is used. Design difficulties arise when signals cover a wide dynamic
range because it is not easy to allow for all of the various effects in a single design.

4.1.5 Bias

Sometimes, the electronic signal-processing situation calls for the input signal to be processed at a higher
average voltage or current than arises normally. Here a DC value is added to the input signal to raise the
level to a higher state as shown in Figure 4.10. A need for this is met where only one polarity of signal can
be amplified by a single semiconductor element. Raising the level of all of the waveform equally takes all
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FIGURE 4.10 Bias is where a signal has all of its value raised by an equal amount. Shown here is an AC input
waveform biased to be all of positive polarity.

parts into the reasonably linear zone of an amplifier, allowing more faithful replication. If bias were not
used here, then the lower half cycle would not be amplified, resulting in only the top half appearing in
the output.

4.1.6 Error of Nonlinearity

Ideally, it is often desired that a strictly linear relationship exists between input and output signals in
amplifiers. Practical units, however, will always have some degree of nonconformity, which is called the
nonlinearity. If an instrument block has constant gain for all input signal levels, then the relationship
graphing the input against the output will be a straight line; the relationship is then said to be linear.
Linearity is the general term used to describe how close the actual response is compared with that ideal
line. The correct way to describe the error here is as the error of nonlinearity. Note, however, that not all
responses are required to be linear; another common one follows a logarithmic relationship.

Detailed description of this error is not easy, for that would need a statement of the error values at all
points of the plot. Practice has found that a shorthand statement can be made by quoting the maximum
departure from the ideal as a ratio formed with the 100% value.

Difficulties arise in expressing error of nonlinearity, for there exist many ways to express this error.
Figure 4.11 shows the four cases that usually arise. The difference arises in the way in which the ideal
(called the “best fit”) straight line can be set up. Figure 4.11a shows the line positioned by the usually
calculated statistical averaging method of least squares fit; other forms of line-fitting calculation are
also used. This will yield the smallest magnitude of error calculation for the various kinds of line fitting
but may not be appropriate for how the stage under assessment is used. Other, possibly more reason-
able, options exist. Figure 4.11b constrains the best-fit line to pass through the zero point. Figure 4.11c
places the line between the expected 0% and the 100% points. There is still one more option, that where
the theoretical line is not necessarily one of the above yet is the ideal placement (Figure 4.11d).

In practice then, instrument systems linearity can be expressed in several ways. Good certification practice
requires that the method used to ascertain the error is stated along with the numerical result, but this is often
not done. Note also that the error is the worst case and that part of the response may be much more linear.

The description of instrument performance is not a simple task. To accomplish this fully would
require very detailed statements recording the performance at each and every point. That is often
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FIGURE 4.11 Error of nonlinearity can be expressed in four different ways: (a) best-fit line (based on selected
method used to decide this); (b) best-fit line through zero; (c) line joining 0% and 100% points; and (d) theoretical

line. (Sydenham, P.H.: Handbook of Measurement Science, Vol. 2. 1983. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.)

too cumbersome, so the instrument industry has developed many short-form statements that

provide an adequate guide to the performance. This guide will be seen to be generally a conserva-
tive statement.

Many other descriptors exist for the static regime of an instrument. The reader is referred to the many
standards documents that exist on instrument terminology; for example, see Ref. [3].

4.2 Dynamic Characteristics of Instrument Systems

4.2.1 Dealing with Dynamic States

Measurement outcomes are rarely static over time. They will possess a dynamic component that must
be understood for correct interpretation of the results. For example, a trace made on an ink pen chart
recorder will be subject to the speed at which the pen can follow the input signal changes.

To properly appreciate instrumentation design and its use, it is now necessary to develop insight into
the most commonly encountered types of dynamic response and to develop the mathematical modeling
basis that allows us to make concise statements about responses.

If the transfer relationship for a block follows linear laws of performance, then a generic mathemati-
cal method of dynamic description can be used. Unfortunately, simple mathematical methods have not
been found that can describe all types of instrument responses in a simplistic and uniform manner.
If the behavior is nonlinear, then description with mathematical models becomes very difficult and
might be impracticable. The behavior of nonlinear systems can, however, be studied as segments of
linear behavior joined end to end. Here, digital computers are effectively used to model systems of any
kind provided the user is prepared to spend time setting up an adequate model.

Now the mathematics used to describe linear dynamic systems can be introduced. This gives valuable

insight into the expected behavior of instrumentation, and it is usually found that the response can be
approximated as linear.
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The modeled response at the output of a block G, is obtained by multiplying the mathematical
expression for the input signal G, by the transfer function of the block under investigation G,,one>
as shown in Equation 4.5:

Gresult = Ginput X Gresponse (45)
To proceed, one needs to understand commonly encountered input functions and the various types of

block characteristics. We begin with the former set: the so-called forcing functions.

4.2.2 Forcing Functions

Let us first develop an understanding of the various types of input signals used to perform tests. The
most commonly used signals are shown in Figure 4.12. These each possess different valuable test features.
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FIGURE 4.12 The dynamic response of a block can be investigated using a range of simple input forcing func-
tions. (Sydenham, P.H.: Handbook of Measurement Science, Vol. 2. 1983. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.)
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For example, the sine wave is the basis of analysis of all complex wave shapes because they can be formed
as a combination of various sine waves, each having individual responses that add to give all other wave
shapes. The step function has intuitively obvious uses because input transients of this kind are com-
monly encountered. The ramp test function is used to present a more realistic input for those systems
where it is not possible to obtain instantaneous step input changes, such as attempting to move a large
mass by a limited size of force. Forcing functions are also chosen because they can be easily described
by a simple mathematical expression, thus making mathematical analysis relatively straightforward.

