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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 Editors of the Advances in Industrial Control series have long had a policy of
supporting the publication of monographs about the different aspects of PID control
and its implementation. This recognises the incontrovertible fact that PID control
is the ubiquitous controller applied in industry. At the turn of the century and the
beginning of the new millennium, the Editor-in-Chief of the Instrument Society of
America Transactions conducted an informal survey of around 100 industrial con-
trol experts and academics to determine “The Century’s Greatest Contributions to
Control Practice” [1]. The results make interesting reading, for in Category 3: Con-
trols, decision and communications instrumentation, the PID controller took second
place, beaten only by the microprocessor. Nevertheless, boosted by industrial votes,
the Zeigler—Nichols tuning method came top of Category 2: Techniques. These are
some indicators of just how important the PID control field is to some industrial
sectors, especially the process industries.

The Advances in Industrial Control Series Editors’ interest in supporting pub-
lications on PID control theory, implementation, and applications has produced a
good library of PID-focussed monographs for the series over the years:

1999 C.C. Yu: Autotuning of PID Controllers. ISBN 978-3-540-76250-8;

1999 A. Datta, M.T. Ho and S.P. Bhattacharyya: Structure and Synthesis of PID
Controllers. ISBN 978-1-85233-614-1;

1999 K.K. Tan, Q.-G. Wang and C.C. Hang with T.J. Hagglund: Advances in PID
Control. ISBN 978-1-85233-138-2;

2006 A. Visioli: Practical PID Control. ISBN 978-1-84628-585-1;
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2007 A.W. Ordys, D. Uduehi, M.A. Johnson (eds.): Process Control Performance
Assessment. ISBN 978-1-84628-623-0;

2010 A. Visioli and Q.-C. Zhong: Control of Integral Processes with Dead Time.
ISBN 978-0-85729-069-4; and

2011 T. Liu and F. Gao: Industrial Process Identification and Control Design. ISBN
978-0-85729-976-5.

In making the above list, Advances in Industrial Control series volumes of re-
lated interest, for example, on controller performance assessment, windup in con-
trol, fragility of digital controllers and many industrial applications, have not been
listed. So, just when it might be thought that there is little more to be written on PID
controller design, implementation and applications, PID Control in the Third Mil-
lennium collated by Editors, Ramon Vilanova and Antonio Visioli provides a timely
reminder that this research field is still vibrantly active.

At eighteen chapters, the book shows how the more recent developments in con-
trol systems theory have had an impact on PID control design and highlights areas
where theory and technology have the potential to force changes on the software
and hardware of the PID control device. The book’s editors have managed to col-
lect, collate and even contribute to some fascinating chapters, and each reader will
find aspects from the different contributions that illuminate or provide insight for
their own particular interests in this very extensive control field.

Historical Background

Aidan O’Dwyer is well known for his encyclopaedic volume [2], and he contributes
an opening chapter that very usefully updates the reader on recent trends found in
publications in this still growing field. In this chapter, the reader will also find some
nicely balanced remarks about the industrial uptake of publications of this research.

Principles and Taxonomy

Having attempted to create a classification framework for PID control methods in
the past [3], it was interesting to see structural principles converging to a two-branch
tree that was found at various points in the volume. However, authors applied various
names to the two branches, “model-based versus model-free”, “parametric versus
non-parametric”, and borrowing terminology from adaptive control, “indirect versus
direct methods”. These terms reflected the importance of whether or not an explicit
model identification step was involved or whether the PID controller parameters
were going to be computed directly from the process data/knowledge but, whichever
route was selected, the essential practical outcome was a careful prescription for the
way process data was collected (details of the experimental framework to be used)
and processed.
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—| Classical control indices |

Structural ——| Robustness issues |
issues
PID Control forms —| Identification issues |
PID 2dof Feedback
Control | |  Feedforward | Controller fragility |
Design ) |
Cascade/Ratio
Special loops ——l Event-based PID |
SISO-MIMO
Structures —| Fractional order PIDs |

——I Data-Driven methods

Fig. 1 Aspects of PID controller design

Design for PID Control

The influence of methods from the mainstream of new control design techniques is
well captured across the eighteen chapter contributions. A summary of most of the
design directions is best captured by the schematic in Fig. 1.

Reading the chapters, one interesting observation is just how thoroughly robust-
ness issues have permeated the PID control design method. Even so, as Fig. 1 shows,
there are other new design avenues opening up: PID controller fragility, fractional-
order PID controllers, and data-driven PID methods, to name just three.

Technology, PID Implementation, and Applications

A recent article in the IEEE Control Systems Magazine [4], noted that “PID hard-
ware is now dominated by five major vendors—ABB, Emerson, Foxboro (Invensys),
Honeywell and Yokogawa”, and this may affect the rapid take up of new PID con-
trol design ideas and concepts in PID hardware modules. However, the same article
shows an extensive set of PID software modules and packages (over 25 products
were listed), and this market is probably far more flexible. This is certainly one
avenue for showcasing many of the new and fertile ideas discussed in this book.
One particularly intriguing research direction is the potential of wireless technol-
ogy to change the way PID controllers operate (Chap. 14 by G.K. McMillan). In
a very closely related chapter, event-based PID control design is investigated using
an instructive tutorial-style presentation (Chap. 16 by J. Sdnchez, A. Visioli, and S.
Dormido) that should interest many readers.

In a recent conversation with a former graduate student, now a professional con-
trol engineer in a large petroleum industry major, my enquiries about PID controller
tuning elucidated the response that at his level PID controller tuning was a “rare
bird” and that technicians used simple routines and looked after all the PID con-
troller tuning in the company. This observation returns us to the issue that initiated
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the search for the ideal push-button PID tuning module; a search that was revitalised
in the 1980s and saw the emergence of Astrom’s relay tuning concept and other de-
vices based on the simple expert systems of the era. With all manner of new ideas
posited in this volume, it will be interesting to see what impact they have on PID
control technology in the years to come.

The editors, Ramon Vilanova and Antonio Visioli are to be congratulated on
bringing together this invaluable collection of chapter-length contributions to pro-
vide a timely update of progress in the many aspects of PID control research, devel-
opment, and industrial applications. We should also note that the editors have devel-
oped this book concept from a position of strength, for they are both chapter authors
in this volume and regular contributors to this research field. It is also encouraging
to see that a new generation of PID control researchers is now contributing to the
field.

References

1. Rhinehart, R.R.: The Century’s greatest contributions to control practice. ISA Trans. 39, 3—-13
(2000)

2. O’Dwyer, A.: Handbook of PI and PID Controller Tuning Rules, 3rd edn. Imperial College
Press, London (2009). ISBN: 978-1-84816-242-6

3. Johnson, M.A., Moradi, M.H. (eds.): PID Control: New Identification and Design Methods
(2005). ISBN: 978-1-85233-7092-5

4. Li, Y. Ang, K.H., Chong, G.C.Y.: Patents, software and hardware for PID control: An overview
and analysis of the current art. IEEE Control Syst. 26(1), 42-54 (2006)

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



Preface

Proportional-Integral-Derivative (PID) controllers are by far the most adopted con-
trollers in industry owing to the advantageous cost/benefit ratio that they are able
to provide. In the last century, a large number of researchers have considered them,
and industrial products have improved their functionality significantly.

Proposals for the design and tuning of PID based control systems have generated
a really vast literature during the last decades. This sparked the special attention
of the IFAC Workshop PID’00 Present and Future of PID control held in Terrassa,
Spain, in April 2000. This event provided a state-of-the-art on many aspects of PID
control, ranging from specialized theoretical research topics and tuning methods to
interesting reviews of technological products, patents and software, confirming that
the PID controller continues to generate deep interest and is a good augury for future
research in the field of PID controllers.

Starting from this special event, in the last ten years there has been a renewed
interest in the research on PID controllers, as witnessed by a large number of papers
published on this subject. This book gives an overview of the advances made for
PID controllers during this last decade.

The book is divided into four parts in which well-known experts and special-
ists address different topics (one for each chapter) in the following fields: (i) new
approaches for tuning PID controllers; (ii) control structures and configurations for
PID control; (iii) issues in PID control; (iv) non-standard approaches to PID control.

The first part concentrates on tuning methods. It starts with a review provided
by A. O’Dwyer of the extensive literature of proposals for PI and PID controller
tuning rules based on First-order plus Dead-time models. The next chapters follow
by concentrating on specific topics related to PID tuning. A. Leva and M. Maggio
discuss the availability of a process model and its use for assessing the behavior and
characteristics of the control loop with respect to its robustness and performance,
therefore addressing the problem of determining which tuning method is best suited
to the particular problem at hand. An exposition of tuning rules for integral and
unstable systems follows. In this chapter, A.S. Rao and M. Chidambaram intro-
duce different design methods for PI/PID controllers for these systems. Different
approaches are considered. In particular, analytical, IMC, pole placement and opti-
mization methods. The advantage of using a two degree-of-freedom controller will

ix
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also be addressed as well as the robustness of the controllers. Robustness is specif-
ically addressed in Chap. 4 by R. Vilanova, V. Alfaro and O. Arrieta by revisiting
the new trends in robust PI/PID tuning. This chapter reviews the main concepts and
measures for robustness in feedback systems and reviews the classical and modern
approaches to robust PID design. The chapter also presents a series of new tuning
rules that appeared in the literature during recent years that are based on the use
of the maximum of the sensitivity transfer function as a robustness measure. The
attainment of such robustness specification turns out to be a challenge that suggests
alternative frameworks for robust PID controller tuning. As a matter of fact, one
of the interests that has appeared in recent years is that of formulating tuning ap-
proaches in the form of simple tuning rules. In that respect, S. Skogestad and C.
Grimholt present the Simple Internal Model Control approach by addressing the
choice of the tuning parameters for fast and smooth control. In addition, their novel
set-point overshoot method will be presented as an alternative approach. This first
part of the book concludes with a chapter devoted to the control of MIMO systems.
Q.G. Wang and Z.Y. Nie discuss the specific problems that appear when a MIMO
system is to be controlled by using PID controllers. With a special emphasis on ro-
bustness, PID controller design for MIMO processes to achieve the desired gain and
phase margins are presented. Tuning of decentralized MIMO PID controllers based
on such margins is presented. In this way, the robust stability of the multivariable
system can be readily achieved and guaranteed.

In the second part of the book, attention is turned to special control structures
frequently used in conjunction with PID controllers for the achievement of specific
purposes. Three chapters are devoted to such approaches. In the first chapter of this
section, J.L. Guzman, T. Hagglund and A. Visioli expose the use of feedforward
compensation in conjunction with a feedback PID controller. Both set-point follow-
ing and load disturbance rejection tasks are considered. While for the set-point fol-
lowing the generation of causal and non-causal feedforward actions are considered,
for the load disturbance it is shown that both controllers (feedback and feedforward
should cooperate). The use of alternative feedback compensation schemes such as
the cascade control system for improving disturbance rejection is well known. In
Chap. 8, S. Majhi presents different approaches for such series-feedback compen-
sation schemes as well as dead-time compensation systems for use when there is
a large time delay in the system. This part ends by a chapter that presents consid-
erations for multi-input multi-output processes by addressing the control problem
as a multivariable control problem per se. In this respect, R. Katebi presents and
compares existing multi-loop tuning methods for their stability and performance
robustness and formulates new design guidelines to improve their closed-loop ro-
bustness.

The third part of the book presents a range of issues related to the application of
a PID controller. In this respect, this part starts with the contribution of K. Tsakalis
and S. Dash that addresses issues arising in system identification-based plant model-
ing for the purpose of tuning PID controllers. Minimal and maximal process model
information methods are considered. Especially attractive are recent methods that
provide several nominal models as well as a description of the uncertainty, and aim
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for a tuning that combines high performance, adequate robustness, and high reliabil-
ity. Besides finding of a good model, the nominal stability of the feedback control
system is always the central and first aspect to be considered. When dealing with
a restricted structure controller such as a PI/PID, the problem becomes more dif-
ficult. In Chap. 11, L.H. Keel and S.P. Bhattacharyya provide a design approach
based on the determination of the entire set of PID controllers that stabilizes a given
plant. In addition, it is shown that the entire set of stabilizing PID controllers for a
given plant can be found without an analytical model being available. This chapter
also shows that the complete set of stabilizing PID controllers for a finite dimen-
sional LTI plant, possibly cascaded with a delay, can be calculated directly from
the frequency response (Nyquist/Bode) data. Once the controller is obtained, there
are two different aspects that come into the scenario: those of the fragility of the
resulting tuning and performance assessment. Then next two chapters deal, respec-
tively, with these aspects. In Chap. 12, V.M. Alfaro and R. Vilanova provide an
introduction to fragility measures for PID controllers. Subsequently, the fragility of
PID controllers tuned with several of the available performance optimized and/or
robust tuning rules will be evaluated using the delta 20 fragility index. The intro-
duction of the fragility as part of the development process of a robust tuning rule
for PID controllers is also considered. Considerations on performance assessment
follow in Chap. 13, authored by A.W. Ordys and M.J. Grimble. Since many PID
controllers are set up using intuition or very approximate tuning rules, it is even
more important that PID designs can be benchmarked and the quality of control
assessed. Furthermore, benchmarking methods can provide guidance for controller
tuning. One of the advances made in the last decade has been the development of the
so-called restricted structure benchmarking which provides a figure of merit which
is much more representative of what might be achievable if the controller is tuned
optimally. The use of these methods for controller tuning is also discussed. This
third part ends with G.K. McMillan’s contribution that introduces industrial con-
siderations for PID based control loops. Different process control applications are
addressed in this chapter, and it is shown how to deal with them when using a PID
controller. In particular, challenging applications (namely, with the presence of high
valve stiction, large wireless refresh times, high process nonlinearity and dead-time,
multiple process constraints, abnormal operations and communication failures, to
name a few) are discussed. Then, process control operations such as bioreaction,
chemical reaction, crystallization, distillation, evaporation, neutralization and com-
pression are considered.

The last part of the book comprises four chapters devoted to non-standard ap-
proaches to PID control. They constitute novel approaches of PID control that have
recently appeared in the PID field. A (now) very popular theme is that of fractional-
order PID control. B.M. Vinagre and C.A. Monje present the main characteristics
of Fractional-order Control (FOC), an approach that has attracted a growing inter-
est in the last decade. The application of the fractional order operators to the PID
algorithm, thus giving the fractional-order PID (FOPID) controller, is first intro-
duced. Then, the FOPID controller is studied in both the frequency and the time
domains, and the structures, the tuning rules, and the ways for their implementation
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proposed in the literature will be reviewed and discussed, as well as their practi-
cal applications. Another different perspective for addressing the controller design
problem is that of event based control. J. Sdnchez, A. Visioli and S. Dormido present
the basic concepts of event-based control where feedback control actions are com-
puted when the process output is outside a certain detection band located around
the set-point value; and once the process is inside the detection band, new control
actions are not produced until the process leaves the region as a consequence of dis-
turbances or a change of the set-point value. The chapter starts with a description
of the first event-based PI controller published in the literature and continues by
describing the evolution of this type of controller, to finish with the most recent im-
plementations, as, for instance, a 2-DOF pure event-based PI controller. As another
non-standard approach to obtaining a PID controller we have the data-driven, or
also called model-free, methods. T. Yamamoto introduces the concept of data-driven
(DD) controllers where a suitable set of PID parameters is automatically generated
based on input/output data pairs of the controlled object stored in the database. This
scheme can adjust the PID parameters in an on-line manner even if the system has
nonlinear properties and/or time-variant system parameters. The fourth part of the
book ends by introducing some considerations on predictive control approaches for
PID control design. In this case, the design of PID control systems based on ad-
vanced control, e.g., generalized minimum variance control and generalized predic-
tive control is described. In this chapter, generalized predictive control is attained
by PID control by considering the GPC control law approximation and introducing
the considerations needed in order to deal with future information. Finally, to ob-
tain further high performance, predictive control based PID systems are extended to
multirate systems.

The methodologies considered in this book are presented in order to highlight
the theoretical and the implementation issues, so that they are clearly characterized
both from an academic and industrial perspective. The book can therefore serve as
a reference and source book for academic researchers who will consider it also as
a stimulus for new ideas as well as for industrial practitioners and manufacturers
of control systems who will find appropriate advanced solutions to their application
problems.

Barcelona, Spain Ramon Vilanova
Brescia, Italy Antonio Visioli
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Part I
Tuning for PID Controllers



Chapter 1
An Overview of Tuning Rules for the PI and PID

Continuous-Time Control of Time-Delayed
Single-Input, Single-Output (SISO) Processes

Aidan O’Dwyer

1.1 Introduction

A time delay may be defined as the time interval between the start of an event at
one point in a system and its resulting action at another point in the system. Delays
are also known as transport lags or dead times; they arise in physical, chemical, bi-
ological and economic systems, as well as in the process of measurement and com-
putation. Methods for the compensation of time-delayed processes may be broadly
divided into parameter optimised controllers, such as proportional-integral (PI) or
proportional-integral-derivative (PID) controllers, in which the controller parame-
ters are adapted to the controller structure, and structurally optimised controllers, in
which the controller structure and parameters are adapted optimally to the structure
and parameters of the process model.

PI and PID controllers have been at the heart of control engineering practice for
over seven decades and were suggested as the second most important control deci-
sion and communication instrument of the 20th century [483]. Historically, the first
tuning rule (formula) for setting up controller parameters was defined in 1934 for
the design of a proportional-derivative (PD) controller for a process exactly mod-
elled by an integrator plus delay (IPD) model [84]. Subsequently, tuning rules were
defined for PI and PID controllers, assuming that the process was exactly modelled
by a first-order lag plus delay (FOLPD) model [86] or a pure delay model [86, 217].

The use of the PI or PID controller is ubiquitous in industry. It has been stated,
for example, that in process control applications, more than 95% of the controllers
are of PI or PID type [44, 65, 223, 296, 366, 576]. However, despite this devel-
opment work, surveys indicating the state-of-the-art of control industrial practice
report sobering results. For example, in testing of thousands of control loops in

A. O’Dwyer (X)

School of Electrical Engineering Systems, Dublin Institute of Technology, Kevin St., Dublin 8,
Ireland

e-mail: aidan.odwyer@dit.ie

R. Vilanova, A. Visioli (eds.), PID Control in the Third Millennium, 3
Advances in Industrial Control,
DOI 10.1007/978-1-4471-2425-2_1, © Springer-Verlag London Limited 2012
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hundreds of plants, it has been found that more than 30% of installed PI or PID con-
trollers are operating in manual mode and 65% of loops operating in automatic mode
produce less variance in manual than in automatic (thus, the automatic controllers
are poorly tuned) [156]. In another interesting study of 150,000 control loops at
over 250 industrial sites around the globe, it was shown that 68% of all controllers
had unacceptable performance; even the best site has only 70% of all controllers
performing acceptably, while the worst site had 15% of all controllers perform-
ing acceptably [193]. Other literature [602] claims that “extensive industry testing”
shows that 75% of all PID-based loops are out of tune. A survey of paper process-
ing mills is quoted, in which 60% of the 36 mills surveyed stated that less than
half of their control loops were well tuned (the majority of the mills reported that
they had between 2000 and 4000 regulatory control loops). In a further such com-
ment, it is claimed [157] that only 20% of all control loops surveyed in mill audits
have been found to actually reduce process variability in automatic mode over the
short term. Of the problem loops, increased process variability in automatic mode
could be ascribed specifically to controller tuning problems in approximately 30%
of cases. Many of the points made above are re-iterated by [680]. The situation has
not improved more recently, with [609] reporting that 80% of PID controllers are
badly tuned; 30% of PID controllers operate in manual with another 30% of the
controlled loops increasing the short-term variability of the process to be controlled
(typically due to too strong integral action). It is stated that 25% of all PID controller
loops use default factory settings, implying that they have not been tuned at all.

Poor controller tuning is surprising, as very many tuning rules exist to allow
the specification of the controller parameters. Tuning rules have the advantage of
ease of calculation of the controller parameters (when compared to more analytical
controller design methods), on the one hand; on the other hand, the use of tuning
rules is a good alternative to trial and error tuning. It is clear that the many con-
troller tuning rules proposed in the literature are not having an impact on industrial
practice. One reason is that the tuning rules are not very accessible, being scattered
throughout the control literature; in addition, the notation used is not unified. In a
book published in 2003 [418], tuning rules for continuous-time PI and PID control
of single-input, single-output (SISO) processes, with time delay, have been com-
piled and summarised, using a unified notation. A second edition of this book was
published in 2006 [419], with a third edition published in 2009 [420]. In the third
edition of the book, a total of 1731 tuning rules were compiled; of the tuning rules,
60% were specified for a self-regulating process model, 30% were specified for a
non-self-regulating process model, and the remaining 10% were non-model specific
tuning rules. Tuning rules continue to be specified since the third edition of the book
was published.

The purpose of this chapter is to provide an outline of the tuning rules specified.
First, a brief summary of the range of PI and PID controller structures proposed in
the literature, together with the process models used to define the controller tuning
rules, is provided. Then, controller architecture and process modelling issues are
outlined. Finally, conclusions are drawn. Other reviews are recommended to the
interested reader [21, 41, 45, 48-50, 80, 94, 132, 167, 190, 210, 296, 320, 329, 346,
347,414, 417, 503, 581, 601].
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Fig. 1.1 Ideal PID controller in a unity feedback block diagram representation. This controller
structure, and an equivalent structure, is also labelled the parallel, ideal parallel, non-interacting,
parallel non-interacting, independent, gain independent or ISA controller [346]. 406 tuning rules
have been identified for this controller structure [420]
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Fig. 1.2 Classical PID controller in a unity feedback block diagram representation. Also labelled
the cascade, interacting, series, interactive, rate-before-reset or analog controller [346]. 183 tuning
rules have been identified for this controller structure [420]

1.2 Controller Architecture and Process Modelling

A practical difficulty with PID control technology is a lack of industrial standards,
which has resulted in a wide variety of PID controller architectures. Nine different
PI/PID controller structures have been identified [420]. Controller manufacturers
vary in their choice of architecture; controller tuning that works well on one ar-
chitecture may work poorly on another. Considering the PID controller, common
architectures are:

1. The ‘ideal’ PID controller (Fig. 1.1), given by

1
G.(s)= KC<1 + —+ Tds).
T;s
This architecture is used, for example, on the Honeywell TDC3000 Process Man-
ager Type A, non-interactive mode product [262].
2. The “classical’ PID controller (Fig. 1.2), given by

1 )1+STd

G =K\ 1+ — .
c(s) c( Tis l—I—S%

This architecture is used, for example, on the Honeywell TDC3000 Process Man-
ager Type A, interactive mode product [262].
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+ Pl K,
1+-4s
N
E(s)
KQ1+L+ Tys
L Tis 1+Ls
R(s) N

Fig. 1.3 Two-degree-of-freedom controller 1, in a unity feedback block diagram representation.
Also labelled the ‘m-PID’ controller [246], the ‘ISA-PID’ controller [338] and the ‘P-I-PD (only
P is DOF) incomplete 2DOF algorithm’ [397]. 276 tuning rules have been identified for this con-
troller structure [420]

3. The two-degree-of-freedom controller 1 (Fig. 1.3), given by
1 1 — Bl1ys
UGs) = KC([l —al+——+ ﬂ)ms)

Tis 1+ X
1 Tys
K1+ —+ T Y (s).
Tis 1+ s

This architecture is used, for example, on the Omron ESCK digital controller
with 8 =1and N =3 [262].

The most dominant PI controller architecture is the ‘ideal’ PI controller; 563
tuning rules have been identified for this controller structure [420]. The controller
transfer function is given by

1
Ge(s) =KC<1 + ﬂ)

The wide variety of controller architectures is mirrored by the wide variety of ways
in which processes with time delay may be modelled. Common models are:

1. Self-regulating FOLPD model, given by

G ( ) Kme—STm
§)=——""+—.
" 14T,
2. Self-regulating second-order system plus time delay (SOSPD) model, given by
K, e Stm K, e Stm
Gp(s) = me or Gu(s)= mé

T2 52 + 260 T1s + 1 (14 T ) (1 + Tuos)”
Non-self-regulating IPD model, given by
K,,e 5t

Gu(s)=

Non-self-regulating first-order lag plus integral plus delay (FOLIPD) model,
given by
Km e*Sfm

GnS) = 05Ty
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Of course, the modelling strategy used influences the value of the model parameters,
which, in turn, affect the controller values determined from the tuning rules. Fifty-
nine modelling strategies have been detailed to determine the parameters of the
FOLPD process model, for example. Space does not permit a full discussion of
this issue; further details are provided in [420].

1.3 Tuning Rules for PI and PID Controllers

To review the action of the PID controller, consider the ideal PID controller, given
by

G.(s) = Kc<1 + L + Td5>7
Tis
with K. = proportional gain, 7; = integral time constant and 7; = derivative time
constant. If 7; = oo and Ty = 0O (that is, P control), then the closed-loop measured
value is always less than the desired value for processes without an integrator term,
as a positive error is necessary to keep the measured value constant, and less than
the desired value. The introduction of integral action facilitates the achievement of
equality between the measured value and the desired value, as a constant error pro-
duces an increasing controller output. The introduction of derivative action means
that changes in the desired value may be anticipated, and thus an appropriate cor-
rection may be added prior to the actual change. Thus, in simplified terms, the PID
controller allows contributions from present, past and future controller inputs.
PI and PID controller tuning rules may be broadly classified as follows:

Process reaction curve tuning rules.

Tuning rules based on minimising an appropriate performance criterion.
Direct synthesis tuning rules.

Tuning rules for robustness.

Ultimate cycle tuning rules.

Tuning rules in the first four subdivisions are typically based on process model pa-
rameters; the development of a process model is typically not required for using
tuning rules in the final subdivision. Some tuning rules could be considered to be-
long to more than one subdivision, so the subdivisions cannot be considered to be
mutually exclusive; nevertheless, they provide a convenient way to classify the rules.
An outline of tuning rules in these subdivisions is now provided.

1.3.1 Process Reaction Curve Tuning Rules

Process reaction curve tuning rules are based on process model data determined
from a measured open-loop step response. The first (and most well-known) tuning
rule of this type was suggested in 1942 [706]; in this method, the process is modelled
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by a FOLPD process model with the model parameters estimated using a tangent
and point method. Simple formulae are used to define tuning parameters for PI and
PID controllers. The PI controller settings are given by

097,
T KT
The (ideal) PID controller settings are given by
1.27, 2T,
K€ [—m -
Kintn KnTm

T; =3.331,,.

c

], T; =21, T;=0.57,.

Other process reaction curve tuning rules are also described, sometimes in graphical
form, to control self-regulating processes modelled in:

e Pure delay form [217, 665].

e FOLPD form [2, 8, 43,72, 116, 125, 131, 133, 134, 140, 163, 166, 216, 219-221,
226, 295, 301, 350, 391, 403, 405, 416, 425, 426, 482, 497, 499, 535, 536, 565,
581, 608, 662, 665].

o SOSPD form [8, 54].

Process reaction curve tuning rules are also described to control non-self-regulating
processes modelled in:

e IPD form [8, 81, 84, 135, 136, 170, 171, 219, 408, 665, 706].
e FOLIPD form [135, 136].

The advantage of process reaction curve tuning strategies is that only a single
experimental test is typically necessary. However, the disadvantages of the strategy
are primarily based on the difficulty, in practice, of obtaining an accurate process
model; for example, load changes may occur during the test which may distort the
test results, and a large step input may be necessary to achieve a good signal-to-
noise ratio [504]. Similar disadvantages will arise in any tuning method dependent
on prior model development.

1.3.2 Tuning Rules Based on Minimising an Appropriate
Performance Criterion

Tuning rules based on minimising an appropriate performance criterion are typically
specified either for optimum regulator or optimum servo action (in closed loop).
Performance criteria, such as the minimisation of the integral of absolute error (IAE)
in a closed-loop environment, may be used to determine a unique set of controller
parameter values.

1.3.2.1 Optimising Regulator Response

Tuning rules have been described, sometimes in graphical form, to optimise the
regulator response of a compensated self-regulating process, modelled in:
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e Pure delay form [180, 183, 197, 532-534].

e FOLPD form [9, 28, 30, 31, 104, 105, 144, 151, 153, 155, 165, 168, 172, 180,
182, 197, 208, 214, 220, 225, 231, 232, 238, 239, 255, 257, 273, 280, 298-300,
357, 368, 382, 400, 404, 405, 413, 427, 445, 450, 452, 457, 461, 532-534, 537,
551, 570, 585, 662, 679, 704, 705], with a zero [547].

e SOSPD form [68, 92, 197, 214, 218, 238, 239, 255, 357, 358, 368, 389, 394, 404,
443, 525, 526, 532-534, 567, 660], with a zero [368].

e Stable higher-order plus delay form (orders 3, 4 and 5) [404].

Tuning rules have also been described to optimise the regulator response of a com-
pensated non-self-regulating process, modelled in:

IPD form [38, 197, 220, 467, 532-534, 585, 614].

FOLIPD form [39, 71, 197, 467, 468, 533, 610].

Unstable FOLPD form [103, 237, 532, 614].

Unstable SOSPD form with one unstable pole [237, 467, 468].

1.3.2.2 Optimising Servo Response

Similarly, tuning rules have been proposed to optimise the servo response of a com-
pensated self-regulating process, modelled in:

e Pure delay form [242, 283].

e FOLPD form [9, 27, 28, 30, 31, 56, 57, 105, 144, 165, 175, 177, 214, 231, 232,
238, 239, 242, 255, 257, 280, 284, 294, 368, 371, 382, 404, 427, 494, 496, 549—
551, 585-587, 589, 643, 649, 662, 666, 684, 699, 704, 705].

e SOSPD form [26, 92, 175, 238, 239, 255, 283, 368, 383, 394, 404, 443, 553, 567,
659, 660], with a zero [368, 643, 649].

e Stable higher-order plus delay form (orders 3, 4, and 5) [404].

Tuning rules have also been described to optimise the servo response of a compen-
sated non-self-regulating process, modelled in:

IPD form [18, 38, 446, 585, 614].

FOLIPD form [18, 39, 610].

Squared integral plus delay (I’PD) form [18].
Unstable FOLPD form [103, 237, 373, 614].
Unstable SOSPD form with one unstable pole [237].

1.3.2.3 Other Approaches

Other tuning rules attempt to simultaneously optimise both the servo and regula-
tor response of a closed-loop system, or adopt other performance minimisation ap-
proaches. Such tuning rules have been proposed when the self-regulating process is
modelled in:

e Pure delay form [47, 541, 542].
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e FOLPD form [2, 23, 29, 32-34, 47, 160, 165, 243, 270, 407, 506, 527, 532, 533,
572-574, 588, 590, 661].

e SOSPD form [243, 281, 400, 447-449, 553, 574, 661].

e Third-order system plus delay (TOSPD) form [464, 572].

Such tuning rules are also described to control non-self-regulating processes mod-
elled in:

IPD form [7, 29, 35, 47, 407, 447-449, 541, 542, 572, 574, 575, 588, 590].
FOLIPD form [158, 161, 447-449, 572-575].

SOSIPD form [447, 449, 572].

Second-order system plus integral plus delay (SOSIPD) form [448, 575].
Unstable FOLPD form [29, 35, 265, 441].

1.3.3 Direct Synthesis Tuning Rules

Direct synthesis tuning rules are those that allow a specified closed-loop response.
Such tuning rules may be specified using a time domain metric, such as achieving
the desired poles of the closed-loop response, or a frequency domain metric, such
as achieving a specified gain margin and/or phase margin.

1.3.3.1 Achieving Time Domain Metrics

Tuning rules to achieve time domain metrics are defined to compensate self-
regulating processes modelled in:

e Pure delay form [48, 76, 212, 272, 283, 313, 379, 409, 481], with a zero [116].

e FOLPD form [3, 10-12, 51, 56, 59, 63, 64, 76, 87, 95, 113, 116, 119, 123, 126,
130, 143, 145, 162, 169, 174, 187-189, 191, 198, 199, 206, 246, 248, 272, 275,
277, 283, 284, 286, 289, 292, 293, 299, 311-313, 348, 372, 377, 388, 392, 395,
398, 399, 409, 410, 412, 422-424, 432, 460, 474, 481, 498, 500, 502, 530, 538,
539, 542, 546, 549, 551, 552, 562, 563, 568, 569, 595-597, 604, 605, 617, 618,
620-622, 625, 626, 628, 641, 642, 656, 674, 685], with a zero [116, 547, 555].

e SOSPD form [10, 12, 13, 36, 51, 64, 73, 76, 95, 116, 126, 149, 192, 202, 211,
235, 236, 246, 248, 313, 348, 357, 372, 379, 399, 439, 450, 451, 465, 481, 492,
500, 538, 539, 542, 544-546, 552, 568, 572, 595, 618-620, 625, 626, 640, 659],
with a zero [116, 121, 124, 246, 345, 465, 685].

e TOSPD form [376].

e General form, perhaps with a repeated pole [145, 192, 313, 316, 323, 477, 595].

Such tuning rules are also described to control non-self-regulating processes mod-
elled in:

e IPD form [38, 61, 95, 114, 118, 123, 129, 174, 189, 212, 219, 250, 252-254, 313,

331,410, 411, 469, 492, 542, 544, 560, 561, 564, 618, 623625, 640], with a zero
[116].
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e FOLIPD form [39, 95, 96, 158, 161, 250, 254, 313, 463, 469, 542, 544, 561, 571,
596, 597, 599, 618, 625], with a zero [22, 116, 436].

e I’PD form [212, 251, 542, 544, 683].

e General form with an integrator [313].

e Unstable FOLPD form [51, 52, 89, 103, 111, 115, 116, 240, 241, 263, 265, 372,
379, 441, 471, 559, 561-563, 606, 627], with a zero [556, 557, 561].

e Unstable SOSPD form with one unstable pole [51, 103, 240, 241, 372, 387, 561,
643], two unstable poles [387, 643] and with a zero [478, 479, 558, 561].

1.3.3.2 Achieving Frequency Domain Metrics

Tuning rules to achieve specific frequency domain metrics are also described for
self-regulating processes modelled in:

e Pure delay form [48, 77, 202, 501], with a zero [271].

e FOLPD form [5, 14, 15, 48, 55, 69, 75, 91, 98, 100, 101, 109, 128, 129, 142, 144,
159, 173, 189, 191, 196, 201, 202, 207, 208, 222, 232, 235, 244, 246, 249, 287,
295, 302, 307, 308, 317, 318, 324, 333, 336, 340, 341, 343, 344, 384, 402, 415,
433, 434, 466, 500, 511, 548, 554, 577, 628, 641, 642, 645, 646, 652, 658, 672,
673, 675, 705], with a zero [150, 271, 380].

e SOSPD form [36, 48, 101, 150, 207, 209, 228-230, 235, 236, 244, 246, 249, 328,

341, 343, 374, 375, 415, 470, 500, 554, 577, 636, 647, 651, 675], with a zero

[150, 246, 271, 285, 415, 470, 644, 653, 654].

TOSPD form [235, 500, 629, 631, 633, 634].

Fifth order model with delay form [629, 630, 632, 633].

General form [500, 540].

Non-model specific form [48, 58, 70, 173,202, 307-309, 396, 566, 583, 629, 631,

650, 677].

Such tuning rules are also described to control non-self-regulating processes mod-
elled in:

e IPD form [48, 78, 100, 106, 108, 112, 128, 189, 201, 202, 235, 236, 278, 279,
290, 297, 306, 352, 353, 375, 385, 415, 453, 480], with a zero [271].

e FOLIPD form [48, 100, 235, 290, 306, 308, 385, 415, 470, 480, 518, 638, 639,

643, 648, 655, 667, 669-671], with a zero [271].

General model with integrator [359].

I2PD form [48, 480].

First-order lag plus squared integral plus delay (FOLI?PD) form [480].

Unstable FOLPD form [17, 37, 110, 112, 148, 176, 201, 227, 363, 433, 442, 472,

561, 611, 639, 668, 701].

Unstable FOLIPD form [480].

e Unstable SOSPD form with one unstable pole [117, 227, 314, 442, 470].
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1.3.4 Tuning Rules for Robustness

Tuning rules in this category are specified to allow the resulting closed-loop control
system to achieve a robust stability and/or a robust performance criterion. Tuning
rules have been specified for the compensation of self-regulating processes modelled
in:

e Pure delay form [48, 62, 186, 542, 603, 607, 681].

e FOLPD form [6, 16, 20, 25, 29, 48, 62, 71, 74, 99, 120, 122, 127, 137, 138, 146,
163, 181, 184-186, 215, 233, 234, 245, 247, 261, 266, 276, 321, 322, 325, 328,
333-335, 337, 339, 342, 343, 365, 369, 401, 421, 428, 437, 458, 476, 488, 489,
507, 513, 514, 517, 518, 520, 522, 528, 549, 579, 584, 591, 607, 612, 613, 615,
616, 637, 681, 686, 689, 695-697, 702, 708], with a zero [90, 328, 507].

e SOSPD form [16, 71, 74, 194, 207, 245, 264, 266, 302, 319, 321, 325, 328, 380,
406, 437, 439, 458, 488, 507, 513, 516, 517, 520, 522, 529, 550, 607, 682, 686,
697, 702], with a zero [102, 120, 122, 328, 380, 462, 507, 516, 593].

e TOSPD form [268, 380, 437].

e General form with a repeated pole [316].

Tuning rules have been specified for the compensation of non-self-regulating pro-
cesses modelled in:

e IPD form [19, 20, 24, 38, 73, 95, 120, 122, 321, 328, 421, 429, 430, 440, 484—
488, 510, 513, 515, 520, 522, 524, 543, 549, 579, 591, 657, 681, 686, 691, 692,
694, 700, 702, 707, 708].

e FOLIPD form [120, 122, 321, 328, 355, 429, 437, 488, 513, 515, 516, 520, 522,
578,579, 599, 600, 607, 610, 692], with a zero [22, 328, 437, 438, 516, 520, 522].

e I2PD form [355].

e Unstable FOLPD form [111, 321, 326, 328, 381, 444, 493, 508, 509, 513, 518,
519, 524, 561, 580, 686, 687, 693], with a zero [561].

e Unstable FOLIPD form [438, 523, 688], with a zero [516, 523].

e Unstable SOSPD form with one unstable pole [326, 328, 381,493,513, 518, 519,
523, 688], two unstable poles [326, 328, 512, 521, 523], with a zero [516, 561],
with one unstable pole and a zero [523] and with two unstable poles and a zero
[438, 523, 561].

1.3.5 Ultimate Cycle Tuning Rules

Ultimate cycle tuning rules are based on recording appropriate parameters at the
ultimate frequency (i.e. the frequency at which marginal stability of the closed-loop
control system occurs). The first such tuning rule was defined in 1942 [706] for
the tuning of P, PI and PID controller parameters of a process that may or may not
include a delay. Briefly, the experimental technique is as follows:

(a) Place the controller in proportional mode only.
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(b) Increase K, until the closed-loop system output goes marginally stable; record
K. (calling it K,,, the ultimate gain) and the ultimate period, T,.

Simple formulae are used to define tuning parameters for PI and PID controllers.
The PI controller settings are

K.=045K,, T; =0.837,,
with the (ideal) PID controller settings given by
K. €[0.6K,, K,], T; =0.57,, T; =0.125T,.

The tuning rules implicitly build an adequate frequency domain stability margin into
the compensated system [147]. However, there are a number of disadvantages to the
ultimate cycle tuning approach:

e The system must generally be destabilised under proportional control.

e The empirical nature of the method means that uniform performance is not
achieved in general [258].

e Several trials must typically be made to determine the ultimate gain.

e The resulting process upsets may be detrimental to product quality.

e There is a danger of misinterpreting a limit cycle as representing the stability limit
[457].

e The amplitude of the process variable signal may be so great that the experiment
may not be carried out for cost or safety considerations.

Some of these disadvantages are addressed by defining modifications of the rules
in which, for example, the proportional gain in the experiment is set up to give
a closed-loop transient response decay ratio of 0.25, or a phase lag of 135°; ulti-
mate cycle tuning rules, and their modifications, may compensate self-regulating
processes modelled in:

e Pure delay form [393].

e FOLPD form [58, 67, 82, 179, 195, 202, 203, 205, 206, 224, 249, 313, 342, 351,
361, 386, 390, 454, 457, 473, 663, 664, 681, 698].

SOSPD form [68, 249, 313, 315, 431, 592], with a zero [102].

TOSPD form [313, 681].

Other form [598].

General, possibly delayed, stable form [1, 2, 4, 8, 48, 53, 66, 83, 88, 93, 97,
107, 139, 152, 154, 155, 164, 200, 208, 213, 216, 219, 256, 260, 267, 269, 274,
288, 291, 302, 310, 327, 349, 356, 360, 366, 367, 370, 378, 389, 391, 392, 408,
416, 425, 435, 445, 455-457, 459, 475, 490, 495, 550, 565, 581, 582, 594, 608,
635, 659, 664, 676, 678, 680, 681], sometimes to achieve a specified frequency
domain metric [40, 42, 43, 79, 141, 147, 178, 202, 204, 259, 282, 302-306, 330,
332,491, 505, 527, 531, 690].

Tuning rules have been specified for the compensation of non-self-regulating pro-
cesses modelled in:

e IPD form [60, 354, 362, 681, 703].



14 A. O’Dwyer

FOLIPD form [313, 390, 431, 454, 599, 600].

SOSIPD form [313], with a zero [364].

Third order lag plus integral plus delay (TOLIPD) form [313].
General, possibly delayed, non-self-regulating form [356, 393].
Unstable SOSPD form with one unstable pole [390].

1.4 Conclusions and Future Perspectives

Control academics and practitioners remain interested in the use of PI and PID con-
trollers to compensate processes with time delay. This chapter outlines the work
done in tuning rule development for such processes. The most startling statistic to
emerge from the complete work is the quantity of tuning rules identified; to mid
2008, 563 PI tuning rules and 1168 PID tuning rules have been collated, a total
of 1731 separate rules. Recent years have seen acceleration in the accumulation of
tuning rules.

It is difficult to detect an overall trend in the research, in terms of the categories
used by the author, as the decades of development work completed continues to
be influential. However, the recent increased emphasis on the incorporation of ro-
bustness metrics in the specification of tuning rules is of interest. From a controller
architecture perspective, there is a trend to specify tuning rules for two-degree-of-
freedom controllers, which may reflect the greater interest in the use of such con-
trollers by practitioners [420]. From a process perspective, there has been more in-
terest in the development of tuning rules to control non-self-regulating processes in
recent years, particularly those which are open-loop unstable; since one of the first
tuning rules for these processes was proposed twenty-two years ago [148], over 180
further tuning rules have been proposed for these applications [420]. Finally, there is
increasing interest in the specification of tuning rules for fractional-order PI or PID
controllers, and for PI or PID controllers that may be embedded in applications such
as cascade control systems and time-delay compensators, topics which are outside
the scope of this review.

Reflecting on the PI and PID controller tuning rules reported in the chapter,
there is a lack of comparative analysis regarding the performance and robustness
of closed-loop systems compensated with the associated controllers; the absence of
benchmark processes for testing, at least until relatively recently [46], is also no-
table. The main priority for future research in the area should be a critical analysis
of available tuning rules, rather than the proposal of further tuning rules.

Historical Note The 75th anniversary of the receipt of the first technical paper
describing tuning rules for setting up controller parameters [86] is presently being
marked. The paper was received by the Philosophical Transactions of the Royal
Society of London on July 15, 1935; the paper was received, in revised form, on
November 26, 1935, and was read on February 2, 1936. The lead author of the
paper subsequently took out a patent on the PID controller [85].
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Chapter 2
Model-Based PI(D) Autotuning

Alberto Leva and Martina Maggio

2.1 Introduction

Any autotuning procedure starts by taking input/output measurements from the pro-
cess. This can be done in open- or closed-loop, by deliberately injecting some stim-
ulus or simply relying on the excitation provided by standard manoeuvres like set
point changes, and in a number of different manners, see e.g. the discussions in
works like [5, 6, 33] and the references therein.

No matter how the said measurements were obtained, in some cases they are
directly employed to determine the regulator parameters. In other cases, the same
measurements are conversely used to first obtain a process model, i.e. something that
permits to simulate the closed-loop system and, sticking to the linear time-invariant
single-variable context, virtually always takes the form of a transfer function. That
model, together with conveniently expressed specifications, is subsequently used
to tune the regulator. Autotuning procedures involving a model in the sense just
shown are said to be model-based, and model-based autotuning (hereinafter MBAT
for short) is the subject of this chapter.

In the literature, many classifications of PI/PID (auto)tuning techniques were
proposed, see e.g. again [5] or works like [15, 16, 48, 65, 66], and throughout such a
vast research corpus, the word “model” is used with various meanings. For example,
referring to the synthetic and clear scheme of [52, p. 904], the subject of this chapter
would fall into the “parametric model methods” set. It is therefore worth stressing
that the distinctive character of MBAT as intended herein is the presence of a process
model in a form suitable for analysing and simulating the closed-loop system. The
typical workflow of MBAT is summarised in Fig. 2.1.

