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Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage technol-
ogy transfer in control engineering. The rapid development of control technology
has an impact on all areas of the control discipline. New theory, new controllers,
actuators, sensors, new industrial processes, computer methods, new applications,
new philosophies, ..., new challenges. Much of this development work resides in
industrial reports, feasibility study papers and the reports of advanced collaborative
projects. The series offers an opportunity for researchers to present an extended ex-
position of such new work in all aspects of industrial control for wider and rapid
dissemination.

The abundance of low-level single-input, single-output loops in many industrial
sectors, particularly the process industries (refining, chemicals, utilities, etc.), that
can be controlled by simple controllers has guaranteed the enduring popularity of
the proportional-integral-derivative (PID) control algorithm, and its software and
hardware incarnations. Over the years, the academic control community has pro-
duced new developments for this type of controller, and it is possible to claim that an
academic and industrial PID controller and implementation paradigm now exists. If
milestones for this paradigm have to be identified, then three of them are (arguably):

e Ziegler and Nichols tuning rules (1942)
o Astrém and Higglund’s relay-based tuning experiment (1985)
e Harris’s performance assessment concepts (1989)

Each of the milestone achievements has been very influential, and each in turn
has initiated at least a decade or more of academic investigation and industrial
follow-up. Since 1992, the Advances in Industrial Control monograph series has
been fortunate to publish interesting volumes in the PID control paradigm that con-
tinue the academic and industrial investigation into the theory and practice of PID
control.

Integral processes with dead time form a group of process models that are widely
found in industry, and it is not surprising that the PID control methodologies for
model identification, controller design, stability determination, and implementation
can be specialised for this process form. Antonio Visioli and Qing-Chang Zhong
have published widely on PID control, and in this Advances in Industrial Control

ix



X Series Editors’ Foreword

volume they focus successfully on the PID control specialisations that can be devel-
oped for integral processes with dead time.

The monograph first reports on what can be achieved in the framework of single-
loop PID control. Thus, Part I includes model identification, a review of PID tun-
ing rules, and interestingly, performance assessment and retuning for PID control
with this special form of process model. Part II of the monograph considers some
more advanced topics (such as feedforward control) in the framework of the two-
degrees-of-freedom control structure. The use of the Smith predictor principle and
its developmental variants occupies two chapters in this part of the monograph. On
implementation, the text fields Chapter 5 on the “Plug & Play” idea, and Chap-
ter 12 on some practical issues. The monograph will be of interest to a broad control
readership, both industrial and academic, and forms a valuable new addition to the
Advances in Industrial Control series.

Readers wishing to learn more about PID control may be interested to know that
the series has published the following monographs in this field:

o Autotuning of PID Controllers: Relay Feedback Approach by Cheng-Ching Yu
(ISBN 978-3-540-76250-8, 1999)

e Advances in PID Control by Tan Kok K., Wang Quing-Guo and Hang Chang C.
with Tore J. Hiagglund (ISBN 978-1-85233-138-2, 1999)

o Structure and Synthesis of PID Controllers by Aniruddha Datta, Ming-Tzu Ho
and Shankar P. Bhattacharyya (ISBN 978-1-85233-614-1, 1999)

e Practical PID Control by Antonio Visioli (ISBN 978-1-84628-585-1, 2006)

In the related field of process performance assessment, the series has published
the following monographs:

o Performance Assessment of Control Loops: Theory and Applications by Biao
Huang and Sirish L. Shah (ISBN 978-1-85233-639-4, 1999)

e Process Control Performance Assessment: From Theory to Implementation by
Andrzej Ordys, Damien Uduehi and Michael A. Johnson (Eds.) (ISBN 978-1-
84628-623-0, 2007)

And for dead-time processes, the related series Advanced Textbooks in Control
and Signal Processing has published:

e Control of Dead-time Processes by Julio E. Normey-Rico and Eduardo F. Cama-
cho (ISBN 978-1-84628-828-9, 2007)

All of these texts are repeatedly referenced in books and journal and conference
papers, and the Editors believe they form a significant collection of books for PID
control systems research and practice. Consequently, it is a pleasure to add Control
of Integral Processes with Dead Time by Antonio Visioli and Qing-Chang Zhong to
this growing PID control library within the Advances in Industrial Control mono-
graph series.

Industrial Control Centre M.J. Grimble
Glasgow M.A. Johnson
Scotland, UK



Preface

Integral processes with dead time are frequently encountered in engineering. Typical
examples include tanks, where the level is controlled by manipulating the difference
between the input and output flow rates, batch distillation columns, data communi-
cation networks, and supply chain management processes. Because they are not
asymptotically stable (namely, they are not self-regulating), their control requires
special attention, and for this reason, many control techniques have been proposed
for this purpose. In particular, different approaches have been exploited to design
PID controllers, which are by far the most widely adopted controllers in industry.
However, it is recognised that in the presence of a large time delay in the process
and of tight control requirements, a single degree-of-freedom PID controller may
not suffice to obtain the desired performance. Indeed, in the last fifteen years, start-
ing with the paper by Astrém, Hang, and Lim in 1994, the research in the control
of integral processes with dead time has become very active, mainly motivated by
the fact that the well-known Smith predictor fails to provide a null steady-state error
in the presence of a constant load disturbance. In this context, many two-degree-
of-freedom schemes have been proposed, and their analysis and design have been
discussed in a wide literature.

This book presents some of these techniques by fully characterising them from
both academic and industrial points of view and highlighting the peculiarities of
each of them. The control schemes and the procedures for the selection of the pa-
rameters are outlined clearly, and illustrative examples are presented in order to
evaluate the rationale of each method and the performance achievable.

The book is divided into two parts: PID Control Schemes (Chapters 2 to 5) and
Two-degree-of-freedom Control Schemes (Chapters 6 to 12). In the first part, the
tuning of a PID controller and the determination of its stabilising region are ad-
dressed, in addition to a technique for the performance assessment (and retuning)
of a PID controller and for the Plug&Control strategy. In the second part, different
methodologies for the design of two-degree-of-freedom control schemes are pre-
sented, in particular those based on the Smith predictor concept. The achievable
performance is quantitatively analysed, and some practical issues are dealt with.

The book can serve as a reference for postgraduate students and academic re-
searchers. It will also help industrial practitioners solve their control problems by

Xi



xii Preface

selecting the most suitable technique and by achieving the best cost/benefit ratio.
Readers are assumed to know the fundamentals of linear control systems, which are
typically acquired in a basic course in automatic control at the university level.

The authors would like to acknowledge all the people who have contributed to
this book in one way or another, in particular, A. Piazzi, M. Veronesi, F. Padula,
M. Beschi, L. Mirkin, H.X. Li, B. Wang, D. Rees, just to name a few. Special thanks
go to the series Editors M. Grimble and M. Johnson, the Editor O. Jackson and the
Editorial Assistant C. Cross for their help during the preparation of the manuscript.
Partial support of the research of A. Visioli has been provided by the Italian Ministry
for Universities and Research. A. Visioli thanks his beloved wife Silvia and his chil-
dren Alessandra, Laura, and Andrea for their love and support during the time spent
in writing the book. Q.-C. Zhong thanks his wife Shuhong for her endurance, love,
support, and sacrifice for his research over the years and their daughters Lilly and
Lisa for brightening his life. He would also like to thank the Royal Academy of En-
gineering and the Leverhulme Trust for the award of a Senior Research Fellowship
(2009-2010).

University of Brescia, Italy Antonio Visioli
Loughborough University, UK Qing-Chang Zhong
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Chapter 1
Introduction

Many industrial processes have the dynamics of an integrator plus dead time (IPDT)
and are called integral processes with dead time. The most well-known examples are
tanks, where the level is controlled by using the difference between the input and
output flow rates as a manipulated variable, batch distillation columns, data com-
munication networks, supply chain management processes, etc. These processes are
not asymptotically stable (namely, they are not self-regulating), and therefore their
control requires special attention. For this reason, many techniques have been pro-
posed in the literature. In this chapter, some examples of integral processes with
dead time are described, and then an overview of the book is given.

1.1 Examples of Integral Processes with Dead Time

1.1.1 Tanks with an Outlet

The most typical example of IPDT process is a storage (or surge) tank with an
outlet pump [84], which is often extremely important for the successful operation
of chemical plants, because it is through the proper control of flows and levels that
the desired production rates and inventories are achieved [67]. Such a tank is shown
in Figure 1.1, where 4 is the level of the liquid, Q; is the input flow rate, and Q,
is the output flow rate set by the pump. Hence, it is independent of the liquid level
(note that if the output flow is not actuated, then Q,(#) = a+/2gh(t), where g is the
gravitational acceleration constant, and « is the cross-sectional area of the output
orifice). A model of the process can be derived easily by considering the balance
equation based on an instantaneous rate-of-change, namely, by considering that the
rate-of-change of the total mass of liquid inside the tank is equal to the mass flow
rate of the liquid into the tank minus the mass flow rate of the liquid out of the tank.
Thus, by assuming that a perfect mixing in the tank is achieved, i.e., that the density
(mass/volume) of liquid in the tank does not depend on the position, then

dv(t)p
=Qi()pi — Qo(D)p, (1.1)
dt
A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 1
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Q(}

Fig. 1.1 A liquid-level control system

where V is the volume of the liquid in the tank, p is the density of the liquid in the
tank, and p; is the density of the inlet stream. Assuming that p; = p and that the
cross-sectional area A of the tank is uniform, then

dh(t)

A= =0o(1) = Qi (D). (1.2)

If the difference Q,(t) — Q;(¢) between the output and input flow rates is consid-
ered as the process input variable and the level 4 is the output variable, the process
exhibits clearly an integral dynamic, that is, the solution of the differential equation
(1.2) is given by

1 t
h(t)=h(0)+2/0 [Qo(v) — Qi(v)]dv. (1.3)

If, for example, the initial level is 2 metres, the cross-sectional area is 4 square me-
tres, the inlet flow rate is 5 litres/second, and the outlet flow rate is 4 litres/seconds,
then

h(t) =2+ %t. (1.4)

This means that a sudden change of the inlet flow rate while the outlet flow rate
remains constant (or, similarly, a sudden change in the outlet flow rate while the inlet
flow rate remains constant) results in a continuous increase or decrease in the liquid
level. It is worth stressing that, in this context, Q, can be selected as the manipulated
input and Q; is a disturbance input or vice versa. In any case, the open-loop process
step response does not converge to a steady-state value, namely, the process is not
self-regulating. In general, the transfer function of this kind of processes, which are
also known as pure capacity processes, can be written as

K
P(s)= 5 (1.5)

In general, the presence of a (possibly apparent) dead time L can occur because
of the length of the pipes between the valves and the tank, and/or because of the
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(b) its model in block diagrams

Fig. 1.2 A production process in supply chains

dynamics of the sensor and of the actuator. Thus, the transfer function of an IPDT
process becomes

P(s) = ge—“. (1.6)

1.1.2 Supply Chain Management Processes

The supply chain [19, 109, 148] of a modern enterprise consists of suppliers, fac-
tories, warehouses, distribution centres, and retailers, which may reside at different
locations in the world. In a supply chain, raw materials are processed, and products
are made, which are then delivered to the customer at the right place at the right time
in the right quantity. IPDT models can be employed effectively to describe supply
chain management (SCM) processes [19, 21, 109, 144, 148].

For a factory, the production process can be depicted as shown in Figure 1.2,
where a delay L is involved. The difference of the product completed and the cus-
tomer demand d is stored in a buffer to generate the net stock S. The customer de-
mand d is considered as an exogenous disturbance signal, and its effects on the stock
level S must be dealt with properly by manipulating the production order rate u.

This model can also be used to describe the dynamics of warehouses or retailers,
where the delay L is the transportation delay involved.

1.1.3 Communication Networks

Communication networks [124] have been among the fastest-growing areas in en-
gineering in the last two decades. In most data communication networks, user data
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(b) its model in block diagrams

Fig. 1.3 A single-node connection in networks

is decomposed into a string of packets, including additional information added to
ensure its safe arrival at the correct destination. The packets can be rather long or
of variable length, e.g. as in the Internet, and small and of fixed length, e.g. as in
Asynchronous Transfer Mode (ATM) networks. The data packets are stored in a
buffer or queue at the source node and then sent to the buffer or queue at the next
node when resources become available. This is repeated in the network until the
packets arrive at the destination. Figure 1.3(a) depicts the process when packets are
sent from Node i — 1 to Node i. A propagation delay L; is involved in the commu-
nication link. The mathematical model of such a single-node connection is shown in
Figure 1.3(b), where the buffer is modelled as an integrator. Because of the delays
involved, communication networks need to be well controlled to maintain network
stability and quality-of-service (QoS); see for example [27, 44, 68, 105].

1.1.4 Other Examples

Other examples of IPDT processes include the high-pressure steam flowing to a
steam turbine generator in a power plant [37], the heating of well-insulated batch
systems, the batch preparation of solutions by addition of chemicals to solvent, and
batch distillation processes where the mixture is added into the reboiler drum and a
certain distillate composition is made to track a given trajectory by manipulating the
internal reflux ratio [75]. The totally heat-integrated distillation columns [40] also
exhibit a dynamics with an integrator.
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1.2 Overview of the Book

The book is organised into two parts. In the first part, (one-degree-of-freedom)
Proportional-Integral-Derivative (PID) based control schemes are addressed, and,
in the second part, two-degree-of-freedom control schemes are addressed.

In Chapter 2, the use of PID controllers for integrating processes with dead time
is introduced. In particular, the PID control techniques specialised for this kind
of processes are analysed. After having introduced PID controllers, identification
methods suitable to be applied in an industrial context are presented. Both open-
loop and (relay-feedback-based) closed-loop techniques are considered. Then, tun-
ing methodologies are explained. Without aiming at presenting all the methods pro-
posed in the literature, different approaches are highlighted, with the purpose of
showing how the problem can be tackled from different point of views. After hav-
ing presented empirical tuning rules, analytical approaches are discussed, in par-
ticular those based on the Internal Model Control. Then, frequency-domain design
techniques are explained. Eventually, techniques based on optimisation criteria are
presented, focusing on the optimisation of integral and Hy, criteria.

In Chapter 3, a procedure for the determination of the complete set of stabilising
parameters of the PI controller for IPDT processes is presented together with the
achievable stability margins. The stability regions under the PID control are also are
addressed.

Chapter 4 deals with the performance assessment problem. In particular, a
methodology for the assessment of the performance of a PID controller for IPDT
processes is described, and a method for the retuning of the controller, if the perfor-
mance is not satisfactory, is also explained.

In Chapter 5, the recently developed Plug&Control strategy is applied to integral
processes with dead time. It will be shown that it represents a useful tool for the fast
tuning of the controller at the start-up of the process.

In Chapter 6, after having presented the standard two-degree-of-freedom control
scheme and a method for designing a two-state time-optimal feedforward controller,
a method for the design of a noncausal feedforward action, based on input—output
inversion, is applied to a PID-based feedback control scheme, and its implementa-
tion in an industrial context is addressed.

In Chapter 7, the design of a PID-PD controller is described. Typically, a PD
controller is employed in an inner loop in the feedback path, while a PI controller is
employed in the feedforward path. Similar approaches, namely, PID-PD and PID-I
are also addressed.

In Chapter 8, Smith-predictor-based control schemes are presented. In the last
few years, there have been many papers addressing the design of a modified Smith
predictor in order to achieve high performance for an integral process with large
dead time, in particular by ensuring zero steady-state error when a constant load
disturbance occurs. This chapter describes some of these approaches by presenting
the devised schemes, the tuning of the parameters, and the anti-windup strategies.

In Chapter 9, a control scheme which combines the advantages of the Smith
predictor and the PID controller is presented. The controller is inherently a PID-type
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controller in which the integral action is implemented using a delay unit rather than
a pure integrator. The setpoint response and the disturbance response are decoupled
from each other and can be designed separately. The robustness of the scheme is
also analysed.

In Chapter 10, a disturbance observer-based control scheme is explained. The
controller can be designed to reject ramp disturbances and step disturbances, even
arbitrary disturbances. The case to achieve deadbeat responses for step disturbances
is also discussed in detail.

In Chapter 11, the performance achievable by the disturbance-observer-based
control scheme is analysed quantitatively. In particular, four specifications—
(normalised) maximal dynamic error, maximal decay rate, (normalised) control
action bound, and approximate recovery time—are given to characterise the step-
disturbance response.

Finally, in Chapter 12, some practical issues concerned with the controller im-
plementation are discussed.
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PID Control Schemes



Chapter 2
PID Control

The use of Proportional-Integral-Derivative (PID) controllers for integrating pro-
cesses with dead time is discussed in this chapter. Since PID controllers are the
most adopted controllers in industry and there are many different design methods,
only those techniques specialised for IPDT processes are discussed in this chap-
ter. After having introduced PID controllers, identification methods suitable to be
applied in an industrial context are presented. Both open-loop and (relay-feedback-
based) closed-loop techniques are considered. Then, tuning methods are explained.
Without aiming at presenting all the tuning methods proposed in the literature, dif-
ferent approaches are highlighted with the purpose of showing how the problem can
be tackled from different points of view. After having presented empirical tuning
rules, analytical design techniques are explained, in particular those based on the
Internal Model Control. Then, frequency domain approaches are discussed. Subse-
quently, techniques based on optimisation criteria are presented, in particular those
based on the optimisation of integral criteria and on H, loop shaping. Note that the
classification done hereafter is subjective because, actually, there might be overlap
between the different methods considered (for example, the Internal Model Control
strategy is analytical, but, at the same time, it minimises integral criteria).

2.1 PID Controllers

2.1.1 Basic Principles

PID controllers are the most adopted controllers in industrial settings owing to their
relative ease of use and the satisfactory performance they are capable to provide
for the great majority of processes. Indeed, the cost/benefit ratio they can achieve is
difficult for other kinds of controllers to compete with. Because of their widespread
use, many techniques have been proposed for their design, namely, for the tuning of
the parameters and for the implementation of additional functionalities that improve
their performance; see for example [6, 83, 132].

A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 9
Advances in Industrial Control,
DOI 10.1007/978-0-85729-070-0_2, © Springer-Verlag London Limited 2011
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Fig. 2.1 Standard unity-feedback control scheme

A PID controller consists of the sum of three control actions, namely, a control
action proportional to the control error, a control action proportional to the inte-
gral of the control error, and a control action proportional to the first derivative of
the control error. Indeed, the proportional action implements the typical operation
of increasing the control variable when the control error is large (with appropriate
sign). The integral action is related to the past values of the control error and al-
lows the reduction to zero of the steady-state error when a step reference signal is
applied or a constant load disturbance d occurs. The derivative action is based on
the predicted future values of the control error and has therefore a great potential
in improving the control performance as it can anticipate an incorrect trend of the
control error and counteract for it.

In its basic form, the control action can be expressed as

1 [ d
u®t) =K, e(t)+—/ eW)dv+Tz—e(t) ), 2.1
Ti Jo dt
where e(t) = r(¢) — y(¢) is the control error (see Figure 2.1), K, is the proportional
gain, T; is the integral time constant, and 7 is the derivative time constant. The
corresponding transfer function is

cioy=29 _k (1+ 1 41 2.2)
§)=——= — s ). .
E(s) P Tis d

Actually, the transfer function (2.2) is not proper. In order to make it proper, a filter
is usually added to the derivative term (note that this also reduces the detrimental
effect of the high-frequency measurement noise), so that

_U@s) L Tys
C(s)—m_Kp<l+ﬂs+l+%s>, (2.3)

where the value of N generally assumes a value between 1 and 33, although in the
majority of the practical cases, its setting falls between 8 and 16 (usually 10) [1].
Alternatively, the whole control action can be filtered, yielding the following transfer
function:

1
C(s) = Kp(l +—+ Tds> 2.4
Tis
where the time constant T’y has to be selected so that the first-order filter does not
influence the dynamics of the PID controller significantly and the high-frequency
noise is filtered appropriately at the same time.

Tfs—i—l’
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It is worth noting at this point that there are other possible configurations for a
PID controller. In fact, in addition to Expression (2.2), which is called the ideal form
(or non-interacting form), the three control actions can also be implemented in the
so-called series or interacting form, namely (the filter is omitted for simplicity),

/ Ti/s + 1 /
or, alternatively, in parallel form as
K;
Cs)=K,+ T+de. (2.6)

Translation formulae can be employed to determine the values of the parameters
of an equivalent PID controller in a given form starting from the parameters of the
PID controller in another form. However, it has to be stressed that the ideal form
is more general than the series form because the controller can be designed with
complex conjugate zeros.

2.1.2 Improvements

Modifications of the basic control law (2.1) are usually implemented to cope with
practical issues. For example, the derivative action is often applied to the process
output y instead of to the control error, so that an impulse in the control signal is
avoided when a step signal is applied to the set-point. In this case, the derivative
action u4(¢) is expressed as

K, d
ug(t) = ‘T:Ey(”' 2.7)

Thus, a general formula for the derivative action can be written as

K d d
ug(t) = T,f (y yriaQle Ey(t)), (2.8)

where y = 1 if the derivative action is applied to the control error and y = 0 if the
derivative action is applied to the process output.

Further, a set-point weight can be applied also to the proportional action in order
to reduce the overshoot in the set-point step response (this is done at the expense of
an increase of the rise time), so that the proportional action u () is expressed as

up(t) = Kp(Br(e) — y(®), (2.9)

where the value of 8 is selected in the interval [0, 1]. The use of a set-point weight
is particularly useful when specifications on both set-point following and load dis-
turbance rejection tasks have to be addressed at the same time. Indeed, a fast load
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Fig. 2.2 Two-degree-of-freedom PID control scheme
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Fig. 2.3 Equivalent two-degree-of-freedom PID control scheme

disturbance rejection is achieved with a controller that provides a large bandwidth,
which, in turn, gives an oscillatory set-point step response. By using a set-point
weight, the control scheme represented in Figure 2.2 is actually implemented with

1
C(s):K,,(l—i———i—Tds) (2.10)
Tis
and

1
Csp(s)zK,,<ﬂ+ﬁ+des). @2.11)

It appears that the load disturbance rejection does not depend on the weight
and therefore can be addressed separately from the set-point following task. Thus,
the PID parameters can be selected to achieve a high load disturbance rejection
performance, and then the set-point following performance can be recovered by
suitably selecting the value of the parameter 8. An equivalent control scheme is
shown in Figure 2.3, where

1+ BTis + yT;Tys?
F(s) = >
1+ Tis+T;1ys

2.12)

Here it is more apparent that the set-point weight is able to smooth the (step) set-
point signal in order to damp the response to a set-point change.

If these modifications of the basic control law are considered, the general so-
called ISA form (or beta—gamma) PID control law can be derived:

t f—
”(t):Kp<f3"(f)—y(l)+i/ e(T)dT-FTd(M))’
Ti Jo dt

(2.13)
Ty dyy(t)
N dt

=y(@) —yr(),

where 8 € [0, 1] and y € {0, 1}.
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Fig. 2.4 The back-calculation anti-windup scheme

Finally, the integrator windup phenomenon has to be avoided. When a set-point
change is applied, the control variable might reach and remain at the actuator satu-
ration limit during the transient response. In this case the system operates as in the
open-loop case because the actuator is at its maximum (or minimum) limit, regard-
less of the process output value. The control error decreases more slowly than in the
ideal case (where there is no saturation limits), and therefore the integral term be-
comes large (it winds up). Thus, even when the value of the process variable attains
that of the reference signal, the controller still saturates due to the integral term, and
this generally leads to large overshoots and long settling time. In order to avoid this,
an anti-windup strategy should be implemented. This can be done according to the
so-called conditional integration technique, where the integral action is frozen when
the actuator saturates and, at the same time, the control error and the control variable
have the same sign, or according to the so-called back-calculation approach shown
in Figure 2.4, where the integral action is reduced by a term proportional to the sat-
uration level of the actuator. The parameter T}, called the tracking time constant,
determines the amount of reduction of the integral term.

2.2 Identification

System identification is a topic that has been and is extensively investigated, and
many solutions have been proposed in the literature that can be applied in gen-
eral to industrial processes. In the following sections, methodologies that have been
specifically devised for the estimation of the parameters of a integral process are
presented, by considering open-loop and closed-loop techniques that can be easily
applied in practical cases. Simple continuous-time models are considered because
these are commonly employed for the tuning of PID controllers.

2.2.1 Open-loop Identification

Open-loop identification techniques are based on the evaluation of the response of
the process to particular signals. They have to be applied starting from an equilib-
rium point of the system.
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2.2.1.1 Using an Impulsive Input

In general, the most employed open-loop identification methods used for industrial
system are based on the evaluation of a step response. However, in the case of inte-
gral processes, which are not asymptotically stable, the step response would tend to
infinity, and this may not be acceptable in practice. An alternative sensible procedure
is to apply an impulse to the system. Consider the IPDT system

P(s) = ge_“ (2.14)

at a steady state (denote the output value as yg) and apply an impulse of ampli-
tude Au and duration At as the input signal. This is shown in Figure 2.5 together
with the corresponding output. The dead time L can be estimated by considering
the time interval between the step transition and the time instant when the process
output leaves its previous value, namely, y > yg (without loss of generality, it has
been assumed that Ay > 0 and K > 0). It should be noted that in practice the mea-
surement noise needs to be taken into consideration. A simple sensible solution is
to define a noise band NB [8] (whose amplitude should be equal to the amplitude of
the measurement noise) and to rewrite the condition as y > yo + NB. The value of
K can then be derived, by considering that the value of the process output variation
Ay is equal to the area of the impulse input multiplied by K, as

_ 4y
T AuAr

The estimation of the parameter K is based just on the steady-state value of the
process output, and therefore it is easy to cope with measurement noise. Obviously,
the estimation will be perfect when the process dynamics are represented perfectly
by expression (2.14). This is not the case if the true process dynamics are different.
For example, consider the process

(2.15)

_ # —0.5s
P(s)_s(s+1)e . (2.16)

If the open-loop impulse response (plotted as a solid line in Figure 2.6) is evaluated,
the following IPDT model is obtained (note that the noise-free case is considered
for the sake of simplicity):

1
P(s) = —e 0%, (2.17)
A
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Fig. 2.6 Application of the identification method based on the impulse response. Dotted line:
impulse input. Solid line: process response. Dashed line: response of the identified model

which gives the impulse response plotted as a dashed line in Figure 2.6. It turns out
that the identification procedure has not captured the dynamics represented by the
pole in s = —1, and the two responses are therefore somewhat different.

2.2.1.2 Using a Square Wave Input

The gain K can be identified via applying a square wave u(¢) with period P and
amplitude Au centred around a nominal value u* [75]. Since the input function u
is discontinuous at the time instants t;, = P/2, P,3P/2, ..., the output response is
continuous but not differentiable at these time instants. The gain K can be therefore
computed as

) = yy)
B Au

K , (2.18)
where )'}(tj) and y(t; ) are respectively the time derivatives of the process output
from the right and the left. The situation is shown in Figure 2.7, where the process
P(s) =0.1/s is taken as an example (the dead time is omitted as it does not affect
the identification of K'). The main advantage of the method is that, by evaluating the
gain at each discontinuity time instant, a time-varying gain can be estimated, and this
fact can be exploited in the design of the controller (see [75] for an example related
to a batch distillation column). However, it has to be taken into account that the
differentiation procedure is very sensitive to the measurement noise and therefore
data should be appropriately filtered before applying it.
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Fig. 2.7 Application of the identification method based on a square wave input
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2.2.2 Closed-loop Identification

Closed-loop identification techniques are usually based on the use of a relay feed-
back controller or, alternatively, on the evaluation of the response to a set-point
change. Different methods in these contexts are presented hereafter.

2.2.2.1 Based on the Relay Feedback Methods

The closed-loop identification techniques employed for industrial processes are typ-
ically based on a relay-feedback experiment [151] (see Figure 2.8). The rationale of
the use of the relay-feedback controller is to evaluate the obtained process output
oscillation in order to obtain a nonparametric model of the process [3], namely its
ultimate gain K, and the ultimate frequency w,,, in analogy with the original idea of
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the ultimate sensitivity experiment of Ziegler and Nichols [166], where the control
system is led to the stability limit. Then, starting from these parameters, a transfer
function of the process can be determined, if necessary.

Standard Relay-feedback Method The original relay-feedback experiment pro-
posed in [3] involves the use of a standard symmetrical relay in order to generate a
persistent oscillatory response of the process output. Denoting by % the amplitude of
the relay and by A the amplitude of the output oscillations, the value of the ultimate
gain can be calculated, by applying the describing function theory, as

4h
TA’
while the value of the ultimate period P, = 27 /w, is simply the period of the ob-
tained output oscillation. It appears that only the amplitude 4 of the relay has to be
selected by the user. This should be done in order to provide an output oscillation
of sufficient amplitude to be well distinguished from the measurement noise, but at
the same time it should not be too high so that the process is perturbed as less as
possible (and the normal production is not interrupted). Indeed, it is worth stressing
that the estimation of the output oscillation is sensitive to the measurement noise
and therefore some filtering techniques have to be applied [140]. In addition to the
advantage of having just one parameter to be selected by the user and of being per-
formed in closed-loop, so that the process is kept close to the set-point value, the
main valuable feature of this identification technique is that the identification exper-
iment can start also if the process is not at an equilibrium point. Further, possible
load disturbances that might occur during the experiment can be detected easily by
the change to asymmetric pulses in the control variable.

In any case, because of the adoption of the describing function theory, the ob-
tained values of the ultimate gain and ultimate period are approximated. As an ex-
ample, if the process

K,= (2.19)

P(s)::%e*OQS (2.20)

is considered, the result obtained by employing a relay-feedback controller is shown
in Figure 2.9 (note that a set-point step equal to one has been applied at time ¢ = 0).
By noting that 4 =1 and A = 0.205, the parameters obtained by applying the iden-
tification procedure are (see (2.19)) K, = 6.21 and P, = 0.82, while the true ones
are K, =7.85 and P, = 0.80. Actually, the slight difference is usually acceptable if
the parameters are employed for the tuning of a PID controller.

The transfer function (2.14) can be determined from the estimated values of the
ultimate gain and ultimate period by using the following expressions [26]:

L=025P,, 2.21)
44

-, 2.22
IP, (2.22)

When these are applied to the previous example, then L = 0.2 and K = 1, which
are equal to the true values.
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Fig. 2.10 Biased relay with hysteresis

Biased Relay with Hysteresis A biased relay with hysteresis (see Figure 2.10)
can also be employed effectively for the estimation of a process transfer function
(2.14) [59]. In fact, under an asymmetrical biased relay feedback test (see Fig-
ure 2.11), the output response of an IPDT system converges to a limit cycle de-
scribed as

Y1 (t) = K (h + ho)t + K (h — ho)ito, t e [0, PT],

y—(1) =K (h —ho)(t + 1) + K(h +ho) P+, 1€[0, P71, 229
where y, (¢) denotes the monotonically ascending part for ¢ € [0, P~], correspond-
ingtote [P, P,] in the limit cycle, while y_(¢) denotes the monotonically de-
scending part for t € [P, P,], and P, = P™ + P~ is the oscillation period. Based
on these analytical expressions, the process parameters can be determined by eval-
uating an experiment with a biased relay with hysteresis feedback controller. In
particular, the process dead time L can be determined as the time interval to attain
the positive peak A™ of the process output response from a relay switch point in a
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Fig. 2.11 Experiment with a biased relay with a hysteresis feedback controller

negative half period P~ of the relay, and the process gain K can be determined as

AT —A™

K = FTYaa (2.24)

The use of a biased relay is particularly useful if the system to be estimated is
a second-order integral process plus dead time (SOIPDT) described by the transfer
function

K —Ls

P(s)=——— 2.25
= Ts+0° (22)
In this case, the analytical expression of the limit cycle can be written as
y4(t) = K(h+ho)(t — T) + K(h — ho)ty +2KhoTEe™"/T, te[0, PT],
Y- () =K(h = ho)(t + 10— T) + K(h + ho) P* +2KhgT Fe™"/T, 1€ (0, P71,
(2.26)
where
| —e—P7/T
E= 1— e—Pu/T
and
1— E_P+/T
F= l—e Pu/T"

Based on these expressions, the times to attain the extreme values of y, (¢) and
y_(t), denoted respectively as tp+ and ¢p-, can be determined as

2hoE

tp+=T1
Pt nh+h0

(2.27)
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and

2hoF
h—hy
Denote the time interval to reach the minimum of y, (¢) from the initial relay switch
point in a positive half period of the relay as 73, ; then

tp- =T1n (2.28)

tpr =thy — L, (2.29)
and
tp-=tp- —L, (2.30)

where 77, _ is the time interval to reach the maximum of y_(¢) from the initial relay
switch point in a negative half period of the relay. By (2.29) and (2.30), we have

tpr —tp-=1py —1p . (2.31)
Substitute (2.27) and (2.28) into (2.31); then

ho—h l—e_P_/T_t}k,+—t;,

1 1 _
Mot h T T T

(2.32)

Note that the process response at the oscillation frequency can be formulated as

ey e ot dr

P(jw,) == : = A,el%. (2.33)
Jo “u@yeieut di
Substitute the process model (2.25) into (2.33); then
K =A (2.34)
wuNT?w? + 1 “ .
and
T
—Lw, — 5~ arctan(T wy) = @y . (2.35)
It can be easily derived that
K=A,0,VT?0? + 1 (2.36)
and
1 T
L=——>|¢p, + ) + arctan(T wy,) |. (2.37)
u

Incase L/T > 1, y4(¢t) can decrease monotonically for ¢ € [0, P71, while y=(¢)
can increase monotonically for ¢ € [0, P~]. Thus, there exists

the =t =L. (2.38)
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Fig. 2.12 Experiment for the estimation of a SOIPDT process

In this case, the process time constant can be derived from (2.37) as

1 b4
T = —tan(—La)u - = — (pu), (2.39)
wy 2

and the process gain can be determined straightforward from (2.36). However, the
value of T cannot be determined from (2.39) if

tan(—La)u - % —_ (/)u> <0. (2.40)

The algorithm for the identification of the SOIPDT process (2.25) can be sum-
marised as follows [59]:

1.

Measure PT, P, t5+,and 73,_ from the limit cycle.

2. Compute P(jw,) from (2.33).

7.
8.

. Compute the process dead time from (2.38) and check whether (2.40) is satisfied.

If yes, go to step 6.
Compute the process time constant 7 from (2.39) and check whether L/T < 1
is satisfied. If yes, go to step 6.

. Determine the process gain K from (2.36). If both (2.40) and L/T < 1 are not

satisfied, then terminate.

Determine 7' from (2.32) by applying the Newton—Raphson iteration method.
SetT = t;+(or T =ty,) as the initial estimation of 7.

Determine the process gain K from (2.36).

Determine the process dead time L from (2.37).

As an example of this algorithm, the process (2.16) is considered. The result of the
application of the biased relay feedback control scheme is shown in Figure 2.12. The
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following parameters are obtained: t;‘;r =0.3, t;“,, =1.76, Pt =2.04, P~ =6.14,
P, =8.18, (namely, o, = 0.77), A, = 1.04. By applying the algorithm, the process
parameters are estimated correctly.

An alternative approach for the estimation of the parameters of a SOIPDT pro-
cess has been proposed in [35]. The method is based on the application of the relay
feedback controller to a first-order-plus-dead-time (FOPDT) process described by
the following transfer function:

K
P(s) = e Ls, (2.41)
Ts+1

In this case, the process parameters can be estimated by applying the following
formulae, which are based again on the describing function analysis:

ao

K=, (2.42)
uo
P A+t — A=\ ?
_ u 2( 2 2) _ -
T_an‘*;A\/K (o + B2) ( 5 > , (2.43)
P (T et (@
L_2rr |:7T tan (Pu )—l—tan <,3>:|’ (2.44)
where
—4/’108
QZW’ (2.45)
-t () e (M) )
ﬁ—n/ﬁEA, 3 —(a =)+ | —5 ) ~@+e?)
(2.46)

and ap and u( are the values of the DC components of the oscillations at the process
output and input. In case the process is described by a SOIPDT transfer function,
in principle it is sufficient to differentiate the output of the relay and then apply the
preceding formulae (2.42)—(2.44). Obviously, differentiating the relay output gives
impulses at the zero crossings that are not acceptable in practical cases because of
the actuator constraints. In order to cope with this problem, the ideal impulses can
be substituted by pulses with finite amplitude and short pulse width. Actually, this
introduces an approximation that might significantly affect the estimation result.

It is worth stressing that, when a relay feedback controller is employed, some fil-
tering techniques should be applied because the estimation of the output oscillation
is sensitive to the measurement noise. Furthermore, the use of an asymmetrical relay
represents a sort of disturbance to the process since it causes the operating point to
drift.

2.2.2.2 Based on the Closed-loop Step Responses

A closed-loop identification method which is an alternative to the use of a relay
feedback controller consists of evaluating the set-point step response of the IPDT
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process (2.14) with simple proportional controller C(s) = K, [115]. In this case,
the closed-loop transfer function is (see Figure 2.1)

Y(s) K e Ls
R(s) s+ K'e"Ls’

(2.47)

where
K’:KPK. (2.48)

By using a first-order Pade approximation, namely e =% = (1 —0.5Ls)/(140.5Ls),
Expression (2.47) can be rewritten as

Y K'(1+0.5Ls)e”Ls
(s) I+ ) s)e (2.49)
R(s) 0. SK,s +(x —05L0)s +1
or, equivalently,
Y K'(140.5Ls)e™Ls
(s) _ 2( 2+ s)e (2.50)
R(s) o5  + 21,85 + 1
with
L (2.51)
Tp = .
¢ 2K’
and
k(1L 252
=Vl ~2) ‘

The effective time constant 7, and the damping coefficient ¢ of the closed-loop
system can be estimated by considering the closed-loop response parameters yu1,
Ymls YM2, Yoo (namely, the first peak value, the first minimum value, the second peak
value, and the steady-state value) and At as shown in Figure 2.13. In particular, the
following formulae can be employed [26]:

In YM2— Yoo
C YM1— Yoo (253)
\/4712 (1n 22020 )

YM1— Yoo

or, alternatively,

In Yoo~ Yml
.= IM1— Yoo (2.54)

\/nz ln Yoo~ Yml )
YM1—Yoo

and

A
T, = tl—cz (2.55)
T
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Fig. 2.13 Experiment for the estimation of a SOIPDT process

The values of L and K’ (and consequently of K) can be eventually determined,
by solving Equations (2.51) and (2.52), as

2.828 At
- 2 _ 2 2 _ 2
L==— /0.5+§ \/c (1+§)\/1 ¢2, (2.56)
1.4147 \/
K=—""_]05+¢2—/c2(1+¢?). 2.57

It is worth noting that the value of the proportional gain of the controller has to
be sufficiently high to provide an oscillatory set-point step response.

As an illustrative example of application of the identification procedure, consider
process (2.20). If a proportional feedback controller K, =5 is employed, the re-
sulting set-point step response is shown in Figure 2.13 with yu;; = 1.5, y,,,; = 0.76,
ym2 = 1.11, and y, = 1. By applying either (2.53) or (2.54) we have ¢ = 0.23, and,
as a consequence, from (2.56), (2.57), and (2.48) the resulting values of the process
parameters are K = 1.09 and L = 0.23. The slight discrepancy between the true and
estimated values is due to the Pade approximation.

2.3 Tuning Methods

A large number of tuning methods have been proposed in literature over the last
seventy years. They are based on different approaches and aim at solving different
control problems. In fact, as it has already been mentioned in Section 2.1, there are
different (possibly conflicting) control tasks that have to be addressed in practical
cases. In particular, set-point following and/or load disturbance rejection are usu-
ally of main concern. In general, a good load disturbance rejection performance is
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achieved with a high-gain controller, which gives an oscillatory set-point step re-
sponse on the other side. If both specifications have to be considered, the problem
can be solved by employing a set-point weight. It is worth stressing at this point
that, although the use of a set-point weight yields a two-degree-of-freedom control
system, its use is addressed in this part of the book because the two controllers (C
and F) in Figure 2.3 are actually strongly correlated. In Part II of the book, in a
context different from PID controllers, the two controllers are designed separately
in a two-degree-of-freedom scheme.

In addition to the performance in the set-point following and/or load disturbance
rejection tasks, the performance in the filtering of measurement noise, the robustness
of the control scheme and the control effort have to be considered as well in the
selection of the PID parameters. For this reason, it is difficult to make the best choice
among the many tuning rules that are available.

In the following subsections, instead of providing a comprehensive review of all
the tuning rules that are available for integral processes (see [83] for this purpose),
different approaches with the aim of showing the peculiarities of integral processes
are highlighted.