4.2.3 Characteristic Equation Development

The behavior of a block that exhibits linear behavior is mathematically represented in the general form
of expression given as Equation 4.6:

2
v =0 4o
Here, the coefficients a,, a,, and g, are constants dependent on the particular block of interest. The left-
hand side of the equation is known as the characteristic equation. It is specific to the internal properties
of the block and is not altered by the way the block is used.

The specific combination of forcing function input and block characteristic equation collectively
decides the combined output response. Connections around the block, such as feedback from the output
to the input, can alter the overall behavior significantly: such systems, however, are not dealt with in this
section being in the domain of feedback control systems.

Solution of the combined behavior is obtained using Laplace transform methods to obtain the output
responses in the time or the complex frequency domain. These mathematical methods might not be
familiar to the reader, but this is not a serious difficulty, for the cases most encountered in practice are
well documented in terms that are easily comprehended, the mathematical process having been per-
formed to yield results that can be used without the same level of mathematical ability. More depth of
explanation can be obtained from Ref. [1] or any one of the many texts on energy systems analysis. Space
here only allows an introduction; this account is linked to Ref. [1] of Sydenham, Chapter 17, to allow the
reader to access a fuller description where needed.

The next step in understanding block behavior is to investigate the nature of Equation 4.6 as the num-
ber of derivative terms in the expression increases (Equations 4.7 through 4.10):

Zero order ayy = x(t) 4.7)
. ady
First order I +ayy = x(t) (4.8)
ad’y ady
Second order ;tz + iit +ayy = x(t) (4.9)

a,d"y e aly

dt" ! +otagy = x(t) (4.10)

nth order

Note that specific names have been given to each order. The zero-order situation is not usually dealt
with in texts because it has no time-dependent term and is thus seen to be trivial. It is an amplifier
(or attenuator) of the forcing function with gain of a,. It has infinite bandwidth without change in the
amplification constant.
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The highest order usually necessary to consider in first-cut instrument analysis is the second-order
class. Higher-order systems do occur in practice and need analysis that is not easily summarized here.
They also need deep expertise in their study. Computer-aided tools for systems analysis can be used to
study the responses of systems.

Another step is now to rewrite the equations after Laplace transformation into the frequency domain.
We then get the set of output/input (Equations 4.11 through 4.14):

Zero order (s =1 (4.11)
(s)
. Y(s) 1
First ord = 4.12
irst order X(s) (1) (4.12)
Second order Y(s) = ! (4.13)
X(s) (Tis+1)(T5+1)
nth order Y(s) = L (4.14)
X(s) (Tis+1)(T,5+2)...(T,s+1)
The terms 7, ..., 7, are called time constants. They are key system performance parameters.

4.2.4 Response of the Ditferent Linear Systems Types

Space restrictions do not allow a detailed study of all of the various options. A selection is presented to
show how they are analyzed and reported, leading to how the instrumentation person can use certain
standard charts in the study of the characteristics of blocks.

4.2.5 Zero-Order Blocks

To investigate the response of a block, multiply its frequency domain forms of equation for the charac-
teristic equation with that of the chosen forcing function equation.

This is an interesting case because Equation 4.7 shows that the zero-order block has no frequency-
dependent term (it has no time derivative term), so the output for all given inputs can only be of the
same time form as the input. What can be changed is the amplitude given as the coefficient a,. A shift
in time (phase shift) of the output waveform with the input also does not occur as it can for the higher-
order blocks.

This is the response often desired in instruments because it means that the block does not alter the
time response. However, this is not always so because, in systems, design blocks are often chosen for
their ability to change the time shape of signals in a known manner.

Although somewhat obvious (Figure 4.13), a resistive strain gage is given to illustrate zero-order
behavior.

4.2.6 First-Order Blocks

Here, Equation 4.8 is the relevant characteristic equation. There is a time-dependent term, so analysis is
needed to see how this type of block behaves under dynamic conditions. The output response is different
for each type of forcing function applied. Space limitations only allow the most commonly encountered
cases—the step and the sine-wave input—to be introduced here. It is also only possible here to outline
the method of analysis and to give the standardized charts that plot generalized behavior.
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FIGURE4.13 Inputand output responses for a zero-order block: (a) strain gage physical and mathematical model
and (b) responses. (Sydenham, P.H.: Handbook of Measurement Science, Vol. 2. 1983. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.)

The step response of the first-order system is obtained by multiplying Equation 4.12 by the frequency
domain equation for a step of amplitude A. The result is then transformed back into the time domain
using Laplace transforms to yield the expression for the output, y(f):

()= AK(1—¢'"") (4.15)

where
A is the amplitude of the step
K is the static gain of the first-order block
t is the time in consistent units
7 is the time constant associated with the block itself

This is a tidy outcome because Equation 4.15 covers the step response for all first-order blocks, thus
allowing it to be graphed in normalized manner, as given in Figure 4.14. The shape of the response is

Initial rate of rise

/

| Rising step

0.8

Y ()

AK 0.4

Falling step

tit

FIGURE4.14 The step response for all first-order systems is covered by these two normalized graphs. (Sydenham,
P.H.: Handbook of Measurement Science, Vol. 2. 1983. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.)
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always of the same form. This means that the step response of a first-order system can be described as
having “a step of AK amplitude with the time constant z.”