A. Leva (X) - M. Maggio

Dipartimento di Elettronica e Informazione, Politecnico di Milano, via Ponzio 34/5,
20133 Milano, Italy

e-mail: leva@elet.polimi.it

M. Maggio
e-mail: maggio@elet.polimi.it

R. Vilanova, A. Visioli (eds.), PID Control in the Third Millennium, 45
Advances in Industrial Control,
DOI 10.1007/978-1-4471-2425-2_2, © Springer-Verlag London Limited 2012


mailto:leva@elet.polimi.it
mailto:maggio@elet.polimi.it
http://dx.doi.org/10.1007/978-1-4471-2425-2_2

46 A. Leva and M. Maggio

controller { } I/O data

structure | Model parametrisation | Property assessment

.~ Model parameters | Closed-loop analysis |
Specifications |

Model and [:> | Process experiment |

MBAT rule appllcatlon |

| Closed-loop simulation |

Controller parameters

Transient forecasts

Fig. 2.1 Summary of the typical MBAT workflow

The distinctive character of MBAT just pointed out results in some relevant
strengths, but also in substantially two weaknesses. The main strong point is that,
as anticipated, the closed-loop system can be simulated before applying the tuned
regulator to the real process. Hence, not only structural properties such as stability,
performance, and robustness can be checked, but also the most relevant character-
istics of the obtained transients, like peak values and durations, can be forecast.
Another strength of MBAT is that the control specifications can be stipulated with
reference to the model, for example requiring that the closed-loop set point step re-
sponse be “n times faster” than that of the model in open loop. In general, the MBAT
approach allows one to make the specification more readable and easy to interpret,
thus comprehensible also by non-specialist personnel, to the advantage of industrial
acceptability.

The mentioned weaknesses, on the other hand, both come from the interplay be-
tween the model identification (or better parameterisation, since the model structure
is typically fixed a priori) and the subsequent regulator tuning. In MBAT, the model
structure is almost invariantly fixed a priori—the word “almost” being removable
if industrial applications are considered—based on that of the regulator to be tuned
(e.g. PI or PID). This unavoidably gives rise to process/model mismatches that can
adversely affect the closed-loop transients’ forecasts and sometimes even the assess-
ment of structural properties such as stability. In addition, the process stimulation
used to produce the input/output measurements has to frequently obey potentially
strict technological limits, and tuning time is frequently a relevant issue for indus-
trial acceptance. In one word, the model needs obtaining from finite (often quite
short) sets of noisy data, in the virtually ubiquitous presence of poor excitation.
As a result, the model is typically obtained with ad hoc techniques involving some
heuristics, such as the method of areas, of moments, and numerous others.

A chapter of this book is entirely devoted to the “identification for PID” subject,
so we do not further delve into the matter here and just point out its two most relevant
consequences as seen from the MBAT standpoint. First, even if the used tuning
rule is well suited for the particular problem at hand, different model identification
methods may cause that rule to produce quite significantly different results, and
for the same reason, apparently, the same couple of model identification method
and tuning rule may behave very differently in different control problems. In the
opinion of the authors, this is maybe the toughest difficulty that MBAT has to face
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in order to achieve the wide acceptance it potentially deserves. Second, not only the
identified model will be nothing more than a (hopefully adequate) approximation
of the process dynamics, but the available data will hardly ever—to put it mildly—
be sufficient to set up a robustness problem in a formally sound manner. In fact, as
shown later on, identification/tuning integration and robustness (or “nonfragility”)
are nowadays two relevant research lines in the MBAT domain.

In order to discuss the issues sketched above, this chapter is organised as follows.
First, Sect. 2.2 proposes a trivial introductory example to establish the chapter’s per-
spective. Section 2.3 then provides a panorama of the major MBAT methods pro-
posed in the literature, referring the reader to more extensive works for the details
that cannot fit herein. At the same time, suggestions are given on how to organise
the presented methods into a simple yet reasoned taxonomy that can easily incorpo-
rate and classify the numerous methods not quoted for space reasons. Section 2.4, in
part elaborating from the mentioned taxonomy suggestions, addresses the problem
of assessing the tuning results and monitoring the control loop, and also of deter-
mining when a new autotuning operation is advisable. Up to this point, reference is
made to well-assessed MBAT methods and, wherever possible, to methods that do
have an industrial realisation and therefore a backlog of use experience. Section 2.5
conversely deals with modern research issues, not yet or only sparingly reflected in
the applications, and illustrates the topics that appear more promising based on the
experience and the opinion of the authors. Here it is also impossible to exhaust the
matter, and thus references are provided for the subjects not touched here. Finally,
in Sect. 2.6 some conclusions are drawn, and possible future research perspectives
are briefly sketched.

2.2 A Simple Introductory Example

To get a rapid idea of what MBAT is from both the methodological and the engineer-
ing point of view, it is useful to start with a simple example and some comments. To
this end, the following is a deliberately trivial MBAT procedure to tune a PI in the
form R(s) = K(1 4 1/sT;) for an asymptotically stable process.

Lead the process to steady state.

Set the PI to manual mode and apply a step control variation.

Wait for the controlled variable to settle.

Attempt to describe the process with a first-order model with delay. Set the gain
Wy to the ratio between the difference of the values of the final and initial con-
trolled variables and the control step amplitude, the delay Dy, to the time needed
to complete 5% of the overall transient, and the time constant Ty to the time
needed to go from 5% to 70% of the same transient.

5. Attempt to enforce a prescribed cutoff frequency w,. and phase margin ¢,,, priv-
ileging the latter if its achievement prevents to attain the former and using a
cancellation strategy. Omitting simple computation, this means using the MBAT

bl e
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rule that

Ty T
T, =Ty, K=min<wc MM (f—%)). @1
um  umDpy \ 2

The reader is now encouraged to re-consider the example and notice the follow-
ing facts. There is a MBAT rule, namely (2.1), that realises a tuning policy (pole/zero
cancellation) with an objective or tuning desire (a given response speed if possible
under a stability degree constraint) expressed by specifications (w. and ¢y,). This is
done assuming a model structure (first order plus delay) that will attempt to explain
the measured data and depends inherently of the chosen controller structure. Finally
an experiment is designed to parameterise the model, and various (reasonable but
arbitrary) decisions are taken on how to process the data in order to parameterise
the model (e.g. the 5% and 70% thresholds, but in real-life cases, also filtering,
detrending, outlier removal, and much more).

It should be clear that one thing is a MBAT rule, and another is a MBAT proce-
dure, as in fact the process of turning the first into the second requires some decision
(arbitrary, as not stemming from the rule) practically at each step. Correspondingly,
discussing the first is merely a methodological fact, while turning it into the sec-
ond requires a lot of engineering effort, where any of the mentioned decisions has a
potentially significant impact on the obtained results and thus the product’s applica-
bility and success. This is probably the main reason why MBAT research is difficult,
despite prescribing some property for a system with overall less than ten parameters
may seem a sinecure. In fact, a major challenge is how to give the mentioned “en-
gineering” facts a methodological dignity, so as to be capable of treating them in a
formal manner, and not just like implementation-related incidentals.

This chapter will try to take such an attitude, assuming some reader’s familiarity
with PID tuning (although no fundamental facts will be totally omitted), with the
aim of serving as a guide in a huge corpus of literature that would be impossible
even to summarise here.

2.3 Tuning Methods in the Literature

This section reports an extremely synthetic overview of the MBAT history, limited to
its major milestones, by describing a few methods that in the opinion of the authors
provided some theoretical advance or were particularly successful in the applica-
tions. The choice of organising the section in this way was dictated by the enormous
extent of the matter: entire books are devoted at listing and sometimes evaluating
PID tuning methods [5, 55], and if this section were structured in the same way,
it would be nothing more than a shallow rough copy of such works. On the con-
trary, after detailing the considered model and controller structures, the following
two Sects. 2.3.3 and 2.3.4 deal with the PI and the PID controller, telling the MBAT
story in extreme synthesis, from the dawn up to recent times but excluding modern
research issues. Then, Sects. 2.3.5 and 2.3.6 summarise the scenario and propose
the announced minimal taxonomy guidelines for MBAT methods, while Sect. 2.3.7
provides a few samples of what was not possible to treat herein.
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2.3.1 The Typical Model Structures

As anticipated, models for MBAT need to be simple. One reason is the necessity
of parameterising them based on a limited amount of data in the presence of poor
excitation. A second one is the need for simple and preferably explicit tuning rules,
to the advantage of a safe autotuner operation. A third reason is the opportunity of
summarising the main (and hopefully control-relevant) process dynamics with few
parameters, to allow for an easy interpretation of their values, also on the part of the
typical plant personnel.

In this chapter, the decision was taken to omit treating unstable models. The mo-
tivation is that asymptotically stable or integrating ones cover the great majority of
the cases of interest, although relevant ones (especially for example in the domain
of chemical reactions) are left out. Also, discussing MBAT for unstable processes,
especially for the involved robustness issues, would require a large amount of space,
and it was considered preferable to disregard the matter completely instead of re-
porting a necessarily partial treatise.

Given the considerations above, the structures employed in virtually all the liter-
ature are the First Order Plus Dead Time (FOPDT), the Integrator Plus Dead Time
(IPDT), the First Order and Integrator Plus Dead Time (FOIPDT), and the Sec-
ond Order Plus Dead Time (SOPDT) in the OverDamped (OD) and UnderDamped
(UD) subtypes, the latter appearing typically in mechanical systems. In fact differ-
ent acronyms are frequently used instead of those reported above, but the meaning
of such numerous variants in the literature should be obvious to the reader. For the
purpose of this work, the mentioned model structures are thus expressed in the form
of SISO transfer functions as follows.

—SDM
FOPDT M(s)=HEME (2.22)
14+sTy
—S‘DM
IPDT M(s) = % (2.2b)
7SDM
FOIPDT ~ M(s)=“M¢ (2.2¢)
s(1+sTy)
oy e SPm
SOPDT-OD M(s) = , (2.2d)
(I +sTy1) (A +sTyo)
—sDy
SOPDT-UD M (s) = —HM° (2.2¢)

—
(1+25—[;{1S+£_2M)
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2.3.2 The Considered Controller Structures

For apparent space reasons and for the purpose of the chapter, we limit here the
scope to the one-degree-of-freedom PI and the PID controllers, and for uniformity,
we refer to their so-called ISA forms, i.e. the error-to-control transfer functions

1
PI R(s):K(l—l——), (2.3a)
sT;
PID R(s)=K (14— 4T (2.3b)
s) = _ ), .
sT; 1 +sTy/N

where K is the gain, 7; and T, the integral and derivative times, respectively, and
N the ratio between T; and the time constant of the “derivative filter” in the real
PID case, the ideal PID corresponding to N = oo.

2.3.3 Some MBAT Methods for the PI

The first and historical tuning method for PI (and PID) controllers is by common
opinion that proposed by Ziegler and Nichols in 1942 [75]. In fact, however, pre-
vious works by Callander and coworkers [7, 25] in 1935-36 proposed a similar
method, thereby constituting the first known “tuning rule”. The work by Callender
et al. actually dates back to an internal report of ICI (Alkali) Ltd., Northwich, writ-
ten in 1934—that is, eight years before the paper by Ziegler and Nichols—and was
discovered by Aidan O’Dwyer in 2004. The reader interested in the fascinating story
of that discovery can find it in [56]. The Callender rule for the PID is presented later
on in Sect. 2.3.4.

Coming back to the Ziegler—Nichols PI rule, it refers to the FOPDT model (2.2a)
and the ISA PI (2.3a) and takes the form

0.9T,
K=—2M
um Dy

T, =3.33Ty. (2.4)

The goal is to obtain a quarter decay ratio for the nominal closed loop, which makes
(2.4) applicable for Dys/ Ty < 1. The model is parameterised based on the applica-
tion of the tangent method to an open-loop process unit step response, whence other
published rules equivalent to (2.4) that refer to the tangent parameters directly. It is
worth noticing that the ancestor of most MBAT methods did specify the model pa-
rameterisation procedure—a habit not maintained in several subsequent proposals.
Finally, of course the same concept just sketched can be applied to different model
structures. For example, there exist a rule analogous to (2.4) for the IPDT model
(2.2b) that reads

09
umDy’

T, =3.33Dy, (2.5)
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and again employs a tangent-based model parameterisation procedure.

Along the idea of constraining the closed-loop damping, or somehow equiva-
lently the maximum overshoot of the set point step response, many methods were
introduced in the following years. Two notable proposals are that by Chien, Hrones
and Reswick [9] and by Cohen and Coon [10]. The Chien et al. method has the
merit of being (probably) the first to distinguish “servo” control problems (where
the goal is to track the set point) and “regulatory” ones (where the set point is sub-
stantially considered constant, and the problem is to effectively reject load distur-
bances). Notice, incidentally, that the work by Ziegler and Nichols did not propose
such a distinction but looked particularly at disturbance responses. In many subse-
quent works the statement can be found that the Ziegler and Nichols rules provide
“too oscillatory a set point response”: true, but tracking was not their primary goal.

The Chien rules refer to (2.2a) and (2.3a) and read

0.35Ty

Servo, 0% overshoot K = , T, =1.17Ty, (2.6a)
umDy
0.6T,

Servo, 20% overshoot K = M s T, =Ty, (2.6b)
up Dy
0.6Ty

Regulatory, 0% overshoot K = s T; =4Dyy;, (2.6¢)
umDyp
0.7T,

Regulatory, 20% overshoot K = M s T; =2.33Dy, (2.6d)
mmMDy

and are applicable for 0.1 < Dy;/ Ty < 1. Notice the structural similarity to the
Ziegler and Nichols ancestor and also that the integral time is made dependent on
the model time constant in the servo case and on the model delay in the regulatory
one. With the same model, a servo problem thus results in a smaller PI gain than
a regulatory one. On the contrary, the servo integral time is smaller than the regu-
latory one only for processes where the rational dynamics definitely dominates the
delay, i.e. for Dy /Ty smaller than 1.17/4 ~ 0.29 and 1/2.33 = 0.43 in the 0% and
20% overshoot cases, respectively. Observe also that the work by Chien et al. still
specifies the model parameterisation procedure (here too, the tangent method).
Also, the Cohen and Coon method refers to (2.2a) and (2.3a). It takes the form

1 T 3.332m 4 .31 (L2
K= —(0.083 + 0.9—M), T, = TM( T i ) Q2.7)
1574 Dy 1 +2.22T—g

and is applicable for 0 < Djs/ Ty < 1. The goal is quarter closed-loop damping, and
once again, the model parameterisation procedure is specified to be tangent-based.
Observing (2.4) through (2.7), a progressively more articulated use of the model
parameters can be observed, corresponding to a deeper structuring of the possible
control problems. In particular, the D/ Ty ratio, sometimes also called the “con-
trollability index”, emerges as a quantity with particular relevance. Such an idea
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is probably one of the starting points for subsequent elaborations that will be for-
malised later on when the Internal Model Control (IMC) principle will be applied
to MBAT.

In the following years a number of rules similar to those just quoted were pro-
posed and are omitted here for brevity. In parallel, however, a stream of methods
started emerging, the goal of which is to optimise some integral index referring to
a convenient closed-loop response, instead of punctual quantities such as a decay
ratio or an overshoot. Among the most used indices are the Integral of the Squared
Error (ISE), the Integral of the Absolute Error (IAE), and the Integral of Time times
the Absolute Error (ITAE), defined as

ISE:/OOe(t)Zdt, IAE:/OO’e(t)|dt, ITAE:/OOt|e(t)|dt, (2.8)
0 0 0

where e(?) is the error (many other indices are used in the literature, but there is
no space here for a discussion). Two pioneering works on the matter are those by
Murrill [54] and Rovira [60]. Both refer to (2.2a) and (2.3a) and use a tangent-based
parameterisation procedure. The Murrill rules aim at minimising the ISE, IAE or
ITAE in the regulatory case, i.e., referring to the unit load disturbance closed-loop
step response. Denoting from now on by 6, the normalised delay expressed as
Dy /Ty, those rules are valid for 0.1 < 6y < 1, taking the form

1.305 Ty 6973
ISE K=—""-_  p="MM'Mm (2.92)
um697% 0.492
) T 60'707
IAE K= 0984 o _TMOy (2.9b)
10978 0.608
0.85 Ty 6968
ITAE K =089 g Tuby— (2.9¢)
w007 0.674

The Rovira rules conversely minimise the IAE or the ITAE in the servo case, i.e.,
for the closed-loop unit step set point response. They are valid for 0.1 <0y, <1 and
read

0.758 Ty
AE K=—1""_  T=— M (2.10a)
111109861 1.02 — 0.3230y,
0.586 Ty
ITAE K=—>—— Ti=— 2 (2.10b)
11100010 1.03 — 0.1656

The stream of rules aiming at optimising integral indices is still flourishing, also
thanks to the availability of computational resources that one could hardly dare to
dream at the Murrill and Rovira times. For the scope of this chapter, it is however
more interesting to notice how the type of control problem started (further) calling
for structurally different relationships between the model and the controller parame-
ters. Quite intuitively, although up to here the history has touched almost exclusively
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d n
u 4 +
F(s) = Qfs) P(s)

M(s)

Fig. 2.2 The basic Internal Model Control (IMC) scheme: y° is the set point, y the controlled
variable, u the control signal, d and n respectively a load disturbance and an output noise

FOPDT-based methods, there are extensions to other structures, basically the IPDT
and the FOIPDT. There is however no space to comment the matter with sufficient
detail, and the conceptual aspects that this chapter aims at discussing can emerge
even with such an omission. The reader interested in a complete panorama can refer
e.g. to [55].

In fact, more or less in the 1960s, the idea started emerging of tuning the con-
troller by impressing not some characteristics of the obtained closed-loop responses,
be it a punctual value or an integral index, but the form of the closed-loop dynamics
in the whole, for example by requiring that the transfer function from set point (or
load disturbance) to controlled variable be “as similar as possible” to some reference
one. A historical MBAT rule conceived that way and still used in many applications
under the name of “A-tuning” was proposed in 1968 by Dahlin [12]. Starting from
the FOPDT model (2.2a), Dahlin’s idea was to make the transfer function from the
set point to the controlled variable resemble a first-order one with unity gain, the
same delay as the process model, and a specified time constant, which becomes the
method’s design parameter (sort of another innovation, notice). Denoting the said
time constant with A, whence the method’s name, the idea corresponds to tuning the
regulator so as to approximate the ideal (but not rational) transfer function

1+5Ty

R = .
D ($) vt (Lt 57— Do)

@2.11)

If e$PM is replaced by its (1,0) Padé approximation 1 — sDyy, the resulting
controller is a PI, and the Dahlin rules are thus

Ty

K=—F-——"—"" | T, =Ty. 2.12
1v (Dyg + 2) M 12)

In fact and more in general, having the Dahlin rule as an anticipation, between
the 1970s and the 1980s, time became ripe for the introduction in MBAT of the
already mentioned IMC principle that originated a vast family of methods. There is
quit a bit of debate on which was the first work on that matter, and since we do not
intend here to enter said debate, we prefer to illustrate the IMC principle in a view
to its usefulness in MBAT, then show some of the most widely used methods, and
later on employ the principle for some methodological discussions on model error
and robustness.
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In a nutshell, the IMC idea is explained by the block diagram of Fig. 2.2 and
thinking for now to the case of an asymptotically stable process P (s): if the model
M (s) of that process is perfect and if there is neither load disturbance d nor output
noise 7, then apparently the process output y and the model output y are equal, the
scheme is open-loop, and the transfer function from the set point y° to the controlled
variable y is F'(s) Q(s)M (s). If in addition Q(s) can be taken as the inverse of P (s),
then the desired closed-loop dynamics from set point to controlled variable can be
chosen arbitrarily by selecting F'(s). Finally, the IMC controller (the grey blocks in
Fig. 2.2) is immediately shown to be equivalent to the feedback one given by the
error-to-control transfer function

F(s)Q(s)
1—F(s)Q(s)M(s)

Of course the above hypotheses are in general unrealistic, and if the IMC prin-
ciple is to be used with a high-fidelity process model, and thereby accepting a con-
troller the structure of which depends on that of said model, there are a number of as-
pects to address and a vast literature. If the IMC principle is to be applied to MBAT,
however, things are somehow simpler, in that the principle has to be viewed basi-
cally as a flexible means to obtain explicit tuning rules for the model structures of
interest, provided that the said structures allow (exactly if possible, and in the oppo-
site case with reasonable approximation) to derive a controller of the desired form.
For example, if one takes as M (s) the FOPDT model (2.2a), as Q(s) the inverse
of its minimum-phase part, i.e. (1 + sTy)/muy, and sets F(s) = 1/(1 4 sA), the
Dahlin rule is re-obtained and could be called the first IMC-PI one. The IMC prin-
ciple however allows for more insight into the problem, leading to the “improved”
rules mentioned here in the following and to some robustness-related considerations
reported later on. On the other hand, however, as the literature began focusing on
IMC-based and similar methods, attention was progressively shifted on the charac-
teristics of the control problem involving the process model, and works accounting
for the particular model parameterisation procedure used (or even mentioning it)
ceased to be the majority.

Coming back to the mainstream history, a notable “improved IMC” rule for the
PI was proposed by Rivera, Skogestad and Morari in 1986 [59] in a view to improve
performance especially in the case of significant process delays, which reads

_Tu+Dy/2
Hmh

R(s) = (2.13)

Dy
K . Ti=Ty+—5- 2.14)

2

and is presented in the quoted paper together with a wealth of considerations on
IMC-based tuning that is impossible to summarise here but is highly advisable for
reading. Another successful IMC improvement, known as “SIMC”, was proposed
by Skogestad [63] with the aim (simplifying the matter a bit) of avoiding excessive
values of the integral time, thus sluggish transients due to poor control activity. The
SIMC rules for the PI are

Ty

K=——, T; =min(Ty;,4(Dps + 1)). 2.15
v (Do 7 i (Tm. 4Dy + 1) (2.15)
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Another relevant research line, closely related to IMC-based tuning, is the so-
called “Direct Synthesis” (DS), exemplified by [8], that shares with the IMC the
possibility of being employed with different model structures, thereby unifying in
a single design framework a matter that with older approaches needed treating on a
per-structure basis.

To end this section, at least another tuning rationale needs mentioning, namely
that based on interpolation of results obtained via numerical optimisation. A suc-
cessful result of the said approach is the AMIGO PI proposed by Hagglund and
Astrém in 2002 [24] and is somehow borderline with respect to classical MBAT
since it extends the MIGO method previously proposed by the same authors. The
MIGO assumes the process transfer function to be known, while the AMIGO tunes
based on three parameters (the gain, the apparent dead time and time constant, and
the inflection point slope) deducible from a step response under the hypotheses that
it is essentially monotonic and is therefore considered by the authors a “revisitation”
of the Ziegler and Nichols rule. The AMIGO goal is to maximise the integral gain
subject to a constraint on the maximum sensitivity, in an attempt to solve the per-
formance/robustness tradeoff—a subject that has been gaining increasing interest
in the last years. The method is applicable to asymptotically stable and integrating
processes, see [24] for its description.

The last tuning method here mentioned, based again on interpolation, is the so-
called “kappa—tau” one [23] that obtains the PI parameters as

K = ?_Oe(A1TM+A2T§4)7 T, = BODMe(B”M'FBﬂff), (2.16)
M

where ky; = upmOum, and Ty = Dy /(D + Tyy) is another definition of “normalised
delay”, differing from 6, as it lies in the 01 range; the constants Ag 1,2 and Bp 12,
tabulated in [23], are obtained by numerically optimising performance under a ro-
bustness constraint expressed on the magnitude margin Mj, defined as

1
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where L(s) is the open-loop transfer function, and for which the values of 1.4 and
2.0 provide two sets of constants A and B, respectively corresponding to conserva-
tive and aggressive tunings.

2.3.4 Some MBAT Methods for the PID

Coming to the PID controller, more or less the same story just followed for the PI
can be told, with two main differences. First, given the richer controller structure,
more model structures are present. Second, some methods refer to the ideal PID—
i.e. to (2.3b) with N = co—and some to the real one, the first type of methods being
not the totality, but a significant majority.
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Here too, the ancestor is the work by Callender et al. [7]. It refers to the ideal PID
and the FOPDT model (2.2a) and takes the form

1.066
K —

= , T, =1.418Dyy, Ts=aDy, a=1[0.353,047]. (2.18)
umMDy

Much more known, as for the PI case, is however the method by Ziegler and
Nichols [75], also referring to the ideal PID and providing its three parameters as

aTM DM
K= , T, =2Dy, Tj=—, a=1[1.2,2] (2.19)
umDy 2

for a FOPDT model parameterised with the tangent method, aiming at quarter de-
cay ratio. Similar proposals can be found in the following years for other model
structures. An example for the IPDT is the work by Ford [17], whose rules are
1.48
K = ,
um Dy

T;, =2Ty, T,=0.37Dy, (2.20)

with the goal of a 2.7:1 decay ratio, the model being assumed known (i.e. the param-
eterisation procedure not being thought of as part of the tuning). The quoted work
by Chien et al. [9] provides overshoot-related rules also for the PID that we omit
here for brevity.

The use of integral indices emerged a few years later, like for the PI, and still
continues. An “old” example given by the Murrill [54] is minimum IAE rules for
the FOPDT model in the regulatory case

1.4835 Ty 0574 137
= =M T, =0.482T)y 0 221

with a tangent-based parameterisation procedure. A more recent example was pro-
posed for both the servo and regulatory case and the IPDT model by Visioli [72],
referring to the various indices. For example, the minimum servo ISE rules are

1.37
K = , T, =1.69D: M, T, =0.59Dy (2.22)
umDy

with the model assumed already parameterised.

The idea of tuning the controller by impressing the form of the closed-loop dy-
namics in the whole emerged also for the PID, and here too the work by Dahlin [12]
provides historical MBAT rule for the FOPDT model. If (2.11) is rationally approx-
imated by using not a (1,0) but a (1.1) Padé approximation of the delay term, i.e.
(1 —sDp/2)/(1 + sDypy/2), the resulting controller is a PID, whence the Dahlin
(or “PID A-tuning”) rules

T Dy /2 D TyDy /2
_ Tu+Du/ =1y s M g M M/
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referring to the ideal controller.

The IMC principle came then into play, and in the PID case it was exploited more
extensively then in the PI one. As before, in fact, the Dahlin rule can be considered
the first (ideal) IMC-PID one, but much more has been done. For example, a wide
variety of applications of the IMC principle to PID MBAT can be found in [59],
where all the model structures (2.2a)—(2.2e), plus several others, are considered. For
some structures, the PID is augmented with a lag term and thus turned into a real
one. This is not done on a general basis, however. On the other hand, Leva and
Colombo proposed a tuning rule invariantly producing a real PID [43], referring
(2.2a) and (2.3b), and composed of the relationships

D3, T;
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to be used in sequence; the design parameter A is interpreted as the desired closed-
loop dominant time constant. The number of IMC-derived tuning rules is impressive
and impossible to review, and the same applies to the similar DS principle, some
applications of which to the PID can be found in the paper [8] quoted above. A major
merit of both approaches, but in particular—see the comparative discussion in [8]—
of the IMC, is the possibility of conducting robustness analysis in a sense compatible
with MBAT: some words on that important matter will be spent later on.

Continuing the panorama, the interpolation-based approach was applied to the
PID too, and there exist corresponding versions of the quoted AMIGO [24] and
“kappa—tau” [23] methods, plus many others.

As can be seen, the PI and PID stories are very parallel. It is now time to discuss
the announced differences. First, the two zeroes of the PID make it more suited
to the PI for second- and even higher-order systems, see e.g. the discussions on
“which controller is adequate” in many works such as [5]. This was recognised long
ago and gave rise to many considerations on the role of unmodelled dynamics that
general frameworks such as the IMC and the robust control theory, see e.g. [14, 53]
as references of more or less that period, subsequently comprehended in a unitary
treatise.

From this point of view, two historical methods are worth mentioning, with some
considerations on their potential and pitfalls as expressed by their authors at the time
the research was published. The firs method was proposed by Haalman in 1965 [20].
The method has the goal of making the nominal open-loop transfer function L(s) =
R(s)M (s) resemble the desired one

zestM

3DMS

Lip(s) = , (2.25)

which corresponds to achieving a cutoff frequency w. of 2D, /3 and a phase margin
of 50° approximately. If the (non-integrating) process model is in the form (2.2a), it
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is advised to select a PI, while if it is in the form (2.2d), an ideal PID is chosen, and
the tuning formule are

K= 2(Tyy + Tuo) _ TmiTm2

i Ti = Tyt + T, T;= . 2.26
3120 Doy i M1+ Ty d Tui + Tos (2.26)

Haalman (correctly) stated, right from the paper’s title, that the method is very
suited for processes with overdamped response and significant delay. In fact, being
. inversely proportional to Dy, the requested response might become too fast if
Dy is small. It is additionally worth noticing that the method does not use any
model mismatch information, thus there is no way of guiding its operation on the
basis of the model accuracy.

Such a problem had however started receiving attention a few years before, as
testified by the second method here mentioned, namely that introduced by Kessler
in 1958 [38, 39] and known as the “Symmetric Optimum” (SO). In fact, despite
being older than the Haalman method, the SO one contains several ideas that have
been widely developed in the following years. The most important one is to assume
that the (non integrating) process model be

" e—sD
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i.e. either in the form (2.2a) if m =1 or (2.2d) if m = 2, but with some other poles
accounting for the process dynamics not described by the model. It is furthermore
assumed that the time constants 7; dominate the process dynamics, i.e. that

n
Te>D+ Y (1+sTy) Vk. (2.28)
h=1

The quantity L + Y, _; (1 + sT}) can then be interpreted as the time constant
of a transfer function representing the unmodelled process dynamics, which is still
rough but extremely foreseeing way to account for model mismatch. Denoting by
T,m the above quantity, the SO method takes as approximate model

m e—xD
(14 s Tum) TTr1 5 T)

M'(s) = (2.29)

and designs the controller so that the nominal cutoff frequency be 1/2T,,, (thus
reducing the demand as the mismatch increases, i.e. automating a very wise prac-
tice) and that the nominal open-loop magnitude |R(jw)M’'(jw)| have a slope of
—20 dB/dec in the frequency interval from 1/4mT,,, to 1/T,,,. The SO tuning for-
mule (also the PI ones for completeness) are given in Table 2.1.

The SO method was immediately recognised to have both strengths and weak-
nesses. It performs very well, provided that the process delay is small since the
time constants 7; must dominate also the delay—see (2.28)—thus it is especially
suited for electromechanical systems, despite being keen to generate low-frequency
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Table 2.1 The SO tuning
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regulator zeroes, i.e. overshoots in the set point responses. In any case the idea of
“tuning also on the basis of unmodelled dynamics” is very powerful. Apart from
the methodological consequences discussed late on, for example, the SO method
has led to several evolutions, maybe the most successful being a similar one called
BO or “Betrags Optimum”, often translated as “magnitude optimum” [68]. The ap-
plication of the PID to higher-order model structures has also received attention in
general, as shown e.g. by [34].

The second peculiarity of the PID story is the presence or absence of the “deriva-
tive filter”, the term 1/(1 4+ s7;/N) in (2.3b), in the tuning formule. Curiously
enough, such a relevant issue was not brought to a systematic attention, at least to
the best of the authors’ knowledge, until quite recent years with respect to the over-
all MBAT history, see e.g. [S1]. As noticed in subsequent more extensive works
such as [35], the derivative filter effect is invariantly a modification of the high-
frequency PID behaviour, which improves noise insensitivity and robustness versus
model errors acting “slightly above” the cutoff frequency, at a generally affordable
cost in terms of stability degree (e.g. phase margin). However, if this is the sole ef-
fect in the case of “series” PID realisations, where the filter is cascaded to all the
controller dynamics, the same is not true for parallel ones like the ISA (2.3b), where
the derivative filter also causes the zeroes of the real PID to not coincide with those
of the ideal form anymore. Hence, in the PID form probably most widely used in
the applications for a number of reasons (e.g. the ease of switching on and off the
individual control actions) that it is impossible to discuss here, default values for
the derivative filter parameter N, quoting from the abstract of [35], “are much less
natural” and can sometimes cause undesired behaviours that are definitely hard to
understand for the typical personnel using those controllers.

2.3.5 Summarising the Story

Apart from the recent research issues discussed in Sect. 2.5, the story told so far
can be assumed to represent quite well the panorama of assessed and industrially
used MBAT methods. In the said story, also in view to better relate modern issues
to previously emerging problems, three periods can be broadly distinguished.

At the dawn of MBAT, methods tended (and quite intuitively needed) to be ex-
tremely simple, owing both to the limited computational resources available and to
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the fact that much control-theoretical subjects nowadays familiar were at the time
being studied, and even if some methodological results were available, their indus-
trial application was far to come—think of optimal and robust control, just to give
a sample. In that period specifications were typically expressed as punctual quanti-
ties (damping, overshoot, and so on), or it was required to minimise some integral
index or cost function, rules were almost invariantly structure-specific, but (prob-
ably owing at least partially to a research attitude privileging application-related
aspects with respect to formal analysis) the model parameterisation procedure was
often treated as an integral part of the overall MBAT method. Industrial realisations
appear.

In the subsequent period, a transition can be observed towards specifications ex-
pressed, broadly speaking, in the form of some reference model (sometimes men-
tioned explicitly, like in works denoted by the “model matching” or similar concepts
like [1]). The idea of accounting somehow for the limited capability of the model to
represent the process emerges with increasing strengths, and a visible convergence
starts with methodologies (such as the mentioned robust control) that have reached
a sufficient maturity. At the same time, however, the focus tends to shift away from
the model parameterisation phase, concentrating instead on the analysis of the nom-
inal control problem, i.e. that containing the regulator ant the model used for its
tuning. Industrial realisations become more frequent, especially integrating MBAT
in existing controllers. The end of this period may be considered to coincide with
the introduction of DS and especially IMC-based techniques.

More recently, the DS and IMC analysis capabilities have led to revisit older
methods in view to use more expressive specifications (e.g. gain or phase margins),
and the increasing availability of computing power has permitted the use of interpo-
lation. More attention to robustness is paid, and some discussions start emerging on
what is to be meant by “robustness” in the MBAT context.

As a result of such an evolution, many MBAT industrial products exist, while
however many questions are still open for modern research, as will be discussed in
the following.

2.3.6 Guidelines for a Minimal Taxonomy

Based on the discussion above, a minimal taxonomy is easily provided that classifies
the methods, and the following four axes can be proposed.

The first one is the type of regulator addressed (PI, ideal or real PID, and so
on): such information allows us to initially relate the method to preferred classes of
problems. To do so, one can use the considerations on controller selection given e.g.
in [5] and/or more implementation-related knowledge, e.g. the poor suitability of an
ideal PID to highly noisy measurements, and so forth.

The second axis is the type of model used, bearing in mind (the consequences of
this will emerge later on) that the structure of the said model de facto dictates that
of the regulator or, taking an alternative viewpoint, is dictated by it, making in any
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case the model/regulator structure choice a unitary fact. Again, the capability of the
used model to represent some particular dynamics (e.g. the FOPDT one is poorly
suited to oscillatory processes) helps relate the method to classes of problems from
another point of view.

The third axis is the way specifications are accepted, and basically one can dis-
tinguish characteristics of some closed-loop response, parameters of some reference
closed-loop model, and the objective of minimising some integral index (e.g. the
ISE). This aspect of the proposed taxonomy allows one to relate the rationale of a
method—a third point of view—to the types of control problems for which it is best
suited (for example, set point tracking versus disturbance rejection).

The fourth axis is the mechanism behind the tuning rules, that can be broadly
classified into analytical synthesis, optimisation, and possibly interpolation (and
also soft computing methodologies, although space limitations oblige to omit them
here). Such information helps us estimate the computational weight and the type of
information needed to use the method, i.e., helps us judge on its suitability for the
particular application at hand.

One could also think of a fifth axis, distinguishing whether or not (and in the
affirmative case in what sense) the model parameterisation phase is considered a
part of the overall tuning procedure, but such a subject has quite recently appeared in
the literature, see e.g. some considerations in [30], although first noticed practically
at the origins of MBAT, and is thereby deferred to the following of this chapter.

It is finally worth noticing that other taxonomies were attempted in the literature,
e.g. [55], as well as a number of works evaluating and comparing (thus implicitly
classifying or helping classify) PI/PID tuning rules in several ways, see e.g. [3, 15,
16, 66] and many others. The authors do not believe that the one proposed herein is
in any sense superior but find this way of thinking to be slightly better as a means to
select the “best” method to use in a certain type of control problems. It has of course
to be acknowledged that subjective opinions play a relevant role in statements like
that just proposed.

2.3.7 A Few Samples of What Was Left out Here

As shown e.g. in the introductory sections of [55], there is a full population of PID
controller forms: series, parallel, interacting, noninteracting and so forth. Although
here the ISA form was adopted for brevity, some rules were conceived and designed
having a certain PID form in mind. Apart from the need of converting parame-
ters from one form to another, which is totally straightforward, the operation of an
MBAT procedure can sometimes be affected by the way the PID is written, espe-
cially for what concerns the commutation between the “normal operation” and the
“tuning” modes. The matter has potentially relevant implications, in that if not ac-
counted properly in the controller engineering, it can cause undesired and hard to
explain malfunctions but is of scarce conceptual interest, thus it was omitted (suf-
fice to include here a caveat not to underestimate such facts, directed to anybody
possibly wishing to implement an autotuner).
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Fig. 2.3 Schemes with a
1-dof (a) and a 2-dof (b) 5
controller z R(s) 250 Bs) FrO—» (a)

Also, there are numerous tuning methods (also of the MBAT type) that employ
soft computing techniques such as neural networks, fuzzy logic, genetic algorithms
and so on. On an average basis such techniques are less used in the applications
than in more classical ones, and in any case too impossible to analyse in detail in a
chapter like this. That matter was thus omitted.

Abandoning soft computing, it is then to be noticed that a number of other tech-
niques were necessarily left out such as pole placement, prescription of gain and
phase margins, and much more. The main reason is that all of them fall into the de-
fined categories and would just have lengthened the list, but the choices made here
must in no sense be considered a “ranking” of techniques, and, as anticipated, are
largely subjective.

A final word is worth spending on two-degree-of-freedom (2-dof) controller tun-
ing methods, corresponding to the scheme of Fig. 2.3 and that were omitted only for
space reasons.

The idea of exploiting the 2-dof nature of many industrial PIDs, also frequently
called the “set point weighing” functionality, is however very interesting, as it allows
us to focus the tuning of the feedback path on stability and disturbance rejection,
subsequently employing the feedforward path to recover and/or improve set point
tracking. Also, if the 2-dof ISA form

U=K(by°—Y+i(Y°—Y)+ *la
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is adopted, where b and ¢ are the set point weights in the proportional and deriva-
tive actions, the feedback and feedforward blocks denoted in Fig. 2.3 as Rpp and
REr become respectively a standard 1-dof ISA PID in the form (2.3b)—or which
standard rules are readily applied—and a unity-gain set point pre-filter, namely

1+ s(bT; +Ty/N) + s>T;Ty(c + b/N)

) (2.31)
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Rgg(s) =

This allows us to set up two-step MBAT procedures, first tuning Rpp for stability,
robustness and disturbance rejection, and then Rpp for tracking. In other words,
using MBAT in this way is an effective means to counteract the “overemphasis on
the set point response” that is observed in very engineering-oriented works like [61].
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2.3.8 A Final Remark

The reader may have noticed that the review of methods shown so far practically
stops some years ago. This is however consistent with the idea of separating “well
assessed” and “innovative” methods. From a similar point of view, it is extremely
interesting to look at the great classification effort published in 2005 and 2006 by
Ang, Chong and Li [4, 47]. The quoted papers list the main products for PI/PID tun-
ing, in the form of both modules for control environments and independent software
packages, together with the patents filed on PID tuning in the United States, Japan,
Korea, and by the World Intellectual Property Organisation; also, there is a list of
autotuning PID hardware modules.

From so extensive a survey, three facts are worth noticing. First, the release years
of the mentioned hardware modules span the range 1985-2001 [4, Table V]. Sec-
ond, out of 42 software packages listed, 32 support MBAT [ibid., Table IV]. Third,
in patents from 1971 to 2000 one can observe an increasing percentage of methods
based on “non-excitation” (i.e. that do not deliberately stimulate the system); also in
patents, the most used tuning approach is “formula” (i.e. simplifying a bit explicit
tuning relationships) followed by “rule” (more complex mappings from process in-
formation to controller parameters, from example heuristic relationships up to fuzzy
logic) and with an increasing percentage of “optimisation” [ibid., Figs. 6 and 7].

If one assumes that (a) hardware objects tend to incarnate well-established tech-
nology, and only a significant methodological advance results in a new hardware
generation, (b) independent software packages are typically conceived so as to de-
liver advanced functionalities, not convenient and/or impractical to realise in hard-
ware with sufficient flexibility and ease of use, and (c) patents are clearly filed be-
fore the contained claims are industrially exploited, the following conclusions—in
the opinion of the authors—can be drawn.

e MBAT is felt as a promising technology, but its use is mostly limited to “quite
advanced” tools, typically requiring some user interaction—thus competence—
especially to drive the identification phase, see e.g. the LOOP-PRO® product
suite! [11].

e Many hardware modules do encompass MBAT, typically in the form of very
simple methods, and quite often complement it with tuning maps or rule-based
synthesis. At the same time, however, a significant amount of industrial prod-
ucts (especially, but not only, low-end ones) stick to alternative approaches like
relay-based tuning. A probable reason for that is the practical absence, in the
relay-based context, of any arbitrariness and/or ambiguity on how the process
information—frequency response points—is obtained and treated [74].

e Much MBAT industrial research is underway on the model identification front,
aiming especially at reducing the process upset and the tuning time. However, see
also the item above, the said research has not (yet) fully unleashed its potential.

1Loop-Pro is a registered trademark of Control Station, Inc., One Technology Drive, Tolland, CT
06084.
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e Modern computational capabilities make it affordable to include optimisation in
the loop controllers directly—another recently started research field.

Projecting the above remark onto the scope of this chapter, it is therefore not sur-
prising that among current research lines, particular effort is devoted to the possible
effects of a model selection and/or parameterisation that is in some sense “improper”
for the used tuning rule in the addressed problem. This motivates the choice of the
topics discussed in Sect. 2.5.

2.4 Tuning Assessment, Monitoring and Retuning

Before treating such modern issues, however, three aspects of (MBAT) autotuners’
operation, the latter two deeply intertwined, need discussing.

The first aspect is how the obtained tuning can be assessed before making it
effective. Given the simple models used, it is not complicated to check the tuning in
nominal conditions. The real question is whether or not the desired properties (think
for example to some stability and performance level) carry over from the nominal
system—that containing the model—to the real one. This clearly leads to consider
unmodelled dynamics, and apart from the mentioned SO historical example, the
natural theory to be brought in is that of robust control.

When declining the idea of robustness in MBAT, however, an important distinc-
tion is necessary. To set up a robustness problem, one has to specify which property
has to be (made) robust, with respect to the variation of what, in which set. Assum-
ing that the property is specified (e.g. stability) and the varying object is the process
transfer function, in MBAT the set is not available by definition. In real-life cases,
one makes just a single experiment, and any model error estimate (the matter will
be discussed soon) can at most measure the model’s inability to explain the data.
No information can be obtained on the effects of a process variation, because in a
single experiment of acceptable duration, there can be no such variation. In MBAT,
therefore, the problem of “robustness” needs splitting into two. One is to guarantee
that the PID tuned on the model will control “well enough” the real process as it was
when data was collected, and this can be tackled by using model error information.
The other is to quantify the “amount of model error” that can be tolerated while still
preserving the property, and this can only be done a priori. It is important to bear
such a distinction in mind, although the literature (no criticism intended) is quite
often silent on the matter.

Model error estimates can only be obtained by analysing the identified model re-
sponse in conjunction with the identification data. In order to simplify a potentially
complex matter, attempts were made to treat the model error as a parametric error
for the model, or more generally, to assume some structure for the model error itself,
deduced by some reference response, see e.g. [50]. However, for a rigorous treatise,
the model error description must be nonparametric, as shown in [42] together with
a procedure to obtain a magnitude overbound for the additive error in the frequency
domain. Based on nonparametric overbounds, works like [43], referring to the IMC
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PID method, indicate how to guarantee that at least the real process as it was at the
time of the experiment will be well controlled. On a similar front, the recent paper
[70] provides a very neat problem formulation, based on two tuning parameters for
performance (specifically, closed-loop time constant) and robustness, also clarify-
ing how complex the underlying optimisation problem can be and how to obtain a
simple tuning rule [ibid., p. 66] serving the purpose.