2.3.1 Empirical Formulae

Empirical formulae for the tuning of the PID controllers have been devised soon
after PID controllers appeared in the industry at the beginning of the last century.
The most well-known formulae are those devised by Ziegler and Nichols in the
1940s [166]. There are two kinds of formulae that are based respectively on the
parametric model (2.14) and on the nonparametric model given by the ultimate gain
K, and the ultimate frequency w,. They are shown in Tables 2.1 and 2.2, respec-
tively. It is worth noting that the Ziegler—Nichols tuning rules aim at providing a
good load disturbance rejection performance (in particular, a quarter decay ratio in
the load disturbance step response), and this implies that the damping ratio of the
closed-loop system is in general too low to achieve a satisfactory set-point following
performance (namely, the step response is too oscillatory with a big overshoot). As
already mentioned, this issue can be addressed by employing a set-point weight for
the proportional action. As an example, consider the process

P(s) = ———e %, (2.58)

By applying the PID controller tuning rule shown in Table 2.1, the parameters are
K, =395, T =12, and T; = 3. The resulting set-point and load disturbance re-
jection step response is shown in Figure 2.14 as a solid line. If a set-point weight
B = 0.4 is employed, the result obtained is the one shown with a dashed line. If Ta-
ble 2.2 is used to determine the PID parameters (note that K, =5.19 and P, = 24),
the parameters are K, = 3.11, T; = 12, and T; = 3. The corresponding results (ob-
tained again with and without the set-point weight) are plotted in Figure 2.15. As
it can be easily expected by evaluating the controller parameters, the method based



26

Table 2.1 Ziegler—Nichols tuning rules based on a parametric

model
Controller K, T; Ty
1
P ﬁ - -
PI 9 3L -
PID 12 2L L
Table 2.2 Ziegler—Nichols tuning rules based on a non-
parametric model
Controller K, T; Tq
P 0.5K, - -
PI 0.4K, 0.8P, -
PID 0.6K, 0.5P, 0.125P,
2
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Fig. 2.14 Results obtained with the Ziegler—Nichols tuning rules based on a parametric model of
the process. Solid line: PID controller with no set-point weight. Dashed line: PID controller with

set-point weight

on the nonparametric model of the process provides a less oscillatory response. In
any case, the use of a set-point weight is actually essential in reducing the excessive
overshoot that occurs because of the aggressive tuning conceived to achieve a fast
load disturbance rejection.

2.3.2 Analytical Methods

In contrast to empirical tuning rules, analytical methods are based on the determina-
tion of the controller parameters by exploiting explicitly the expressions that involve
the transfer function of the closed-loop system.
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Fig. 2.15 Results obtained with the Ziegler—Nichols tuning rules based on a nonparametric model
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Fig. 2.17 The equivalent unity-feedback control scheme

2.3.2.1 Internal Model Control

Internal Model Control (IMC) [76] is a well-known control design approach where
the trade-off between nominal performance and robustness is explicitly addressed.
This is obtained by including a model of the process in the controller implemen-
tation, according to the scheme of Figure 2.16, where P denotes the model of the
process P, and the controller Q determines the value of the control variable u. Note
that this scheme is equivalent to the unity-feedback scheme of Figure 2.1 by simply
selecting (see Figure 2.17)
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cloy=—28
1—-P(s)Q(s)

The design of the controller is in general performed by considering Q(s) =
O(s)F(s) and by selecting Q(s) in order to achieve an optimal performance for
a given input disregarding the model uncertainties (namely, by considering P(s) =
P(s)) and input constraints. Then, F (s) is selected as a low-pass filter of an appro-
priate order in order to achieve robust stability and robust performance. In particular,
Q(s) can be determined to minimise the integrated square error (ISE)

(2.59)

/ - e>(1)dt. (2.60)
0

This is obtained by factoring the model P(s) into two parts:
P(s) = Py (s)P_(s), (2.61)

where f’+(s) is the all-pass portion of the transfer function (}3+ (0) = 1) including
all the RHP zeros and delays of P(s), having the form

. —as+1
Pis)=e V] % (2.62)
1

where a; 1 are all the RHP zeros, and L is the dead time.
Alternatively, if it is desired to minimise the integrated absolute error (IAE)

/ - le()|dt, (2.63)
0

}3+ (s) in the factorisation (2.61) should be chosen as

Pis)=e [ J(—aus + D). (2.64)

Then, Q(s) = P__l(s). At this point, F(s) has to be selected in order to have a
proper controller Q(s). With the inclusion of the filter, the transfer function of the
closed-loop system of Figure 2.16 becomes P (s) Q(s)F (s) (again, by considering
P(s) = P(s)). Thus, in order to achieve a null steady-state error in the presence of
a step set-point signal, it has to be F(0) = 1. In this context, a natural choice is to
select
1

(As + D)’

where the order 7 is such that the controller Q(s) is proper. In order to have a null
steady-state error when a ramp signal is applied to the set-point, in addition to the
requirement F (0) = 1, the following expressions needs to be satisfied as well:

F(s) = (2.65)

d , -
g(P(S)Q(S)) =0

s=0
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Table 2.3 IMC-based PID tuning rules

Approximation K,K T; Ty Ty Comments
—Ls~1 _ 2(L+1) _ LA\2 .

e =1-Ls 224N LA2 2L+ 2L7H4AL A2 ISE optimal
—Ls ~ L+2 .

els=1—Ls i LL')‘Z L+2 - - TAE optimal
“Ls~ 1=5s 31423 2L(L+Y) L2 .

¢ =L 2L+ AN+ 3L+22 3L+2% CTREw Ty ISE optimal
Ls ~ 1-5s 2 L(L+2)) .

e~ Ls >~ Tév Yy 2(L+2) I - IAE optimal

or, equivalently,

d -~
a(P+(s)F(s)) S:O =0.

A possible solution is

Fls) = (2x — PL(0))s +1
(As +1)2

By restricting the analysis to IPDT processes (2.14), it has to be stressed that, in
order to have a null steady-state error with a constant load disturbance, it is nec-
essary for the controller to have a pole at the origin. This corresponds to having a
null steady-state error when a ramp signal is applied to the set-point, and therefore
the filter transfer function (2.66) has to be considered. Then, if the dead time is
approximated as

(2.66)

e =1—Ls (2.67)

and the IMC design procedure is applied, C(s) becomes a PI controller with or
without an output filter, respectively, depending on whether the factorisation (2.62)
or (2.64) is applied. If the dead time is approximated as

1= %s
ez 2 (2.68)
1+ 7S

then C(s) becomes a PI controller with or without an output filter, respectively,
depending on whether the factorisation (2.62) or (2.64) is applied. Thus, the ap-
plication of the IMC design naturally yields the tuning rules shown in Table 2.3
[108], where the only parameter to be selected by the user is A, which handles the
trade-off between aggressiveness and robustness (and control activity). Indeed, in-
creasing the value of A implies that the closed-loop time constant increases and the
robustness of the control system to plant/model mismatch increases. Conversely, de-
creasing the value of A implies that the speed of response increases but the system
is less robust. Different practical recommendations for the choice of A have been
proposed in the literature. For example, the advice A > L/4 or A > L/2 is given in
[108] corresponding to the factorisation form (2.62) or (2.64), while the suggestion
r=LJ101is given in [2]. It is worth stressing that if the PID controller has a form
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Fig. 2.18 Results obtained with the IMC-based tuning rules. Solid line: A = 6. Dashed line:
A=18.97

different from the output filtered ideal one (2.4), simple conversion formulae can be
employed [15].

As an illustrative example, consider again process (2.58). By applying the tun-
ing rule that yields a PID controller with an output filter and by initially selecting
A = L = 6, the parameters are K, =2.35, T; =30, T; = 4.8, and Ty = 0.86. The
response to a set-point and load disturbance step signals is shown in Figure 2.18 as a
solid line. Conversely, by selecting » = L+/10 = 18.97, itis K, = 1.25, T; = 55.95,
Ty =5.36, and Ty = 2.43. The corresponding set-point and load disturbance step
responses are plotted again in Figure 2.18 as a dashed line. As expected, a bigger
value of A yields a less aggressive and more robust control system, namely, the
overshoot in the set-point step response is reduced, the rise time is increased, and
the control effort is reduced as well. Conversely, a more sluggish load disturbance
response is obtained.

2.3.2.2 Matching the Coefficients of the Closed-loop Transfer Function

If just the set-point following performance is addressed, a simple method to tune
the PID controller is to match the coefficients of the numerator and denominator
polynomial of the closed-loop transfer function [14]. If an IPDT process transfer
function (2.14) is considered and a PID controller (2.2) is employed, the closed-
loop transfer function from the set-point r to the output y is

Y(s)  (Kig+ K2+ KzgHe ™
R(s) q*>+ (Kiqg+ Ky + K3g?)e 4’

(2.69)
where

q = Ls, (2.70)
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K1 =K,KL, 2.71)
_ KL (2.72)
2= Tz s .
T,
K3 = Klfd. (2.73)

By using the first-order Pade approximation for the exponential term at the denom-
inator, Expression (2.69) becomes

Y(s) (K1g + K2 + K3¢g*)(1 +0.5¢)e™1 274)
R(s)  (1+0.59)q>+ (Kig + K2+ K3g*)(1 —0.5q)" '
By imposing that this closed-loop transfer function is equal to one, it results
K =1, (2.75)
K> =0, (2.76)
K3 =0.5, (2.77)
that is (see (2.71)—(2.73)),
_ ! (2.78)
PTKL '
T; = oo, (2.79)
T, =0.5L. (2.80)

Indeed, a PD controller results. This is in accordance with the intuition that a pole at
the origin of the complex plane to ensure a null steady-state error is already present
in the process transfer function. In order to employ the integral action in any case
(for example to cope with possible load disturbances), it is sufficient to impose that
the closed-loop transfer function (2.74) is equal to o > 1 (note that if o = 1, the
same tuning rules as before are obtained). This is reasonable because the steady-
state error will be zero in any case (because of the presence of the integrator) and
because with a PI or PID controller an overshoot occurs in any case in the set-
point step response. Thus, by considering « as a tuning parameter, the following
expressions are obtained:

(1-a)K1+05(1+w)K2,=0, (2.81)
0.5(I1+)K1+(1 —a)K3z =« (2.82)
(I1+a)K3=aqa, (2.83)
which yields
1 4a?

K,=—-——, 2.84
PTKL (1+a2) (289
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1
T = 0.5L< + “), (2.85)
oa—1
1
T, = 0.25L< + “). (2.86)
o

If a PI controller is considered, by following the same reasoning as before the fol-
lowing rules are obtained:

K, =L 2 (2.87)
PTKL1+a’ ‘
14+«
T, =0.5L . (2.88)
a—1

It appears that all the PID parameters depend on the value of o which has to be
selected conveniently. In [14] it is suggested to choose o = 1.25, namely, for the
PID controller:

~1.2346 2.89)
P KL :

T, =45L, (2.90)

T, = 0.45L. (2.91)

As an illustrative example of the method, consider the process (2.58). By applying
(2.89)—(2.91) the following parameters are determined: K, =4.067, T; =27, and
T, = 2.7. The resulting set-point and load disturbance unit step responses are shown
as a solid line in Figure 2.19. They are compared with the results obtained by using
a PI controller with K, = 3.66 and T; = 27 (see (2.87)-(2.88)), shown as a dashed
line, and with the results obtained by using a PD controller with K, = 3.29 and
T4 =3 (see (2.78)—(2.80)), shown as a dotted line. In the cases where the derivative
action has been employed, a first-order filter has been applied, but its time constant
has been selected so that its dynamics are actually negligible (note that the derivative
filter has not been considered explicitly in the derivation of the tuning rules). This
explains the large spikes in the control signal (no saturation of the actuator has been
considered in order to avoid biasing the result). Further, as expected, the use of the
PD controller provides a better set-point step response but exhibits a steady-state
error in the presence of a constant load disturbance. The PID controller performs
better than the PI controller, but a large overshoot appears in all of the cases.

2.3.2.3 Direct-synthesis-based Design
With respect to the method described in Section 2.3.2.2, an increase in the perfor-

mance can be expected if a filtered PID controller (possibly with set-point weight)
is employed. In this context, the method based on direct synthesis proposed in [107]
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Fig. 2.19 Results obtained with the method based on matching the coefficients of the closed-loop
transfer function. Solid line: PID controller. Dashed line: PI controller. Dotted line: PD controller

can be applied. In fact, if the scheme of Figure 2.1 is considered and if an appro-
priate desired closed-loop transfer function is selected, then the controller transfer
function determined analytically has the required structure. Indeed, if the IPDT pro-
cess (2.14) is considered and the desired closed-loop transfer function is selected
as

Y De
®)) _ s+ het 2.92)
R(s) )4 (As + 1)?
then, the corresponding controller transfer function can be determined as
Y (s)
1 1
Cs) (77)a s (s +1) (2.93)

= O 2 _ “Ls1°
PO$)1—(5), KlGs+ D= s+ De™™]

By applying the first-order Padé approximation e~ = (1 — %s) /(14 %s) and by
selecting n = 24 + L, from (2.93) an output-filtered PID controller (2.4) is obtained,
where

o — 204 1.5L 2.94)
P K2 4+2A0L +0.5L2)° :
T; =2x+ 1.5L, (2.95)
0.5A2L
Ts (2.96)

T A 2AL+05L2

The same method can be applied also to SOIPDT processes (2.25). In this case,
the desired closed-loop transfer function has to be selected as

(Y(s)> (st ms+ De s
R()),; (As+1)3

) (2.97)
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so that the controller is obtained as

Y(s)
Cls) = 1 (R(;))d =S(TS+1) (ms? +ms+ 1)
P(s) 1 — (28)(1 K [(s+1D3—Ops?2+nis+ DeLs]

(2.98)
By using again a first-order Pade approximation, the controller transfer function
becomes a PID controller in series with a lead/lag compensator:

Coy= Ky (14— 4 145 ) 95D (2.99)
s) = — Ky s .
P Tis T ) s+ 1)
where
K,= n , (2.100)
K(3A2+1.5AL +0.57L — 1)
T; =, (2.101)
T, =" (2.102)
ni
Ty = 0.53L (2.103)
=y AL+ 0502 '
a=0.5L, (2.104)
0.5A3L
b= , (2.105)
T(3A2 4+ 1.50L +0.5Ln; — n2)
m=3r+L, (2.106)
0.5L —T)A3 + (3T? = 1.5LT)A2 +3LT?*1 4+ 0.5L2T?
mn= ( W+ ( A+ + . (2.107)

T(.5L+T)

It appears that for both IPDT and SOIPDT processes, there is just one tuning
parameter A which handles the trade-off between aggressiveness and robustness. In
[107] it is suggested to select A in the range [0.8L, 3L]. Furthermore, it is suggested
to use the set-point weight g in the range of 0.3-0.4 to reduce the overshoot in the
step response.

As an illustrative example, by considering again process (2.58), the following
parameters are determined, by applying (2.94)—(2.96) with A = L = 6: K, = 3.29,
T; =21, T; =2.57, Ty = 0.86. The set-point weight has been fixed to 0.3. The re-
sulting set-point and load disturbance unit step responses are shown in Figure 2.20.

2.3.3 Frequency-domain Methods

Tuning methods can also be developed by considering the frequency response of the
system. Some examples are presented in the following subsections.
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Fig. 2.20 Results obtained with the direct-synthesis-based design method

2.3.3.1 Based on the Maximum Peak-resonance Specification

The method proposed in [101] is based on a specification of a maximum peak res-
onance and is derived from the analysis of the Nichols chart of the series of the
controller and of the process. In fact, with an integral process, the open-loop fre-
quency response presents a phase maximum (see Figure 2.21). In this context, the
controller parameters can be selected such that this maximum is located on the right-
most point of the ellipse corresponding to the selected maximum peak resonance.
Thus, the method can handle at the same time the maximum peak overshoot and the
minimum phase and gain margins.
By considering a SOIPDT process (2.25) and a PI controller

C(s) = K,,(l + Tis) (2.108)

specifying that the phase maximum (achieved at the frequency wpax) of the open-
loop frequency response L(s) = C(s)P(s) is located at the right most point
(Amax> Pmax) of the contour corresponding to the desired maximum peak reso-

nance M,, yields the following system of three equations and three unknowns
(Kp, Ti, @max):

darg L(j

darg L(jw) —o. (2.109)
80) W=Wmax

arg L(j®max) = Pmax, (2.110)

|L(jomax)| = Amax. 2.111)
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Fig. 2.21 Example of a Nichols chart for an integral process in series with a PI controller

A simple expression of the solution of this system can be obtained by approximating
the arctan(x) as

b4 1 .

Z—- ifx>1

~12 ! ’
arctan(x) = {x x ifx<l (2.112)

In this way the following expressions are obtained:
16(T + L
._ 160+ _)2, (2.113)
2omax + 1)
1
Kk, = TrAmx [Y}Zczﬁmzx + O ] 3 @114
! : 2.115
Omax = | =———— | . .1

In order to achieve a good compromise between the set-point following and the
load disturbance rejection performance, it is suggested to select M, =5 dB (which
corresponds to Amax = 1.21 and ¢pax = —2.55 rad). If a PID controller is employed,
it has to be selected with transfer function

(2.116)

T; 1\ T, 1
C(s):Kp<i> us +

T;s Tfs+1’

so that, by selecting T; = T (namely, by applying a pole-zero cancellation), the
previous case is obtained, where the time constant of the open-loop system is given
by Ty.
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Fig. 2.22 Results obtained with the direct synthesis-based design method based on maximum
peak-resonance specification

A particular interesting case is that given by IPDT processes, where T = 0. The
tuning rules (2.113)—(2.115) are simplified significantly, and they can be related di-
rectly (possibly in an automatic tuning context) to the ultimate gain K,, and ultimate
frequency P, of the process as [102]

K, =0.34K,, (2.117)
T, = 1.04P,. (2.118)

The same process (2.58) is employed as an illustrative example. By applying
the proposed method, a PI controller with K, = 1.75 and T; = 25 (wmax = 0.082)
is determined. The resulting set-point and load disturbance unit step responses are
plotted in Figure 2.22, while the Nichols chart is shown in Figure 2.21. Obviously,

the overshoot in the set-point step response can be reduced by employing a set-point
weight.

2.3.3.2 Based on the Minimisation of the Maximum Resonance Peak Value

An approach similar to that of Section 2.3.3.1 has been (previously) proposed in
[122]. The approach starts by considering the fact that decreasing the integral time
constant in a PI controller for an IPDT process implies that the stability margin of
the system decreases as well. Thus, there is a minimum value of the integral time
constant below which a reasonable damping cannot be achieved for a given system.
The design method consists therefore in specifying the maximum resonance peak
value and then in determining the smallest integral time constant for which this
value is attained. If an IPDT process with a PI controller is considered, the system
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of equations (2.109)—(2.110) can be solved analytically without approximating the
arctan function with expression (2.112). Thus,

= —1 d : (2.119)
[0} s .
max ,I,l L
and, as a consequence,
1 L
rg L(j )=-—m d 1 ’ -+ arctan i 1 i (2.120)
a — g =L arctan| = — . .

In [122] it is suggested to select M, = 2dB, which corresponds to ¢max =
—2.23 rad. With this value, by solving arg L(j®max) = Pmax. it results

T;
L —8.75, 2.121)
L

from which the value of the integral time constant 7; is determined. The proportional
gain can be selected at this point in order for the resulting resonance peak value to
be at a minimum. By applying this procedure to several numerical cases it has been
found that the value of K, that provides this result can be expressed as a function
of the dead time and of the gain of the process:

0.487

=—. 2.122
=KL ( )

If process (2.58) is considered, by applying the tuning rules (2.121)—(2.122), we
have T; = 52.5 and K, = 1.6. The resulting set-point and load disturbance unit step
responses are plotted in Figure 2.23.

2.3.3.3 Based on the Specification of the Desired Control Signal

An original approach, based on the specification of the desired control signal, has
been proposed in [139]. Basically, for an IPDT process (2.14), the technique consists
in selecting the transfer function between the set-point r and the control variable u
as

0(s) = U(s) s (26t +L)s+1
VT Re) T K+ 2%ts+ 1

where the time constant 7 is chosen as

(2.123)

T=al. (2.124)

It has to be stressed at this point that if a step signal of amplitude A, is applied to
the set-point, transfer function (2.123) implies that the desired control signal has an
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Fig. 2.23 Results obtained with the method based on the minimisation of the maximum resonance
peak value

initial change of (2a& + 1)A, /(¢*>K L) and then decays exponentially to zero fol-
lowing a second-order system response with normalised time constant & and damp-
ing factor £. Given a desired damping factor (which is suggested to be either 0.707
or 1), this fact can be obviously exploited for the selection of the design parameter
« in order to address the actuator constraints.

Given Q(s), the desired closed-loop transfer function between the set-point » and

the output y becomes H (s) := Q(s) P (s), and the corresponding desired open-loop
transfer function becomes

W) H(s) (a€ + 1)Ls + 1

—Ls
1—H(s)  o2L2?+2atLs + 1 — [Qaé + DLs + 1]e- 15 ¢

(2.125)
By considering now the PID controller transfer function (2.2), which can be rewrit-
ten as

czs2 +c15s+co

C(s) = , (2.126)
S
where
K,=ci, T; = c1/co, Ty =ca/cy, (2.127)
the actual open-loop transfer function is given by
2
K
Cls)P(s)= 2 FTOR 15 (2.128)

N
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With the aim of matching G(s) with the actual open-loop transfer function
(2.128), the following transfer function can be defined (s = jw):

o (i

M(jwy = 12U (2.129)
P(jw)

This implies that the frequency domain error between L(jw) and the actual open-

loop transfer function is zero if

M(jo)=cr(jw)* + c1(jw) + co. (2.130)

If two straight lines are employed to fit the real part Mg(jw) of M(jw) against
w? and the imaginary part M;(jw) of M(jw) against  through two frequencies
w1 and w», then the coefficients co, c1, and ¢, can be determined analytically (note
that, once the parameters « and & are selected, Expression (2.129) is known). The
two frequencies can be conveniently selected as w; = 2w/ T and wr = 2w;, where
T; is the desired closed-loop settling time, chosen as (6« + 1)L [138]. The solution
is

_ Mg (w1) — Mg(w>)

o 3 + Mg(wy), (2.131)
_ Mj(wr) (2.132)
w '
M -M
o= r(w1) k R(CUZ), (2.133)
3wy

from which the PID parameters can be easily derived from (2.127). At this point, it
is worth considering the scaled Laplace transform § = s L (which naturally leads to a
scaling in the time domain with a normalised time variable 7 = ¢/L) and normalised
frequencies @] = w1 L and &, = 20;. The corresponding transfer function M (j®)
is therefore independent of the process parameters, and therefore the (scaled) PID
parameters depend only on £ and «. By considering the selected values of £ = 0.707
and £ = 1 and by interpolating the results for different values of «, the following
tuning rules can be derived (the PID parameters are then conveniently rescaled):
£ =0.707:

1 1
K,=— , (2.134)
KL 0.7138a + 0.3904
T; = L(1.4020c + 1.2076), (2.135)
1 1
Ty=— : (2.136)
KL 1.4167a + 1.6999
§=1
1 1
K,= (2.137)

KL 0.5080a + 0.6208’
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Fig. 2.24 Results obtained with the method based on the specification of the desired control signal
(tuning rules (2.134)—(2.136)). Solid line: « = 1. Dashed line: o« =2

T, = L(1.9885a + 1.2235), (2.138)
1 1

Ty =— .
KL 1.0043c 4+ 1.8194

(2.139)

If a PI controller has to be employed, it is sufficient to substitute 7; = 0 in the above
tuning rules.

The same process (2.58) is considered as an illustrative example. By applying the
tuning rules (2.134)—(2.136) with o = 1, the parameters K, =2.98, T; = 15.66, and
Ty = 1.93 are obtained, while with o = 2, we obtain K, = 1.81, T; = 24.07, and
T, = 1.32. The results related to the set-point and load disturbance step response are
shown in Figure 2.24. Conversely, if the tuning rules (2.137)—(2.139) are considered,
we obtain K, =2.92, T; =19.27, and Ty =2.12 fora =1 and K, =2.01, T; =
31.20,and T; = 1.57 for « = 2. The corresponding results are shown in Figure 2.25.

It can be seen that the parameter o can handle effectively the trade-off between
aggressiveness and control effort.

2.3.4 Optimisation-based Methods

Tuning rules can be also obtained by minimising a suitable objective function. Meth-
ods developed in this context are explained hereafter.

2.3.4.1 Minimisation of the Integral Criteria

Significant attention has been paid by researchers in order to find the tuning of a
PID controller that minimises integral performance criteria. This is, in fact, a way to
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Fig. 2.25 Results obtained with the method based on the specification of the desired control signal
(tuning rules (2.137)—(2.139)). Solid line: « = 1. Dashed line: o« =2

consider, at the same time, different control specifications, such as a small overshoot
and a short settling time. In general, time-moment weighted integral performance
indexes are considered. They are defined as

M@):/ "[e(t;0)]*dt, n=0,1,2, (2.140)
0

where 0 = [K,, T;, Ty] is the vector of (PID) parameters to be selected to min-
imise (2.140), and e(¢) is the system error. Note that Jy(@) is denoted as the ISE
(Integrated Square Error) criterion, while J(0) and J,(6) are known respectively
as the ITSE and ISTE criteria. A methodology for the determination of tuning for-
mulae which relate the ideal PID coefficients (see (2.2)) to the process parameters
K and L (see (2.14)) in order to minimise the objective functions (2.140) has been
proposed in [128]. To this purpose, genetic algorithms [74], which are known to
provide a global optimum of a problem in a stochastic framework, have been em-
ployed. Specifically, many simulations have been performed for different values of
the parameter L (obviously, a different value of K results in a simple scaling of
the proportional gain) and for different optimisation problems, i.e., considering step
changes both in the set-point and in the load disturbance and minimising the three
adopted integral criteria (2.140). The optimal PID coefficients found by the genetic
algorithms [74] in the different cases have then been analytically interpolated in or-
der to derive suitable tuning rules. These are reported in Table 2.4 for the optimal
set-point response and in Table 2.5 for the optimal load disturbance rejection. The
symbol ‘~” which appears in Table 2.4 means that no integral action is required for
that case, which is intuitive since the presence of an integrator in the plant assures
by itself a zero steady-state error for set-point step changes and adding another in-
tegrator in the open-loop transfer function makes the achievement of an acceptable
robustness more difficult. From these results it appears that increasing the value of
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Table 2.4 PID tuning rules for optimal set-point response

ISE ITSE ISTE
1.03 0.96 0.90

Kp KL KL KL

T‘i — — —

T, 0.49L 0.45L 0.45L

Table 2.5 PID tuning rules for optimal load disturbance response

ISE ITSE ISTE
K, 137 136 134

L KL L
T; 1.49L 1.66L 1.83L
Ty 0.59L 0.53L 0.49L
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Fig. 2.26 Results obtained with the method based on the optimisation of integral performance
indexes for set-point following task. Solid line: ISE. Dashed line: ITSE. Dash-dot line: ISTE

n from O to 2 in the performance index (2.140) implies that the PID gains have to
be decreased.

As an illustrative example, if the set-point following task for process (2.58) is
considered, by applying the tuning rule of Table 2.5, K, = 3.39 and T = 2.94 are
obtained for the ISE performance index, K, = 3.16 and T; = 2.70 are obtained
for the ITSE performance index, and K, = 2.96 and Ty = 2.94 are obtained for
the ISTE performance index. The results related to both the set-point following and
load disturbance rejection task are shown in Figure 2.26 (unit step signals are ap-
plied in both cases). It appears that, as expected, a steady-state error emerges in the
presence of a constant load disturbance because there is no integral action in the
controller. Conversely, if the load disturbance task is considered, by applying the
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tuning rule of Table 2.5, K, =4.51, T; = 8.94, and T; = 3.54 are obtained for the
ISE performance index, K, = 4.48, T; = 9.96, and T; = 3.18 are obtained for the
ITSE performance index, and K, =4.41, T; = 10.98, and T; = 2.94 are obtained
for the ISTE performance index. The results again relating to both the set-point fol-
lowing and load disturbance rejection tasks are shown in Figure 2.27. As expected,

the controller designed for the load disturbance rejection is more aggressive than the
controller designed for the set-point following task.

2.3.4.2 Minimisation of an H,, Performance Index

A tuning methodology based on the optimisation of an H, criterion has been pro-
posed in [154]. By considering the Internal Model Control scheme of Figure 2.16
and the associated standard unity-feedback control scheme of Figure 2.1 where

C(s) = Q(s)/(1 — P(s)Q(s)) (see also Figure 2.17), when perfect modelling is
assumed, the sensitivity transfer function is

S)=——+————=1—-P , 2.141
(s) T COHPG) (5)Q(s) ( )
and the complementary sensitivity transfer function is

C(s)P(s)

B =1 empe)

= P(s)0(s). (2.142)
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The transfer function matrix M (s) from the reference input r and the load distur-
bance input d to y and u is therefore

(2.143)

M) = [H(w P<s>S<s)] '

Q(s) —H()

The closed-loop system is internally stable if all the transfer functions in M (s) are
stable, which implies that Q(s) is stable and satisfies the following constraints:

111% S(s) = 111%[1 — P(s)Q(s)] =0, (2.144)
li ds = li dl P =0 2.145
lim —~ (S)—S‘_rf})g[ — P()Q(s)] =0. (2.145)

Then, a SOIPDT process (2.25), where the dead time is approximated by a first-
order Taylor series, is considered:

K(1 - Ls)

PO =Trs71

(2.146)

The optimal performance criterion to be minimised by the control system is selected
as

|F)S)| (2.147)

where I"(s) is a weighting function selected as

I'(s)= l, (2.148)
s

which implies that the closed-loop system input is a step signal.
If O(s) = Q(s) (namely, the filter F(s) is neglected), minimising (2.147) yields

re)(1-Pe)06) =L, (2.149)

and therefore the optimal O(s) is determined as

s(Ts+1)

O(s) = =

(2.150)
It appears that, in order to make Q(s) proper, however, a filter F(s) has to be
employed.
If T =0 (namely, an IPDT process is considered), it can be verified that a first-
order filter does not satisfy the asymptotic tracking requirement. Thus, the filter is
selected as the second-order transfer function

as +1

o=

(2.151)
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where, according to (2.145), a = 2A + L. Thus, by considering Q(s) = O(s)F(s)
and C(s) = Q(s)/(1 — P(s)Q(s)) a PI controller is obtained with

20+ L

e 2.152
P KM +L)? ( )
T =25+ L. (2.153)

By applying the same reasoning, if a SOIPDT model is considered, the filter can
be selected as

_ as +1
T (s+ D3

where a = 31 + L is determined from (2.145). The resulting controller is an output-
filtered PID controller (2.4) with

F(s) (2.154)

3A+L+T

K, = , 2.155
P K@BA2+30L 4+ L) ( )
Ti=3A4+L+T, (2.156)
34+ )T
L= B+ DT (2.157)
A+ L+ T
)»3
P — 2.158
P T30 3aL + L2 2.158)

As in IMC, the user-chosen parameter A can handle the trade-off between ag-
gressiveness and robustness. As an example, if the process (2.58) is considered, the
PI controller with K, =2.47 and T; = 18 is obtained from the tuning rules (2.152)—
(2.153) by selecting A = L = 6, while for A = 2L = 12, the parameters K, = 1.83
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and 7; = 30 are obtained. Results related to the set-point and load disturbance step
response are shown in Figure 2.28.

2.4 Conclusions

In this chapter, the use of PID controllers for the control of integral processes has
been addressed. After an introduction on PID controllers, it has been shown that this
kind of controllers can be employed effectively for both the set-point following and
load disturbance rejection tasks, especially if the control requirements are not too
tight. Both open-loop and closed-loop techniques for the estimation of the process
parameters have been described. Then, starting from the model obtained, different
approaches have been presented for the tuning of the PID parameters with the aim
of showing that the tuning problem can be tackled from different viewpoints, each
with specific features.



Chapter 3
Stability Region

The determination of the set of the stabilising parameters of a PID controller for an
integral process is discussed in this chapter. In particular, the stability region of a PI
controller for an IPDT process is analysed first. In this case, in addition to the stabil-
ity region, the achievable stability margins can also be determined. Then, the case
of a stabilising PID controller is considered for both IPDT and SOIPDT processes.
The set of parameters is determined by applying the Hermite—Biehler theorem to
quasi-polynomials. Note that, instead of presenting all the mathematical details of
the procedures employed (for which the reader can refer, for example, to [18, 111,
112], where processes with a first-order-plus-dead-time model are considered), the
features related to integral processes are highlighted.

3.1 Stability Region Under the PI Control

If a PI controller is applied to an IPDT process, the set of stabilising parameters
can be determined analytically, after a suitable normalisation of the system. The
analysis yields also the achievable stability margins (namely, the gain margin and
phase margin), and this can be effectively exploited in the tuning of the PI controller
[137].

3.1.1 Normalisation of the System

Consider the IPDT process (2.14) controlled, in a unity feedback scheme (see Fig-
ure 2.1), by the PI controller

1
C(S)ZKP<1 +K>,

where K, > 0 is the proportional gain, and 7; > 0 is the integral time constant.

A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 49
Advances in Industrial Control,
DOI 10.1007/978-0-85729-070-0_3, © Springer-Verlag London Limited 2011
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The loop transfer function of the system is

1 \K _;,
W(s)=C(s)P(s) =K 1+— —e 7, 3.1
Tis) s
which involves four parameters. If the process parameters K and L are normalised
into
T;

K,=LKK, and T, = T (3.2)

then the loop transfer function is correspondingly normalised as

I\l _
W(s) = I+—=—)-e". (3.3)

Tis)s
This involves only two parameters. As a result, W (s) can be regarded as a system
with the process

P(s)= ;eﬂ

Cis)=K <1+L)
T;s

where K » > 0and T; > 0 are the normalised proportional gain and the normalised
integral time constant, respectively. As a matter of fact, (3.3) can be obtained from
(3.1) by substituting s with I{s This means that the Nyquist plots of W(s) and
W (s) have the same form but arrive at the same point with different frequencies.
Therefore, the design of C(s) for W(s) can be done via designing C(s) for W(s)
and then recovering the parameters of C(s) from (3.2). As can be seen later, this
considerably simplifies the system analysis and design.

and the controller

3.1.2 Stability Region

Rewrite W (s) as W (jw) = Re(w) + jIm(w), where

Kpcosw  Kpsinw

Re(w) = ——= — ,
(w) T -
Kpsinw K,cosw
Im(w) = —= — .
T;? w
As w — 0, there are
—o0o, T;>1,
lim Re(w) = —o0, lim Im(w) = { 0, T, =1,
w—0 w—0 —
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v
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Fig. 3.1 Nyquist plot of the loop transfer function L(s) of the system

The Nyquist plots for these cases are shown in Figure 3.1. In the case of 0 < T; <
1 or T; = 1, the Nyquist curve starts above the real axis and encircles the point
(—1,0). In the case of T; > 1, it is possible for the Nyquist curve not to encircle the
point (—1, 0). Therefore, a necessary condition for the closed-loop system stability
is T; > 1. This means that the integral time constant of the PI controller C(s) must
be greater than the dead time of the process P(s). Furthermore, a necessary and
sufficient condition for the stability is given below.

Theorem 3.1 The closed-loop feedback system with the open-loop transfer function
given in (3.3) is stable if and only if K, and T; satisfy

_ T >
Ky<—L—, 34
72
VT a)%, +1
where w € (0, Z] is the solution of
wp = arctan(fia)p). 3.5)

Proof The closed-loop feedback system is stable if and only if the Nyquist curve
crosses the real axis from the right side of the point (—1, 0), i.e., satisfying Re(w) >
—1 when Im(w) = 0, which gives

K, cosw K, sinw
p Y P

k 1, 3.6

o o (3.6)
SINOp _ oswy =0 3.7)
. =0, .
Tiwp

where w), is called the phase crossover frequency. Because T; > 1, the minimum
solution of @, in (3.7) lies in the interval (0, %], where % is obtained as T; — +00
(in this situation, the PI controller degenerates to a P controller). This means that the
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Fig. 3.2 Region of control parameters K p and T; to stabilise the system

Nyquist curve crosses the real axis for the first time at a frequency not more than 7.
Thus, (3.7) can be converted into (3.5). Furthermore, simplifying (3.6) with (3.7)
gives (3.4). O

When the Nyquist curve crosses the point (—1, 0), then
Tiw?

_2 *
JT: w%,+l

From this, together with (3.5), the relationship between K p and T; can be solved
numerically, which is shown in Figure 3.2 as the curve c. Note that as T; — +o00,
wp — % and lzp — i as 12,, — 0, w, — 0 and T; — 1. Obviously, the filled area
in Figure 3.2 corresponds to (3.4), which gives the stability region.

K, =

3.1.3 Achievable Stability Margins

The well-known gain margin A,, and phase margin ¢,, are defined as
. 1
" LGl
¢m =arg[L(jwy)] + 7, (3.9)

where ), is the phase crossover frequency defined in (3.5) and w, is the gain
crossover frequency defined by

(3.8)

|L(jwg)|=1. (3.10)
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Fig. 3.3 Relationship between stability margins A,, and ¢,, and control parameters K p and T;

Conventionally, A,,, which is larger than 1, is converted so that the gain margin has
the unit “dB”. Here it is kept dimensionless to simplify the expression and calcula-
tion. Before the Nyquist curve reaches the real axis for the first time, w < %, and
Re(w) is always negative, so ¢y, is in the range of 0 < ¢, <

Substituting (3.3) into (3.8) and (3.9) gives

T;0?,
Ap=—"otl (3.11)
Kp T} +1
¢m = arctan(T;wg) — wy, (3.12)

where w), is given in (3.5), and wyg, according to (3.10), is

2 _ — — —
:%_\/K§+,/K§+4K[2,/Ti2. (3.13)

For a specified gain margin A,,, the parameters K p and T; satisfying (3.11) and
(3.5) can be solved numerically. The solutions for typical specifications of A,, =
2,3,4,5, 6 are shown in Figure 3.3 and are called gain-margin curves. As K — 0,
T; — 1. This is the point (0, 1). As T; — 400, K, — KA with

- b4

Koj=——

P24,

This is the intersection point of the gain-margin curve and the horizontal axis. Sim-
ilarly, for a specified phase margin ¢,,, the parameters K and T; satisfying (3.12)
and (3.13) can be solved numerically as well. The solutlons for typical specifications
of ¢, = %, 7, 5 are also shown in Figure 3.3 and are called phase-margin curves.

As Ty = +00, K, = 0 or K, — K with

co T _
Ky=5—¢m.
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Fig. 3.4 Achievable stability margins A,, and ¢,

This is the right-side endpoint of the phase-margin curve. The curve for A,, =1 or
¢m = 0 1is the curve ¢ shown in Figure 3.2.

So far, the system for a specified gain margin or phase margin has been designed.
When both margins are specified, the parameters of C(s) can be obtained from
the intersection point of the relevant gain-margin curve and phase-margin curve in
Figure 3.3. However, no arbitrary A, and ¢,, can be achieved simultaneously. There
is a constraint on the achievable stability margins.

Theorem 3.2 The achievable stability margins A,, and ¢, satisfy the following

constraint:
b < T ! 1
"= Am )

Proof For an arbitrary pair (A,,, ¢,), there exists either a unique pair (IZ s T;) orno
pair (K, T;) to meet them, depending on whether or not the relevant gain-margin
and phase-margin curves intersect in Figure 3.3. They intersect with each other when
RA<RY ie,

T _7 é
24, —2 T
where the “=""is satisfied as T; — +o0. This gives the condition in the theorem. [J

The achievable stability margins are shown in the filled area of Figure 3.4 (in-
cluding the curve). As A,, approaches +oo, ¢,, approaches 7 /2.

When the system has been designed for the specified stability margins A,, and
dm, the uncertainties of the process parameters are determined too. Assuming that
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Fig. 3.5 Results obtained with the Ziegler—Nichols tuning rules based on a nonparametric model

of the process. Solid line: PID controller with no set-point weight. Dashed line: PID controller with
set-point weight

there exists an uncertainty K 4 in the process gain K (K4 + K > 0), according to
(3.2) and the definition of the gain margin, the system is robustly stable if

Ka

Similarly, if there exists an uncertainty L 4 in the process dead time L (L + L > 0),
then the system is robustly stable when

L
1< La_m (3.15)
L wg

3.1.4 An Illustrative Example

Consider the process (2.58). The gain and phase margins are chosen as A, = 3 and
bm = %, as often used in the literature. It can be found that K p>=0.5and 1/ T, ~
0.15 from Figure 3.3 and then K, = 1.647 and T; = 40 from (3.2). Simulation
results with a unit step input r(¢) and a unit step disturbance, acting at t = 150 s,
are shown in Figure 3.5 as a solid line for the nominal case. From (3.14) and (3.15)
it can be determined that the system is robustly stable for K4 < 0.1 and L o < 0.4.
The response of the system when the process gain has been increased to 0.1 and the
dead time has been increased to 6.2 is shown as a dashed line in Figure 3.5, where
it appears that the stability is preserved.
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3.2 Stability Region Under the PID Control

In case a PID controller is employed, the determination of the set of stabilising pa-
rameters can be performed by exploiting a version of the Hermite—Biehler theorem
applicable to quasi-polynomials. In particular, the admissible range of the propor-
tional gain is computed first. Then, for each value of the proportional gain in that
range, the set of stabilising values of the integral and derivative gain are found. Both
the cases of IPDT and SOIPDT processes are addressed hereafter.