If the input is a sine wave, the output response is quite different, but again, it will be found that there
is a general solution for all situations of this kind. As before, the input forcing equation is multiplied by
the characteristic equation for the first-order block and Laplace transformation is used to get back to the
time-domain response. After rearrangement into two parts, this yields

| AKtwe™"" AK
y(t)= |: (TZQ)Z +1) :|+ |: (Tzwz + 1)1/2 “sin(@t + ¢):| (4.16)

where
o is the signal frequency in angular radians, ¢ = tan™! (-wt)
A is the amplitude of the sine-wave input
K is the gain of the first-order block
t is the time in consistent units
7 is the time constant associated with the block

The left side of the right-hand bracketed part is a short-lived, normally ignored, time transient that
rapidly decays to zero, leaving a steady-state output that is the parameter of usual interest. Study of the
steady-state part is best done by plotting it in a normalized way, as has been done in Figure 4.15.

These plots show that the amplitude of the output is always reduced as the frequency of the input
signal rises and that there is always a phase lag action between the input and the output that can range
from 0° to 90° but never can be more than 90°. The extent of these effects depends on the particular coef-
ficients of the block and input signal. These effects must be well understood when interpreting measure-
ment results because substantial errors can arise with using first-order systems in an instrument chain.
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FIGURE 4.15 The amplitude and phase shift of the output of all first-order systems to a sine-wave input is shown
by these two normalized curves: (a) amplitude and (b) phase. (Sydenham, P.H.: Handbook of Measurement Science,
Vol. 2. 1983. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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4.2.7 Second-Order Blocks

If the second-order differential term is present, the response of a block is quite different, again respond-
ing in quite a spectacular manner with features that can either be wanted or unwanted.

As before, to obtain the output response, the block’s characteristic function is multiplied by the cho-
sen forcing function. However, to make the results more meaningful, we first carry out some simple
substitution transformations.

The steps begin by transforming the second-order differential Equation 4.6 into its Laplace form to
obtain

X(s) = ays°Y (s)+ aysY(s)+ agY (s) (4.17)
This is then rearranged to yield

Y(s) 1 1
Gls)= =— 4.18
©) X(s) a {(az/ao)s2 +(ay/ay)s + 1} (4.18)

The coefficients can then be expressed in system performance terms as follows:

12
Angular natural frequency @, = (%) (4.19)
a,
. . a,
Damping ratio {=—— (4.20)
2(ao '02)1/2

L 1
Staticgain K=— (4.21)

o

These three variables have practical relevance, as will be seen when the various responses are plotted.
Using these transformed variables, the characteristic equation can be rewritten in two forms ready
for investigation of output behavior to step and sine-wave inputs, as

G(s)= K (4.22)

)= {Wwd)s* +Lrw,)s+1}

and then as

K

Glo)= (’s* + 2815 +1)

(4.23)

We are now ready to consider the behavior of the second-order system to the various forcing inputs.

First consider the step input. After forming the product of the forcing and characteristic functions,
the time-domain form can be plotted as shown in Figure 4.16.

This clearly shows that the response is strongly dependent on the damping ratio ¢, value. If it is less
than unity, it exhibits an oscillatory movement settling down to the final value. If the damping value is
greater than unity, the response moves to the final value without oscillation. The often preferred state
is to use a damping factor of unity, critical damping. The choice of response depends strongly on the
applications, for all levels of damping ratio have use in practice, ranging from needing an oscillation
that never ceases (zero damping) to the other extreme where a very gradual rate of change is desired.
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FIGURE 4.16 The response of second-order systems to a step input is seen from this normalized plot. (Sydenham,
P.H.: Handbook of Measurement Science, Vol. 2. 1983. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.)

A similar analysis is used to see how the second-order system responds to the sine-wave input. The
two response plots obtained are shown in Figure 4.17: one for the amplitude response and the other
showing how the phase shifts as the frequency changes.

The most unexpected result is seen at the point where the gain rises to infinity for the zero damp-
ing state. This is called resonance and it occurs at the block’s natural frequency for the zero damping
state. Resonance can be a desirable feature, as in detecting a particular frequency in a radio-fre-
quency detection circuit, or it may be most undesirable, as when a mechanical system resonates,
possibly to destruction. It can be seen that it is mostly controlled by the damping ratio. Note also that
the phase shift for the second-order system ranges from 0° to 180°. This has important implications
if the block is part of a feedback loop because as the frequency rises, the phase shift from the block
will pass from stable negative feedback (less than 90°) to positive feedback (greater than 90°), causing
unwanted oscillation.

More detail of the various other situations, including how to deal with higher orders, cascaded blocks
of similar kind, and ramp inputs are covered elsewhere [1].

4.3 Calibration of Measurements

We have already introduced the concept of accuracy in making a measurement and how the uncer-
tainty inherent in all measurements must be kept sufficiently small. The process and apparatus used
to find out if a measurement is accurate enough is called calibration. It is achieved by comparing
the result of a measurement with a method possessing a measurement performance that is gener-
ally agreed to have less uncertainty than that in the result obtained. The error arising within the
calibration apparatus and process of comparison must necessarily be less than that required. This
means that calibration is often an expensive process. Conducting a good calibration requires spe-
cialist expertise.

The method and apparatus for performing measurement instrumentation calibrations vary widely.
An illustrative example of the comparison concept underlying them all is given in the calibration of
flowmeters, shown diagrammatically in Figure 4.18.
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FIGURE 4.17 'These two plots allow the behavior of second-order blocks with sine-wave inputs to be ascertained:
(a) amplitude and (b) phase. (Sydenham, P.H.: Handbook of Measurement Science, Vol. 2. 1983. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

By the use of an overflowing vessel, the top tank provides a flow of water that remains constant
because it comes from a constant height. The meter to be calibrated is placed in the downstream pipe.