Coming to the a priori quantification of the tolerable model error, in the past
years this was practically the only problem addressed, and the typical tools were
the classical stability degree indicators, namely the gain and phase margins, see e.g.
[18,27-29, 73]. More recently, a shift can be observed towards better indicators like
the peak (nominal) sensitivity M;, defined as

1
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w

s S(jo)= (2.32)
and the performance/robustness tradeoff is managed both by evaluating existing
rules, as in [71], and proposing a new one with that specific purpose. Incidentally,
accounting for robustness poses an interesting identification-related question: does
the model have reproduce the identification data as closely as possible, thus min-
imising the error in the frequency domain on an average basis, or concentrate its
fidelity on some band, for example to loosen the acceptable error bound in the vicin-
ity of the cutoff? Some words on the matter will be spent later on when discussing
the so-called “contextual tuning”.

The second aspect touched here is how to monitor the tuning on-line, which
is strongly connected to the third one, i.e. how to decide when a re-tuning is advis-
able. The subject has significant connection with fault detection, as recognised since
many years [36], but in the MBAT context it is more frequent, for implementation
convenience, to encounter “detectors” for specific problems. Two notable examples,
covering by the way the most relevant facts to detect, are the methods proposed by
Hiégglund [21] to detect oscillations by studying the magnitude of the IAE between
subsequent zero crossings of the error, and in [22] to spot sluggish loops by the so
called “idle index” that (roughly) indicates that the controlled and control variables’
derivatives have the same sign for too long during a step-generated transients. An-
other interesting work is [64] that uses normalised (dimensionless) settling time and
IAE to detect sluggish or non-optimal loop behaviours, referring to the IMC rules,
while from a more methodological standpoint, [32] attempts to cast the matter into
a comparative framework with minimum variance control. Recent evolutions of the
loop monitoring idea, including suggestions for controller retuning, can be found
e.g. in [69].

2.5 Modern Research Issues

Despite various decades of past research, in the MBAT context many questions still
stand open. In the impossibility of even just mentioning all of them, the choice
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is made here to discuss those that the authors feel as more relevant, admitting in
advance that the choice is somehow influenced by their research interests.

Specifically, whilst up to some years ago MBAT was basically viewed as a handy
methodology to devise tuning recipes, modern research is progressively concentrat-
ing on the high-level information conveyed by the presence of a model. Stretching
the lexicon a bit, one could say that an MBAT-based autotuner is “more conscious”
of the controlled process, in the same way as possessing a model of some object
implies deeper a conscience of that object than just knowing how it responds to
tome stimulus. This “consciousness” is being nowadays devoted a great effort, and
the fronts on which the said effort is exerted are (in the opinion of the authors) the
major actual research lines.

In the first place, right from the beginning MBAT rules were conceived for
some tuning objective (quarter damping, 0% overshoot and so on). As anticipated
above when proposing taxonomic guidelines, the type of specifications accepted is
strongly connected to the tuning objectives, thereby helping classify the method. An
interesting issue is to conversely classify the control problem and then act accord-
ingly for the regulator tuning. A proposal in this sense can be found in [41], where
first some quantities are defined that characterise the nominal control problem, i.e.,
the (model PID) couple as emerging from the chosen MBAT method. The suggested
quantities, apart form the nominal cutoff frequency w, and phase margin ¢,,, are the
PID high-frequency gain, the ratio between the integral time and the model domi-
nant time constant, the PID frequency response magnitude at w., the maximum PID
phase lead, the ratio between the frequency corresponding to the said maximum
lead and w,, and finally the ratio between the closed-loop settling time, roughly
estimated as 5/w,, and that of the model (assumed asymptotically stable) in open
loop. Based on those quantities and a set of weights characterising the tuning de-
sires (e.g. fast response versus high damping) and the qualitative amount of noise, a
decision mechanism allows to choose, within a pre-specified set of MBAT rules, the
one that best suits the tuning desires in the case at hand. Further discussions on the
idea of automatically selecting a tuning rule, and correspondingly of quantitatively
characterising a tuning problem, can be found in [44]. Most likely, endowing indus-
trial autotuners with the capability of selecting the “best” rule to use will enhance
their success.

On a similar front, research is addressing “multi-objective” tuning methods as a
way to manage the typical MBAT tradeoffs, namely (to quote the most relevant) that
opposing “servo” to “regulatory” tuning, i.e. set point tracking to disturbance rejec-
tion, and performance to robustness. As noticed since some years, see e.g. [19], this
problem has quite a lot to do with optimisation, since a natural way of trading two
conflicting figures of merit versus one another is to optimise one of the two subject
to a constraint on the latter. The arising optimisation problems are however difficult
to formalise, since many of the involved entities are more keen to a qualitative than
a quantitative descriptions. Attempts were thus made to use soft computing tech-
niques: for example, [40] proposes a method based on clonal selection accounting
for diversity, distributed computation, adaptation and self-monitoring function and
contains interesting comparisons to similar proposals. Alternatively, the quoted pa-
per [19] introduces an LMI-based optimisation framework, while [67] numerically



2 Model-Based PI(D) Autotuning 67

maximises “the shortest distance from the Nyquist curve of the open-loop trans-
fer function to the critical point —1” and thus optimises the peak sensitivity as per
(2.32).

Avoiding a lengthy list of references, in the particular context of multi-objective
tuning a significant presence of soft computing techniques can be observed, with
particular reference to genetic algorithms, and it can also be noticed that several
works directly refer to a specific application, see e.g. [57]. More classical tech-
niques, at least in the first years in which the subject received interest, tend con-
versely to focus on the mentioned LMI idea, since it was shown a few years before
that well-assessed formalisms, such as the H, or the p-synthesis ones, give rise
to intractable problems when the controller structure has to be constrained into the
PID form [37].

In parallel, however, works such as the book [13] or [62] had systematically
exploited, among others, the concept of “stabilising regions”. Given a (nominal)
model, the idea is to analytically determine the region of the PID parameter space
that guarantees stability, thus providing the search space for possible subsequent
optimisations. Similar ideas can be found in [26], where the problem of designing
for robust performance is cast into the simultaneous stabilisation of a family of
complex polynomials.

More recently, a quest for simpler approaches to the multi-objective tuning prob-
lem can be observed, somehow as a consequence of the research path just sketched,
together with some renaissance, in this new and better formalised context, of old
tuning indices. A very interesting example is the paper [49] that addresses different
model structures by minimising the IAE for step an load responses (which is well
aligned with traditional research) in view however to manage “robustness, perfor-
mance and control effort” in a coordinated manner; the interested reader can refer
in particular to Sect. 4 of the paper.

In this scenario, modern trends are finally well exemplified by the mentioned
works [70, 71], In the first one, an ISA PID MBAT rule is presented in which two
design parameters govern respectively the closed-loop time constant and the degree
of robustness, i.e. of acceptable error, and default values for the said parameters
are also devised—an important matter to enhance simplicity and thus industrial ac-
ceptability. The second paper analyses how widely used MBAT rules comply with
their claimed robustness specification, indicating that for some set of plants, the said
specifications are hardly or not attained, while for others, there is even too wide a
margin. The outcome, and certainly a direction to research upon, is that not only
robustness specifications need including in MBAT (in the sense just discussed, and
somehow envisaged in previous works such as [42, 43]) but checked a posteriori.

Indeed, all the above considerations could be collectively grouped in what ap-
pears to be a re-consideration of the role of the tuning model in MBAT. As pointed
out e.g. in [45], when a tuning parameter is related to robustness, its choice cannot
be done on the sole basis of the nominal model—quite intuitive but curiously e.g.
in the FOPDT-based IMC context there are several proposals to select A based on
the model parameters. Along the same reasoning, it was also shown that the said
“default” parameter choices normally tend to be excessively conservative, to the
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detriment of performance—an idea that subsequent and more complete investiga-
tions such as the quoted paper [71] did confirm.

In synthesis, the idea has been emerging that one relevant MBAT issue is the
necessity for the model to be precise especially near the cutoff, which however is a
result of the tuning, not a prior information. From a different but analogous perspec-
tive, in fact, the model should be evaluated based on the tuning results it produces
rather than on the capability of reproducing the identification data. As shown in
the quoted work, a major MBAT problem is that the identification phase contains
numerous decisions that are substantially arbitrary: the model structure, the way
the process is possibly stimulated and data is obtained, and the parameterisation
procedure. Since relay feedback was introduced, it become clear that the said proce-
dure produces local information—typically, one or a few Nyquist curve points—but
is practically free of such arbitrary choices. As such, attempts were made to join
relay-based identification and MBAT, an interesting and somehow pioneering paper
being [31]. Such research is still ongoing, and a recent result is the so-called “con-
textual tuning”approach proposed in [46] as a more systematic treatise. The quoted
paper shows that, in principle, any MBAT rule can be used by fitting the model to be
exact at a certain frequency, determined by suitably driving a relay experiment. That
frequency will become the cutoff one, and if the selected MBAT rule is used in such
a way to nominally produce exactly that cutoff frequency, the result is the simultane-
ous parameterisation of the PID and the tuning model. The contextual approach has
proven to produce tendentiously better degrees of robustness with respect to those
of the same MBAT rule used with non-contextual parameterisation methods such as
the method of areas and appears to be a promising research subject.

Another relevant topic, particularly in recent years, is that of “fragility”, see
e.g. [2]. Quoting from that reference, “if robustness of the control loop indicates
the margin of variation in which the plant characteristics with a fixed controller may
vary, the controller fragility has a similar meaning in terms of the variation of its
own parameters”, based on previous research reported e.g. in [13], the maximum ¢;
norm of the PID parameter vector can be suggested as a measure of “controller para-
metric stability”, and from that, [2] proposes an absolute fragility index and shows
that, besides robustness as traditionally meant, also fragility is a quantity that may
vary significantly among different MBAT rules when applied to similar cases. While
the mainstream research on fragility concentrates on the non-nominalities that can
be introduced by imperfections in the controller components if analogue, or numer-
ical errors in its realisation if digital, the obtained results can de facto be considered
applicable whatever the cause is for the PID having “slightly different parameters
than it should”, owing e.g. to some measured outliers adversely affecting the model
parameterisation.

Concerning again the model identification phase, a relevant topic is the investi-
gation of automatic structure selection. Given the poor excitation typical of MBAT,
classical techniques based on the prediction error whiteness, and also most methods
coming from the identification for control domain, are in fact difficult to apply and
often inadequate. A promising idea is to detect the “correct” model structure based
on the recognition of some patterns in reference response, for example, an oscil-
lating step response calls (in the continuous time domain) for a couple of complex
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Fig. 2.4 Thel MBAT workflow revisited in the light of research developments

poles. A way to accomplish the task can be the use of neural networks coupled to
suitable data pre-processing, as in [58]. Incidentally, the “structural information”
provided by such techniques is potentially richer than that coming from more clas-
sical ones: sticking to the example just sketched, in fact, not only can one say that a
second-order model is advised, but also that its poles should be complex—another
research issue to address.

Finally, it is worth noticing that modern computation tools allow for MBAT rules
that would have been impossible to realise only a few years ago. In fact, many liter-
ature proposals are de facto based on the interpolation of results obtained with some
optimisation mechanism that at present can be directly plugged into the process
hardware. Needless to say, this gives rise to very interesting perspectives, although
from more an engineering than a strictly methodological point of view.

To end this section, in Fig. 2.4 a scheme is proposed that shows again the typical
MBAT phases, like Fig. 2.1 did very synthetically at the beginning of this chap-
ter, but also outlines the main open problems and their collocation in the overall
workflow, together with mapping onto it the main research phases outlined before.

2.6 Conclusions and Future Perspectives

After presenting a necessarily brief and partial review of MBAT, it is now the time to
draw some conclusions that can be summarised in the following items and implicitly
express the authors’ opinions on future perspectives.
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e MBAT is a powerful tool because the presence of a process model allows one to
tell more on the closed loop than it is possible with other tuning approaches.

e However, the model must be suitable to do so, or the conclusions drawn on the
forecast loop behaviour, even if a more or less satisfactory tuning was actually
achieved, may be heavily incorrect. In one word, the model can exert a great
power but bears an equally great responsibility

e Better still, the model identification and the tuning assessment bear such respon-
sibility. MBAT poses very peculiar issues as for both, and there is still room for a
lot of research.

e From the methodological standpoint, beside improvements in the various phases
of the MBAT process, an integrated approach said process is necessary, nowadays
envisaged quite clearly and pursued by modern research lines.

e From the application-related standpoint, MBAT has not yet unleashed all of its
potential. Most likely, one reason for that is some lack still present in the afore-
mentioned integrated view of the process. Indeed, the interest for MBAT research
definitely comes also from engineering issues.

e On the same front, the impressing increase in the computational power available
“on the plant floor” will allow one to realise solutions that only some years ago
were just wishful thinking, and possibly also to port the said solutions directly
into the loop controllers—i.e., not only in centralised software packages used in
the control room. There will be much to think and design also in the user interface
and ergonomy of the so envisaged product, since a wide usage can be foreseen,
also on the part of non-specialist personnel.

To conclude, the authors believe that, for sure, MBAT has some pitfalls, but
within the various possible approaches to (PID) autotuning, it is probably the one
that—while being researched upon—Ied to the deepest insight into the (auto)tuning
problem and also into the way a tuning procedure has to be engineered. The authors’
hope is that the few and partial considerations reported herein may be helpful for the
community who devote their effort to such a fascinating research and engineering
subject.
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Chapter 3
PI/PID Controllers Design for Integrating
and Unstable Systems

A. Seshagiri Rao and M. Chidambaram

3.1 Introduction

In industry, for many processes such as heating boilers, batch chemical reactors, lig-
uid storage tanks, liquid level system with a constant outflow, the dynamic response
is very slow with a large dominant time constant. It is observed that in a distilla-
tion column, the dynamics of the bottoms level control shows a large time constant
and can be described as an integrating process [12]. There also exists industrial pro-
cesses such as aerospace control systems, DC motors and high-speed disk drives
whose dynamics show the characteristics of double integrator types (i.e., the pro-
cess model transfer function is in the form of ke_(“/s2 or ke_‘%/sz(ts + 1)) [34].
These types of processes are approximated as integrating processes for the purpose
of designing the controllers. Designing controllers based on integrating processes
give a superior closed-loop performance than that of designing controller based on
a first-order plus time delay process for both the nominal and model mismatch con-
ditions. Several practical examples of integrating processes and controller design
methodologies are described in [82]. A system whose transfer function has at least
one pole lying in the right half-plane is known as an unstable system. Open-loop in-
stability means that the system will move away from the steady state even for a small
perturbation of the system parameters or operating conditions. Linearization of the
mathematical model equations of such systems around the operating point will give
a transfer function, which has at least one pole in the right half of the s-plane (RHP).
The response of such transfer function models for a small perturbation may be ever
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increasing, but in the case of nonlinear systems (i.e., real systems), the perturba-
tion will cause the system steady state to move to another but stable steady state.
In the case where the system has a single steady state that is an unstable one, the
actual response will be oscillatory around this unstable steady-state point. Unstable
processes occur because of several reasons and are listed below.

3.1.1 Processes with Steady State Multiplicities

Many real systems exhibit multiple steady states due to certain nonlinearity of the
system(s). Some of the steady states may be unstable. Chemical reactors might
present multiple steady states and oscillatory solutions, depending on particular op-
erating conditions. Numerous works have shown that chemical reacting systems
may present steady-state multiplicity, periodic solutions, and more complex be-
havior. Complex dynamic behavior has been found not only in chemical systems
[2, 28, 43] but also in biological systems [45], separation processes [75], and recy-
cle systems [38—40]. Sometimes it may be necessary to operate the system at an
unstable steady state for economical and/or safety reasons.

3.1.2 Processes Exhibiting Sustained Oscillations

There is a class of systems which exhibits sustained oscillations (around the op-
erating point) in the output in spite of constant input conditions. Crystallizers,
Aerosol reactors, Continuous stirred tank reactor (CSTR), Polymerization reactors,
and Bioreactors are examples of such systems. For example, an isothermal contin-
uous crystallizer exhibits sustained oscillations in crystal size distribution (CSD) in
spite of constant input conditions [13]. It may be important to maintain the crystal
size distribution because poorly shaped crystals may promote agglomeration, cak-
ing and pose storage and processing problems. At certain operating conditions, the
CSTR also shows sustained oscillations in its temperature. The linearization of the
nonlinear model equations for such systems around the unstable steady state gives
a transfer function model with unstable pole(s) [43]. An excellent overview on the
physical occurrence of unstable processes and PID controller design methods is
given in [8, 68]. Here, the reported mathematical model equations of an isother-
mal chemical reactor and bioreactor along with the model parameters of the transfer
function models are summarized.

Isothermal CSTR  The mathematical model of an isothermal CSTR is given

as [36]
de (0 kic
dr - (V)(Cf —9- [(kzc+ 1)2]’ G-b
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where Q is the inlet flow rate, V is the volume of reactor, c¢ is the reactant concen-
tration, k1 and k, are the kinetic rate constants, and cy is the feed concentration.
The values of the operating conditions are given by Q = 0.03333 I/s, V =11,
k1 =10 1/s, and k> = 10 1/mol. For the nominal value of ¢y = 3.288 mol/l, the
steady-state solution of the model equation gives the following two stable steady
states at ¢ = 1.7673 mol/1 and 0.01424 mol/1. There is one unstable steady state
at ¢ = 1.3065 mol/1. Feed concentration is the manipulated variable. Linearization
of the model equation around this operating condition ¢ = 1.3065 mol/I gives the
following unstable transfer function model relating the reactor concentration to feed
concentration by considering a measurement delay of 20 s:

Ac(s)  3.326e72%
Acyp(s)  99.69s —1°

Bioreactor A nonlinear continuous bioreactor exhibits output multiplicity behav-
ior. The model equations are given by [3]

X _ o px
dt_u ,

as 1794

i (Sr—9D y

where X and S are the concentrations of the cell and the substrate, respectively,
=S/ (Ky + S + K;S?). The model parameters are y = 0.4 g/g, Sr=4g/l,
pm =0.531"1, D=0.3h"", K,, =0.12 g/1, K; = 0.4545 1/g. The reactor exhibits
steady states (X =0, S =4), (0.9951, 1.5122), and (1.5301, 0.1746). It is desired to
operate the reactor at unstable steady state (X = 0.9951, § = 1.5122). The dilution
rate D is used as a manipulated variable. A delay of 2.4 hours is considered in the
measurement of X. When the nonlinear model equations are linearized around the
unstable operating point (X = 0.9951, § = 1.5122), the following transfer function
model is obtained:

AX(s) —5.89e %%
AD(s)  5.86s—1

Table 3.1 gives unstable transfer function models reported in the literature for
various systems. To achieve good closed-loop performances for unstable and in-
tegrating systems, the controller should be designed properly. However, there are
some difficulties involved for these types of systems when compared to that of sta-
ble systems.

3.1.3 Difficulties Involved with Unstable Time Delay Processes

The dynamics of many integrating systems are represented by pure integrating pro-
cesses, integrating first-order plus time delay, double integrating process, and the
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Table 3.1 Unstable processes reported in the literature
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S.No. Process Controlled and Transfer function
manipulated variables
1 Isothermal Outlet concentration, 3.326¢7205 /(99.69s — 1)
CSTR [36] feed concentration
2 Bioreactor [3] Biomass 75.89e_2‘4s/(5.86s —-1)
concentration,
dilution rate
3 Dimerization Reactor temperature, —0.017e24 /(585 — 1)
reactor [4] collant flow rate
4 Gas phase polyolefin Reactor temperature, kp/ (s> 4+ ais + ap), the denominator
reactor [57] cooling water coefficients ay, ag change their values
temperature and signs depending on the operating
conditions
5 Fluidized bed Temperature of the 1/(s + 0.8695) (s — 0.0056)
reactor [27] bed, coolant flow rate
6 Nonideal CSTR [36] Outlet concentration, 2.21(1 + 11.133s)e*20"/(98.3s —1)
feed concentration
7 Fluid catalytic Riser top 18(s — 0.0019)/(s — 0.00025)
cracker [2] temperature, catalyst
circulation rate
8 X-29 air craft [14] Altitude, actuator (s —26)/(s —6)
signal
9 Klein’s unridable Steering angle, tilt 3.5(5—- 0.75)/(52 —6.867)
bicycle [29] angle
10 Autocatalytic Outlet concentration, 0.2679(1 — 41.667s)
CSTR [9] feed concentration / (41.667s% +279.03s + 1)
11 Distillation Top product 0.003551(s — 0.00492)
column [23] composition, reflux /(s —0.00276)(s + 0.0114)
rate
12 Jacketed CSTR [6]  Reactor temperature, (0.8714s + 6.963)
jacket temperature /(s2 4+2.848s — 1.132)
13 Crystallizer [26] Number of crystals, 0.03(s + 1)/ (0.5165% — 0.0945s + 1)
inlet feed
concentration
14 Modified cart and ~ Cart position, control (0.985% — 14.36) /s2(s% — 15.79)
pole problem [33] input
15 Vertical takeoff Angle, commanded b/s*(s +a)
airplane [16] voltage for the power
amplifiers
16 Fly by wire Pitch attitude, —13.48(s + 0.55) (s — 0.005)
helicopter [78] actuator drive signal /(s +12.58) (s2 + 1.265 + 0.49)
x(s2 = 1.2s 4+ 0.09)
17 Autocatalytic Reactor temperature, (—=0.0378s — 0.0001)
CSTR [31] coolant flow /(s3 +0.690752
—0.0592s 4+ 0.0012)
18 Adiabatic CSTR Concentration, feed (—0.6245% + 77.84765s + 4.2157)

carrying out Van de
Vusse reaction [80]

flow rate

/(s —123.9652 — 105.888s
—16.1412)




3 PI/PID Controllers Design for Integrating and Unstable Systems 79

dynamics of many unstable systems are represented by unstable first-order plus
time delay (FOPTD) or second-order plus time delay (SOPTD) transfer function
models. Some processes also consist of numerator zeros. The performance of the
control system is limited for integrating and unstable processes compared to that of
the stable processes. Controller design for such systems is more difficult than those
of the stable systems. Performance specifications like overshoot and settling time
are larger compared to those of the stable systems. For unstable systems with time
delay, there exists a minimum value of controller gain below which the closed-loop
system cannot be stabilized. There also exists a maximum value of controller gain
above which the closed-loop system cannot be stabilized. The design value of the
controller gain is the average of these two limiting values. The values of maximum
and minimum controller gain narrow down as the time delay increases, restricting
the performance of the closed-loop system. The presence of a positive zero in the
transfer function model increases the overshoot and the inverse response. The con-
trol system performance is further complicated by the presence of a zero.

3.2 Literature Review on PI/PID Controllers Design

In the open literature, several PI and PID controllers design methods have been pro-
posed for the control of integrating and unstable processes with and without the
time delay. The methods can be broadly classified as (i) Methods based on stability
analysis, (ii) Methods based on phase margin and gain margin specifications, (iii)
Direct synthesis method, (iv) Pole placement method, (v) Optimization based ap-
proaches, (vi) Model reference method, (vii) First stabilized by P or PD controller,
then designing PID for the stabilized system, (viii) IMC method, and (ix) Equating
coefficients method. Here, some important methods are reviewed. The literature on
controller design for integrating systems is given first followed by unstable systems.
As it is difficult to cover all the literature, more emphasis is given here to the litera-
ture published based on direct synthesis and IMC and related methods after the year
2000 for single-input single-output (SISO) integrating and unstable systems.
Tyreus and Luyben [71] showed that the IMC-based PI controller can lead to
poor control performance if the closed-loop time constant is not chosen properly
and proposed simple tuning rules based on the classical frequency response method
to achieve maximum closed-loop log modulus of 2 dB. Luyben [41] extended the
method of Tyreus and Luyben [71] for designing a PID controller. The settings
given in the paper are for the series form of PID controller with a first-order filter.
According to their method, the integral time constant is equal to 2.2 times the ulti-
mate period, the derivative time constant is equal to the reciprocal of the ultimate
frequency, the controller gain is equal to 0.46 times the ultimate gain, and filter time
constant is equal to 0.1 times the derivative time. Lee et al. [32] proposed tuning
rules based on IMC method and Maclaurin’s series expansion after converting inte-
grating process into unstable process. Visioli [77] proposed tuning methods for in-
tegrating systems based on minimizing ISE (integral square error), ISTE, and ITSE
performance indices. A genetic algorithm is used for the optimization problem. The
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resulted controller settings are fitted by simple equations. The optimization for the
servo response gives a PD controller. For a servo problem, Visioli [77] could not get
any PID settings. However, for the regulatory problem with the assumption that the
load transfer function is the same as the process transfer function, PID settings are
obtained by ISE cost function minimization using a genetic algorithm.

Wang and Cai [79] have derived PID settings using a two-degree-of-freedom
controller and specifying phase margin and gain margin for the stabilized system in
the inner loop. Chidambaram and Sree [11] proposed tuning rules based on equating
coefficient method. Skogestad [63] proposed PID tuning rules based on IMC prin-
ciples. Tuning rules are proposed for integrating, double integrating, and integrating
with first-order plus time delay process. These tuning rules are named as SIMC tun-
ing rules and became popular since 2003. Sree and Chidambaram [67] designed a
PID controller based on equating coefficient method. Arbogast and Cooper [1] pro-
posed PID controller in series with a first-order filter based on IMC principles and
recommended that the IMC tuning parameter may be taken as 10. They have exper-
imentally verified the PID settings on a level control tank. Shamsuzzoha and Lee
[58, 59] proposed PID controller in series with lead/lag filters based on IMC prin-
ciples and provided guidelines for selection of the tuning parameter and analyzed
robustness based on maximum sensitivity.

Song et al. [64] proposed a stabilization algorithm for integrating systems based
on D-partition and graphical techniques. Eriksson et al. [15] developed PID tuning
rules for time varying delays with maximum amplitude of the varying delay and Jit-
ter Margin. The jitter margin is an upper bound for any additional delay that can be
added into a closed-loop system while maintaining stability. The delay can be of any
type (constant, time-dependent, random). Rao et al. [55] designed controller based
on direct synthesis method and obtained improved control performances. Minimiza-
tion of (ISE) criterion results in a PD controller for integrating processes. The PD
controller gives good servo response but fails to reject the load disturbances. To
overcome this problem, Ali and Majhi [5] proposed a method based on ISE mini-
mization with the constraint that the slope of the Nyquist curve has a specific value at
the gain crossover frequency. They have provided guidelines for selecting the gain
crossover frequency and the slope of the Nyquist curve. Pai et al. [49] proposed
direct synthesis for disturbance-rejection-based tuning formulae for integrating pro-
cesses. Foley et al. [17] compared several tuning formulae for controlling integrating
time delay processes and concluded that derivative action is required to improve the
achievable performance unless the signal-to-noise ratio is very low.

Veronesi and Visioli [76] developed a PD controller if the objective is only set
point tracking and different PID controller tuning rules by assuming that the objec-
tive is both set point tracking and load disturbance rejection and only disturbance
rejection respectively. They used reduced order integrating model, closed-loop in-
dex (CI), and IMC method to develop the controller settings, where, CI is the ratio
of TAE if a PD controller is used to the actual IAE of the closed-loop system. Sham-
suzzoha and Skogestad [62] proposed new tuning rules based on the closed-loop
set point response. A proportional controller is used initially to get desired over-
shoot, and based on this closed-loop response, PI controller settings are provided.
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Recently, Hu and Xiao [21] developed tuning rules similar to those of Shamsuzzoha
and Skogestad [62] and proposed guidelines for initial selection of the proportional
gain to get desired percentage levels of the overshoot. Recently, simple tuning rules
are provided based on the IMC principles by Rao and Sree [56] for integrating sys-
tems, which gives an improved performance over many existing methods.

Lee et al. [32] proposed methods of designing PI/PID controllers for unstable
systems without and with a negative zero based on IMC principles, and they have
used the Maclaurin’s series expansion to get a PID controller. Though Lee et al.
[32] have given a general methodology to design a PID controller, the derivation is
tedious due to the Maclaurin’s series expansion particularly for the unstable SOPTD
system with a zero. Kwak et al. [30] proposed stabilizability conditions and analyzed
the structural limitations of the PID controller and proposed a two-stage design pro-
cedure for unstable processes: a PD controller is used for stabilization, and then for
the stabilized system, PID controller is designed using an optimization criterion.
Jhunjhunwala and Chidambaram [24] proposed a design method based on mini-
mization of the ISE criterion for set point response and developed tuning rules for
the PID controller. They have developed the tuning rules based on time delay to time
constant ratio. Wang and Cai [79] have derived PID settings using two-degree-of-
freedom controller and specifying phase margin and gain margin for the stabilized
system in the inner loop. Since two-degree-of-freedom controller is equivalent to a
set-point weighted PID controller, they have given equation to calculate the set-point
weighting parameter.

Sree et al. [69] developed tuning rules based on equating coefficient method for
first-order unstable process with time delay. Rao and Chidambaram [52] developed
a design strategy for unstable second-order processes with time delays. Zhou et
al. [83] compared several tuning formulae for unstable time delay processes; how-
ever, simple PID controllers are not compared; rather they compared two-degree-
of-freedom control schemes like the modified Smith predictor and modified IMC
schemes with more than two controllers. Shamsuzzoha and Lee [60] proposed IMC-
based tuning rules for second-order unstable processes with a zero and obtained im-
proved performance. Chen et al. [7] provided new tuning relations for selection of
the set-point weighting tuning parameter and showed improved performance. Sham-
suzzoha and Lee [61] proposed IMC-based tuning rules for PID controller with
lead/lag filter for enhanced disturbance rejection. Panda [50] provided tuning rules
based on the IMC method and Laurent’s series expansion for PID controller for both
integrating and unstable processes. The tuning rules developed by Shamsuzzoha and
Skogestad [62] and Hu and Xiao [21] also are applicable for unstable processes. Nie
et al. [46] proposed a two-loop controller design procedure based on new gain and
phase margin specifications. Both upper and lower values of the gain margins are
considered, and solution is provided from intersection of the curves generated be-
tween two coupled nonlinear equations, which are obtained from amplitude and
phase relations.

To enhance the closed loop-performance, two-degree-of-freedom control schem-
es are proposed. Here, two degree-of-freedom control schemes in the form of mod-
ified Smith predictor structures are briefly reviewed. Majhi and Atherton [42] pro-
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posed a design methodology based on autotuning. Tan et al. [70] proposed a de-
sign method based on IMC methodology. Later, several authors [20, 35, 37, 47, 51,
53, 73, 81] proposed design methodologies for the modified Smith predictor. Fur-
ther, the design methodologies are extended for cascade control schemes [72, 74].
Govindhakannan and Chidambaram [18] reported the design of PI (PID) central-
ized and decentralized PI controllers for 2 x 2 multivariable unstable systems with
time delays. For 2 x 2 systems with unstable interactions (unstable poles) present in
both ways, the decentralized PI controllers do not stabilize the system, whereas the
centralized PI controllers stabilize the system. Govindhakannan and Chidambaram
[19] presented a study on the stabilization of multivariable unstable systems first
by centralized proportional controllers followed by the design of decentralized or
centralized PID controllers for the stabilized systems. Two-stage centralized con-
troller design method gives improved performance than the single-stage centralized
controllers.

From the analysis of the literature, it is observed that most of the PI/PID con-
troller tuning method(s) have at least one tuning parameter. Selection of this tun-
ing parameter is crucial to obtain good closed-loop performances. Different authors
have selected different performance indices such as (i) minimization of IAE, ISE,
ITAE, ITSE, (ii) peak value of the sensitivity function, and (iii) minimization of
overshoot for selection of the tuning parameter. Each method has some advantages
and some limitations. Some methods address the design of simple PI or PID con-
trollers, and some methods address the design of PI or PID controller with lead/lag
filters. Further, two-degree-of-freedom controllers are also proposed by several au-
thors. Note that two-degrees-of-freedom is a general word and there are many con-
trol structures such as (i) stabilizing with an inner loop with P or PD controller
followed by PI or PID controller in the outer loop, (ii) treating set-point weighting
or set-point filter as additional degrees of freedom, and (iii) methods based on modi-
fied IMC and Smith predictor schemes under this category. Most of the methods are
developed for SISO systems. There are very few methods available for the design
of PI/PID controllers for MIMO unstable and integrating systems.

In the next sections, PI/PID controller design methods for integrating and un-
stable processes based on direct synthesis method [52, 55], IMC method [68], and
Equating coefficient method [11, 67, 69] are discussed in detail.

3.3 Design Based on the Direct Synthesis Method

The direct synthesis method is a model based approach in which a suitable closed
loop transfer function for the servo problem should be specified for the design of
the controller.

3.3.1 Controller Design for Integrating Systems [55]

Typically, the classes of integrating processes with time delay can be represented
by any of the following transfer function models: pure integrating process plus time
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Fig. 3.1 Feedback control d
loop +
y—»(%-» G ——% G, —’
+_
delay (IPTD),
Gp=ke % /s; (3.2)

integrating plus first-order plus time delay (IFOPTD),

Gp=ke % /s(ts + 1); (3.3)
integrating plus unstable first-order plus time delay (IUFOPTD),

Gp=ke " /s(ts — 1); (3.4)
pure double integrating plus time delay (DIPTD),

Gp=ke % /s?; (3.5)

double integrating plus first-order plus time delay (DIFOPTD),

Gp=ke % /s?(ts +1). (3.6)

If the integrating process is of higher order, then it can be reduced to the form of
any of the above-mentioned process models by using an appropriate identification
method. The simple feedback block diagram showing the process and the controller
is shown in Fig. 3.1, where G, is the transfer function of the integrating process,
and G, is the transfer function of the controller, y is the closed loop output, y, is
the reference point, d is the disturbance.

The closed-loop relation for set point changes is given by

Y GGy

—= 3.7
Yr 1+ GCGP

According to the direct synthesis method, from (3.7), the controller is given by

_ /yr)a
Gpll — (v/yr)al’

where (y/yr)q is the desired closed-loop transfer function (DCLTF) for set point
changes. With this, the controller is designed for different types of integrating pro-
cesses ((3.2)—(3.6)) after specifying the DCLTF. Note that selection of (y/y;)q is
important and it should be selected in such a way that it results in a realizable con-
troller and the obtained controller should provide good nominal and robust perfor-
mances. For selection of the DCLTF, (a) the order of the denominator in the DCLTF
should be greater than that of the process for which the controller is going to be

G, (3.8)
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designed, (b) if the process has positive (right half-plane) zeros, then all RHP ze-
ros should be considered in the DCLTF, (c) if the process has time delay, this time
delay should be considered, and (d) after doing this, the numerator of the DCLTF
should be selected, and proper tuning relations should be provided for the numera-
tor parameters. Here, the desired closed-loop responses are selected to achieve this
objective after conducting many simulation studies.

Case (i) If the process is of (3.2), i.e.,, G, = ke=%5/s, the desired closed-loop
transfer function is considered as

/yr)a = (s + De™ /(s + D2 (3.9)

Upon substituting and with a first-order Pade approximation for the time de-
lay [e=? = (1 —0.505)/(1 + 0.505)], the controller is obtained by considering
n=2A+6 as

1 1
GC=k6<1 + — +rds>—, (3.10)
TS Tps + 1
where
21+ 1.50 24150
= £ T, = . £
T k(A2 4240 +0.562) !
62 + 0.5 0.502
Tg=——, Tf=—> 3

20+ 1.50 (A2 42160 + 0.562)

Case (ii) If the process is of G, = ke™% /s(zs + 1), the desired closed-loop
transfer function is considered as

/yr)a = (ms* +ms +1)e™% /(s + 1)3. (3.11)

Using a first-order Pade approximation for the time delay, after simplification, the
controller is obtained as

1 as+ 1
Go—r 141 , 3.12
c c( +‘[,‘S+Tds>,35+1 ( )
where
o m S
T k(BA2+1.5060 +0.50n — )’ e
0.5013
w="2  «=050, p= ’
Tll T(3A% 4+ 1.540 +0.50n1 — 1)

(0.50—1)23+(312—1.501)A2+3072140.562 12

with n1 =3A + 6 and n, = 7(0.50+1)
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Case (iii)  If the processis of G, = ke=% /s(ts — 1), the controller design proce-
dure is same as explained in case (ii), the controller structure is obtained according
to (3.12) with the controller parameters

k. = m . . 2@
T k(n—322— 15 —050n) M MED

B 0.50°
T (g —3A2 —1.500 — 0.5671)

(3.13)

a=0.50, B

(0.560+1)A3+(312+1.507)A2+3072140.562 12

with ny =31+ 60 and 1 = 7(t—0.50)

Case (iv) If the process is of double integrating with time delay, i.e., G, =

ke=%5 /2, the desired closed-loop transfer function is assumed as given in (3.11).

Substituting (3.11) into (3.8) and simplifying by approximating the time delay as a

first-order Pade, the controller structure is obtained as (3.12) with the parameters
i 2

= ) T = ) Td = K]
k(3 + 1.5226 + 0.50m) p=m L

B 0.50%
T (A3 415220 +0.50n)

(3.14)
a=050, P

where 7] =31 + 6 and o = 312 + 1.501 + 0.567;.

Case (v) If the process is of G, = ke™% /s*(zs 4 1), the desired closed-loop
transfer function is considered as

/vr)a = (ms* +ms +1)e % /(s + D* (3.15)

By substituting (3.6) and (3.15) into (3.8) and using a first-order Pade approxi-
mation for time delay, the controller is obtained after considering n; = 4A + 6 and
n2 = 612 + 20X + 0.50n; as

cc=kc<1+tiis +rds>%, (3.16)
where
ke=r@ay 3,\219 Y 056my)° G0 W= % o2 =050,
0.502%
e PYE N SRR
A 42003

Bi

T @3 13220 1 050m)

The primary requirement for selection of A is that the resulting controller gains
should be positive for positive values of k. Hence, to get positive values of con-
troller gain (k.) for cases (ii) and (iii), the constraints to be followed are 7y <
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3A2 + 1.50A + 0.501; and 7y > 322 + 1.50A + 0.507,, respectively. Further, A
should be selected in such way that the resulting controller gives good nominal
and robust control performances. After carrying out several simulation studies, the
recommended range of the tuning parameter that gives good control performances
is 0.86 to 36. For robust design (good closed-loop performance in the presence of
process uncertainties), it is recommended that the value of 8 obtained is considered
as ‘0.18’. To reduce large overshoot, set-point weighting is suggested [68], and thus
the PID controller in (3.10, 3.12, 3.16) should be implemented in the form

1 de
u(r) =kc'|:(6yr -y + (—) /edt + Td—i|, (3.17)
Ti dt

where 0 = y, — y is the set-point weighting parameter. The set-point weighting pa-
rameter should be selected in such way that the resulting controller should not give
large overshoot responses. Based on extensive simulations conducted on different
types of integrating processes, it is suggested that o can be taken in the range of 0.3
to 0.4 [54].

Stability and Robustness For any closed-loop control system, it is necessary
to analyze the stability and robustness for uncertainties in the process, and this is
analyzed here using the small gain theorem. The general definitions of the small
gain theorem are given here. The closed-loop system is robustly stable if and only
if [44]

[ln(Go)T (jo)| <1 Vo € (—o0, 00), (3.18)

where T (jw) is the complementary sensitivity function, and /,,, (j) is the bound on
the process multiplicative uncertainty. The process uncertainty can be represented
as

Gy(jw)—Gnu(j
(o) = |22 o be)

where G, (jw) is the model of the integrating process. To show the stability and ro-
bustness analysis more qualitatively, let us consider the integrating process (3.2) for
which the complementary sensitivity function of the closed-loop with the designed
controller (3.10) is

kko(1 4+ 1is + 1 rdsz)e_gs

T(jow) = :
() s(tps + 1) + kke(1+ tis + titas>)e ™08

where the controller parameters k., 7;, 74 and 77 are the functions of the tuning
parameter A. If uncertainty exists in the time delay, then the tuning parameter should
be selected such that

1

ITGo)| < Tk
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Fig. 3.2 Responses for
perfect model for the process
Gp=e"5/s%(s + 1),
solid—proposed,
dashed—TLiu et al. [34]
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20 30 40 50 60 70 80
Time

If the uncertainty exists in the gain, then the tuning parameter should be selected
in such a way that

k
T —_—
Also for ensuring that the closed-loop performance is robust, the constraints to
be followed by the sensitivity and complementary sensitivity functions are (3.18)
and [44]

[lm(Go)T (jo) + wm(jo)(1 = T (jw))| < 1. (3.19)

Here, w, (jw) is the uncertainty bound on the sensitivity function which is given
by 1 — T (jw). The controller should satisfy the robust stability and robust perfor-
mance constraints ((3.18) and (3.19)). Similar stability and robustness analyses can
be done for the remaining types of integrating processes with time delay.

Simulation Study For simulation purposes, a double integrating process [55]
is considered as G, =e™* /s2(s 4+ 1). The controller parameters obtained for the
proposed method are k. = 0.256, 7; = 6.6, 77 = 2.7061, ap = 0.4, @1 = 1.5,
B2 =0.074, and B; = 0.074 with the tuning parameter selected as A = 1.460 = 1.4.
The set-point weighting parameter is chosen as o = 0.3. Using these values the per-
formance is evaluated by giving unit step change in the set point and a negative step
input of 0.1 in the load (d) at t =40 s, respectively. For comparison, the method
proposed by Liu et al. [34] is considered. Figure 3.2 shows the responses for perfect
model, and Fig. 3.3 shows the corresponding control action responses for set-point
tracking and disturbance rejection. The proposed method of this chapter section
performs better. Figure 3.4 shows the responses for a perturbation of +15% in the
process time delay and —15% in the time constant, and Fig. 3.5 shows the corre-
sponding control action responses. Note that the control action responses are given
separately for set-point tracking and disturbance rejection for clear illustration. Here
also, the proposed method gives improved performances. Similar performance im-
provement is observed for perturbations in the process gain.
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Fig. 3.3 Control action responses for perfect model for the process G, = e™* /s2(s + 1),
solid—proposed, dashed—Liu et al. [34]

Fig. 3.4 Responses for
perturbation of +15% in time
delay and —15% in time
constant for the process
Gy,= e_s/sz(s + 1),
solid—proposed,
dashed—Liu et al. [34]
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Fig. 3.5 Control action responses for perturbation of +15% in time delay and —15% in time
constant for the process G, =e™* /s2(s + 1), solid—proposed, dashed—Liu et al. [34]

3.3.2 Controller Design for Unstable Systems [68]

This section presents a method for the selection of closed loop transfer function and
associated controller settings for (i) unstable FOPTD system, (ii) unstable SOPTD
system with a zero. If (3.8) is applied as such to unstable systems, the controller
turns out to be unstable. To overcome this problem, it is suggested that the closed
loop system is assumed to be a second order transfer function model with a numera-
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tor dynamics term [48]. The same idea is followed here for the design of controllers
for unstable processes.

3.3.2.1 Case-1: Unstable FOPTD Systems

The process transfer function is considered as
Gp=ke " /(zs —1). (3.20)
The closed-loop transfer function is assumed as

(v/y)a = (s + De " /(rs + 1)?,

where X is the tuning parameter. With this, after approximating the time delay term
as e~% = (1 — 6s) and simplifying, the controller is obtained as

Ge = kC<1 + i), (3.21)

)

where

1 224 2aT + 01
=, T, = s =
k(1 —27—06) p=n —

¢

If the e~ term is approximated as e = (1 -0.50s)/(1 +0.505), the expres-
sion for G is obtained as

1
Ge=k |1+ — , 3.22
¢ C< +1:,-s+rds>/3s—i—1 ( )
where
0.56 0.51n6
C:M’ 7, =0.50 + 1, Td:in
k(n —2x—0) 0.560 +n
ith g = 0.52.26 ndn= A r4A07+0.5120+21 124072
w = To—23—p) and n = 7—0.50 .

In order to provide an analytical guideline for the selection of the tuning param-
eter A, many simulation studies are carried out on various unstable processes for
minimum of integral of absolute error (IAE) cost function, and analytical relations
are fitted as functions of ¢ =6/t and are obtained as follows.

For PID:

_ 2.038 +0.4958¢ +0.0326 if0<e<0.8,

AT =
/ 4.5115¢5-661 if0.8<¢<1.0.
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For PI:
0.025 + 1.75¢ ife <0.1,
AT =12¢ if0.1 <e<0.5,
2e +5e(e —0.5) if0.5<e<0.7.

The PI and PID settings are calculated for various values of ¢, and the settings are
fitted by the following equations.

For PID:
| 428262 —1334.66 4+ 101 ife <0.2,
TP 111612709427 if0.2<¢e<1.0,
36.8426% — 10.3¢ +0.8288 if0 <& <0.8,
Ti/'L’ = 6.77 .
76.241¢% if0.8 <e<1.0,
74/t =05¢ if0<e<1.0.

For PI:

_ |49.535¢72164 if e < 0.1,
TP10.8668: 70828 if0.1 < <0.7,

/T =0.1523¢794%¢  if0 <& <0.7.

Analytical expressions are also fitted for set-point weighting parameter (o) (re-
fer (3.6)) for PID and PI controllers separately and are obtained as follows.