3.2.1 IPDT Processes

When an IPDT process is considered, a simple numerical procedure for the deter-
mination of the set of stabilising parameter can be employed, as it is illustrated in
the following subsection [88].

3.2.1.1 Determination of the Set of Stabilising Parameters

Consider the process (2.14) (where the gain K is assumed to be positive, without
loss of generality) controlled by a PID controller which is conveniently written in
ideal form

K.
C(s)=K,+ — + Kys. (3.16)
s
The problem of finding the stabilising set of (K, K;, K4) values for which the
closed-loop system
C(s)P
H(s)= _CWOPE) (3.17)
14+ C(s)P(s)
is stable is tackled by considering the characteristic equation of the closed-loop
system (3.17):
8(s):=s>+ (KK; + KKps + KKys*)e ™ =0, (3.18)
which, by multiplying both sides by e*, can be rewritten as
f(s):=8(s)e" =s%e™ + KK; + KKps + KKgqs> =0. (3.19)

The following theorem [52] will be used hereafter in order to provide a necessary
condition for the stabilising set of parameters.

Theorem 3.3 Consider the quasi-polynomial

r n
Als) =D hgetiss" (3.20)
I=1i=0
where L1 < Ly <--- < L, L, + L1 > 0, and the principal term Ao # 0. If A(s) is
a stable quasi-polynomial, then the derivative of A(s) with respect to s is stable, or,
equivalently, if the derivative of A(s) is unstable, then A(s) is unstable.
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Necessary conditions for the stabilising PID controller parameters can now be
stated [87].

Theorem 3.4 Necessary conditions for the PID controller (3.16) to stabilise the
IPDT process (2.14) are

K,>0, Ki>0, (1+KKz)>0. (3.21)

Proof As e™* has no finite zeros, the system is stable if and only if the zeros of f(s)
are in the open left-half plane. If s = 0, Expression (3.19) reduces to KK; = 0,
and therefore there exists a singular boundary at K; = 0. The side of the stability
boundary K; = O that has less unstable poles has therefore to be found. For an
arbitrary small value of s, (3.19) can be approximated as

KK,s+KK; ~0, (3.22)

i.e., s =~ —K;/K,. This implies that for K, > 0, the region for K; > 0 has one less
unstable pole than for K; > 0 (note that, by applying a similar reasoning, K, < 0
implies K; < 0). Then, the first derivative of (3.19) can be computed as

f'(s)= (25 + Ls*)e™ + KK, + 2K Kgqs = 0. (3.23)

For s = 0, Expression (3.23) yields K, =0, and by applying the same reasoning as
before, it can be deduced that if KK, /(1 + K K4) <0, then f’(s) is unstable, and
therefore also f(s) is unstable by Theorem 3.3. The second derivative of (3.19) can
be computed as

f"(s) = (2+4Ls + L?s%)e™ + 2K Ky =0. (3.24)

For s = 0, Expression (3.24) yields 1 + KK; = 0. If it is assumed that K; =
—1/K + ¢, where ¢ is an arbitrarily small positive number, then (3.24) is approxi-
mated as

1
4Ls +2 42K <_E —|—8) =0, (3.25)

i.e.,s ~—Ke/(2L) (which is less than zero). This implies that the quasi-polynomial
f”(s) has one less right-half plane zero in the region K; > —1/K, that is, by The-
orem 3.3, a necessary condition for the system to be stable is 1 + K K; > 0. By
taking into account all the considerations done, the inequalities (3.21) are trivially
demonstrated. 0

Then, the Hermite—Biehler theorem can be employed in order to determine the
stabilising set of (K, K;, Ky). By substituting s = jw into (3.19) it results
f@)=—w?e/ + KK; + jKK 0 — KKy =0. (3.26)

By denoting as f(w) and f;(w) the real and imaginary parts of f(w), respectively,
and by f/(w) and f/(w) their first-order derivatives with respect to w, the following
well-known theorem can be stated [10, 52, 100].



58 3 Stability Region

Theorem 3.5 The quasi-polynomial in (3.20) is stable if and only if

1. fr(w) and f;(w) have only real roots, and these roots interlace;
2. fl(@*) fr (@) = fi(0") fl(@*) > 0 for some w* € (—o0, 00) (increasing phase
condition).

The following theorem is employed to verify that f,(w) and f; (w) have only real
roots [10].

Theorem 3.6 Let p and g denote the highest powers of s and €%*, respectively, in
f(s). Let n be a constant such that the coefficients of terms of highest degree in
fr(w) and fi(®) do not vanish at w = n. Then, a necessary and sufficient condition
under which f,(w) or f;(w) have only real roots is that in the strip —2lmr +n < w <
2l + 1, fr(w) or fi(w) has exactly 4lq + p real roots for a sufficiently large l.

Theorem 3.6 can be employed to determine the admissible range of K, for which
fi(z) has only real roots. By taking / = 1, as p =2 and g = 1, there have to be six
real roots in the strip —27 + n < w < 27 + n. By taking z = Lo, it is

z
fi (z) = KKPZ — ﬁ sin(z) = 0, (327)
for which it is apparent that a solution zg = 0 occurs. Then, it can be trivially deter-
mined that

fi@):=KK,— %Sin(z) =0, (3.28)

which is an even function. A plot of an example of function f;(z) is shown in
Figure 3.6, where it emerges that the roots z; and z> locate in the interval [0, 7],
and, in general, the roots zz and zx4+1, K = 3,5, ..., are located in the interval
[(k — 1)m, kr]. In addition, the root z; gets closer to (k — 1)7 as k increases. Thus,
by denoting d as the distance between 27 and z3, it is sufficient to take n =d + ¢
with an arbitrary small ¢ in order to have six roots (namely, z_», ..., z3) in the strip
[—2l7 + n, 2l + n]. In general, it is sufficient to take d = zp;+1 — 27! in order to
have, for any /, 4] + 2 roots in the strip [—2Im + n, 2lm + n] where n =d + ¢.

Note that the coefficient of the term of highest degree in f;(z) (namely, sin(z)),
does not vanish at z = n, because, as mentioned above, the root z; gets closer to
(k — 1)m as k increases, and therefore, for an arbitrarily small ¢, it is guaranteed
that z is greater than d + ¢.

The admissible range of K, namely, the admissible maximum value K, can
be found by determining the condition for which z; and z; are coincident, because
this is the limit case for which the hypotheses of Theorem 3.6 hold. It is necessary
to find K, such that fi(z) is tangent to the abscissa axis, namely, f;(z) =0 and
fi’(z) = 0. Thus, the following system results:

KK pm Z
sin(z) L’
KKpncos(z) 1

sin?(z) z

(3.29)

3
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-6

Fig. 3.6 Example of function f;(z)

which yields

Ky = % sinc) (3.30)
pm—KLsmot, .

where « is the solution of the equation
7z = —tan(z). (3.31)

Now the interlacing of the roots of f;(z) and f(z) is addressed (see condition 1 of
Theorem 3.5). Consider

2 2

f(2)=KKi — KKg— — % cos(z). (3.32)

L2
Then, f;(zp) > 0 because zo =0 and f;(0) > 0 because K; > 0 (see Theorem 3.4).
Thus, it has to be

fr(z1) <0, fi(z2)>0, ..., (3.33)
and f,(z) can be rewritten as
K72
fr@ =5 [-Ka+a@Ki +b@)], (3.34)
where
a(z) = L—2 b(z) = 1 cos(z) (3.35)
: 2’ % ). .

Thus, condition (3.33) can be rewritten as
(—D*Ky < (=DFa@)Ki + (=D*b(zp), k=1,2,.... (3.36)

It can be noted now that in the range (km, (k + 2)7), f-(z) has one maximum and
one minimum, and in the same range, there are the two roots zox+1 and zpx4o of
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Fig. 3.7 Example of functions f;(z) and f,(z)

fi(2). If condition (3.36) is satisfied (namely, f,(z2k+1) <O and f;(z2k42) > 0),
there is at least one root of f.(z) between zox+1 and zox42. This root is unique
because f,(z) changes its sign just once between an extremum and the next one. In
fact, the number of extrema and of roots in the range [k7, (k 4+ 2)7] is the same (see
Figure 3.7).

It is worth noting at this point that the interlacing property and the fact that the
roots of f;(z) are real implies that the roots of f;(z) are also real [111].

Condition 2 of Theorem 3.5 can be easily proved. In fact, from (3.27) and (3.32)
we have

/ KK[’ 1 2 :
fi@= I ﬁ[COS(Z)Z + 2sin(2)z], (3.37)
and it is therefore sufficient to select z = 0 to have
KK,

f0) f+(0) = £i(0) £(0) = 7 KKi>0. (3.38)

Summarising, for each value of K, in (0, K ;;), the intersection of the set of in-
equalities (3.36) determines the set of (K;, K;) values for which the roots of f;(z)
and f;(z) interlace and therefore that stabilise the closed-loop system (3.17). Note
that (3.36) represents, for each value of zi, a half-plane in the Cartesian coordinate
system (K;, Kz). Indeed, if the set of inequalities (3.36) is substituted with the set
of equalities

(-D*Kg = (—DFa@z)K: + (= D*bzp), k=1,2,..., (3.39)

then, (3.39) represents, for each value of zi, a straight line in the Cartesian coordi-
nate system (K;, Kg).

Thus, for a fixed value of K, in (0, K,,), each (odd) root zo¢41 of f;(z) with
k € N determines a straight line with slope a(z2¢+1) and y-intercept b(z25+1). As k
increases, the slope decreases to zero, and the y-intercept tends to —1/K because
(z2k+1 — 2km) is a positive succession that converges monotonically to zero and
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Fig. 3.8 Straight lines determined by the odd roots zog+1

therefore cos(zx+1) converges to one. Indeed, b(z2x+1) is strictly monotonically
decreasing as k increases because cos(z) is strictly monotonically decreasing in the
range (2km, (2k + 1)m) and therefore

cos(z1) < cos(z3) <cos(zs) <---, (3.40)

which implies
61,’ (z1) 61_’ (z3) 61,’ (z5) (3.41)
cos(z1) > cos(z3) > cos(zs

Thus, with respect to the (odd) roots zo2¢1, the root z; can only be taken into
account. The situation is exemplified in Figure 3.8.

Regarding the (even) roots zo; of fi(z) with k € N, denote as (X, yx) the in-
tersection of the two straight lines (3.39) obtained for z; and zr4+2. Then, the
following theorem can be stated.

I . KKZ .
Theorem 3.7 As k — o0, (X, yx) converges to the point (—*, &) by monotoni-
cally decreasing.

Proof Because (z2r — (2k — 1)) is a negative succession that converges monoton-
ically to zero as k increases, it can be determined that

cos(z2) > cos(z4) > cos(zg) > -+ -, (3.42)
which implies
! (z2) ! (z4) ! (z6) (3.43)
——cos < —— oS < ——CoS <., .
% 22 K 24 K 26
Because
lim (z¢ — 2k — )7) =0, (3.44)

k— 400
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it can be deduced trivially that

lim cos(zor) = —1 (3.45)
k—+o00
and therefore
1
lim b = —. 3.46
m (z2t) e (3.46)

By also taking into account that

lim a(za) =0, (3.47)
k— 400

it can be determined that for k — +o00, a horizontal straight line K; = 1/K results.

Hence,
li y ! (3.48)
im = —. .
k— +00 Yk K

Starting from (3.44), the following expression can also be written:

~ 1
fiGzk) =KK, — gk [¢ +o(o)]. (3.49)
where
e:=QRk— 1D —zo1 (3.50)

because ¢ — 0 as k — +o00 and therefore sin(e) ~ ¢. Hence, for k — 400, & — 0
as (KK ,0)/zok. When (zor — (2k — 1)) — 0, cos(z2x) can be expressed in Taylor
series as

2

&
cos(za) = =1+ = + o(£?), (3.51)
which, by taking into account (3.50), yields
K*K26? 1
cos(z) = =1+ ——5—+ o<7> (3.52)
225 2k
K2K20?

and therefore b(zyx) increases as %(1 —

52 ) as k — +o00. By considering that
2k
X is given by

- b(zop) — b(zak+2)

k= ) (3.53)
a(zok+2) — a(zoxr)
by taking into account (3.52) it can be written that
1 K2K20% 1 K2K20%
x(-—27)-x(l-52">) kk2
lim = lim % 2 P (3.54)
k— o0 B k——+o00 28 N 2 '

Z%k+2 Z%k
Thus, from (3.48) and (3.54) it can be deduced that, as k — +o0, the intersection of

2
the straight lines (3.36) with zox and z2x42, k € N, converges to the point (Kf L. %).
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Fig. 3.9 Straight lines determined by the even roots zax

Both the values of the abscissa and ordinate of the intersection between two suc-
cessive straight lines decrease (see Figure 3.9). In fact, the value of diz(— sin(z2k))
increases as k increases. Thus, by taking into account that b(zp;) increases as

K2K202 . .
% (1-— 212” ) as k — 00, it can be deduced that, as k increases, the term b(z2x)
2k
increases faster than 1 — 1/ Z%k, namely, faster than the velocity of variation of the
slope a(zak) = 6‘2/z%k. O

From the above analysis it can be concluded that, for each K, in (0, K ,), the
set of (K;, Kg) values that stabilise the closed-loop system (3.17) can be determined
by considering the intersections of the straight lines for z1, z» and the straight line
K4 = —1/K (which corresponds to the straight line for zy; for k — +00).

3.2.1.2 An Illustrative Example

In order to illustrate the results presented in Section 3.2.1.1, the same IPDT pro-
cess (2.58) has been considered. The stabilising regions of (K;, K;) for the dif-
ferent stabilising values of K, € (0, K,) are shown in Figure 3.10. The associ-
ated limits for the controller parameters (i.e., their minimum and maximum limits)
are reported in Table 3.1. The stabilising region of (K;, K;) for the particular case
Ky =Kpmn/2=2.9969 is plotted in Figure 3.14. It can be noted that the upper edge
of the stability area is almost everywhere horizontal. However, in the left side of this
edge, the intersection between the straight line associated with the first zero and the
straight line K; = 1/K can be seen.

Finally, the set-point and load disturbance step response corresponding to the
controller parameters K, =2.9969, K; = 0.2582, and K; = 9.6930 which are in
the stability region is shown in Figure 3.15.
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Fig. 3.10 The stabilising regions of (K;, K4) for 0 < K, < K

Table 3.1 The minimum and maximum limits of the controller
parameters

Parameter Minimum value Maximum value
K, 0 5.9938

K; 0 2.0558

Ky —19.763 26.719

3.2.2 SOIPDT Processes

A more complex procedure has to be employed if an SOIPDT process is considered,
as it is illustrated hereafter.

3.2.2.1 Determination of the Set of Stabilising Parameters

A procedure for the determination of the stabilising set of PID parameters has been
also proposed for SOIPDT processes with transfer function [87]

P(s) = Le*“. (3.55)
S S
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Fig. 3.11 The stabilising region of (K;, Kg) for K, = K, /2 =0.31842
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Fig. 3.12 The set-point and load disturbance step response for K, =2.9969, K; = 0.2582, and
K4 =9.6930
In this case the characteristic equation can be written as

f(s):=8(s)e" =s*(Ts + el + KK; + KK s + KKys* =0; (3.56)

its first derivative is

f'(s)= (25 +3Ls* + Ls* + TLs)e" + KK, + 2K Kas,  (3.57)

and its second derivative is

f"(s)=[2+@L+6T)s + (L* +6LT)s* + TL*s*]e™* + 2K K4. (3.58)

65
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By applying the same considerations done in Section 3.2.1.1, Theorem 3.4 holds
also for SOIPDT processes.
Then, by taking into account that

2
fi(2) = KKp7 = 25[Tzcos() + Lsin@)] =0 (3.59)
and
2 2 :
z z sin(z)
fr@) = KKi = KKq—5 — 77 008() + T R (3.60)

Theorem 3.6 can be proven by selecting n = 0 and by considering that, in addition
to zo = 0, the roots of f;(z) are the solutions of the equation

2
fiz) == KK, — Tcos(z)% — %sin(z) =0, (3.61)

which can be rewritten as
KK, —T%%cos)

e = (3.62)

By noting that fi(z) is an even function, the condition that f;(z) has only real
roots is equivalent to the condition that f;(z) has 2/ 4 1 real roots in the strip 0 <
7z <2ml. By analysing the left-hand side of Equation (3.62), denoted as I"(z), it can
be derived (see [86] for details) that this condition is met only if the plot of I"(z)
intersects the line z/L twice in the interval (0, ). This occurs if

KK,L? — Ta?cos(a)

L sin(x) “ (3.63)
where « is the solution of the equation
L reg=1, (3.64)
dz L
that is,
tan(a) = %. (3.65)

The admissible range of K, namely, the admissible maximum value K, is there-
fore determined when the two intersections are coincident, namely, for each value
of K, in the interval (0, K, ], Theorem 3.5 has to be addressed. By following the
same approach of Section 3.2.1.1, the real part f,(z) (see (3.60)), which is an even
function, can be written as

K z?
fr@ = 7[—Kd +a(2)K; +b(2)]. (3.66)

where
L 2

a(x)=— (3.67)
Z
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and

b(2) = — = cos(2) + 2 sinz) (3.68)

=—— — sin(z). .
Z X cos(z XL sin(z

For z9 =0, fr(z0) = KK; > 0 because K; > 0. Thus, the interlacing condition is

frz1) <0,  fr(z2)>0, ..., (3.69)
which can be rewritten as

(—D7Kq < (D7 a(z))Ki + (=1)7b(z)), (3.70)

where j =1,2,3,..., and z;’s are the positive real roots of (3.59) arranged in in-

creasing order of magnitude. From (3.67) it appears clearly that a(z;) > O for every
J and a(zj) > a(zj4+1). Further, a(z;) — 0 as j — 4o00. Then, by analysing the
function I"(z), it can be noted that if K, < 47T /(K L?), the root z; is in the inter-
val (0, r/2), and the other (odd) roots z2;+1 are in the interval ((2j — 0.5)7,2jm),
and they get closer to (2j — 0.5) as j increases. Thus, it can be deduced that
1 > cos(z1) > cos(z3) > --- and limj_, {0 c0S(z2j+1) = 0. Similarly, the (even)
roots zp; are in the interval ((2j — 1.5)m, (2j — 1)7), and they get closer to
(2j — 1.5)m as j increases. Thus, it can be deduced that —1 < cos(z2) < cos(z4) <
---and lim;_, 4 5, c0s(z2;) = 0. For the odd roots, T'z2;+1/(K1) sin(z2j+1) — —00
as j — +oo and for the even roots, T'z2; /(K1) sin(zz;) — +00 as j — +00. Fur-
ther, in both cases, the difference between two successive values of the cosine terms
are much smaller than the difference between two successive values of the term
Tz/(K1)sin(z). Thus, b(z2j41) > b(z2j43) and b(z2j4+1) — —oo as j — +o00, and
b(z2j) < b(z2j4+2) and b(zp;) — 400 as j — +oo. By denoting as K;(z1,22;)
the value of the abscissa of the intersection point of the straight lines K;(z;) and
K4(z2j), it can be determined that

b(z2j) — b(z1)

3.71
a(z1) —a(zaj) @71

Ki(z1,22j) =
increases as j increases, because the ascending magnitude of the numerator is much
larger than the ascending magnitude of the denominator (note that they are both
positive). Thus, for K, < 47r2T/ (K L?), the set of inequalities (3.70) can be sim-
plified to

K; >0, Kg>a(z)K; +b(z1), Kg <a(z0)K; +b(z2). (3.72)

By following a similar reasoning, for the case 47r2T/(KL2) < Kpm =
(2qm)>T /(K L?) where ¢ =2,3,4, ..., it can be determined again that b(z2j4+1) >
b(z2j+3) and b(z2j+1) — —00 as j — 400 and b(z25) < b(z2j+2) and b(z2j) —
+o00 as j — +oo. Further, it can be determined that K;(z1,z2;) < K;i(z1,22j42)

for values of j not less than min(g). In this case, the set of inequalities (3.70) can
be rewritten as

Ki >0, Kq>a(z1)Ki +b(z1), Kq <a(z2j)Ki +b(z25), (3.73)

where j =1, ..., min(g).
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Table 3.2 The minimum and maximum limits of the controller

parameters

Parameter Minimum value Maximum value
K, 0 4.3434

K; 0 14.0545

Ky -1 4.3058

Condition 2 of Theorem 3.5 can be easily proved by selecting z = 0 for which,
as in (3.38),

KK,
L

Summarising these results, the following theorem can be stated [87].

1) f+(0) = £i(0) £(0) = KK;>0. (3.74)

Theorem 3.8 For a given K, in (0,Kpm), if Kpm < 47°T/(KL?), the sta-
bilising region in the K; — Ky plane is a triangle defined by the straight
lines K; > 0, Kg > a(z))K; + b(z1), and Kq < a(z)K; + b(z2). If Kpm €
(42T /(K L?), (2qm)*T /(K L?)), then the stabilising region in the K; — Ky plane
is the area defined by the straight lines K; > 0, Kqg > a(z1)K; + b(z1), and
Kq <a(z2))K; + b(z25), where j =1, ..., min(q).

It is worth noting that, for the case of SOIPDT processes, the numerical proce-
dure for the determination of the stabilising region is more complex than for IPDT
processes.

3.2.2.2 An Illustrative Example

As a illustrative example, consider the process

P(s) e 033, (3.75)

T s(s+ 1)

After having determined the maximum limit of the proportional gain K, =
4.3434, the stabilising regions of (K;, K;) for the different stabilising values of
K, € (0, Kpn) have been determined. They are shown in Figure 3.13. The associ-
ated limits for the controller parameters (i.e., their minimum and maximum limits)
are reported in Table 3.1. The stabilising (triangular) region of (K;, K4) for the par-
ticular case K, = K, /2 =2.1717 is plotted in Figure 3.11.

Finally, the set-point and load disturbance step response corresponding to the
controller parameters K, =2.1717, K; = 1.9113, and K; = 2.4620 which are in
the stability region is shown in Figure 3.12.
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Fig. 3.13 The stabilising regions of (K;, Kg) for 0 < K, < K

Fig. 3.14 The stabilising region of (K;, Ky) for K, = K, /2 =2.1717
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Fig. 3.15 The set-point and load disturbance step response for K, =2.1717, K; = 1.9113, and
K4 =2.4620

3.3 Conclusions

In this chapter, the determination of the stabilising region of PI and PID controllers
for IPDT and SOIPDT processes has been addressed. It has been shown that differ-
ent analyses can be performed depending on the considered process and the consid-
ered controller and that in any case the solution can be obtained by simple and com-
putationally efficient numerical procedures. The obtained stabilising regions can be

exploited for the development of techniques for the analysis and design of PID con-
trollers for integral processes.



Chapter 4
Performance Assessment and Controller
Retuning

In this chapter a methodology for the performance assessment and retuning of PID
controllers applied to integral processes is presented. In particular, the deterministic
performance related to both the set-point following and load disturbance rejection
task is addressed. Routine operating data are employed in order to evaluate the re-
sponse obtained with given controller parameters with respect to that achievable
with appropriate tuning rules. If the performance is not satisfactory, then the con-
troller is retuned suitably.

4.1 Introduction

As shown in Chapter 2, there are many PID controller tuning rules that have been
devised for integral processes. However, it is also recognised that in many practical
cases PID controllers are poorly tuned because of the lack of time and of the lack
of skill of the operator. Actually, as in large plants there are hundreds of control
loops, it is almost impossible for operators to monitor each of them manually. For
these reasons, it is important to have automatic tools that are first able to assess the
performance of a control system and, in case it is not satisfactory, to suggest the
way to solve the problem (for example, if a bad controller tuning is detected, then
new appropriate values of controller parameters are determined). In this context, it is
much appreciated that the retuning is accomplished by using routine operating data
(the same that have been employed for the purpose of performance assessment),
without the need of performing special experiments (as in the case of standard auto-
matic tuning methodologies) that would lead to time and energy consumption and,
in general, would affect the process operations.

Many performance assessment methodologies have been proposed in the liter-
ature and successfully applied in industrial settings [45]. In general, although the
proposed techniques can be viewed under the same framework (see [38] and ref-
erences therein), they are generally divided into two categories [104]: stochastic
performance monitoring in which the capability of the control system to cope with
stochastic disturbances is of main concern (works that fall into this class mainly rely
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on the concept of minimum variance control [34]), and deterministic performance
monitoring in which performances related to more traditional design specifications,
such as set-point and load rejection disturbance step response parameters, are taken
into account [25]. When deterministic requirements are considered, it is realised that
an unsatisfactory performance can be caused by different factors [91]. Thus, there
is the need to integrate different techniques, each of them devoted to deal with a
particular situation.

Restricting the analysis to the tuning assessment of PID controllers, an iterative
solution method for the determination of the minimum variance PID controller has
been proposed in [53], where there are no assumptions on the modelling of the
process. Regarding deterministic performance monitoring, the achievable optimal
performance in terms of integrated absolute error for the set-point response has been
investigated in [39]. Its knowledge can be exploited to evaluate the performance of
an employed PI or PID controller. In [118] the set-point following performance of a
PI controller is assessed by taking into account the step response that can be obtained
by selecting the controller parameters by means of the Internal Model Control tuning
rule. A procedure, which requires a special experiment, for the retuning of a PI
controller has been presented in [119].

Regarding load disturbance rejection performance, a methodology to detect slug-
gish control loops has been presented in [31] and further discussed in [55]. This has
also been exploited in [131], where the technique presented assesses the tuning of a
PI controller and then gives guidelines on how to retune it, if necessary. A compre-
hensive description of all these techniques is available in [132].

In the following sections, a methodology for integral processes, based on routine
operation data, which assesses the performance of a PID controller and provides a
new tuning of all the controller parameters is described. It is worth noting that a
similar procedure has also been devised for self-regulating processes [126].

4.2 Problem Formulation

The unity-feedback control system of Figure 4.1 is considered, where the integral
process P is controlled by a PID controller whose transfer function is in series
(interacting) form (2.5), which is reported hereafter for convenience:

Tis+1
T;s

C(s):K,,( >(Tds+l). 4.1)
The series form is chosen for the sake of simplicity, as the tuning rules that will be
employed in the methodology apply directly to this form. However the use of other
forms is straightforward by suitably applying conversion formulae to determine the
values of the parameters [132]. Note also that the use of a first-order filter that makes
the controller transfer function proper has been neglected for the sake of clarity, but
it can be easily selected so that it does not influence the PID controller dynamics
significantly (and it filters the high-frequency noise at the same time).
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Fig. 4.1 The control scheme considered for the performance assessment and retuning methodol-
ogy

The aim of the presented methodology is to evaluate the closed-loop system re-
sponse when a set-point or a load disturbance step occurs and to assess the tuning
of the PID controller. Then, new PID parameters are determined if the performance
is not satisfactory. For the sake of simplicity, and without loss of generality, the step
signal will be considered to be applied starting from null initial conditions. In order
to apply the methodology, relevant process parameters have to be estimated first.
For this purpose, it is worth considering the model reduction technique known as
the “half rule”, which states that the largest neglected (denominator) time constant
is distributed evenly to the effective dead time and the smallest retained time con-
stant [113]. In practice, the following (possibly high-order) process transfer function
is considered:

_ K
sT] i (Tjos +1)
where the time constants are ordered according to their magnitude (namely, 719 >

T>9 > ---). Then, a second-order integrating plus dead time (SOPDT) transfer func-
tion

P(s) e Los, 4.2)

Pe)= ———els 43)
s(Ts+1) '
is obtained by setting
T T
T =T+ L:Lo+7+ZTio. (4.4)
j=3
It is worth stressing that, by applying (4.4), it can be deduced that
To:=) To+Lo=T+L, 4.5)

J

namely, the sum of the dead time and of the time constants of the process (4.2)
is unaltered in the reduced model. Thus, Tj is a relevant process parameter that is
worth estimating for the purpose of the retuning of the PID controller, as it will be
shown in the following sections.

4.3 Performance Assessment

The assessment of the performance of a control loop is generally performed by first
calculating a performance index based on the available data and then by evaluating
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the current control performance against a selected benchmark, which represents the
desired performance [45]. Usually, minimising the integrated absolute error

IAE = /OO le(t)|dr = /Oo |r(t) — y(1)| dt (4.6)
0 0

is meaningful because this yields, in general, a low overshoot and a low settling time
at the same time [110]. However, aiming at obtaining the theoretical minimum inte-
grated absolute error that can be achieved for a single-loop system (with a general
feedback controller) might not be sensible in practical cases because the robustness
issue and the control effort have also to be taken into account.

If only the set-point following task is of concern, the desired performance can be
selected as that obtained by applying the Internal Model Control (IMC) approach
[108] which, if applied to the process (4.3) where the dead time is approximated as
e 15 =1 — Ls, yields a PD controller whose parameters are selected according to
the following tuning rule:

1
K,= Tk T,=T, 4.7)
where A is the selected closed-loop time constant and can be selected as A = L
according to the well-known SIMC tuning rules [113] which aim at providing a
good robustness to the control system. With this PD controller and with the same
approximation as before for the dead time term, the closed-loop transfer function
results to be

Y(s)  C)P@s) . e
R(s)  1+C(s)P(s) 1+Ls’

for which the integrated absolute error when a step signal of amplitude A, is applied
to the set-point is

(4.8)

IAEg, = /Oo le(t)|dt =2A,L. (4.9
0

Thus, a sensible index, named Closed-loop Index CI, to evaluate the controller per-
formance with respect to the set-point following task is

_24L
X le@)ldt

In other words, the obtained integrated absolute error is compared with the one that
would be achieved if a PD controller tuned according to the IMC tuning rules (4.7)
with A = L is applied to the process (4.3).

In principle, the performance obtained by the control system is considered to be
satisfactory if CIp = 1. From a practical point of view, however, the controller is
considered to be well tuned if Clg, > 551, with ﬁsp = 0.6. This last value has been
selected by considering the (S)IMC tuning rule applied to many different processes
[113], but, in any case, another value of ﬁsp can be selected by the user depending

Clyp (4.10)
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on how tight are its control specifications. Actually, selecting an empirical target
value is standard practice in control loop performance assessment (see, for example,

[31]).

If both the set-point following and the load disturbance rejection are of concern
in the control task, the integral action has to be employed in order to achieve a null
steady-state error in the presence of a constant load disturbance, and the desired
performance is selected as the one obtained by applying the SIMC tuning rule [113]:

1

K,=—, T; =8L, Tu=T. 4.11
P KL i d ( )
In this case, the complementary sensitivity transfer function results to be

Y(s)  C()P(s) . (1+8Ls)e ™
R(s)  14C(s)P(s) SL22+7TLs+1’

4.12)

whereas, after trivial calculations, the transfer function between the load disturbance
d and the process output y results to be

Y (s) P(s) 16L% s —Ls
= — = e
D(s) 1+C(s)P(s) (BL%2s2+7TLs+ 1)(Ts+1)

(4.13)

By considering the transfer function (4.12), it can be determined that the integrated
absolute error when a step signal of amplitude A, is applied to the set-point can be
calculated as [127]

o
IAEg) 10ad = f le(t)|dt =3.45A,L. (4.14)
0

Thus, in this context the Closed-loop Index CI to evaluate the controller perfor-
mance when a step signal is applied to the set-point can be defined as

3.45A,L
I le®)dt’

Conversely, when a step load disturbance of amplitude A, occurs, the transfer func-
tion (4.13) between the load disturbance and the process output has to be considered.
It is easy to see that there are no complex poles in the transfer function (4.13), and
therefore there are no oscillations in the step response. Thus, the integrated error can
be calculated instead of the integrated absolute error. It results to be

CIsp,load = (4-15)

o
1
IE\0ad,sp = / e(t)dt = vll_I)I%)kS‘;E(kS‘)
0 s

. 1( P(s) )
=lims—| —— = | D(s)
s=0 s\ 14 C(s)P(s)

o1 < P(s) )Ad
= lims— —_— = | —
s—0 s 1+ C(s)P(s) N
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T‘
=——" Ay, (4.16)
K[’

which, by taking into account (4.11), yields

8L 5
IE10ad,sp = —TAd =—16KL“A,. “4.17)
2KL
Hence, by taking into account that
IAE\ad,sp := —1El0ad,sp = 16KL2Ad, (4.18)

the Closed-loop Index CI to evaluate the controller performance when a step load
disturbance occurs can be defined as

16K L2 A,
I leldt”

Note again that both in (4.15) and (4.19) the current control performance (at the
denominator) is evaluated against the target one (at the numerator). As for the
set-point following performance, from a practical point of view, the controller is
considered to be well tuned if Clgp 10ad > ﬁsp,load or if Cligad,sp > ﬁload,sp with
Clsp,load = Clload,sp =0.6.

Finally, the case where only the load disturbance rejection performance is of con-
cern is considered. In this case, an appropriate tuning rule, which aims at minimising
the integrated absolute error, has been suggested in [110] as

CIload,sp = (4- 19)

0.78

=— T; =1.38(T + L), T, =0.66(T + L). 4.20
p K(T+L) i ( + ) d ( + ) ( )

With this tuning rule, it is difficult to evaluate an analytical expression for the in-

tegrated absolute error. However, a numerical procedure can be employed, yielding
the following expression of the integrated absolute error:

L L\?
IAEjgaa = AgK T? |:2.715 + 5.144(;) + 2.266(;) ] (4.21)
and, therefore, the corresponding Closed-loop Index CI is defined as

AgKT?[2.715 +5.144(%) + 2,266(%)2]
Jo~ le()]dt '

Clioad = (4.22)

Also in this case the controller can be considered to be well tuned if Cligag > Clioad
with Cljpaq = 0.6.

It is worth stressing that the obtained value of the closed-loop index in the dif-
ferent cases can be also greater than one because the target values of the integrated
absolute error have been chosen greater than the theoretical minimum integrated ab-
solute error that can be achieved [39]. Indeed, the selected tuning rules [110, 113]
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address properly the robustness issue and the control activity issue. Note also that,
in the proposed method, the occurrence of an abrupt (namely, step-like) load dis-
turbance has been assumed. Indeed, this is the most relevant case for the control
system, as the disturbance excites significantly the dynamics of the control system
itself [110]. Thus, the performance assessment technique has to be implemented to-
gether with a procedure for the detection of abrupt load disturbances. Methods for
this purpose have been proposed in [32, 125].

4.4 Estimation of the Process Parameters

For the computation of the Closed-loop Index CI and, as it will be clear in Sec-
tion 4.5, for the retuning of the PID controller (see (4.7), (4.11), and (4.20)), it is
necessary to estimate the values of K, Ty and the value of the apparent dead time
L, as well as the value of the amplitude of the load step disturbance A, (the value
of A, is obviously known). For this purpose, the closed-loop response of either a
set-point step or a load disturbance step signal can be evaluated effectively. The two
cases are considered separately hereafter.

4.4.1 Set-point Step Response

In case a step signal of amplitude A, is applied to the set-point, the apparent dead
time L of the system can be evaluated by considering the time interval from the oc-
currence of a set-point step signal and the time instant when the process output at-
tains the 2% of the new set-point value A,, namely, when the condition y > 0.02A,
occurs. Actually, from a practical point of view, in order to cope with the mea-
surement noise, a simple sensible solution is to define a noise band NB [8] (whose
amplitude should be equal to the amplitude of the measurement noise) and to rewrite
the condition as y > NB (see Section 2.2.1.1).

The determination of the sum of the lags and of the dead time of the process can
be performed by evaluating the control system response as well. In particular, the
following variable can be considered:

t
e, (1) := K/ u()dv — y(t). 4.23)
0

By applying the Laplace transform to (4.23) and by expressing « and y in terms of
r (whose Laplace transform is R(s) = A, /s), itis

E, (s) = K%U(s) —Y(s)

1 C(s) C(s)P(s)

=K L Y I

s 1+ C(s)P(s)
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_ A C(s)(K —sP(s))

T 52 1+4C(s)P(s) (4:24)

At this point, for the sake of clarity, it is convenient to write the controller and
process transfer functions respectively as

C(s) = %E(s), where ¢(s) := (Tjs + 1) (Tys + 1), (4.25)
and
—Los
P(s) = IZZ(S; . where g(s) == H(Tjos 1) (4.26)

J

Then, Expression (4.24) can be rewritten as

A, KK pi(s)
s Tis?q(s) + KK pé(s)e Lo

Eu(s) = (q(s) — e~ Lo%). (4.27)

By applying the final value theorem to the integral of e, it is eventually obtained
that

! 1 KK,¢ — e~ Los
lim e,(v)dv=1lims—A, pC(SE - 9(5) — e
=400 Jo s—0 s Tis2q(s) + KK,c(s)eLos s
1 — e Los —1
— A lim{ ) }
s—0 S N
= A, (Lo + Z Tj0>
J
— AT, (4.28)

Thus, the sum of the lags and of the dead time of the process can be obtained by
evaluating the integral of e, () at the steady-state (which does not depend on the
PID parameters) when a step signal is applied to the set-point and by dividing it by
the amplitude A, of the step.

The process gain K can be determined by twice integrating the control error. In
fact, the Laplace transform of the control error can be expressed as

Ar 1 Arsq(s)Ti

EO= S THCoPe) ~ Tokq®) + KK ewe T

(4.29)

and, therefore, it can be deduced that

, e .1 Arsq(s)T; AT,

lim e(vl)dvldvzzhms—2 5 7 = .
t—>+o0 Jo Jo s—0 s T;s2q(s) + KKpyc(s)e =0 uKp
(4.30)
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Thus, the gain of the process can be determined easily as

T;
K=A4 : (4.31)
"K, [ [Le(v)dvdi

In case the integral action is not employed, namely C(s) = K,(Tys + 1), a similar
reasoning can be applied, yielding
A, 1 Arq(s)

E(s)=— = , (4.32)
s 1+C@G)P(G)  sq@s)+KK,(1+ T s)e—Los

and, therefore,

[ 1 Arq(s) A
lim e(v)dv = lim s— - = , (4.33)
1—-+o0 s—>0 s5q(s)+KK,(1+Tys)e~los KK,
which yields
Ay
Ke—2r (4.34)

Kp [ e dt

It is worth noting that both the value of the gain and of the sum of the lags and of
the dead time of the process are determined by considering the integral of signals
and therefore the effect of the measurement noise is reduced [117].

4.4.2 Load Disturbance Step Response

The determination of the process parameters can also be performed by evaluating the
control system response to a step load disturbance, provided that the instant when
the disturbance occurs can be measured (for the sake of simplicity, it is assumed that
the load disturbance occurs at time ¢ = 0). In this context, the apparent dead time of
the process can be determined by applying a reasoning similar to the set-point step
case (namely, by exploiting the noise band concept).

Then, the amplitude A, of the step load disturbance can be determined by con-
sidering the final value of the integral of the control error. In fact, the expression of
the Laplace transform of the control error is

P(s) TisKe Lo Ag
E(s)=—————F—D(s)=———> - —— (4.35)
1+ C(s)P(s) Tis=q(s) + Kpc(s)Ke =05 s
and, therefore,
, ! . 1Ay TisKe to AyT;
lim e(v)dv=1lims——|( — — =— .
t—>+00 Jy s—0 § § Tisq(s) + K ,c(s)Ke—Los K

p
(4.36)
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Thus, the amplitude of the step disturbance can be determined as

Ky o
Ag=—— e(v)dv. 4.37)
T: Jo

Once the amplitude of the step disturbance has been determined, the process gain
K can be determined by first considering the Laplace transform of the process input
i =u-+d, that is,

I(s) =U(s) + D(s)
C(s)P(s)

=———D D

T+ COIPG) () + D(s)

T;s> A
= 59(5) 2d (4.38)

T;s?q(s) + Kpé(s)Ke=Los s

Thus, if i (¢) is integrated twice, the limit as t — +o0 is determined as
e 1 Tis? Ag  TA
lim / / i(v))dvidv, = lim s — i qu) V—d: i
t—>+00 Joy Jo s—0 52 T;s2q(s) + K,é(s)Ke™Los s KK,

(4.39)

The process gain K can be therefore found easily, once the value of A; has been
determined, by using (4.37), as
A T
d .
Kp J3° fo () + Ag)dvdt

(4.40)

Finally, the determination of the sum of the lags and of the dead time of the process
can be performed by initially considering the variable

t
ei(t) == K/ i(w)dv —y(t). 4.41)
0

By applying the Laplace transform to (4.41) and by expressing u and y in terms of
d, it can be deduced that

Ei(s) = K%(U(s) + D(s)) — Y (s)

P(s)
D(s) + D(s)] - D(s)

—Kl[— C(s)P(s)
T s L+ C(s)P(s)

14+ C(s)P(s)
_ KTiAa(g(s) —e t0%)
C Tis2q(s) + KpKE(s)e_LUS ’

(4.42)

By integrating twice e¢; and by applying the final value theorem, it is (see (4.28))

A 1 KT;Aq q(s) — et
lim e;(v1)dvidvy = lim s— 3 —
=+ Jo Jo s—0 s Tis%q(s) + KK ,é(s)eLos s
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= To. (4.43)

Thus, Ty can be obtained as

Tp = TA/ /e,(v)dvdt (4.44)
d

For the purpose of determining the closed-loop index (4.22), the time constant 7
can be calculated as T =Ty — L.