The downstream is either deflected into the weigh tank or back to the supply. To make a mea-
surement, the water is first set to flow to the supply. At the start of a test period, the water is rapidly
and precisely deflected into the tank. After a given period, the water is again sent back to the supply.
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FIGURE 4.18 This practical example illustrates how flowmeters are calibrated by passing a known quantity of
fluid through the meter over a given time. (From Sydenham, P. H., Transducers in Measurement and Control, Adam
Hilger, Bristol, U.K., IOP Publishing, 1980.)

This then has filled the tank with a given amount of water for a given time period of flow. Calculations are
then undertaken to work out the quantity of water flowing per unit time period, which is the flow rate.
The meter was already registering a flow rate as a constant value. This is then compared with the weighed
method to yield the error. Some thought will soon reveal many sources of error in the test apparatus,
such as that the temperature of the water decides the volume that flows through, and thus this must be
allowed for in the calculations.

It will also be clear that this calibration may not be carried out under the same conditions as the
measurements are normally used. The art and science and difficulties inherent in carrying out quality
calibration for temperature sensors are well exposed [2].

Calibration of instrumentation is a must, for, without it, measurement results may be misleading and
lead to costly aftermath situations. Conducting good calibration adds overhead cost to measurement,
but it is akin to taking out insurance. If that investment is made properly, it will assist in mitigating
later penalties. For example, an incorrectly calibrated automatic cement batcher was used in making
concrete for the structural frame of a multistory building. It took several days before concrete strength
tests revealed the batcher had been out of calibration for a day with the result that the concrete already
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poured for three floors was not of adequate strength. By then, more stories had been poured on top. The
defective floors had to be fully replaced at great cost. More resource put into the calibration process
would have ensured that the batcher was working properly.

4.3.1 Self-Calibrations

Due to advances in digital systems, most modern instruments have the self-calibrating capabilities.
In self-calibrations, postmeasurement corrections are made, and the magnitudes of various errors are
stored in the memory to be recalled and used in laboratory and in field applications. Further informa-
tion on calibrations of instruments can be found in Chapter 8 and Refs. [4-6].
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All test measurements are taken so that data that are useful in decision making may be acquired. No

tests are run and no measurements made when the “answer” is already known. For data to be useful, it

is necessary that their measurement errors be small in comparison to the changes or effect under evalu-

ation. Measurement error is unknown and unknowable. This chapter addresses the techniques used to

estimate, with some confidence, the expected limits of the measurement errors.

5.1 Error: The Normal Distribution
and the Uniform Distribution

Error is defined as the difference between the measured value and the true value of the measurand [1].

That is,

where
E is the measurement error

E = (measured) — (true) (5.1)

(measured) is the value obtained by a measurement

(true) is the true value of the measurand

5-1
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It is only possible to estimate, with some confidence, the expected limits of error. The most common
method for estimating those limits is to use the normal distribution [2]. It is

Y=L tavew/e (.2)

o\2m

where
X is the input variable, here the value obtained by a measurement
u is the average of the population of the X variable
o is the standard deviation of the population

expressed as

(5.3)

where
X; is the ith X measurement
N is the number of data points measured from the population

Typically, N, u, and ¢ are not known.

Figure 5.1 illustrates this distribution. Here, for an infinite population (N = o), the standard devia-
tion, o, would be used to estimate the expected limits of a particular error with some confidence. That
is, the average, plus or minus 2o divided by the square root of the number of data points, would contain
the true average, p, 95% of the time.

However, in test measurements, one typically cannot sample the entire population and must make
do with a sample of N data points. The sample standard deviation, Sy, is then used to estimate oy, the
expected limits of a particular error. (That sample standard deviation divided by the square root of
the number of data points is the starting point for the confidence interval estimate on p.) For a large
dataset (defined as having 30 or more degrees of freedom), plus or minus 2S, divided by the square root
of the number of data points in the reported average, M, would contain the true average, u, 95% of the
time. That Sy divided by the square root of the number of data points in the reported average is called
the standard deviation of the average and is written as

(5.4)

;. Jzi_l(X&‘MX)Z/N‘I .y

Frequency

|

FIGURE 5.1 Normal distribution curve.
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where
Sy is the standard deviation of the average, the sample standard deviation of the data divided by the
square root of M
Sy is the sample standard deviation
X is the sample average, that is,

X= i(i) (5.5)

i=1

where
X, is the ith data point used to calculate the sample standard deviation and the average, X, from
the data
N is the number of data points used to calculate the standard deviation
(N - 1) is the degrees of freedom of S, and Sy
M is the number of data points in the reported average test result

Note in Equation 5.4 that N does not necessarily equal M. It is possible to obtain S from historical data
with many degrees of freedom ([N — 1] greater than 30) and to run the test only M times. The test result,
or average, would therefore be based on M measurements, and the standard deviation of the average
would still be calculated with Equation 5.4.

Note that the sample standard deviation, Sy, is simply

(5.6)

In some cases, a particular error distribution may be assumed or known to be a uniform or rectangular
distribution (Figure 5.2) instead of a normal distribution. For those cases, the sample standard deviation
of the data is calculated as

L

N

Sx = (5.7)

where L is the plus/minus limits of the uniform distribution for a particular error [3].