For PID:

_ 10.17¢% — 3.426 + 0.495 ife <0.2,
| -0.232¢ +0.287 if0.2<e<1.0.

For PI:

_fo33 ife <0.1,
~10.3646 — 0.437¢  if0.1 <& <0.7.

Simulation Application to Isothermal CSTR Model A PID controller is de-
signed and simulated for an isothermal CSTR model exhibiting multiple steady-state
solutions (3.1). For this unstable first-order plus time delay system, a PID controller
is designed by the present method as: k. = 1.616, t; = 85.73, and t; = 8.813. For
the purpose of comparison, the method proposed by Huang and Chen [22] is con-
sidered. The regulatory responses for these two PID settings for a step disturbance
in Q from 0.03333 to 0.03 1/s are evaluated on the nonlinear model, and the re-
sponses are shown in Fig. 3.6. The corresponding manipulated variable responses
are shown in Fig. 3.7. The regulatory responses for an uncertainty in time delay
are also evaluated (24 s delay in the process, whereas the controllers settings are
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Fig. 3.6 Regulatory response
of isothermal CSTR for a step
change in g from 0.03333 to
0.03 1/s, solid—present
method, dashed—Huang and
Chen [22]

Fig. 3.7 Manipulated
variable (feed concentration)
response of isothermal CSTR,
solid—present method,
dashed—Huang and Chen
[22]

Fig. 3.8 Regulatory response
of isothermal CSTR for
+20% uncertainty in time
delay, solid—present method,
dashed—Huang and

Chen [22]
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designed for 20 s delay), and the responses are shown in Fig. 3.8. The correspond-
ing manipulated variable responses are shown in Fig. 3.9. The present method gives
more robust performance than that of Huang and Chen [22].
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Fig. 3.9 Manipulated 4.4
variable (feed concentration) ol
response of isothermal CSTR st
for +20% uncertainty in time 2 4t A~
delay, solid—present method, £
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3.3.2.2 Case-2: Unstable SOPTD Systems [52]

The typical unstable SOPTD processes that exist in most of the chemical and bio-
logical systems can be represented by any of the following transfer function models:

Gp=ke " /(15 + 1) (125 — 1),
Gp=ke " /(t1s — 1) (125 — 1),
Gp=ke % [s(rs — 1),
Gp=k(1+£ ps)e™™ /(t1s £ 1)(t2s — 1).

Of all the processes, the one that is difficult to control is the unstable SOPTD
process with two RHP poles and an RHP zero. Hence, in the present work, this
process is considered for the controller design. If the unstable SOPTD process is of
the other type, then the designed controller can be easily extended for those types of
processes by neglecting the corresponding terms. For generalization, the process is
considered for the design of the controller as

Gp=k(1—ps)e " /(a1s* + azs + 1), (3.23)

where a; > 0, az < 0, and the open-loop RHP poles of G, may be real or complex.
The desired closed-loop transfer function is assumed as

/y)a = (ms? +ms +1)(1 = ps)e™ /(hs +1)°.

According to (3.8), the controller is obtained after simplification as

Gomhe[ 14— 4745 ) 2] (3.24)
=K, —_ T, . .
¢ ¢ TS a3 Bs+1
where
ke =m1/kh, T, =11, Ta =n2/11, a=0.56,

B=xi1/a1, h=314+6 —n+p,
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x1 = (0.502% —0.50mp) /b,

x2 = (A + 15022 + n2p +0.50m, — 0.50n1p)/ h,

x3= (322 + 1.56A — 2 +n1p +0.50n —0.5p6)/h,

m = (y2z2 —z1y4)/(y2y3 — y1y4),

m = (y3z1 — 22y1)/ (Y2y3 — y1y4),

v = —a12 +0.50pay, y» = —0.50pay — a1 p —0.50a;,
y3 =—aiay —ayp —0.50a;, ya=—0.560p + ay,

71 = alk3 + 1.59a1k2 — 0.59a2k3 — 3)»51% — pa%,

= 3a1A2 + 1.50a1A — 0.5p6a; — 0.56)3 — 3ajarh — aja0 —ayax p.

Note Based on many simulations, for the unstable SOPTD processes without any
zero, the value of § is considered directly as ‘0.18’, and for the unstable SOPTD
processes with a zero, the value of 8 obtained directly from the controller design
procedure is retained.

Selection of the Tuning Parameter It is well known that there is always a trade
off in selecting the desired closed-loop tuning parameter (1). For stable systems fast
speed of response and good disturbance rejection are favored by choosing a small
value of A; however, stability and robustness are favored by a large value of A. This
rule is not always true for unstable systems and hence, proper analysis based on
performance specifications and operator experience is required. In fact, this is the
case for any controller design method based on the closed-loop tuning parameter
such as the IMC method, direct synthesis method, etc. Based on many simulation
studies, it is observed that the starting value of A can be considered to be slightly
greater than the process time delay, i.e., A can be considered as 1.2 times the time
delay. If both the nominal and robust control performances are achieved with this
value, then this value for A can be taken as final value. If not, the value should
be increased carefully until both the nominal and robust control performances are
achieved.

Simulation Application to a Model of CSTR with Autocatalytic Reaction
Consider an isothermal continuous stirred tank reactor (CSTR) carrying out an auto-
catalytic reaction A + 2B — 3B with a deactivation reaction B — C. The transient
equations for the reactor are given by

d F
% = <V>(0Af —ca) —kicacy,

dCB F 2
2 =\ (cpf —cp) —kicacy —kacp,
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Fig. 3.10 Responses for a 0.19
step change in the
concentration from 0.1744 to

0.18f

0.140 for CSTR with o7t
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. . = 0.18f i
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where ¢4 is the concentration of the reactant, c 4 is the feed concentration, cp is the
concentration of the intermediate, cgy is the initial concentration of the intermedi-
ate, F is the feed flow rate, V is the volume of the reactor, and k; and k; are the ki-
netic parameters. The parameters of the CSTR model are given as k; = 112/mol® s,
ky=1/50s"1, F/V =1/250s, cay =1 gmol/l, and cpy = 0. At steady state, the
concentrations obtained are ¢4 = 0.1744 mol/l and cp = 0.1376 mol/l. Here c4
is the controlled variable, and F is the manipulated variable. On linearization of
the model equations around this steady state operating condition gives the trans-
fer function model as (3.23) with k, = —0.2679, p = 41.6667, a; = 279.03, and
ar = —2.9781. A measurement time delay of 6 =20 s is considered. One can
also consider higher values of the time delay. The open-loop poles of the unstable
SOPTD process are 0.0053 & j0.0596. The proposed method gives the controller
parameters k. = 0.868, t; = —41.439, t; = 1.846, o = 10, and B = 3.78. Simu-
lation studies are carried out for the original nonlinear system of equations of the
CSTR. Figure 3.10 shows the responses for a step change in the concentration from
ca = 0.1744 to 0.140 with and without the set-point weighting. The improvement
due to the set-point weighting in the responses can be clearly observed.

3.4 PI/PID Controller Design Based on IMC Method

Internal Model Control (IMC) is an established method for the controller synthesis.
In this section, a method of tuning PID controllers (i) for an unstable FOPTD system
with a positive zero, (ii) for an unstable FOPTD system with a negative zero, and
(iii) for an unstable SOPTD system is described. Designing a PID controller by
the synthesis and IMC methods have some similarities. For the unstable transfer
function models, the value of numerator time constant of IMC controller (numerator
time constant of closed-loop transfer function model in case of synthesis method)
is selected in such a way that the unstable poles of the process which appear in the
numerator of the controller transfer function get canceled by some of the factors of
the denominator of the controller transfer function. This step, along with the Pade
approximation for the time delay, avoids the use of Maclaurin series expansion to
get PID controller parameters. The block diagram of the IMC scheme is shown
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Fig. 3.11 IMC control scheme

in Fig. 3.11, where Q is the IMC controller [Q = G,,; f] in which G,;ﬁr is the
invertible portion of the process model G,,, and f is the IMC filter. Figure 3.11 can
be converted into a single-loop feedback control scheme as shown in Fig. 3.1 with
the equivalent single-loop feedback controller G, = Q/(1 — QG,,) [68].

3.4.1 Unstable FOPTD System with a Positive Zero

The process transfer function of unstable FOPTD system with a positive zero is
considered as

G, =k(l1 —ps)e ™ /(zs —1). (3.25)

Using the Pade approximation for the time delay, the process transfer function can
be written as G, = k(1 — ps)(1 —0.50s)/[(zs — 1)(1 + 0.565)], and the IMC con-
troller is obtained as

[ (@s =11 +0.505) ns +1
Q‘( k )((As+1>3>‘

Upon simplification, the equivalent conventional controller is obtained as a PID
controller with a lag filter (3.22) as

(n+ 0.50)

k, = , .= 1 +0.56,
‘T ZkGr+p+0.56 — 1) n=nT
o 0.570 g 0.50pn — A3
T F056° T IGA+p+050—1n)

where n = [A3 4+ (Br+ p+0.50)t2 +1(31% —0.5p0)1/[0.5p0 + 1> — pr —0.5072].
Note that the design of controller by the synthesis method gives a PID controller
with a second-order filter which is complex when compared to the IMC method of
design.
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3.4.2 Unstable FOPTD System with a Negative Zero

The process transfer function of unstable FOPTD system with a negative zero is
considered as

Gp=k(1+ ps)e ™ /(xs — 1). (3.26)

Using the Pade approximation for the time delay, the process transfer function can
be written as G, = k(1 + ps)(1 — 0.50s)/[(rs — )(1 + 0.50s)]. Based on this
transfer function model, an IMC controller is designed. After obtaining the IMC
controller, the equivalent conventional controller is obtained as a PID controller
with a first-order filter (3.22) with the controller parameters as

(n +0.50) 0.576

= s ;= 056, =, =p,
k(2. +0.56 — 1) =0 =056 p=r

c

where n = (A2 4221 + 0.507]/[t — 0.50]. Note that the design of controller by the
synthesis method also gives a PID controller with a first-order filter.

3.4.3 Unstable SOPTD System with a Positive Zero

The process transfer function of an unstable SOPTD system with a positive zero is
considered as

Gp=k(1 —ps)e ™ /(a1s* + azs +1). (3.27)

Using the Pade approximation for the time delay, the process transfer function can
be written as G, = k(1 — ps)(1 — 0.50s)/[(a1s% + azs + 1)(1 + 0.505)], and with
this the IMC controller is obtained. After simplification, the equivalent conventional
controller is obtained as a PID controller with a lead lag filter of the form

> (as +1)

(Bis*+ Bas + 1)’ (5.28)

1

1
G, :kc<1 + — 4+ 148
z
where

ke =2z22/k(51 + p +0.50 — z2), T =22, T4 =21/22, a=0.50,

B =1>Ja1(5A+ p +0.56 — 22),

P2 = [(10)‘2 —0.5p0 — z1 + pz2 +0.5220) /(5h + p +0.50 — 22)| — az22
= (x3x4 — x1X6)/(X4X2 — X1X5),

21 = (X3 — x222) /X1,

x1 =0.5pbay, Xy = pa]2 + O.59a12 + azalz,
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x3=5a10 —axr’ — S)Laf - pa% — 0.590% + 5a2)»a% +5SpA+2.5A0,
x4 = pa; +0.50ay + a1az,
X5 = a% — am% — pajaz —0.560ai1a; — 0.5pbay,
X6 = M+ 1Oa1a2A2 —0.5pajax6 — Sala%)\ — pala% — O.5a1a§9 — IOalA3
+ 10afr* — 0.5pba?.

Design of controller by synthesis method gives a PID controller with first-order filter
as discussed earlier. Note that the role of the filter in the IMC method and desired
closed-loop transfer function in the direct synthesis method is similar for obtaining
the final form of the controller.

3.5 Design Based on Equating Coefficient Method

This method is based on matching the corresponding coefficients of s, s, s in the
numerator and denominator of the closed-loop transfer function for a servo problem.
It is a simple and effective tuning method [68].

3.5.1 Design for Integrating Systems [11]

Here, a method of designing PI, PD, and PID controllers for integrating systems
with a time delay is addressed. To improve the performance of the controller under
uncertainty in model parameters, the concept of two tuning parameters is used. The
robustness of the controller is evaluated by using Kharitonov’s theorem.

3.5.1.1 Case-1: Integrating Time Delay Systems [11]

An integrator with time delay system is represented by ke %% /s. The closed-loop
transfer function relating the output (y) to the set point (y,) is given by
y&) (kiS4 ko +ksi?)e™
yr() [+ (ki§ + ko +k352)e 5]

(3.29)

where k| = k.k0, ky = k1 /(i /0), k3 = k1(t4/60), § = s6. Here s is the Laplace
operator. The exponent e~ in the numerator is removed for further study, since this
term only shifts the corresponding time axis and using Pade’s approximation for e ~*
as [(1—0.55)/(1+0.55)] in the denominator, the corresponding coefficients of §, 52,
and 53 of the numerator with that of the denominator are equated. Since the presence
of the integral mode makes the offset zero, the constant term in the numerator and
that in the denominator are the same. By equating the corresponding coefficient of
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5,52, and 5° of the numerator with that of the denominator, one can obtain k) =0,
k1 =1, k3 =0.5. After simplifying, the controller settings are obtained as

kekO =1,  1/0=00,  14/0=0.5.

This is a PD controller. It is interesting to note that Visioli [77] by minimizing the
integral squared error (ISE) for a servo problem using genetic algorithm found that
a PD controller results and the settings are also given by the above equations.

Since with a PI or PID controller, the closed-loop response shows some overshoot
for the servo response, the value of y(5)/y,(5) can be allowed to be more than 1. If
5§ =0, y is automatically equal to y, because of the presence of the integral action.
Therefore, the corresponding coefficients of 5§ of the numerator are equated to «
times that of the denominator. Here, the value of « is greater than one, and this
parameter is considered as a tuning parameter. The following set of linear algebraic
equations is obtained:

(1 —a)k1 +0.5(1 + a)kp =0,
0.5(1 + )k + (1 —a)kz =«
(1 4+ a)kz =«.

For o = 1, as stated earlier, it results in a PD controller. By solving the above
equations the PID controller parameters are obtained as

kek6 =40 /(1 + ), 7/0 =0.5(14+a)/(a — 1),
74/0 =0.25(1 + @) /.

Similarly, by considering only PI controller mode, the following equations for
the PI controller settings are obtained.

kek0 =2a/(1 4+ o), 7;1/0 =0.5(1+a)/(e¢ — 1),

where « is a tuning parameter and should be greater than 1. Similarly to the IMC
method, care should be taken in selecting this tuning parameter. Assuming that o =
1.25, the following relations for PID controller are obtained:

kck6 = 1.2346, 7;/0 =4.5, 74/0 =0.45.

However, the controller gives an oscillatory response when the uncertainty in the
delay is +33%. Therefore, the present method is extended using two tuning pa-
rameters «; and op. Writing e~ in the denominator of (3.29) as e 058 / 055 the
following equation for the closed-loop transfer function is obtained:

YE (St kot ks§)e 0 eS
V(5 (€955 + (k15 + ko + k3§2)e—055]

(3.30)

The numerator and the denominator terms using the Taylor series expansion (up to
four terms) for ¢%% and e~0-> are considered. The coefficient of § in the numerator
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is equated o) times to that of denominator of the closed-loop transfer function. The
coefficients of §2 and 53 of the numerator are equated to a times to those of the de-
nominator. It has been found by simulation on various transfer function models that
ar = 0.6a; and o = 1.5 gives best results. Thereby the present method ultimately
has no tuning parameters. Solving the equations, k1, k>, and k3 are obtained. Using
the definitions of k1, k>, and k3, PID controller settings are obtained as

kck6 =0.8956,  1,/0=2.5,  1,/0=0.5.

3.5.1.2 Case-2: Stable FOPTD Systems with an Integrator [67]

A stable FOPTD system with an integrator is represented by ke /Is(ts+1)]. The
closed-loop transfer function relating the output (y) to the set point (y, ) is given by

Y@ _ (ki3 + k2 + k3i?)e ™
yr@) [R5 + 11+ (k5 + ko + k3s2)e 5]

(3.31)

Adopting the similar procedure discussed in the previous section, the following set
of linear algebraic equations is obtained:

(I —apk; +0.5(1 +ay)kr =0,
0.5(1 +a)ky +0.125(1 — o)k + (1 — ap)k3 = ay,
0.125(1 — az)k; +0.0208(1 + a2)ka + 0.5(1 + a2)k3 = 2[0.5 + (7/6)].

By solving these linear algebraic equations PID controller settings are obtained.

Robustness Analysis A control system is said to be robust if the closed-loop sys-
tem is stable even when the model parameters of the actual process are different
from those used for the controller design. To compare the robustness of the different
controller design methods, the range of uncertainty in each of the model parameters
for which the controller is stable is to be calculated. The robustness of the closed-
loop system for the perturbation separately in time delay, time constant, and process
gain is analyzed theoretically by Kharitonov’s method. In this method the stability
of four equations formed from Kharitonov polynomials is to be checked. The char-
acteristic equation of the system using second-order Pade’s approximation for the
time delay is

P(s) =ag +ays +ars® + azs® + ass*,

where ag = k.k, a; = kck(t; — 0.50), ap = kck(0.083392 —0.50t; + titg) + T,
a3 = k.k(0.08337;6% — 0.507;74) + 0.507;, ay = 0.083302 (koktitg + Ti).

Kharitonov’s equations for a; < a; < ai+ (i =0,1,2,3,4) are given below,
where a; and a;r are the lower and upper bounds for a;, respectively:

ag, +a1+s+a;“s2+a;s3+a;s4=0,
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ag +a;s +a;'s2 +a;s3 +a4_s4 =0,
a()++afs+a;s2+a;rs3+a4+s4=0,

a(')" +ars +az_s2+a3_s3 +a2‘s4=0.

For fixed values of k and 7, a perturbation in time delay 6, i.e., when (6 — §0) <
6 < (6 + 40) is substituted in the above coefficients and Kharitonov’s equations are
checked for stability using the Routh—Hurwitz method. Similarly, perturbation in k
(for fixed t and 0) is evaluated, and the stability ranges are analyzed.

3.5.2 Design for Unstable Systems [69]

In this section, the equating coefficient method is extended to unstable FOPTD sys-
tems. This method gives equations for the controller settings in terms of the FOPTD
model parameters.

3.5.2.1 Design of PID Controller

A first-order plus time delay system ke™%* /(s £ 1) is considered, with + sign for
stable systems and “—” sign for unstable systems. A PID controller is considered
here. The closed-loop transfer function relating the output variable (y) to the set
point (y,) can be written as

yes) (k15 + kg + k3§2)e— 0565 o3
yr(8) B [+ 1]56_0'585 + (k1§ + kp + k3§2)e—8§e—0.58§]

(3.32)

where k| = kck, ko = k1 /(ti/7), ka = k1(zg/7), § = st, ¢ = 0/7. By equating the
corresponding coefficients of §, §2, and § of the numerator with those of the de-
nominator the following equations are obtained:

ky=(1/¢), ki=(1/e)+0.5, 2kz =1+ (¢/6).

By rearranging all the above three equations, the following simple equations for the
PID controller settings in terms of the model parameters are obtained:

kck=(1/8)+0.5, 7;/T =140.5¢, 74/t =0.5¢(1+0.1667¢) /(1+0.5¢).

After equating each of the numerator term (except that of the coefficient of §9) is
made equal to « times that of the corresponding denominator term, a set of linear
algebraic equations for the PID controller settings are obtained. Then after several
simulation studies, the final tuning rules are obtained as

kok =1.4183:7%147 £ 0.01 <¢ <0.9,
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16.327e2 +5.5778: +0.8158  if 0.01 <& < 0.6,

Ti/f = 2 .
196e~ — 247.28¢ 4+ 87.72 if 0.6 <¢<0.9,

74/t =0.4917¢ if0.01 <& <0.9.

3.5.2.2 Design of PI Controller

A PI controller is designed using the method discussed in the above section. Here «
is tuned to be greater than 1, and «, is selected as Borq. The values of the parameters
a1 and B are selected by simulation of the process model with PI controller. The
value o1 increases with the value of ¢. The settings are fitted by the following simple
equations:

kok =0.8624e 70974 if0.01 <e < 0.6,
1 /T = 143.34¢ — 73.912¢% 4+ 19.039¢ — 0.2276 if 0.01 <& < 0.6.

Here also, one can analyze the robustness by Kharitonov’s method as explained
earlier.

3.6 Set-Point Weighting for PI/PID Controllers [10]

The performance of a PI/PID controller can be improved particularly to reduce over-
shoot for the servo problem by introducing a set-point weighting parameter in the
PI/PID control law. As explained earlier, for a PID controller, the control law is

u(t) =kc|:ep + (%) /edt + rd<%)],

where e =y, — y, e¢p = (0y; — y), eq = (yyr — y), with y and o the set-point
weighting parameters. The value o is between 0 and 1. For 0 =1 and y =1, the
controller is a conventional PID controller. The actual error (y, — y) is used for
integral calculation to make sure that the offset is zero. If the derivative action is
taken on the output variable rather than on the error, then y = 0. The closed-loop
transfer function of a process G, with set-point weighted PID controller (y = 0) is
derived as

Yy (I+o015)G)p

yro lus+ (415 +1452)Gpl
In the above equation, (1 + o 7;s) is the stable zero introduced by the controller due
to which overshoot is observed in the closed-loop response. An expression for over-
shoot as a function of o is derived, and then an expression for ¢ is obtained by min-
imizing the overshoot analytically for unstable FOPTD systems. Simple equations
are given to calculate set-point weighting parameter as a function of ¢ = (/7).
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3.6.1 Case-1: Integrating Time Delay Systems

Here, method of selection of set-point weighting parameter is described with PI and
PID controllers.

With PI Controller The closed-loop transfer function relating y to y, of inte-
grating dead-time process with a PI controller is given by [10]

Os

vy kek(o+ H)[5]

N

2 = & - (3.33)
Vi Lt kek(o + 157
Using the approximation e~ = 1 — s in the denominator, it becomes
Yy _ (ous+De™ (3.34)

yro (1282 +2tss + 11

where 1:62 = 1;[1 — kckB]/(kck) and 27,¢ = 7; — 6. By minimizing the overshoot
in y, the value of o is obtained as [10] 0 = {t./7;, and after simplification, the
equation for o is obtained as o = 0.5[1 — (8/7;)]. The value of o varies from 0.3632
to 0.44, depending on the tuning method. Hence, an average value of 0.4 may be
recommended for integrator dead-time processes.

With PID Controller For PID controller [for y =0, i.e., the derivative is taken
on output and not on the error], the numerator of the closed-loop transfer function
is the same as that of (3.33). The expression for the set-point weighting parameter
is recommended as
o=¢t/(1-¢7)",

where 7, and ¢ are the effective time constant and damping coefficient of the charac-
teristic equation based on the two dominant roots of the denominator of the closed-
loop system 16252 +27.¢s + 1 =0. It is recommended that for the Ziegler—Nichols
tuning method, whether PI or PID, o can be considered as 0.35 for integrating dead-
time processes.

3.6.2 Case-2: Unstable FOPTD Systems [66]

A PI controller is considered for the unstable system ke S /(ts — 1). The transfer
function relating y to y, is obtained as explained earlier [10]. Using the approxima-
tion e =% =1 — @5 in the denominator, the closed-loop relation is obtained as

y  (otis+ e~ (3.35)
yr (1252 42185+ 11 '
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where rez = 1i[t — kckO]/(kck) and 21,¢ = [—1; + kck(Ti — 0)]/(kck). The step
response for unit step change in set point is evaluated, minimization of the first
overshoot in y is carried out, and the set-point weighting parameter is obtained. The
final expressions for a PID controller and PI controller are given below:

_ 0.26 — 0.42¢ + 0.23¢2  for PID controller,
~ ]0.267 —0.6¢ + 0.36¢2  for PI controller.

Further, Sree and Chidambaram [65] have proposed a simple method of calculating
the set-point weighting parameter for unstable systems with a zero by equating the
coefficient of s in the closed-loop transfer function model relating y to y;.

3.7 Introduction to Two-Degree-of-Freedom Control Schemes

In order to further enhance the closed-loop performance, two-degree-of-freedom
control schemes are proposed. There are several structures which are called as two-
degree-of-freedom control schemes. Here, two-degree-of-freedom controllers based
on modified Smith predictor schemes are explained.

3.7.1 Case-1: Integrating Systems [54]

The modified form of the Smith predictor is shown in Fig. 3.12, where G, is the
transfer function of the integrating process, G, is the transfer function of the in-
tegrating process model without time delay, and 6 is the time delay of the process
model. G is the transfer function of the set-point tracking controller, and G4 is
the transfer function of the load disturbance rejection controller. The closed-loop
transfer functions between the output and the set point and the input disturbance
(yai) assuming that the model describes the process exactly (ie., G, = Gue %)
are given respectively as

y GcsGme_es (3.36)
v 14+GeGp’ '

y 14+ GG — GcsGme_es)Gme_gx
Ydi B I+ GesGr)(1 + chGme_es)

(3.37)

It can be observed that the set-point responses are decoupled from the load distur-
bance rejection responses. From (3.36) it can be observed that the set-point tracking
depends on the controller G.;. However, the load disturbance rejection depends
on both the controllers. Once G, is designed for set-point tracking, G.4 can be
designed for load disturbance rejection. From (3.36) it can be observed that the con-
troller Gy introduces a zero in the y/y, expression, and this zero introduces an
undesirable overshoot in the closed-loop servo response. To reduce the overshoot,
either a set point filter or set point weighting is considered.
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Y

Fig. 3.12 Modified Smith predictor control structure for integrating systems [54]

Controllers Design Here the controller design is given only for one integrating
process, and the design for other types of integrating processes can be seen in [54].
The process is considered as G, = Gpue % =kye 0 /s (s + 1). The direct syn-
thesis method is used for design of set-point tracking controller and is obtained as

TiS

1
G.= kc(l 4+ —+ rds>, (3.38)
where k. = 3T A2’ i =3\ g =A(l — —)

Geg is chosen as a PD controller in the form k; + l;rds, where kg is the propor-
tional term, and l;,d is the derivative term (lgrd = kgt4 when compared with conven-
tional PD controller structure k4 (1 + 745)). G4 is designed based on gain and phase
margin criteria. Let us consider the integrating process model with time delay as
G u = Gue 9. The characteristic equation 1nv01v1ng Gegisgivenby 1 + Gy G M.
The open-loop transfer function is F(s) = G¢g (s)G p(s). From the definitions of
gain margin and phase margin, the relations for magnitude and phase angle are given
by

arg[ch(jwﬂ)GM(jwl’)] S

|Gea(jwg)Gu(jwy)| =1,
_ 1
1Ge(jwp)Gu(jwp)l

@y =1 +arg[Gea(jog) Gy (jwy)].

where w), and w, are the phase and gain crossover frequencies, and A,, and @,
are the gain margin and phase margin, respectively. For a specified gain and phase
margin, the above equations can be solved for the controller parameters k; and k4.
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Fig. 3.13 Responses for
perfect model for the process
Gp=e 57 /5(3.49455 + 1),
solid—proposed,

dashed—TLiu et al. [35],
dotted—Kaya [25]

Response
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Simulation Study Consider the integrating process as

6—6.5673

)= G081 1)

The set point controller (G.s) parameters are obtained as k. = 0.124, t; = 27.58,
74 = 1.130 with the tuning parameter selected as A = 1.46,, = 7.3542. The set-
point weighting parameter is chosen as o = 0.4. G4 is designed as 0.035 4 1.12s
by considering the gain margin and phase margin as 1.7 and 60, respectively. Using
these controller settings, the performance is evaluated by giving unit step input in the
set point and a negative step input of 0.1 in the load (yg4;) at = 150 s, respectively.
To show the improvement, the methods proposed recently by Kaya [25] and Liu et
al. [35] are considered. Figure 3.13 shows the responses for perfect model. It can be
observed that the proposed method gives better control performances for the load
disturbance rejection. A perturbation of +30% in process time delay and the time
constant is considered, and the corresponding responses are shown in Fig. 3.14.
Figure 3.15 shows the corresponding control action responses. It is clear that the
proposed method performs significantly better.

3.7.2 Case-2: Unstable Systems [53]

The block diagram of the modified Smith predictor scheme is shown in Fig. 3.16,
where G, is the transfer function of the unstable plant, 6, is the plant time delay,

ém is the transfer function of the plant model, and 6,, is the model time delay. G
is the set-point tracking controller and is designed using the direct synthesis method.
G4 1s meant for stabilization of the unstable process and is the disturbance rejection
controller designed using the modified Hy, method. A first-order filter (G 5) is used
to improve the robustness for the predicted disturbance. The closed-loop transfer
functions for servo and regulatory problems assuming that the model represents

exactly the process (G pe %% = G,e™0%) are

y Gcsémeigms (3.39)
Yo 14GeGp '
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Fig. 3.14 Responses for
perturbations of +30% in
process time delay and time
constant for the process

Gp — e—6A567S/

5(3.4945s + 1),
solid—proposed,
dashed—TLiu et al. [35],
dotted—Kaya [25]
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Fig. 3.15 Control action 0.25
responses for perturbations of 02t
+30% in process time delay ‘
and time constant for the 5015
process G , = e =037 S ]

e @ 0.1
5(3.4945s + 1), o I
solid—proposed, §0.05 :

dashed—1Liu et al. [35],
dotted—Kaya [25]

-0.05f
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Time

y I+ Gcsém - GcstGmeiemS)Gmeiems (3.40)
Yo (14 GeGn) (1 +1+GegGre ) ’

Set-point weighting is considered to reduce the undesirable overshoot, as it is simple
and gives an improved response.

Controllers Design  An unstable FOPTD process is considered whose model is
ki e® /(t,,s — 1). The set-point tracking controller is obtained as

1
Gcs :kc<1 + _)a
TS

where k. = (A 4+ 21,) / kA, Ti = 2+ 2AT,)/Tm, and the recommended range for A
as 0.76,, — 26,,. The disturbance rejection controller is obtained as

0.7t
ch=kd+< T )S,

where

1 /0.533 .
kg =— +0.746 if 6, /7, <0.7,
kpy \ O /T
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Gy

A

+

Fig. 3.16 Modified Smith predictor structure for unstable processes [53]

1/ 0.49 .

kg =— 4+0.694) if0.7<6,/t, <1.5.
k”l‘l em/tm

The filter is selected as a first-order one and is Gy = 1/(tys + 1), where the filter

constant T is given as 1.46,,. The range of set-point weighting parameter is given
as 0.4 to0 0.6.

Simulation Study An isothermal chemical reactor exhibiting multiple steady-
state solutions is considered. The mathematical model is given in (3.1). Based on this
model, the controllers G.; and G4 are designed, and the controllers parameters are
obtained as k., = 2.794, t; = 53.58, kg = 1.017, and kyt; = 30.032, respectively.
The closed-loop tuning parameter is selected as A = 1.26,,. The set-point weight-
ing parameter is chosen as o = 0.4, and the filter time constant is calculated as
75 = 1.460,, = 28. With these controller settings, the nonlinear system in the closed
loop is simulated for a step change from the steady-state value 1.316 to 5, and si-
multaneously a step disturbance from 0.0333 to 0.04 is introduced at = 1000 s,
respectively. The closed-loop response is shown in Fig. 3.17. A perturbation of 30%
is considered in the process time delay, and the corresponding responses are also
shown in Fig. 3.17. The responses corresponding to perturbations in the process
time delay coincide with the response obtained under nominal conditions. It can be
observed from the responses that the proposed method gives good control perfor-
mances. However, all linear controllers work over a limited range of nonlinearity. If
the nonlinearity is severe, the controllers need to be retuned frequently correspond-
ing to the nearest operating point.

3.8 Conclusions and Future Perspectives

In this chapter, several PI/PID tuning rules for integrating and unstable systems are
reviewed. Methods of designing controllers based on direct synthesis, IMC, and
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Fig. 3.17 Responses for a 55
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equating coefficients are discussed in detail. Further, two degree-of-freedom con-
trol schemes have been explained. Some methods are simple, some methods are
moderate, and some methods are complex in terms of the mathematical expressions
and in terms of the theory of the method. Most of the methods are based on some
tuning parameters. Even though guidelines are provided for proper selection of the
tuning parameter, in practice, some trials are required to come to the final value of
the tuning parameter. Set-point weighting should be considered when dealing with
particularly unstable processes to reduce the overshoot. Robustness is analyzed by
considering small gain theorem or using Kharitonov’s theorem. It can be observed
that for integrating systems, the methods perform well for higher values of time de-
lay. However, the methods have a limitation for unstable systems if the time delay
is significant.

The conventional PI/PID controllers cannot provide good closed-loop perfor-
mances for delay dominant unstable processes. If the ratio of time delay to unstable
time constant(¢) is >1.8, the method does not stabilize the unstable process. For
all model-based control schemes with a tuning parameter, care should be taken in
properly selecting the parameter because, unlike for stable systems, there will be
lower and upper bounds for controller gain for unstable systems.
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Chapter 4
Robustness in PID Control

Ramon Vilanova, Victor M. Alfaro, and Orlando Arrieta

4.1 Introduction

Undoubtedly, since its introduction in 1940 [18, 20], PID controllers (proportional
integral derivative) are the option most frequently used in different process con-
trol applications. Its success is due mainly to the simplicity of its structure (three
parameters to tune) and operation, which allows the control engineer a better un-
derstanding compared with other advanced control techniques. This has motivated
the continuous research efforts aimed at finding alternative approaches to the de-
sign and new tuning rules in order to improve the performance of control loops
based in PID controllers. Most of these research works that have emerged over the
years take the form of design proposals based on simple models and generally give
rise to tuning rules that link the parameters of the process model with those of the
controller in a direct and simple way. The need for such simple and model-based
tuning rules is also encouraged by several control engineering books, some of them
specifically on PID control, for example, [16, 36, 58]. A common point that can be
found in all of them is the need to incorporate a good understanding of the con-
trol problem and its relationship with modeling and knowledge of the process to be
controlled.
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In this sense, the initial work developed by Ziegler and Nichols [64] constitutes
the first attempt for a systematic design of a PID controller on the basis of minimal
process information. This work was followed by the also well-known work [23],
which presents a modification of the Ziegler and Nichols approach and, more im-
portantly, raises the need to consider different methods for reference tracking and
disturbance attenuation. The introduction of ideas about the algebraic approach to
design gave rise to the so-called A-tuning method of [25]. This method, in turn,
is closely related to the Smith predictor and the design methods based on Internal
Model Control (IMC) of [44]. Among them of particular interest are the considera-
tions that show the IMC control takes the form of a PI or PID controller, depending
on the rational approximation used for the time delay. These approaches, however,
use the cancellation of the process poles, which can lead to sluggish disturbance
responses, especially for processes with large time constants. In [22] a modification
is presented in order to avoid such cancellation, while in [47], Skogestad presents a
variation of the IMC controller approach, called SIMC, applied to the tuning of PI
and PID, which prevents the cancellation by a redefinition of the integral term, in
case of systems dominated by large time constants.

The methods based on the application of optimization techniques are an alterna-
tive to the analytical ones. The basic idea is to try to capture the different aspects of
the desired closed-loop operation through the definition of a given cost functional
to be minimized. In [46] and [48], for example, tunings for optimized tracking are
provided regarding the integral error criteria ISE, IAE, and ITAE, and in [63] also
compact tuning rules for different formulations of the integral criteria are provided.
In [57] the appropriate analysis for unstable and integral systems is presented.

Recently, in part because of better accessibility to optimization routines and nu-
merical software, optimization approaches based on multiobjective optimization
have appeared. See, for example, the works [29, 53] that set a general approach and
exemplify its use for a PID controller. However, the application of these optimiza-
tion strategies, although effective, depends on the use of quite complex numerical
methods and do not result in tuning rules. By its application, what you do get is the
tuning of the controller as the solution of the particular optimization problem.

This distinction, which can also be interpreted as a kind of classification, is par-
ticularly of application on those approaches that focus on the attainment of a PID
controller with certain robustness characteristics. The robustness was an aspect not
included as an integral part of the considerations to be included when designing a
control system, not only in the case of PID control, but also from a more wide per-
spective. It is not until the formulation initiated by Zames in [62] that deals with
the uncertainty by using the infinity norm that robust control has entered com-
pletely into control theory and is by now a fully developed and mature approach,
known as the H, control. This approach is reflected in numerous books that of-
fer a broad vision on the subject and the different variations and approaches that
emerged [26, 41, 54].

The ideas emerging from the development of robust control have, of course, fi-
nally been specialized to the case of PID control. This permeation has led to differ-
ent approaches of what we can call robust PID control. In this way, we distinguish
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Fig. 4.1 Single-input d (s)
single-output feedback + )
control system ) —— C(s) u(s+ P (s) —)i‘s

—

between the obtaining a robust PID controller, as the result of the solution of a ro-
bust control problem, applied to a restricted structure controller, from the widely
proposed simple tuning rules to be incorporated into its conception robustness con-
siderations.

In this way, for example, we have methods that are developed on the basis of the
internal model control [44], where the resulting tuning rules are parameterized in
terms of a variable directly related to the robustness of the system. However, this
robustness is not directly linked to a robustness metric or a quantitative robustness
measure. On the other hand, there are well-known design strategies that are based
on setting the gain and phase margin, initiated in [12] that have given rise to nu-
merous variants and extensions. In this case, the design parameter or specification is
directly measuring the desired robustness for the closed-loop system. The idea has
spread today to a common use of the maximum of the sensitivity function (com-
monly called M) as a reasonable robustness measure. At this point it is also possi-
ble to distinguish between approaches that are attempting to achieve a closed-loop
with a particular value of Mg [15] and more flexible approaches providing tuning
rules directly parameterized by the target Mg value [8, 11].

The purpose of this chapter is to provide an overview of different approaches
to Robust PID design that have arisen during the recent years. These are methods
that include explicit considerations of robustness in their conception. A distinction
is made between generic tuning rules that are aimed at providing a robust control
system but that are not linked to any robustness measure to recent tuning approaches
that use explicit robustness terms and definitions in order to measure the level of ro-
bustness that is desired for the resulting closed loop. The chapter ends by presenting
some considerations about the robustness/performance tradeoff.

4.2 Framework and Robustness Measures

In what follows, we will use a single-input single-output control system as it is
shown in Fig. 4.1. Note that this is not the control diagram as complete as it could
be found, but it reflects the necessary points to facilitate the discussion that follows.
The process to be controlled, P (s), is generally represented by a model given by the
transfer function:

KefLs

P(s) = ,
(Ts+1)(aTs+1)

t,=L/T, A.1)

where K is the model gain, 7 its main time constant, a the ratio of the two time
constants (0 < a < 1.0), L its dead-time, and t, is the model normalized dead-time.
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Model (4.1) allows us to represent First-Order-Plus-Dead-Time (FOPDT) processes,
a = 0, over damped Second-Order-Plus-Dead-Time (SOPDT) processes, 0 <a < 1,
and Dual-Pole-Plus-Dead-Time (DPPDT) processes, a = 1. A common character-
ization of the process parameters is made in terms of the normalized dead-time
7, = L/T [58]. Note that (4.1) is a more general framework than the one used in
traditional works on PI/PID design [13, 16, 58].

On the other hand, the process is controlled by using a PID controller [13] whose
output is

B 1 " dey(t)
u(t)_Kp{e,,(t)—kFi[O ei()dt + Ty T } 4.2)
with
ep(t) =Br) — y(@), 4.3)
ei(t)=r()—y@), 4.4)
eq(t) =yr(t) — y(), 4.5)

where K, is the controller gain, 7; the integral time constant, 7, the derivative time
constant, and B and y are the set-point weights. The y parameter is more frequently
applied as a derivative mode switch (0 or 1) for the set-point signal r. To avoid
an extreme instantaneous change, so-called derivative-kick, in the controller output
signal when a set-point step change occurs normally y is set to zero. In this case the
controller output (4.2) may be expressed as

1 Tys ,
M(S)ZKp{ep(s)‘i'ﬂei(s)‘i'm@d(s)} (4.6)
with
ep(s) =pr(s) —y(s), 4.7)
ei(s) =r(s) — y(s), (4.8)
ey(s) =—y(s), (4.9)

where N is the derivative filter constant (usually N = 10 [58]). Equation (4.6) may
be arranged as

—K ! 4 Las 4.10
u(s) = p{(ﬁ‘i‘ﬁ)r(s)—( +a+m>y(s)} (4.10)

or in the compact form as
u(s) = Cr(s)r(s) — Cy(s)y(s), 4.11)

where C;(s) is the set-point controller transfer function, and Cy(s) is the feedback
controller transfer function.
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If C, (s) is equal to Cy(s), it is not possible to specify the dynamic performance
of the control system to set-point changes, independently of the performance to
load-disturbances changes, and we would have a One-Degree-of-Freedom (1DoF)
controller. Otherwise, if we can select both closed-loop transfer functions indepen-
dently, the controller would be a Two-Degree-of-Freedom (2DoF).

Thus, based on the diagram in Fig. 4.1, the following relationships between the
input and output signals are defined:

y(s) =T ($)r(s) + P(s)S(s)d(s), (4.12)
u(s) =C($)SE)r(s) +T(s)d(s), 4.13)

where the functions S(s) and T (s) are respectively the sensitivity function and com-
plementary sensitivity, which are defined as

1 . PHCEH)

S(s) = T(S)—m,

R 4.14)
1+ P(s)C(s)

and, as it will be seen, they play a key role in the determination on the stability and
robustness properties of the control system.

When dealing with the stability of the control system, it is usually understood as
absolute stability. That is, the closed-loop transfer function, provided that no cancel-
lation of unstable modes takes place, has all its poles in the left half-plane. However,
if it is desired to introduce performance measures regarding stability, then we need
the concept of relative stability. Relative stability is used to determine how stable
the system is or, alternatively, the closeness to the instability. In other words, the
distance of the closed-loop to instability. This idea of distance to instability, gener-
ates different interpretations as it relates to possible sources of error in the model
used for the design of the controller. How much and what type of uncertainty can
be allowed before the control system becomes unstable? Given this interpretation,
the various measures of relative stability are called robustness measures. Thus, the
incorporation of these measures in the design procedures and the conception of the
tuning rules result in what is known as robust controller design, in our case, a robust
PID controller.

4.2.1 Classical Robustness Measures

Robustness measures have evolved over the years, leading to new approaches in
robust control. In this way, the gain and phase margin are known as classical relative
stability measures. These measures are based on the Nyquist stability criterion and
consider the possibility of varying the number of encirclements of the critical point
(—1,0), that may arise from the variation in the gain or phase, respectively, of the
system.

The gain margin, A,,, is a specification of the point, on the Nyquist plot, at
which the frequency response of the loop transfer function must cross the negative
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real axis. This specification defines a multiplying factor for the gain for which the
system becomes unstable. Figure 4.2 represents the geometry for the gain margin.
The A,, is defined on the basis of the following condition:

Ap|Cljo-z)P(jo—r)|=1; (4.15)

therefore,

. 1
IC(jo—r)P(jo—z)|’
The frequency w_, is the frequency where the gain margin is computed. This

is the frequency where the phase of the loop transfer function is —180°. The inter-

pretation of the margin as a measure of robustness shows that in the case where the
system model is incorrect, the static gain may increase by a factor A,, before the
system becomes unstable. Typical values for A, are 2 < A,, <5.

On the other hand, the phase margin, ¢,,, specifies by what amount the phase
of the system may be delayed so that the corresponding rotation generated on the
system’s frequency response in the Nyquist plot leads to cross the critical point
(—1,0). The geometry corresponding to the phase margin is shown in Fig. 4.2 and
leads to the following condition (in degrees):

(4.16)

Am

—gm +arg{C(jwr) P(jw1)} =—180°, (4.17)
where

m = 180° + arg{C (jw1) P (jw)}. (4.18)
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The frequency w; at which the phase margin is evaluated is the frequency at
which the system gain equals one. Analogously to the gain margin, the interpretation
of the phase margin as a measure of robustness shows that if there is an error in
the modeling process, it may suffer an additional phase delay of ¢,, degrees at the
frequency wj before the system becomes unstable. Typical values for the phase
margin are 30° < ¢, < 60°.

The design based on the specification of A,, and ¢,, can be considered as the first
approach where the robustness is specified in terms of explicit robustness measures.
The first design proposal based on A,, and ¢,, is presented in [12] for A,, =3 and
¢m =60°.

The problem with designs based on A, and ¢,, is that the resulting expres-
sions for computing the controller parameters are highly nonlinear. For its solution,
crossover frequencies have also to be computed, and their appearing in the equations
along with the tan~! function prevents its analytical calculation. Because of this ba-
sic problem, different approaches have emerged based on approximations which
provide relationships that allow both the calculation of the A,, and ¢,, associated
with a particular tuning and the controller parameters given predetermined values
for A,, and ¢,,. In [30], for example, equations for evaluating the A,, and ¢,, of a
control-loop based on a PID controller and a first-order system with delay are pro-
vided. These equations are then applied to evaluate the A,, and ¢,, resulting from
several tuning rules such as the classic Ziegler—Nichols [64], Cohen—Coon [24], and
the optimal rules derived from (ISE, IAE, ITAE). Recommended values for A, are
between 2 and 5, and between 30° and 60° for the ¢,,. An extensive analysis can be
found in [30-32, 34].