4.5 Retuning of the PID Controller

If the performance provided by the controller results to be unsatisfactory (see Sec-
tion 4.3), the PID controller needs to be retuned according to the required control
task. In particular, if only the set-point following is of concern, the retuning proce-
dure aims at achieving the same performance of the IMC tuning rules (4.7). For this
purpose, once the process parameters have been estimated according to the tech-
nique described in Section 4.4, the PD controller parameters are selected as

1
K = —, T - T - L. 4.45

P YKL d 0 ( )
When both the set-point following and the load disturbance rejection performance
have to be addressed, the target tuning rule is the SIMC one (see (4.7)), and this can
be achieved by selecting

1

K,=—, T, =8L, Ty,=To— L. 4.46
Y i a=To (4.46)

Finally, when only the load disturbance rejection performance is of concern, the
tuning rule (4.20) can be pursued by selecting (note that in this case the apparent
dead time estimation is not required)

K,= % T; = 1.38Tp, T; =0.66Ty. (4.47)
KTy
It is worth noting that, although, in principle, the devised methodology exploits set-
point changes and load disturbances that naturally occur in the process operations, it
can be also obviously employed in an automatic (one shot) tuning context, where the
retuning of the PID parameters is requested explicitly by the operator, who applies
the step input signal on purpose.

4.6 Simulation Results

Some simulation results are presented hereafter in order to evaluate the effectiveness
of the presented method in different contexts.
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Fig. 4.2 Step response in Example 1. Dashed line: PD with the initial tuning K, = 0.05 and
Ty = 1. Solid line: PD with the new tuning K, =0.17 and 7, = 1.5

4.6.1 Example 1

Consider the process

1 —0.5s

P(s)= S 1)46 . (4.48)
As a first case, only the performance related to the set-point step response is consid-
ered. If a PD controller is initially tuned with K, = 0.05 and T; = 1, the closed-loop
unit step response shown in Figure 4.2 as a dashed line is obtained. The resulting
performance index is CIp, = 0.3, and the resulting integrated absolute error and
2% settling time are respectively JAE = 19.96 and Ty, = 66.62. By applying the
retuning procedure, the process parameters are estimated as L = 2.98, Tp = 4.49,
and K =1 (see Section 4.4.1), and the new PD parameters are determined from
(4.45) as K, =0.17 and T; = 1.5. The corresponding unit step response is shown
in Figure 4.2 as a solid line. The resulting performance index is Clp = 0.6, and the
resulting integrated absolute error and 2% settling time are respectively JAE = 6.65
and Ty» = 20.16.

Conversely, if a PI controller is initially employed with K, = 0.2 and T; = 10,
the (very oscillatory) step response shown in Figure 4.3 as a dashed line is obtained,
with Clyy =0.17, IAE = 31.51, and T = 136.77. By applying the retuning proce-
dure the process parameters are estimated as L = 2.63, Ty =4.49, and K =1, and
from (4.45) the parameters of the PD controller are determined as K, = 0.19 and
T; = 1.87. The corresponding step response is shown in Figure 4.3 as a solid line
with Cls, = 0.63, IAE = 5.89, and Ty, = 17.11. Note that the slight difference with
the previous case is due to the slight difference of the estimated values of the dead
time.
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Fig. 4.3 Step response in Example 1. Dashed line: PI with the initial tuning K, = 0.2 and 7; = 10.
Solid line: PD with the new tuning K, =0.19 and T, = 1.87

4.6.2 Example 2

Process (4.48) is considered again, but in this case both the set-point following
and the load disturbance rejection performance are of concern. The PID controller
parameters are initially selected as K, = 0.05, T; = 50, and T; = 4. By evaluat-
ing the set-point step response, the process parameters are estimated as L = 2.21,
To =4.5, and K =1 (see Section 4.4.1). Then, the PID controller is retuned ac-
cording to (4.46) as K, = 0.22, T; = 17.73, and Ty = 2.28. The process variable
in the two cases where a unit step is applied to the set-point signal at t =0 and a
step load disturbance of amplitude A; = 0.1 occurs at time ¢ = 250 is shown in Fig-
ure 4.4. Regarding the set-point following task, the performance index changes from
Clp,10ad = 0.28 to Clp 10ad = 0.66, whereas the integrated absolute error changes
from IAE = 0.28 to JAE = 0.09 and the 2% settling time from T, = 158.1 to
Ts» = 43.5. Regarding the load disturbance rejection task, the performance index
changes from Clipad,sp = 0.06 t0 Clipad,sp = 0.74, whereas the integrated absolute
error changes from JAE = 103.3 to JAE = 8.06 and the 2% settling time from
Ts» =216.4 to Tsr = 50.84.

Conversely, if the load disturbance response is initially evaluated (again with
K, =0.05, T; =50, and T; = 4), the process parameters are estimated as L = 1.93,
Ay =0.1, K =1, and Ty = 4.5, which yields the new values of the parameters
K, =0.26,T; =15.47, and T; = 2.57. The closed-loop response to a set-point and
a load disturbance step is shown in Figure 4.5 (where the initial case is also shown
again for the sake of comparison). Regarding the load disturbance rejection task,
the new performance index is Clioad,sp = 1, the integrated absolute error is JAE =
5.98, and the 2% settling time is 752 = 75.3. Regarding the set-point following task,

the new performance index is Clioad,sp = 0.70, the new integrated absolute error is
IAE = 8.13, and the 2% settling time is Ty = 38.65.
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Fig. 4.4 Step response in Example 2. Dashed line: PID with the initial tuning K, = 0.05, T7; = 50,
and Ty = 4. Solid line: PID with the new tuning K, =0.22, T; = 17.73, and T; = 2.28
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Fig.4.5 Step response in Example 2. Dashed line: PID with the initial tuning K, = 0.05, 7; = 50,
and T; = 4. Solid line: PID with the new tuning K, =0.26, T; = 15.47, and Ty =2.57

4.6.3 Example 3

Process (4.48) is considered again, but in this case only the load disturbance re-
jection performance is addressed. If initially the PID controller parameters are
K, =0.05, T; =50, and T; =4 and the load disturbance step response (A4 =0.1)
is evaluated, the process parameters are estimated as L = 1.93, A; =0.1, K =1,
and Ty = 4.5 (see Section 4.4.2). Then, the PID controller is retuned according to
(4.47)as K, =0.17, T; =6.21, and Ty = 2.97. The process variable in the two cases
where a step signal of amplitude A; = 0.1 is added to the control variable signal at
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Fig. 4.6 Load disturbance step response in Example 3. Dashed line: PID with the initial tuning
K, =0.05, T; =50, and T; = 4. Solid line: PID with the new tuning K, =0.17, T; = 6.21, and
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Fig. 4.7 Load disturbance step response in Example 3. Dashed line: PID with the initial tuning
K, =0.2,T; =10, and T; = 0. Solid line: PID with the new tuning K, = 0.17, T; = 6.21, and
T, =297

t = 0 is shown in Figure 4.6. The performance index improves from Cljpyq = 0.05
to Clipag = 1, whereas the integrated absolute error decreases from JAE = 103.3 to
IAE = 5.15 and the settling time decreases from Ty = 216.6 to Tso = 35.77.

If the initial settings are changed to K, = 0.2, T; = 10, and Ty = 0, the result-
ing performance indexes are Cljoag = 0.36, IAE = 14.51, Ty, = 118.5, the process
parameters are estimated as L = 1.93, A; =0.1, K =1, and Ty = 4.5, and the PID
gains are modified again as K, =0.17, T; = 6.21, and T; = 2.97. The same perfor-
mance indexes of the previous case are found. The resulting process variables are
plotted in Figure 4.7.
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4.7 Conclusions

In this chapter a methodology for the performance assessment and retuning of PID
controllers has been described. The main feature of this methodology is that the per-
formance of the (pre-existing) controller is evaluated and that the new PID controller
parameters are selected without the need of special experiments, but just consider-
ing (abrupt) set-point changes or load disturbances. Different control specifications
can be addressed.



Part I1
Two-degree-of-freedom Control Schemes



Chapter 5
Plug& Control

One of the main reasons for the success of PID controllers in the industrial con-
text is their relative ease of use. Indeed, the fast commissioning of the controller is
essential in many applications, where a tight performance is not required, in order
to reduce the implementation costs. In this context, the availability of the so-called
Plugé&Control function (i.e., to automatically make the controller work properly af-
ter simply connecting it in the control architecture, without further intervention from
the operator) is highly desirable.

With respect to the classic automatic tuning procedures, this function has the
advantage that a dedicated identification (possibly time-consuming) experiment is
not required, since the estimation of the process parameters is performed during the
normal start-up of the process. This might allow a significant saving of time, energy,
and material.

A methodology related to this topic is described in this chapter, where only the
case of IPDT processes is addressed (for self-regulating processes, see [93, 129,
132, 133]).

5.1 Methodology

A time-optimal Plug&Control strategy for IPDT processes has been first proposed
in [129]. It is based on the combined use of three-state and PID control to perform
a transition from one set-point value to another, as required by the process start-up
operation, and it is applicable without a priori knowledge of the process model pa-
rameters, with the exception of the sign of the process gain, which will be assumed
to be positive from now on without loss of generality.

Basically, the methodology consists of initially setting the controller output at its
upper limit when the step on the set-point signal is applied. Afterwards, when the
process output leaves its previous value, the dead time L of the process is estimated.
Then, from this instant the process parameters are estimated through a least squares
procedure. Once the process model is estimated, a time-optimal control strategy,
based on the saturation limits of the actuator, can be computed and applied. At the
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same time, the PID controller (which is not adopted in this phase) can be properly
tuned according to a selected tuning rule. If the process parameters are perfectly
estimated, then at the end of the time-optimal control, the process output would be
exactly at its desired steady-state value. However, estimation inaccuracies are not
avoidable in practical cases, mainly due to the presence of measurement noise and
numerical approximations. Therefore, at the end of the time-optimal strategy, when
the process output is actually close to its desired value, the controller is set to the
PID mode. In this way, the desired output value is actually attained, and possible
subsequent load disturbances can be compensated.

5.2 Algorithm
Consider the IPDT process
K —Ls
P(s)=—e ™, K=>0,T=>0. 5.1
S

Denote u as the process input, and y as the process output. Suppose now that an
output transition from yg to ysp = yo + y1 is then required to be performed, starting
from time 7y (assume that the process is at an equilibrium point with ug := 0 and
Yo := y(to)). For the sake of simplicity and without loss of generality, hereafter it
will be assumed that y; > 0.

The following time-optimal Plug&Control (TOPC) strategy can be applied. For
the sake of clarity, the algorithm presented is related to the noise-free case. Modi-
fications to be carried out in order to cope with noise and other practical issues are
discussed in Section 5.3.

TOPC algorithm

1. Set umax and upin as the maximum and minimum values respectively of the
control variable u during the three-state control and calculate u™* = uyax — g
and U~ = Umin — UQ.

Set flag = 1.

Attime t =ty set U = Umax.

When y > yq, set 11 =t and L= 1 — to (estimated dead time of the process).
At time ¢ = 1 start a recursive least squares algorithm [7, page 51].

When |I€(t) — Ie(t —Ab)|<e¢ (I% is the estimated gain of the process):

(a) Setr =t.

(b) Set K = K ().

(c) Apply a PI(D) tuning rule based on the model identified.

(d) Calculate

AR N

1 = to+ -2 (5.2)
Ku™t

(e) If t51 < 1p, then set 51 = 12, flag = 0 and calculate

u'(t —to) —u” (ts1 —t0) — 2
tsz = — — . (53)

u
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7. If flag =1, then set u = upax When ¢t < ;) and u = 0 when ¢ > 7,1, else set
U = Umin When t < g and u =0 when ¢ > ;).

8. Whent > L + ts1 (if flag=1) or when r > L+ ty7 (if flag = 0), apply the PI(D)
controller.

It can be seen that the algorithm requires that, when a set-point change is required
at time ¢ = tg, the control variable is set to its maximum level # = u,,x. Then, when
the process output leaves its initial value yg at time ¢ = ¢1, the dead time L of the
process is detected. A standard recursive least-squares algorithm is then applied.
When the estimation of the parameter K converges (i.e., when the difference of
two successive estimations is less than a predefined threshold ¢) at time r =1, a
model of the process is available. This can be exploited to tune the PID controller
and to determine a time-optimal strategy to attain the set-point value. In particular,
the time interval for which the control variable has to be kept at its maximum value
umax in order for the process output to attain the set-point value in the minimum
time, namely, the time instant 7;; when the value of the control variable has to be
switched from up,y to the final null steady-state value is determined (Equation (5.2)
can be trivially derived in the context of the optimal control theory [57]).

It may happen that, because of the large dead time of the process or because of the
large time interval required for the identification procedure to converge, it follows
that t51 < fo, i.e., that the control variable has been set to its maximum value for
a larger time than requested by the time-optimal control (this condition determines
the setting flag = 0). This means that the output, even in the perfect match case
(i.e., even if the process parameters are perfectly estimated) presents an overshoot.
Hence, the control variable must be set immediately at its minimum level and kept
at this value for a determined time interval ¢, — #;1 (the switching time #; is also
derived in the context of optimal theory). Then, the control variable is set at the null
steady-state value. At the end of the (three-state) time-optimal control strategy, if the
process model is perfectly estimated, the process output attains its set-point value.

As in practical cases this does not occur because of the unavoidable estimation
inaccuracies, the PID controller is applied to cancel the remaining steady-state error
and to cope with subsequent possible load disturbances.

5.3 Practical Considerations

A few technical problems have to be solved in order to effectively apply the TOPC
algorithm in practical cases. First, as real measurements are always corrupted with
noise, the condition y > yo at step 4 should be substituted with y > yg + NB,
where NB is the estimated noise band [8], namely, a threshold value that determines
whether the process variable has started increasing. Specifically, if y < yo + NB,
then y is considered to be equal to yg. The value of NB can be easily selected by
monitoring that process output for a sufficiently long time when the process is at
steady state.

It has also to be noted that it is not strictly necessary for the control constraints
Umin and umax to correspond to the actual physical limits of the actuator. Actually,
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more conservative bounds can be selected for various operating reasons or to pre-
serve the linearity of the model.

Then, the recursive least squares algorithm in step 5 has to be initialised. This
can be easily done by selecting a very rough estimate of the process gain denoted as
Ko (see Section 5.4). The value of ¢ has to be fixed as well. Actually, by fixing itata
low value the user is confident that the identification phase is ended with satisfactory
accuracy.

Then, a bumpless transfer [5] has to be applied at step 8 at the time of switching
from the three-state to the PID controller.

Finally, it has to be highlighted that the proposed method could be applied in
the context of feedforward control of set-point steps with “full power” plus PID
control [93]. In other words, for sufficiently large set-point steps, a control zone
has to be defined: inside a narrow band around the set-point, a closed-loop PID
control is employed, while outside the control zone, the controller output is set at its
maximum value. Note that with such a strategy, the integral time constant of the PID
controller can be increased without the occurrence of overshoots and yielding at the
same time a faster load disturbance rejection. The identification procedure can be
skipped if the process parameters have already been estimated, or it can be applied
if variations of the process parameters are detected.

5.4 Simulation Results

In order to understand better the TOPC algorithm and to verify its effectiveness, a
few simulation results are presented hereafter. The following process is considered:

0.1
Pi(s)=—~e (5.4)

The initial conditions are fixed to o = 0, yg = 0, and ug = 0. Then, it is set Ysp =
y1 =1, umax = 1.5, and umi, = —1.5. Here, a noise band of NB = 0.01 is set. The
recursive least squares procedure parameters are Ko=0.5ande = 1073. The tuning
formula employed for the PI controller is [110]

0.9259

PTRL (5.5)

T, =4L.
The result obtained by applying the TOPC strategy is shown in Figure 5.1.

Itis #; = L = 1.06 and 1, = 2.33 (the estimated process parameter is K =0.1).
By means of Expression (5.2) the optimal switching time is determined as ;] =
6.65, where the control variable is set to zero. Then, at time ¢t = #;; + L= 7.71, the
PI controller is applied (K, =8.71 and T; = 4.24), and its performance in the load
disturbance rejection task is evaluated at time ¢ = 15. It appears that a time optimal
transition is achieved, and, at the same time, the PI controller is tuned satisfactorily.

As another illustrative example, the process

P(s) = %e_s (5.6)
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Fig. 5.1 Result of the application of the TOPC strategy with the IPDT process P; (s)

is considered (note that the value of the dead time is significant with respect to the
time constant). The same design parameters of the previous case are employed. The
result obtained is shown in Figure 5.2. Itis | = I =1.0and t» = 1.13 (the estimated
process parameter is K =1.012). The optimal switching time is calculated as #;1 =
0.66. Since t;1 < 12, £ is fixed equal to #,, and then the optimal switching time ;7
is calculated by means of Expression (5.3). It results #;o = 1.601. Thus, the control
variable is set to zero for ty» < ¢ < ts2 + L before applying the PI controller, whose
parameters have been set to K, =0.915 and T; =4.

It is worth underlying that the resulting overshoot is due to the high value of the
dead time of the process, for which the control variable is set to its maximum value
Umax for a long time interval.

From the results presented it appears that the time-optimal Plug&Control strat-
egy is effective in providing a fast commissioning of the control loop when a tight
performance is not required. Indeed, the technique is suitable for those processes
where the dominant dynamics is not of high order and where possibly somewhat
large overshoots are allowed (at least in the start-up phase of the process). It is worth
stressing, however, that by a suitable choice of the design parameters (namely, the
maximum and minimum level of the control variable during the three-state control
phase) the overshoot can be significantly reduced (at the expense of the rise time). In
fact, the design parameters have a clear physical meaning, and technical problems
can be solved in a practical context by exploiting a reasonable knowledge of the
plant.

Finally, it has to be noted that, instead of the recursive least squares algorithm,
a batch least squares algorithm [117] can be applied for the identification purpose
[129]. Although in this case the methodology has the disadvantage that the user has
to select the part of the transient for which data are collected for the estimation of
the parameters, this choice somehow allows the handling of the trade-off between
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Fig. 5.2 Result of the application of the TOPC strategy with the IPDT process P (s)

estimation accuracy and the resulting overshoot, and for this reason, can be preferred
by an experienced user.

5.5 Conclusions

In this chapter a Plug&Control strategy has been presented. It has been shown that
this approach is very promising because, provided that the methodology is applied
in a suitable context, it is capable of providing a fast and effective design of the
control loop. Obviously, this feature is more relevant in large plants, when there are
many (simple) loops to tune.



Chapter 6
Feedforward Control

The main purpose of using feedback is to compensate for external disturbances and
for model uncertainties. Actually, when a sufficiently accurate model of the inte-
gral process is available (and the process dynamics does not change significantly
during the process operations), control performance can be improved in general
by conveniently employing an additional feedforward (open-loop) control law, thus
employing a two-degree-of-freedom control. After having presented the standard
two-degree-of-freedom control scheme, this chapter focuses on different method-
ologies for the design and the implementation of a feedforward control law, to be
adopted in conjunction with the feedback action provided by a PID controller. It is
shown that the problem can be approached from different points of view. In partic-
ular, regarding the set-point following task, two kinds of approaches are presented:
the design of a causal feedforward action and of a noncausal feedforward action. In
the first case a (nonlinear) two-state control law is described. In the second case, to
be employed when desired process output transitions are known in advance, strate-
gies based on input—output inversion are explained both in the continuous-time and
discrete-time frameworks.

6.1 Standard Two-degree-of-freedom Control Scheme

As already mentioned in Section 2.1.2, it is difficult to obtain a satisfactory perfor-
mance in both the load disturbance rejection and set-point following task. In fact, if
the feedback controller is properly designed for the compensation of modelling un-
certainties and external disturbances, an oscillatory set-point step response occurs in
general. The natural solution for this problem is to employ a two-degree-of-freedom
control scheme, for which the use of a set-point weighted PID controller represents
a particular case. In general, the standard two-degree-of-freedom control scheme is
that shown in Figure 2.3, where C is obviously the feedback controller, and F is
a general feedforward controller which aims at recovering the set-point following
performance. Usually, while C is designed in order to have a high gain at the gain
cross-over frequency, F is designed as a low-pass filter in order to smooth the step
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signal and therefore to reduce the overshoot and the oscillations in the set-point re-
sponse. However, as a drawback, the rise time increases. In the following sections
it will be shown that a different choice of the feedforward action can improve the
performance significantly by reducing the oscillations and the rise time at the same
time and by considering the actuator constraints as well.

6.2 Two-state Time-optimal Feedforward Control

In the framework of causal feedforward control actions, an effective technique is
based on the use of a bang-bang type control, as it is explained hereafter.

6.2.1 Methodology

A significant improvement in the set-point following performances can be obtained
by employing a two-state (nonlinear) feedforward control law, as shown in [130,
135, 136], where a technique inspired by the bang-bang control strategy [57] is de-
vised to achieve a fast response to set-point changes. With the aim of fully exploit-
ing the capabilities of the actuator, namely, in order to take into account the actuator
nonlinearity (without impairing the ease of use of the overall control system), the
following methodology can be employed.

Assume that it is required to design a control scheme based on a PID controller
plus a feedforward term aimed at achieving a transition of the process output y from
the value yg to the value y; in a predefined time interval of duration t. Hereafter,
for the sake of clarity and without loss of generality, it will be assumed that yp =0
and y; > 0.

The devised PID plus feedforward control scheme is shown in Figure 6.1 and
implements the following design technique (note that the feedforward control action
is added to the controller output but the devised scheme can be trivially modified in
order for the feedforward control action to be applied to the closed-loop system as
in Figure 2.3). First, the process is described by a IPDT model, i.e.,

P(s) = ge—“. (6.1)

Based on this model, the output u of the feedforward block FF is defined as fol-
lows:

u ift <rt,
uge(t) = {Off et 6.2)

where the value of ug is determined, after trivial calculations, in such a way that the
process output y (which is necessarily zero until time t = L) is y; attime t =7+ L.
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It produces the following result:

- V1

ug = Xt (6.3)
In this way, if the process is described perfectly by Model (6.1), an output transition
in the time interval [L, T 4+ L] occurs. Then, at time ¢ = 7 4 L, the output settles at
value y; thanks to the constant null value assumed by u¢(r) for t > 7.

Then, a suitable reference signal y s has to be applied to the closed-loop system.

It is desired that y ; be equal to the desired process output that would be obtained in
the case where the process is modelled perfectly by Expression (6.1). Thus, the step
reference signal » of amplitude y; has to pass through the system

Kugr
yis

F(s) = e s (6.4)
and then saturated at the level y.

It is worth stressing at this point that this method exploits the fact that a process
output transition is required instead of tracking a general reference signal. In the lat-
ter case this scheme cannot be employed. The presence of many set-point changes
can be instead easily handled by the PID plus nonlinear feedforward control sys-
tem. Indeed, in case a new value of the set-point is selected during a previously
determined transient response, it is sufficient to determine the feedforward action
for the new value and to add it to the one that is currently applied. Analogously, the
reference signal determined for the latest set-point change has to be added to the
one related to the previous one.

The overall control scheme design involves the selection of the transition time t
and of the PID parameters. The choice of a sensible value of t can be made by the
user by considering that decreasing the value of T means that the value of us (and
therefore of the overall manipulated variable) increases, and a too low value of
might imply that the determined control variable cannot be applied due to the satu-
ration of the actuator. Thus, alternatively, the operator might first select the value of
ugr depending on the desired control effort (defined typically as a percentage of the
maximum limit of the manipulated variable) and determine consequently the value
of 7. In this way the potentiality of the actuator can be fully exploited, and, in the
nominal case, a time-optimal process variable transition (subject to the actuator con-
straints) is achieved. In any case, the design parameter t has a clear physical mean-
ing, because it handles the trade-off between performance, robustness, and control
activity [54, 76] and can therefore be exploited to satisfy the specific requirements
of a given application.
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An appropriate tuning of the PID controller should take into account the robust-
ness issue, since the feedforward action is based on a simple IPDT model of the
plant and the compensation of the (unavoidable) modelling errors is left to the feed-
back control law. To this respect, it is very useful to consider the analysis made in
[135], where it is shown that the deviations due to the modelling errors between
the desired and the actual output can be treated as the effect of a load disturbance
d = G qug where

P(s) — F(s)

Ga(s) = G) (14 P(s)C(s)). (6.5)
Thus, by considering that the process output results to be the superposition of the
effects of the feedforward action and of the load disturbances (i.e., of true load
disturbances and the “fictitious” one d due to the modelling errors) and by consider-
ing also that in the nominal case the set-point following performance is determined
only by the feedforward action, it is sensible to tune the PID controller by taking
into account its load disturbance rejection performance. In this context, even if a
time-optimal process variable transition is pursued, from a practical point of view
it is worth considering a value of g which is lower than the true physical limit
of the actuator so that the PID controller can handle the modelling uncertainties
effectively.

6.2.2 Illustrative Examples

As a first illustrative example, consider the process
1
P(s) = —e 0> (6.6)
s

(i.e., K =1 and L =0.5), and consider that a process variable from yg =0 to y; =
1 is required. A maximum actuator limit ug = 2.5 is selected, and therefore the
process variable transition results to be = y/(Kug) = 0.4. The result obtained
by employing the control scheme of Figure 6.1 is shown in Figure 6.2. Obviously,
as the nominal case in considered, the output of the PID controller is zero (i.e.,
u = ug), and y = y. It appears that the time-optimal process variable transition is
obtained as expected.

As a second example, in order to address modelling uncertainties, consider the
process

1 —0.5s

PO =07 1° ©.7)
and the same control task as before with ug = 2.5. By applying a standard relay-
feedback identification method (see Section 2.2.2.1), the resulting ultimate gain and
ultimate period are K, = 2.40 and P, = 2.40, respectively, and therefore the follow-
ing model parameters are obtained (see Expressions (2.21) and (2.22)): K = 0.88
and L = 0.6. A PI controller tuned according to the Ziegler—Nichols rules (see Ta-
ble 2.2) have been selected, namely, K, = 1.44 and T; = 1.92. The results obtained
are shown in Figure 6.3.
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Fig. 6.2 Results obtained by applying the two-state time-optimal feedforward control law (nomi-
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Fig. 6.3 Results obtained by applying the two-state time-optimal feedforward control law in the
presence of modelling uncertainties. Solid line: process variable y (fop figure) and control variable
u (bottom figure). Dashed line: reference signal y (top figure) and feedforward signal ugr (bottom
figure)

6.3 Noncausal Feedforward Action: Continuous-time Case

The continuous-time case is first addressed in the context of noncausal feedforward
control actions.
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Fig. 6.4 Control scheme based on input—output inversion

6.3.1 Generalities

In the previous sections, it has been highlighted that the set-point following perfor-
mance of a feedback control system can be significantly improved by the application
of a properly designed (causal) feedforward action. From a different point of view,
when the desired output trajectory is known in advance, a feedforward action de-
termined by means of a stable inversion technique can be applied [167]. Roughly
speaking, the approach consists in selecting a desired output function that meets
the control requirements and then determining, by inverting the system dynamics,
the input function that causes that selected output signal. It is worth noting that the
concept of dynamic input—output inversion [20, 42] has been already proved to be
effective in different areas of the automatic control field, such as motion control [92,
941, flight control [41], and robust control [95, 97].

In the context of PID control, the input—output inversion technique can be ex-
ploited to determine analytically a suitable command signal to be applied to the
closed-loop control system, instead of the typical step signal, in order to achieve a
high performance (i.e., low rise time and low overshoot at the same time) when the
process output is required to assume a new value. Indeed, assume that the process
variable is required to achieve a steady-state value y; starting from a steady-state
value yp. As already mentioned, if a causal feedforward action is adopted, the con-
trol scheme of Figure 2.3 is based on the causal filtering of a step signal (of am-
plitude y; — yp) by means of the system described by the transfer function F(s).
The resulting signal is then applied to the closed-loop system. Conversely, if an in-
version approach is exploited, the scheme shown in Figure 6.4 is employed. In this
case a step signal is not employed, but the knowledge in advance of y; is adopted
by a command signal generator block to calculate a suitable command signal r to
be applied to the closed-loop PID control system.

6.3.2 Modelling

The design methodology based on input—output inversion proposed in [99] is based
on a theoretical framework that might appear to be somewhat complicated. How-
ever, the theoretical development can be made transparent to the user, and therefore
the use of the technique does not impair the ease of use that is an essential re-
quirement in the context of PID control. The fundamental passages are described
hereafter in some detail in order to understand better the underlying concepts of the
overall methodology.
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As a first step of the devised method, the process to be controlled is modelled as
an IPDT transfer function, i.e.,

K
P(s;K,L)=—e 5, (6.8)
S

but then, in order to have a rational transfer function, the dead-time term is approx-
imated by means of a second-order Pade approximation. In this way, the approxi-
mated process transfer function results to be

N K 1—Ls/2+4 L*s%/12
P(s;K,T,L)=— . (6.9)
s 14+ Ls/2+ L%s2%/12

6.3.3 PID Controller Design

An output filtered PID controller in ideal form (2.4) is employed as a feedback
controller. For the sake of clarity, its transfer function is recalled here:

1
C(s;K,,,T,-,Td,Tf)zKp<l+—+Tds> (6.10)

Ts Trs+1 '
The tuning of the parameters can be done according to any of the many methods
proposed in the literature (see Chapter 2) or even by a trial-and-error procedure.
However, as the purpose of the overall procedure is the attainment of a high per-
formance in the set-point following task, disregarding of the controller gains, it is
sensible to select the PID parameters aiming only at obtaining a good load rejection
performance.

6.3.4 Output Function Design

At this point, a desired output function that defines the transition from a set-point
value yy to another y; (to be performed in the time interval [0, 7]) has to be selected.
Without loss of generality and for the sake of clarity, assume that yp = 0. A sensible
choice is to adopt a so-called “transition” polynomial [96], i.e., a polynomial func-
tion that satisfies boundary conditions and that is parameterised by the transition
time . It is formally defined as

ya(t) = ok 11X + et + -+ 1t + co. 6.11)
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The polynomial coefficients can be uniquely found by solving the following linear
system, in which boundary conditions at the endpoints of interval [0, 7] are imposed:

va(0) =0; ya(r) = y1;
¥ =0; yP(r) =0;

(6.12)
yP0) =0 yP ) =0.
The results can be expressed in closed-form as follows (¢ € [0, T]):
2k+1 i—k—1 i
2k+ 1! (-1 t
1 1) = -. 6.13
Ya(t:T) = y1— izik}rli(i—k—l)!(Zk—i—l—i)! T (©.13)

Expression (6.13) represents a monotonic function with neither undershooting nor
overshooting, and its use is therefore very appealing in a practical context.

The order of the polynomial can be selected by imposing the order of continuity
of the command input that results from the input—output inversion procedure [96].
Specifically, since the plant is modelled as an IPDT transfer function (see (6.8)),
its relative degree is equal to one. Taking into account that the relative degree of
the PID controller is zero, the relative degree of the overall closed-loop system is
one. Thus, a third-order polynomial (k = 1) suffices if a continuous command input
function is required, i.e.,

2 3 3 2
yat;t)y=y| ——=t"+—=t7), t<[0,7] (6.14)
T T

Outside the interval [0, t], the function y(¢; 7) is equal to O for # < 0 and to y; for
r>rT.

6.3.5 Stable Input-Output Inversion Algorithm

Once the closed-loop system is designed and the desired output function is selected,
the problem of finding the command signal r(¢; K, L, K, T;, Ty, Ty, T) that pro-
vides the desired output function has to be solved. For the sake of clarity of notation,
the dependence of the functions and of the resulting coefficients from the parameters
K,L,K,,T;, Ty, Ty is omitted in the following analysis. The closed-loop transfer
function be denoted as

e COPO__ o

= — =K , (6.15)
14+ C(s)P(s) a(s)

where b(s) and a(s) are monic polynomials. As H (s) is non-minimum phase (be-
cause of the positive zeros introduced by the Padé approximation, the straightfor-
ward inversion of the dynamics, i.e., the calculation of Y;(s)/H (s), where Y;(s)
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is the Laplace transform of y,(f), would produce an unbounded command input
function, which cannot be obviously adopted in practice. In other words, a stable
dynamic inversion procedure is necessary, that is, a bounded input function has to
be found in order to produce the desired output [98].

The numerator of the transfer function (6.15) can be rewritten as follows:

b(s) =b_(s)b4(s),

where b_(s) and b (s) denote the polynomials associated to the zeros with negative
real part (i.e., those of the PID controller) and positive real part (i.e., those of the
Pade approximation), respectively. From (6.9) it can be derived that

2
bi(s)=(s—zh) +2F, (6.16)
where Z; =3/L and Z = /3/L, correspond to the complex zeros z; + jzf €

C4. From (6.10) three cases can be distinguished (depending on the selected PID
parameters):

b_(s)=(—2z,)—2), (6.17)
bo(s)=(s—z7)° (6.18)
bo(s)=(s—2g)+7; (6.19)

corresponding to real distinct zeros (6.17), real coincident zeros (6.18), and complex
zeros (6.19), respectively. Now, consider the inverse system of (6.15) whose transfer
function can be written as:

Hs) ' =y + yis + Ho(s),

where g and y; are suitable constants, and Hy(s), a strictly proper rational function,
represents the zero dynamics. This can be uniquely decomposed according to

c(s) d(s)
b ) b’

where c(s) = c15 + co and d(s) = d1s + dy are first-order polynomials with coeffi-
cients depending on K, L, K, T;, Ty, and Ty. The modes associated to b~ (s) and
bt (s) are denoted by m; (t),i=1,2, and by ml.+(t), i =1, 2, respectively. More
specifically, the unstable zero modes are given by

Ho(s) = Hy (s) + Hy () =

+ +
mf () =e*r"coszft,  m3(t)=e®"sinz]t, (6.20)

while the stable zero ones are given according to the cases (6.17), (6.18), and (6.19)
by

my(t)y=e1",  m5(t)=e2, (6.21)
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mi(t)=¢" ", m5 (1) =te* !, (6.22)
my(t) =k coszyt,  m; (1) =e*R'sinz; 1. (6.23)
With the Laplace transform operator £, define
ny (1) =L [Hy ()]
and

nd @) = L7[Hy ()]

The following propositions and the following theorem represent the solution to the
stable dynamic inversion problem.

Proposition 6.1

! 1
fo g (t —v)ya(v; T)dv = Hy (0)yq(t; 1) + ;(p?(r)mm) + p (1)m3 (1))

1
+ =T @, (6.24)
where
st +s7 (0t if t €10, 71,
T o=1" : 6.25
o {qfr(f)mT(f—f)Jrq;(r)mj(t—t) ift>rt; ( )

pl."' (1), q;" (v),i =1, 2, are suitable T-polynomials; and Si+ (t),i =0, 1, are suitable
t-polynomials.

Proposition 6.2

d 1
/(; Ny (t —v)ya(v; v)dv = Hy (0)ya(t; 1) + ;(Pl_(f)ml_(l) + py (Dmy (1))

1
+ ﬁTO_(t’ ), (6.26)
where
=t 7) = So__(t) +i1_(t)f i i l:ft €0, 7], 627)
g, (Om; (¢t —1)+¢q, ()m, (t—7) ift>7;

p; (1), q; (t),i =1,2,are suitable t-polynomials; and s; (t),i =0, 1, are suitable
t-polynomials.

Theorem 6.1 The function r(t; t) defined as

1
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—q (Om{ (@t —1)—q) (OmF(t—71)) ift<0, (6.28)
r(t; 1) = y1ya(t; ©) + yoya(t; T) + Ho(0)ya (¢; T)
+ T%(sg(t) +55 () +s7(OT+57(OT —qf @mfE—1)

— g3 (1)m3 (t — 7) + py (m] (1) + p; (1)m; (1)) if t €[0, 7],
(6.29)

1
r(t;T) = yo+ Ho(0) + ;(pf(f)mf(t) + p; (T)my (1)

+q, (Om t —1)+q, (T)m, (t — r)) ift>rt (6.30)

is bounded over (—o0, +00), and r(t; T) causes the desired output y;(t; T).

Proofs of the above propositions and of the above theorem can be found in [98].
Summarising, the determined function »(¢; K, L, K, T;, Ty, Ty, ©) exactly solves
the stable inversion problem for FOPDT processes (in which the dead-time term has
been substituted by a Pade approximation) controlled by a PID controller (6.10) and
for a family of output functions, which depend on the free transition time t. Ac-
tually, from a practical point of view, since the synthesised function (6.28)—(6.30)
is defined over the interval (—oo, +00), it is necessary to adopt a truncated func-
tion r,(¢; 7), resulting therefore in an approximate generation of the desired output
ya(t; 7).

In particular, a preactuation time f; and a postactuation time ¢y can be selected
so that the truncated (and therefore approximated) input r,(¢; 7) is equal to zero for
t <ty and equal to y; /H(0) for ¢ > ;. By taking into account that the preactuation
and postactuation inputs (i.e., the input defined for # < 0 and ¢ > 7, respectively)
converge exponentially to zero as time t — —oo and to y; as time ¢ — 400, an ar-
bitrarily precise approximation can be accomplished [96]. In particular, #; and 7, can
be calculated with arbitrary precision by selecting two arbitrary small parameters &g
and ¢1 and by subsequently determining

to:=max{t' € R: |r(1)| < &9Vt € (—00,1']} (6.31)
and
1
f :=min{t’eR: r(t)—W <& Vte[t’,oo)}. (6.32)
Then, it has to be fixed
ty = min{0, fo}, tr =max{z, 11}. (6.33)

Alternatively, in order to simplify the computation, the method suggested in [92]
can be adopted. It consists in selecting

t 10 t + 19 (6.34)
= - , =TT .
* Drhp / D]hp
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where Dypp and Dypp are the minimum distances of the right and left half-plane
zeros respectively from the imaginary axis of the complex plane. Note that by taking
into account (6.16), where Z; =3/L,itis t; = —10L /3. Hence, the approximate
command signal to be actually used is

0 fort < tq,
ra(t;t):=1r(; 1) forty <t <ty,
yi/H(@©) fort>ty.

It is worth highlighting that the preactuation time depends only on the (apparent)
dead time of the process, as this determines the unstable zeros of the closed-loop
systems by means of the Pade¢ approximation. Conversely, the postactuation time
depends on the tuning of the PID parameters because the stable zeros of the closed-
loop systems are those of the controller.

6.3.6 Discussions

The presented stable input—output inversion procedure can be performed by means
of a symbolic computation, i.e., a closed-form expression of the command input
function r(¢; K, L, K, T;, Ty, Ty, ©) results. Indeed, the actual command signal to
be applied for a given plant and a given controller is determined by substituting the
actual value of the parameters into the resulting closed-form expression, and this
actually motivates its strong appeal in the context of PID control. In this framework,
the choice of using a second-order Pade approximation is motivated, from one side,
by keeping the expressionof r(t; K, L, K, T;, Ty, Tr, T) as simple as possible and,
from the other side, by providing an approximation as good as possible, since the
basic rationale of this method is to apply a model-based feedforward control action.

In any case, it is worth noting that the presented inversion procedure is based on
a general one [98], where H (s) can be the rational transfer function of any (stable)
system, provided that there are not purely imaginary zeros. The method can be there-
fore trivially extended to PI, P, and PD control. In addition, the proposed approach
can also be applied to (integral) processes with a high-order transfer function, as it
is based on the inversion of the dynamics of the closed-loop system H (s). However,
in this case, the inversion procedure has to be performed on purpose. Conversely,
if an IPDT model is employed, the determined general closed-form expression of
r(t;K,L, Ky, T;, Ty, Ty, T) can be used.