>

-L +L
FIGURE 5.2 Uniform distribution curve.
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For those cases, the standard deviation of the average is written as

_IN3
~ UM

Sk (5.8)

Although the calculation of the sample standard deviation (or its estimation by some other process) is
required for measurement uncertainty analysis, all the analytical work computing the measurement
uncertainty uses only the standard deviation of the average for each error source.

5.1.1 Uncertainty (Accuracy)

Since the error for any particular error source is unknown and unknowable, its limits, at a given con-
fidence, must be estimated. This estimate is called the uncertainty. Sometimes, the term accuracy is
used to describe the quality of test data. This is the positive statement of the expected limits of the data’s
errors. Uncertainty is the negative statement. Uncertainty is, however, unambiguous. Accuracy is some-
times ambiguous. (For example, what is twice the accuracy of £2%? +1% or +4%?) For this reason, this
chapter will use the term uncertainty throughout to describe the quality of test data.

5.2 Measurement Uncertainty Model

5.2.1 Purpose

One needs an estimate of the uncertainty of test results to make informed decisions. Ideally, the uncer-
tainty of a well-run experiment will be much less than the change or test result expected. In this way,
it will be known, with high confidence, that the change or result observed is real or acceptable and not
a result of the errors of the test or measurement process. The limits of those errors are estimated with
uncertainty, and those error sources and their limit estimators, the uncertainties, may be grouped into
classifications to ease their understanding.

5.2.2 Classifying Error and Uncertainty Sources

There are two classification systems in use. The final expanded uncertainty calculated at a confidence is iden-
tical no matter what classification system is used. The two classifications utilized are the ISO classifications
(International Standards Organization) and the engineering classifications. The former groups errors and
their uncertainties by type, depending evidently on whether or not there are data available to calculate the
sample standard deviation for a particular error and its uncertainty. The latter classification groups errors
and their uncertainties by their effect on the experiment or test. That is, the engineering classification groups
errors and uncertainties by random and systematic types, with subscripts used to denote whether there are
data to calculate a standard deviation or not for a particular error or uncertainty source. For this reason,
engineering classification groups usually are comprehensive and therefore more useful and recommended.

5.2.3 1ISO Classifications

This error and uncertainty classification system is not recommended in this chapter, but will yield
an expanded uncertainty in complete agreement with the recommended classification system—the
engineering classification system. In this ISO system, errors and uncertainties are classified as type A
if there are data available to calculate a sample standard deviation and type B if there are not [4]. In the
latter case, the sample standard deviation might be obtained from engineering estimates, experience, or
manufacturer’s specifications, to name three possibilities.
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The impact of multiple sources of error is estimated by root-sum-squaring their corresponding
elemental uncertainties. The operating equations are as follows.
For Type A, data are available for the calculation of the standard deviation:

Na 1/2

Us=| D (6 (5.9)

i=1

where
u,, is the standard deviation (based on data) of the average for uncertainty source i of type A each
with its own degrees of freedom
U, is in units of the test or measurement result. It is an S;
N, is the number of parameters with a type A uncertainty
0, is the sensitivity of the test or measurement result, R, to the ith type A uncertainty. 6, is the partial
derivative of the result with respect to each i" independent measurement

The uncertainty of each error source in units of that source, when multiplied by the sensitivity for that
source, converts that uncertainty to result units. Then the effect of several error sources may be estimated
by root-sum-squaring their uncertainties as they are now all in the same units. The sensitivities, 8, are
obtained for a measurement result, R, which is a function of several parameters, P,. The basic equations are

R= f(B,P,P,...Py) (5.10)

where
R is the measurement result
P, is the measurement parameter i used to calculate the result, R

The sensitivity, 6,, also called error propagation or uncertainty propagation is found by differentiation
as oR/0P,.
Type B (no data for standard deviation) calculation

Np 1/2

U = 2(9,'“31 )2 (5.11)

i=1

where
ug, is the standard deviation of the average (based on an estimate, not data) for uncertainty source i
of type B
Uy is in units of the test or measurement result, R. It is an Sg
Ny is the number of parameters with a type B uncertainty
0, is the sensitivity of the test or measurement result, R, to the it" Type B uncertainty
0, is the oR/0P;

For these uncertainties, it is assumed that the uy, represent one standard deviation of the average for one
uncertainty source with an assumed normal distribution. (They also represent one standard deviation as
the square root of the “M” by which they are divided is one, that is, there is only one Type B error sampled
from each of these distributions.) The degrees of freedom assumed to apply to this standard deviation
(also standard deviation of the average) are assumed to be infinity [5] in the absence of other information.
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Note that 8, the sensitivity of the test or measurement result to the ith Type B uncertainty, is actually
the change in the result, R, that would result from a change, of the size of the Type B uncertainty, in the
i input parameter used to calculate that result.

The degrees of freedom of the u,, and the up, are needed to compute the degrees of freedom of the
combined total uncertainty. It is calculated with the Welch-Satterthwaite approximation. The general
formula for degrees of freedom [6] is

2]

de =Vrg = N (5123)
|3 (55) o)
where
dfp = vy are the degrees of freedom for the result
v, is the degrees of freedom of the i*" standard deviation of the average
For the ISO model, Equation 5.11 becomes
Na , Np , T
[2 » (Biuy;)” + 2 » (eiuﬂ,i) :I
dfr150 = Viriso = (5.12b)

[ZZI(G,»W,;)‘*/V,. + EZI(GI”B”'Y/V"]

The degrees of freedom calculated with Equation 5.12 are often a fraction. This may be truncated to the
next lower whole number to be conservative [5].