For Multiple-Input-Multiple-Output (MIMO) systems, all the above considera-
tions should be taken into account, in order to measure the relative stability. How-
ever, the well-known methods to calculate the gain and phase margins of a Single-
Input-Single-Output (SISO) systems are not applicable for MIMO processes, due
the loop interactions [59, 61]. In fact, so far, there seems to be neither satisfactory
definitions for MIMO gain and phase margins, nor effective techniques for deter-
mining them; however, there are some alternative definitions to achieve these values
and to use them for multivariable control systems [19, 33, 60].

Another problem with the use of A,, and ¢,, as robustness specifications is that
both measures are independent, and compliance with both must therefore be en-
sured. It is for this reason that in recent years, the specification of robustness has
focused on the use of the sensitivity function, as a more general, unstructured, mea-
sure that, in turn, provides bound values for these two specifications. The next sec-
tion presents the idea of sensitivity, its role in a feedback control system, and its
definition as a robustness measure.

4.2.2 Use of the Sensitivity Function

The sensitivity function, S(s), is today the basis for establishing the robustness level
within the different approaches for the design of PID controllers. However, its in-
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terpretation as a function to determine the tolerance of the control-loop to changes
in the process control is well known from the formulation of the feedback loop as a
control strategy. Indeed, if we have a function f that depends on a parameter «, the

sensitivity of f to variations in « is denoted by ngf and is defined by

o = AP _adf
J = lim —— =_—
Aa—0 Ad/a |,y f Ot

where «, is the nominal value of «, and Af and A« represent the deviations of «
and f with respect to their nominal values. We will apply this concept to the rela-
tionship between the reference and output of a control system for both the open-loop
(To1(s)) and closed-loop (7¢1(s)) versions, given respectively by

P(s)C(s)
1+ P(s)C(s)’

(4.19)

9
a=u,

Toi(s) = P(s)C(s), Ta(s) = (4.20)

Thus, in the presence of uncertainty in the process, P(s) = P,(s) + AP, the pre-
vious input—output relationships suffer of this uncertainty and will deviate from their
values, obtained on the basis of the application of the controller to the nominal plant:
To1(s) = Tol,0(s) + ATo1, Ta(s) = Ter,0(s) + AT. Applying the above definition,
the sensitivity of T (s) and T;c(s) to variations in the plant P(s) are determined as

st = fim AT/ Tolo) _ 4.21)
AP0 AP(s)/Py(s)
§T — fim 2T/ Taol) _ o) (4.22)

p = m
AP0 AP(5)/Po(s)

Thus, for the open-loop relationship, modeling errors go entirely to the input—
output relationship. On the other hand, for the feedback-based closed-loop configu-
ration, this change in the process is multiplied by the sensitivity function S(s). It is
at this point that the controller C(s) can be chosen in such a way that this function
has small magnitude within the uncertainty frequency range. This is recognized as
one of the key factors for the use of feedback.

The sensitivity function, as presented, is a frequency-dependent function and
therefore cannot be used directly as a figure of merit that provides us with a measure
of robustness. However, if we notice that S(s) only depends on the direct chain of the
control loop, L(s) = P(s)C(s), it is possible to give a geometric interpretation of it
in the Nyquist plane. Indeed, since S(s) = (1 + L(s))~ !, we can represent the com-
plex value 1 + L(jw) as the vector that goes from the point (—1,0) to L(jw). The
sensitivity function will therefore be less than one for those frequencies where the
Nyquist curve is outside a circle with center (—1, 0) and unit radius (see Fig. 4.2).
Based on this interpretation, we can define the Mg value as

1
1+ Cjw)P(jw)

Mg imax|S(jw)| = max
w w

1
=—"—, (4.23)
min, |1+ L(jow)|
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the shortest distance from the Nyquist curve to the critical point (—1, 0) being equal
to 1/Mg. Thus, ensuring a certain value for Mg guarantees that the Nyquist locus is
away from the critical point a distance equal to 1/Mys. Therefore, in order to obtain
high robustness, small values of Mg will be of interest. Thus, My is a robustness
measure with widespread use in today’s research on robust control systems. This
measure is more general than the previously presented gain and phase margins. In
fact, it is possible to show that a particular Mg value guarantees, simultaneously, the
following bounds for the gain and phase margins:

Mg

A, >
"= Mg —1

, Gm > 2sin! <MLS> (4.24)

Another implication of ensuring that the Nyquist curve remains outside a circle
centered at the critical point and with radius 1/Mgy is that stability is guaranteed
even though the gain system increases by a factor Mg/(Mgs — 1) or reduced by
a factor Mg/(Ms + 1). Additionally, it is possible to guarantee stability despite a
static nonlinearity, f(x), in the loop, provided that it is ascertained that

Mg fx) Mg
< < .
Ms+1 by Mg —1

(4.25)

Typical values for Mg vary in the range of 1.4 to 2. For Mg =2, we have A,, > 2
and ¢, > 29° (that is recognized as the minimum acceptable robustness). For the
case Mg = 1.4, it is guaranteed that A,, > 3.5 and ¢,, > 41°. The advantage of
using My is that it determines the A,, and ¢, simultaneously, while these two
quantities are completely independent. In turn, Mg also appears in the compara-
tive analysis that is usually made of the robustness achieved by certain approaches,
although it was not explicitly considered at the design stage.

4.2.2.1 A Generalized Sensitivity Criteria
From the perspective of robust control theory, stability of the closed-loop control

system is maintained despite of changes, A P(s), in the nominal model, P,(s), used
for design provided that the following condition is satisfied:

|IC(jo)AP(jo)| < |14 L(jw)|, (4.26)
an expression that can be rewritten as
AP(j 1
‘ (/) 4.27)

< .
Po(jo) | T (jw)l

Thus, variations in the process model can be allowed provided that at the corre-
sponding frequencies, the complementary sensitivity transfer function is small. This
leads to consider the maximum value of 7' (s) as an estimate of this tolerance:

L(jo)

—. 4.28
1+ L(jw) (4.28)

Mr = max|T(ja))| = max
w w



122 R. Vilanova et al.

In this way, we can formulate a general robustness margin as in [37] and [39],
GM g, defined by

GM s = max{[|Sloc, @lIT oo}, (4.29)

where the parameter « is defined as « = M fé /M ? based on the desired values for the
maximum of the sensitivity functions. Geometrically, specifying a constraint value
for M7 imposes a prohibited area for the Nyquist curve given by a circle centered at
(—M%/(M% — 1), 0) and radius MT/(M% — 1). Thus, by using a specification for
M and a specification for M, we are constraining the Nyquist locus to stay out of
the corresponding circles. The idea of having an area, to be avoided by the Nyquist
locus, determined by different circles, is presented in detail in [16].

4.3 Robust-Based PID Control Designs

The use of the gain and phase margins as robustness measures has been replaced
by the use of a single indicator, the maximum of the sensitivity function, denoted
by M.

The use of the sensitivity function in PID control design arises linked to the sug-
gestion to optimize the disturbance rejection by means of imposing some constraints
on the sensitivity function. The use of the sensitivity function peak, Mg, was pro-
posed by [43]. However, it was not until the presentation of the Kappa—Tau tuning
rules [13], that its use spreads, and the development of PID tuning rules that makes
use of Mg in an explicit or implicit way starts. This section presents a review of
existing methods that have appeared in the literature and that can be considered as
robust PID control approaches based on Mg specifications.

4.3.1 Maximum Sensitivity Based Designs

4.3.1.1 Kappa-Tau (KT) Method [13]

The method uses an empirical design approach based on the placement of the
closed-loop dominant poles, along with a constraint on Mg for robustness. Tun-
ing rules for PI and PID controllers with one and two degrees of freedom (2DoF)
are provided. The method uses a particular set of test plants as a representation of
the various dynamics that can be found in industrial processes, characterized by its
gain K, the dominant time constant 7', and its apparent delay L. Starting from these
processes, a first-order plus time delay model is obtained from the reaction curve or,
instead, their critical gain K, and period of oscillation 7;,. The method establishes
two levels of robustness, a minimum level Mg = 2.0 and high level by Mg = 1.4.
The range of application of the method is provided by 0.1 <L /(L + T) < 0.85.
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4.3.1.2 AMIGO Method [15, 27, 28]

This approach builds on the MIGO (“M-constrained Integral Gain Optimization™)
method in [17] that optimizes the integral gain of the controller, K;, and imposes
a constraint on the Maximum Sensitivity, Ms = 1.4, applied to a benchmark plant
set, including multiple pole plants, processes with inverse response, integral pro-
cesses, etc. From the optimal controller parameters, tuning equations are deter-
mined for robust PI and PID controllers in the standard 2DoF form. A review of the
AMIGO method (“Approximate MIGO”) is presented in [16]. Although the range
of validity for the application of the AMIGO method is 0 < L/(L + T) < 0.98,
for PID controllers, it is possible to get reliable parameters only within the range
L/(L+T)>0.5.

4.3.1.3 KL«150 Method [37]

This approach is based on a generalized stability criterion that involves a constraint
on both the maximum of the sensitivity function and the maximum of the comple-
mentary sensitivity. The approach states an optimization problem constrained by the
Generalized Maximum Sensitivity, GM g, criterion. The objective function to be op-
timized includes the performance for disturbance attenuation, Jy, control effort J,,
and sensitivity to high-frequency measurement noise. Tuning rules are determined
for standard PI and PID controllers in terms of the estimated gain of the plant and
the frequency at which its phase is —150°. With this design, the achieved robust-
ness is GM g ~ 1.7, and performance is quite close to the optimal IAE. The method
has the unusual feature of considering the derivative filter constant, as one of the
adjustable parameters of the controller [39].

4.3.1.4 Multiple Objective Optimization (MOO) [52]

In a first development [51] the optimal IAE performance to changes in the set point
and the disturbance, along with the constraint on the minimal robustness Mg < 2.0,
is considered. The design tackles PI 2DoF controllers from first-order models with
delay and integral models with delay. Later on, a MOO method is proposed that,
along with the previous considerations, penalizes the variation on the total con-
trol effort TV, and uses a genetic algorithm to solve a multiobjective optimization
problem. The controllers obtained with this tuning provide control systems with
a nominal robustness Mg =~ 1.7 for first-order models with delay into the range
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0.1 < 7, <2.0. The MOO equations for first-order models with delay are:

T.
R (430)

4.31)

4.3.1.5 Pl Method [9]

Based on the optimum parameters obtained by the Non-Oscillatory Robust Method
(NORT) [7], for first-order processes with time delay and 0.1 < 7, < 2.0, this
method provides tuning rules for a 2DoF PI controller for four levels of robustness,
Mg € {1.4,1.6, 1.8, 2.0}. The non-oscillatory output for reference input changes and
disturbances, imposed on the design, also ensure a smooth behavior of the control
signal. The main characteristic of the method is to achieve four levels of robustness
for all the range of application. Pl tuning rules for first-order models with delay
are fitted to very simple equations as follows:

Kp = Ky,K =a0+a1t{f’2,
T.
5= ?’ =bo + b2, (4.32)
B=co+city?,

where the constants {a;, b;, c¢; } are found in Table 4.1.

4.3.2 A Generic Mg-Based Tuning

In [11], there is proposed a 1DoF PID tuning resulting from the optimization of
a joint criteria that treats the tradeoff problem between the performance for servo
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Table 4.1 Constants for the

Pl,75 method [7] Ms ao ai a
1.4 0.0674 0.3775 —0.9623
1.6 0.1687 0.4724 —0.9805
1.8 0.2118 0.5633 —0.9823
2.0 0.3208 0.5613 —1.0380
Ms bo by by
1.4 1.440 —0.1744 —0.659
1.6 8.672 —7.247 —0.04929
1.8 —3.952 5.426 0.08661
2.0 —2.105 3.595 0.1476
Mg co (4] 2
1.4 0.3803 0.7794 0.6851
1.6 0.2611 0.5763 0.4345
1.8 0.2296 0.4711 0.3588
2.0 0.2107 0.4043 0.3122

and regulation operation and that also takes into account the attainment of an arbi-
trary robustness level or value. In this sense, the following cost objective function is
formulated:

I e 4

where J? and JJ are the optimal values for servo and regulation control, respec-
tively, and J; d (;d are the performance indexes for the intermediate tuning consid-
ering both operational modes. The index (4.33) represents a balanced performance
for both operation modes, where the main idea is to be closer, as much as possible,
to the “ideal” point (J?, J;), which means the minimum performance values taking
both possible operational modes, servo and regulation, into account. However, this
point is unreachable due the differences in the dynamics for each of the objectives
of the control operational modes. Therefore, the aim is to get the minimum resulting
distance, meaning the best balance between the operational modes.

The cost functional (4.33) just takes into account characteristics of performance.
However, there is a need to include a certain robustness for the control loop. In that
sense, it used (4.23) as a robustness measure. So, the optimization problem is subject
to a constraint of the form

|Ms — Mé| =0, (4.34)

where Mg and M ‘S‘J are the Maximum Sensitivity and the desired Maximum Sensitiv-
ity functions, respectively. This constraint tries to guarantee the selected robustness
value for the control system. A broad classification is established, using specific val-
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Table 4.2 PID settings for
servo/regulation tuning with
robustness consideration [11]

Constant M%-free M?=2.0 M¢=18 MI=16 MI=14

ai 1.1410  0.7699  0.6825 0.5678  0.4306
by —-0.9664 —1.0270 —1.0240 —1.0250 —1.0190
c 0.1468  0.3490  0.3026  0.2601 0.1926
as 1.0860  0.7402  0.7821 0.8323 0.7894
by 0.4896  0.7309  0.6490  0.5382  0.4286
&) 0.2775  0.5307  0.4511 0.3507  0.2557
a3 0.3726  0.2750  0.2938  0.3111 0.3599
b3 0.7098  0.9478  0.7956  0.8894  0.9592
c3 —0.0409  0.0034 —-0.0188 —0.0118 —0.0127

ues for Mg, within the suggested range between 1.4-2.0. This allows a qualitative
specification for the control system robustness. So, the rating is described here as
follows:

e Low robustness level—M; = 2.0.
o Medium-low robustness level—M; = 1.8.
e Medium-high robustness level—M; = 1.6.
e High robustness level—M; = 1.4.

According to this principle, the above-mentioned four values for Mg are used
here as desirable robustness values, Mgi in the robustness constraint (4.34) for the
optimization problem. Additionally, the unconstrained optimization case is known
as the Mfé—free case.

With the solution of the optimization problem, a fitted tuning rule for PID con-
trollers, expressed in terms of the FOPDT model, was devised as:

Ky,K =a]‘l,'bl +cq,

T.

L (4.35)
T

— =a31? + 3,

T 377 3

where the constants a;, b;, and ¢; are given in Table 4.2, according to the desired
robustness level for the control system.

With the aim to give more completeness to the tuning method, an extension
of the approach is presented. Taking the advantage of the simplicity and homo-
geneity offered by tuning (4.35), a simple tuning rule that allows us to specify, in
an explicit way, an arbitrary value for the robustness parameter within the range
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Mg € [1.4,2.0]. In this case, (4.35) can be rewritten as:

K, K = a1 (M)t M) 4 ¢ (M),

T.
= ax (M) T ey (u15), (4.36)
() s o),

where the constants are expressed as functions of Mg. Therefore, from Table 4.2
all constant a;, b;, and ¢; are generated from a generic second-order Mg’ -dependent
polynomial as

ap = —03112(M%)* + 1.6250(M¢) — 1.2340,
by = 0.0188(M¢)* — 0.0753(M¥) — 0.9509,

c1 = —0.1319(M¢)” +0.7042(M¢) — 0.5334,

5) -
+1.7030(M¢) — 0.5511,
5) -

by = —0.1731(M$)* + 1.0970(M

§)

ar = —0.5300(M¢)
) 0.7700, (4.37)
§)

c2 = —0.0963(M¢)” +0.7899 (M) — 0.6629,

as = 0.1875(M%)* — 0.7735(M%) + 1.0740,
= 0.3870(M{)” — 4.7810(M¢) + 4.9470,
=0.1331(M%)” — 0.4733(M¢) + 0.4032.

In short, parameters (4.36), jointly with (4.37), determine the PID controller for
any arbitrary value Mg’ in the range [1.4,2.0]. It is important to note that the cited
tuning just depends on the system model information and the design parameter M g" .

4.4 Robust PID Tuning Rules

Despite the high number of existing tuning rules [42], one can say that it is from
the formulation of the IMC-PID [44] that they started to appear as tuning rules pa-
rameterized to give the PID parameters according to a desired degree of robustness
(obviously with a corresponding implication for the performance). The formula-
tion of tuning rules within the IMC framework introduces two ideas that have been
widely exploited in recent years and have given rise to a multitude of formulations
and tuning rules: first, the analytical design based on a process model, and the other,
incorporating robustness considerations from existing discrepancies between this
model and the actual process. These would be two of the features that made the
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IMC approach to become so popular, and, of course, these ideas have been inherited
by PI/PID control.

As a distinguishing factor from the tuning rules that have been seen so far in
this section, we present here tuning rules that arise in order to provide a certain
degree of robustness, but without any reference to a particular index or robustness
metric. In other words, we can speak of unstructured uncertainty or robustness in
the broad sense. These approaches attempt to formulate the tuning of the controller
in terms of one or two parameters, so the choice of the user is to set the tradeoff
between robustness and performance of the control system in terms of these direct
parameters.

Thus, within the analytical methods, the IMC framework has won major accep-
tance. In the original presentation of its application to PI/PID controller design,
in [44] a set of rules for different types of process models was proposed in which
the three resulting controller parameters (PI or PID, depending on the model struc-
ture) are parameterized in terms of the constants of the process model and a single
tuning parameter that has a direct connection with the control system robustness
(the higher the value, the better the robustness), but inversely to the performance.
Thus, in the case of a first-order model with delay (K, L, T'), the tuning takes the
following form [44]:

_2T+L
P K@A+ L)’
T,=T+L)/2, (4.38)
TL
Ty = ,
2T + L

where X is the free-tuning parameter.

As shown, the equations are of low complexity and provide a systematic and
simple way of dealing with robustness by means of the parameter A although, as
mentioned, without any robustness indicators related to the tuning parameter. This
approach has led to a multitude of strategies. For a fairly comprehensive treatment
of design based on IMC and its analysis of the effects on the robustness and perfor-
mance, the following extensive work is available [40]. It must be said that strategies
based on the designs by IMC are characterized primarily by the specification of the
desired input—output relationship. Designs are therefore aimed at tracking more than
regulation. Thus, it is useful to highlight the work [21], which is a completely ana-
lytical formulation, along the lines proposed by the original IMC, but specifying the
desired relationship for the regulatory control. As a result, a set of tuning rules, de-
pending on the model of the process and desired speed of response for disturbance
rejection, is proposed. In contrast to the classical IMC rules in [44], the design re-
lations appear quite complex but parameterized, as in the previous case, in terms of
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the variables of the process and the tuning parameter A:

1 QTL+L?/2)2A+ L/2) — A% —3A°L
P7K 2034 3A2L + (L/2)(3A + L/2)
o — QTL+L?*/2)2x+ L/2) — A% —3A%L
T QT + L)L

_3MTL+(TL?/2)3r+ L/2) — 2T + L)A*
T TTQTL+ L2/2) 2+ L)2) — A3 —3A2L

)

(4.39)

s

However, it is important to notice that, in both cases, the indication of robustness
is given, indirectly, by the tuning parameter . As it is usual in IMC designs, a large
value of A means high robustness. This situation is the same for all variants of IMC
designs that have appeared in the literature. Along these lines, there has recently
been a growing interest in the derivation of simple rules that provide an acceptable
level of robustness. In this regard, special attention is to be paid to the SIMC rule
proposed in [47], based on a method of approximation of higher-order models (“the
half rule”) and a design aimed at improving control performance. Generally, the
tuning methods developed with the IMC technique use pole/zero cancellation and,
therefore, produce very slow responses to changes in the disturbance, especially
when canceling the slow poles of the plant. Considering this, in this procedure the
classical IMC tunings [44] are modified in order to provide fast response to changes
in the set point and the disturbances. To tune a PI controller, a first-order model with
delay is used, whereas for a PID, a second-order with delay is needed. In develop-
ing these rules an ideal PID controller, without derivative filter, is used. The SIMC
tuning for PI and PID controllers in series form turns out to be:

1
KPK = 2—7:0,
T.
?’ = min{1, 87,}, (4.40)
Ty
— =a.
T

This tuning provides an average robustness level of Mg = 1.6 with 1DoF PI and
PID controllers.

With a similar goal but from a completely different formulation, [55] provides a
PID controller design for first-order plants with delay, based on a model matching
specification in the H, sense. Parameterized rules in terms of two variables, z and
Ty, related to the robustness and speed of response, are provided (it should be noted
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that this tuning also provides the value of N for the derivative filter):

T;
Kp=——"——,
K(p+Ty)
+z
P 4.41)
E:TM (p+2)
N (0 +Tu)
T T
N+1=_£M’
;L (p+2)

with x1 =z+ L —p and p = L(L+2z)/(L + Ty ). In the same work, specific values
for z and T), are proposed, generating a highly simple tuning:

T
P 265KL’
T, =T +0.03L,
T (4.42)
< =172L,
N
N+1—T
=7

to guarantee a value of Mg = 1.4, which means a considerable robustness, while
maintaining acceptable performance.

Based on this approach, similar formulations have appeared by introducing con-
siderations about the improvement in the regulatory response, as a compromise be-
tween regulation and tracking performance, while ensuring a certain robustness.
Thus, in [1] two model matching problems are proposed: one for the input—output
relationship, specifying a desired relationship 7, (s) = (Tyy —y)s + 1)/ (Tys + 1),
and one for the sensitivity function, such as S;(s) = ys/(Tys + 1). Both problems
are solved analytically, and then, the impact of the choice of the parameters that
specify the problem is analyzed. The T)s is chosen according to [55], while the
value of y is the one that determines the balance between regulation and tracking
behavior. For example, in Fig. 4.3 it is possible to see the suggested range for the
parameter A (which plays the role of the filter time constant in an IMC design).

That way, by evaluating a compromise between performance loss and increase
of robustness, a PID tuning rule is proposed. A variant of this extension can also be
found in [2], while in [3] this methodology is presented within the design framework
of H~ and the application extended to the case of unstable systems.

Building on these ideas, it is worth highlighting the Analytical Robust Tuning
approach, known as ARTj, presented in [6] for PI controllers based on first-order
models with delay and in [8] for PID controllers based on second-order models
with delay. The design is based on the analytical formulation for the controller in
regulation mode, while linked to a robust specification in terms of the value obtained
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for M. This approach, therefore, could be described both analytically and directed
by M. We believe that it is important to describe this method in this section, as it
results from the evolution analytical approaches that have experienced as a result
of adding robustness considerations. As an example, for a PI controller, the design
obtained takes the following form:

2
2t — 1.+ 1,

k,=K,K="5—¢ "2
P (te +10)? @43
r4£_2q—t§+r{,
T 141,

where 7, = L/ T, and 7, is the dimensionless design parameter (similar to the IMC
time constant A) that determines the relationship between the dominant time con-
stant of the controlled process and the desired closed-loop response. The approach
establishes a lower limit, 7. min < 7., if it is desired to guarantee a certain level of
robustness (in terms of Mg). The value 7.y, is given in a parameterized form in
terms of the desired robustness as:

ka1
Temin = k11 + <E>70a

ki1 = 1.384 — 1.063Ms + 0.262M3,
kap = —1.915 + 1.415M5 — 0.077M3,
kap =4.382 — 7.396 M5 + 3.0M2, (4.44)

therefore exposing, in a very compact way, a compromise between robustness and
performance. The interesting point of this proposal is to link the effect of the design



132 R. Vilanova et al.

2,0

\
Robustnass,

ugper limit_

Robustness

lower limit

/[
0.5 .

Maximum sensitivity Ms

Fig. 4.4 Relationship between the robustness Mg and the design parameter 7,

parameter (t. in this case) with the robustness measure M. In this way it is the Mg
value itself which becomes a design parameter. Figure 4.4 shows the relationship
for the case of the aforementioned PI controller and a first-order system with delay.

As it can be seen, if you increase too much the value of 7., you get the opposite
effect of starting to lose robustness. Hence, the range of values for 7. has also to
be limited from above: T, min < 7. < 1.5 + 0.37,. The essentials of this method are
shared with the Direct Synthesis design (DS-d) approach mentioned above in [21].
However, in the case of a PID controller both approaches do not lead to the same
tuning. An additional distinction is made by the fact that in [8] the ART, method
is formulated for a controller with two degrees of freedom (2DoF) and the ART;
provides a design with overall better performance.

For comparison, we present the application of both methods to the following test
system:

1

P(s)= , (4.45)
(s +1)(0.4s + 1)(0.165 + 1)(0.64s + 1)
modeled by using the following second-order approximation [4]:
o—0-147s
Py(s) = (4.46)

(0.856s5 + 1)(0.603s + 1)

Based on this model, the design relations of [8] and [21] are applied. The results
are shown in Fig. 4.5 for two different robustness levels. Without getting into com-
parison details with numerical indicators (for this, [8] can be accessed), we can see
the improvement made by the ART>.
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Fig. 4.5 Comparison between the ART, and DS-d methods

The fact of establishing a link between the design parameter and the robustness
measure leads to a whole range of possibilities that may provide extensions of ana-
lytical design methods. This will allow the integration, in a much more explicit way,
of the compromise between performance and robustness.

4.5 The Robustness/Performance Tradeoff

In the preceding sections we have presented a whole set of different options and al-
ternatives that have been formulated along the years, in order to address the problem
of the attainment of a robust PID. The common idea to all of them, despite the use
of robustness measures and different uncertainty descriptions, is that they take into
account the robustness characteristics of the resulting closed-loop. However, it is
more and more obvious that there is a need to maintain high performance levels de-
spite having to ensure a certain robustness, in other words, to minimize performance
loss due to the introduction of robustness considerations. Therefore, the design of
closed-loop control systems with PI/PID controllers should consider the constraint
of two conflicting views: on one hand, the performance to changes in the set-point
and disturbances and, on the other, the robustness to changes or uncertainty in the
dynamics of the controlled process.
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If only the system performance is taken into account, using, for example, an
integrated error criteria (IAE, ITAE, or ISE) or a time response characteristic (over-
shoot, rise-time, or settling-time for example), as in [35, 50], the resulting closed-
loop control system may have a very poor robustness. On the other hand, if the
system is designed to have good robustness, as in [27], and if the performance of
the resulting system is not evaluated, the designer will not have any indication of
the cost of having such highly robust system. System performance and robustness
were taken into account in [45, 51], optimizing its IAE or ITAE performance but
guaranteeing only the usually accepted minimum level of robustness (Mg = 2).

On the other hand, among the extensive literature on PI/PID controller design,
especially if we concentrate on contributions that provide PI/PID controller tuning
rules, it is found that the approaches for PI/PID controller design heavily rely on
the available process model. In fact, the PI/PID controller tuning literature can be
broadly divided as providing tuning for FOPDT or SOPDT processes. In addition,
it is also possible to find the corresponding FOPDT/PI and SOPDT/PID pairs. Even
quite a few approaches exist that provide the PID tuning for a FOPDT controller. In
any case, what is a true fact is that the number of tuning rules that can be found for
FOPDT processes is really large compared with the very few proposals that exist for
SOPDT processes. SOPDT models have richer dynamics and therefore are able to
better represent the process to be controlled. It would therefore be better to use this
extra information for controller design purposes, either for PI or PID. However, no
unified approach has been already presented that considers at the same time PI and
PID controllers as well as FOPDT and SOPDT process models.

This section is intended to provide one step in filling the previously identified
gaps: to tackle the performance/robustness tradeoff with a unified FOPDT/SOPDT
treatment. The presented approach provides a measure of the performance losses
that the designer has to accept when imposing certain robustness constraints. Both
specifications are usually thought of in an independent manner. However, they in-
fluence each other. It is in this sense that it is important to have an indication of the
incurred performance losses when the control system robustness is increased. This
analysis is conducted for 1DoF and 2DoF PI and PID control systems consider-
ing First- (FOPDT) and Second-Order-Plus-Dead-Time (SOPDT) process models.
While the robustness of the resulting closed-loop is measured by using its Maximum
Sensitivity (M) value, performance measure used is the Integrated-Absolute-Error
(IAE) criteria. It can be found in the recent literature that IAE is the most useful and
suitable index to quantify the performance of the system [16, 21, 38, 47, 49].

The analysis results allow us to obtain tuning relations for five robustness levels
in the range 1.2 < Mg < 2.0, to design robust closed-loop control systems that at
the same time, have the best performance allowed under the IAE criteria. Therefore
the method provides, in an unified way, a treatment of PI and PID controller design
for either FOPDT and SOPDT process models.

The performance of the closed-loop control system will be evaluated with the
Integrated-Absolute-Error (IAE) cost functional

J, = /Oo|e(t)|d; = /oo|y(t) —r(t)|dt (4.47)
0 0
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for a step change in the set-point (J,,-) and in the disturbance (J,q).

As an indication of the system robustness (relative stability), the Sensitivity
Function S(jw) magnitude peak value will be used. If the system robustness is
not taken into account at the design stage, the controller’s parameters may be opti-
mized to maximize the system performance, namely a minimum of (4.47); for both
set-point (Jg,.) and load disturbance (J;,) changes independently. However, due to
the control system performance/robustness tradeoff, if a robustness requirement is
included into the design, then it is expected that the actual system performance will
be reduced (J, > J). Then a degraded performance factor, F, defined as

J()
Fp= J— F,<1, (4.48)

will be used to evaluate the performance/robustness tradeoff.

4.5.1 Robustness/Performance Tradeoff Analysis Framework

In order to evaluate the performance/robustness tradeoff, several optimizations have
to be performed. The next steps present, in an incremental way, the different sets of
controller parameters that have to be obtained. In addition, for each controller, the
cost functional values are also recorded in order to evaluate the performance degra-
dation. The controller’s parameters {K,, T;, T;} obtained are the ones required to
have a system with a target robustness, M*%, stated according to the expected vari-
ation of the controlled process characteristics and, at the same time, with the best
regulatory control performance allowed under the integrated absolute error crite-
ria, J.4. Using these parameters, the free proportional set-point weight factor, 8, of
the 2DoF PI and PID controllers were found optimizing the servo-control perfor-
mance, J.,. Note that now the control system robustness does not change. The steps
presented follow the procedure outlined in [5].
Optimum Performance is assessed by using the cost functional

Je(0) = foo|y(t,§) —r(0)]dt, (4.49)
0

and the optimized performance servo and regulatory 1DoF PI and PID controllers’
parameters 6, = {K.o, Tio, T4o} such that

J? =Je(0,) =minJ.(6) (4.50)
0

were obtained for (4.1) with a € {0,0.25,0.5,0.75, 1} and ten normalized dead
times 7, in the range 0.05 to 2.0 for set-point and load disturbance step changes
and target robustness levels M g e[1.2,2.0].

The robustness of the obtained optimal performance control systems was eval-
uated by using M. It has been found that only the servo-control PI (for all mod-
els) and servo-control PID (for SOPDT models with high normalized dead time)
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reach the standard minimum robustness allowed of Mg = 2.0. The results also show
that, for the same model, the performance-optimized regulatory control systems are
less robust than the corresponding optimized servo-control systems and that, for
the same model and input (set-point or disturbance), the performance-optimized PI
controllers are more robust than the corresponding PID controllers.

I Degraded Performance To increase the control-loop robustness to a target M%,
a degraded performance factor F ;7 was included into the cost functional

72
Je(0)

t

F! 4.51)

I, (3.13) =

to obtain the PI and PID (servo and regulatory control) parameters 6, such that

It =Jr, (001, F,) = min J, (8. F)). (4.52)

Therefore, by decreasing F I’,, the control system is allowed to lose some perfor-
mance and to increase the robustness. This fact can be used to increase the robust-
ness to a desired target level M.

II Robust Performance At this point and starting from the parameters 6, ob-
tained before), a second optimization was conducted using the cost functional

Tug (0, M%) = |Ms(6) — M| (4.53)

in order to reach the target robustness. The robust controller parameters 6, are such
that

Tos = Iug(0or. M5) = min Tus (8, M5). (4.54)

For analysis, five robustness target levels were considered, M g € {2.0,1.8, 1.6,
1.4,1.2}.

III Performance Degradation Requirements Finally, the degraded performance

factor required to obtain the target robustness M ’S €{2.0,..., 1.2} was evaluated as
(M) = %
Fp(Mg) = S (4.55)
r Je (002)

The controller’s parameters 6, are those required to have a system with a target
robustness M g, stated according to the expected variation of the controlled process
characteristics and, at the same time, with the best performance allowed under the
integrated absolute error criteria (4.47).
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IV 2DoF PI/PID Proportional Set-Point Weight Using the 1DoF PI and PID
regulatory control parameters for robust performance 6,5, the free proportional set-
point weight factors 8 of the 2DoF PI and PID controllers were found optimizing
(4.47) for a set-point step change (J,,). Note that now the control system robustness
does not change.

The final result of these optimization steps is a set of controller parameters (not a
tuning rule) that in what follows will be referred as the RoPe (Robust Performance)
tuning as it emerges from considering the necessary performance reduction in order
to attain a certain robustness level. As an example, Figs. 4.6 and 4.7 illustrate the
evolution of the performance degradation factor (F)). Not all the possibilities are
shown.

4.5.2 Robust Performance Controllers Analysis

As indicated, fifty models were used in the servo and regulatory PI and PID con-
trol performance/robustness tradeoff analysis with five robustness levels, obtain-
ing a total of 1500 controller’s parameters sets. A short analysis of the existing
tradeoff for different combinations of controller/operation according to PI/PID and
servo/regulation now follows.

PI Servo-Control The required performance degradation increases with the
model normalized dead-time, but the model time constants ratio a has practically
no influence on it, i.e., PI control systems for FOPDT and DPPDT models with
same normalized dead-time require similar performance degradation to increase its
robustness to the same level. For example, increasing the robustness of a FOPDT
PI servo-control to Mg = 1.8 has a marginal cost, but increasing it to Mg = 1.2
reduces the control system performance 60% (F), ~ 0.4) as shown in Fig. 4.6. PI
servo-control systems losses range from 10 to 20% of their optimum performance
if M§ = 1.6 is specified.

PI Regulatory-Control For the regulatory control case, the required performance
degradation decreases as the model normalized dead-time increases. In the regula-
tory control case a higher performance degradation is required, compared with the
servo-control case, to reach the same robustness level.

While, for example, the SOPDT (a = 0.5, 7, = 1) PI regulatory control requires
F, =0.64 (36% reduction in performance) for M g = 1.4, its servo-control counter-
part requires F, = 0.51 (49% performance reduction). Therefore, we have a mea-
sure for the price to pay for robustness.

PID Servo-Control Comparing the PI and PID servo-control degradation re-
quirements, it was noted that the PI control systems are more robust than the PID.
In addition, the model normalized dead-time influence is reversed. To have a robust-
ness level corresponding to M tS = 1.6, the DPPDT model PID servo-control requires
Fp =0.37 (1, =0.10) and F), = 0.82 (1, = 1.5) (Fig. 4.7), while the corresponding
Pl only F, =0.94 (7, =0.10) and F, =0.86 (1, = 1.5).
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Fig. 4.6 PI Servo-Control, FOPDT model (a = 0.0)

PID Regulatory-Control The results in this case show that the regulatory PID
control systems are less robust than the regulatory PI controllers and also less robust
than the servo-control PIDs.

In general, performance-optimized PI control systems are more robust than the
PID ones, and the PI and PID servo-control systems are more robust than their
regulatory control counterparts.

4.5.3 Illustrative Example

This section provides a simulation study to show that the presented rules provide
robustness and performance comparable (if not better) to other specific tunings ex-
isting in the literature. The main purpose is not to compare time responses but to
exemplify the robustness/performance tradeoff.

Consider the controlled process proposed as benchmark in [14] and given by the
transfer function

1
(s + D(as + D(e?s + D(a3s + 1)

P(s) = (4.56)

with « =0.5.
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Table 4.3 Example—models
Model K T a L T
FOPDT 1 1.247 0 0.691 0.554
SOPDT 1 0.876 0.821 0.277 0.316

Using the three-point identification method /23c¢ [4], FOPDT and SOPDT mod-
els were obtained with parameters shown in Table 4.3.

From these models and using the tuning provided by the previously presented
optimization procedure, the parameters for 2DoF PI and PID controllers, Tables 4.4
and 4.5, were obtained for four levels of robustness. For the second-order model,
linear interpolations for the time constants ratio included in the analysis were made
to consider the particular ratio of this example.

For comparison purposes, the SIMC (“Simple Control”) [47], the PO (*“Per-
cent Overshoot”) [10], and the MOO (“Multi-Objective Optimization”) [52] tuning
methods were considered. The SIMC is an IMC-based tuning method for 1DoF PI
and PID controllers to obtain a good tradeoff between speed of response, distur-
bance rejection, robustness, and control effort requirements. The PO method using
a relation between the set-point step response overshoot (OS) and the closed-loop
robustness provides tuning equations for 1DoF PI and PID controllers for a smooth
control POs (0% OS, Mg = 1.38) and tight control POt (10% OS, Mg = 1.71). Fi-
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Table 4.4 Example—RoPe

PI, parameters M g
2.0 1.6 1.4 1.2 2.0 1.6 1.4 1.2
From FOPDT Model From SOPDT Model

K, 1396 0943 0.750 0.362 1914 1.326 0.976 0.525
T; 1394 1382 1392 1418 1966 1966 1954 1973
B 0.859 1.154 1.456 2.372 0.934 1.037 1.165 1.456

Table 4.5 Example—RoPe

PID; parameters M g
2.0 1.6 1.4 1.2 2.0 1.6 1.4 1.2
From FOPDT Model From SOPDT Model

K, 1705 1.176 0.935 0.516 3.753 2.155 1.681 1.015
T; 0939 0.962 0978 0999 0.817 0.804 0.937 1.020
T; 0.292 0.303 0.293 0.301 0461 0.395 0.395 0.404
B 0.620 0.842 1.059 1.733 0.573 0.598 0.715 1.148

Table 4.6 PI/PID parameters

Method K, T; T B
SIMC PI 0.902 1.247 0 1
SIMC PID 2.879 1.595 0.395 1
POs PI 0.722 1.247 0 1
POt PI 1.029 1.247 0 1
POs PID 2.334 1.595 0.395 1
POt PID 3314 1.595 0.395 1
MOO 0.987 1.178 0 0.746

nally, the MOO considers the tradeoff between servo and regulatory fast response
to step changes (IAE), a smooth control (7V,,), and robustness (Mg) for 2DoF PI
controllers. The various controller parameters are shown in Table 4.6.

The performance and robustness shown in Table 4.7 for the different tuning rules
above are to be compared with those for the proposed PIs and PIDs on the basis of
the achieved robustness (MY') and the model the tuning is based on.

It is worth mentioning that the regulatory control operation is the one that really
matters. In fact, the normal operation of the control loop is on maintaining the op-
eration point, therefore ensuring good disturbance rejection. It is in this sense that
the PI/PID parameters were optimized for such an operational mode. The second
degree of freedom (8) was optimized in a second stage, with the other parameters
constant, to minimize the servo-control integrated absolute error performance.

The results of the RoPe tuning are shown in Tables 4.8, 4.9, 4.10 and 4.11. For
each situation, the achieved performance is provided for the established robustness
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Table 4.7 Performance/

robustness Method Jed Jor Vie TV MY
SIMC PI 1590 1382 1815 1176 1530
SIMCPID 1183 0554 5446 1186  1.600
POs PI 1727 1746 1036 1337 1438
POL PI 1220 1557 1295 2207 1715
POs PID 0.683 1233 1.058 4164 1555
POt PID 0481 1217 1301 5770 1955
MOO 1234 1658 1316 1794 1703

Table 4.8 RoPe PI, p -
(FOPDT) M Jed Jer TVua TV MY

performance/robustness

2.0 1.007 1.483 1.555 2.920 2.101
1.6 1.466 1.509 1.126 2.039 1.596
1.4 1.856 1.550 1.002 1.807 1.427
1.2 3.917 1.972 1.000 1.088 1.178

Table 4.9 RoPe PI, p -
(SOPDT) M Jed Jer TVuq TVur M

performance/robustness

2.0 1.027 1.437 1.777 4.638 2.016
1.6 1.483 1.475 1.226 2.723 1.605
1.4 2.002 1.680 1.016 1.914 1.414
1.2 3.758 2.859 1.000 1.099 1.203

levels. The comparison with the other tunings should start from the results in Ta-
ble 4.7.

Take, for example, the SIMC PID (based on a SOPDT process model). The com-
parison should be with the proposed PID, (SOPDT), Table 4.11, choosing the tun-
ing corresponding to M = 1.6. It may be seen that the robustness is slightly higher
while achieving at the same time a dramatic improvement in the regulatory control
performance.

Note that, in addition, the tunings SIMC, POs, POt, and MOO provide a robust-
ness that is completely determined by the tuning. It cannot be modulated according
to the user demand. In contrast, RoPe can achieve an optimized performance for all
the range of robustness specifications. This fact adds flexibility to the tuning, giving,
at the same time, more generality to this tuning.

For this particular process (4.56), it can be seen that for same robustness level, the
best regulatory performance is obtained with the RoPe PID; tuned with the SOPDT
model.
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Table 4.10 RoPe PID,

(FOPDT) My e Jer WV TVu MY
performance/robustness
2.0 0.760 1.630 1.573 2.968 2.030
1.6 1.041 1.758 1.354 2.265 1.554
1.4 1.256 1.817 1.253 2.008 1.390
1.2 2.041 1.960 1.061 1.442 1.199
Table 4.11 RoPe PID;
(SOPDT) M Jed Jor TVyua TV ur Mg
performance/robustness
2.0 0.313 1.310 1.613 5.430 2.394
1.6 0.611 1.682 1.686 3.976 1.501
14 0.757 1.652 1.399 2.811 1.364
1.2 1.198 1.806 1.200 2.088 1.220

4.6 Conclusions and Perspectives

This chapter has outlined different perspectives and formulations for the design of a
robust PID controller. The spectrum of approaches that can be found in the literature
is really broad, and, in fact, the inclusion of robustness considerations has motivated
the appearance of a large number of papers in recent years. This shows once more
the continued interest on the subject.

In recent publications the situation has turned attention to the use of specific
robustness measures as design specifications that are incorporated as integral parts
of the PID controller design. In turn, this enables us to analyze the tradeoff between
robustness and other control-loop properties, such as those related to the control
system performance. To obtain a robust design is not just the target; you must have
a precise idea of the price paid by demanding certain levels of robustness. In this
sense, as it has been noted in the last section, an analysis should be pursued in
order to find ways allowing a clear statement of the existing performance/robustness
balance.

We can also foresee that another aspect that will deserve attention in the future
will be that of guaranteeing the targeted robustness characteristics [56]. Advanced
PID controller designs should not only incorporate a robustness design specifica-
tion as an integral part of the design but to somehow guarantee this specifica-
tion to be met. This is needed in order to allow the previously mentioned robust-
ness/performance tradeoff analysis. Otherwise, it does not make sense to perform
any comparison.

Another aspect that also deserves attention for future developments is the con-
troller’s fragility. This aspect has been introduced recently into the literature as
an analysis tool. However, in order to avoid possible robustness and performance
losses, it should be also introduced at the design stage. This is a new challenge that
should distinguish new PID controller tunings.
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Chapter 5
The SIMC Method for Smooth PID Controller
Tuning

Sigurd Skogestad and Chriss Grimholt

5.1 Introduction

Although the proportional-integral-derivative (PID) controller has only three param-
eters, it is not easy, without a systematic procedure, to find good values (settings)
for them. In fact, a visit to a process plant will usually show that a large number
of the PID controllers are poorly tuned. The tuning rules presented in this chapter
have developed mainly as a result of teaching this material, where there are several
objectives:

1. The tuning rules should be well motivated, and preferably model-based and ana-
lytically derived.

2. They should be simple and easy to memorize.

3. They should work well on a wide range of processes.

In this paper the simple two-step SIMC procedure [11] that satisfies these objec-
tives is summarized:

Step 1. Obtain a first- or second-order plus delay model.
Step 2. Derive model-based controller settings. PI-settings result if we start from a
first-order model, whereas PID-settings result from a second-order model.