Once the PID controller has been tuned, the only free design parameter is the
transition time t. Its role is basically the same as the transition time in the causal
nonlinear feedforward method described in Section 6.2. That is, it handles the trade-
off between performance, robustness, and control activity. It can be selected there-
fore by applying an analogous reasoning. However, since a closed-form expression
of the control variable can be easily derived, the transition time can be also de-
termined by solving an optimisation problem where its value has to be minimised
subject to actuator constraints.
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6.3.7 Practical Implementation

The command input in the interval [z, 7] is actually composed of three terms (the
first one defined in the time interval [#;, O], the second one in [0, ], and the final
one in [7,7y]), and its expression, which depends on the time variable ¢, can be
difficult to implement with standard industrial hardware/software components. For
a simpler implementation of the method, it is convenient to obtain the command
input as a step response, according to the standard two-degree-of-freedom control
scheme of Figure 2.3. Therein, the signal to be applied to the closed-loop system is
obtained as a step response of a filter F'(s). For this purpose, it is necessary first of
all to shift the time axis by substituting r = — t,; and by taking 7 as the new time
variable. Then, the expression of the filter F'(s) can be obtained by applying the
Laplace transform operator to r, (z; t) [11]:

Ru(s:7) = L[ry(: 7)) (6.35)
and by imposing that
R.(s;1) = %F(s;r). (6.36)
Thus, it can be simply obtained that
F(s;t)=sR,(s; T). (6.37)

By performing the required (symbolic) computations and by substituting backwards
f =1t + ts, the command signal r,(¢; ) is obtained as the step response of the fol-
lowing filters, to be considered in different time intervals:

2
B2,15°+B1,15+Po.1
a2.1s2+a1,1s+a0,1

7
§' 4t

aﬁ7’i7+—+aﬁ0§3 for — 1, <t <—t+T,

F(s;7) =1 @72 3,2 (6.38)

B35 +B135+Po3

0(2,3S2+(X1V3S+(X0v3

for0 <t < —1,

for —t;+17 <t < —t; +1y,

H~10) fort > —t; +1y,
where the polynomial coefficients B 1, ..., Bo.1, 7.2, ..., Bo,2, B2.3, ..., o3 and
Q2,1,...,00,1,07,2,...,032,023, ...,003 are resulting coefficients, whose analyt-

ical expression is not reported for brevity. In other words, a step signal has to be
applied at t = 0 to the four different filters in (6.38), and then the command input to
be applied to the closed-loop system is obtained by selecting the step responses of
the filters according to the time intervals determined in (6.38). This strategy can be
implemented easily in a Distributed Control System where a selector determines the
required command input to be applied to the PID-based feedback control system by
choosing between three transfer function blocks and a gain block according to the
current time interval after the application of a set-point step signal. Note that there
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is no problem if the filter transfer functions are unstable because they are applied in
a limited control interval.

A possible simplification for the implementation of the noncausal feedforward
control strategy would be the use of a single transfer function instead of the four
ones defined in (6.38). In general, the determined command input function can have
a complex (non-monotonic) shape [99], and it can be difficult to represent it as a
step response of a single transfer function. However, there are cases for which this
can be possible with a good accuracy. In particular, this happens when the command
input function is a smooth function. Conditions for the occurrence of this situation
can be found by considering the following proposition [96].

Proposition 6.3 Given the system (6.15) and the input function (6.28)—(6.30), the
following limit holds:

im [HOr¢:0) = ya 0], =0, (639)
where || f ()| :=sup,cg | f(t)| denotes the L, norm of a real signal f ().

From a practical point of view this means that, when the transition time increases,
the input function tends to be more similar to the desired output function. From
another point of view, increasing the transition time 7 yields a more robust system,
namely, the obtained system output tends to be more similar to the desired output
function. From these considerations it can be concluded that when the obtained
system output has virtually no overshoot, then the corresponding system input is
sufficiently smooth to be approximated as a step response of a single filter.

To confirm this fact and to derive a condition for the transition time, processes
with different normalised dead time L/T controlled by PID controllers with the
parameters tuned by different tuning rules have been considered. By considering a
large number of simulation results with different systems and different controllers, it
turns out that an overshoot of less than 5% is obtained in general when the transition
time is selected as T > 2L. Thus, in this case the command input can be obtained as a
step response of a single filter whose transfer function can be obtained by applying
a standard least squares procedure [117] by taking a step signal as input and the
determined command signal as output (note that there is no noise). In this context, it
is worth determining the preactuation time interval as t; = —L in order to obtain a
filter transfer function with no dead time. Further, many simulations have confirmed
that a fourth-order transfer function is generally sufficient to obtain a satisfactory
result.

6.3.8 Simulation Results

Consider the process

P(s)=——e " (6.40)
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and consider that the process output has to perform a transition from O to y; = 1. The
PID parameters are selected, based on the minimisation of the integrated square er-
ror for set-point responses [128] (which is actually a PD controller with K, = 3.394
and T; = 2.94). For comparison, the filter time constant is selected as Ty = 0.01.
The classic set-point step response is plotted in Figure 6.5. The noncausal feedfor-
ward action is determined by setting T = 2L = 12. The resulting value of the pre-
actuation and postactuation times are #; = —20.01 and ¢y = 41.4. The determined
command function is shown in Figure 6.6, and the corresponding control system
responses are plotted in Figure 6.7. It appears that the process variable is virtually
zero during the preactuation time, as expected, and then the transition occurs in a
time interval of duration t. In order to obtain the command input as a step response
of a sequence of filters, the expression of F(s) obtained by Laplace transforming
directly r,(¢) is

10-4(0.0584752—0.139165)
s2—5+0.33333

forO0 <t < —ty,

oy = 2’5—8 for —t, <t < —t; +71, 6a)
SO e tooars for — 1T <1< ~ti+1y,
1 fort > —t, +ty,
where
pa(s) = 0.522325°% — 0.27729s° — 0.03015s* + 0.03446s>
+0.01801s2 +0.00019s — 0.00079 (6.42)
and
g2(s) = 5% — 0.659865° — 0.00680s* + 0.11338s°. (6.43)

The corresponding step response is virtually the same as the one shown in Fig-
ure 6.7. If the least squares procedure is applied in this case, the preactuation time
is t; = —6, and the resulting filter expression is

0.05665s* — 0.01917s3 + 0.0885652 + 0.00337s +0.01318
5%+ 0.55118s3 + 0.30330s2 + 0.08502s + 0.01318

F(s)= (6.44)
The corresponding step response is shown in Figure 6.8, and the resulting process
and control variables are plotted in Figure 6.9. It can be seen that in this case the
least squares procedures provides a similar result to the inversion-based technique.

Alternatively, if the tuning rules (2.134)—(2.136) with « = 1 are considered, the
following PID parameters are obtained: K, =2.98, T; = 15.66, and T; = 1.93 (the
filter time constant is selected again as Ty = 0.01). The command signal obtained
by applying the inversion procedure is shown in Figure 6.10 (note that #;, = —20.01
and 7y = 146), while the corresponding control system response is plotted in Fig-
ure 6.11 (for the set-point step response, see Figure 2.24). If the least squares ap-
proach is employed to approximate the command signal, the results are those shown
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Fig. 6.5 Set-point step response with PD controller
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Fig. 6.6 Inversion-based command input with PD controller

in Figures 6.12 and 6.13. Note that a different preactuation time 7, = —6 has been

employed in this latter case. It appears that the same considerations done for the PD
controller case also apply to the PID controller case.

Finally, the role of the parameter t is highlighted. For this purpose, consider
the process (6.7) and the model obtained by applying the standard relay-feedback
method (see Section 6.2.2) with K = 0.88 and L = 0.6. Then, as in Section 6.2.2, a
PI controller tuned according to the Ziegler—Nichols rules (see Table 2.2) is selected,
namely, K, = 1.44 and T; = 1.92. The command signals resulting by considering
different values of the transition time T = 0.6, 0.9, 1.2, 1.5 are shown in Figure 6.14,
while the corresponding process and control variables are shown in Figures 6.15
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Fig. 6.7 Response with the noncausal feedforward approach with the PD controller
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Fig. 6.8 Command input determined by means of a least squares procedure (PD controller)

and 6.16, respectively. It is evident that a sound choice of the transition time value

handles the trade-off between aggressiveness and robustness (and control effort)
well.

6.4 Noncausal Feedforward Action: Discrete-time Case

A noncausal feedforward control action can be devised also in the discrete-time
case, as it is illustrated hereafter.
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Fig. 6.9 Response with the use of a set-point filter determined by means of a least squares proce-
dure (PD controller)
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Fig. 6.10 Inversion-based command input with PID controller

6.4.1 Methodology

A noncausal feedforward action can be designed also in a different context, namely,
by inverting the dynamics of the closed-loop system after having identified it in the
discrete-time framework by means of a step response [134].

Consider again the scheme shown in Figure 6.4. Actually, the controller C can
be of any type (provided that the closed-loop system is asymptotically stable), but
for the sake of simplicity, it is assumed that it is a PID controller. As for the method
described in Section 6.3, the aim is to find the command function r(¢) that produces
a desired system output transition from yg to yj, starting from time ¢ = 0, but here
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Fig. 6.11 Response with the noncausal feedforward approach with the PID controller
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Fig. 6.12 Command input determined by means of a least squares procedure (PID controller)

no a priori knowledge on the process model is assumed. Despite the process and the
controller being defined in the continuous-time domain, sampled data are consid-
ered in the following analysis (actually, nowadays the use of microprocessors is the
common practice in industrial environments). It is assumed that the sampling time
T has been chosen suitably by any standard technique [7].

An identification experiment can be easily performed by applying a step signal
to the input of the closed-loop system. A closed-loop system model can then be
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Fig. 6.13 Response with the use of a set-point filter determined by means of a least squares pro-
cedure (PID controller)
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Fig. 6.14 Command signals for different values of the transition time t

obtained by considering the truncated response (¢t € {T, 27, ..., NT}):

t
L

YO =yo+gyrr© + Y gi[rt —iT) —r(t — (i + DT)]. (6.45)

i=1

where g; := g(iT),i = 1,..., N, are the sampled output values in response to a
unit-step input (see Figure 6.17), and r(¢) is the system input. For the sake of sim-
plicity and without loss of generality, assume that yg = 0. The number N of param-
eters has to be taken sufficiently high in order to allow for a sufficiently accurate
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Fig. 6.15 Process variables for different values of the transition time t
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Fig. 6.16 Control variables for different values of the transition time t

description of the system, but not too high to minimise the computational effort of
the control strategy. From a practical point of view, the sampling of the step response
in order to obtain parameters g; should stop when the process output remains close
to its steady-state value for a sufficiently long time.

For the presented methodology, it is convenient to write Expression (6.45) in the
matrix form

Y =GR, (6.46)
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Fig. 6.17 Model coefficients based on step response

where
[ »(T)
y(@2T)
y = | y3T)
L Y(NT)
i 81 0 0 0
—g1t& 81 0 0
G=| —87+8 —81+8 81 0|,
: : : .0
| —8N—-1+8N —EN-2+8N-1 —EN-3+EN-—2 ... &I
and
r(0)
r(T)
R= r(2T)
r((N—-1T)

It is worth noting that in many cases it might not be necessary to perform an ad
hoc identification experiment (i.e., to stop the normal process operations) in order
to apply the presented methodology. In fact, as the model is obtained by evaluating a
standard closed-loop step response, data taken from an output transition performed
during routine process operations can be adopted. Obviously, it is important that
the collected data be representative of a true step response (and therefore operations
such as filtering and detrending might be necessary [56]) and if an unmeasured load
disturbance occurs during the transient response, they should not be adopted. In this
context, it can be useful to adopt the methods proposed in [32, 125] to detect load
disturbances.

The desired output function is chosen again as a transition polynomial (6.13).
In contrast with the continuous-time case, here its order can be chosen arbitrarily.
Indeed, the order of the polynomial can be selected in order to handle the trade-off
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between the need to decrease the rise time and the need to decrease the control effort,
taking into account that the rise time decreases and the control effort increases when
the order of the polynomial increases. In general, a good choice in this context is to
select k = 2, i.e., the desired output function is

n(&e -8t 88 ifo<r<r,

ya(t;7) = (6.47)

Y1 ift > 7.

Regarding the choice of the value of the transition time 7, the same considerations
done in the continuous-time case can be applied also in this case.

Once the desired output function has been selected, i.e., the array Y, has been
constructed, then the corresponding closed-loop system input r(¢) that causes
vq(t; T) can be easily determined by simply inverting the system using Expres-
sion (6.46). In order for matrix G to be invertible by a standard numeric algorithm,
it should be well conditioned, for example, there must not be a row (or a column)
where all the elements are very small with respect to the elements of other rows (or
columns). This happens when the process has a true dead time or an apparent dead
time (i.e., when the process is of high order), which causes some of the first sampled
output values g; of the step response to be null or almost null. Thus, denote by k
the number of the first rows of G in which all the elements are less than a selected
threshold &. Then, matrix G can be obtained by removing the first k rows and the
last k columns from G. Subsequently, by evaluating y,(¢; t) at the first N — k sam-
pling time intervals, the array Yy = [y4(T; ©) ya(RQT; 7) --- ya((N —k)T; v)]" can
be easily constructed. The first N — k values of the command reference input are
then determined by applying the following expression:

R=[r(T)r@T) --- r((N =0)T)]" =G ¥4 (6.48)

In this way, the input function can be calculated by simply determining the inverse
of a matrix, which can be performed by using different algorithms (see, for example,
[103]).

Note that if the sampling time T and the value of N have been selected appropri-
ately, as well as the value of 7, then the last element of the array R actually corre-
sponds to the steady-state value of the input, and therefore the value of (N —k)T')
can be applied to the closed-loop system for ¢ > (N — k)T . Note also that, since
the first k rows and the last £ columns have been removed from matrix G, the out-
put function obtained is delayed by kT with respect to the desired one. Actually,
the dead time is removed in the model of the closed-loop system transfer function
adopted in the dynamic inversion.

In the presence of measurement noise, as is always the case in practical appli-
cations, the method can be successfully applied, provided that the step response
function employed for the identification of the closed-loop system model (6.45) is
appropriately filtered. Since the required filtering can be performed off-line, a zero-
phase noncausal filter can be applied in order to avoid a phase distortion. Further, the
presence of the noise has to be considered when matrix G is constructed from G.
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Fig. 6.18 Initial set-point step response employed for the discrete-time inversion approach

Actually, due to the noise measurements, it is sensible to redefine parameter ¢ as
a noise band NB [8], i.e., a threshold value that determines, as before, whether the
sampled value g; has to be discarded. Specifically, if |g;| < NB, then g; is considered
to be zero in the construction of matrix G. The value of NB can be easily selected
by monitoring that process output for a sufficiently long time when the process is at
steady-state.

Finally, it is worth stressing that, as in the continuous-time case, the inversion-
based design of the feedforward action is independent of the PID design. It is there-
fore convenient to tune the controller in order to guarantee good load disturbance
performance if this is of concern. In fact, even if this implies that the predicted
closed-loop step response is unsatisfactory, the feedforward action is capable of
providing an output transition with a low rise time and a low overshoot.

6.4.2 An Illustrative Example

As an illustrative example, consider again Process (6.40) with a PID controller tuned
by minimising the ISE performance index for the load disturbance (see Table 2.5):
K, =451, T; =8.94, and T; = 3.54. The closed-loop step response is shown in
Figure 6.18. By using a sampling interval 7 = 0.02 and a noise band NB = 0.01
and by setting a desired transition time 7 = 20, the discrete-time inversion tech-
nique procedure, applied to the closed-loop step response, gives the command input
function shown in Figure 6.19. The resulting control system response is plotted in
Figure 6.20. It appears that the performance has been improved significantly.
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Fig. 6.20 Response obtained after having applied the discrete-time inversion procedure

6.5 Conclusions

A feedforward controller can be very beneficial in solving the problem of achiev-
ing a satisfactory performance both in the set-point following and in the load dis-
turbance rejection task. Different methodologies for the design of a feedforward
controller have been described in this chapter. In particular, the set-point following
performance have been addressed. Features of the standard approach have been dis-
cussed. It has been shown that when the control task does not involve the tracking
of a reference signal but only the transition of the process variable from a set-point
value to another one is of concern, different alternative methods can be considered.
The use of a nonlinear feedforward action improves the system performance consid-
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erably by taking into account explicitly the actuator constraints. Its implementation
requires indeed a modest extra design effort. The great advantage of the noncausal
approach is that a predefined performance can be actually obtained almost “inde-
pendently” of the tuning of the (PID) controller and of the actual process dynamics.
In fact, very similar responses are obtained with very different values of the PID
parameters (namely, with PID parameters that provide very different set-point step
responses) and with processes of different dynamics. This advantage is paid by the
increased implementation complexity. It can be remarked that each of the consid-
ered methodologies has in any case a tuning parameter that handles the trade-off
between aggressiveness and robustness.

Finally, it is worth highlighting that, if only the set-point following task is of
concern, a fine tuning of the controller could lead to high performance, and the im-
provement provided by the use of a feedforward control system is not significant.
However, the selection of the correct parameters can be difficult and time consum-
ing. In this context the feedforwarded control action can be used to achieve (in a
relatively easy way) satisfactory performance despite a not very appropriate tuning
of the PID parameters and therefore to reduce the overall design effort. It is impor-
tant to note that, in contrast with the constant set-point weighting approach, the use
of a feedforward action can recover the set-point following performances even in
the case of a sluggish tuning of the PID controller.



Chapter 7
PID-PD Control

An effective and simple way of designing a two-degree-of-freedom control scheme
for an integral process is to employ an inner feedback loop in order mainly to sta-
bilise the system and then an outer feedback loop in order to provide the required
performance. Different methods have been proposed in the literature for the design
and tuning of this control scheme, where the controllers are of P(D) type for the in-
ternal loop and of PI(D) type for the external loop. These methods will be presented
and compared in this chapter.

7.1 The Control Scheme

The two degree-of-freedom control scheme considered in this chapter is the one
shown in Figure 7.1 and consists in an internal loop, where the controller C; is
mainly employed to stabilise the IPDT process P, and an external loop, where the
controller C; is mainly devoted to satisfy the required performance. This control
scheme can be easily rearranged in order to be the standard two-degree-of-freedom
control scheme of Figure 2.3. The result is depicted in Figure 7.2, where it appears
that, with reference to Figure 2.3,itis C =C;+ C; and F = C1/(C1 + C3). Usu-
ally, C> is selected as a P or PD controller, while C; is selected as a PI or PID
controller. Methodologies on how to tune the different controller parameters are
described in the following sections.

7.2 PI-PD Structure

In this section, a few methods are considered where the inner loop controller has a
PD structure (the derivative filter is omitted for the sake of simplicity), namely,

Ca(s) = Kpo(Typs + 1), (7.1)

A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 121
Advances in Industrial Control,
DOI 10.1007/978-0-85729-070-0_7, © Springer-Verlag London Limited 2011
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Fig. 7.2 Equivalent standard two-degree-of-freedom control scheme

and the outer loop controller has a PI structure, namely,

1
C1(S)=Kp1<1 + T,»1s>' (7.2)

Methods for the tuning of the parameters are presented hereafter.

7.2.1 A Simple Approach

The simplest approach for the design of a PI-PD control structure is converting an
existing standard one-degree-of-freedom PID controller [50]. In particular, consider
Figure 7.2 and suppose that the feedback controller is of PID type, namely,

1
Cs)=K, (1 st Tds>. (7.3)

By considering that C(s) = C1(s) + Ca(s) it can be derived that

C(s):(Kp2+Kp1)<l+L ! +LT,HS). (7.4)
Kpl+Kp2 Tiys Kp1+Kp2

In order to obtain the four PI-PD parameters from the three PID parameters, it
is necessary to supply an additional relation between the parameters. This can be
selected as K1 = aK 2, so that, by comparing Expressions (7.3) and (7.4), they
result to be
o
" e Kp.
1
K P2 = H—aK P

(7.5)

(7.6)
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Fig. 7.3 Results obtained with the simple method based on the conversion of a standard PID
controller

Th=— T .7
il = l+a i .
Tin=04+a)T,. (7.8)

It appears that the determined parameters heavily depend on the value of «. In [50]

it is suggested, after having considered a large number of simulations, to choose
a=0.2.

The set-point filter assumes the following form:

Kp1(Tiis +1)
KpoTin Taos? + (Kp1 Tin + Kp2Tin)s + K pi
bTis+ 1+«

F(s) =

= 5 . (7.9)
(TiTy + TiTqga)s* + (@T; + Ti)s + 1+«
As an illustrative example, consider the process
0.0506 _.
P(s)= e ™, (7.10)
s

and consider the initial tuning obtained by applying the method described in Sec-
tion 2.3.3.3, which yields K, =2.98, T; = 15.66, and T; = 1.93. Thus, the fol-
lowing PI-PD parameters are obtained: K, = 0.497, T;; = 2.610, K, = 2.483,
and Tz, = 2.316. The set-point and load disturbance step response is shown in Fig-
ure 7.3. By comparing the result with the one shown in Figure 2.24 it appears that,

as expected, the use of the second degree-of-freedom reduces the overshoot signifi-
cantly.
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7.2.2 Tuning Method Based on the Standard Forms

In [47, 49] it has been proposed to determine the PI-PD controller parameters by
minimising an integral performance criterion. In particular, the ISTE criterion de-
fined as

J= /Oote(t) dt, (7.11)
0

where e(t) is the control error, can be considered. In this context, it is possible to
employ the so-called ISTE standard form, namely, a closed-loop transfer function
which, assuming a process transfer function with no zeros (this issue will be dis-
cussed below) and a controller with one zero, can be written as

cis+1

H(s) = .
() 3+ dos?+dis+1

(7.12)

The transfer function parameters d; and d; are selected in order to minimise the
integral criterion (7.11) for different values of c;. In this context, it can be shown
that as ¢y increases, the performance index J decreases. However, the improvement
in the step response becomes negligible for values of ¢; greater than four.

In order to employ the standard form concept for the tuning of the controller
parameters, it is first necessary to approximate the IPDT process transfer function
as

K K
P(s)=—e b — (7.13)
s s(1+ Ls)
Then, the closed-loop transfer function is determined as
KK, (T; 1
H(s) = pi(Tits +1) (7.14)

TiLs®+ (1 + KKppTy)Tiis* + (Kp1 + Kp2)KTis + KK

By comparing Expressions (7.12) and (7.14) it appears that a normalised standard
form

cisp, +1

H = 7.15
(5n) s,3, +d2sr21 +dis, +1 ( )
can be obtained by fixing

Sw =, (7.16)

o

1

KK 3
a:( ”‘) , (7.17)

T L
ClzaT‘il’ (718)
1+ KK T,

dy = w, (7.19)

Lo
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K, +K»nK
dy = Kot KK (7.20)

Lo?

It is worth noting that the time scaling by o reduces the value of J by o. Equa-
tions (7.16)—(7.20) are therefore exploited, starting from appropriate values of K
and T;1, in order to determine the value of o and the values of the PD controller
parameters K ;o and Ty».

As an illustrative example, consider again process (7.10). If the values of the
PI parameters are selected as K1 = 1.31 and T;; = 17.6, from (7.17) the value
o = 0.0856 is determined, and then from (7.18) the value ¢; = 1.507 is obtained.
By minimising J for this value of ¢, the values d; = 2.637 and dp = 2.016 are
determined. Hence, from (7.19) and (7.20) it is easy to obtain K, = 0.983 and
T2 = 0.695. The set-point and load disturbance step response is shown in Fig-
ure 7.4.

It is worth stressing that the tuning technique can be employed, after an appropri-

ate relay-feedback experiment, in the context of an automatic tuning methodology
[47, 49].

7.3 PID-P Structure

Differently from Section 7.2, here a few methods are considered where the inner
loop controller is just a proportional controller, namely,

Ca(s) = Ko, (7.21)

while the outer loop controller has a PID structure, which, for convenience, is ex-
pressed in parallel form as (the derivative filter is again not considered for the sake
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of simplicity)
Ki
Cl(s):Kpl+T+Kd1S~ (7.22)

It has to be remarked that in this case, the control variable can be written as (see
Figure 7.1)

Kii
U(s) = (Kpl + —~ + Kd1s> (R() =Y () — Kp2Y(s)
—(Kp +K )(LR(S) —_ Y(s)> + (ﬁ +K s>E(s) (7.23)
= pl p2 Kpl +Kp2 s dl > .

which is the output of a parallel PID controller with set-point weight 8, where

Ky =Kp1 + Kp2, (7.24)
K =K1, (7.25)
Ki=Ka, (7.26)
and
K
P L (7.27)
Kpl + Kp2

Thus, in this case the control scheme is indeed a standard PID controller with set-
point weight. The methods described in this section have been however situated in
this part of the book because in their rationale the two-degree-of-freedom concept
is exploited explicitly.

7.3.1 Tuning Method Based on Sensitivity Specifications

The design methodology proposed in [141] considers the SOIPDT process transfer
function

— L —Ls
P(s) = e (7.28)

By employing a simple proportional controller C2(s) = K 2 in the inner loop, the
inner closed-loop transfer function is

KefLs

H. = .
2(5) Ts?>+s+ KKpeLs

(7.29)

If the dead time term in the denominator is approximated, by using a Taylor series
expansion, as

e LS~ Ls+0.502%72, (7.30)
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then Expression (7.29) becomes

Ke Ls
Hy(s) = 5 . (7.31)
(T+05KKnL)s*+(1—KKpoL)s+ KK
In order for H;(s) to be stable, it has to be
1
Kp < — (7.32)

KL’

A suitable choice, which satisfies Expression (7.32) and provides optimum distur-
bance rejection [116], is

02 (7.33)
With this choice, the inner closed-loop transfer function becomes
efo
Hy(s) = (7.34)

T40.1L 2 ; 0.8 ., 02°
xS T xSt xL

The PID controller is designed in order to mainly address the robustness issue. For
this purpose, the maximum sensitivity is chosen as a robustness measure. It is de-
fined as

1
M; = max - — | (7.35)
0<w<oco |14+ Ci1(jo)Hr(jw)

and it represents the inverse of the shortest distance from the Nyquist curve of the
loop transfer function C1 (s) H2(s) from the critical point (—1, 0). Note that the max-
imum sensitivity is related to the phase margin ¢,, and to the gain margin A,, by
the following inequalities:

A 7.36
m > M, —1 ( )
and
s > 2aresin - (7.37)
> 2 arcsin . .
" 2M;
At this point it is worth rewriting the PID controller transfer function as
As>+Bs+C
Ci65) =k(7s T ) (7.38)
where
K Kpl Ki
A= , B = _—, C = . 7.39
k k k (7.39)
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Then, the controller zeros are chosen in order to cancel the poles of the process seen
by the controller, namely, H>(s). This yields

T+0.1L 0.8 0.2
A:L, B=—, C=——or1 (7.40)
K K KL
and the open-loop transfer function becomes
k —Ls
G(s)=Ci(s)Ha(s) = —e ™. (7.41)

N

In order for G(s) to be tangential to the circle centred in (—1, 0) and with radius
1/M; (i.e., in order for the system to have a maximum sensitivity M), the following
conditions must hold (see Figure 7.5):

G(jw)=—1+ L e (7.42)
M ’ ’
dG(jo) =&
——=——90, 7.43
e— > (7.43)
that is, by considering (7.41),
k . 1
—sin(wL) =1 — —cos¥, (7.44)
w M
k (wL) L s 0 (7.45)
—cos = —siné, .
w @ M;
L+arctan— =7 49 (7.46)
arctan — = — . .
@ oL 2

The nonlinear system of Equations (7.44)—(7.46) has no analytical solution. How-
ever, an approximate solution for parameter k can be determined numerically as

[141]
1 1.508
k= _<1.451 - ) (7.47)
L M

N

The PID parameters are therefore given as

1 1.2064
K, =—(1.1608 — , 7.48
! KL < N > ( )

1 0.3016
Ki1=—=510.29 - , 7.49
il KL2 < MS ) ( )
T+0.1L 1.508

a=———(1.450— . (7.50)

s
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Fig. 7.5 Explanation of the maximum sensitivity concept

Summarising, Expressions (7.33) and (7.48)—(7.50) provide the tuning of the two-
degree-of-freedom controller once the maximum sensitivity parameter has been
specified by the user. Note that if a standard PID controller with set-point weight
is considered, by applying Expressions (7.24)—(7.27) it can be easily deduced that

1 1.2064

K,= —<1.3608— ), (7.51)

KL :
K; = Ky, (7.52)
Kis=Kga, (7.53)

and

1.1608 M, — 1.2064
= : ) (7.54)

1.3608 M, — 1.2064

As an illustrative example, consider the process

P(s) e 02, (7.55)

- s(s+1)

By applying the tuning rule (7.33) K> = 1 results, independently on the selected
value for the maximum sensitivity. Then, if the typical (low) value My = 1.4 is
chosen [5], by applying the tuning rules (7.48)—(7.50), it results K ,; = 1.495, K1 =
1.864, and K41 = 1.901 (if tuning rules (7.51)—(7.54) are employed, it is K, =
2.495, K;1 = 1.864, and K41 = 1.901, 8 = 0.6). The set-point and load disturbance
step response is shown in Figure 7.6.

Alternatively, if the typical (high) value M, = 2.0 is chosen [5], by applying the
tuning rules (7.48)—(7.50), it results K ;1 =2.788, K;; =3.480, and K41 = 3.550 (if
tuning rules (7.51)—-(7.54) are employed, itis K, =3.788, K;; =3.480, and K41 =
3.550, B =0.736). The corresponding result is plotted in Figure 7.7. It appears that,
as expected, for a higher value of the maximum sensitivity, the control system is
more aggressive, and therefore a better load disturbance rejection performance is
paid by a higher control effort.
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Fig. 7.7 Results obtained with the method based on sensitivity specifications (M; = 2.0)

7.3.2 Tuning Method Based on Phase and Gain Margins

A possible alternative to the method described in Section 7.3.1 is to specify the re-
quired gain and phase margins instead of the required maximum sensitivity [142,
143]. This means that the same procedure of Section 7.3.1 is followed, but Equa-
tions (7.42) and (7.43) are substituted by four equations that impose that the loop

transfer function (7.41) provides the desired gain margin A,, and phase margin ¢,,.
They are

argG(jwp) = —m, (7.56)
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An|G(jwp)| =1, (7.57)
|G(jwy)| =1, (7.58)
¢m =7 +argG(jwy), (7.59)

where wy is the gain crossover frequency, and w), is the phase crossover frequency.
By considering Expression (7.41), this set of equations can be rewritten as

T

wpL = > (7.60)

w
A, = 7” (7.61)
k = w,, (7.62)

bid
b =2 — L. (7.63)

From Equations (7.61)—(7.62) it can be deduced that

Apwg =wp. (7.64)

Multiplying both sides of (7.64) by L and considering (7.60) and (7.63), the relation
between the gain margin and the phase margin can be derived (note that this is the
same result obtained in Section 3.1.3):

T 1
bm = 5(1 - E) (7.65)

Then, by choosing the reasonable values A,, = 3 and ¢,, = 60°, from (7.60) and
(7.61) the value of k can be obtained as

h=—2 =T (7.66)
2A,L 6L
Hence, the PID parameters can be determined as

. (7.67)
ML= 95K '

Ki = —~ (7.68)
T 30K '

(T +0.1L)

Kjj=—-=. 7.69

d1 6K L (7.69)

The equivalent standard single-loop PID controller with set-point weight can be
determined easily by considering Expressions (7.51)—(7.54) as

P _271+3 (7.70)
P 15KL’ ’

K; =K1, (7.71)
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Fig. 7.8 Results obtained with the method based on phase and gain margins specifications

Kq=Ka, (7.72)
and
p= " (7.73)
T 243 ’

As an illustrative example, consider again process (7.55). By applying the tun-
ing rules (7.33) and (7.67)—(7.69), the following parameters are obtained: K, =1,
K, =2.094, K;1 =2.618, K41 =2.670 (or, equivalently, K, = 3.094, K; =
2.618, K; =2.670, B = 0.677). The resulting set-point and load disturbance step
response is shown in Figure 7.8.

7.3.3 Tuning Method Based on a New Robustness Specification

Alternatively to the maximum sensitivity and to the gain and phase margins, a new
robustness measure A, to be employed in the controller design, has been proposed in

[149]. It is defined as the inverse of the maximum absolute real part of the open-loop
transfer function (see Figure 7.9), namely,

1 .
o= max |Re[G(jw)]|- (7.74)

0<w<oo

This new specification is related to the gain and phase margins by means of the
following inequalities:

Ay > A, (7.75)
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bm > arccos(%). (7.76)

Then, if the internal loop is considered with a process model (7.28) and a propor-
tional controller C>(s) = K 2, the robustness index can be determined as

[ KK e /oL ]‘

— = max —
0<w<oo jo(joT +1)
T L in(wL
~ max |- Ksza) cos(wL) + sin(wL)
0<w<oo w(?T?+1)
— lim | — Ksza)T cos(wL) + sin(wL)
w—0 w(@?T?2+1)
= KK, »(T+1L). (7.77)

By choosing the reasonable value A = 2 it is evidently

0.5
= — 7.78
2T KT +L) 779
With this choice, the inner closed-loop transfer function becomes
e—Ls
Tr(s) = (7.79)
T24TL40.25L2 T+0.5L 0.5
K(T+L) s+ ISETSRIED ()

The same concept can be employed for the tuning of the controller Cy. By ex-
ploiting again a pole-zero cancellation as in Sections 7.3.1 and 7.3.2, the parameters
of the PID controller (7.38) are determined as

_ T+ TL+025L7

, (7.80)
K(T + L)
_ T+05L (7.81)
T K(T+L) ’
= L, (7.82)
K(T +L)

This yields the open-loop transfer function (7.41). In order to determine the param-
eter k, the same robustness measure as before can be used. Thus, it is

1 ke ioL
— = max Re|: - :|
0<w<oo Jw

’ —ksin(wL) ‘
= max |————
0<w<oo w
.| —=ksin(wL) ‘
=lm|——
w—0 w
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Fig. 7.9 Explanation of the A robustness measure

= lim

w—0

=kL. (7.83)

—kL cos(wL) ‘
1

By choosing again A = 2 itis evidently k = 0.5/L, and therefore the PID parameters
are determined as (see (7.39) and (7.80)—(7.82))

_ 0.5(T +0.5L)

= _ =7 7.84

P TRLT D) (789
0.25

R . 7.85

T KL(T+1L) (7:83)
0.5(T*>+TL+0.25L?

Ky =PI+ TLA ). (7.86)

KL(T + L)

Equivalently, the parameters of a standard PID controller with set-point weight are

_0.5(T +1.5L)

= = 7.87
P KL(T+1L) (7:57)
0.25
==, (7.88)
KL(T +L)
0.5(T>+ TL+0.25L%
K, = T +TL+ ), (7.89)
KL(T +L)
8= T +0.5L (7.90)
T +1.5L° ’

The same process (7.55) is considered as an illustrative example. By apply-
ing the devised tuning rules, the following controller parameters can be deter-
mined: K> =0.420, K1 =2.292, K;1 = 1.042, K41 = 2.521 (or, equivalently,
K,=2.708, K; =1.042, K; =2.521, B = 0.677). The resulting set-point and load
disturbance step response is shown in Figure 7.10.
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7.4 PID-PD Structure

The last case addressed in this chapter is the use of a PD controller in the inner loop
and a PID controller in the outer loop, namely (for convenience, the derivative filter

is neglected),

Ca(s) = Kpo(1 + Tas),

Kii
Ci(s)=Kp1 + e + Kg15.

In this case, the control variable can be written as (see Figure 7.1)

K;
U(s) = <Kpl + Tl + Kd15>(R(S) —Y(s)) — Kpo(1+ Ty25)Y (s)

= (Kpl +Kp2)<

Kpl +Kp2

Kai
+ (Ka1 + Kp2Ta2)s

Kat + KppTyo

K g - Y(s)) + %E(s)

R(s) — Y(S)>,

(7.91)

(7.92)

(7.93)

which is the output of a parallel PID controller with set-point weight 8 for the pro-
portional action and a set-point weight y for the derivative action (see Section 2.1.2),

where

Kp = Kpl +Kp2s
K; =Ky,

Ki=Kag + Ka,

(7.94)
(7.95)
(7.96)
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Kpl
g = (7.97)
Kpl + KpZ
and
K
y=———da (7.98)
Kt + KTy

7.4.1 Tuning Method Based on a New Robustness Specification

The method described in Section 7.3.3 can be extended to the case of PID-PD con-
troller [150]. By considering the process model (7.28), the inner loop controller can
be designed by applying a pole-zero cancellation, namely,

Ty =T. (7.99)

The inner loop transfer function is therefore
KK
H(s) = Ca(s) P(s) = —2e™H, (7.100)
s

and the controller gain K > can be determined based on the robustness specification
X (see Section 7.3.3). Indeed, it is

1
— = max
0<w<oo

R KK pe Ik
e —_—
jo

—K K ppsin(wL)

w

= max
0<w<oo

—K K sin(wL)
w
—K KL cos(wL)
1
=KK,»L. (7.101)

= lim
w—0

= lim
w—0

Hence, by selecting A =2, it is

1

Kyp=—. 7.102
p2 KL ( )

With this PD controller, the inner closed-loop transfer function is

Ke—LS

Hy(s) = ,
Ts2+ s+ 5 (Ts+ De ks

(7.103)




7.4 PID-PD Structure 137

which, by approximating the dead time term in the denominator as e ™% = 1 — Ls,
can be rewritten, after a few trivial passages, as

e—Ls

Hy(s) =

(7.104)

T L+T 1

%5+ kLS T T
The parameters of the PID controller (7.38) are determined, by applying again a

pole-zero cancellation as

T
A=——, (7.103)
2K
L+T
= L, (7.106)
2KL
C= ! (7.107)
T2KL’ '

and this yields the open-loop transfer function (7.41). The parameter k can be there-
fore determined as in (7.83) by considering the robustness measure A, yielding
% = kL, and therefore, by selecting A = 2, it is k = 0.5/L. Thus, the PID tuning
rules are

0.25(T + L)
0.25
il KI2 (7.109)
0.25T
Kj=——. 7.110
dl XL ( )

Equivalently, the parameters of a standard PID controller with set-point weights (for
both the proportional and derivative action) are

25BL+T
K zw, (7.111)

P KL?
i = %, (7.112)
Kq= %, (7.113)
T+L
B = ﬁ (7.114)
y = % (7.115)

Note that the set-point weight applied to the derivative action is independent of the
process parameters.
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Fig. 7.11 Results obtained with the method based on a new robustness specification for a PID-PD
controller

As an illustrative example, the same process (7.55) is considered. By applying
the devised tuning rules, the following controller parameters can be determined:
Kpp=25Tn=1, Ky =75, Ki1 =6.25, K41 = 1.25 (or, equivalently, K, =
10, K; =6.25, K4 =3.75, B =0.75, y = 1/3). The resulting set-point and load
disturbance step response is shown in Figure 7.11. By comparing this result with
the one shown in Figure 7.10, it appears that the presence of the derivative action
in the inner loop controller allows the design of a more aggressive controller in the
outer loop and therefore to obtain a better load disturbance performance rejection
without impairing significantly the set-point following performance. However, this
is obtained at the expense of a more significant control effort.

7.4.2 A More Complex Controller

An alternative controller form, similar to the PID-PD structure, has been proposed
in [66]. In this case, while a PD controller (7.91) is employed again for the inner
loop, the controller of the outer loop has the following form (it will be shown here-
after that, actually, this is not a standard PID controller in series form):

Ki1

N

C1(S)=Kp1<1+ )(l—i—les). (7.116)

Regarding the controller C;, by selecting again the derivative time constant of the
filter equal to the time constant of the SOIPDT process, i.e., Tgo = T, the open-
loop transfer function (7.100) results. In this case, the proportional gain is selected
by considering that the gain that stabilises the integral process can be derived, by
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applying the Nyquist stability criterion, as

%_¢m

Ky = XL (7.117)
and therefore, an appropriate tuning is to select ¢, = 61.3°, that is,
2= % (7.118)
Then, the internal closed-loop transfer function becomes
Ke—Ls
T(s) = (7.119)

(Ts+ (s + 5)

In order to perform a pole-zero cancellation, instead of approximating the dead time
term, in [66] it is suggested to select

Tin=T (7.120)
and
e*Ls
Ki1 = . 7.121
il oL ( )

Note that the presence of the delay in the integral action means that this controller
is indeed different from a standard PID controller. In particular, it can be said that
the integral action exhibits a dead-time compensation.

Finally, the proportional gain is tuned by addressing the robustness issue. Indeed,
by considering that with the previous choice the overall loop transfer function is

K1 K
W(s) = —PLZ o= Ls, (7.122)
relations (7.56)—(7.59) give the following expression:
Om
Kp=——"-—"—. 7.123
P2 A, — DKL (7.123)

Although any values can be considered for the desired gain and phase margins, it is
suggested to select A,, = 3 and ¢,, = /3. This yields

10,5236
2T TR

(7.124)

The same process (7.55) is considered as an illustrative example. By applying the
devised tuning rules, the following controller parameters can be determined: K, =
25, Tix =1, Kp1 =2.618, K;1 =2.5, Ty1 = 1. The resulting set-point and load
disturbance step response is plotted in Figure 7.12. It appears that system achieves
very good performance in both the set-point following and the load disturbance
rejection.
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Fig. 7.12 Results obtained with the more complex controller
7.5 Conclusions

In this chapter it has been shown that the control of an IPDT process can be ad-
dressed by considering a two-degree-of-freedom control scheme where an internal
loop with a P(D) controller is employed to mainly stabilise the system and then
an external loop with a PI(D) controller is obtained to achieve the required perfor-
mance. It has been highlighted that the overall control scheme can also be seen as
a standard PID controller with set-point weight for the proportional action and, in
case, for the derivative action. Thus, the implementation of the presented method-
ologies is not particularly difficult, also because the design techniques end up with
tuning rules easy to apply. Finally, it has been shown that the presence of a dead time
term in the integral action of the external controller yields a significant improvement
in the performance (at the expense of an increased complexity of the controller).