Note that in Equations 5.9, 5.10, and 5.12, N, and Ny need not be equal. They are only the total number
of parameters with uncertainty sources of Types A and B, respectively.

In computing a total uncertainty, the uncertainties noted by Equations 5.10 and 5.11 are combined.
For the ISO model [3], this is calculated as

1/2
Utotaliso = i[(UA Y +(Us )2] (5.13a)
Then the expanded 95% confidence uncertainty is obtained with Equation 5.13b:
1/2
Ug,so = *tos [(UA )+ (Us )2] (5.13b)

where
tys is the Student’s ¢ for v,, 150 degrees of freedom
Student’s ¢ is obtained from Table 5.1

Note that alternative confidences are permissible. Ninety-five percent is recommended by the ASME [1],
but 99% or 99.7% or any other confidence is obtained by choosing the appropriate Student’s t. Ninety-five
percent confidence is, however, recommended for uncertainty analysis.

In all the aforementioned, the errors were assumed to be independent. Independent sources of error
are those that have no relationship to each other. That is, an error in a measurement from one source
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TABLE 5.1 Student’s ¢ Statistic for 95%
Confidence, t,;, Degrees of Freedom, v

v tos v tos v tys
1 12.706 11  2.201 21 2.080
2 4.303 12 2179 22 2.074
3 3.182 13 2.160 23 2.069
4 2.776 14 2.145 24 2.064
5 2.571 15 2.131 25 2.060
6
7
8
9

2.447 16 2.120 26 2.056
2.365 17 2.110 27 2.052
2.306 18 2.101 28 2.048
2.262 19 2.093 29  2.045
10 2228 20  2.086 >30  2.000

Note: This is frequently written as fy .

cannot be used to predict the magnitude or direction of an error from the other, independent, error
source. Nonindependent error sources are related. That is, if it were possible to know the error in a mea-
surement from one source, one could calculate or predict an error magnitude and direction from the
other, nonindependent error source. These are sometimes called dependent error sources. Their degree
of dependence may be estimated with the linear correlation coefficient. If they are nonindependent,
whether Type A or Type B, Equation 5.13 becomes [7]

1/2

B Nir Nj,r
Ur,so = £ tos 22 (eiui,T)z + Zeieju(i,T),(j,T)(l - 5i,j) (5.14)
T=A i=1 j=1

where
u; r is the i elemental uncertainty of Type T (can be Type A or B)
Ugiso is the total uncertainty of the measurement or test result
0. is the sensitivity of the test or measurement result to the i" Type T uncertainty
0; is the sensitivity of the test or measurement result to the j* Type T uncertainty
UG, 1S the covariance of u;  on u;
3, is the Kronecker delta. §;; = 1 if i = j, and §,; = 0 if not [7]

K

irii = D thir Oy (0) (5.15)

=1

where

lis the index or counter for common uncertainty sources

K is the number of common source pairs of uncertainties

T is the index or counter for the ISO uncertainty Type, A or B

N, 1 is the number of error sources for Types A and B
Equation 5.15 equals the sum of the products of the elemental systematic standard uncertainties that
arise from a common source ().
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This ISO classification equation will yield the same expanded uncertainty as the engineering classifi-
cation, but the with ISO classification it is more difficult to gain insight into how to improve an experi-
ment’s or test’s uncertainty. That is, whether to possibly take more data because the random standard
uncertainties are too high or calibrate better because the systematic standard uncertainties are too large.
The engineering classification now presented is therefore the preferred approach.

5.2.4 Engineering Classifications

The engineering classification recognizes that experiments and tests have two major types of errors that
affect results and whose limits are estimated with uncertainties at some chosen confidence. These error
types may be grouped as random and systematic. Their corresponding limit estimators are the random
standard uncertainty and systematic standard uncertainties, respectively.

5.2.5 Random

The general expression for random standard uncertainty is the (1Sg) standard deviation of the average [6]:

1/2

St = ii(as% 22 95’“) (5.16)

T=A i=l T=A i=1

where
Sx,, is the sample standard deviation of the i** random error source of Type T
S%,, is the random standard uncertainty (standard deviation of the average) of the ith parameter
random error source of Type T
S r is the random standard uncertainty of the measurement or test result
N, is the total number of random standard uncertainties, Types A and B, combined
M, 1 is the number of data points averaged for the it" error source, Type A or B
0, is the sensitivity of the test or measurement result to the ith random standard uncertainty

Note that Sx p is in units of the test or measurement result because of the use of the sensitivities, 8,. Here,
the elemental random standard uncertainties have been root-sum-squared with due consideration for
their sensitivities or influence coeflicients. Since these are all random standard uncertainties, there is,
by definition, no correlation in their corresponding error data, so these can always be treated as inde-
pendent uncertainty sources.

(Note that the term “standard” is inserted to provide harmony with ISO terminology and to indicate
that the uncertainties are standard deviations of the average.)

5.2.6 Systematic

The systematic standard uncertainty of the result, by, is the root sum square (RSS) of the elemental
systematic standard uncertainties with due consideration for those that are correlated [5]. The general
equation is

B Nt

22 (Obir) +299brﬂ]r) -6i;) (5.17)

T=A i=1
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where
b, 1 is the ith parameter elemental systematic standard uncertainty of Type T
by is the systematic standard uncertainty of the measurement or test result
Ny is the total number of systematic standard uncertainties
0. is the sensitivity of the test or measurement result to the ith systematic standard uncertainty
0, is the sensitivity of the test or measurement result to the j* systematic standard uncertainty
b.ry;m is the covariance of b; . on b;
9, is the Kronecker delta. §;; = 1if i = j, and §,; = 0 if not [5]

bir (Db;,r (1) (5.18)

M

=1

where
lis the index or counter for common uncertainty sources
T is the index or counter for the ISO uncertainty type, A or B

Equation 5.18 equals the sum of the products of the elemental systematic standard uncertainties that
arise from a common source (1).