The SIMC method is based on classical ideas presented earlier by Ziegler and
Nichols [17], the IMC PID-tuning paper by Rivera et al. [8], and the closely related
direct synthesis tuning rules in the book by Smith and Corripio [13]. The Ziegler—
Nichols settings result in a very good disturbance response for integrating processes
but are otherwise known to result in rather aggressive settings [2, 15] and also to
give poor performance for processes with a dominant delay. On the other hand, the
analytically derived IMC-settings of Rivera et al. [8] are known to result in poor
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Fig. 5.1 Block diagram of d
feedback control system. In

this chapter we consider an A
input (“load”) disturbance 84
(8a=8)

s + u & Y

disturbance response for integrating processes [3, 7] but are robust and generally
give very good responses for setpoint changes. The SIMC tuning rule presented in
this chapter works well for both integrating and pure time delay processes and for
both setpoints and load disturbances.

This chapter provides a summary of the original SIMC method and provides
some new results on obtaining the model from closed-loop data and on the Pareto-
optimality of the SIMC method. There is some room for improvement for delay-
dominant processes, and at the end of the chapter “improved” SIMC rules are pre-
sented.

The notation is summarized in Fig. 5.1. Here u is the manipulated input (con-
troller output), d the disturbance, y the controlled output, and y, the setpoint (refer-
ence) for the controlled output. g(s) = % denotes the process transfer function, and
c(s) is the feedback part of the controller. Note that all the variables u, d, and y are
deviations from the initial steady state, but the A used to indicate deviation variables
is usually omitted. Similarly, the Laplace variable s is often omitted to simplify no-
tation. The settings given in this chapter are for the series (cascade, “interacting”,
classical) form PID controller:

s+ 1
T8

K,
Series PID:  ¢(s) = K, - ( ) (tps+1) = —C(‘L'I‘L'DSZ + (r7+1p)s +1)
T8

(5.1)
where K, is the controller gain, 77 the integral time, and 7p the derivative time.
The reason for using the series form is that the PID rules with derivative action
are then much simpler. The corresponding settings for the ideal (parallel form) PID
controller are easily obtained using (5.30).

The following practical PID controller (series form) is used in the simulations:

_ Trs+1 Tps + 1
M(S)—Kc< s )(M(S)—mﬂs)) (5.2)

with N = 10. Note that we in order to avoid “derivative kick,” do not differentiate
the setpoint in (5.2). In most cases we use Pl-control, i.e., Tp = 0, and the above
implementation issues and differences between series and ideal form do not apply.
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5.2 Model Approximation (Step 1)

The first step in the SIMC design procedure is to obtain an approximate first- or
second-order time delay model on the form

g1(s) = Ko Ko (5.3)
715+ 1 s+ 1/ ’ '

k —Os .

e 54)
(s + D(mas + 1)

&2(s) =

Thus, we need to estimate the following model information:

Plant gain, k

Dominant lag time constant, 71

(Effective) time delay (dead time), 6

Optional: Second-order lag time constant, 7y (for dominant second-order
process for which 1 > 6, approximately)

Such data may be obtained in many ways, three of which are discussed below.

. From open-loop step response
. From closed-loop setpoint response with P-controller
3. From detailed model: Approximation of effective delay using the half rule

N =

5.2.1 Model from Open-Loop Step Response

In practice, the model parameters for a first-order model are commonly obtained
from a step response experiment as shown in Fig. 5.2. From a theoretical point of
view this may not be the most effective method, but it has the advantage of being
very simple to use and interpret.

For plants with a large time constant 71, one has to wait a long time for the
process to settle. Fortunately, it is generally not necessary to run the experiment for
longer than about 10 times the effective delay (0). At this time, one may simply
stop the experiment and either extend the response “by hand” toward settling or
approximate it as an integrating process (see Fig. 5.3),

ke—@s N k/e—ﬁs
715+ 1 )

(5.5)

where

o Slope, k¥ € k/7,
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Fig. 5.2 Open-loop step response experiment to obtain parameters k, 1, and 6 in first-order
model (5.3)

Fig. 5.3 Open-loop step
response experiment to obtain )
parameters k” and 6 in N
integrating model (5.5) Slope, k' = z¢ A, A
Y
ult)
Au

is the slope of the integrating response. The reason is that for lag-dominant pro-
cesses, i.e., for r; > 86 approximately, the individual values of the time constant
71 and the gain k are not very important for controller design. Rather, their ratio &’
determines the PI-settings, as is clear from the SIMC tuning rules presented below.

5.2.2 Model from Closed-Loop Setpoint Response

In some cases, open-loop responses may be difficult to obtain, and using closed-
loop data may be more effective. The most famous closed-loop experiment is the
Ziegler—Nichols where the system is brought to sustained oscillations by use of a P-
only controller. One disadvantage with the method is that the system is brought to its
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Fig. 5.4 Extracting information from closed-loop setpoint response with P-only controller

instability limit. Another disadvantage is that it does not work for a simple second-
order process. Finally, only two pieces of information are used (the controller gain
K, and the ultimate period P,), so the method cannot possibly work on a wide
range of first-order plus delay processes, which we know are described by three
parameters (k, 71, 0).

Yuwana and Seborg [16], and more recently Shamsuzzoha and Skogestad [10],
proposed a modification to the Ziegler—Nichols closed-loop experiment, which does
not suffer from these three disadvantages. Instead of bringing the system to its limit
of stability, one uses a P-controller with a gain that is about half this value, such that
the resulting overshoot (D) to a step change in the setpoint is about 30% (that is, D
is about 0.3).

We here describe the procedure proposed by Shamsuzzoha and Skogestad [10],
which seems to use the most easily available parameters from the closed-loop re-
sponse. The system should be at steady state initially, that is, before the setpoint
change is applied. Then, from the closed-loop setpoint response one obtains the
following parameters (see Fig. 5.4):

e Controller gain used in experiment, K.

Setpoint change, Ay;.

Time from setpoint change to reach first (maximum) peak, .
Corresponding maximum output change, Ay,,.

Output change at first undershoot, Ay,,.

This seems to be the information that is most easy (and robust) to observe di-
rectly, without having to record and analyze all the data before finding the parame-
ters. Also note that one may stop the experiment already at the first undershoot.
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The undershoot Ay, is used to estimate the steady-state output change (at infinite
time) [10],

Ayoo =0.45(Ay, + Ayy). (5.6)

Alternatively, if one has time to wait for the experiment to settle, one may record
Ay instead of Ay,.

From this information one computes the relative overshoot and the absolute value
of the relative steady-state offset, defined by:
Ayp—Ayso

Ao A —Ay
o Steady-state offset, B = |W )

Shamsuzzoha and Skogestad [10] use this information to obtain directly the PI
settings. Alternatively, we may use a two-step procedure, where from K., D, B,
and ¢, we first obtain estimates for the parameters in a first-order plus delay model
(see the Appendix for details). We compute the parameters

e Overshoot, D =

A=1.152D> - 1.607D + 1,
r=2A/B

and we obtain the following first-order plus delay model parameters from the closed-
loop setpoint response (Fig. 5.4):

k=1/(KcoB), 5.7
0 =1, -(0.309 +0.209¢-61"), (5.8)
T =r6. 5.9

These values may subsequently be used with any tuning method, for example, the
SIMC PI rules. The closed-loop method may also be used for an unstable process,
provided that it can be approximated reasonably well by a stable first-order process.
The extension to unstable processes is the reason for taking the absolute value when
obtaining the steady-state offset B.

Example E2 ([11]) For the process

(—0.3s 4+ 1)(0.08s + 1)
(25 + D)(Is + 1)(0.4s + 1)(0.25 + 1)(0.055 + 1)3

go(s) =

the closed-loop setpoint response with P-only controller with gain Ko = 1.5 is
shown in Fig. 5.4. The following data is obtained from the closed-loop response

Ko=15 Ay,=1, Ay,=079, 1,=44, Ay, =054



5 The SIMC Method for Smooth PID Controller Tuning 153

12

0.8 -

0.6

Original 7t order, g,

04 +
————— 1st-order, half rule, g,
o2 J7 . 2nd-order, half rule, g,
I ./ 1st-order, closed loop, g,
-0.2 .
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Fig. 5.5 Open-loop response to step change in input u for process E2, go(s) =

EIEEINT l;?gig;g%%jﬁ; 005571 (solid line), and comparison with various approximations

and we compute
Ayso = 0.5985, D =0.32, B =0.67, A =0.6038, r=1.80

which using (5.7)—(5.9) gives the following first-order with delay model approxi-
mation:

gc: k=0.994, 0 =1.67, 71 =3.00. (5.10)

This gives a good approximation of the open-loop step response, as can seen by
comparing the curves for go and g.; in Fig. 5.5. The approximation is certainly not
the best possible, but it should be noted that the objective is to use the model for
tuning, and the resulting difference in the tuning, and thus closed-loop response,
may be smaller than it appears by comparing the open-loop responses.

5.2.3 Approximation of Detailed Model Using Half Rule

Assume that we have a given detailed transfer function model in the form

]—[j(—T}S"s + 1)6_0

go(s) = toos 11 o 5.11)

where all the given parameters are positive, and the time constants are ordered ac-
cording to their magnitudes. To approximate this with a first- or second-order time
delay model, (5.3) or (5.4), Skogestad [11] recommends that the “effective delay” 0
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is taken as the “true” delay 6, plus the inverse response (negative numerator) time
constant(s) 7™, plus half of the largest neglected time constant (half rule), plus all
smaller time constant ;9. The “other half” of the largest neglected time constant is
added to get at larger time constant 71 (or 75 for a second-order model).

Half rule The largest neglected (denominator) time constant (lag) is dis-
tributed evenly to the effective delay () and the smallest retained time con-
stant (77 or 7).

In summary, for a model in the form (5.11), to obtain a first-order model (5.3),
we use

720 720
n=tot i 0= 90+—+ZT,0+ZT]13V — (5.12)
i>3
and, to obtain a second-order model (5.4), we use
T30
T] = 110; Tzztzo—i-?; 6= 9()+—+Z‘E,0+Z }3V+— (5.13)
i>4

where £ is the sampling period (for cases with digital implementation).

Example E1 Using the half rule, the process

1

80 = T noas 1)

is approximated as a first-order time delay process, g(s) = ke **1 /(15 4 1), with
k=1,0=02/2=0.1,and 7y =140.2/2=1.1.
Example E2 (Continued) Using the half rule, the process

(—0.3s 4+ 1)(0.08s + 1)
(25 + D)(1s + 1)(0.4s + 1)(0.25 + 1)(0.05s + 1)

go(s) =

is approximated as a first-order time delay process (5.3) with (g1)
11=2+4+1/2=25,
0=1/2404+0243-0.05+0.3—-0.08=1.47
or a second-order time delay process (5.4) with (g2)
71 =2,
n=1404/2=1.2,
6=04/24+02+4+3-0.0540.3-0.08=0.77.
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The small positive numerator time constant 7y = 0.08 was subtracted from the ef-
fective time delay according to rule T3 (see below). Both approximations, and in
particular the second-order model, are very good as can be seen by from the open-
loop step responses in Fig. 5.5. Note that with the SIMC tuning rules, a first-order
model yields a PI-controller, whereas a second-order model yields a PID controller.

Comment: In this case, we have 72 > 6 (1.2 > 0.77) for the second-order model,
and the use of PID control is expected to yield a significant performance improve-
ment compared to PI control (see below for details). However, adding derivative
action has disadvantages, such as increased input usage and increased noise sensi-
tivity.

5.2.4 Approximation of Positive Numerator Time Constants

A process model can also contain positive numerator time constants 7y as the fol-
lowing process:
Tos +1

8g(s) =go(s)m. (5.14)

Skogestad [11] proposes to cancel out the numerator time constant 7 against a
“neighboring” lag time constant 7o by the following rules: '

To/ 70 for To > 19 > 7, (Rule T1),
To/tc for Tp > 1. > 19 (Rule T1a),
Tos+1 ~ 11 fort. > Ty > 10 (Rule T1b), (5.15)
705 + 1 To/ 10 for 79 > Ty > 57, (Rule T2),
Z ~ def .
% for 7y = min(tg, 57.) > Ty (Rule T3).

Here 7. is the desired closed-loop time constant, which appears as the tuning
parameter in the SIMC PID rules. Because the tuning parameter is normally chosen
after obtaining the effective time delay (the recommended value for “tight control” is
7. = 6), one may not know this value before the model is approximated. Therefore,
one may initially have to guess the value t. and iterate.

We normally select 7 as the closest larger denominator time constant (tg > Tp)
and use Rules T2 or T3. Note that an integrating process corresponds to a process
with an infinitely large time constant, tgp = oo. For example, for an integrating-

pole-zero (IPZ) process of the form &’ % Zziill , we get % ~ T (Rule T2 with

19 =00 > T'). However, if T is smaller than 77, then we may use the approximation

Z;fkll ~ T—z; (Rule T2 with 1o > T > 56). Rule T3 would apply if T was even smaller.

IThe rules are slightly generalized compared to [11] by replacing 6 (effective time delay in final
model) by 7. (desired closed-loop time constant). This makes the rules applicable also to cases
where 7, is selected to be different from 6.
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However, if there exists no larger 7o, or if there is smaller denominator time con-
stant “close to” Tp, then we select 1( as the closest smaller denominator time con-
stant (9 < Tp) and use rules T1, Tla, or T1b. To define “close to” more precisely,
let 7o, (large) and 7¢, (small) denote the two neighboring denominator constants
to Tp. Then, we select tg = 1qp (small) if Toy/Top < t04/To and Top/Top < 1.6 (both
conditions must be satisfied).

Derivations of the above rules and additional examples are given in [11].

5.3 SIMC PI and PID Tuning Rules (Step 2)

In step 2, we use the model parameters (k, 6, 71, 72) to tune the PID controller. We
here derive the SIMC rules and apply them to some typical processes.

5.3.1 Derivation of SIMC Rules

The SIMC rules may be derived using the method of direct synthesis for set-
points [13] or equivalently the Internal Model Control approach for setpoints [8].
For the system in Fig. 5.1, the closed-loop setpoint response is
s)c(s

Y _ 8 5.16)

ys o 8(s)c(s) +1
where we have assumed that the measurement of the output y is perfect. The idea
of direct synthesis is to specify the desired closed-loop response and solve for the
corresponding controller. From (5.16) we get

1

1
(3/¥s)desired

o(s) = (5.17)

g(s)

We here consider the second-order time delay model g(s) in (5.4) and specify
that we, following the delay, desire a “smooth” first-order response with time con-
stant 7.,

1
<1) - e0s. (5.18)
Vs / desired Tes + 1

The delay 6 is kept in the “desired” response because it is unavoidable. Substituting
(5.18) and (5.4) into (5.17) gives a “Smith Predictor” controller [14]:

_ (t1s + D(mas + 1) 1
B k (tos + 1 —e799)

c(s) (5.19)

7. is the desired closed-loop time constant and is the sole tuning parameter for the
controller. To derive PID settings, we introduce in (5.19) a first-order Taylor series
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approximation of the delay, e =% ~ 1 — @s. This gives
1 1 1
o(s) = (tis+ D(ms + 1) (5.20)

k (o +0)s
which is a series form PID-controller (5.1) with [8, 13]

PR 11 521)
=— = — ; T =T11; p =T12. .
‘T kT 40 KT.+0 r=H b="

These settings are derived by considering the setpoint response. However, it is
well known that for lag dominant processes with t; > 6 (e.g., integrating pro-
cesses), the choice t; = 11 results in a long settling time for input (“load”) dis-
turbances [3]. To improve the load disturbance response, one may reduce the in-
tegral time, but not by too much, because otherwise we get slow oscillations and
robustness problems. Skogestad [11] suggests that a good trade-off between distur-
bance response and robustness is obtained by selecting the integral time such that
we just avoid the slow oscillations, which with the controller gain given in (5.21)
corresponds to

1 =4(t. +6). (5.22)

5.3.2 Summary of SIMC Rules (Original)

For a first-order model
k
i) =—— % (5.23)
1

the SIMC method results in a PI controller with settings
g 11

Tkt 460 Kt +6’

7 = min{zy, 4(. +0)}. (5.25)

(5.24)

@

The desired first-order closed-loop time constant t. is the only tuning parameter.

For a second-order model

k —0Os
e
(t1s + D(m2s + 1)

g2(s) = (5.26)
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the SIMC method results in a PID controller with settings (series form)

1 7 11

- - — : 5.27
Tk .+60 k't.+6 ( )
17 = min{zy, 4(1. + )}, (5.28)
p=T13. (5.29)

Again, the desired first-order closed-loop time constant t. is the only tuning pa-
rameter. These PID settings are for the cascade (series) form in (5.1). The corre-
sponding settings for the ideal (parallel form) PID controller are easily obtained
using (5.30).

PID-control (with derivative action) is primarily recommended for processes
with dominant second order-dynamics, defined as having 7, > 6, approximately.
We note that the derivative time is then selected so as to cancel the second-largest
process time constant.

In Table 5.1 we summarize the resulting tunings for a few special cases, including
the pure time delay process, integrating process, and double integrating process. The
double integrating process corresponds to a second-order process with 7 = 0o, and
direct application of the rules actually yield a PD controller, so in Table 5.1 integral
action has been added to eliminate the offset for input disturbances.

Table 5.1 SIMC PID-settings (5.27)—(5.29) for some special cases of (5.4) (with 7, as a tuning
parameter)

Process g(s) K. T/ ‘L'I()S)
. —fs .

First-order, (5.3) k(’el‘—“lg % rﬂe min{zy, 4(t. +0)} _
Second-order, (5.4) k T ED % 1519 min{ty, 4(t. +0)} (%)
Pure time delay(! ke=0s 0 0 -

. ,—0Os
Integrating® k“‘_',g. % : m 4(zc +0) -
Integrating with lag K FCTE) % . m 4(t. +6) )

. . —Os
Double integrating® " :7 & m 4(z. +0) 4(t. +0)
IPZ process™ ke '[7;2-:—11 ﬁ . r:ie min{r, 4(z. +0)} -

(1) The pure time delay process is a special case of a first-order process with 71 =0
(2) The integrating process is a special case of a first-order process with 71 — 0o
(3) For the double integrating process, integral action has been added according to (5.22)

(4) For the integrating-pole-zero (IPZ) process, we assume that 7 > 15. Then (T's + 1) /s &~ T (rule
T2) and the PI-settings follow

(5) The derivative time is for the series form PID controller in (5.1)

() Pure integral controller c(s) = % with K; = If—; = m



5 The SIMC Method for Smooth PID Controller Tuning 159

The choice of the tuning parameter . is discussed in more detail below. If the
objective is to have “tight control” (good output performance) subject to having
good robustness, then the recommendation is to choose t. equal to the effective
time delay, . = 6. The same recommendation for . applies to both PI- and PID-
controls, but the actual controller settings will differ, because the effective delay 6
in a first-order model (PI control) will be larger than that in a second-order model
(PID control) of a given process.

Example E2 (Further continued) We want to derive PI- and PID-settings for the
process

(—0.3s + 1)(0.08s + 1)
(25 + 1)(1s + 1)(0.4s + 1)(0.2s + 1)(0.05s + 1)3

go(s) =

using the SIMC tuning rules with the “default” recommendation 7, = 6. From the
closed-loop setpoint response, we obtained in a previous example a first-order model
with parameters k = 0.994,6 = 1.67, t; = 3.00 (5.10). The resulting SIMC PI-
settings with . =60 = 1.67 are

Pl : K.=0.904, T =3.

From the full-order model go(s) and the half rule, we obtained in a previous ex-
ample a first-order model with parameters k = 1,60 = 1.47, t; = 2.5. The resulting
SIMC PI-settings with 7, = 6 = 1.47 are

Plhaifrue : K¢ =0.850, 71 =2.5.

From the full-order model go(s) and the half rule, we obtained a second-order model
with parameters k = 1,0 = 0.77, 11 = 2, 1o = 1.2. The resulting SIMC PID-settings
with 7, =60 =0.77 are

Series PID: K. =1.299, T =2, tp=1.2.

The corresponding settings with the more common ideal (parallel form) PID con-
troller are obtained by computing f =1+ tp/7; = 1.60, and we have

Ideal PID: K.=K.f=1.69, =1 f=32, tp=1p/f =0.75.

(5.30)
The closed-loop responses for the three controllers to a setpoint change at ¢t = 0 and
an input (load) disturbance at t = 10 is shown in Fig. 5.6. The responses for the two
PI controllers are very similar, as expected. The PID controller shows better output
performance (upper plot), especially for the disturbance, but it may not be sufficient
to outweigh the increased input usage (lower plot) and increased sensitivity to noise
(not shown in plot).
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Fig. 5.6 Closed-loop responses for process E2 using SIMC PI- and PID-tunings with 7. = 6.
Setpoint change at t = 0 and input (load) disturbance at t = 10. For the PID controller, D-action is
only on the feedback signal, i.e., not on the setpoint y;

5.4 Choice of Tuning Parameter 7,

The value of the desired closed-loop time constant 7, can be chosen freely, but from
(5.27) we must have —6 < 1. < 00 to get a positive and nonzero controller gain.
The optimal value of 7, is determined by a trade-off between:

1.

Output performance (tight control): Fast speed of response and good distur-
bance rejection (favored by a small value of ). This “tightness” can be quan-
tified by the magnitude of the setpoint error, |y(¢) — ys(¢)|, which should be as
small as possible. Here, one may consider different “norms” of the error, for
example, the maximum deviation (co-norm), the integrated square deviation (2-
norm) and the integrated absolute error (IAE) (1-norm),

IAE:/O |y(0) — ys(0)] dt.

. Robustness (smooth control): Good robustness, small input changes, and small

noise sensitivity (favored by a large value of t.). The “smoothness” is here quan-
tified by the peak value M; > 1 of the frequency-dependent sensitivity function,

S =1/(1 + gc). In terms of robustness, 1/M; is the closest distance of the loop
transfer function gc to the critical (—1)-point in the Nyquist diagram, so M
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should be as small as possible. Notice that My < 1.7 guarantees gain margin
(GM) > 2.43 and phase margin (PM) > 34.2° [8].

In general, we have a multiobjective optimization problem, so there is no value of .
which is “optimal.” We will consider in more detail the two limiting cases of “tight”
and “smooth” control and also consider in some detail the required input usage.

5.4.1 Tight Control

With tight control, the primary objective is to keep the output close to its setpoint,
but there should be some minimum requirement in terms of robustness and smooth-
ness. A good trade-off is obtained by choosing . equal to the time delay:

Tuning parameter .. SIMC-recommendation for “tight control,” or more
precisely “tightest possible subject to maintaining smooth control”:

7. =8. (5.31)

The choice 7, = 6 gives a reasonably fast response with moderate input usage
and a good robustness with M about 1.6 to 1.7. More specifically, the robustness
margins with the SIMC PID-settings in (5.27)—(5.29) and t. = 6, when applied to
first- or second-order time delay processes, are always between the values given by
the two columns in Table 5.2. The values in the left column in Table 5.2 apply to a
case with a relatively small lag time constant (so t; = 71), and the somewhat less
robust values in the right column apply to an integrating process (so 7; = 4(t, +
0) = 80). For the integrating process, we reduce the integral time relative to the
original value of 77 = 11 to get better output performance for load disturbances, and
not surprisingly we have to “pay” for this in terms of less robustness.

To be more specific, for processes with a relatively small time constant where
we use 77 = 11 (left column), the system always has a gain margin GM = 3.14
and phase margin PM = 61.4°, which is much better than the typical minimum
requirements GM > 1.7 and PM > 30° [9]. The sensitivity and complementary
sensitivity peaks are Mg = 1.59 and M; = 1.00 (here small values are desired
with a typical upper bound of 2). The maximum allowed time delay error is
A6 /0 = PM [rad]/(w. - 6), which in this case gives Af/0 =2.14 (i.e., the system
goes unstable if the time delay is increased from 6 to (1 4 2.14)6 = 3.146).

For an integrating processes (right column) and t; = 86, the suggested “tight”
settings give GM = 2.96, PM = 46.9°, M; = 1.70, and M; = 1.30, and the maxi-
mum allowed time delay error is A9 = 1.5960.

The simulated time responses to setpoint changes and disturbances with SIMC-
settings are shown for five cases in Fig. 5.7 [11]. Even though these are for the
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Table 5.2 “Tight” settings: « o Y —o
Robustness margins for Process g(s) eren (A ye
first-order and integrating
time delay process for Controller gain, K¢ (tc =6) % 21
SI.MC—rules (5.24)—~(5.25) Integral time, 1; 7 86
with 7, = 0. The same Gain margin (GM) 3.14 2.96
margins apply to a )
second-order process (5.4) if ~ Phase margin (PM) 61.4° 46.9°
we choose Tp =12 in (5.29)  Allowed time delay error, Af/6 2.14 1.59
Sensitivity peak, M; 1.59 1.70
Complementary sensitivity peak, M, 1.00 1.30
Phase crossover frequency, wgg - 0 1.57 1.49
Gain crossover frequency, @, - 6 0.50 0.51
4r 4 \\
> 3 '...~2\ i
S 1 >,
E 2f TR~ g
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Fig. 5.7 Responses using “tight” SIMC settings (t. = 0) for five time delay processes. Unit set-
point change at ¢ = 0; Unit load disturbance at ¢+ = 20. Simulations are without derivative action
on the setpoint. Parameter values: 6 = 1,k =1,k =1,k" =1

“tight” settings (7. = ), the responses are all smooth. This means that it is certainly
possible to get even tighter responses by choosing a smaller value, for example, 7. =
0.56, but for most process control applications, this is not recommended because of
less robustness, larger input usage, and more sensitivity to noise. It may seem from
Fig. 5.7 that the SIMC PID-controller does not work well for the double integrating
process (curve 4), but this is a difficult process to control and the response to a unit
input disturbance will be large for any robust controller.
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5.4.2 Smooth Control

Even though the recommended “tight” settings (t, = 0) give responses that are rea-
sonably smooth, they may still be unnecessary aggressive compared to the required
performance objectives, especially if the effective delay 6 is small. For example, for
the limiting case with & = 0 (no delay), we get with 7, = 6 an infinite controller
gain, which is clearly not realistic. Thus, in practice one often uses a “smoother”
tuning, that is, . > 6.

However, 7, should not be too large, because otherwise the output y will go out
of bound when there are disturbances d. The question is: How slow (smooth) can
we tune the controller and still get acceptable control? This issue is addressed in
the paper by Skogestad [12] on “tuning for smooth PID control with acceptable
disturbance rejection,” where the following lower bound on the controller gain is
derived (for both PI- and PID-controls).

Controller gain SIMC-recommendation for “smooth control,” or more pre-
cisely “smoothest possible subject to acceptable disturbance rejection”:
[Aug|

K:| > | K¢ min| = ,
| Cl | c,m1n| |Aymax|

(5.32)

where
Aymax = maximum allowed deviation in the output y
Aug = required input change to reject the disturbance(s) d.

Substituting K min into (5.24) or (5.27), one can obtain the corresponding value
T¢,max, and we end up with a region of recommended values for the tuning parame-
ter t.:

Temin (“tight”) < 7. < 7 max (“smooth”) (5.33)
where
1 Tl
Te,min = 0, Te,max = m T 6. (5.34)

The final choice of 7. is an engineering decision. A small value for 7. (“tight con-
trol” of y) is typically desired for control of active constraints, because tight control
reduces the required backoff (safety margin to the constraint). On the other hand,
tight control will require larger input changes which may disturb the rest of the pro-
cess. For example, for liquid level, there is usually no reason to control the level
tightly, so a large value of 7, (“smooth control”) is desired.

Details on the derivation of (5.32) and 7, max are given in [12], but let us here
give a simplified version. Consider disturbance rejection and assume that we use a
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P-only controller with gain K.. The input change (in deviation from the nominal
value) is then Au = —K_ Ay or

|Aul =[K|-|Ay].

Assume that the required input change to reject a disturbance is Aug. For example, if
we have a disturbance Adj at the input, then Aug = —Adj. The smallest controller
gain that can generate the required input change Aug is obtained when we have the
largest output change (|Ay| = | Aymax|), and we get

|Aug| = |Kc,min| : |AYmax|

and (5.32) follows.

5.4.3 Input Usage

The magnitude of the dynamic input change can be an important issue when tuning
the controller, that is, when selecting the value for 7.. The transfer function from the
disturbance d to the input u is given by (see Fig. 5.1):

8dC
14 gc

us) =— d(s)

With integral action in the controller (e.g., PI or PID control), the steady-state in-
put change to a step disturbance d is independent of the controller and is given by
u(t =00) = — ]%d where k, is the steady-state disturbance gain and k is the steady-
state process gain. We assume that we can reject the expected disturbances at steady
state, that is, we assume |u(t = o0)| = |%d| < |umax| Where |d| is the magnitude of
the disturbance change, and |umax| is the maximum allowed input change, because
otherwise the process is not “controllable” (with any controller). However, the dy-
namic input change u(¢) will depend on the controller tuning, and we will consider
the initial change (at ¢+ = 0™) just after a step disturbance d.

We consider two important disturbances, namely an input “load” disturbance d,,
(corresponding to g4 = g) and an output disturbance d, (corresponding to g4 = 1).
Note that an output disturbance has an immediate effect on the output y. A physical
example is a process where we add another stream (output disturbance) just before
the measurement y. Mathematically, an output disturbance is equivalent to a setpoint
change (with y; = —dy)

For an input (“load”) disturbances d,, input usage is not an important issue for
SIMC-tuning, even dynamically. This is because the SIMC controller gives a closed-

loop transfer function 3~ = ; icgc with little or no overshoot, see (5.16) and (5.18),
and since dlu = _%’ we get for d, a corresponding input response with little

overshoot. This is illustrated by the input changes for a load disturbance (¢ = 20) in
Fig. 5.7.
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On the other hand, for an output disturbances dy (gq = 1) or equivalently for a
setpoint change y; = —dy, input usage may be an important issue for tuning. The
steady-state input change to a step setpoint change y; is u(t = 0o) = % vs. However,
with PI-control the input will initially jump to the value u(t = 07) = K_y;, as illus-
trated for the setpoint change in Fig. 5.7 (e.g., see the first-order process, case 5).
This initial change is larger than the steady-state change if K.k > 1, which is usually
the case, except for delay-dominant processes. With SIMC-tunings we must require

71 1
Vs

< . 5.35
o +0k < |umax| ( )

|u(t =0")| = |Kcys| = ’

Note that u and yy are deviation variables. Consider, for example, a first-order pro-
cess with ;1 = 8 and 6 = 1. With the choice 7, = 0, the initial input change is
71/(7. + 6) = 4 times the steady-state input change y;/k. If such a large dynamic
input change is not feasible, then one would need to use “smoother” control with a
larger value for 7. in order to satisfy (5.35).2

With PID control, the derivative action will cause even larger input changes for
output disturbances, and this may be one reason for reducing or even avoiding
derivative action. It is also the reason why to avoid “derivative kick,” we recom-
mend that the setpoint is not differentiated, see (5.2).

5.5 Optimality of SIMC PI Rules

How good are the SIMC PI rules, that is, how much room is there for improve-
ments? To study this, we compare the SIMC PI performance, with t. as a parame-
ter, to the “Pareto-optimal” PI-controller. Pareto-optimality applies to multiobjective
problems and means that no further improvement can be made in objective 1 (output
performance in our case) without sacrificing objective 2 (robustness and input usage
in our case).

We choose to quantify robustness and input usage in terms of the sensitivity peak
M. We also considered other “robustness” measures, for example, the relative delay
margin as suggested by Foley et al. [4], but we choose to use M;. One reason is that
we found that the M;-value correlates well with the input usage as given by its total
variation (TV), which agrees with the findings of Foley et al. [4]. Such a correlation
is reasonable since a large M;-value corresponds to an oscillatory system with large
input variations.

We choose to quantify performance in terms of the integrated absolute error in
response to a setpoint change (IAEyy) and to an input “load” disturbance (IAEy).

2It may seem from (5.35) that “slow” processes, which have a large time constant 7y, will always
require “slow” control (large t.) in order to avoid excessive input changes. However, this is usually
not the case because such processes often have a corresponding large gain k such that the value
k' = k/t| may be sufficiently large to satisfy (5.35) even with 7, = 0.
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Table 5.3 Optimal PI-controllers (M = 1.59) and corresponding IAE-values for four processes

Process  Setpoint Input disturbance Optimal combined (minimize J)
K. 1 IAE}, K. 1 IAE; K. 1 IAEy; IAE; J M,

e’ 020 032 1.607 020 032 1.607 020 032 1.607 1.607 1 1.59
055 1.15 2.083 050 1.04 2036 054 1.10 2.084 2.037 1.00 1.59
40 8 2,169 333 3.65 1135 347 4.0 3.09 1.164 123 1.59
050 oo 2169 040 58 1509 041 63 4314 154 151 1.59

IAE),; is for a unit setpoint change. IAEy is for a unit input disturbance

Table 5.4 SIMC Pl-controllers (7, = #) and corresponding J- and M,-values for four processes

Process SIMC PI (. =6) Improved SIMC PI (z. =6)
K. ©u IAE, IAE;, J M, K. 1 IAB, IAE;, J M,

e 0 0% 217 217 135 159 017 033 195 195 121 145
o 05 1 217 204 103 159 067 133 199 199 1.09 1.69
e 4 8 217 200 138 159 417 8 214 192 134 162
ad 05 8 392 16 143 170 05 8 392 16 143 170

9 Pure integral controller with K; = K./t; = 0.5

The setpoint performance is often referred to as the “servo” behavior, and the dis-
turbance (in this case the input “load” disturbance) performance is often referred to
as “regulator” behavior. It may be argued that a two-degree-of-freedom controller
(“feedforward action”) may be used to improve the response for setpoints, but note
that a setpoint change is equivalent to an output disturbance (with g; = 1 in Fig. 5.1)
which can only be counteracted by feedback. Thus, both setpoint changes (output
disturbances) and input disturbances should be included when evaluating perfor-
mance, and to get a good balance between the two, we weigh them about equally by
defining the following performance cost:

(5.36)

1) =05 [IAEW (¢) TAEy (c)}

IAES, IAE;,

where the reference values, IAE;S and TAEY, are for IAE-optimal PI-controllers
(with Mg = 1.59) for a setpoint change and input disturbance, respectively. We
could have used the truly optimal IAE-value as the reference when computing J
(without the restriction M; = 1.59), but this would not have changed the results
much because the IAE-value is anyway quite close to its minimum at M, = 1.59.
Table 5.3 gives the tunings and reference values obtained using IAE-optimal PI-
controllers (with My = 1.59) for four different processes, and Table 5.4 gives the
tunings, costs J, and M;-values for the SIMC PI-controller (with t, = #). Impor-
tantly, the weighted cost J is independent of the process gain k and the disturbance
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Fig. 5.8 Check of optimality 24
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magnitude, and also of the unit used for time. Note that two different optimal PI-
controllers are used to obtain the two reference values, whereas a single controller ¢
is used to find IAE; (¢) and IAE;(c) when evaluating the weighted IAE-cost J (¢).

Figure 5.8 shows the trade-off between performance (J) and robustness (M) for
the SIMC PI-controller (blue solid curve) and the Pareto-optimal controller (dashed
black curve) for four different processes: pure time delay (7;/6 = 0), small time
constant (71/6 = 1), intermediate time constant (t1/6 = 8), and integrating process
(71/6 = 00). The curve for the SIMC controller was generated by varying the tuning
parameter 7, from a large to a small value. The controllers corresponding to the
choices t, = 1.50 (smoother), t. = 6 (recommended), and t. = 0.56 (aggressive)
are shown by circles. The Pareto-optimal curve was generated by finding for each
value of M, the optimal PI-controller ¢ with the smallest IAE-value J(c). Except
for the pure time delay process, the differences between the J-values for SIMC
(blue solid curve) and optimal (dashed black curve) are small (within about 10%),
which shows that the SIMC PI-rules are close to optimal.
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Fig. 5.8 (Continued) 2.4
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Note that we have a real trade-off between performance (J) and robustness (M)
only when there is a negative slope between these variables (in the left region in the
figures in Fig. 5.8). We never want to be in the region with a zero or positive slope
(to the right in the figures), because here we can improve both performance (J) and
robustness (Mj) at the same time with another choice for the tuning parameter (using
a larger value for 7.). Another important observation from Fig. 5.8 is then that the
SIMC-recommendation t, = 6 for “tight” control (as given by middle of the three
circles) in all cases is located in the desired trade-off region with a negative slope,
well before we reach the minimum. Also, the recommended choice gives a fairly
constant M;-value in the region 1.59 to 1.7. From this we conclude that, except for
the time delay process, there is little room to improve on the SIMC PI rules, at least
when performance and robustness are as defined above (J and M).

The TAE-cost J in (5.36) is based on equal weighting of servo (output distur-
bance) and regulator (input disturbance) performance. The existence of a trade-off
between servo and regulator performance can be quantified by considering how
much larger the (Pareto) optimal cost Jop (dashed black line) is than 1 at the refer-
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ence robustness, M; = 1.59, see also Table 5.3. For a pure time delay-process, we
have that Jope = 1 for My = 1.59, and there is no trade-off. The reason is that the
setpoint and output disturbance responses are the same. On the other hand, for the
other extreme of an integrating process, we have a clear trade-off since the optimal
PI-controller has Jopt = 1.51 (the SIMC Pl-controller with My = 1.59 is close to
this with J about 1.6). The existence of the servo/regulator trade-off for an integrat-
ing process implies that for a given robustness (M;-value), one can find PI-settings
with significantly better regulator (load disturbance) performance or better servo
(setpoint) performance, but not both at the same time. To be able to shift the trade-
off, one may introduce an extra parameter in the PID rules [1], in addition to 7. For
the SIMC method, this extra servo/regulator trade-off parameter could be ¢ in the
following expression for the integral time:

17 =min(1y, c(tc + 0)) (5.37)

where ¢ = 4 gives the original SIMC-rule. A larger value of ¢ improves the setpoint
performance, and a smaller value, e.g., ¢ = 2, improves the input disturbance per-
formance [6]. However, introducing an extra parameter adds complexity, and the
potential benefit does not seem sufficiently large. Nevertheless, one may consider
choosing another (lower) fixed value for c. There are two reasons why we recom-
mend keeping the SIMC-value of ¢ = 4. First, it is close to the Pareto-optimal PI
controller (as seen from Fig. 5.8), so we cannot get a significant improvement with
our performance objective J. Second, with a smaller value for ¢, say ¢ = 2.5, the
recommended choice 7, = 6 becomes less robust (with a higher M), so one would
need to recommend a different value for 7. for an integrating process, say 7. = 1.56,
which would add complexity. In summary, we find that the value ¢ = 4 in the origi-
nal SIMC rule provides a well-balanced servo/regulator trade-off.

5.6 Improved SIMC Tuning Rules

For a pure time delay process, we see from Fig. 5.8 that the IAE-value (J) for
the SIMC controller is about 40% higher than the minimum with the same robust-
ness (M;). This is further illustrated by the closed-loop simulations in Fig. 5.9,
where we see that the SIMC Pl-controller (denoted SIMC-original in the fig-
ure) gives a nice and smooth response. However, the response is somewhat slug-
gish initially, because it is actually a pure I-controller (with K. =0, 7; =0, and
K; = K./t; = 0.5). On the other hand, the IAE-optimal PI-controller (with min-
imum J for My = 1.59) has K. about 0.2 and 7; about 0.32 (and K; = 0.62). In
fact, the optimal PI-controller for a pure time delay process (dashed black line in
Fig. 5.8) has an almost fixed integral time of approximately 6 /3 for all values of M
between 1.4 and 1.7.

Based on this fact, we propose a simple change to the SIMC-rules, namely to
replace t; by 71 4+ 6/3 in the rules (PI control), which markedly improved the re-
sponses for a pure time delay process. It is important that the change is simple
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Fig. 5.9 Closed-loop setpoint responses for pure time delay process (6 =1,k =1, t; = 0) with
PlI-control. All three controllers have the same robustness (M; = 1.59). For a pure time delay
process, the setpoint and disturbance responses are identical, and the input and output are identical.
IMCPI: K. =0.29 and t; =0.5 (K; = K./7; = 0.58). SIMC PI original (t. =0): K. =0 and
77 =0 (K; =0.5). SIMC PI improved (z, = 0.610): K. =0.207 and t; =0.333 (K; =0.62)

because “simplicity” was one of the main objectives when originally deriving the
SIMC rules.

A similar change, but with 6/2 rather than 6/3, was originally proposed by
Rivera et al. [8] for their “improved PI” tuning rule, and the effectiveness of this
modification is also clear from the paper of Foley et al. [4]. However, as seen in
Fig. 5.9, the response with this IMC PI controller also settles rather slowly toward
the setpoint, indicating that the integral time 6/2 is too large. The proposed value
6/3 gives a faster settling and is also closer to the original SIMC-rule (which is zero
for a time delay process). The conclusion is that we recommend to replace 71 by
71 + 6/3 in the SIMC rules to get the improved SIMC rules:

Improved SIMC PI-rule for first-order with delay process

1u+} .
‘T k.40 ’
. 0
T/ =m1n{tl < 5,4(% +9)}. (5.39)

The improvement of this rule for a pure time delay processes is clear from the red
curves in Figs. 5.9 and 5.8 (upper left); for small M;-values, the improved SIMC-
controller is almost identical to the Pareto-optimal, which confirms that t; = 6/3
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is close to optimal for a pure time delay process. For the process with a small time
constant (1 = ), the improved SIMC rule (red curve in lower left plot in Fig. 5.8)
is slightly better than the “original” SIMC rule (blue curve) for higher M;-values
(where we get better performance) but slightly worse for lower M;-values. For the
two processes with a large time constant (t; = 86 and 71 = 00), there is, as expected,
almost no difference between the original and improved SIMC rules.

5.7 Discussion

5.7.1 Measurement Noise

Measurement noise has not been considered in this chapter, but it is an important
consideration in many cases, especially if the proportional gain K., is large, or, for
cases with derivative action, if the derivative gain K.tp is large. However, since the
magnitude of the measurement noise varies a lot in applications, it is difficult to give
general rules about when measurement noise may be a problem. In general, robust
designs (with small M) are insensitive to measurement noise. Therefore, the SIMC
rules with the recommended choice 7, = 6 are less sensitive to measurement noise
than most other published settings method, including the Ziegler—Nichols settings. If
actual implementation shows that the sensitivity to measurement noise is too large,
then the following modifications may be attempted:

1. Filter the measurement signal, for example, by sending it through a first-order
filter 1/(zrs + 1); see also (5.2). With the proposed SIMC-settings, one can
typically increase the filter time constant 7z up to almost 0.56, without a large
affect on performance and robustness.

2. If derivative action is used, one may try to remove it, and obtain a first-order
model before deriving the SIMC PI-settings.

3. If derivative action has been removed and filtering the measurement signal is
not sufficient, then the controller needs to be detuned by selecting a larger value
for 7..

5.7.2 Retuning for Integrating Processes

Integrating processes

e—@s

g(s) =k
S

are common in industry, but control performance is often poor because of incorrect
controller settings. When encountering oscillations, the intuition of the operators is
to reduce the controller gain. If the oscillations are relatively slow, then this is the
exactly opposite of what one should do for an integrating process. The product of the
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controller gain K, and the integral time t; must be larger than 4/k’ to avoid slow
oscillations [11]. One solution is to simply use proportional control (with 7; = 00),
but this is often not desirable. Here we show how to easily retune the controller to
just avoid the oscillations without actually having to derive a model. This approach
has been applied with success to industrial examples.

Consider a PI controller with (initial) settings K .o and 779 which results in “slow”
oscillations with period Py (larger than 3 - 7;¢, approximately). Then we likely have a
close-to integrating process for which the product of the controller gain and integral
time (K.0t0) is too low. To avoid oscillations with the new settings K. and t;, we

must require [11]:

K.t 1 (P>

el 5 —2-(—°> . (5.40)
Keootio ~ 7 Ti0

Here 1/7r2 ~ (.10, so we have the rule:

e To avoid “slow” oscillations, the product of the controller gain and integral time
should be increased by a factor F ~ O.l(Po/no)z.

5.7.3 Controllability

The effective delay 6 is easily obtained using the proposed half rule. Since the ef-
fective delay is the main limiting factor in terms of control performance, its value
gives invaluable insight about the inherent controllability of the process.

From the settings in (5.27)—(5.29), a PI-controller results from a first-order
model, and a PID-controller results from a second-order model. With the effective
delay computed using the half rule in (5.12)—(5.13), it then follows that PI-control
performance is limited by (half of) the magnitude of the second-largest time con-
stant 75, whereas PID-control performance is limited by (half of) the magnitude of
the third-largest time constant, t3.

5.8 Conclusions and Future Perspectives

This chapter has summarized the SIMC two-step procedure for deriving PID settings
for typical process control applications.

Step 1 The real process is approximated by a first-order with delay model
(for PI control) or a second-order model (for PID control). To obtain the
model, the simplest approach is probably to use an open-loop step experiment
(Fig. 5.3), but if this is difficult for some reasons, then one may alternatively
use a closed-loop setpoint response with P-controller (Fig. 5.4). If the starting
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point is a detailed model, then the half rule may be used to obtain the effective
delay 9, see (5.12)—(5.13).