Chapter 8
Smith-predictor-based Control

When the dead time of the integral process is significant, traditional control schemes
such as those seen in the previous chapters might not be sufficient to obtain the re-
quired performance. In these cases, a dead time compensator can be considered. The
most well-known control scheme where a dead time compensator is implemented is
the Smith predictor, which, however, in its classical implementation, fails to provide
a null steady-state error in the presence of a constant load disturbance if the process
exhibits an integral dynamics. For this reason, mainly, different modifications of
the classical Smith predictor have been proposed in the literature to overcome this
drawback. These approaches will be reviewed and compared in this chapter.

8.1 Classical Smith Predictor

The presence of a significant dead time in a process prevents the achievement of a
high-performance control system because it is difficult to obtain a high value of the
gain crossover frequency (namely, a fast transient response) and a satisfactory phase
margin (namely, a small overshoot) at the same time. In order to compensate the ef-
fect of the dead time, a dead time compensator can be designed. The Smith predictor
is a one-degree-of-freedom control scheme that can be considered as the classical
solution to be employed as a dead time compensator [114]. The control scheme is
shown in Figure 8.1, where P(s) is the delay-free part of the process. It appears that
the presence of the model of the process is used in order to predict the future values
of the output. In particular, if a perfect model of the process is employed, the feed-
back signal can be trivially expressed as y(t + L) where L is the dead time of the
process. In other words, the dead time is outside of the control loop, as it is shown
in Figure 8.2, which represents, from the point of view of the set-point response,
an equivalent scheme of Figure 8.1. In this way, the controller can be designed, in
principle, as the process were delay free. Obviously, the unavoidable modelling un-
certainties have to be taken into account, and therefore it is not advisable to design
an aggressive controller as it could make the overall control system unstable.

A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 141
Advances in Industrial Control,
DOI 10.1007/978-0-85729-070-0_8, © Springer-Verlag London Limited 2011
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Fig. 8.2 Equivalent block diagram of the classical Smith predictor

In any case, while the classical Smith predictor is effective for self-regulating
processes, when it is applied to integral processes, it is unable to provide a null
steady-state error in the presence of a constant load disturbance d [16]. In fact,
consider the IPDT process

K
P(s) = —e L, 8.1
s
for which, evidently, f’(s) = K /s, and a PI controller

1
C(s):Kp<1+a). (8.2)

According to the control scheme of Figure 8.1, the process output can be calculated
as
1 VK —L:
Kp(l + H)Te '
= & R
1+ Kp(l + ﬁ)?
1 \K —L
K oo, Kot g)5e™
+ —e — % | P,
s L+ Kp(1+ 75) 5

N

Y(s)

(8.3)

and therefore, by considering only the load disturbance response, the expression of
the process output can be rewritten as

K(Tis> + KKpTi(1 —e L%)s + KK (1 — e E5))eLs
s(T;s> + KK,Tis + KK)p)

Hence, when a unit step signal is applied as a load disturbance (i.e., D(s) = 1/s), by

applying the final value theorem and the 1’Hopital’s rule, it can be determined that

the steady-state value of the process output is K L.
As an illustrative example, consider the process

Y(s) =

D(s). (8.4)

1 —5s
P(s) = ;e : (8.5)
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Fig. 8.4 Block diagram of the modified Smith predictor

691—&

P(s)e™ Yy

and a PI controller with K, = 0.1 and T; = 27. The response of the classical Smith
predictor of Figure 8.1 when a unit step is applied to the set-point at time t =0 and a
step of amplitude d = —0.1 is applied as a load disturbance at time = 150 is shown
in Figure 8.3, where it appears that a steady-state error occurs in the presence of a
constant load disturbance.

In order to overcome this problem, different solutions have been proposed in the
literature. They will be presented in the next sections.

8.2 Modified Smith Predictor

A modification of the original Smith predictor to cope with load disturbances has
been proposed in [145]. It consists of modifying the scheme of Figure 8.1 and is
shown in Figure 8.4 (note that it is still a one-degree-of-freedom controller).

In this case,

1—1Ls

Pi(s)=K (8.6)

If C(s) is a PI controller (see (8.2)), the transfer function between the set-point r
and the process variable y is
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Fig. 8.5 Results obtained by applying the modified Smith predictor (nominal case)

C(s)P(s)
_Y(s)  TFCmPI6)-PG)

- - C(s)P(s)
R& 1+ memmio-ron

_ C()P(s)
T 14+ C(s)Pi(s)
KK, (Tis+1)e s
TT(- KK,L)s?+ KK,(T; —L)s + KK’

H(s)

(8.7)

while the transfer function between the load disturbance d and the process variable
yis
Y(s) P(s)

= C(s)P(s)
D(s) 1+ TFCOPIG)—PG)

_ KT —KK,L)s* + KK,(T;—L — Tie ™ 5)s + KK, (1 — e L)) L
B s(T;(1 - KK,L)s>+ KK,(T; — L)s + KK ) '

Hy(s) =

(8.8)

It can be easily determined (by applying the final value theorem) that, with this
modification, the controller is capable to provide a null steady-state error in the
presence of a constant load disturbance. For example, consider again process (8.5)
and a PI controller (as in Section 8.1) with K, = 0.1 and 7; = 27. The response of
a unit step set-point signal and of a step load disturbance of amplitude d = —0.1 is
plotted in Figure 8.5.

The null steady-state error is achieved also in the presence of modelling uncer-
tainties. For example, when there is a 10% estimation error in the dead time (namely,
the value of the dead time term employed in the controller is L = 5.5), the response
is shown in Figure 8.6. The control scheme is effective, but since it is a one-degree-
of-freedom control scheme, it is difficult to achieve high performance in both the
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Fig. 8.6 Results obtained by applying the modified Smith predictor (perturbed case)

set-point following and load disturbance rejection. An alternative Pj(s) proposed in
[9] is
P(s)
Pi(s) = ——. (8.9)
(Ls+1)
In this case, if C(s) is a PI controller (see (8.2)), the transfer function between the
set-point r and the process variable y is
C$)P(s)
LY Tenho) P
"R - C(s)P(s)
S O IIO=Z0)
KKp(s+7)(s+ )™

3,10 KKy | KKy~
s+Ls+ LS+T,~L

H(s)

(8.10)

while the transfer function between the load disturbance d and the process variable
yis
Y(s) P(s)

= C(s)P(s)
DS 1+ memirmr—ray

K((14+Ls)s> + KKp(s + 7)1 = (1+ Ls)e™=5))e L

B s(Ls3—|—s2+KKps+KT1l_<”)

Hy(s) =

8.11)

In case a PID controller is employed, namely,

1
Cs)=K, <1 it Tds> (8.12)
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Fig. 8.7 Results obtained by applying the modified Smith predictor with the alternative choice for
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it results in
Y(is) KKps(s+ L)(ngs2 +s5+ i) —Ls

H(s) = RG) o4 1+KK,, e KK,, ot KK,, (8.13)
and
_ Y(s)
a(s) DG)
K((1+Ls)s*> + KKp(Tus® + s+ )(1—(1+Ls)e Lsy)e~
B s(Ls3 + (1 + KK, Ta)s? + KK ps + 2X2)
(8.14)

Also in this case it can be easily determined that the controller is capable to
provide a null steady-state error in the presence of a constant load disturbance. As
an illustrative example, consider again process (8.5) and a PI controller (as in Sec-
tion 8.1) with K, = 0.1 and 7; = 27. The response of a unit step set-point signal
and of a step load disturbance of amplitude d = —0.1 is plotted in Figure 8.7. If
there is a 10% estimation error in the dead time (namely, the value of the dead time
term employed in the controller is L = 5.5), then the result obtained is shown in
Figure 8.8.

8.3 Astrom—Hang-Lim Modified Smith Predictor

The new Smith predictor devised by Astrom, Hang, and Lim [9] has received con-
siderable attention in the last years. Its rationale and the developments that has been
proposed are presented hereafter.
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Fig. 8.9 Block diagram of the Astrom—Hang—Lim modified Smith predictor

8.3.1 Methodology

The control scheme is shown in Figure 8.9, where it appears that a key role is played
by the transfer function M (s) whose output represents an estimate of the load dis-
turbance d. The transfer function between the set-point and the process variable
is

_Y()  kKe B 14 M@e)Kel ggels

H(s) = = = ,
(<) R(s) s+kK 1+ M@s)Ee-Ls  s+kK

(8.15)

and it is therefore independent of the M (s) block, which can be designed by consid-
ering the load disturbance rejection task only. By noting that the transfer function
between the load disturbance and the process output is

Y(s)  Kels
D(s) 1+ M(s)Ke-Ls’

Hy(s)= (8.16)
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and by considering Expression (8.11), it can be derived that selecting

C(s) _ C(s)
Ci) T lx CGs) ’
1+C(s) (P (5)—P(s)) 14+C6) (s — 5 e™)

M(s) = (8.17)

the same load response of the modified Smith predictor of Figure 8.4 is obtained.
However, the load response can be improved by choosing a different transfer func-
tion for M (s), which depends on three design parameters:

K4+ %
L+ KK+ 52 4 Ko g (B4 Byets
where, in order to be lim,_,o Hy(s) =0,
Ki=K>+ K3L. (8.19)

With this choice, the transfer function between the load disturbance and the process
output is

M(s) =

, (8.18)

K((+KKi)s>+KKors + KKz — K (K45 + K3) e L5)eLs
s((1+ KK1)s2+ KKss + KK3)

It can be easily shown that this choice yields a null steady-state error in the pres-

ence of a constant load disturbance. Further, it can be noted that, if only the load

disturbance is considered, the scheme of Figure 8.9 is equivalent to the scheme of
Figure 8.4 if

Hy(s) = . (8.20)

2
Py(s) = B(s) 18"+ Kas + K3 (8.21)
Kys + K3
The use of three additional design parameters provides to the two-degree-of-
freedom control scheme the capability of improving the performance with respect
to the modified Smith predictor control scheme of Figure 8.4.

As an example, consider again process (8.5) and the following values of the con-
troller parameters: k = 0.5, K1 =4, K> =3, K3 = 0.6. Then, assuming that the dead
time is estimated perfectly (as well as the process gain), itis K4 = K> + K3L = 6.
The results related to the same control task of Section 8.2 are shown in Figure 8.10.
It appears that, as expected, the use of a two-degree-of-freedom controller achieves
satisfactory performance in both the set-point following and load disturbance rejec-
tion tasks. In order to verify the robustness of the controller to modelling uncer-
tainties, a dead time estimation error of 10% is considered, that is, the estimated
dead time is L = 5.5, and therefore K4 = K> + K3L = 6.3 (the other controller
parameters are the same as in the nominal case). The related results are shown in
Figure 8.11.

8.3.2 Robust Tuning Method

The control scheme proposed by Astrom, Hang, and Lim appears to be effective,
but its tuning can be difficult because there are four parameters involved apart from
k and their physical meaning is not entirely clear.
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In order to provide an effective help in this context, a robust tuning method has
been proposed in [30]. In fact, the block M (s) can be realised as shown in Fig-
ure 8.12, where

KKy4s + KK3
Mo(s) = . (8.22)
(1+KK1)s2+ KKys + KK3
This expression can be rewritten as
1
Mo(s) = — 235+ (8.23)

ais? +axs +1
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Fig. 8.12 Equivalent representation of the M (s) block

with
1+ KK K K
g =T8RSR R (8.24)
K K3 K3 K3
Hence, the transfer function H,;(s) (see (8.20)) can be written as
Mo(s)
Hys)=(1—-— P(s) | P(s). (8.25)
P(s)

By taking into account Expressions (8.23) and (8.24), in order to obtain a null
steady-state error when a constant load disturbance occurs, condition (8.19) be-
comes

Then, the damping factor a>/(2./ay) for the second-order system (8.23) is chosen
as 1/+/2 so that a fast disturbance response with acceptable overshoot is achieved.

Thus,
ar =+/2ajy. (8.27)

By considering that the (open-loop) transfer function from d to d is (see Fi gure 8.12)
Mo(s)

W(s) := P(s)M(s) = P(s)——& O . (828)
1-%1)@) 1 — Mo(s)e~Ls

we have that the related complementary sensitivity transfer function can be deter-
mined as

W(s)
1+ W(s)

At this point, consider a process model P,,(s) with multiplicative uncertainty,
namely,

Ho(s) := = My(s)e 5. (8.29)

P(s)= P, (s)(l + A(s)), (8.30)

where
K ‘
Py(s) = —Zetms, (8.31)
S

and assume that the uncertainty is only for the dead time (this is the most critical
case), namely (K = K,;),

K
P(s) = —e¢ Lntals = p, (s)e™ 40, (8.32)
N
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The uncertainty can be therefore seen as a multiplicative uncertainty where
A(s) =e A5 — 1. (8.33)

The robust stability criterion for multiplicative uncertainty is given by the fol-
lowing expression [22]:

| A(s)Ho(9)||, <1 (8.34)

which, by taking into account (8.29) can be rewritten as

|Mo(jw)| < G (8.35)
that is (see (8.23) and (8.33)),
jaso + 1 ! Vo. (8.36)

< .
1 —a1w? + jarw| |e—J@AL — 1|

Now, consider the delay margin D,,, i.e., the maximum delay error that the sys-
tem can tolerate before becoming unstable. According to the definition of phase
margin, it is

bm T
=——, 8.37
w. 180 ( )
where o, is the gain crossover frequency. If AL = D,,, then it is
| AGiwe) Ho(jwo) || = Ao Mo(jeo) | = 1. (8.38)

Hence, by approximating the dead time term with a first-order Taylor series expan-
sion, i.e., e AL =1 — ALs, it can be deduced that

1+ a%w% 1

2 2 P22
(1 —a1w2)? +as0? Dy o;

(8.39)

Now, consider the phase margin ¢, = 180/7 = 57.3°, which is a sensible value.
In this case, D, = 1/w. (see (8.37)), and, by considering also Expression (8.27),
Equation (8.39) becomes

1+4
ﬁ _1, (8.40)
that is,
Dy = Z—; (8.41)

It is sensible to choose a delay margin proportional to the maximum delay uncer-
tainty ALpax. By considering D,;, = 2AL ., it results

a1 =2a3 AL max- (8.42)
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Thus, by considering (8.26), (8.27), and (8.42), the values of the parameters of
My(s) can be obtained as

a2 =2(ALmax + \/ALgm + Ly ALmax),

2
Y (8.43)
2
az=ay+ Ly,.

In order to tune the parameters of the M (s) transfer function (8.18), it is sufficient
to select

Ky =1, (8.44)
and then from (8.24) it can be deduced that
K> =2(ALmax + \/ AL2 4 LinALmay), (8.45)
1, 1
Ki==-K;5——, 8.46
1 ) 2 K ( )
Ki=Ky+ Ly,. (8.47)

As an illustrative example, consider the true process
P(s) = %e_ss (8.48)
and consider the following process model:
P (s) = %e‘s'ss, (8.49)

thatis, K = K, =1, L =5,and L,, =5.5. Then, by selecting ALy,x = 0.5, formu-
lae (8.44)—(8.47) give K1 = 8.96, K» =4.46, K3 =1, and K4 = 9.96. In addition,
the gain k = 0.5 has been selected. The set-point and load disturbance step responses
are shown in Figure 8.13, where the effectiveness of the tuning procedure appears.

8.3.3 Simplified Tuning Method

As an alternative to the robust tuning method presented in Section 8.3.2, the simple
approach proposed in [153] can be considered. It consists in representing the M (s)
block as shown in Figure 8.14.

In this case, the disturbance response is given by the transfer function (see (8.20)
and (8.25))

Hy(s) = (1 — sMo(s)P(s)) P(s) = (1 — Mo(s)Ke_L‘Y)ge_Ls. (8.50)

In order to obtain a null steady-state error in response to a constant load disturbance,
the condition

lim Hy(s) =0 (8.51)
S—>
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Fig. 8.13 Results obtained by applying the robust tuning method to the Astrom—Hang—Lim mod-
ified Smith predictor (perturbed case)

Fig. 8.14 Another equivalent representation of the M (s) block

is equivalent to the condition that zero s =0 in 1 — My(s)K e Lshasa multiplicity
equal to two. This implies that

lim (1 — Mo(s)Ke 1) =0 (8.52)
s—
and
: d —Ls
lim — (1 — Mo(s)Ke™ ™) =0. (8.53)
s—=>0ds
Condition (8.52) yields
1
My(0) = —, 8.54
0(0) X (8.54)

while condition (8.53) yields
L .
2L My(0) — ra My(0) =0. (8.55)

Thus, My(s) should satisfy (8.54) and (8.55) at the same time. A possible solution
is to consider

1 as+1

(8.56)
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Fig. 8.15 Results obtained by applying the simplified tuning method to the Astrom—Hang—Lim
modified Smith predictor (nominal case)

where, by considering (8.55), it has to be

a=21+1L. (8.57)
Thus,
1 QA+ L)s+1
Mos) = 2 EL (8:58)
K (s+1)
and
As+ D2 — (A + L De s K
Hysy= ST D =@+ Dsthe ™ K (8.59)

(As +1)? s

It appears that the disturbance response depends on the design parameter A which
can be tuned in order to meet the desired specifications. In particular, it has to be
noted that My (s) is, in fact, a low-pass filter whose bandwidth is a monotonic func-
tion of A. In any case, it is difficult to address the transfer function (8.59) analyti-
cally, and therefore a rule of thumb, which considers modelling uncertainties, has
been established [153]. It is suggested to select X in the interval between 0.5L and
1.5L.

As an illustrative example, process (8.5) is considered again. By selecting kK = 0.5
for the set-point response and A = L = 5 for the load disturbance rejection, the
obtained results are shown in Figure 8.15. If the dead time term is estimated as L =
5.5 (and the value of A = 5.5 is selected accordingly), the obtained results are those
shown in Figure 8.16. Despite the simplicity of the technique, a high performance
is achieved.
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Fig. 8.16 Results obtained by applying the simplified tuning method to the Astrom—Hang—Lim
modified Smith predictor (perturbed case)

Fig. 8.17 Anti-windup compensation scheme for the modified Smith predictor

8.3.4 Anti-windup Compensation

In the presence of an actuator saturation, the performance obtained by the modified
Smith predictor can be decreased by the windup phenomenon (see Section 2.1.2).
In order to solve this problem, a very simple anti-windup compensation strategy
has been proposed in [28]. An additional saturation block is placed in the control
scheme, just after the gain k, as shown in Figure 8.17. This saturation block should
describe the actuator constraint acting on the process input (which has also been
inserted in the scheme of Figure 8.17). The added saturation block aims at predicting
(and therefore compensating) the adverse effects of the process input saturation.

As an illustrative example of the effectiveness of this simple technique, the same
nominal case of Section 8.3.3 is considered, where an input saturation limit of 0.2
has been implemented. The set-point unit step response without the anti-windup
compensation in shown in Figure 8.18. Only the set-point response has been con-
sidered because it is the one that is mainly affected by the windup phenomenon. It is
evident that the performance is worsen by the presence of the saturation, as an over-
shoot appears and the settling time is increased. Conversely, by applying the anti-
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Fig. 8.19 Results obtained by considering input saturation and an anti-windup technique

windup technique (see Figure 8.19), the set-point response is smooth (and without
overshoot) as in the case where the input saturation is not involved (see Figure 8.15).
Similar results are obtained also in the presence of modelling uncertainties.

8.4 Matausek—Micic Modified Smith Predictor

A simple and straightforward modification of the original Smith predictor to cope
with integral processes has been presented in [69]. The basic scheme and a further
improvement are explained in the next subsections.
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Fig. 8.20 Block diagram of the Matausek—Micic modified Smith predictor

8.4.1 Basic Scheme

The modification consists in adding an additional feedback loop from the difference
of the process output and the model output to the control variable, as it is shown in
Figure 8.20, where M (s) is a simple gain, i.e.,
M(s) = K. (8.60)
Actually, d is evidently an estimate of the load disturbance d. In the nominal
case, the set-point and load disturbance response is given by (note that it is assumed
that the process is described by an IPDT model (8.1))
K, Ke Ls
Y(s) = ———R(s)
s+ KK,
KG+KK, (1 —e L%))e Ls
(s +KK,)(s + KoKe Ls)

D(s). (8.61)

It can be noted that
K+ KK (1 —e L5))e Ls
20 (s + KK (s + KoKe L)
namely, a null steady-state error is ensured in the presence of a constant load dis-
turbance. Moreover, the scheme has a two-degree-of-freedom structure, because
only the load disturbance compensation performance depends on the design param-
eter K.

In order to provide rules for the tuning of the controller (i.e., for the determination
of the values of K¢ and K), the following considerations can be done. From (8.74) it
is apparent that the stability of the modified Smith predictor control system depends
on the roots of the characteristic equation

=0, (8.62)

(s+ KK,) (s + KoKe ™) =0. (8.63)
While an analysis of the roots of the equation
s+ KoKe =0 (8.64)

can be performed by applying a root locus technique, for the purpose of tuning, it
is sufficient to determine the ultimate gain Ko, . In this context, Equation (8.64) can
be rewritten as

14+ W(s)=0, (8.65)
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where, evidently,

KoK
W(s) = —22 g~ Ls, (8.66)
S

Then, the ultimate gain K, can be determined by setting the phase margin ¢, =
7w+ arg{W (jw.)} of W(s) to zero, that is, by solving the following system:

m +arg{W (joo)} =0, (8.67)
W (joo)|=1. (8.68)
It yields
Koy = ——. (8.69)
2KL

A sensible value of K| is therefore given by (see Section 7.4.2)

Ko = M (8.70)
0= kL '
that is,
Ko = ! (8.71)
T 2kL '
if a phase margin of W (s) equal to ¢,, = 61.3° is selected.
Regarding the choice of the parameter K, it is worth rewriting it as
_ ! (8.72)
"T KT, '

because, in this way, it is clear from Expression (8.61) that 7} is the time constant of
the closed-loop set-point step response. Thus, 7, has a clear physical meaning and
can be selected by considering the trade-off between aggressiveness and robustness.
In any case, a rigorous robust tuning procedure has been presented in [43].

As an illustrative example, the same control task of the previous subsections is
considered, namely, a unit step signal is applied to the set-point at time r =0, and a
load step disturbance of amplitude —0.1 is applied at time ¢t = 150 to process (8.5).
The result obtained by selecting 7, =2 (i.e., K, = 0.5) in the nominal case (that is,
Ko=1/(2KL)=0.1) is shown in Figure 8.21. If the perturbed case in considered,
that is, the dead time is estimated as L = 5.5 and therefore Ko =1/(2K L) = 0.909,
the resulting process and control variable are those plotted in Figure 8.22.

It is worth stressing at this point that, in case the value of the dead time is not
very significant (with respect to the dominant time constant of the process), a similar
approach based on the IMC concept can be employed (note that it can be applied to
SOIPDT processes) [46, 48].
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Fig. 8.21 Results obtained by applying the Matausek—Micic modified Smith predictor (nominal
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Fig. 8.22 Results obtained by applying the Matausek—Micic modified Smith predictor (perturbed
case)

8.4.2 Improvement

An improvement of the previous scheme has been presented in [70]. It consists in
choosing M (s) in the control scheme of Figure 8.20 as
Ko(Tgs +1) T~—Q

Trs+1 10
that is, a (filtered) PD structure is employed instead of a proportional gain. In this
case, the set-point and load disturbance response is given by

M(s) = (8.73)
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—Ls

K
Y(§)=——
s+ KK,

K+ KK (1 —e Ls))eLs

(s+KK.)(s+ %r“)

R(s)

D(s), (8.74)

and therefore the stability of the modified Smith predictor control system depends
on the roots of the characteristic equation

KoK (Tys + 1)e—Ls _o
Tfs—i-l )

By following the same approach of the previous subsection, the following charac-
teristic equation can be analysed:

1+ W(s) =0, (8.76)

(s + KK,) <s + (8.75)

where
KoK (T, 1 '
W(s) := KoK (Tas +1) )e*L‘.
s(Trs+ 1)

Then, by choosing the value of the derivative time constant 7; to be proportional to
the dead time L, that is,

(8.77)

Tg=alL, O0<a<l, (8.78)

one can obtain the solution of Equation (8.67) after having neglected the first-order
filter in M(s) (because Ty = T;/10) and after having exploited the following ap-
proximation:

arctan(aLw.) = aLw,. (8.79)
It results to be
2=t b < = (8.80)
W= ————, < < —. .
‘T (l-alL "2
By assuming that
0<KKpaL <1, (8.81)
from (8.68) it can be derived that
KKy
W= ——, (8.82)
V1 —(KKoaL)?
and, finally, by considering (8.80) and (8.82), the gain K can be obtained as
T _
Ko 2~ 9m (8.83)

- KL\/(I —a)*+ (5 - ¢m)2a2.

It appears from (8.78) and (8.83) that the choice of o and ¢,, allows the de-
termination of 7y and K. Note also that the choice o = 0 yields the case of the
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Fig. 8.23 Results obtained by applying the improved Matausek—Micic modified Smith predictor
(nominal case)

previous subsection (see (8.70)). In [70], based on a large number of simulations, it
is suggested to select

a =04, Om = 64°, (8.84)

while the same considerations done in the previous subsection can be applied for
the tuning of K, (see (8.72)).

As an illustrative example, consider the same control task of the previous subsec-
tion. In the nominal case, the application of the tuning rules (8.84) gives Ko = 0.145
and Ty =2 (Ty =0.2), while the same value T, =2 (i.e., K, = 0.5) is selected. The
resulting process and control variables are plotted in Figure 8.23. Conversely, if the
dead time is estimated as L = 5.5, the tuning formula (8.84) gives Ky = 0.132 and
Ty =2.2 (T =0.22), and the corresponding results are shown in Figure 8.24.

It is worth stressing that, in order to cope with the possible occurrence of the
windup phenomenon in the presence of actuator saturation, the same method de-
scribed in Section 8.3.4 can be applied also to the scheme of Figure 8.20 [29]. In-
deed, it is sufficient to insert a model of the actuator saturation just after the gain K,
in order to compensate the windup effect efficiently.

Finally, note that the use of a sliding mode controller instead of the proportional
controller K, has been proposed in [13].

8.5 Normey-Rico—-Camacho Modified Smith Predictor

The two-degree-of-freedom control scheme proposed in [78] has received a signifi-
cant attention in the last few years, as it is shown in the following subsections.
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Fig. 8.25 Block diagram of the Normey-Rico—Camacho modified Smith predictor

L 5 F(s)

b 4

8.5.1 Control Scheme

The Normey-Rico and Camacho scheme consists of a simple modification of the
scheme of Figure 8.4 and aims at improving the set-point response. In particular, a
filter F (s) is applied to the set-point as in the typical two-degree-of-freedom control
schemes (see Figure 2.3). The overall control scheme is shown in Figure 8.25.

In this case, the following choices are made (see (8.6) for the choice of P;(s)):

1
Cs)=K, (1 + ﬁ) , (8.85)

1—Ls
Pi(s)=K .

(8.86)

Obviously, the transfer function between the load disturbance and the process output
does not depend on the prefilter F(s), while the transfer function from the set-point
to the process output is (see (8.7))

F(s)C(s)P(s)

HO=1reomer

(8.87)
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In the scheme of Figure 8.4, if a high performance is obtained in the load disturbance
rejection task, a significant overshoot results in the set-point step response because
of the zero of the primary controller C(s). Thus, the prefilter F'(s) can be employed
effectively to cancel this zero by selecting

1+ aT;s

F(s)= —, 1. 8.88
(s) [+ Ts a< (8.88)

8.5.2 Robust Tuning

The control scheme of Figure 8.25 requires the tuning of three parameters: K,
T;, and «. A typical goal of a design procedure is to obtain a critically damped
closed-loop system (in order to avoid overshoots), which is as fast as possible. By
considering the characteristic equation of the closed-loop system (see (8.7))

T,-(l—KKpL)sz—I—KKp(T,-—L)s+KKp=0, (8.89)
it can be derived that, in order for the closed-loop system to have a double pole in
s = —1/ Ty, the following relations have to be verified:

T, =2Ty+ L, (8.90)
2To+ L
p= T (8.91)
KT+ L)

Then, the value o = 0.4 is suggested after having performed a large number of
simulations.

At this point, the value of Tj has to be selected. For this purpose, a robustness
analysis can be performed. By considering that a nominal process model denoted as
P, (s) = Kme_LmS/s is related to the real process P(s) as

P(s) = Pu(s) + AP(s), (8.92)

the norm-bound uncertainty region |D P| is determined such that the closed-loop
stability is maintained if |AP| < |D P|. The characteristic equation of the closed-
loop system in the presence of uncertainty is

14+ C(s)(Pi(s) + AP(s)), (8.93)

and, therefore, by solving for A P (s), the norm-bound uncertainty can be determined

as

L+ CUo)PIGo) KA+ joTp)’|
|C(jw)l ljo(1+ jo QT+ L)|’

The minimum of the normalised norm-bound uncertainty, denoted as §min, can be
obtained as

|DP| = w>0. (8.94)

Smin =min|DP - K~ =|T¢ 2To + L)™', (8.95)



164 8 Smith-predictor-based Control

and, therefore,

L
To = 8m1n<1 + 1+ : ) (8.96)
min

Hence, the value of Ty can be selected based on value §yin Which has to be
related to the uncertainties of the process. Typically, for processes with dominant
dead time, the robustness issue can be addressed by considering only dead-time
estimation errors [80]. In this case, the normalised uncertainty can be described as

iy PO Puls) 1 4,

AP(s) < - (1—e2H), (8.97)

where
AL=L, — L. (8.98)
Then, by approximating e~%* as 1 — ALs, Equation (8.97) can be rewritten as
AP(s)=e M AL. (8.99)

The modulus of the previous expression for s = jw is evidently constant, and its
value is |AL|. Based on the above analysis, the system is robustly stable, in princi-
ple, if the value §min = AL is chosen for the selection of 7Ty by means of Expression
(8.96). However, by taking into account the approximations done and the fact that
a robust performance is pursued, it is suggested to select the value of dnin between
1.5AL and 2AL if a small overshoot is required.

As a first illustrative example, process (8.5) is considered without uncertainty,
and the value Ty = 2 is selected, for which 7; =9 and K, = 0.18 (see (8.90) and
(8.91)). The set-point and load disturbance step responses are shown in Figure 8.26.

As a second example, as in the previous sections, a dead-time estimation error
AL = 0.5 is considered (namely, the estimated dead time is L,, = 5.5, whereas the
true dead time is L = 5. Thus, the value of §jn =2 - 0.5 = 1 is chosen, and the
consequent value of Tp is 3.55 according to Expression (8.96). The resulting values
of T; and K, are therefore 12.6 and 0.154, respectively. The resulting set-point and
load disturbance step responses are plotted in Figure 8.27.

8.5.3 Improvement

An improvement of the method described in the previous subsections has been pre-
sented in [80]. While the primary PI controller C(s) is chosen as in (8.85) with K,
and 7; given by (8.91) and (8.90), respectively, the filter F(s) is selected, differently
from (8.88), as the second-order transfer function

(1 + Tps)?

F(s)= .
(1+Tis) (1 + Tys)

(8.100)
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Fig. 8.26 Results obtained by applying the Normey-Rico—-Camacho modified Smith predictor
(nominal case)
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Fig. 8.27 Results obtained by applying the Normey-Rico—-Camacho modified Smith predictor
(perturbed case)

In this case, the closed-loop transfer function between the set-point and the pro-
cess output is

Y 1
Hey=2O 1 -1 (8.101)
R(s) Tis+1
while that between the load disturbance and the process output is
K 2To+ L 1
Hy(s)= —e ¢ (1 — %(f“). (8.102)
s (Tos + 1)
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Fig. 8.28 Results obtained by applying the improved Normey-Rico-Camacho modified Smith
predictor (nominal case)

It appears that 77 determines the set-point response, while Tj determines the load
disturbance response, and therefore the two control tasks are fully decoupled. By
taking into account the robustness considerations done in the previous subsections,
the same tuning rule (8.96) can be employed for Tp, while for 77, it is suggested to
select

T =0.6Ty + T, (8.103)

where 7, is the equivalent time constant of the non-integral part of the process
(which has been assumed to be zero in the previous analysis).

The results obtained by employing the improved scheme for the nominal case
(where the same control task of the previous subsection has been considered) are
shown in Figure 8.28. Note that, again, Ty = 2 has been chosen, and, as a conse-
quence, T; =9, K, =0.18, and 77 = 0.6y = 1.2. On the contrary, when the dead
time is erroneously estimated as L = 5.5, the design parameters are determined as
Top=3.55,T; =12.6, K, =0.154, and T1 = 0.6Ty = 2.13, and the results obtained
are plotted in Figure 8.29.

8.5.4 An Alternative Approach

The design method proposed by Normey-Rico and Camacho can be derived also
by considering an Internal Model Control approach [76] (see Section 2.3.2.1), as
pointed out in [155]. Indeed, the control scheme of Figure 8.25 is equivalent to the
IMC scheme of Figure 2.16, where

C(s)

0O =1 emne)

(8.104)
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Fig. 8.29 Results obtained by applying the improved Normey-Rico-Camacho modified Smith
predictor (perturbed case)

By applying the IMC design procedure (which yields an H, optimal controller), it
can be obtained that

1 CQrc+L)s+1

C =
(<) K  (hc+L)’s

(8.105)

where Ac is the filter time constant (see (2.65)). It can be easily seen that this con-
troller transfer function is equivalent to the transfer function (8.85) with the tuning
rules (8.90)—(8.91) if A¢c = Tp. Then, by considering that the IMC control system
transfer function (see Figure 2.17) results to be

Qic+L)s+ le—Ls

8.106
(Aes +1)? ¢ )

the optimal prefilter transfer function (which minimises the H> norm for A — 0)

can be determined as

(Acs + 1)?
(@rc+L)s+ 1) (Aps+ 1)

F(s)= (8.107)
which is equivalent to the prefilter transfer function (8.100) with again A¢c = T and
Ar =T; (in additionto T; =2Ty + L).

Thus, it can be concluded that the design methodology proposed in the previous
subsections is, in fact, optimal. A possible advantage of using an IMC approach to
derive the same result is that it is possible to extend it easily to processes with double
integrators and dead time [155].
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Fig. 8.30 Block diagram of the Normey-Rico—-Camacho modified Smith predictor with an-
ti-windup compensation

8.5.5 Anti-windup Strategy

As an anti-windup strategy, the back-calculation technique explained in Sec-
tion 2.1.2 (see Figure 2.4) can be applied straightforwardly to the modified Smith
predictor of Figure 8.25 [152]. Indeed, the primary controller C(s) can be decom-
posed into a proportional and an integral part, and therefore the integral action can
be reduced by a term proportional to the saturation level of the actuator. The cor-
responding control scheme is shown in Figure 8.30, where 7; is the tracking time
constant, which is suggested to be selected (based on a stability analysis) as

T,=<“+1 )2, (8.108)
200+ 1
where
o= E (8.109)
L

The effectiveness of the anti-windup compensation technique is shown with the
following example, where the same control task of Section 8.3.4 is considered,
namely, an actuator saturation limit of 0.2 is applied to the process input. By consid-
ering 7o =2 and 77 = 1.2, as in Figure 8.28, the set-point unit step response without
compensation is that shown in Figure 8.31 (note that the nominal case is consid-
ered). On the contrary, if the back-calculation technique is applied with 7; = 0.605,
the result obtained is that shown in Figure 8.32, where it appears that the overshoot
and the settling time are greatly reduced.

8.5.6 Comparison with Other Schemes

A simple comparison between different control schemes presented in the previous
sections can be made by considering the nominal case [79]. In particular, the scheme
of Figure 8.9 with the simplified tuning procedure of Section 8.3.3, the scheme of
Figure 8.20 with M (s) = K (see Section 8.4.1) and that of Figure 8.25, where F (s)
is a second-order system (see Section 8.5.3), are considered hereafter.
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Fig. 8.31 Results obtained by applying the improved Normey-Rico-Camacho modified Smith
predictor with actuator saturation and without anti-windup compensation
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Fig. 8.32 Results obtained by applying the improved Normey-Rico—-Camacho modified Smith
predictor with actuator saturation and with anti-windup compensation

If the set-point response is considered, it appears that all the methods provide
the same performance, because the closed-loop systems have in all the cases a first-
order-plus-dead-time transfer function with time constant given by 1/(kK) in the
Astrom—Hang—Lim controller (see (8.15)), by 1/(KK,) in the Matausek—Micic
controller (see (8.74)), and by 77 in the Normey-Rico—Camacho controller (see
(8.101)).

Conversely, the transfer function between the load disturbance and the process
output is the same in the Astrom—Hang—Lim and Normey-Rico—Camacho schemes
(provided that A = Tp, see (8.59) and (8.102)), but it is different in the Matausek—
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Fig. 8.33 Block diagram of the Chien—Peng—Liu modified Smith predictor

Micic scheme (see (8.74)), where the term K, appears so that a full decoupling
between the set-point response and the load disturbance response is not achieved.
Further, the presence of the dead-time term in the denominator can yield a slow step
disturbance response.

Summarising, the Normey-Rico—Camacho scheme appears to provide the same
(high) performance of the Astrom—Hang—Lim scheme by just simply modifying the
scheme of Figure 8.4 by adding an appropriate set-point filter.

8.6 Chien-Peng-Liu Modified Smith Predictor

An approach similar to the method presented in Section 8.5, which is based on the
use of a set-point filter, has been proposed in [16]. It consists of employing the
scheme of Figure 8.4, with P;(s) = K (1 — Ls)/s, and of using a set-point weight
in the PI controller (see Section 2.1.2). The control scheme can be therefore modi-
fied as shown in Figure 8.33, where

1
C(S)ZKp<1+ﬁ> (8.110)
and
1
Csp(s)zKp(ﬁ-f‘ﬂ)- (8.111)

Thus, the set-point and load disturbance response is given by

KP(IB + %)Ee%s

Y(s)= : R(s)
1+Kp(1+%)§(—Ls+1)
K Kp(1+ 75) et
+—e—“<1— il lT'S)KS )D(s). (8.112)
s L+ Kp(1+75) 5 (Ls+ 1)

Focusing on the set-point response, Expression (8.112) can be simplified to

Y(s) KKP(,BTis—i—l)efLs
R(s) Ti(1—KK,L)s>+KK,(T; —L)s+KK,’

(8.113)
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which is equal to

1
H(s) = e L (8.114)
T,s +1
by taking
1
Ky=—— 8.115
PTK (L + BTy ( )
and
T, +L
T, = ) 8.116
=175 ( )

The set-point weight 8 can then be employed to meet the control requirements in
the load disturbance response. Indeed, by considering (8.112), (8.115), and (8.116),
it can be derived that

T,+L -
Y(s) 5e‘“<1 B (( 18 )s +1)e™ ) 8.117)
- T, (T,+L) T,+BL : :
D@s) s (PErE)s? + (BEE)s + 1
If the desired closed-loop response is selected as
Y K 2T+ L)s+ 1) e L
( (s)) Z_e_m<1_(< £ L)st e ) S118)
D)), s T7s? 4+ 2TiEs + 1

the time constant 7; and the damping coefficient & of the second-order load response
can be obtained from (8.117) by selecting

BT, (T, + L)

T = e (8.119)
S=T’+ﬁL‘/ =5 (8.120)

2_/3 ,BTr(Tr"‘L)

Thus, the tuning procedure consists in first selecting the closed-loop servo re-
sponse speed by choosing appropriately the time constant 7, and then in choosing
an appropriate value of B in order to obtain satisfactory values for the time con-
stant 7; and the damping coefficient & (namely, in order to obtain a satisfactory load
disturbance response).

It is worth stressing that the tuning procedure can be quite complex because of
the nonlinear relations between 77, &, and 8. In case uncertainty in the dead time
estimation is considered, a guideline can be obtained by applying a simple analysis
based on the Routh—Hurwitz criterion [16]. The stability region for the parameter
results to be

and

AL
T,

where AL is the estimation error, and the usual assumption 7, > AL is made.