Here, each b, and b, ; is estimated as 1Sy for an assumed normal distribution of errors with infinite
degrees of freedom [5].

The random standard uncertainty, Equation 5.16, and the systematic standard uncertainty, Equation
5.17, must be combined to obtain a total uncertainty, Equation 5.19a:

1/2
Uswune = [ (0r)" + (Sx.0)’ | (5.19)

Then the expanded 95% confidence uncertainty may be calculated with Equation 5.19b:

12
Urgeng = Etos [(bR )Y+ (S?(,R)z] (5.19b)

Note that by, in units of the test or measurement result is an Sy j.

The degrees of freedom will be needed for the engineering system total and expanded uncertainties.
It is accomplished with the Welch-Satterthwaite approximation, the general form of which is Equation
5.10, and the specific formulation here is

{2[2 @Sy, (e,-bT,»Z}}z
{Z :—AI:Z Zl (eiSX,T,i)4 /Vi,T + Z Zl(eibT,,-)“ /vi]}

(5.20)

dfg =g =

where
N is the number of random standard uncertainties of Type T
M is the number of systematic standard uncertainties of Type T
v, is the degree of freedom for the i*" uncertainty of Type T
v, ris the degree of freedom for the ith uncertainty of type T and is infinity for all systematic standard
uncertainties
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5.2.7 Symmetrical Systematic Standard Uncertainties

Most times, all elemental uncertainties will be symmetrical. That is, their + limits about the measured
average will be the same. That is, they will be 3 °C or £2.05 kPa and the like and not +2.0 °Cand -1.0°C
nor +1.5 kPa and —0.55 kPa. The symmetrical measurement uncertainty may therefore be calculated as
follows (For an elegant treatment of nonsymmetrical uncertainties, see that section in Ref. [8]).

Note that throughout these uncertainty calculations, all the uncertainties are expressed in engineer-
ing units. All the equations will work with relative units as well. However, it is often easier to express
all the uncertainties and the uncertainty estimation calculations in engineering units and then, at the
end, with the expanded uncertainty, convert the result into relative terms. That is what this section
recommends.

5.3 Calculation of Expanded Uncertainty

5.3.1 ISO Total and Expanded Uncertainty

The ISO expanded uncertainty for independent uncertainty sources (the most common) is Equation 5.13b:
1/2
Uriso = Etos [(UA Y+ (UB)Z] (5.21)

where
Upso is the measurement uncertainty of the result
U, is the Type A uncertainty for the result
Uy is the Type B uncertainty for the result
tys is Student’s £, is the recommended multiplier to assure 95% confidence

The ISO uncertainty with some nonindependent uncertainty sources is Equation 5.14:

1/2
Nit Njr

B
Ur,iso = £tos 22 (eiuz’,T)z + Zeieju(i,T),(j,T)(l - 5z',j) (5.22)
j=1

T=A i=1

5.3.2 Engineering System Expanded Uncertainty

The engineering system equation for total uncertainty for independent uncertainty sources (the most
common) is Equation 5.19b:

/
Ugreng = Efos [(bR)2 + (S;’(,R)Z]l ’ (5.23)

The engineering system equation for uncertainty for nonindependent uncertainty sources (those with
correlated systematic standard uncertainties) is also Equation 5.23 but remember to use the full expres-
sion for By, Equation 5.17:

1/2

B Nr Nt
bR = 2 Z (eibi,T )2 + Z‘ 9,~9jb(i,T),(j,T>(l - 61',]') (524)
j=

T=A i=1

The degrees of freedom for Equations 5.21 through 5.23 are calculated with the Welch-Satterthwaite
approximation, Equation 5.12b for the ISO system, and Equation 5.20 for the engineering system.
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5.3.3 High Degrees of Freedom Approximation

It is often the case that it is assumed that the degrees of freedom are 30 or higher. In these cases, the
equations for uncertainty simplify further by setting t,; equal to 2.000. This approach is recommended
for a first-time user of uncertainty analysis procedures as it is a fast way to get to an approximation of
the measurement uncertainty.

5.3.4 Calculation Example

The following calculation example is taken where all the uncertainties are independent and are in the
units of the test result—temperature. It is a simple example that illustrates the combination of measure-
ment uncertainties in their most basic case. More detailed examples are given in many of the refer-
ences cited. Their review may be needed to assure a more comprehensive understanding of uncertainty
analysis.

It has been shown [9] that there is no difference in the uncertainties calculated with the different
models. The data from Table 5.2 [10] will be used to calculate measurement uncertainty with the two
models. These data are all in temperature units and thus the influence coefficients, or sensitivities, are
all unity.

Note the use of subscripts “A” and “B” to denote where data exist to calculate a standard deviation.
Note too that in this example, all errors (and therefore uncertainties) are independent and that all
degrees of freedom for the systematic standard uncertainties are infinity except for the reference junc-
tion whose degrees of freedom are 12.

Each uncertainty model will now be used to derive a measurement uncertainty.