Step 2  For a first-order model (with parameters &, 71, and 0), the following
SIMC PI-settings are suggested (original SIMC rule):

1

=y =minfe 0]

where the closed-loop response time 7, is the tuning parameter. For a dom-
inant second-order process (for which 7, > 6, approximately), one needs to
add derivative action with

Series-form PID: tp =15.

To improve the performance for delay-dominant processes, one may replace 1

by 71 + % and use the “improved” SIMC PI-rules in (5.38)—(5.39). A more careful
analysis needs to be done to check if a similar improvement can be used with a PID
controller.

Note that although the same formulas are used to obtain K, and t; for both PI-
and PID-control, the actual values will differ since the effective delay 6 is smaller for
a second-order model. The tuning parameter 7. should be chosen to get the desired
trade-off between fast response (small IAE) on the one side, and smooth input usage
and robustness (small M) on the other side. The recommended choice 7, = 0 gives
robust (M about 1.6 to 1.7) and somewhat conservative settings when compared
with most other tuning rules, and if it is desirable to get faster control, one may
consider reducing t. to about /2 (see Fig. 5.8). More commonly, one may want to
have “smoother” control with 7, > 6 and a smaller controller gain K.. However, the
controller gain must be larger than the value given in (5.32) to achieve a minimum
level of disturbance rejection.

Comparing the performance of the SIMC-rules with the optimal for a given ro-
bustness (M value) shows that the SIMC-rules are close to the Pareto-optimal set-
tings (Fig. 5.8). This means that the room for improving the SIMC PI-rules is lim-
ited, at least for the first-order plus delay processes considered in this chapter, and
with a good trade-off between rejecting input and output (setpoint) disturbances.

However, it should be noticed that the SIMC rules apply to processes that can
be reasonably well approximated by first- or second-order plus delay models. This
applies to most process control applications, including some unstable plants, but
it obviously does not apply in general, for example, for some of the unstable or
oscillating processes found in mechanical systems. For such processes, it would be
interesting to study the validity and extension of the SIMC rules or similar analytic
model-based PID tuning rules. It is also interesting to establish for which processes
the PID controller is a suitable controller and for which processes it is not.
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Appendix: Estimation of Parameters 71 and 6 from Closed-Loop
Step Response

Shamsuzzoha and Skogestad [10] discuss at the end of their paper a two-step closed-
loop procedure, where the first step is to use closed-loop data and some expressions
to obtain the parameters k, 71, and 8. We use this approach but have modified the
expressions. Our expression for k in (5.7) is given by their equation (35) by noting
that B = |(1 — b)/b| where b = Ay~ /Ays. However, our expressions for 6 and 1
in (5.8)—(5.9) differ somewhat from their equations (36) and (37). The reason is that
their equations (36) and (37) are not consistent in terms of the time delay estimate,
because the expression for 7 in (36) is based on 6 = 0.43¢,, whereas (37) uses
0 = 0.305t,,. To correct for this, we first note from (19) in their paper (noting that
71 = 17 for the delay-dominant case) that 7| and 6 are related by

71 =10

where r = 2A /B, which is our expression in (5.9). Here, Shamsuzzoha and Sko-
gestad [10] recommend to use 6 = 0.44¢,, for 71 < 860 and 6 = 0.305¢), for 7; > 80.
However, to get better accuracy and a smooth transition, we fitted simulation data
for 6/t, as a function of 7;/6 for a wide range of processes with an overshoot of
0.3 and obtained the correlation [5]

6 =1, - (0.309 + 0.209¢ -1 (M/9)

as given in (5.8). Note here that (0.309 +0.209¢=%-61(t1/9)) i5 0.518 forr = 71 /0 =0
and 0.309 for r = oo.
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Chapter 6
PID Control for MIMO Processes

Qing-Guo Wang and Zhuo-Yun Nie

6.1 MIMO Feedback Systems

A multivariable system is a system with multiple inputs and multiple outputs.
A MIMO system may be described by a transfer function matrix

811 v 8lm
Ys)=G$)U(s), G(s)=| : - |,

81 - 8im

in which g;;(s) is the transfer function relating the ith output to the jth input. If
m =1, the system is called square, otherwise the system is nonsquare.

Zeros and poles play an important role in SISO feedback system analysis and
design. We need to generalize them to the MIMO case. For a SISO system, the
poles and zeros of a scalar, strictly proper, coprime rational function

n(s)
g(s) = a6
are given by the roots of the equations d(s) = 0 and n(s) = 0, respectively. It can
be shown that a rational transfer matrix G (s) can be expressed in terms of with its
Smith—McMillan form M (s) via

G(s) =Ui(s)M(s)Uz(s),
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where Uj(s) and U, (s) are unimodular, and

£1(s) 0
@1(s)
RO
®1(5)
M(s) =
&r(s)
or(s)
0 0

The monic polynomials {¢; (s), ¢; (s)} are coprime for each i (they have no common
factors) and satisfy the divisibility property: ¢;|¢;4+1 and @;+1]@i, i =1,2,...,r —1.
We define pole polynomial and zero polynomial, respectively, as

p(s) = @1(s)p2(s) - - - ¢r (5),

2(s) = e1(s)e2(s) - - - &, (5).

The roots of the equations p(s) =0 and z(s) = O are called the poles and zeros of
G (s), respectively [1]. The degree of a pole polynomial p(s) is called the McMillan
degree of G(s). A MIMO G(s) is called stable if all its poles have strictly negative
real parts, the same as for the SISO case.

If G(s) is square and nonsingular, then

det G (s) = det(Uy MUy) = ¢ =
p(s)

for a constant c,

which tells us that zeros of det G(s) are zeros of G(s) and poles of detG(s) are
poles of G(s). But the converse is NOT true because there might be common fac-
tors between z(s) and p(s). A multivariable system can have a pole and a zero at
the same place, but they do not cancel each other out within the transfer function
matrix [2].

Example 6.1 Let

1 —1
243542 s243542

2 2
G(s) = s“+s—4 25°—5s—8
(s) s2435+2 5243542
s=2 2s—4
s+1 s+1

‘We can obtain the Smith—McMillan form of G (s) as follows:

1
(s+D(s+2)
M(s) = 0

0
s=2
s+1

0 0

The pole and zero polynomials of G(s) are
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Fig. 6.1 The unity feedback V(s)
system

R(s) + E(s Ty Us) Y(s)
—=®— K ® G(s)

p(s) = (s + D*(s +2),
z(s) = (s — 2).
Hence, G(s) has poles {—1, —1, —2} and a zero {2}.

Consider now a typical feedback control system which has a plant, a sensor, a
controller K (s), and an actuator as its principal components. One of the control ob-
jectives is to make the plant output track the reference (or set point) R(s) as closely
as possible in the presence of possible disturbances V (s). For system analysis and
design, the plant, sensor, and actuator are usually combined and viewed as a single
object (still called the plant G(s)), and this gives rise to the most popular control
configuration, the unity (output) feedback system, as depicted in Fig. 6.1.

We assume through the rest of this chapter that G(s) and K (s) are proper and
that det(/ 4+ G (00) K (00)) # 0. The bounded input, bounded output stability (BIBO
stability) is usually defined with regard to dynamic behavior relating the set point R
to the output Y,

Y =GK(1+GK) 'R,

and is determined by stability of its transfer function matrix GK (1 + GK)~'. But
the BIBO stability does not guarantee internal stability of overall systems which
involves several input-output pairs. For the system in Fig. 6.1 where there are two
dynamic subsystems, it suffices to consider the stability of the mapping from two
vector signals outside the feedback loop and two vector signals within the loop. For

instance, one may consider
E(s) | R(s)
[Um} = A [ V(s)] ’

y_[ U+GK)  —U1+GK)G®]
Tl U+KG)TIK(s) (I+KG)™! :

where
(6.1)

Define the characteristic polynomial of the closed-loop system to be
Pe:=pGpk detll + GK] = pg pk det[l + KG],

where pg and pg are the pole polynomials of G (s) and K (s), respectively. Suppose
that both G(s) and K (s) are proper and det[/ + G(0c0)K (c0)] # 0. The intercon-
nected system described in Fig. 6.1 is called internally stable if and only if H (s) in
(6.1) is stable, that is, all its poles are in the open left half of the complex plane [3].
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Theorem 6.1 The following are equivalent:

1. The system in Fig. 6.1 is internally stable, or H (s) is stable.
2. The characteristic polynomial of the closed-loop system, p., is a stable polyno-
mial.

The important message conveyed by Theorem 6.1 is that internal stability of the
system is equivalent to (input—output, or BIBO) stability of the augmented H (s).
But note that all four blocks H;;, i, j = 1,2, in H must be stable to ensure internal
stability of the feedback system. Otherwise, the system cannot be internally stable
while some (but not all) of H;; is stable. This is precisely the problem associated
with input—output stability, but it can be revealed by internal stability analysis.

Example 6.2 Let

10
G(s)=[$ 1] and K(s)=|:(1) (1)]

T s+l

G K has no pole-zero cancellation as K has neither zeros nor poles. Further, one

sees that
1 \? 2\?
det[l—l—GK]:(l—i——) =<S+ ) :

s+1 s+1

whose numerator has stable roots only, so (I + GK )_1 is stable. However, simple
calculations give

s+2
s+1

2
Pe(s) = popk detl] + GK]=(s = (s + 1> - 1- ( ) = - D +27%
an unstable polynomial. Thus, the system is not internally stable. In fact, the unsta-
ble off-diagonal element gets no feedback for possible stabilization. The cause for
instability here is not because that there is any unstable pole-zero cancellation be-
tween G (s) and K (s), but because that some unstable pole is lost when performing
det[/ + G K], which can never happen for SISO case!

Let the controller be in the form of K (s) = k1 for scalar k. It follows from The-
orem 6.1 that

pe(s) = pa(s) det[ 1 +kG(s)].

where p.(s) is the pole or the characteristic polynomial of the closed-loop system,
pc(s) is the pole polynomial of G(s). Let A;(s) be an eigenvalue of G(s). The
graphs of 1;(s) for the Nyquist Contour (s = jw) are called the characteristic loci.

Theorem 6.2 (Generalized Nyquist Theorem [4]) If G(s) has P, unstable poles,
then the negative feedback system consisting of G (s) and kl is stable if and only if
the characteristic loci of kG (s), taken together, encircle the point —1+ jO P, times
anticlockwise, assuming that G (s) has no hidden unstable modes.
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6.2 MIMO PID Controller Tuning Based on Gain and Phase
Margins

Gain and phase margins are often used to tune PID controllers for industry pro-
cesses, which is one of the most common control schemes for single-input and
single-output (SISO) systems [5-7] . The main reason for this is that the gain
and phase margins have served as important measures of stability robustness in
control loop unlike the Hy,, Ho, [ 1 and u methods, which often lead to fragile
controllers [8]. A well-known design procedure for SISO systems is Astrom’s [9]
method. The fundamental step is estimating the critical gain and the critical fre-
quency by arelay test. A controller can be found straightforward by using the critical
point. Ho et al. [10] presented a tuning method with simplifications on the structure
of the process to be a first-order plus dead-time model based on some approximate
analysis. Unlike such simple model-based methods, Fung et al. [11] proposed a
graphical method for PI controller tuning in which exact margins can be accom-
plished regardless of the process order, time delay, or damping nature.

In a multiinput and multioutput (MIMO) system, the tuning problem becomes
complicated because of the interactions between control loops [12]. For easy un-
derstanding and implementation, decentralized control is the most common control
scheme for MIMO systems as it has simpler structure and fewer tuning parame-
ters to handle [13—15]. Many processes in industry are naturally MIMO systems,
but a limited number of works have addressed the tuning controller for MIMO sys-
tems in terms of gain and phase margins. Ho et al. [16] proposed a tuning method
based on the Gershgorin bands of MIMO systems. The tuning of decentralized PID
controllers is used to meet the user-specified gain and phase margins in each loop.
However, Kookos [17] pointed out that this method can be applied only in the case
where the open-loop system is column dominant. Huang et al. [18] decomposed a
MIMO system into a number of equivalent single loops together with some effective
open-loop processes (EOPs). Based on the EOPs, a model-based method aimed at
having desired gain and phase margins was presented to derive multiloop PI/PID
controllers. In this method, model reductions and approximations are necessary to
obtain the EOPs, which will inevitably bring design error.

In this section, we focus on TITO processes, which is the most common mul-
tivariable system in industry processes [19, 20], and a new method for tuning of
decentralized PI controller is developed. For a TITO process controlled by a de-
centralized PI controller, two pairs of gain and phase margins can be specified. The
main issue with MIMO controller tuning is that the couplings between loops make
the equivalent process in one loop depend on the unknown controller in the other
loop in a nonlinear way. We propose a simple yet powerful graphical method with
least iteration to design controllers loop by loop based on the equivalent processes.
The design procedure is given and a simulation example is provided to show the
effectiveness of the proposed method.
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6.2.1 Problem Formulation and Preliminaries

Let a stable TITO process be described by its transfer function matrix,

G(s) = |:g11 812:| .

821 822

The process is to be controlled in a unity output feedback configuration depicted in
Fig. 6.2 by the diagonal conventional PI controller,

Cs) = [Clés) ; ]

c2(s)

where each controller is parameterized as
kit
a@®)=kpy+—, [=1,2.
s
It follows from Fig. 6.2 that

yi=gus)uy + gra(s)uz,
y2 = g21(8)u1 + g2 (s)us.

When the second loop is closed, that is, u» = —c2(s)y2, the equivalent open-loop
transfer function between y; and u is given by

g12(s)g21(s)ca(s)

) (6.2)
1+ g2(s)ca(s)

g1(s) =g (s) —

Similarly, the equivalent open-loop transfer function between y, and u» is given by

g12(s)g21(s)cy(s)

) (6.3)
1L+ g11(s)ci1(s)

82(s) = gaa(s) —

Assume that the specifications of gain and phase margin for each loop are
(Am1, Om1) and (A2, dm2), respectively. Then, the problem becomes how to de-
sign PI controllers c¢1(s) and c2(s) for g1(s) and g2 (s), respectively, to achieve the
desired gain and phase margins in each loop.

Because of interactions between control loops, it will encounter more difficulties
to design of such controller than that for a SISO case. For instance, the equivalent
process (6.2) becomes uncertain since the unknown controller ¢, (s) is included.
Also, the unknown controller c;(s) is included in the equivalent process (6.3). To
deal with such a problem, Huang et al. [18] proposed a method to estimate the ef-
fective open-loop processes for each loop by model reductions and approximations,
which leads to design error in both loops inevitably. In this section, we propose a
one-step iteration of a graphical method to design controllers loop by loop. Firstly,
we design an initial controller in one loop based on some uncertainty estimation
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Fig. 6.2 The equivalent
open-loop transfer function
between y; and u; oLy g +

I
ci(s) 1 g | Y
1 +1 1
5 |
i
i > I

&1

B -

o 821 i
: |
|
ol + |
> |
| c(s) g2 > >
[ u + |
! |
! |
! |
! |
|

due to unknown 2nd loop controller; then design the second-loop controller with the
known first-loop controller; Finally, retune the first-loop controller with the known
2nd-loop controller. In such a strategy, the key problem is how to design an initial
controller for one loop with an unknown controller in other loop. The details will be
given in the next section.

6.2.2 The Proposed Method

Without loss of generality, we design an initial controller for loop 1. To deal with
the equivalent uncertain system (6.2), we define the uncertainty to be

g22(8)c2(s)

A = ®e6)

|A1(s)| < A7,

where AT is the maximum magnitudes of A;(s), and we will estimate it later. Then,
the open-loop transfer function of loop 1 is given by

q1(5)e1(s) = g (s)er(s) — SN () (6.4)
822(5)

With the uncertainty Aj(s), the Nyquist curve of (6.4) will be embodied by a

Nyquist band, which is formed by the circle with center g11(jw)c(jw) and radius
|g12(jw)82|(jw)01 (o)

o) A7, respectively.

To fesign an initial controller in loop 1, we consider such Nyquist band and set
the gain and phase margins for it to be A (A7, < A1) and @, () < Gm1),
respectively. Note that the Nyquist curve of gj1(s)ci(s) is the central line of the
Nyquist band (6.4). Figures 6.3 and 6.4 show a typical Nyquist curve of diago-
nal element g11(s)c1(s) and its uncertainty disk. To start, we assume that the gain
and phase crossover frequencies on the Nyquist band of (6.4) and its center curve
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g11(s)c1(s) are identical with each other, which is the same assumption as Ho’s
case [16], but it will be used only for the initial controller design. This implies that

1. Zgii(jwp1)c1(jwp) = —m, where wp; is the phase crossover frequency on
Nyquist bands of (6.4).

2. |g11(jwg1)c1(jwg1)| =1, where wy is the gain crossover frequency on Nyquist
bands of (6.4).

Under the above assumptions, the gain and phase margins of g11(s)ci(s) can be
expressed by

» =A311(1+ |812(J.w,,1)g21(1.w,,1)|AT)’ 65)

lg11(jwp1)gn(jwp1)]

A . .
o =¢>,‘,’“+2arcsin( 1|g12(-]0)g1)g21(.]wg1)|>, 66)

2|g11(jwg1)g22(jwg1)|
respectively. They imply that

nQo 1)<k 1—J )Z——, 6.7)

suier ! ]“’pl ALl

) . kit "
gn(jowg)| kp1 —Jw] = —exp(jid),)- (6.8)

g

Note that (6.7) and (6.8) are two nonlinear and complex equations with four un-
knowns, that is, two controller parameters and two crossover frequencies. To solve
(6.7) and (6.8), an effective method is proposed by Fung et al. [11]. The equations
are solved by a graphical method, and the two parameters of the controller are de-
termined by intersection points. According to Fung et al.’s method [11], we define
following two complex functions:

_1 _1
fpi(w 1)=Re|:7.i| —Jjo 1Im|:7.i|,
e A;nlgll(]w.vl) g A;nlgll(]a)pl)

T
Y <Zgn(jwpr) < —m, (6.9)
—exp(jo),) . —exp(jo,.,)
(@ 1)=Re[7.m — jwgr Im| ————— |,
Jar(®s g11(Jwg1) I g11(Jwg1)
T .
—5+¢£ﬂ < Zgn(jwg)) < =7 + ¢, (6.10)

to draw graphics. It is necessary to point out that, in Fung et al.’s [11] method,
Al and ¢ | in (6.9) and (6.10) are constant values, while in our case, they are
determined by (6.5) and (6.6) for each frequency.

Then, we give a method to estimate the maximum magnitude A} of the uncer-
tainty Aj(s). Since cp(s) is still unknown, it is impossible to get its value exactly.
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Fig. 6.3 Gain margin of
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Due to the fact of A (s) = %, we firstly discuss the properties of the equa-
tion

== M. (6.11)
As shown in Fig. 6.5, the trajectories of z for different values of M are plotted
in the complex plane, which are often called M -circles. We can find that all those
M -circles for which M > 1 are located at the plane of Re(z) < —%, and the cir-
cle becomes smaller with M increasing; and that all those M-circles for which
0 < M < 1 are located at the plane of Re(z) > —%, and the circle becomes smaller
with M decreasing. Typically, the Nyquist curve of g(s)ca(s) (or the trajectory
of z) starts from positive real axis and moves to the unit circle with |A1(s)| (or M)
increasing; then, the Nyquist curve (or the trajectory of z) falls into the unit cir-
cle and tends to origin quickly with |A{(s)| (or M) decreasing. So, the maximum
|A1(s)] is achieved approximately when |g22(s)ca(s)| = |77 | = 1, where 6 is
the phase margin of g»2(s)ca(s). Because the Nyquist curve of gy (s)ca(s) locates

‘ z
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Fig. 6.5 M-circles

in the Nyquist band of g, (s)c2(s), we take 6 = A2, where A € (0.5, 1.5). So A’f
can be taken approximately as

* ‘ 822(s)ca(s) e(—TH0) ]

T+ 822(s)ca(s)

. ~ ‘m . (612)

In this way, we can get the initial controller ¢ (s) in loop 1 to make the Nyquist
band of g;(s)c;(s) approximately achieve the gain margin A? | and the phase mar-
gin ¢, ,. Substitute this controller into (6.3), and the effective open-loop process is
available with knowledge of c;(s). Then Fung et al.’s [11] method can be used
directly to design ca(s) for loop 2 to achieve the desired gain margin A,,» and
phase margin ¢,,>. Finally, substitute c;(s) in to (6.2) and re-tune c;(s) in loop
1 with knowledge of c3(s), based on the desired gain margin A,,; and the phase
margin ¢, 1.

In our design procedure, c1(s) has to be designed twice. The first time is for the
initial one, and the second time is for the final one. To design the initial one, we use
the enveloping curve of the Nyquist band of g1 (s)cj(s). Though this step of design
is conservative and approximate in nature, it helps get c1(s) without knowing the
controller in other loop; and further, this initial controller ¢y (s) not only stabilizes
the equivalent process (6.2) but also enable the resulting loop to have the gain and
phase margins close to the desired ones. It is obvious that both the initial controller
and the finial controller of ¢y (s) have similar dynamic behavior, and the effect of
retuning c1(s) to the loop 2 equivalent frequency response would be very limited
and will bring in only a little design error. Thus, retuning of c»(s) is not required,
and our design is able to stop merely after one iteration [21].

It should be pointed out that since most of PID controllers used in the process
industry are actually of PI type with the derivative action turned off [22-24], we
only discussed the case of PI controller in our design procedure. In the case where
D-action is really needed, our design method is still applicable with trivial changes
to PD controller and PID controller if some common relation between derivative
and integral gains is adopted.
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Fig. 6.6 The graphics 0.1
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6.2.3 An Example

Consider the well-known Wood and Berry binary distillation column plant [25]:

12.8¢75  —18.9¢73 3.8¢78

yi(s) | _ | 167541 20s+1 ui T4.95+1
= + d(s)
y2(s) 6.6e”5  —19.4¢”% Uy 4.9¢73 ’

10.9s+1 14.45+1 13.25+1

The gain and phase margins are set to 2.5, 60° and 2.5, 50° for loop 1 and loop 2,
respectively. Firstly, to obtain an initial controller in loop 1, we set the gain and
phase margins for the Nyquist band of g1 (s)ci(s) to be 2, 30°, respectively. Choose
A = 1.1, and then we get A* = 1.0828. The graphs of (6.9) and (6.10) are plot-
ted with respect to w,1 and wgq by Fung et al.’s [11] method in Fig. 6.6, and the
intersection point is found to be at (0.6564, 0.0289), which gives the resultant PI
controller for loop 1 as

0.0289
c1(s) =0.6564 4 .
s

Now, we substitute c1(s) into the equivalent process (6.3) and use Fung et al.’s
[11] method again to design cz(s) for the process ga(s). As shown in Fig. 6.7, an
intersection point (—0.0484, —0.01857) is found, and the resultant PI controller for
loop 2 is given as

0.01857

c2(s) = —0.0484 — .
s

Substitute c;(s) into the equivalent process (6.2) and retune the controller ¢ (s).
The graphics and the intersection point are given in Fig. 6.8. The controller is given
as

0.046
c1(s) =0.802 + ——.
s
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Fig. 6.8 The graphics for
c1(s) retuning

Nyquist curves of g1(s)cy(s) and g2(s)ca(s) are plotted in Figs. 6.9 and 6.10, which
show that the achieved gain and phase margins for loop 1 are 2.5 and 60°, respec-
tively, and the achieved gain and phase margins for loop 2 are 2.551 and 51.7553°
respectively. One sees that the gain and phase margins specifications are achieve
exactly in loop 1 and approximately achieved in loop 2.

The resultant closed-loop output response to unit step set-point change and step
disturbance changes of magnitude of 0.2 are shown in Fig. 6.11, and the control
signals are shown in Fig. 6.12. The performance of the proposed method is com-
pared with those given by the BLT [26] method and Ho’s [16] method. It is apparent
from the figures that the proposed controller provides superior performance for both
set-point tracking and disturbance rejection with reasonable control signals.
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Fig. 6.9 Nyquist curve of 1.5
gi1(s)ci(s)
1
05
0
0.5
Rl
15
15
Fig. 6.10 Nyquist curve of 1.5

g2(s)c2(s)

6.3 MIMO Loop Gain Margins

The SISO gain margin is one of most popular tools for control system analysis and
design in the process control industry due to its well-posedness, easy computation,
and clear measure of stability and performance [7, 9, 27-29]. A MIMO gain mar-
gin would have enjoyed the same degree of popularity if it could also have been
developed similarly and successfully. But unfortunately, historically, MIMO con-
trol studies started with the state space approach, which was thought to be much
powerful than traditional frequency domain methods which seemed to be losing fa-
vor at this early time of modern control. Only when one began to address model
uncertainties and robust control, there was renewed interest in frequency domain
approach for both SISO and MIMO cases. However, in the frequency domain, the
gain margin cannot be extended straightforward to a MIMO system, because of the
interactions between the control loops [18, 30, 31]. In this section, we introduce the
MIMO loop gain margins which measure the simultaneous largest changes of all
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Fig. 6.11 Closed-loop time
responses of the example
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loop gains while preserving closed-loop stability. This is different from the SISO
gain margin, where there is only one loop and one gain change, and the MIMO
sequential version of gain margin where only one loop gain change at a time is
addressed.

Doyle [32] developed the p1-analysis as an effective tool for robust stability anal-
ysis in multivariable feedback control. As a method in the frequency domain, the
u-analysis treats system uncertainties as complex valued and inevitably brings the
conservativeness for gain margins computation because the gain change in each
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loop is a real number. Then, Fan, Tits, and Doyle [33] proposed a computation of u
for mixed real and complex uncertainty to deal with this problem. However, Braatz
et al. [34] pointed out that it was an NP-hard problem to exactly calculate u with
pure real or mixed uncertainty. So, the p-analysis method for real uncertainty is sel-
dom used to calculate the gain margins of a MIMO system. Safonov and coworkers
[35-37] employed several different methods, such as Generalized Conic Sectors,
Perron—Frobenius nonnegative matrix results and the Zadeh—Desoer mapping the-
orem, to calculate the stability margin. But their stability margin was defined by a
single parameter k, (k,, := mina{k € [0, co)det(/ — kAG) = 0}, where A is a di-
agonal complex perturbation, and G is the system transfer function matrix), which
represents the common gain change for all loops. Thus, this method does not al-
low independent and simultaneous loop gain changes. Baron and Jonckheere [38]
defined the gain margins for a MIMO system as the minimal complex matrix per-
turbation before the system goes to instability. Such a definition allows the gain
perturbation to be a full matrix, not necessarily restricted to be diagonal. However,
it does not reflect the gain changes of individual loops, which practical control engi-
neers have been used to. Li and Lee [39] showed that the Hy, norm of a sensitivity
function matrix for a stable multivariable closed-loop system is related to some com-
mon gain and phase margins for all the loops. The Gershgorin band method is also
used to calculate the gain margins of MIMO systems [16, 40]. It gives conservative
results because it requires the diagonal dominance of the system, which brings some
limitations to its applications.

Recently, the loop gain margin for a MIMO system was introduced by Wang
et al. [12]. They first computed the stabilizing parameter ranges of a multiloop pro-
portional controller by a quasi-LMI technique and then take their rectangular sub-
set to obtain the loop gain margins. They show better results than the p-analysis
method. The loop gain margins obtained with this approach are indeed stability
margins but not the exact or the maximum margins available due to the inherent
conservativeness of the LMI framework. Besides, the method was developed for
delay-free systems only. If the plant has time delay, one has to make approxima-
tions for time delay to apply this method. Fundamentally, it is always desirable to
find the exact or the maximum controller parameter regions for stabilizing a given
process.

In view of the above observations, this section aims to remove the above-
mentioned conservativeness and compute exact loop gain margins of MIMO sys-
tems. We have to discard a time domain/Lyapunov/LMI framework, which is the
root cause of conservativeness, and work in a frequency domain instead. We first
transform the fundamental MIMO margin equation with the diagonal structure of
gain perturbations into a constrained quadratic optimization problem. Next, we uti-
lize the Lagrange multiplier method to obtain an unconstrained optimization prob-
lem, whose necessary/stationary condition is numerically solved by the Newton—
Raphson iteration algorithm and whose sufficient condition is verified by the eigen-
value check.
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Fig. 6.13 Diagram of a 0 =+ v z y

MIMO control system ‘T— A G(s)

6.3.1 The Proposed Approach

Consider the conventional unity output feedback system depicted in Fig. 6.13. It
follows from Wang et al. [12] that the loop gain margin problem of MIMO feedback
systems is formulated as follows.

Problem For an m x m open-loop process model, G(s), LEldeI‘ the decentralized
gain controller, A = diag{ky, ..., k;,}, find the ranges, (&, ki),i=1,...,m, such
that the closed-loop system is stable when k; € (k;, k;) for all i, but marginally sta-
ble when k; = k; or k; = k; for some i. For the special case of the common gain

controller, K (s) = kI, the resulting solution k € [k, k] is called the common gain
margin of the system.
Let the plant G (s) and the diagonal controller A be described by

g - 8lm kk 0 O
Go=| : =~ [, 4=lo . 0
8ml  * 8mm 0 0 km

Note that unlike the standard robust stability analysis for which the nominal case
means A = 0, our nominal case is for no gain perturbation, that is, A = I,,, unity
gain or no gain change at all. In the frequency domain, the generalized Nyquist sta-
bility criterion [4] is widely used to examine the stability of the closed-loop system.
Under the nominal stabilization, the closed-loop system can be destabilized if and
only if there is a gain perturbation A such that

det(! + G(jw)A) =0. (6.13)

In this section, we try to trace all the diagonal gain perturbations A that sat-
isfy (6.13). It follows from linear algebra that (6.13) holds if and only if there exists
some nonzero unit vectors z € C™ such that

1=—AGz or (I+ AG)z=0. (6.14)

Baron and Jonckheere [38] found the solution to (6.14) by recasting it into a con-
strained optimization, but for a full (nondiagonal) matrix which would not corre-
spond to any loop gain or phase perturbations in practical situations. Their method
is thus not applicable to our case of the diagonal real matrix, A.

Consider a diagonal real matrix A. Let v = [vy, v2, ..., ], and z = [z1, 22,
..., zm]T. Tt follows from Fig. 6.13 that

v=-Gz (6.15)
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and z = Av, which implies
zi=kiv; or ki=z/vi, i=1,...,m. (6.16)

We try to find the solution z through an optimization technique and then obtain v
and A from (6.15) and (6.16), respectively. We take the following quadratic function
as the cost function for ease of optimization:

J=—v*z7=7"G*z.

This problem should be addressed subject to (6.14). But (6.14) involves additional
A, which is inconvenient to deal with. We need to change (6.14) to a more tractable
form based on the system configuration in Fig. 6.13. By (6.16), v;‘“zi = k,-v;‘v,- =
killvi||? is a real number. Note that vizi =[0,...,v/,0,...]00,..., z, 0,...T=
v*Hiz = —z*G*H'z, where H' = [h ] is given by

no-)L o p=a=i
P9 710, otherwise.

Besides, the unit vector z meets z*z = 1. Combining the above two conditions yields
the constrain on z:

*z=1,
{Im(—z*G*HiZ)Z()’ i=1,...,m. (6.17)

Therefore, we obtain our constrained optimization problem as

min(z*G*z) or max(z*G*z),
ot 7*z=1 (6.18)
“ | Im(—z*G*Hiz) =0, i=1,...,m.

It should be pointed out that z € C™ will lead to the failure of solving the op-
timization problem (6.18) because neither the cost function nor the constraints are
holomorphic functions of z [41]. Fortunately, it is convenient to convert (6.18) to
an equivalent real constrained optimization problem by decomplexification, which
is a standard technique described by Galin [42]. This process makes use of a canon-
ical isomorphism between C™ and R?™. Let z; = Re(z;) + j Im(z;); v; = Re(v;) +
JIm(vi); Zi = [Re(zi), Im(z)]"; Vi = [Re(uy), Im()I"; Z = [Z1; -5 Zis -+ ];

Re(gpq) _Im(gpq)]
Im(gpq) Re(gpq)

V=[V1§"';ViQ"']§gpq=Re(gpq)+j1m(gpq)§qu=[
,...om,p,g=1,...,m;

i

Gii - Gin
G=| : :
Gml Gmm

Note that Im(v}z;) = V.IMZ;, where M = [_01 (1)], and it follows that z*G*z =

7'G'Z: 2z = 2 Z: Im(~2*G*Hiz) = ~Z'G H WZ, where W =
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i

diag{M, ..., M}, i=1,....,m, H =[h,,] with

hoo— I, p=g=2ior2i—1,
P97 10, otherwise.

Thus, the constrained optimization (6.18) in C™ is equivalent to the following opti-

mization problem in R>":

min(Z'G'Z) or max(Z' G Z),

7T7:1’ (6.19)
St ) oT=T—i = :
Z G HWZ=0, i=12,...,m.

To solve the above constrained optimization problem (6.19), we use the Lagrange

multiplier technique:

" .
f®) = Z'G'Z+n (7T7 —1)+ ZMH (7T5Tﬁl WZ),

i=1
=T . .. .
where 0 =[Z , A1, A2, ..., Amyt 117, The stationary condition for optimality is

q(6) =:3f(6)/36
(G + GV Z+2mZ+ Y ait[G HWT +G H WIZ]
7'Z-1

= 7' G HWZ =0.

7' H"WZ
(6.20)

A numerical solution to (6.20) is sought by the Newton—Raphson algorithm:

Ons1 =00 — T [q(0)]qGn), (6.21)
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where
J[q©6n)]
_9q(0) 91 f(6n)
36, 362
— _T — —
(G +G)+20 1 —T—1 —T—,
Y T A A (i
=17+ ATl FTm =
=1 G H'WIZ G H"WIZ
+GH' W) + ] + ]
— 27t 0 0 0
ZNG HWT+G H W] 0 0 0
| ZNGTH WY +GTH W 0 0 0 ]

is the Jacobian matrix of g(6,). If J is singular, then a Moore—Penrose inverse is
used.

Since (6.19) involves quadratic functions only, the iteration routine will converge,
and the convergent point gives the minimum or maximum when the constraints have
a nonempty admissible set, that is, the nonzero vector Z satisfies all the constraint
conditions in (6.19). To see whether the iteration routine achieves the maximum or
minimum, the eigenvalues of the Hessian matrix

m . .
H=(G +G)+2ubn+Y 4n[(GCHW) +G HW] (622

i=1

are calculated, and they should be all nonnegative for the minimum case and all
nonpositive for the maximum case. To find, say, the maximum from the minimum,
a new search is carried out with the initial search direction set as opposite to the
eigenvector of H corresponding to the largest positive eigenvalue.

Algorithm 6.1 Finding the gain solution to (6.13), given w, G(jw) and initial
search vector 6.

Step 1. Run the Newton—Raphson iteration (6.21). If the iteration is convergent,
obtain z, v and the gains from (6.21), (6.15), and (6.16), respectively; otherwise,
stop.

Step 2. Calculate the eigenvalues of (6.22) and decide if the solution is for the mini-
mum (or maximum) case. Set the new initial vector 6y as opposite to the eigenvec-
tor of H corresponding to the largest positive (or smallest negative) eigenvalue.

Step 3. Go to Step 1 once more for the maximization (or minimization).
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6.3.2 Frequency Range Estimation

In principle, the optimization in (6.19) is carried out for G(jw) for each fre-
quency w. Practically, it is too costly to do so and also unnecessary to do so since
(6.19) usually has a solution for a small subset of the entire frequency interval of
zero to infinity, recalling that a SISO system typically involves one or few frequency
points (with phase of —m or so) in determining its gain margin. Thus, we look for
the relevant frequency range £2 such that the solution to (6.19) may exist while there
is no solution in its complement set for which (6.19) will not be performed. From the
constraint analysis in the previous section, we know that vi*zi =k; v?‘ v; = ki||v; ||2 is
real, so that vz =" | k;[lv; |2 is also real, which leads to

Im(v*z) = vZZ# =7 <w>z =0. (6.23)

Let

. ik

P(jw) = G(jw) 'G(Jw)
2i

and let A(P(jw)) be an eigenvalue of P(jw). The set ¥ (P) = {z*Pz:z7*z=1,
z € C™} is commonly called the numerical range of P [43]. Since P(jw) is a Her-
mitian matrix, the numerical range of P (jw) is the segment of the real axis bounded
by the smallest and largest eigenvalues of P(jw) [44]. As a result, if the eigenval-
ues of P(jw) are spread across zero, that is, there are opposite-sign eigenvalues or
zero eigenvalues, then the numerical range of P(jw) contains the origin, and there
will exist z satisfying (6.23) at the underlying frequency w. This frequency is thus
relevant; otherwise, it is not. Therefore, we can employ this condition to find rele-
vant w. To this end, we first find all the real roots w; such that det(P (jw;)) = 0. Note
that A(P(jw)) is a continuous function of w, and between two consecutive roots wy;
and w41, the sign distribution of all A(P(jw)) does not change. This implies that
M(P(jw)) is always greater or less than zero for all w € (wy, w;+1). Hence, by cal-
culating all A(P(jw)) for one w € (wy, w;+1), we know their sign distribution and
can then determine whether or not (6.23) may have a solution. If the answer is yes,
we assign (wy, wj41) C £2.

It follows from Fig. 6.13 that v}'z; = k; v;‘v,- = k;i||v; ||zshou1d be a real number
for all i. If this is the case, we have (6.23), which has been used to determine the
frequency range 2. Thus, the so-calculated §2 contains all » which satisfy the con-
straint of real Ui*zi =k; v;“ v; = ki||v; ||2 for all i. But the converse is not necessarily
true, that is, (6.23) does not imply v;z; = k;vjv; = k;i||v; |2 for all i. Hence, the cal-
culation by numerical range method to meet (6.23) may not be necessary, and the
calculated 2 is overestimated.

There is a complex issue caused by high order or time delay of the system. For
a high order or time delay process, the characteristic loci can pass through the real
axis many or infinite times as the frequency goes to infinity, which implies that there
will be many or infinite frequency intervals in £2, most of which will be shown to
be irrelevant in computing the stability boundaries (recall that we overestimated §2

, (6.24)
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before). Our next task is to remove these irrelevant ones in £2 to further reduce
computational burden.

As a motivation of our idea in this development, let us first consider the SISO
case. Let the phase-crossover frequencies of the time delay SISO process G (jw)
be wi, ..., wy, ..., then, the gain solutions to 1 + G(jw)K = 0 at these frequencies
are Kj=—-1/G(jwy),l =1,....[1, K;] defines one possible gain margin. The gain
margin is the intersection of all intervals, [1, K;]. Suppose that you have done cal-
culations up to K;. For [ + 1, if K;4; is larger than Kj, K;4 should be discarded
because intersection of [1, K;] and [1, K;4+1] is [1, K;]. Physically, if a smaller gain
interval destabilizes the plant, so does a larger interval. The above analysis essen-
tially needs to calculate the smallest K; denoted by K* which will determine the
gain margin of G(jw). If the plant has monotonically decreasing gain of its fre-
quency response, |G(jw,)| > |G(jwp)| for w, < wp, then one only needs to cal-
culate the first (or lowest) phase-crossover frequency and the corresponding gain
solution to determine the gain margin of the plant. More realistically, the plant may
not necessarily have a monotonically decreasing gain of its frequency response over
an entire frequency range but would almost always be so after a certain high fre-
quency. Then, one can stop calculating gain solutions to 1 + G(jw)K = 0 at that
frequency onwards as their solutions will not affect or reduce the gain margin.

The situation of a MIMO process would be similar to the SISO case in the sense
that the intersection of all the sets enclosed by boundaries defined by gain solutions
of (6.13) including A = [, (with the assumed nominal stabilization) will be the
stabilizing one. At the computational level, we calculate gain solutions from zero
frequency range, one interval after another in £2, till a closed region including A =
I,,, is formed. This region is then enlarged by a hypercube which encloses the region.
Then, we will discard any remaining frequency intervals in £2 for which no gain
solution lies inside the hypercube, which will not affect or reduce the previously
determined region.

For ease of explanation, let us denote §2 by 2 = (w1, 1) U -+ (wp, ) U -+
in the ascending order of the frequency, where (wy, a)_r)_replaces eveg (w1, ®141)
defined and calculated before. Suppose that we have computed the gain solutions
for (w1, @1) U - - (wy, @y) and formed a closed stability region including A = I,,.
We can readily find the maximum |k;| on the boundaries of this region and de-
note it by kmax and enlarge and enclose this region by a hypercube defined by
ki € [—kmax, kmax), I = 1, ..., m. Note again that for any frequency w* > @, the
gain solutions not inside the hypercube will not affect the stability boundaries and
thus need not be calculated; Otherwise, the stability region may be reduced by the
new boundaries in the hypercube. The key issue is then to check if the gain solutions

of the remaining frequency intervals (w;+1, @Wn+1), - - ., lie inside the hypercube.
Suppose that it is the case, that is, a gain solution A* = diag(k7, ..., k) to (6.13) is
inside this hypercube, implying k € [—kmax, kmax], i =1, ..., m, and there is some

eigenvalue L(G A*) such that [A(G A*)| = 1. It is well known that the spectral radius
forms a lower bound on any compatible matrix norm [45]:

p(GA) =max|%;(GA)| < |GAll1 < Gl Alr. (6.25)
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It follows that

1= MG A*)| <max|1;(GA®)| < IGl1 1A% |1

= max([k{[. ... [k DIGI1 < kmaxlIG 1.
Hence, for any frequency w* € (w,, @;), where r > n, if 1 < kpax |G (j@*)||1, the
gain solution A* to (6.13) would lie inside the hypercube, and the corresponding
frequency interval (w,, @,) will be taken into account further. Otherwise, (w,, @,)
will be removed from £2. o
With the help of the above development, the effective frequency range £2 can be
determined. The solution A to (6.13) is found by solving an equivalent constrained
optimization problem (6.19) for each w € £2 if the nonzero Z exists. Collect all the
gain solutions and plot them. The smallest common region including A = I,,, will
be the stabilizing region. The loop gain margins are found by taking a rectangular
set in the region.

Algorithm 6.2 Finding loop gain margins for the given plant G.

Step 1. Calculate all the real roots w; of det(P(jw)) = 0, where P(jw) is defined
in (6.24). Divide the entire frequency interval of zero to infinity into [0, w;] U
(w1, 2] U - (wp, 0141]U - - .

Step 2. Take one w € (w;, wi4+1] and calculate A(P(jw)) for [ = 1,2,.... If
Amax (P (j@))Amin(P(jw)) < 0, then (wy, wi41] C £2; Arrange £2 = (w), o1] U
-+ (wy, ] U - -+, which is in the ascending order of the frequency. Set r = 1.

Step 3. Run Algorithm 1 for (@r, @r] to get gain solution of (6.13) and plot them. If
a closed region including A = [, is formed, let n = r and find the maximum |k; |
on the boundaries of this region, and denote it as kyax. Otherwise, redo this step
with r =r + 1.

Step 4. Remove the frequency interval (w,, @,] from 2 if |G (jw)ll1 < ﬁ for all
w € (v, w;] and r > n.

Step 5 . Run Algorithm 1 for all the remaining (w,, ®,] in £2, r > n, if any, and plot
them. Determine the refined stabilizing region and loop gain margins from it.

6.3.3 An Illustrative Example

Consider the time delay process

0.3 e—0.3s 0.55+1 e—O.7s

s—1 —0.5541
1 3 3 7
G(s) = |:(s+ )(s+3)  0.553+2.552+5+3 :| )
s+2 $242545

Form P (jw) using (6.24) for this and calculate the real roots of det(P (jw)) =0 to
get wy = +£2.652, wp = £2.876, w3 = £6.918, wg = £11.135, ws = £15.757. The
frequency range [0,+o0) is divided into [0,2.652] U (2.652,2.876] U
(2.876,6.918]---. We check the condition of A(P(j®))minA(P(j®))max < 0
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for any one w in each interval and find 2 = [0,2.652] U (2.876,6.918] U
(11.135,15.7571U - - -.

Note that, for the frequency w = 0, the system G(jw) becomes a real matrix.
In this situation, only one constraint condition z*z = 1 is left. Using this constraint
condition and substituting (6.15) into (6.16) produce the gain solutions

k=

4|
—21/3=22/3°
ky = Z (6.26)

2
—0.3z1/2—22/5"

with one parameter z. The solution curve is marked by ¢ and d in Fig. 6.14. For
nonzero frequencies, Running Step 3 of Algorithm 2 for the first two frequency
intervals, [0, 2.652] and (2.876, 6.918], yields a closed region including A = I5.
The maximum value of |k;| on the boundaries of this region is kpax = 6.659. Plot
IG(jw)lli =max; > ;. |gij(jw)| with respect to @ and the horizontal straight line
—in Fig. 6.15. One sees that |G (jw)||; marked by blue line is always below the

kmax

red line ﬁ where w > 8.2. So, (11.135,15.757] U - -- is removed from 2. There
is no remaining frequency interval for further consideration.