1>8>"2, (8.121)
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Fig. 8.35 Results obtained by applying the Chien—Peng—Liu modified Smith predictor (perturbed
case)

The same process (8.5) is considered as an illustrative example. Then, 7, =2 is
chosen, and then B is selected equal to 0.5. As a consequence, K, =0.17, T; = 14,
and the expected values of 7; and & are 3.74 and 1.31, respectively. The set-point
and load disturbance step responses are shown in Figure 8.34. In case the dead time
is estimated as L = 5.5 (that is, AL = 0.5), it results, with the same choice as before
for T, and B, K, =0.15, T; = 15, and the expected values of 7; and & are 3.87 and
1.42, respectively. The corresponding simulation results are plotted in Figure 8.35.
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8.7 Seshagiri Rao—-Rao—Chidambaram Modified Smith
Predictor

A generalisation of the Matausek—Micic modified Smith predictor, where the con-
troller K, is substituted by a PI controller C(s) with set-point weight and M (s) is
a PD controller (see Figure 8.20) has been proposed in [106]. The tuning of the
PI controller can be performed by direct synthesis. In fact, based on the transfer
function between the set-point and the process output (see (8.74))

_Y(s)  C(s)P(s)e™™
RO 14+C)PGs)

in which the dead time is outside of the feedback loop, a desired closed-loop transfer
function can be specified as

H(s)

(8.122)

Y 1
< (S)) _ st - (8.123)
R(s));, (As+1)
and therefore the controller transfer function can be determined as
Y(s)
1 1
C(s) = (7)) et (8.124)

TP - (5), T KGZs+@r—m)

By taking n = 2A, Expression (8.124) can be reduced to a PI controller (8.85) with
2

K,= oL

The possibly high overshoot determined by the presence of the zero in the closed-

loop transfer function (8.123) can be avoided by employing a set-point weight,

which is suggested, based on a large number of simulations, to be selected in the

range between 0.4 and 0.6.
The design of

T, = 2. (8.125)

M(s) = Ko (Tys + 1) (8.126)

can be performed based on gain and phase margin criteria. In particular, by consid-
ering that the characteristic equation involving M (s) is

1+ M(s)P(s) =0, (8.127)

the open-loop transfer function is M (s) P (s), and therefore, by the definitions of
gain and phase margins, it can be written

arg[M(jo,)P(jop)] = -, (8.128)

|M(jwg)P(jwg)| =1, (8.129)

Ap = , ! —, (8.130)
IM(jwp)P(jop)l

dm =7 +arg[M(jog)P(jwy)], (8.131)

that is,
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Fig. 8.36 Results obtained by applying the Seshagiri Rao—Rao—Chidambaram modified Smith
predictor (nominal case)

arctan(Tyw,) — Lw, = —%, (8.132)
K

— JKo(Ko+ Tyw2) =1, (8.133)
Wg

@p
Ay = , (8.134)
K, /Ko(Ko + Tqw?)
T
bOm = ) + arctan (wag) — Loy, (8.135)

where w, and w. are, evidently, the gain and phase crossover frequencies. Given

desired values for A, and ¢,,, system (8.132)—(8.135) can be solved numerically for

Ko and Ty. In order to simplify the procedure, it is worth adopting the approximation
1

arctan(x) = = — —. (8.136)
2 X

It appears then that the overall tuning procedure is much more complex than that
of Section 8.4. However, this method can be extended to processes with a double
integrator.

The results obtained by applying the proposed controller to process (8.5) are
shown in Figure 8.36, where A = 2 has been chosen, and therefore (see (8.125)),
the values K, =1 and 7; = 4 are obtained (the set-point weight has been fixed to
0.6). Further, as a consequence of the desired values A,, = 1.8 and ¢,,, = 55°, the
PD parameters are obtained as Ko = 0.152 and 7; = 1.493. If the perturbed case
is considered, namely, the estimated dead time is L = 5.5, the parameters obtained
are K, =1, T; =4, Ko =0.138, and T; = 1.642 (with the same desired gain and
phase margin), and the corresponding set-point and load disturbance step responses
are plotted in Figure 8.37.
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Fig. 8.38 Block diagram of the Tian—-Gao modified Smith predictor

8.8 Tian—-Gao Modified Smith Predictor

The method proposed by Tian and Gao in [120] consists of applying a modified
Smith predictor scheme to a IPDT process that has been prestabilised by applying
a local proportional feedback controller K . The overall control scheme is shown
in Figure 8.38, where C(s) is a PI controller with a delayed integral action (see
Section 7.4.2), and M(s) = Ko (Tys + 1) is a PD controller. The tuning of the pro-
portional controller Ky is performed first, by considering the inner loop transfer
function
K e—Ls

N

Then, the same reasoning done in Section 8.4.1, based on the analysis of the char-
acteristic equation, can be applied also in this case, yielding (see Expression (8.71))
1

K,p)=—. 8.138
p2 KL ( )
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Then, C(s) is designed to be the denominator of the transfer function H(s), that
is,
K »K
Cls)=1+ L2 L5, (8.139)
s
In this way, the effect of K, in the set-point following task is eliminated. With the
previous choices, the process output can be written as
v = KK ke
s)=——R(s
s+ KK,
n Kse Ls D
(s +KppKe L5 (s + KM(s)e L)
Thus, the gain K, can be tuned, by following the same reasoning of Section 8.4.1,
as

(5). (8.140)

1
K, =———. 8.141
r= KT, ( )

The PD parameters Ky and T, can finally be selected by considering, similarly
to Section 8.4.2, the characteristic equation

KKo(1+ Tys) oL

1+ (8.142)
s
and by considering the corresponding phase margin relations:
KKy /1+ sza)g
—_—=1, (8.143)
We
b4
Om = ) + arctan(Tyw) — wL. (8.144)
Then, by selecting
Ty=alL, (8.145)

Equations (8.143) and (8.144) can be solved for Ky and T, after having chosen for
« and ¢, the suggested values of 0.5 and 60°, respectively.

The results related to the control of process (8.5) in the nominal case are shown
in Figure 8.39. Note that the application of the tuning procedure presented above
yields K2 =1, K, = 0.5 (T, has been fixed to 2 as in the other examples of this
chapter), Ko = 0.176, and Ty = 2.5. Conversely, if the dead time is estimated as
L =35.5, the design parameters are modified as K =0.09, Ko =0.160, and Ty =
2.75. The corresponding set-point and load disturbance step responses are plotted
in Figure 8.40.

8.9 More Complex Schemes

Other more complex schemes have been proposed in the last years. A few examples
of them are presented hereafter.
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Fig. 8.39 Results obtained by applying the Tian—-Gao modified Smith predictor (nominal case)
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Fig. 8.40 Results obtained by applying the Tian—-Gao modified Smith predictor (perturbed case)

8.9.1 Majhi-Atherton Modified Smith Predictor

In the control scheme proposed in [62—65], which is shown in Figure 8.41, a new
proportional controller K, is added to the control scheme of Figure 8.20 with the
aim of stabilising the integral process, and C(s) is a PI controller (see (8.85)).

The resulting set-point and load disturbance response is given as (by always as-
suming that the process is described by an IPDT model (8.1))

C(s)P(s)
1+ P(s)(C(s) + K )

Y(s)= R(s)
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Fig. 8.41 Block diagram of the Tian—-Gao modified Smith predictor

P(s) 14 P(s)(C(s) + K p2) — C(s) P(s)
14 P(s)(C(s) + K ) 1+ M(s)P(s)

D(s).
(8.146)

The method described in [65] can be used for the design of the three controllers
employed in the control scheme. By first constraining the value of K, as

1
Kyp=—, 8.147
r= g ( )
the tuning of the PI controller C(s) can be performed by first setting
1
;= =1. (8.148)
T KK
In this way, the transfer function between the set-point and the process output is
Y 1
H(s) = R(s) =— et (8.149)
€)) K—Kps +1

and therefore the proportional gain K, can be selected appropriately in order to
obtain the desired closed-loop time constant as in Section 8.4.1.

Finally, the transfer function M (s) is chosen as a simple proportional gain,
M (s) = Ko, whose value can be determined by following the same passages of
Section 8.4.1 that yield

Ko= 2~ n (8.150)
In [65] it is suggested to select a phase margin ¢, = 60°, namely,
0.5236
Ko=—— = . (8.151)
6KL KL

The usual process (8.5) is considered as a worked example. By selecting a desired
closed-loop time constant equal to 2, the resulting value of the proportional gain is
K, =0.5, and by applying the tuning rules (8.147)—(8.148) and (8.151) the resulting
values of the other controller parameters are K 5, =1, T; = 1, and Ko = 0.105. The
set-point unit step response and the response to a load step disturbance of amplitude
—0.1 applied at ¢ = 150 are plotted in Figure 8.42. If the dead time is estimated
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Fig. 8.43 Results obtained by applying the Majhi—Atherton modified Smith predictor (perturbed
case)

as L = 5.5, the only controller parameter that is modified is Ko = 0.095, and the
corresponding results are in Figure 8.43.

It is worth stressing at this point that the presented design method can be applied
also in an automatic tuning context [64, 65] and that a tuning method based on
standard forms has also been proposed [62, 63].
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8.9.2 Liu-Cai-Gu-Zhang Modified Smith Predictor

In the modified Smith predictor of Section 8.9.1 the load disturbance transfer func-
tion is somewhat complicated, and the controllers C(s) and K, appear in both the
set-point and the load disturbance transfer function, and therefore the two control
tasks are coupled from the design point of view. In order to simplify the design
and to decouple the two control tasks, a solution has been proposed in [60], which
consists of using a control scheme where, with respect to that of Figure 8.41, the
feedback signals from the actual process output and the model output to the set-
point are cut off. The new scheme is shown in Figure 8.44.

The proportional gain K, can be tuned by considering the transfer function
between the set-point and the process output (in the nominal case)

Y(s)  F(s)P(s)
CRG) 1+ KpP(s)
The characteristic equation is therefore

s+ KK, =0, (8.153)

which implies that the closed-loop system is stable for K> > 0. A simple choice
is therefore to use a unity-feedback between the input and output of the delay-free
part of the process model, that is, to use

Kp=1. (8.154)

The prefilter F(s) can then be designed, as in Section 8.5.4, in order to minimise
the H> norm of the error signal, that is, in order to solve the following optimisation
problem:

(8.152)

min|[ 7(s)(1 - H)) |3, (8.155)
where I"(s) = 1/s (see Section 2.3.4.2). It results in
KK
Fis)= 22202 (8.156)
KOs+ 1)

which is optimal for A — 0. In practice, A is the desired closed-loop time constant.
The disturbance estimator M (s) can be designed by first considering that the load
disturbance transfer function between the load disturbance d and its estimation d is

W) — d  M@©PGs)

= (8.157)
d 1+ M(s)P(s)
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Ideally, this transfer function should be equal to e =L, that is, when a load distur-
bance occurs, the controller should produce an inversely equivalent signal to offset it
just after the process dead time L. However, by taking into account the steady-state
requirements, the desired transfer function can be selected as

as+1 oL
(Aas + 1)?

and, in order to obtain a zero steady-state error, it has to be (the sensitivity function
should have two zeros at s = 0)

Wa(s) = (8.158)

d
lim —|1 —W, =0, 8.159
iy 01— W] 8159

that is,
a=2\g+ L. (8.160)

From Expression (8.157) the corresponding transfer function M (s) can be deter-
mined as

Wa(s) 1 s(as + 1)
1 —Wa(s) P(s)  K((hgs+ 1% —(as+1)e Ls)’
However, it can be noted that a pole-zero cancellation occurs at s = 0. In order to
avoid this internal instability and in order to obtain a more practical transfer func-
tion, the Maclaurin expansion can be employed to rewrite the estimator transfer
function. Thus, M (s) can be rewritten as

M(s) = (8.161)

M(s)

M(s) = (8.162)

and, therefore,

( )s2 +- } (8.163)

M(s) = ! [M(O) + M (0)s +

It can be easily noted that, by taking into account the first three terms only, a PID
controller results, namely, M (s) can be written as

M(s)=K, (8.164)

where
— — M’ (0)
Kpm =M (0), Kiy = M(0), Kam = — (8.165)
The tuning of the disturbance estimator depends only on the parameter A, which
can be conveniently selected based on the desired trade-off between aggressiveness
and robustness.
In the worked example with process (8.5), after having selected A =2 and Ay =3
(and K, = 1), the load estimator transfer function results to be (note that a high-

frequency low-pass filter has to be added to make it proper)

M(s) =

(8.166)
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Fig. 8.45 Results obtained by applying the Liu—Cai-Gu—Zhang modified Smith predictor (nomi-
nal case)
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Fig. 8.46 Results obtained by applying the Liu—Cai-Gu—Zhang modified Smith predictor (per-
turbed case)

The results obtained in the set-point and load disturbance step response are plotted
in Figure 8.45. If the dead time is estimated as L = 5.5, it results

1
M(s) =0.2461 + —— + 0.5430s, (8.167)
57.1s

and the corresponding set-point and load disturbance step responses are shown in
Figure 8.46.
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8.9.3 Lu-Yang-Wang-Zheng Modified Smith Predictor

A double two-degree-of-freedom modified Smith predictor has been proposed in
[61]. The control scheme is shown in Figure 8.47, where it appears that there are four
controllers. In particular, as in Sections 8.9.1 and 8.9.2, the proportional controller
K > is employed to stabilise the delay-free process P(s), and M(s) is employed to
estimate the load disturbance d. Then, the two additional controllers F'(s) and C(s)
are used to enhance the performance in the set-point following and load disturbance
rejection task, respectively.

As in the previous sections, the design of the controller is made by consider-
ing that a perfect model of the process (8.1) is available. In this case, the transfer
function between the set-point and the process output is

F(s)P(s) J-Ls

H(s) = ———— (8.168)
14+ KppP(s)

A desired closed-loop transfer function

1
e ls (8.169)

T,s +1
can then be obtained easily by setting

Kp=——, F 8.170
n=xT (s) ( )

T KT’

that is, F(s) is a simple proportional controller. With the previous choices, the load
disturbance closed-loop transfer function is

KTr(s + TL, - KC(s)e_LS)
(Tys +1) (s + KM(s)e=Ls)

By selecting M (s) = K as a simple proportional controller, its value can be deter-
mined as in (8.151):

Hy(s) = e L, (8.171)

_mw  0.5236
T 6KL KL
Finally, if C(s) is chosen as a PD controller, namely,

C(s)=K,(1+Tys), (8.173)

Ko (8.172)
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then Expression (8.171) can be rewritten as
KT.(s + TL — KK, (14 Tys)e™ )

e LS, (8.174)
(T,s +1) (s + K Kge=Ls)

Hy(s) =

—Ls >~ 1 — Ls we have

By employing the approximation e
KT, (KLK,Tys* + (—KK,Ty+ KK,L+ s+ (+ — KK}))

LU=+ O +1- D5+ i

Hy(s) = e*Ls‘

(8.175)

In order to have a null steady-state error in the presence of a constant load distur-
bance, the constant term in the numerator has to be zero, so that

1
=—. 8.176
P= KT ( )
The load disturbance unit step response can be therefore expressed as
1 KLK,Tys+(—KK,T;+ KK,L+1) _
Yu(s) = —Hu(s) = KT, P L P et (8.177)
s (=% + (T +1-%F)s+¢L

and in this context, 7; can be chosen in order to minimise the integrated square
error, that is [61],

T _TL(6-—m)(T,+L)
= T,(6—m)+Lx

(8.178)

Alternatively, if the first-order Padé approximation e~ = (1 — Ls/2)/(1 +
Ls/2), by applying the same passages, the value of K, is still determined as (8.176),
while the derivative time constant results to be

G+ -5)(+7)- 5
R

If the control system is applied to process (8.5), the proposed method yields
(when T, = 2, as in the previous cases) K, = F(s) = 0.5 and K¢ = 0.105.
Then, C(s) = 0.5(1 4+ 1.868s) if Expression (8.178) is employed, and C(s) =
0.5 (1 +5.728s) if Expression (8.179) is employed. The resulting set-point and load
disturbance step response in the two cases is plotted in Figure 8.48. The performance
achieved is satisfactory in the nominal case, but if the dead time is estimated as

L =5.5, the control system becomes unstable, which implies that it is very sensible
to modelling uncertainties.

Td =Tr

(8.179)

8.10 Conclusions

In this chapter a large number of modified Smith predictor schemes have been pre-
sented. The need of modifying the standard Smith predictor comes from the fact that
the standard Smith predictor is not capable, for an integral process, of providing a
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Fig. 8.48 Results obtained by applying the Lu—Yang—Wang—Zheng modified Smith predictor
(nominal case). Solid line: PD controller given by Expression (8.178). Dashed line: PD controller

given by Expression (8.179)

null steady-state error in the presence of a constant load disturbance. The different
rationale in the design of the modified Smith predictors, as well as their different lev-
els of complexity, have been highlighted. The presented illustrative examples have
shown the effectiveness of the proposed control architectures and that there is no
big difference in the achieved performance.



Chapter 9
Smith-principle-based PID-type Control

It has been shown in the previous chapter that Smith-predictor-based schemes are
very effective for processes with dead-time. On the other hand, PID controllers are
the most widely used controllers in industry [4, 5]. In this chapter, a control scheme
which combines their advantages as proposed in [161] is described. The controller
is inherently a PID-type controller in which the integral action is implemented with
a delay unit rather than a pure integrator while retaining the advantage of the Smith
predictor, i.e., the Smith principle. The set-point response and the disturbance re-
sponse are decoupled from each other and can be designed separately. Another ad-
vantage of this control scheme is that the robustness is easy to analyse and can be
guaranteed explicitly, compromising the robustness with the disturbance response.

9.1 The Control Scheme

The control scheme is shown in Figure 9.1. It consists of a prefilter F'(s), a main
controller C(s), and a delay unit cascaded with a low-pass filter Q(s). The pre-
filter F (s) is the first degree-of-freedom, and the low-pass filter Q(s) is the second
degree-of-freedom.

The local positive feedback loop with Q(s)e~L* has been widely used in a repet-
itive control scheme [33, 147] to control processes without dead time. Repetitive
control is a technique using delay elements to improve some system performance,
in particular, the tracking accuracy and/or the disturbance-rejection of periodic sig-
nals. With the learning ability of delay elements, repetitive control can reject/track
any periodic signals of period L. Hence, to some extent, the control scheme under
consideration is a kind of repetitive control for processes with dead time. The delay
element used here is equal to the dead time that exists in the process rather than the
period of a periodic signal to be tracked or rejected. Obviously, a by-product of this
control scheme is that if the bandwidth of Q(s) is wide enough, it can track/reject
periodic signals with the period equal to the dead time.

A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 187
Advances in Industrial Control,
DOI 10.1007/978-0-85729-070-0_9, © Springer-Verlag London Limited 2011
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- d(s)
T F(s) O o) O Pls)e s o
Pre—filter —| + |
Feedback Q(s)e L
Lcontr—oller— — —J

Fig. 9.1 A two-degree-of-freedom controller for processes with dead time

The transfer function from the set-point R(s) to the output Y (s) is

C(s)— = P(s)e™ s
G,(s) = F(s) ! Q(S)el .
1+ CO) et

C(s)P(s)e Ls

P(s)e Ls

=F . 9.1
T 0me b+ CoPee D ©-D
If the main controller C(s) is designed as
C(s) = Q)P (s), 9.2)
then, in the nominal case,
G,(s) = F()Q(s)e ™. ©93)
If the prefilter F(s) is designed as
Fs)=——071(5) ©4)
Y 1 5 '
or
F(s)=—=—————0"'(s), 9.5
=i ris @ ©-3)
then the desired set-point response is obtained as
G.(s) = ! e or G (s):éefm (A>0,¢>0)
: As+ 1 " AZs2 4205+ 1 ’ ’
9.6)

which is independent of the second degree-of-freedom Q(s). The disturbance re-
sponse of the system is

P(S)e_l‘s

1 _
l—Q(s)e’LSP(s)e Ls

=(1—Q()e ™) P(s)e™ ", (9.7)
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Table 9.1 Controllers for different desired responses (« > 0)

o(s) C(s) F(s) Desired Response
Qa+L)s+1 Qa+L)s%+s (as+1)? 1_,—Ls
(as+1)2 K (as+1)2 (As+1)(Qa+L)s+1) As+1
(as+1)? 1 o—Ls
(2524218 s+ 1) ((Qa+L)s+1) 2252420 s+1

which is independent of the first degree-of-freedom F(s). Therefore, the set-point
response and the disturbance response are decoupled from each other and can be
designed separately.

In order to obtain zero static error under step set-point/disturbance change, Q(s)
should satisfy

e)=1 9.8)
for processes without an integrator and, furthermore,
Q) =L 9.9)

for processes with an integrator. In order to implement the controller physically,
the relative degree of Q(s) should not be less than that of P(s), and the relative
degree of the delay-free part of the desired response should not be less than that of
Q(s). Hence, in general, Q(s) is a low-pass filter with unity static gain. In order to
guarantee the stability of Q™! (s) and the internal stability of the closed-loop system,
Q(s) should be of minimum phase.

For typical IPDT process P(s) = %e"‘s , the minimum order of Q(s) should be
2 because of the constraint (9.9). Let

_ Ps+1
Qo(s) = 7(‘“ T (9.10)
Then, according to (9.9),
B=2a+L. 9.11)

The corresponding controllers needed to obtain a desired first-order or second-order
response plus dead time (9.6) are given in Table 9.1.

Since there exists pole-zero cancellation at s = 0 between C(s) and the plant,
the structure shown in Figure 9.1 is not internally stable, and a structure which is
internally stable needs to be found to implement the design.

9.2 An Equivalent Structure for Implementation

According to Table 9.1 and Figure 9.1, the feedback controller is

_ Qa+L)s*+s 1

_ —Ls — 2 _ Qa+L)s+1 g,
1—Q(s)e K(as+ 1) 1 e s

C(s)
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1 Qo+ L)s%+s
T K@s+ 12— Qat LyseLs —eLs
1 Qa+L)s+1
C K2 — L4 QuA L)1 —e o) 4 1z
1 Qo+ L)s + 1

Koﬂs—L—i—((Za—i—L)s—i—l)#
1 Qa+L)s+1
T KaZs+ Qu+ L)Ls
_ Qa+L)s+1
K@+ L)2s

9.12)

1—e

L ~Ls . .
where the approximation ~—<— ~ L is used. Hence, the feedback controller is in-

herently a PI controller K, + Ki with

N
20+ L
PT K@+ L)?
1
T K@+ LD)?

(9.13)

i

The controller retains the advantages of the Smith predictor and the advantages
of the PID controller. A prominent advantage of the tuning formula (9.13) is that
there exists a free parameter «. This free parameter can be used to compromise the
disturbance response with the robustness (as shown later in Section 9.4); it can also
be used to optimise a certain performance index, e.g., the gain or phase margin.

Moreover, according to (9.12), the feedback controller for the IPDT process can
be rewritten as

Qatl)s+l
C(S) 1 — i a2s—L . (914)
O S Fucr e

This is a negative feedback loop of % through a finite impulse response

(FIR) block 1*‘;—7“ cascaded by a gain %, as shown in Figure 9.2. The unstable

1—eLs

pole-zero cancellation is avoided as long as the FIR block — is implemented
non-dynamically [89, 158-160]; see Section 12.3. This feedback controller itself is
stable if & > 0.63L [72].

9.3 Robustness Analysis

In the nominal case, the loop transfer function of the control system shown in Fig-
ure 9.1 is

Q(s)e s

VO =T 0w

9.15)
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Fig. 9.3 Design of Q(s)

Hence, the corresponding sensitivity function is

S(s) =1—Q0(s)e ™, (9.16)

TIEWG)

and the complementary sensitivity function is
T(s)=1—S(s)= Q(s)e . 9.17)

This means that Q(s) does not only affect the disturbance response (9.7) but also
affects the robust stability and the robust performances. It should be determined by
compromising the disturbance response with the robustness.

Theorem 9.1 Assume that there exists a multiplicative uncertainty A(s) € Hoo in
the delay-free part. Then the closed-loop system is robustly stable if || Q(s)|lco <
1

1A oo *
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(b) Responses when La = 0.5 seconds

Fig. 9.4 System responses

Proof Since

OZIO] e [ORRa O] I
=[e®Aa)|.
<[e®]- 140

<1,
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the closed-loop system is internally stable for all A(s) € Hx according to Theo-
rem 8.5 in [165]. Il

If there exists an uncertainty L 4 in the dead time, then
G(s) = P(s)e(EHLa)s
= P(s)(1+ As))e (9.18)
with
A(s) =e Fa5 — 1. (9.19)
Hence, the following results hold:

Corollary 9.1 Assume that there exists an uncertainty L o > —L in the dead-time.
Then the closed-loop system is robustly stable if | Q(s) |00 < m.

Corollary 9.2 Assume that there exist an uncertainty Ly > —L in the dead-time
and a multiplicative uncertainty A(s) € Hyo in the delay-free part. Then the closed-

. ; 1
loop system is robustly stable if | Q(s)|lco < TG T

9.4 Simulation Examples

Consider
1
P(s)=—e > (9.20)
s
and assume that there exists a dead-time uncertainty 0 < L o, < 0.5 seconds.
The amplitude responses of the system for Q(s) = % with o = 2.1,
a =4, and o = 8 are shown in Figure 9.3 together with that of the ﬁ. The

desired set-point response is designed with A = 2. The responses in the nominal
case are shown in Figure 9.4(a), and the responses when L4 = 0.5 seconds are
shown in Figure 9.4(b). In all cases, a step disturbance d(t) = 0.1 was applied at
t = 15 seconds. The smaller the «, the better the disturbance response but the worse
the robust performance. The larger the «, the better the robust performance but the
worse the disturbance response.

9.5 Conclusions

A control scheme combining the advantages of a PID controller and a Smith pre-
dictor is presented in this chapter. It is a two-degree-of-freedom structure with the
ability to decouple the set-point response and disturbance response from each other.
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The dead time is eliminated from the characteristic equation of the closed-loop sys-
tem, and only two or three parameters (in addition to model parameters) need to
be tuned; either one or two of them (belonging to the degree-of-freedom F(s)) are
determined by the desired response, and another one (belonging to the degree-of-
freedom Q(s)) is determined by compromising the robustness with the disturbance
response.



Chapter 10
Disturbance Observer-based Control

In this chapter, it is revealed that a disturbance observer-based control scheme is
very effective in controlling integral processes with dead time. The controller can
be designed to reject ramp disturbances, step disturbances, and even arbitrary dis-
turbances. Only two parameters are left to tune when the plant model is available.
One is the time constant of the set-point response, and the other is the time constant
of the disturbance response. The latter is tuned to compromise the disturbance re-
sponse with robustness. This control scheme has a simple, clear, easy-to-design, and
easy-to-implement structure.

10.1 Disturbance Observer

A disturbance observer uses the inverse of the nominal plant model to observe the
disturbance applied to the plant, which is then directly used to cancel the effect of
the disturbance in the control signal. As a result, the closed loop system is forced to
act as the nominal plant. It was originally presented by Ohnishi ef al. [85] to handle
disturbances in motion control. Umeno and Hori [123] refined it and applied it to
the robust control of DC servo motors. Endo et al. [24] and Kempf and Kobayashi
[51] applied it to control the high-speed direct-drive positioning table. In these pa-
pers, the dead time in the process was not included. Hong and Nam [36] explicitly
considered the measurement delay in the load torque observer to improve the sta-
bility. The disturbance observer is then extended to IPDT processes in [156, 162,
163]. It is a version of the 2DOF internal model control [76], and it is able to decou-
ple the disturbance response from the set-point response. The robust stability of the
closed-loop system is quite easy to be guaranteed graphically.
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Fig. 10.1 Disturbance observer-based control scheme

10.2 Control Structure

Consider the following integral process with dead time:

GPO(S)e—Ls’

G(s)=Gp(s)e ™5 = (10.1)

where L > 0 is a pure dead time, and G p(s) is a strictly proper Hurwitz, minimum-
phase transfer function with G 0(0) # 0.

The control scheme induced from [36] is shown in Figure 10.1(a), where L,, is
the estimated dead time, and G, (s) is a low-order approximation of G, (s). ¢, d, n,
and y are the command, the disturbance, the measurement noise, and the output, re-
spectively. d is the estimated disturbance. The low-pass filter Q(s) (known as the
Q-filter in disturbance observers) is designed to trade-off the robustness and the
performance to reject the disturbance and the measurement noise. C(s) is designed
according to the delay-free part G, (s) so that %e’%s meets the de-
sired set-point response. The whole controller consists of two parts: one is the loop
C(s) ~ Gy /(s), and the other is the disturbance observer of the process. The former
serves as a prefilter, and the latter as a feedback loop. The former determines the
set-point response, and the latter determines the disturbance response. This control
scheme falls into the category of a 2DOF internal model control scheme [76]. The
original structure in Figure 10.1(a) is not causal and sometimes not internally sta-
ble. An equivalent structure shown in Figure 10.1(b) is causal and internally stable,
provided that the relative degree of Q(s) is high enough and the low-pass filter F(s)
has a proper relative degree. In the sequel, the controller is designed according to
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Figure 10.1(a) but should be implemented according to Figure 10.1(b), where F (s)
is used to make the controller proper. It is also necessary to non-dynamically imple-
ment the finite-impulse-response block in % to avoid possible pole-zero
cancellations [89].

Under the nominal conditions, i.e., when G, (s) = G ,(s) and L, = L, the trans-
fer functions from the reference command r, the disturbance d, and the measure-

ment noise n to the output y are, respectively,

C($)Gm L
Gyr(s) = %e Lns, (10.2)
Gya(s) = Gu(s)e (1= Q(s)e %), (10.3)
Gyn(s) = Q(s)e Ems. (10.4)

Obviously, the Smith principle is satisfied, and the dead time is not included in
the closed-loop characteristic equation. In addition, Gy4(s) — 0 at low frequen-
cies, and Gy, (s) — 0 at high frequencies for a low-pass filter Q(s). The system has
very good performance to reject disturbances and measurement noises. More impor-
tantly, the set-point response is determined by C (s), and the disturbance response is
determined by Q(s). In other words, they are entirely decoupled from each other.
In general, the controller C(s) may be designed as the proportional controller

C(s)= Ti (10.5)

c

to obtain the desired set-point response.

10.3 Controller Design to Reject Ramp/Step Disturbances
10.3.1 Design of Q(s)

First of all, in order to guarantee the causality of GQm(fX)) in Figure 10.1(a), the relative

degree of Q(s) should be no less than that of G, (s).

The well-known internal-model principle shows that if a disturbance with some
modes should be rejected, then the model of the disturbance should be included in
the controller. Here, Q(s) can be designed to guarantee the rejection of a known dis-
turbance. Assume that the disturbance polynomial can be represented as d,(s) with
degree ng and that it has mg disturbance modes Agx (1 <k < my ) with multiplicity
rdk (ZZZ | Tdk = nq). It is possible [121] to design Q(s) to reject arbitrary distur-
bances, provided that the disturbance modes Ag; (1 <k < my) are also the zeros of
1 — Q(s)e~ L5 In other words, the disturbance polynomial has to be included in
the controller (implicitly but not explicitly).
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In practice, ramp disturbances (d4(s) = 52) are often used to represent slowly
time-varying disturbances. In this case, pole s = 0 in the disturbance response (10.3)
is of three multiplicities. In other words, Q(s) must be tuned to meet the conditions

1— Q(s)e™tms |9 =0,

i(1 — Q@) )| =0

ds o ’ (10.6)

d2 —Lpys _

W(l — Q(s)e ) o =0,

or, equivalently,

00)=1,
0(0) = Ly, (10.7)
00)=L2.

In other words, any low-pass filter with a high enough relative degree that meets the
above conditions can be used to reject ramp disturbances. The simplest Q(s) that
can meet these conditions is

14 s + Bs?

Q(S)=W,

(10.8)
where

w=_(d, +2)A+ L,
L2 +(dy +2)((dr + DA +2Ly)
> )
and d, is the relative degree of the delay-free model G,,(s), and A is a tuning pa-

rameter to trade-off the disturbance response and robustness. When implemented as

Figure 10.1(b), F(s) may be chosen as m to guarantee that (5,,1(8) and G;,(S)
are proper.

For step disturbances, pole s = 0 in the disturbance response (10.3) is of two
multiplicities. In this case, only the first two conditions in (10.7) should be met. The
simplest Q(s) that can meet the conditions is

us + 1
(As + 1)dr+1

IB:

Q(s) = (10.9)

with

w=(dr + 1A+ Ly,. (10.10)
When the nominal model is G, (s) = %, then d, = 1. This provides the low-pass
filter

A+ Ly)s + 1

0(s) = ()\s+1)2

: (10.11)
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and then F(s) can be chosen as ﬁ without introducing a new parameter. The free
parameter A can be used to compromise disturbance response and robustness.
The loop transfer function of the nominal system is

Q(s)eLns
W(s) = W, (10.12)
and the complementary transfer function is
W(s) Ls
0= Twe ~ 20 (10.13

Hence, for a multiplicative uncertainty A(s) € Ho, the system is robustly stable if
1O() oo < m, i.e., the magnitude frequency response of Q(s) stays beneath

that of ﬁ. This can be easily used to guarantee the robust stability using a graphic
method.

10.3.2 Examples

10.3.2.1 Example 1: To Reject Step Disturbances

Consider the process studied in [69, 78]

Gy(s)= ! , L =5 seconds.
s(s+1)(0.55s+1)0.2s + 1)(0.1s + 1)
The controller may be designed according to the exact process, which results in a
high-order controller. However, the controller proposed in [78] (see Section 8.5) has
to be designed according to a reduced model, for example, %e‘“s given in [78].
Here, the controller is designed according to the nominal model G, (s) =
and L,, = 5.3 seconds, where the short-time constants are esti-

(4A+5.3)s+1
. . . Os+DF
where A = 1.3 is chosen to trade-off the disturbance response with robustness.

C(s) is designed as a proportional controller C(s) = % to obtain almost the same
time constant of the set-point response in [78] with Ty = 5 seconds. The unit-step
responses are shown in Figure 10.2 where a step disturbance d(¢) = —0.1 acts at
t =70 seconds. There exists overshoot in the response of Normey-Rico—Camacho
scheme discussed in Section 8.5 (noted as N—C in the figures), but there is no over-
shoot in the response of the disturbance-observer-based scheme (noted as DO in
the figures). Moreover, the disturbance response of the disturbance-observer-based
scheme is much faster.

When the dead time is L = 5.5 sec, the responses under the same controller are
shown in Figure 10.3. The performance of the disturbance-observer-based scheme
is still much better.

1
55+ (0.55+1)
mated with a dead time equal to their sum [69]. Hence, Q(s) =
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Fig. 10.3 Responses with dead-time uncertainty: step disturbance

10.3.2.2 Example 2: To Reject Ramp Disturbances

Consider the same process as in Example 1. In order to obtain a simpler controller,
the proposed controller is designed according to the reduced model %e‘G'SS as in

2
the case of N-C scheme. The filter is then designed as Q(s) = I(J;‘:%’f; with A =

5 to meet the robust-stability condition for the additional uncertainty. The system
is affected by the ramp disturbance d(¢) = 0.003(z — 50) - 1(¢+ — 50) — 0.003(r —
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Fig. 10.4 Responses without dead-time uncertainty: ramp disturbance

1.6

1.21 1

04} disturbance

0.2} ]

0 50 100 150 200 250
Time (Seconds)

Fig. 10.5 Responses with dead-time uncertainty: ramp disturbance

150) - 1(¢ — 150). The responses are shown in Figure 10.4. The proposed system
has an excellent capability to reject the ramp disturbance, while the scheme in [78]
cannot reject the ramp disturbance. As a matter of fact, it is quite difficult to design
a controller C(s) so that the N-C scheme has such a capability. When the dead
time becomes 5.5 seconds, the responses using the same controller are shown in
Figure 10.5. The response of the proposed control scheme is still much better.
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Fig. 10.6 Design of Q(s)

10.3.2.3 Example 3

Consider the process with

Gp(s) = % and L, =S5sec, (10.14)
where an uncertainty 0 < L 4 < 0.5 seconds exists in the dead time L = L,,, + L 4.

Here, Q(s) = (2&’% is selected in the form of (10.11). In order to obtain a
robustly stable closed-loop system, the bandwidth of Q(s) could not be larger than
3 rad/sec, as shown in Figure 10.6, where three possible candidates of Q(s) with
A =2.1, A =4, and A = 8 are shown. The robust performance does not degrade
considerably for A = 8, but the disturbance response is sluggish, as shown in Fig-
ures 10.7 and 10.8.

The controller for the set-point response is designed as a P controller C(s) = 0.5.
The nominal responses of the three cases are shown in Figure 10.7. The system
is disturbed by a step disturbance dy = —0.1 at + = 50 seconds. The disturbance
response is the best when Q(s) has the broadest bandwidth (A =2.1).

When the dead time varies to the worst case (L = 5.5 seconds), the responses
under the same controller are shown in Figure 10.8. There exists a limit cycle when
A =2.1, and the best robustness is obtained when A = 8. Trading-off the disturbance
response and the robustness, the best choice of Q(s) can be made as A = 4.
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Fig. 10.7 Nominal responses of Example 3
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Fig. 10.8 Robust responses of Example 3

10.4.1 Design of Q(s)

It is possible to design Q(s) to obtain deadbeat responses for step disturbances.

203
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Lemma 10.1 ([77, 146]) Let a(s) and bi(s) (i =0, 1, ..., q) be polynomials in s,

and Z"((SS)) strictly properin s. b(s) and ¢ (s) are given by
—sT —sT, b(S)
b(s) =bo(s) +b1(s)e™ "' +---+by(s)e "4 and ¢(s)= @,

where Ty > Ty_1 > --->T; > 0. Let a; (j =1,..., p) denote the zeros of a(s)
with multiplicity r j. Assume that b(s) satisfies

dl

—b(s) =0 (=0,1,....r;—1; j=1,...,p). (10.15)

dsl s:aj

Then, ¢ (1) = L7 [¢(5)] settles to zero in finite time t = Ty, ie.,

<
(0 {¢0(t) O<1<T),
0 t=T,).

This means that all the zeros of the denominator are also zeros of the numerator.
Such a ¢ (s) is called a pseudo-differential polynomial [23, 71] because it is actually
an entire function of s but not in the exact form of a polynomial. b(s) has infinite
zeros because of the multiple delay elements, in addition to the zeros of a(s).

Theorem 10.1 The disturbance observer-based control system for an integral pro-
cess with dead time rejects a step disturbance in finite time t = 2L, + T if the
low-pass filter is chosen as

1—gqi(1l—e M%) —gp(1 —e™ ™)

0(s) = P (10.16)
with
(e — 1)L+ Ly) — T
qlz_Tz—Tl+T16T2/)‘—T26T'/)" (10.17)
o N — 1+ Ly) - T )

T — Ty + Tiel2/t — TheTi/*’

where T > Ty > 0, and A > 0 is a free parameter.

Proof The denominator polynomial of a step disturbance is D(s) = s. According to
(10.3), the disturbance response is deadbeat if Q(s) is chosen such that the transfer
function

1
— _ —Lms\,—Lms .
P () =Gu(s)(1 = Q(s)e " )e Do) (10.18)

satisfies Lemma 10.1. Q(s) in (10.16) is such a candidate. Substitute (10.16) into
(10.18); then
As 41— e—Lms +q1(1 _ e—T]S)e—Lms +q2(1 _ e—TZS)e—LmS

ke Lns.
sZ2s+ 1)

(10.19)

¢(s) =
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The poles of ¢ (s) are 0, 0, and — %; ¢ (s) also has a zero at s = 0. Hence, in order
to make ¢ (s) be a pseudo-differential polynomial, the following equations should
be met according to Lemma 10.1:

—q1T1 — @2Tr =+ =Ly,
{ 1—qi(1—el/*) —gy(1 — e2/*) =0. (10.20)
For 7> > T; > 0, the solutions of g; and g» can be obtained as (10.17). This com-
pletes the proof. -

For any tuning parameters 7, > 771 > 0 and A > 0, the static gain of Q(s) given
in (10.16) is always equal to 1. This guarantees the stability of the closed-loop sys-
tem.

The filter Q(s) may be interpreted as a low-pass filter cascaded with an

1
> Ts+1°
input shaper [12, 90, 1641, 1 — g1 — g2 + g1e~1"* 4 g2e~12*. For an arbitrary dis-
turbance polynomial D(s), it is possible to obtain a deadbeat response, provided
that the number of the delay elements is enough so that ¢ (s) in (10.18) is a pseudo-

differential polynomial.

10.4.2 Implementation of the Controller

In order to make the measurement unit gg;, the input filter %, and the
F(s)

Gol—0eTns) in Figure 10.1(b) causal, the relative degree of F(s) has to
be 1 for the above design. The simplest F (s) is to choose

controller

F(s) = ,
() As + 1
without introducing a new parameter. Then,
CGp _As+1

(1+CGy)F(s) Ts+1’

0(s) “Tys —Tss
=1—qi(l—e ) —gqa(1 —e™ ™),
F(s) gi(1—e ) —ga(1—e™)
and
F(s)
Gm(l - Qe_LmS)
_ N
KOs+ 1—ebns+gi(1— e Ti5)eLns 4 gy (1 — e~ T25)e~Lms)
K A + 17€;Lm5 +q1 lfé's_TlS e*LmS +q217£"—;7—2xe*l‘ms

Lo s



206 10 Disturbance Observer-based Control

T As —Ls Y
™ Tsii e Gp(s)e £
n
1—q(l—e ™) — g1 — e ™)
Fig. 10.9 The control structure for implementation
where
_ ,—Luys 1— e—Tls 1— e—Tzs
Ze)=————+a— et 4 g e tm

is an FIR block or a pseudo-differential polynomial. Hence, the control system can
be implemented as the structure shown in Figure 10.9, where the FIR block Z(s)
has to be implemented in a non-dynamical way [89], i.e., to implement the signal v
in time-domain as

t t—Lpy t—Lp
v(t):/ u(t)dt+q1/ u(t)dt+q2/ u(t)dt.
t—Ly t—L,—T t—Lp—T,

By doing so, Z(s) does not possess any pole, even at s = 0, and there does not exist
any unstable pole-zero cancellation between the controller and the plant. Hence, the
control scheme implemented in Figure 10.9 is internally stable.