For the Ujg, model, one obtains, via Equations 5.13a and b, the expressions

U =[(0.095 +(0.045) + (0173 + (0.032)2]”2 -021 (5.25)
Un=[(0.037 + (0.05)2]”2 =0.058 (5.26)

Thus,
Usiso = +1ss[ (U + U] = #105[ 0217 + (0,058 ] (5.27)

Here, remember that the 0.21 is the RSS of the 1S; Type A uncertainties in Table 5.2 and 0.058 that for
the 1S; Type B uncertainties. Also note that in most cases, the Type B uncertainties have infinite degrees
of freedom and represent an equivalent 1S,.

TABLE 5.2 Temperature Measurement Uncertainties, °F

Defined Systematic Standard Number of Random

Measurement Standard Deviation, ~ Data Points Standard Degrees of

Process Uncertainty, B;  df for b; Sx.i N; Uncertainty, Sg;  Freedom, df, v,

Calibration of tc 0.030, © 0.30, 10 0.095, 9

Reference 0.032, 12 0.10, 5 0.045, 4
junction

Data acquisition 0.050, 00 0.60, 12 0.173, 11

RSS
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To obtain Student’s f,, the degrees of freedom must first be calculated. All the systematic compo-
nents of type “B” have infinite degrees of freedom except for the 0.032, which has 12 degrees of freedom.
Also, all the b,, in Table 5.1, represents an equivalent 1Sy. All Type A uncertainties, whether systematic
or random in Table 5.1, have degrees of freedom as noted in the table. The degrees of freedom for Ujg,
are then

[(0.095)2 +(0.045) +(0.173)* + (0.03)? + (0.032)? + (0.05)2]2

: r . ; ; ——=2251=22 (5298
[(0.095)"/9+(0.045)" /4 + (0.173)" /11+ (0.03)" /oo + (0.032)" /12 + (0.05)" /oo |

tys is, therefore, 2.07. Uy 1o, the expanded uncertainty, is determined with Equation 5.13b:

/2
Ugriso = J_r2.07[(0.21)2 + (0.058)2]l =0.45 for 95% confidence (5.29)
For a detailed comparison to the engineering system, here denoted as the Uy ;\ model, three significant
figures are carried so as not to be affected by round-off errors. Then

1/2

Upiso = J_r2.074[(0.205)2 + (0.0583)2] =0.442 for 95% confidence (5.30)

For the engineering system, Uy g\, model, one obtains the random standard uncertainty with Equation 5.16:

1/

Sgr = [(0.095)2 +(0.045) + (0.173)2] ' 2020 (5.31)

The systematic standard uncertainty is obtained with Equation 5.17 greatly simplified as there is no cor-
related error or uncertainties in this example. Equation 5.17 then becomes

b =[ (0,03 +(0.032)" + (0.05)2]”2 = 0.065 (5.32)

U ine the expanded uncertainty, is then obtained with Equation 5.19b:

1/2

U g = *tos[ (0.065)° +(0.20) | (5.33)

The degrees of freedom need to be calculated just as in Equation 5.28. Therefore, the degrees of freedom
were 22 and t,; equals 2.07. Uy pyq is then

1/2
Ugene = J_r2.07[(0.065)2 + (0.20)2] =044 for 95% confidence (5.34)

Carrying three significant figures for a comparison to Uy ;5o not affected by round-off errors, one obtains

/
Usinc = £2.07[ (0.0665) +(0.202)* | =0.442  for 95% confidence (5.35)

This is identical to Uy ;so, Equation 5.30, as predicted.
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5.4 Summary

Although these formulae for uncertainty calculations will not handle every conceivable situation, they
will provide, for most experimenters, a useful estimate of test or measurement uncertainty. For more
detailed treatment or specific applications of these principles, consult the references and the recom-
mended “Further Information” section at the end of this chapter.

Defining Terms

Accuracy: The antithesis of uncertainty. An expression of the maximum possible limit of error at
a defined confidence.

Confidence: A statistical expression of percent likelihood.
Correlation: The relationship between two data sets. It is not necessarily evidence of cause and effect.

Degrees of freedom: The amount of room left for error. It may also be expressed as the number of inde-
pendent opportunities for error contributions to the composite error.

Error: [error] = [measured] — [true]. It is the difference between the measured value and the true value.

Expanded uncertainty: The 95% confidence interval uncertainty. It is the product of the total uncer-
tainty and the appropriate Student’s £.

Influence coefficient: See Sensitivity.

Measurement uncertainty: The maximum possible error, at a specified confidence, that may reasonably
occur. Errors larger than the measurement uncertainty should rarely occur.

Nonsymmetrical uncertainty: An uncertainty for which there is an uneven likelihood that the true
value lies on one side of the average or the other.

Propagation of uncertainty: An analytical technique for evaluating the impact of an error source (and
its uncertainty) on the test result. It employs the use of influence coefficients.

Random error: An error that causes scatter in the test result.

Random standard uncertainty: An estimate of the limits of random error, one standard deviation of
the average.

Sensitivity: An expression of the influence an error source has on a test or measured result. It is the
ratio of the change in the result to an incremental change in an input variable or parameter measured.

Standard deviation of the average or mean: The standard deviation of the data divided by the number
of measurements in the average.

Systematic error: An error that is constant for the duration of a test or measurement.

Systematic standard uncertainty: An estimate of the limits of systematic error, usually taken as 68%
confidence for an assumed normal error distribution and infinite degrees of freedom.

Total uncertainty: The RSS combination of either the Type A or B uncertainties for the ISO error classi-
fications or the random and systematic standard uncertainties for the engineering error classifications.
True value: The desired result of an experimental measurement.

Welch-Satterthwaite: The approximation method for determining the number of degrees of freedom
in a combined uncertainty.
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