In this control structure, the disturbance response from d to y, considering un-
certainties in the plant, can be represented as

£Gpo(s)e ™
L+ =g —e71%) —ga(1 — 7)) 75 £G po(s)e L

B K+ Z(s)Gpo(s)e™Ls
s +SZ() + (1 —qi(1 —eT15) — g (1 — e 125)) G po(s)e L5

Gya'(s) =

Since G (0) # 0 and Z(s) does not have a pole, Gy4(s) does not have an unstable
pole at s = 0. In the nominal case, where G o(s) =1 and L,, = L, the disturbance
response is

KO+ Z(s)e L

Gya(s) = P . (10.21)

There is only one pole at s = —% (since Z(s) does not possess a pole) and the
nominal system is stable. Moreover, this (stable) pole is cancelled by the zero at
s = —% since A + Z(—%) =0, according to (10.20). This confirms that the obtained
disturbance response is indeed deadbeat in the nominal case.



10.4 Controller Design to Obtain Deadbeat Disturbance Responses 207

Magnitude (dB)

1072 107 10° 10' 107
Frequency (rad/sec)

Fig. 10.10 Magnitude frequency response of Q(s)

10.4.3 Parameter Tuning and Robustness

The complementary transfer function of the nominal system is
T(s) = Q(s)e s,
Hence, for a multiplicative uncertainty A(s) € Hoo, the system is robustly stable if
1O()leo < m, i.e., the magnitude frequency response |Q(jw)|, of which a
typical example is shown in Figure 10.10, stays under m.
It can be shown that for 75 > 77 > 0 and A > 0, the (delay) gains satisfy

1—q1—q2»>0, q1 <0, and ¢ >0. (10.22)
The upper envelope of Q(s) given in (10.16) is
I1—qi —ql+1qil+ gl 1-2q

Quls) = As+1 Y ER

Hence, the following theorem holds:

Theorem 10.2 The system described in Theorem 10.1 is robustly stable if

1—2q1<

|| ffii oo

for a multiplicative uncertainty A(s) € Hwo.

The high-frequency asymptote of the upper envelope Q, (s) is
261 1

log|Q%(jw)| =1log 1= —logw.
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0 1 2 3 4 5 6 7 8 9 10
Fig. 10.11 The optimal ratio 77/ 7> with respect to 7>/

It intersects with the straight line w = 1 rad/sec at log l_fq' , noted as A in Fig-

ure 10.10. 1 — 2q; can be interpreted as the cost of the robustness to obtain a dead-
1-2q;
x

beat disturbance response, and J = as a robustness indicator. For given T,
and X, Ty can be chosen to make point A as low as possible, i.e.,

to obtain the largest possible robust stability region. With consideration of (10.17)
and (10.22), the robustness indicator can be simplified as

J 1 | 24 L) (e2/* — 1) =21
N Ty — Ty + Tyel2/* — TheTi/n )

n (10.23)

Since (A + L) (e2/* —1) = Th > 0and Tr — Ty + T1e™2/* — TheT'/* > 0 for T» >
T1 > 0 and A > 0, J is always larger than % Differentiate J with respect to 77 and
let it be O; then

14l _ %eTl/)\ =0

’

which offers
e
T =Aln——, (10.24)

or
Ty, A eP/h—1
—_ —_ ni
n 1T T/ A

A graphical representation of this function is shown in Figure 10.11.
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Fig. 10.12 Scaled robustness indicator L,, J,

If T,/A» — 0, then Ty — 0.5T,; If T, /1 — o0, then T} — T3. Thus, T} is always
less than 7». The corresponding minimal J is then obtained as

1 2(1 + Le)(e2/* — 1) — 2L
JO=—<1+ (1+5)Ce )~ 23 )). (10.25)
]

T /h_
* 7+ @™/~ 1)(In¢ ;z/,\l

A scaled J, by L,, is shown in Figure 10.12 with respect to L2 and 7~

As can be seen, the larger 7> and A, the better the robustness. The robustness
becomes worse for 7, < L, or very small A/L,,. Hence, T»/L,, or A/L,, cannot be
chosen too small, although a small A is helpful for the dynamics of the disturbance
response as given in (10.21).
6+ Lm

If \ > 400, then L,,J, — . In fact, for A > L,,, the robustness indicator

Lm
J,, varies slightly. This means that A can no longer be used as a fine tuning parameter

to meet the robustness as in a common disturbance observer-based control scheme
using a rational low-pass filter [58, 163]. A reasonable value of A is (0.5 ~ 1)L,,.

If T, — o0, then J, — %; the system degenerates into a common system with-
out the property of a deadbeat disturbance response and so the robustness. This
means that 7, has to be used to compromise between the deadbeat time and the
robustness. If a deadbeat disturbance response is desired, the robustness has to be
sacrificed to some extent. If good robustness is desired, then the deadbeat time can-
not be chosen too short. This also indicates that delay 7> takes the place of the
bandwidth of the low-pass filter to compromise the disturbance response with ro-
bustness. This compromise can never be overcome.

For given T> and A, J, is proportional to the dead time L,, as shown in (10.23).
This means that a system having a longer dead time has to pay more for the robust-
ness in order to obtain a deadbeat disturbance response.

In summary, the parameters are determined as follows:
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Fig. 10.13 Dual-locus diagram of the controller

Step 1. Initially choose 7> = (1.5 ~ 2)L,,; then the recovery time is (3.5 ~4)L,,,
which is much faster than that of the sub-ideal disturbance response (5.5 ~ 9)L,, (if
the robustness is met);

Step 2. Choose A = (0.5 ~ 1)L,,, calculate 77 from (10.24), and then g1 and ¢»
from (10.17).

Step 3. Evaluate the robustness. If the robust stability condition is not met, then
increase A and repeat Step 2 to check if the robust stability condition can be slightly
over-met; if the robust stability condition is much over-met, then decrease 7, and
repeat Step 2 till the robust stability condition is slightly over-met. If increasing A
cannot meet the robust stability condition, then increase 7> and repeat the above
procedures again till the robust stability condition is slightly over-met.

10.4.4 Stability of the Controller

The following analysis shows that the controller itself has no right-half-plane
pole and hence is stable. The characteristic equation of the controller itself, 1 —
Q(s)e~Ems =0, is equivalent to

AS + 1 — (1 —q1 — qZ)e*LmS _}_qle*(Tl‘FLm)S + qze*(TZ‘I’Lm)S.

Denote the left side as L1 (s) and the right side as L (s), of which the loci are shown
in Figure 10.13 for @ =0 — 4-00. Locus L{(jw) is a straight line from (1, jO) to
(1, joo), and locus Ly (jw) lies inside the circle at (0, 0) with a radius of 1 —2g; =

A/ (1-2¢1)%~1
X

4.5. L1(jw) intersects with the circle at wy = = 1.75rad/sec. For w >



10.4 Controller Design to Obtain Deadbeat Disturbance Responses 211

0.2

y(t)

—0.4 — Deadbeat
— -Normal
-0.6
-0.8 ‘ ‘
0 10 20 30
Time (Seconds)
(a) The nominal case
0.4
0.2 . I l\
[/ (|
— o Iy ’\ /) 1
= 0

| I
! [
v o
||‘ ‘l l|
)

1]
— Deadbeat
-0.4
— -Normal
-0.6
-0.8 : : : :
0 20 40 60 80 100

Time (Seconds)

(b) The worst case of uncertainty

Fig. 10.14 Comparison of disturbance responses

o, the two loci do not intersect. For 0 < @ < wy, there is only one intersection
(noted as A in Figure 10.13), of which the corresponding frequency of L;(jw) is
about w4 = 1.165rad/sec. For the same frequency, Li(jw4) arrives at point B.
Hence, L arrives at the intersection A earlier than L,. According to the dual-locus
diagram [114, 157], no right-half-plane pole exists in the controller, and, hence, the
controller itself is stable.
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10.4.5 An Example

Consider again the process with

1
Gp(s)= < L,, = 5seconds,

assuming that the worst multiplicative uncertainty is A(s) = g 151 I e 05 1.

Choose T» = 2L,, = 10 seconds and A = 0.5L,, = 2.5 seconds; then 77 = 6.5
seconds, g1 = —1.75, g = 0.39. The disturbance response of d(¢) = —0.1 in the
nominal case is shown in Figure 10.14(a), and the one in the worst case of uncer-
tainty is shown in Figure 10.14(b). The nominal disturbance response is deadbeat at
t =2L,, + T> = 20 seconds, and the response in the worst case uncertainty becomes
worse but still very good. A comparison to the case described in the previous sec-
tion with Q(s) = (2?::11)2 to obtain a recovery time close to # = 20 seconds is made.
The corresponding disturbance responses in the nominal and worst cases are noted
as Normal in Figures 10.14 (a) and (b), respectively. As can be seen, the system
becomes unstable in the worst case of uncertainty. In other words, in order to ob-
tain the same recovery time, the proposed deadbeat control scheme has much better
robustness than the conventional scheme. In order to obtain similar robustness, the
recovery time obtained by the conventional scheme is much longer. The advantage
of the conventional schemes is a relatively smaller dynamic error.

10.5 Conclusions

A disturbance observer-based control scheme, which is a 2DOF internal model con-
trol structure, is revealed to be very effective to control IPDT processes. It has a
simple, clear, easy-to-design, and easy-to-implement structure; it decouples the set-
point response from the disturbance response; it can be designed to reject arbitrary
disturbances. The controller can be designed to reject arbitrary disturbances, and it
is possible to obtain deadbeat disturbance responses for step disturbances.



Chapter 11
Quantitative Analysis

As shown in the previous chapters, several different control schemes for integral
processes with dead time resulted in the same disturbance response. Moreover, it
has already been shown that such a response is sub-ideal [73, 160]. In this chap-
ter, the achievable specifications of this disturbance response and the robust sta-
bility regions of the system are quantitatively analysed. The control parameter is
quantitatively determined with compromise between the disturbance response and
the robustness. Four specifications—(normalised) maximal dynamic error, maximal
decay rate, (normalised) control action bound, and approximate recovery time—
are given to characterise the step-disturbance response. It shows that any attempt

to obtain a (normalised) dynamic error less than L,, is impossible, and a sufficient
V3

condition on the (relative) gain-uncertainty bound is %5>.

11.1 Introduction

It is very interesting that, although the structures proposed in [78, 153] (see Sec-
tions 8.3.3 and 8.5.3, respectively) are different from the control scheme presented
in [163] (see Chapter 10), the resulted disturbance responses are the same in essence
when the controllers are properly tuned. Further research has shown that such a
response is sub-ideal [72]. Hence, it is quite necessary to quantitatively analyse
the system performance with respect to the control parameter. The relationship be-
tween the control parameter and the achievable specifications and the robust stabil-
ity regions is shown in this chapter, based on the disturbance observer-based control
scheme presented in Chapter 10. The control parameter can be decided by a given
allowable maximal dynamic error, in terms of the Lambert W function [17]. For
a given control parameter, a control action bound is required. The maximal decay
rate, based on which the recovery time is approximately obtained, is given to mea-
sure the responding speed to the disturbance. For a given gain uncertainty, dead-
time uncertainty, or both of them, the corresponding stability region can be derived.
Hence, the control parameter can be analytically determined with compromise be-

A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 213
Advances in Industrial Control,
DOI 10.1007/978-0-85729-070-0_11, © Springer-Verlag London Limited 2011
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tween robustness and the disturbance response. A sufficient condition on the relative

V3

gain-uncertainty bound is %5>.

11.2 The Lambert W Function

The Lambert W function is named after a great mathematician, Johann Heinrich
Lambert in the 18th century, and also in memory of the pioneering work on this
function by E.M. Wright. In some literature, it is also called the £2-function.

It is defined to be the multi-valued inverse of a very simple function x = we".
However, it is a very interesting function not only in the eyes of a mathematician.
It has been widely used in, for example, the enumeration of trees, the calculation of
water-wave heights, the solution of linear delay equations with constant coefficients,
and so on. The history of this function and applications can be found in [17] and the
references therein.

The function Wy (k € Z) may be defined for x € C\(—o0, 0] as the (unique)
solution of

Wi(x) =1In x 4+ j2kmw — In Wi (x), (11.1)

where In is the principal branch of the logarithm. Note that (11.1) implies that if
w = Wi (x), then we” = x, which is the basic equation satisfied by all the branches
Wy. For x > 0, Wy(x) is the only positive solution of we” = x. Equation (11.1) can
be thought of as a fixed-point equation for the function

Tk x(w) =Inx + j2km —Inw.

For k # 0 and large |x|, the iterations defined by w;,y1 = Ty x(w,) converge
fast to Wi (x). The approximation formula (4.11) given in [17] can be written as
Wi (x) & Tj x (T x(1)). Since for large real x, Wy(x) is a better initial approxima-
tion of Wi (x) than 1, the approximation

Wi (x) = Tg x (Tk,x(Wo(x))) =lInx + j2km — ln(lnx + j2km —In Wo(x)) (11.2)

can be used.
The principle branch W (x) = Wy(x) of the Lambert W function is shown in
Figure 11.1(a) for —e'<x<0Oandin Figure 11.1(b) for 0 < x <e.

11.3 Achievable Specifications of the Sub-ideal Disturbance
Response

The integral processes with dead time can be described as
K
G(s)=Gp(s)e = —e k5, (11.3)
s

where the pure dead time L and the static gain K are both positive.



11.3 Achievable Specifications of the Sub-ideal Disturbance Response 215

Lambert W Function
0 T . .

-0} ]
_02 - i
_03 - . B n
0.4} ]

£ -05f .
0.6} ]
—0.7} ]
—08} ]
-0.9} ]

-1 i i i i i i i
-04 -035 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 O
X

(a) —e7' <2 <0
Lambert W Function

1 —————
0.9
0.8f

07}
0.6}
Zos|
0.4}
0.3}
0.2}

0.1}

0 02040608 1 12141618 2 22242628
X
b)o<z<e

Fig. 11.1 The principle branch of the Lambert W function

The disturbance observer-based control scheme is revisited in Figure 11.2(a) for
the readers’ convenience. L,, is the estimated dead time, and G, (s) is the nominal
delay-free part. C(s) is designed as the proportional controller C(s) = ﬁ, and

Q(s) is the low-pass filter

W) == v 12

(11.4)
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T Y
C(s) 5 Gp(s)e ™
"y on
Gm(s) Gl (s) [+
I
I
i
Disturbance Observeri
(a) Original structure for design
d
T CCpm F(s) EJ}» _ Y
N TFCEFE P G (1—QeTmo) Gp(s)e ks
Qs) "
F(s)

(b) Equivalent structure for implementation

Fig. 11.2 Disturbance observer-based control scheme

designed to reject step disturbances without a static error, where A is a design pa-
rameter to trade-off the disturbance rejection, robustness, and, possibly, the control
action bound. A casual and internally stable, equivalent structure is shown in Fig-
ure 11.2(b).

Under the nominal condition, G, (s) = Gp(s) = % and L,, = L, the set-point
response and the disturbance response are respectively

_ 1 —Lys
&=
k —Lys\ —Lms
Gya(s) = 5(1 — Q(s)e Fm¥)e s, (11.5)

It is quite easy to evaluate the achievable specifications of the set-point response.
However, it is not that easy to evaluate the achievable specifications of the distur-
bance response. The disturbance response obtained using (11.4) is sub-ideal [72].
A typical step disturbance response is shown in Figure 11.3. Four specifications—
maximal dynamic error, maximal decay rate, control action bound and approximate
recovery time—will be given to characterise the disturbance response.
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Fig. 11.3 The normalised response of a step disturbance

11.3.1 Maximal Dynamic Error

Theorem 11.1 For process (11.3) controlled as in Figure 11.2, the (normalised)
maximal dynamic error! e, under a step disturbance is not less than L,,, i.e.,
em > Ly,.

Proof The normalised response, yq0(t) = %, of a step disturbance dy, disturbing
at to = — L without loss of generality is

1
Yao(t) = £t |:S—2(1 — Q(S)e—Lms)i|

=t—£‘[si2Q(s)]-1(t—Lm). (11.6)

va0(t) can be divided into the following three stages as shown in Figure 11.3:

Stage I: the output is not affected due to the effect of the dead time in the process;
Stage II: after dead time L the step disturbance acts, the output responds propor-
tionally to time #, during which the control action is delayed by the dead time;
Stage III: after delay L + L,,, the control action starts to affect the output.

The first two stages are not controllable. At the end of Stage II, the dynamic error
reaches L,,. After that, the dynamic error may increase or decrease. Whatever it
varies, the normalised maximal dynamic error is not less than L,,. This completes
the proof. U

Clearly, it is impossible to obtain a dynamic error that is less than L,,.
Substituting Equation (11.4) into (11.6), the normalised response of a step dis-
turbance can be obtained as

Le without a subscript stands, as usual, for the exponential constant.
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— (2)V+Lm)s+l
=t |2 (- Ly,
Yao(t) =1 [ 20 L 12 } (t )
t O<t<Lp),
- . (11.7)
(b L= 5 > 1),

Theorem 11.2 (Allowable Control Parameter 1) If process (11.3) is controlled as
in Figure 11.2 and the low-pass filter is chosen in the form of Equation (11.4), then
for a given normalised maximal dynamic error e,, > L,,, the control parameter
should satisfy the condition

m

—W(=52)

0<xr< — Ly, (11.8)

where W (-) is the Lambert W function.

Proof As stated in Theorem 11.1, the output can be affected only when t > L,,.
Hence, there is no need to consider the first two stages of the response. The response
in Stage III can be represented as

A4+Ly  LE\ _i-Lm
1) = t—— . 11.9
Yao3(?) ( . o )¢ (11.9)
vq03(t) reaches the peak value, i.e., the maximal dynamic error e,:
__B
em = Yd03(tm) = (B + 1) Lyye P (11.10)
(with 8 =X\ /L,,) at the moment
A4 ALy + L2 2
l‘m=w=Lm+'B—Lm.
A+ Ly, B+1
Solve B from (11.10); then
B ! 1>0
=——1>0.
L}‘I'l
—W(=2)

Differentiating Equation (11.10) with respect to 8 or A shows that the maximal
dynamic error e, is an increasing function with respect to A. The larger the A, the
larger the e;,. This completes the proof. O

11.3.2 Maximal Decay Rate

Differentiating Equation (11.9) with respect to ¢ twice and letting it be 0, the maxi-
mal decay rate vmax can be obtained as

A+ L
Me—xﬁm (A1.11)
re

Umax = —
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at the moment #,,, = A + L,;, + % Umax 18 an increasing function with respect
to A and can be served as a specification of the recovery time. The larger the |vmax|,
the shorter the recovery time, and the faster the disturbance response. There exists a
minimum value |Vmax|min = €2 as A — oo. This is the slowest one.

11.3.3 Control Action Bound

The bound of the control action can be characterised by the theorem below.

Theorem 11.3 If process (11.3) is controlled by the above proposed method and

the low-pass filter is chosen in the form of Equation (11.4), then a (normalised)
A

control action bound 1 + %e_ MLm s required. In other words, for a given nor-

malised control action bound u,,, the control parameter should satisfy the following

condition:

- W(u,ln/—el)
- 1—W( 1/e )

up—1

L. (11.12)

Proof The transfer function from disturbance d to control action # under the nomi-
nal case is

Gua(s) = Q(s)e™ .

Assume that a step disturbance dy, disturbing at #y) = — L without loss of generality,
then the normalised control action, ug(t) = %), fort>0is

1
up(t) = L7 [; Q(s)]

Lyt ¢t _

uo(t) reaches the peak value, i.e., the normalised control action bound, u,,, is

A+ L,
re

>~

A
Upm =1+ e *Lm (11.13)
2 . . .
at the moment ¢, = A + M—A—L For a given normalised control action bound u,,,
m
the control parameter A can be solved as
1/e
w ( Uy —1 )

Tow(Ley

um—1

It can be shown that u,, is a decreasing function with respect to A. Hence, for a given
control bound u,, > 0, the control parameter should satisfy condition (11.12). This
completes the proof. O
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For the minimal maximal dynamic error e, — L, there should be A — 0 and
u, — 0o. Hence, it is impossible to obtain a dynamic error equal to L,, even under
the nominal case because of the infinite control action. This means that only a sub-
ideal disturbance response can be obtained. There exists a low bound for u,,: u,, —
l+e?~1.14as h — oo.

According to Theorems 11.2 and 11.3, the following results are obtained:

Corollary 11.1 For a given normalised maximal dynamic error e, > L,,, a control
action bound u,, =1 + i—’g is required, where X is limited by Theorem 11.2.

Corollary 11.2 For a given normalised maximal dynamic error ey, > L, and a nor-
malised control action bound u,,, the control parameter should meet the following
condition:
1/e
W= L
(u,,,fl) Lm <i< m

Up—1

— L. (11.14)

11.3.4 Approximate Recovery Time

Combining Equations (11.10) and (11.11), the following relation between e, and
Umax holds:

en = —AeUmax-

This means that if the response decays at the rate vmax, then it decays to O after Ae
from the peak time f,,,. Assume that the average decay rate is half of the maximal
decay rate, which is reasonable, then the recovery time 7. under the nominal case
can be approximated as the following formula:

t, ~ L +t, +2\e

1

Many simulations show that a more accurate and simpler formula for the 5% error
band is

tr~(18+2)Ly,.

Hence, from the recovery-time point of view, it is better to choose 8 =0~ 1, i.e.,
A=(0~1)L,,.

For a given control parameter 8§ = A/L,,, the achievable specifications of the
step-disturbance response are shown in Figure 11.4.
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1.6
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b
0 02 04 06 08 1 12 14 16 18 2
B=L,,

(a) maximal dynamic error

0 L L L L L L L L L
0O 02 04 06 08 1 12 14 16 18 2
B=L,,

(b) control action bound and maximal decay rate

Fig. 11.4 Achievable specifications of the disturbance response

11.4 Robust Stability Regions

Three cases of different uncertainties (gain uncertainties, dead-time uncertainties,
and both) will be considered below.
The complementary sensitivity function of the nominal system is

T(s) = Q(s)e s,
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t /L,

O=NWhrOON®O

0 02 04 06 08 1 12 14 16 18 2
B=ML,,
(c) approximate recovery time

Fig. 11.4 (Continued)
According to the well- known small-gain theorem, the closed-loop system is robustly
stable if | Q(s)]l00 < T2oT= A(s)H for a multiplicative uncertainty A(s) € Huo. Since the
steady-state gain of Q(s) is 1, which means there exists an integral effect in the

controller, a multiplicative uncertainty does not affect the steady-state performance
of the system.

11.4.1 With Gain Uncertainties

The magnitude response of Q(s) is

V14 Q@+ Ly)2a?

|QG0)| = T
and the peak value is
. p+1)?
\ Q(jw) \max = ’
26/(B+ DG+

Hence, the following theorem holds:
Theorem 11.4 For a gain uncertainty A(s) = , the closed-loop system is ro-

1AK| _ 2B/(B+DBE+D
bustly stable if = < Ft1)? .

As B — oo, 2B+ ((‘g;i)l(;ﬁ +1) ‘/— . This provides the bound ‘/_ for the gain

uncertainty to guarantee the robust stablhty. This bound is about 0.63 when 8 = 1.
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(b) Dead-time uncertainty

Fig. 11.5 Control parameter vs. uncertainty

The relationship between the control parameter and the allowable gain uncertainty
is shown in Figure 11.5(a).

11.4.2 With Dead-time Uncertainties

Assume there exists a dead-time uncertainty, i.e.,

K
Gpy(s)=— and L=L,+La (—Ly=<Ly).
N
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0 i i i i
-1 -0.8-06-04-02 0 02 04 06 08 1 12 14 16 18 2
LA/Lm

(c) Positive gain uncertainty with dead-time uncertainty

Lo/ L

(d) Negative gain uncertainty with dead-time uncertainty

Fig. 11.5 (Continued)

This uncertainty can be converted to a multiplicative uncertainty A(s) = e~ %45 — 1,
Hence, the robust stability is guaranteed if the following condition is met:

_VI+ QA+ Lp)?e?
B 1+ 22?

1 1
= Vo > 0),

< n
le—iLaw _ | 2 —2cos(L pw)

|0(jw)|

that is,
(1+220?)?

2-2 L
cos(Lpw) < TF Ot Lo a?
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1+ () @aw?)’

]+(2A+L ) (L w)z
_ (1+(LA/L ) (Law) )

1+(L2f/+le) (L aw)?

There does not exist an analytical solution for 8. Denote wp = Law, fi(wa) =

Vo > 0).

(1+( Yo
2 —2cos(wa), and fr(wa) = % Since fi(wa) and f>(wa) are all
LA/Lm L)

even functions with respect to wx, only the case with ws > 0 is considered. The
only intersection of f1(w) and f>(w) can be obtained when

filwa) = Hr(wa) and  fi(wa) = fr(wa).

This can be solved numerlcally The solutions of the lower bound of 8 to guaran-
tee the robust stability for € [—1, 2] are shown in Figure 11.5(b). For a large

dead-time uncertainty L—ﬁ > 1, the lower bound of the control parameter is about
1.62574 +0.45.

11.4.3 With Dead-time and Gain Uncertainties

Assume that there exist uncertainties in both dead time L and gain k, i.e.,
K AK
Gy(s)= (1—}—7) and L=L,+Lsx (—L, <L,).

Then the corresponding multiplicative uncertainty is

A(s) = 1+£ e kas
< )

The robust stability is guaranteed if the following condition is met:
V14 + L) _ 1
)
I+ 2w \/1 4K —2( + 45 cos(Law)

This inequality cannot be analytlcally solved, either. For some given gain uncer-
tainties 4K, the relationship between the control parameter 8 and the dead-time
uncertalnty can be obtained numerically, as shown in Figure 11.5(c, d). For a pos-
itive gain uncertainty together with a dead-time uncertainty, the stability region is
sharp. The larger the gain uncertainty, the sharper the stability region. For a neg-
ative gain uncertainty together with a dead-time uncertainty, the stability region is
blunt. The larger the (absolute) gain uncertainty, the blunter the stability region.

Vo > 0).

For a gain uncertainty g < AK <p(p,qe [——, “/_]) the stability region is the
intersection of the correspondlng stability regions for AKK = p and AKK = q. For ex-

ample, the shaded area in Figure 11.5(d) is the stability region for a gain uncertainty
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.\\\1

-0.6} 7.5
2 \ 45—
-1 -08-06-04-02 0 02 04 06 08 1
LA/m

Fig. 11.6 Rough contour of 8 vs. uncertainties

—-0.7< AKK < 0.0, while the shaded area in Figure 11.5(c) is the stability region for
a gain uncertainty —0.7 < 4K < 0.7 because the stability region for 45 = 0.7 is
included by that of <> AK = —O 7. In order to obtam a better view of the relatlonshlp,
a rough contour of ﬂ with respect to 4K and is shown in Figure 11.6. This is
very useful for determining B to meet the uncertalntles Figure 11.6 indicates that
the nominal gain should be chosen near the maximal possible gain rather than the
centre of the gain range.
It should be pointed out that the stability regions obtained above are sufficient
conditions but not necessary conditions.

11.5 Stability of the Controller

It is always advantageous to have a stable controller, in addition to a stable closed-
loop control system. The stability of the controller itself is analysed in this section.
The characteristic equation of the controller can be equivalent to

s+1D* 0

Qr+L)s+1 (1)

The stability can be determined using the dual-locus diagram method [114, 157].
The loci of the both sides in (11.15) are shown in Figure 11.7. If the two loci do not
intersect, then the controller is stable; otherwise it is unstable. In other words, if the

2 o . :
% crosses the unit circle at Wthh before ¢~ L*
(As+

the system is stable; if e arrives before m, then the controller is unstable.

locus of locus arrives, then

—Ls
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A (s+1)?
(2A+L)s+1

-
N
\
7

e e\ ——

Fig. 11.7 The dual-locus diagram of the controller

2
The locus of % intersects with the unit circle at frequency w. =

/n B2 . 2
V2P AL B = %). The phase angle of 25+ at ¢, is

B*L 2+ L)s+1
V282 +4B8+1 QB+ 1)y/2B2+4B +1
¢, = 2arctan T — arctan 52 .

If the locus of e~ %* also arrives this point at w,, then the following equation should

be met:
¢)\, =2r — La)Ca
ie.,

V2B2+4p+1 an B+ 1)y/2B2+4B+1

2 arctan arct 3
B B
V2B2+4B8+1
=27 - —.
‘32

This equation has a unique solution at about 0.63. For 8 > 0.63, the locus of

12 L. _ . .
% crosses the unit circle before e L5 locus arrives at the same point. Hence,

the controller is stable for 8 > 0.63.



228 11  Quantitative Analysis
11.6 Conclusions

Many different control schemes for integral processes with dead time have resulted
in the same disturbance response, which can be divided into three stages. The first
two stages are not controllable, and the third stage is determined by the control
parameter. As a result, the minimum of the normalised maximal dynamic error is
not less than L,,. Four specifications: the (normalised) maximal dynamic error, the
(normalised) control action bound, the maximal decay rate, and an approximate re-
covery time are used to characterise the disturbance response. For a given (reason-
able) maximal dynamic error, the control parameter is determined in terms of the
Lambert W function. For a chosen control parameter, there exists a requirement of
the control action bound. Moreover, the (sufficient) stability regions for gain uncer-
tainties, dead-time uncertainties, and both of them are shown in figures. A sufficient

V3

condition on the (relative) gain-uncertainty bound is 73 The controller itself is
stable, provided that 8 > 0.63. Hence, these lead to the quantitative design of the
disturbance-observer-based control scheme for integral processes according to the
requirements of the disturbance response, the robustness, and the stability of the
controller itself.



Chapter 12
Practical Issues

Various control schemes for integral processes with dead time are discussed in the
previous chapters. Some practical issues concerned with the controller implementa-
tion will be discussed in this chapter and then verified with experiments carried out
on a laboratory-scale setup.

12.1 The Control Scheme Under Consideration
The integral processes with dead time can be described as
K
G(s)=Gp(s)e ™ =—e ™, (12.1)
s

where the pure dead time 7 and the static gain K are both positive. The disturbance-
observer-based control scheme presented in Chapter 10 is taken as an example to fa-
cilitate the discussions in the sequel. Similar issues exist with other control schemes
for integral processes with dead time. The scheme is revisited in Figure 12.1(a) for
the readers’ convenience, where 7, is the estimated dead time, and G,,(s) is the
nominal delay-free part. The controller C(s) = ﬁ is designed to be proportional,
and the low-pass filter
Cr+Tm)s +1
(s + 1)?
is designed to reject step disturbances with no static error, where A is a design param-
eter to compromise the disturbance rejection, robustness and, possibly, the control
action bound [163].
Under the nominal condition, G,,(s) = G(s) = K and T, = 7. The set-point

S

response and disturbance response are respectively

Q(s) = (12.2)

1
Gy (s) = e’
yr(8) Ts+1
and
K —TmS\,—TmS
Gya(s) = ?(1 — Q(s)e )e . (12.3)
A. Visioli, Q.-C. Zhong, Control of Integral Processes with Dead Time, 229
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Disturbance Observer

(a) Structure for design
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CGm € Q(s) _r

arcaaE [~ G (= Qe=m™) Gp(s)e™™

- M(s)

(b) Equivalent structure for implementation

Fig. 12.1 Disturbance observer-based control scheme

The scheme shown in Figure 12.1(a) is not internally stable nor causal. An al-
gebraically equivalent but causal and internally stable structure is shown in Fig-
ure 12.1(b), as proposed in [162]. The implementation of the block

Q(s)
Gm(s)(1 — Qe™™%)
needs to be very careful. Otherwise, problems may occur.

M(s) =

12.2 Zero Static Error

The block diagram shown in Figure 12.2(a) for M (s) is implementable because the
block GQ,,,((Ss)) is causal. However, if the block M (s) is implemented in this way, then
the system is not able to reject step disturbances completely. There is a non-zero

static error because the block
Q) _ @r+tm)s® +s
Gm(s)  K(s+1)2
contains a differentiator and any constant error e is ignored by the controller. This

causes a non-zero static error. As a matter of fact, since the static gain of Q(s) is
unity, the local positive feedback loop in Figure 12.2(a) contains an integral action.




12.3 Internal Stability 231
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Gm(s)
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Q(s)e™™

(a) Non-zero static error

(2A+7m)s+1 u

AZs—Tm

1
K

—Tm$ ES

U; s

(b) Internal instability

Fig. 12.2 Wrong implementation schemes for M (s)

The differential action in the previous block cancels this integral action. This should
be avoided in practical implementation.

12.3 Internal Stability

One special property of the control plant is the instability due to the pole at the ori-
gin. This makes the structure shown in Figure 12.1(a) internally unstable because
of the pole-zero cancellation at s = 0 between the block G,;l (s), the inverse of the
delay-free model, and the plant G ,(s)e~"*. The internal stability problem can be
solved if a discretised version of the controller is implemented [81, 82]. For an ana-
log controller, the equivalent structure for implementation shown in Figure 12.1(b)
guarantees the internal stability if implemented properly. As discussed in the pre-
vious subsection, the implementation of M (s) shown in Figure 12.2(a) causes non-
zero static errors when the system is subject to step a disturbance. The cancellation
between the differential action in GQm(SS) and the integral action in the local loop
should be removed in implementation. The block M (s) can be algebraically equiv-
alent to

_ o(s)
Gm(s)(1 — Qe=ms)

_1 QA4 T)s + 1

- K)‘zs_fm+((2)\+rm)s+1)1—€sl

Qr+1,)s+1
_i 22s—Tp
T K Qrttm)s 1 I—e—ms
I+ A2s—1 N

M(s)

This can be described as shown in Figure 12.2(b) as a local feedback loop. The
signal u; in Figure 12.2(b), i.e., the state of the integrator, is unbounded, and hence
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(A +7m)s+1 U

A2s5—7p,

==

P bt

Fig. 12.3 Correct implementation scheme of M (s)

the system is not internally stable even when the output of the whole system is stable
1—e~'mS
N

because the block is split into the cascade of an integrator and 1 — e~ ™%,
which causes a zero-pole cancellation at s = 0. One way to avoid this is to use the

—TmS

approach proposed in [158, 160] to approximate le ™

s

l—e ™"  C

~ - D(s),
s s+e€ )
with
Tm
Co=—N°
€ 1— e*ff/n/N’
and
N—1
D(s)=(1—e HEHD). 3" oIS,

i=0
where € > 0 is a small enough number, and N is a natural number. The longer
the delay, the bigger the N is needed. Then, the block M (s) can be implemented as
shown in Figure 12.3. With this implementation, the closed-loop system is internally
stable. Moreover, there is no static error. The only downside is that the performance
will be slightly worse than the designed performance due to the approximation. This
can be improved by choosing a small € and a big N.

12.4 Experimental Results

12.4.1 The Experimental Setup

The laboratory experimental setup employed to verify the findings in the previous
sections is shown in Figure 12.4. This is a small perspex tower-type tank with a sec-
tion area of A =40 cm?, of which the water level is regulated by a PC-based con-
troller. The tank is filled with water by means of a pump whose speed is controlled
by a DC voltage, in the range 0-5V, through a pulse-width-modulation (PWM)
circuit. Then, an outlet at the base allows the water to return to the reservoir. The
measure of the level of the water is given by a capacitive-type probe that provides
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Fig. 12.4 The experimental setup (only one tank has been employed in the experiments)

an output signal between 0 (empty tank) and 5 V (full tank). The process can be
modelled by the following differential equation:

dy(n) 1

a A

where y is the water level (i.e., the process variable), ¢; is the input flow rate, and

q, 1s the output flow rate. The input flow rate g; is linearly dependent on the volt-

age applied to the DC pump. The output flow rate can be calculated by measuring

the level y(¢) because q,(t) = a+/2gy(t), where g is the gravitational acceleration

constant, and « is the cross-sectional area of the output orifice. This is then added

to the control variable u via a local feedback loop to obtain the input flow rate g;,

ie., u(t)+qo(t) = qi(t), which is then used to determine the speed of the DC motor
(pump). Hence, the control variable u is

(gi (1) — go (D)),

u(t) =qi(t) — go(7).
In this way an integral process is obtained as

dy@w 1
o Ao

Dead time also occurs in the process because of the length of the pipe. The transfer
function of the process, from the control variable u to the voltage corresponding to
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Fig. 12.5 Experimental results with the control scheme of Figure 12.2(a)

the water level, has been estimated as follows by means of a simple open-loop step
response experiment,

12.4.2 The Scheme Shown in Figure 12.2(a)

The control parameters are chosen as 7 =5 and A = 8. A set-point change from
1.5V to 2.3V has been applied to the control system and, after 100s, a disturbance
d = —2.5V has been applied to the control variable. The resulting process variable,
together with the set-point signal, is shown in Figure 12.5. As expected, a non-zero
static error appears.

12.4.3 The Scheme Shown in Figure 12.2(b)

The same experiment as described in the previous subsection has been repeated for
the scheme shown in Figure 12.2(b). The resulting process and control variables
are plotted in Figure 12.6(a). The static error has disappeared, but, as expected, the
system is internally unstable as can be seen from the plot of the variable u; (i.e., the
state of the integrator) shown in Figure 12.6(b). This variable becomes unbounded
eventually.



12.4 Experimental Results 235

vl
= N
o ® N v

—_

process variable
=

e
S

0 20 40 60 80 100 120 140 160 180 200
time [s]

—_

control variable [V]
oM A~ O ® O

20720 40 60 80 100 120 140 160 180 200

time [s]

300 (a) Process variable and control variable

250 - 1

200 - 1

150 1

100 1

50+ 1

0020 40 60 80 100 120 140 160 180 200

time [s]
(b) Internal variable u;

Fig. 12.6 Experimental results with the control scheme of Figure 12.2(b)

12.4.4 The Scheme Shown in Figure 12.3

Then, the scheme of Figure 12.3 has been employed for the same control task. The
control parameters are selected as 7 =5, A =8, € = 0.01, and N = 1. Results
are shown in Figure 12.7(a). It appears that the control scheme is effective in both
the set-point response and disturbance rejection. In order to evaluate the physical
meaning of the parameter A, the same experiment as before has been repeated with
different values of A =4 and A = 12. The resulting process and control variables
are plotted in Figures 12.7(b) and 12.7(c), respectively. The control system is more
aggressive when the value of X is decreased, and it is more sluggish when A is
increased, as expected.
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Fig. 12.7 Experimental results with the control scheme of Figure 12.3
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Fig. 12.8 Experimental results for a digital controller (A = 8)
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Fig. 12.9 Experimental results with a PI controller
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For the sake of comparison, a digital controller has also been implemented.
A transfer function M (z) can be obtained straightforward after having discretised
0(s), G (s), and e~ by applying the backward difference approach. Then, the

obtained M (z) is

~10.5168z"7(z —0.9943)

M(z) NG)

with

N(z) = (z — 1)(z 4 0.7582)(z> — 1.649z + 0.7333) (2> + 1.394z + 0.5764)

x (22 — 1.2497 4+ 0.6583) (2% + 1.047z + 0.5811)(z% — 0.7115z + 0.6238)
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x (22 +0.5255z + 0.5896)(z% — 0.090937 + 0.603),

which was employed in the scheme of Figure 12.1(b) after sampling the control
error e at the rate of 0.1 s (note that the resulting controller is of the 16th order).
Results related to the case of A = 8 are shown in Figure 12.8. It can be seen that
there is no significant difference between the use of an analog or digital controller.

12.4.5 Comparison with a PI Controller

In order to evaluate better the performance of the disturbance observer-based con-
trol scheme, comparison with a standard PI controller in the unity-feedback control
scheme has been performed. The controller is

1
C =K 1 - |
pI(s) p< +T,~s)

where the proportional gain K, and the integral time constant 7; have been selected
by applying the tuning rule proposed in [15], i.e., K, = % =848, T =10L =
15. The experimental results are shown in Figure 12.9. The disturbance rejection
is very good, but the set-point response has a large overshoot. This clearly shows
the benefit of the two-degree-of-freedom control scheme. It is able to provide good
performance for both the set-point response and disturbance rejection. Obviously,
being of a single degree-of-freedom, the PI controller is able to obtain satisfactory
performance in disturbance rejection at the expense of a significant overshoot in the
set-point response. In general, it is not easy to select the most appropriate tuning
rule to meet the requirement for both.

12.4.6 Robustness with Respect to Changes in the Dead Time

Experiments have also been performed on the same system as before but with an
additional input dead time of 1s added via software delay. The control scheme of
Figure 12.3 with A = 8 and A = 12 is compared with the PI control scheme described
in the previous subsection. The results are shown in Figure 12.10.

12.5 Conclusions

In this chapter, some practical issues in controller implementation for integral pro-
cesses with dead time are discussed and verified with experimental results. It is
shown that with proper implementation, these problems can be eliminated.
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