The region including A = I, found above is thus the stabilizing one and
is marked in yellow in Fig. 6.14. Let us, say, fix the range of ki as k; €
[—2.0233, 1.1502]. The maximum rectangle is then determined in the stable re-
gion, and the corresponding range of kj is kp € [—3.84,3.6852]. This leads to the
following gain margin for this time delay system:

k1 €[—2.0233,1.1502] and ko € [—3.84,3.6852].

Besides, the common gain margin is k € [—3.5544,2.4115] marked by green dash
and dot line.

For a time delay system, one cannot use the LMI method [12] directly but need to
make an approximation to time delay terms firstly. Suppose that we make the Pade
approximation e L s (1 — Ls/2) /(1 4 Ls/2) for time delay terms. Let the range of
k1 be the same as above. The stabilizing range for other loop is computed by Wang
et al.’s [12] method as

ky € [—3.2188, 5.0708].

For comparison, the loop 2 has the equivalent transfer function as follows:

k1812821 )k

(6.27)
1+kign

8= <g22 -
Consider the lower bound of k; first. We draw its Nyquist curve for two cases,
(k1 = —2.0233, kp, =—3.2188) from the LMI method and (k; = —2.0233,
ko = —3.84) from the proposed method. In Fig. 6.16, one sees that the former is
not at critical stability while the latter is, indicating that the former is indeed con-
servative while the latter is exact. Consider now the upper bound of k;. Figure 6.17
shows the Nyquist curve of (6.27) for (k; = 1.1502, k» = 5.0708) from LMI method
and (k; = 1.1502, k» = 3.6852) from the proposed method, respectively. One sees
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that the former is unstable while the latter still produces a critically stable case. The
upper bound of gain margin for loop 2 obtained by LMI method is far away from
the true value, and this is because of the time delay approximation.

6.4 Conclusion

In this chapter, MIMO systems are introduced along with fundamental concepts
such as transfer function matrices, poles, zeros, and feedback system stability. Next,
a graphical design method for decentralized PI controller for the gain and phase
margin specifications on each loop is presented for TITO processes. To deal with the
interactions between the control loops, we treat the TITO process into two equiv-
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alent single loops with the unknown controller in the other loop as uncertainty at
the beginning, with which an initial controller is designed. The controller in one
loop is refined when the controller in the other loop is known. For SISO PI tuning,
our early graphical design in Fung et al. [11] is used. A simulation example has
demonstrated the effectiveness of the proposed method. Thirdly, the MIMO loop
gain margins are defined with regard to simultaneous changes of multiple loop gains,
and an effective algorithm is developed for their exact computation. The fundamen-
tal stability condition in the frequency domain is converted by the vector mapping
method to a constrained optimization, with which the exact stability boundary is
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sought. The latter problem is then solved numerically by the Lagrange multiplier
technique and Newton—Raphson iteration algorithm. The MIMO loop gain mar-
gins are found from exact stability boundary, and thus they are also exact, which
eliminates the conservativeness of the existing method based on time domain lin-
ear matrix inequalities (LMI). The results are demonstrated for a time delay sys-
tem.

Over the decades, researchers have developed rich modern control theories and
designs for MIMO systems with sound mathematics. But their application in prac-
tical industrial systems seems limited except for a few methods such as MPC. The
classical control theory and design for SISO systems often work in the frequency
domain with a simple stability test, gain, and phases margins as performance specifi-
cations. They work well in industry because engineers find them easy to understand
and convenient to apply and implement to meet practical needs. This is in contrast to
the state space approach, where state variables may have no actual physical mean-
ing, and they are often not all measurable in the practice. In line with this view,
research and development of MIMO versions of SISO frequency response tech-
niques for stability test, performance measures, and robustness would be of great
theoretical and practical value. The work presented in this chapter reflects our latest
efforts, and other projects are under progress.
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Part 11
Control Structures and Configurations
for PID Control



Chapter 7
Feedforward Compensation for PID Control
Loops

José Luis Guzman, Tore Hégglund, and Antonio Visioli

7.1 Introduction

It is well known that the performance of a PID controller much depends, in addition
to the tuning of the PID parameters [20], on the appropriate implementation of suit-
able additional functionalities, such as signal filtering, anti-windup, gain schedul-
ing, and feedforward from set-point and measurable load disturbances [2, 3, 34].
Such features are nowadays easy to implement, due to the increased computational
power available in Distributed Control Systems (DCS) as well as in single-station
controllers. In order to preserve the ease of use of the overall controller, these func-
tionalities should be transparent to the user and be intuitive.

This chapter focuses on the design and implementation of feedforward compen-
sators, to be employed together with PID feedback controllers, for both set-point
following and load disturbance rejection problems. The two problems are treated
separately. Sect. 7.2 treats feedforward from the set-point, and Sect. 7.3 treats feed-
forward from load disturbances.

Regarding the set-point following, the typical approach of exploiting a feed-
forward control action is to implement a two-degree-of-freedom control scheme,
to adopt a feedforward (linear) compensator [16]. The use of the well-known set-
point weighting strategy [1] falls into this framework. The main disadvantage of this
method is that the reduction of the overshoot is paid by a slower set-point response.
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To overcome this drawback, the use of an inverse model-based feedforward action
can be employed [2] (see Sect. 7.2.1). Alternatively, the use of a variable set-point
weight has been proposed [13, 32], but it has to be noted that in these cases, the reg-
ulation and servo control performances are no longer independent and the overall
control scheme design is more complex.

In Sect. 7.2, after having presented the standard feedforward control scheme,
different advanced methodologies, which exploit the fact that a process output tran-
sition is required instead of tracking a general reference signal, are presented. In
particular, the design of a causal feedforward action and of a noncausal feedforward
action are considered. In the first case, a (nonlinear) two-state control law is de-
scribed. In the second case, to be employed when desired process output transitions
are known in advance, strategies based on input—output inversion are explained both
in the continuous-time and discrete-time frameworks.

Feedforward from measurable load disturbances provides a possibility to make
control actions before any disturbance response has occurred in the process output.
The typical design approach composes the compensator as the dynamics between
the load disturbance and the process output divided by the dynamics between the
control signal and the process output, with reversed sign. However, this ideal com-
pensator is seldom realizable. The compensator may be noncausal, it may be un-
stable, it may have infinite high-frequency gain because of derivative action, and it
may require a more complicated structure than what is available. These facts make
the design problem nontrivial, and there is a need for design strategies and tuning
rules.

There are a few design methods in the literature for feedforward compensator
design for load disturbances. In [29], a design procedure for a lead-lag compensator
was proposed, where the static gain of the compensator is calculated from pure
static models, and the time constants of the lead-lag filter are then determined in
order to reach IE = 0 with minimized IAE. In [28], a design procedure where the
feedforward gain is determined in the same way as in [29] is presented. A manual
tuning procedure is then suggested to tune the time constants of the lead-lag filter.
A similar approach to that in [28] was presented in [8], where a tuning procedure
based on a training film from Foxboro, produced in 1978, was employed. Never-
theless, all these design methods are based on open-loop design, i.e., the feedback
controller is not taken into account when the feedforward compensator is designed.
This drawback was noticed first in [6], and later, in [14], a design method was pre-
sented where the feedback controller was taken into account when designing the
feedforward compensator. The proposed design method is based on minimizing the
norm of the transfer function between the disturbance and the process output, where
the compensator is obtained after repeated solutions of least-square problems, but
no simple and straightforward rules were presented.

Therefore, there is a lack of simple tuning rules for the design of feedforward
compensators related to load disturbance rejection taking the feedback controller
into account. To face this issue, a new simple feedforward control design method
that takes the feedback controller into account was presented in [11], where the pa-
rameters of the feedforward compensator are calculated directly from the process
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models and the feedback controller parameters. In Sect. 7.3, the load rejection prob-
lem is first introduced. Afterwards, the classical open-loop design problem is sum-
marized, and its main drawbacks are demonstrated. Then, the new design method
that takes the feedback controller into account is described. The goal of the design
is to obtain a load disturbance response without overshoot that has a minimum IAE
value. Furthermore, restrictions on the high-frequency gain of the compensator are
considered.

7.2 Feedforward Control for Set-Point Following

In the following subsections, different design methodologies for the improvement
of the set-point following performance of a PID control scheme are presented. The
addressed problem is to achieve a transition of the process output y from the value
yo to the value y; in a predefined time interval of duration t. Hereafter, for the sake
of clarity and without loss of generality, it is assumed that yo = 0 and y; > 0.

7.2.1 Standard Approach

The standard methodology for the implementation of a feedforward action for the
improvement of set-point following task (note that this control scheme can be effec-
tively used to track any reference signal r(¢)) is that shown in Fig. 7.1, where M (s)
is a reference model that gives the desired response of a set-point change, and G (s)
is chosen as

M(s)

PG

G(s) (7.1)
where P (s) is the minimum-phase part of the process transfer function P (s). Note
that this is actually a general scheme and can be implemented with any feedback
controller C, although here the adoption of a PID controller is assumed.

Obviously, the effectiveness of feedforward control heavily depends on the accu-
racy of the estimated process model (see the remarkable result presented in [9]). In
any case, even if a perfect model is available, the design of M (s) is a crucial issue,
as it represents the desired performance. It has to contain the nonminimum-phase
(i.e., the noninvertible) part of P(s), and also it should take into account actuator
limits (see Sect. 7.2.5).

7.2.2 Two-State Time-Optimal Feedforward Control

A feedforward technique control inspired by the bang-bang control strategy [18]
can be employed effectively in order to fully exploit the capabilities of the actuator
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Fig. 7.1 Block diagram for
the standard implementation G
of feedforward action for
set-point following task
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to achieve a set-point transition [37, 38]. In particular, in [33], the control scheme
shown in Fig. 7.2 has been proposed. Experimental results for a pharmaceutical
plant are shown in [36]. The (self-regulating) process is described by a first-order-
plus-dead-time (FOPDT) model, i.e.,

K
P(s) = e L, (7.2)
Ts+1

where K is the process gain, T is the time constant, and L is the dead-time. Based
on this model, the output us of the feedforward block FF is defined as follows:

ug ift <rt,
ug(t) = { Y s (7.3)

where the value of i 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.
This produces the result

_ yi/K

In this way, if the process is described perfectly by model (7.2), an output transition
in the time interval [L, T + L] occurs. Then, at time ¢ = t + L, the output settles at
value y; thanks to the constant value assumed by ug(¢) for r > 7. Formally, it is

0 ift <L,
y(t) =4 ug(l —exp(—¢/T)) ifL<t<L+r, (7.5)
V1 ift>1L.

Then, a suitable reference signal y ¢ has to be applied to the closed-loop system. It is
desired that y s be equal to the desired process output (7.5) that would be obtained



7 Feedforward Compensation for PID Control Loops 211

in the case where the process is modeled perfectly by expression (7.2). Thus, the
step reference signal r of amplitude y; has to be filtered by the system

Kug . 1 oL
V1 Ts+1

F(s)= (7.6)
and then saturated at the level y.

The overall control scheme design involves the selection of the transition time ©
and of the PID parameters. The choice of a sensible value of t can be made by the
user either directly or through a (possibly) more intuitive reasoning. For example,
the user might select a ratio between the bandwidth of the open-loop system and
that of the closed-loop one, from which the value of 7 can be determined easily.
Obviously, decreasing the value of T means that the value of ug (and therefore of
the overall manipulated variable) increases, and too low values of T might imply
that the determined control variable cannot be applied due to the saturation of the
actuator. Thus, alternatively, the user might first select the value of i 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 t. In this way,
the potentiality of the actuator can be fully exploited, and the problems associated
with the use of the standard control scheme of Fig. 7.1 are avoided. In any case, the
design parameter t has a clear physical meaning, as it handles the trade-off between
performance, robustness, and control activity [15, 19]. Indeed, it has the same role
of the time constant of the reference model M (s) in the classic technique. It can be
therefore exploited to satisfy the specific requirements of a given application.

The tuning of the PID controller should take the robustness issue into account,
since the feedforward action is based on a simple FOPDT model of the plant and
the compensation of the (unavoidable) modeling errors is left to the feedback con-
trol law. In this respect, it is very useful to consider the analysis made in [37], where
it is shown that the deviations due to the modeling errors between the desired and
the actual output can be treated as the effect of a load disturbance. Thus, it is sen-
sible to tune the PID controller by taking into account its load disturbance rejection
performance.

As an illustrative example, consider the FOPDT process

1
P(s) = e (7.7)
10s + 1

and the PID controller
1
C(s):[(p<1 +—+Tds> (7.8)
T;s

whose parameters are selected according to the Ziegler—Nichols tuning rules,
namely, K, =3, T; =8, and Ty = 2. If © = 10 is selected, it results (for y; =1)
in ug = 1.58. The closed-loop step response is shown as a solid line in Fig. 7.3,
where it is compared with the one obtained by using the standard method described
in Sect. 7.2.1 (dashed line). In this case, M (s) = (10s 4+ 1) /(2s 4 1) has been cho-
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Fig. 7.3 Simulation results for the two-state and standard feedforward action control schemes.
Solid line: two-state feedforward control. Dashed line: standard feedforward control with no satu-
ration. Dash-dotted line: standard feedforward control with saturation

sen in order to obtain a similar rise time. It appears that a much higher control effort
is required by the standard method to obtain the same performance (note that in
both cases, the output of the PID controller is zero because there is no model uncer-
tainty). Indeed, if the control variable is saturated at ug = 1.58, the closed-loop step
response obtained by using the control scheme of Fig. 7.1 presents a much larger
overshoot and settling time (dash-dotted line in Fig. 7.3).

It is worth noting at this point that an extension of the method to multi-input-
multi-output (MIMO) systems has been proposed in [27].

7.2.3 Noncausal Feedforward Action: Continuous-Time Case

When the process output transition is known in advance, a noncausal feedforward
action determined can be used by applying a stable input—output inversion proce-
dure [24]. 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. Thus, a suitable command
signal is 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. The related
scheme is that shown in Fig. 7.4.
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Fig. 7.4 Control scheme Yo S v

2 , s
based on non—cgusal " Coggmng? ( : ) c »
feedforward action Z - =| generator

L

7.2.3.1 Design Methodology

As a first step of the design methodology, the process to be controlled (assumed to
be self-regulating) is modeled as a FOPDT transfer function, where the dead-time
term is approximated by means of a second-order Pad¢ approximation, i.e.,

K K 1—Ls/6+ L%s%/12
P(S):—e_L‘YZ S/ + S/

= . . (7.9)
Ts+1 Ts+1 1+ Ls/6+ L2s%/12

Note that if the process is non-self-regulating, it can be modeled as an integrator-
plus-dead-time (IPDT) transfer function, i.e.,

K 1—Ls/6+ L%*s?/12
P(s)=— $/6+ L5/

. . 7.10
s 1+ Ls/6+ L2s2/12 (7.10)

Then the methodology is basically the same for the FOPDT case, and details for this
case are omitted hereafter.

An output filtered PID controller in ideal form is employed as the feedback con-
troller

1
C(s)zK,,<1+E+Tds> (7.11)

TfS +1’
where the tuning of the parameters can be done according to any of the many meth-
ods proposed in the literature [20] or even by a trial-and-error procedure (note that,
in any case, as the purpose of the overall procedure is the attainment of a high per-
formance in the set-point following task, independently of the controller gains, it is
sensible to select the PID parameters aiming only at obtaining a good load rejection
performance).

At this point, a desired output function y,4(¢) that defines the transition from the
set-point value yp = 0 to y; (to be performed in the time interval [0, t]) has to be
selected. A sensible choice is to adopt a so-called “transition” polynomial [22], i.e.,
a polynomial function that is parameterized by the transition time t and that satisfies
boundary conditions at the endpoints of interval [0, t]. In particular, a third-order
polynomial is selected in order to obtain a continuous command input function:

2 3 3 2
yaW) =y -5 +51%). relo.rl. (7.12)
T T

Outside the interval [0, t], the function y(¢) is equal to O for + < 0 and to y; for
t>T.
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Once the closed-loop system is designed and the desired output function is se-
lected, the problem of finding the command signal r(¢) that provides the desired
output function has to be solved. This can be done by applying a suitable stable
input—output inversion procedure (see [24] for details). Eventually, as the closed-
loop transfer function (denoted as H(s)) is nonminimum-phase (and therefore a
standard inversion of the transfer function would yield an unbounded command sig-
nal), a (bounded) command function defined over the interval (—oo, +00) results.
It is therefore necessary to adopt a truncated function r,(¢), resulting in an approxi-
mate generation of the desired output y,(¢). In particular, a preactuation time #; and
a postactuation time ¢y can be selected so that r,(#) =0 for t < t; and r,(¢) = y; for
t > ty. 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 yj as time t — 400, an arbitrarily precise approximation
can be accomplished [23]. Alternatively, in order to simplify the computation, the
method suggested in [21] can be adopted. It consists in selecting

t 10 t 429 (7.13)
s = — . =T —_, .
’ Drhp / D]hp

where Dipp and Dipp are the minimum distances of the right and left half-plane
zeros, respectively, from the imaginary axis of the complex plane. Note 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 ap-
proximation. Indeed, by taking into account (7.13), it is t, = —10L /3. 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.

7.2.3.2 Discussion

The stable input—output inversion procedure can be performed by means of a sym-
bolic computation, i.e., a closed-form expression of the command input function
r(t) 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 ap-
peal in the context of PID control. Indeed, the overall procedure can be easily made
transparent to the user. Further, being based on a general methodology [23], where
H (s) can be any rational transfer function of any (stable) system (provided that
there are not purely imaginary zeros), the proposed approach can be straightfor-
wardly applied also to PI, P, and PD controls and can be extended also to high-order
processes. Thus, a more accurate model of the process, if available, can be fully
exploited. However, in this case, the inversion procedure has to be performed.

Note also that, once the PID controller has been tuned, the only free design pa-
rameter is the transition time t. Its role is basically the same of the transition time in
the causal nonlinear feedforward method described in Sect. 7.2.2, namely, it allows
one to handle the trade-off between performance, robustness, and control activity. It
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can be selected therefore by applying an analogous reasoning. However, by exploit-
ing the closed-form expression of the control variable that can be easily derived, the
transition time can be also determined by solving an optimization problem where
its value has to be minimized subject to actuator constraints.

7.2.3.3 Implementation Issues

The command input in the interval [z, 7] is actually composed of three terms (the
first one defined in the time interval [f, 0], the second one in the time interval
[0, 7], and the final one in the time interval [t,ff]), and its expression, depend-
ing on the time variable ¢, can be difficult to implement with standard industrial
hardware/software components [24]. For a simpler implementation of the method,
it is convenient to obtain the command input as a step response, according to the
two-degree-of-freedom control scheme of Fig. 7.5 [5]. Therein, the signal to be ap-
plied 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 = 7 — f;
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, (f; 7):

Ra(s; 1) = L[ra(7; )] (7.14)
and by imposing that

Ra(s;t)zéF(s;r). (7.15)
Thus, we simply obtain

F(s; 1) =sR,(s; 7). (7.16)

By performing the required (symbolic) computations and by substituting backwards
f =t +t; we therefore have that the command signal r, (; 7) is obtained as the step
response of the following filters, to be considered in different time intervals:

Bo15>+B11s+Bo
a2.1s2+a1,1s+a0,1
B1.25 T+ +Bo2
F(s;1)= 017.2S;+~"+013,2S3
B2.35"+B1.35+B0.3
3 B ] — < —_
Y rv—— for —t;+17 <t < —t5 +1y,

H~10) fort > —t, + 1y,

for0 <t < —1,

for —t; <t < —t;+ 1, (7.17)
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where 851, ..., 80,1, 87,2, ---» B0,2: B2,3, ..., Bozand a1, ..., 001,072, ...,032,
a23,..., 003 are suitable coefficients.

In other words, a step signal has to be applied at t = 0 to the four different filters
in (7.17), 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 (7.17). This strategy can be implemented easily in a Distributed Con-
trol 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.

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
defined in (7.17). In general, the determined command input function can have a
complex (nonmonotonic) shape, and it can be difficult to represent it as a step re-
sponse 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 smooth. Conditions for the occurrence of this situation can be found by
considering the following proposition [22].

Proposition 7.1 Given the closed-loop system H (s) and the input function r(-; T),
the following limit holds:

im [HOrG 0 =yt 0)] =0, (7.18)
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 an-
other 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 out-
put 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. By con-
sidering a large number of simulation results with different systems and different
controllers [5], it turns out that an overshoot less than 5% is obtained in general
when the transition time is selected as T > 2L. Thus, in this case the command in-
put can be obtained as a step response of a single filter whose transfer function can
be obtained by applying a standard least squares procedure [30] and by taking a step
signal as input and the determined command signal as output (note that there is no
noise). A fourth-order transfer function is generally sufficient to obtain a satisfactory
performance.

7.2.3.4 Simulation Results

As an illustrative example, consider again process (7.7) with the PID controller
tuned with the Ziegler—Nichols rules (see Sect. 7.2.2). The results obtained by se-
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Fig. 7.6 Simulation results for the inversion-based control scheme. Solid line: process variable.
Dashed line: control variable. Dash-dotted line: command input

lecting T = 10 are shown in Fig. 7.6, where the determined command input is plot-
ted in addition to the process and control variables. The effect of the preactuation
(which starts at time #; = —13.34) can be evaluated. Note that in the plot the zero
time has been conveniently shifted to .

7.2.4 Noncausal Feedforward Action: Discrete-Time Case

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 [35].

Consider again the scheme shown in Fig. 7.4. As for the method described in
Sect. 7.2.3, the aim is to find the command function r(¢) that produces a desired
system output transition from yp = 0 to yj, but here no a priori knowledge on the
process model is assumed. For this purpose, sampled data are considered, where it
is assumed that the sampling interval 7" has been chosen suitably by any standard
technique [4].

An identification experiment can be easily performed by applying a unit step
signal to the input of the closed-loop system. By denoting as g; := g(iT), i =
1,..., N, the corresponding sampled output values, a closed-loop system model
can then be obtained by considering the truncated response (¢t € {T, 2T, ..., NT}):

t)T—1
YO =yo+grrO+ Y. glr@¢—iT)—r(t—G+DT)].  (7.19)
i=1

where r(t) is the system input, and the number N of parameters has to be taken
sufficiently high in order to allow a sufficiently accurate description of the system,
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but not too high in order to minimize 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. At this point, it is convenient to write expression
(7.19) in matrix form:

Y =GR, (7.20)
where
T
Y=[y(I) yQ2T) yBT) --- y(ND)],
81 0 0 0
—g1+ & &1 0 0
G = —82+ &3 —g1+& 81 0 1.
: : : .0
—8N-1t8gN —8gN-—2+8gN-1 —gN-3t+gN-—2 ... &I
and
R=[r©) r(T) r@T) - r(N=1T)]"

Note that in many cases, 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 filter-
ing and detrending might be necessary [17]) and if an unexpected load disturbance
occurs during the transient response, they should not be adopted (see [12, 31] for
methods to detect load disturbances).

The desired output function is chosen again as a fifth-order transition polynomial
in order to obtain a convenient trade-off between the need to decrease the rise time
and the need to decrease the control effort (note that the rise time decreases and the
control effort increases when the order of the polynomial increases):

&S =B+ 08 ifo<r<z,

t7)= . 7.21
Ya ;) {y] ift >rt. ( )

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

The array Y; can therefore be constructed based on the selected desired output
function. Then, the corresponding closed-loop system input r(¢) that causes y; (¢; T)
can be easily determined by simply inverting the system using expression (7.20).
Matrix G, in order to be invertible by a standard numeric algorithm, should be well
conditioned, namely, 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 hap-
pens 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, ma-
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trix G can be obtained by removing the first k rows and the last k columns from G.
Subsequently, by evaluating y,(¢; 7) at the first N — k sampling time intervals, the
array Yg = [yq4(T;t) ya2QT;t) -+ ya(N —k)T; 7)]T can be easily constructed.
The first N — k values of the command reference input are then determined by ap-
plying the following expression:

R=[r(m) r@T) - r((N—KT)] =6, (7.22)

In this way, the input function can be calculated by simply determining the inverse
of a matrix.

Note that if the sampling interval 7' and the value of N have been selected appro-
priately, as well as the value of t, then the last element of the array R actually corre-
sponds to the steady-state value of the input, and therefore the value of r (N —k)T')
can be applied to the closed-loop system for t > (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.

As an illustrative example, the same process (7.7) with the PID controller (7.8)
tuned again with the Ziegler—Nichols rules has been considered. The initial set-point
step response and that obtained after having applied the inversion procedure (with
7 = 10) are shown in Fig. 7.7. The obtained performance is, as expected, similar to
that achieved in the continuous-time case.

7.2.5 Comparison

By looking at the presented examples and at many simulation and experimental
results [24, 33-36], it can be deduced that the main advantages of the two-state
feedforward control method is that it exploits full actuator capabilities in order to
provide a minimum transition time and that there is no preactuation time interval.
However, the inversion-based method provides a smoother control signal, and, most
of all, it provides a similar performance in the presence of (very) different PID
parameters (and also in the presence of modeling uncertainties).

7.2.6 Other Methodologies

Other feedforward control strategies to be employed with PID controllers have been
proposed recently. In particular, the use of a Chebyshev technique has been de-
vised in order to determine a feedforward control signal that provides a minimum-
time rest-to-rest transition subject to constraints on both process input and out-
put [10, 25, 26]. With the same aim, a linear programming approach is proposed
in [7]. Details are not provided here for brevity. They can be found in the given
references.
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Fig. 7.7 Simulation results for the discrete-time inversion-based control scheme. Dashed line:
initial step response. Solid line: response to the inversion-based command signal

7.3 Feedforward Control for Load Disturbance Rejection

In the following subsections, the problem of feedforward from load disturbances
within a PID control scheme is analyzed. First, the basic feedforward design is de-
scribed, and it is shown that the PID controller should be taken into account in the
feedforward design process. Subsequently, new tuning rules, which have been re-
cently presented in [11] for the design of feedforward compensators, are introduced
where the closed-loop dynamics is considered during the design process. Several
simulations are presented along the subsections to show the advantages of the pro-
posed design rules.

7.3.1 The Feedforward Control Problem

The feedforward control problem for load disturbance rejection is illustrated by the
block diagram in Fig. 7.8. The diagram consists of the basic feedback loop with
feedback controller C, process P; P>, and the signals set-point r, control signal u,
and process output y. A measurable load disturbance d influences the feedback loop
according to the figure, with transfer function P> Pz between load d and process
output y. The load disturbance is fed through a feedforward compensator Gy, and
the output from the compensator is added to the feedback control signal. The goal
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Fig. 7.8 Block diagram

illustrating the feedforward ¢—
control problem

=Gy P

r u y
C Py P,

is to design the feedforward compensator Gy so that the effect of the disturbance d
on the process output y is minimized.

In this chapter, the three process transfer functions are modeled as first-order
systems with time delay, i.e.,

K K K
Pi(s) = ﬁe*“h Py(s) = 1 +§T2€7‘YL2, P3(s) = 7 +§T3 e shs,
(7.23)

There are, of course, processes that are not well described by these simple transfer
functions, but for process control applications, this structure is mostly good enough,
and the structure has become the standard model in process control applications [3].

It is assumed that the feedback controller is a PI or PID controller with transfer
function (7.8) where Ty = 0 in the case of PI control. Note that (7.8) is only the basic
structure. As already mentioned, in the real implementation, features like filters,
anti-windup, and limitations must be added.

In this chapter, we are looking for designing a feedforward compensator Gy as a
classical lead-lag compensator with delay:

1+sT, _

G =Kf—— ff, 7.24
£ (s) ff1+STp€ (7.24)

7.3.2 Open-Loop Design. Standard Approach

As mentioned in the introduction, most design methods for feedforward compen-
sators neglect the feedback controller C and the effect that the feedback has on the
disturbance rejection. This means that the open-loop transfer function between d
and y is considered, which is given by

Y =Py(P; — P1Gg)D. (7.25)

Perfect feedforward, which means that the effect of d is eliminated in y, is ob-
tained when

Py _ Ky 14T sas-)

= = (7.26)
P K 1+4sT3

G
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which means that

K¢ = X T, =T, T, =Ts, Lg=L3z— L. (7.27)
1
When L3 < L1, the optimal parameters given by (7.27) give a noncausal feedfor-
ward compensator, since L becomes negative. This means that perfect feedforward
is not possible in this case and Lg = 0 has to be used. The negative delay can be
approximated with a zero that can be added to T, a pole that can be added to T, or
using a Padé approximation that alters both 7, and T),. Such modifications will not
influence the topic of this chapter and will therefore not be discussed further.
The following subsections present some examples to illustrate this tuning rule.

7.3.2.1 Open-Loop Design for L3 > L;

As a first example, the case where L3 > L is considered, which means that perfect
feedforward is possible.
The process transfer functions are

Pi(s) = 1+1—2se*‘~5s, Py(s) = ﬁe”ﬁ, P3(s) = ﬁe*‘“.
(7.28)
The feedback controller C is a PI controller tuned using the AMIGO rule [3], which
gives the parameters K =0.29 and 7; = 3.85.
According to (7.27), the feedforward compensator becomes

(7.29)

Figure 7.9 shows the load disturbance response obtained when this feedforward
design is used. The figure also shows the response obtained without feedforward
compensation.

Since perfect feedforward is obtained when the lead-lag compensator with delay
is used, there is no control error, and therefore the same responses are obtained when
the feedback controller is manual and automatic mode.

7.3.2.2 Open-Loop Design for L3 < L

We now consider an example where L3 < L1, which means that perfect compensa-
tion is not possible. The process transfer functions are:

1 1 1
Pi(s) = e, Py(s) = ——, P3(s) = e, (7.30)
1+ 4s 1+ 1.5+

The controller is tuned using the AMIGO rule [3], which gives the parameters
K =0.28 and 7; =4.85.
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Fig. 7.9 Case L3 > L1, with step load disturbance of magnitude d =0.4 at time t =5 and r = 0.
Solid line: response for a compensator using a lead-lag filter with delay. Dashed line: response for
feedback without feedforward

Since L3 < L1, no delay should be included in the feedforward compensator, i.e.,
L = 0. This means that the resulting compensator is given by

1+4s

G = T 155

(7.31)

Figure 7.10 shows the disturbance responses obtained using the feedforward
compensator (7.31) with the open-loop and closed-loop responses.

Even though perfect feedforward is not possible in this case, the feedforward
action gives a significant improvement of the disturbance response compared with
pure feedback. However, when the loop is closed, the feedback controller deterio-
rates the control, and responses with overshoots are obtained. The settling times of
the responses are also increased to almost twice the open-loop times. Comparing
the control signals for the open-loop and closed-loop cases, it is obvious that the
feedback controller adds a component to the process input that is not negligible, and
therefore should be taken into account in the feedforward design.

On the other hand, Fig. 7.10 shows that the lead-lag compensator gives better
performance than the pure feedback controller, but this is at the price of a significant
peak in the control signal. The magnitude of this peak is

T,
winit = Ker——d. (7.32)
T,

In this example, the load magnitude d = 0.4 gives the peak ujn;; = 1.06. Peaks like
this are common when lead-lag compensators are used for feedforward compensa-
tion. This problem will be discussed further in the next section.
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Fig. 7.10 Case L3 < L, with step load disturbance of magnitude d = 0.4 attime t =5 and r = 0.
Solid line: response for a compensator using a lead-lag filter combined with feedback. Dotted line:
response for a compensator using a lead-lag filter for the open-loop case. Dashed line: response
for feedback without feedforward

7.3.2.3 Summary

This section has illustrated some drawbacks for the typical open-loop design of
feedforward compensators. The open-loop design works well in cases where per-
fect feedforward is obtained, i.e., where the feedforward compensator manages to
remove the disturbance response completely from the process output. In other cases,
the feedback controller may deteriorate the response, and it is obvious that there is
a need for tuning rules that take the feedback controller into account in the design.

The last example also illustrates that the feedforward action may give control sig-
nals that are considered too aggressive. The control signal response should therefore
also be taken into account in the design.

These two aspects are treated in the next section.

7.3.3 Closed-Loop Design

As discussed above, the main goal when using feedforward is to eliminate the dis-
turbance effect before affecting the process output. In the previous section, it was
shown that perfect compensation is only possible for the case where L3 > L. For
L3 < L1, and when the compensator structure is not complex enough, no perfect
compensation is possible, and there will be a disturbance response which will be
fed back to the controller. This will result in a controller response that deteriorates
the control when the open-loop feedforward design described in Sect. 7.3.2 is used.
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In Fig. 7.10, it can be observed how a clear overshoot appears in the process output
and that the settling times are increased when feedback is combined with feedfor-
ward.

For this reason, there is a need for feedforward tuning procedures. In this case,
additional goals may be used in the feedforward design procedure. For instance,
one goal may be to minimize the maximum deviation, and another goal may be to
minimize the IAE value. Sometimes it is also desired to introduce restrictions in the
design. It may, e.g., be undesirable to have an overshoot in the response, and there
may be restrictions on the control signal variation.

Following these ideas, the next subsections present a tuning rule to determine
the parameters of G where the goal is to minimize the TAE value at step load
disturbances without having any overshoot in the response. Furthermore, special
attention will be given to reduce the initial peak of the resulting control signal.

The main goal is to propose a simple tuning rule where the parameters of the
feedforward compensator are directly calculated based on the feedback controller
(7.8) and the parameters of process models (7.23) [11].

7.3.3.1 Design of K¢ to Reduce the Overshoot

The first step in the tuning procedure is to reduce the feedforward gain so that the
overshoot in the step response is removed. For that purpose, the feedback control
action is taken into account to calculate the feedforward gain, K.

Suppose that a step load disturbance of magnitude d results in a disturbance
response with an integrated error equal to IE - d. Using a PI or PID controller, this
disturbance causes the following static change of the control signal:

K K
Au = —/edt: —IEd,
T; T;

see [3].

The open-loop design rules for the feedforward (7.27) take the control signal
to the new correct stationary level by choosing K = K3/K. In the new rule, the
goal is to take the control signal to the correct stationary level minus Au in order to
take the feedback control signal into account and reduce the overshoot. The gain is
therefore reduced to

K; K
Kig=—— —IE. (7.33)
Ky T
Notice that if the resulting feedforward compensator with reduced gain is used in
open loop, it will give a steady-state error. However, there is no error when it is
combined with feedback. This is another example to observe the feedback effect in
the feedforward design.

What remains is to determine an estimate of the integrated error IE. The block
diagram in Fig. 7.8 can be redrawn so that an equivalent system is obtained with an
additive output residual disturbance

D, =(P,P; — P,P1Gg)D. (7.34)
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This disturbance will be rejected by the feedback controller C. In the estimation of
IE, we will assume that the feedback action can be neglected and that the IE value
is what we get from the open-loop case. From Fig. 7.8 the process output in the
open-loop case is given by

Y =P, P3D — P,P1GgD. (7.35)

The first term is the disturbance response, and the second term is the response caused
by the feedforward action. The static gains in the two terms are K, K3 and K1 K> Ky,
respectively. Assuming that K¢ = K3/K 1, they both have the same gain, namely

K. = KyK3.

Suppose now that we can approximate the two terms in (7.35) with first-order re-
sponses. We then get

K 1—e‘ﬁd, 0<t<Ly,
Y1) —r = ab ,) in, == (7.36)
Kip((l—e T)y—(1—e " ))d, Lp<t,

where t = 0 corresponds to the time when the disturbance first appears in y, and
where the delay and the time constants are approximated in the following way:

Ly =max(0, L; — L3),
T, =T, + 115,
Tb=T1+T2+Tp_TZ'

Here, the two transfer functions in (7.35) are approximated by first-order transfer
functions. The time constants of these first-order transfer functions are obtained
simply by adding the time constants in the denominators and subtracting time con-
stants in the numerators of the original transfer functions ([3]).

Using (7.36), an estimate of the integral of the control error can now be deter-
mined:

IE~d:/Oo(y(t) —r)dt
0

o0 =Ly

L . , iy
:Kabf b(l—e_T_a)ddt+Kab/ (—e_ﬁ +e Ty )ddt
0 Lp

t—Lyp

= Kub[t + Tae_ﬁ](l)‘hd + Kab[Tae_Tt_a —Tpe ](zc;d

L

L
= Kap(Lp + Tue™ T =T, — Tue T +T)d
=Kap(Lpy — Ty + Tp)d.
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Fig. 7.11 Case L3 < L; with load disturbances at time t =5, d = 0.4, and r = 0, to analyze
the gain reduction rule. Solid line: response for a lead-lag filter with the gain reduction rule
(Kgr = 0.94). Dotted line: response for a lead-lag filter without the gain reduction rule (K¢ = 1).
Dashed line: response for feedback without feedforward

Inserting the values of K, Ly, T,, and T}, gives

IE= {K2K3(T1 —BL+T,-T), Ls=z L, (7.37)

KoKs(Ly —L3+T1 —T3+T,—T;), L3z<Ly.

Hence, knowing the parameters of the transfer functions in Fig. 7.8, IE can be
easily estimated using (7.37), and the gain in the feedforward compensator can be
reduced according to (7.33).

Figure 7.11 shows an example of the proposed rule. This figure compares the
results of using (7.33) with those presented in Fig. 7.10, where the open-loop rule
(7.27) was used. As can be observed from the results, the overshoot has been prac-
tically eliminated, where the feedforward gain Ky has been reduced from 1 to 0.94.
The settling times have also been significantly shortened because of the gain reduc-
tion. Notice also how the maximum deviation of the response has increased slightly
because of the gain reduction. This issue will be improved in the following subsec-
tion by means of minimizing the IAE value of the load disturbance response.

7.3.3.2 Design of T; and T, to Reduce IAE

The second goal in the tuning rule proposed in this chapter consists in designing 7,
and T, of the lead-lag filter in order to minimize the IAE value of the disturbance
response. From the open-loop design rule (7.27) it has been found advantageous to
keep T, = Ty to cancel the pole in Py. T, can also be retained to 7, = T3, but in
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some cases, the IAE value can be reduced significantly if a smaller value of T), is
chosen. Therefore, the proposed idea here is to keep 7, = T1, canceling the pole in
Py with the zero in G and then modifying T, as a filter time constant to increase
the speed of the load disturbance response and reduce the associated IAE value.

The following derivations will give a rule to determine T, for that purpose. In
the derivations, it is assumed that » = 0 and d = 1. Notice that these assumptions
will not influence the value of T),.

Suppose that a step load disturbance gives a response where there may be an
overshoot in the process output, i.e., where y crosses the set point. The IAE value
then becomes

00 I7 00
ME:/ bmpnzfoﬂnm—/'ymdn (7.38)
0 0 to

where £ is the time when y crosses the set-point. From (7.36), #g is given by

to _to—Lb
T, T

)

which gives

_ Tuly _ D+ T
S T,—-T, T3—T,

to Lp. (7.39)

Equations (7.38) and (7.36) now give

t—Lp

Ly + 1o '
IAE:/ (1_e—ﬁ)dt+/ (e e T ) dr
0 L

b

o0 f _T*Lb
—/ (—e_TTI +e B )dt
fo

t—L

~ 1L e T D i L
=[I—I—Tae “]0 +[Tae a —Tpe T ]Lb—[Tae a —Tpe ]to
Iy _lo~Lp
=Ly —T,+Tp+2T,e Ta —2Tpe
_ L _ L
=Ly, —T,+Tp+2Tse e —2Tpe Ta=Tp

Ly

=Lb—‘l.'(1—2e_ T ),
where T = T, — T},. To minimize IAE, we take the derivative with respect to t:

d _Lp Ly _Lp
—JAE=—14+2¢" 7 +2—e =
dt T

=—14+2(1+x)e* =0, (7.40)
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Table 7.1 IAE comparison for the results of Fig. 7.12. The data show a clear reduction of the IAE
value for the combination of the rules (7.33) and (7.42)

No FF Open-loop rule Kyr reduction Ky and T, reduction

IAE 17.39 1.89 1.43 0.63

where x = L /7. A numerical solution of this equation gives x &~ 1.7, which gives

L
szTb—Ta—l—Tg:Tg—r%Tg—ﬁ. (7.41)
Since T, must be positive and since L = max(0, L1 — L3), we finally get the fol-
lowing rule for determining 7',:

Ty={T3—- 55, 0<L;—L3<l7Ts, (7.42)
0, Ly — L3> 1.7Ts.

The rule (7.42) gives T,, = T3 when L3 > L. This is of course correct, since this
is the situation where perfect compensation is obtained. When L; — L3 > 1.773,
the rule (7.42) suggests that 7, = 0. However, choosing T), = 0 means that we
get derivative action in the compensator and that a step change in the load gives
an infinitely large pulse in the control signal. This problem is treated in the next
subsection.

Notice that, when (7.42) is combined with the gain reduction rule (7.33), the T),
rule (7.42) must be applied first, so that the correct value of T, is used in the IE
calculation rule (7.37).

An example for the resulting rule is presented in Fig. 7.12. The figure shows
the results for feedback without feedforward, with feedforward using the open-loop
rule (7.27), with feedforward using only the gain reduction rule (7.33), and with
feedforward combining the gain (7.33) and T}, (7.42) reduction rules. It can be ob-
served how the response for the combination of (7.33) and (7.42) provides a faster
response and a smaller error. Furthermore, this response obtains also the lower de-
viation, solving the problem described above when only the gain reduction rule is
used.

Table 7.1 shows a comparison of the IAE values for the responses shown in
Fig. 7.12. As it can be observed, there is a clear reduction of the IAE value for the
case using (7.33) and (7.42) rules, corroborating the results presented in the figure.

Summarizing, the proposed design rule provides a straightforward way to im-
prove the response to load disturbances reducing both the overshoot and the IAE
value. However, as observed from Fig. 7.12, these improvements are reached at
expense of obtaining a strong initial peak of the control signal, which sometimes
may be undesirable. Hence, the next section describes some ideas to limit the high-
frequency gain of the compensator and thus allowing the reduction of this initial
peak.
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Fig.7.12 Case L3 < L withload disturbances attime t = 5, d = 0.4, and r = 0, to analyze the T,
design rule. Solid line: response for lead-lag filter combining gain reduction (7.33) and T}, design
rule (7.42) with K¢ = 0.977 and T}, = 0.904. Dash-dot line: response for lead-lag filer for the case
with only gain reduction rule (7.33) getting K¢ = 0.942 and T, = 1.5. Dotted line: response for
lead-lag filter with the open-loop rule (7.27) getting K¢ = 1 and T}, = 1.5. Dashed line: response
for feedback without feedforward

7.3.3.3 Reduction of Control Signal Peak

The feedforward compensator has a low-frequency gain equal to K¢ and a high-
frequency gain equal to KT,/ T,. Feedforward design gives often a high-frequency
gain that is considered too high when there are step changes in the load or when there
is a high-frequency noise in the load disturbance. See, e.g., the peaks in the control
signals in Figs. 7.10, 7.11, and 7.12.

There are many different ways to reduce the peak by modifying Ky, T;, or T),.
In [11], the following idea to modify only the T, parameter based on a direct limi-
tation of the high-frequency gain was proposed.

Suppose that an acceptable high-frequency gain is given by Kk, where « is a
design parameter. To guarantee that the high-frequency gain is below this limit, the
time constant T, must satisfy

T
T,>—. (7.43)
K
This means that if a lower value of T}, is obtained, e.g., from the original design
rule (7.27) or from the IAE optimization rule (7.42), it should be increased to meet
the constraint (7.43). Remember that once T), is modified, this change should be
followed by a decrease of K¢t according to (7.37) and (7.33).
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Fig. 7.13 Case L3 < L with load disturbances at time t =5, d = 0.4, and r = 0, to analyze the
reduction of the control signal peak. Solid line: response for lead-lag filter with the control signal
reduction obtaining a modified 7), = 1.12 and K¢ = 0.96 in order to avoid a peak lower than —1.3.
Dash-dotted line: response for lead-lag filter combining gain reduction (7.33) and T}, design rule
(7.42) with K¢r = 0.977 and T), = 0.904. Dotted line: response for lead-lag filter with the open-loop
rule (7.27) getting Kir =1 and T), = 1.5. Dashed line: response for feedback without feedforward

The design parameter « has a clear interpretation in the step load disturbance
response of the control signal. When « < 1, there is no peak in the control signal.
When « = 1, we have the static compensator, since T), = T,. When « > 1, there is
a peak in the control signal, and the value of x gives the magnitude of the peak in
relation to the static change of the control signal.

Figure 7.13 shows an example for the results presented in Fig. 7.12, but now
trying to reduce the control signal peak to —1.3. The figure presents the results for
feedback without feedforward, with feedforward using the open-loop rule (7.27)
where K¢ =1 and T, = 1.5, with feedforward combining the gain (7.33) and 7T,
(7.42) reduction rules obtaining K¢ = 0.977 and T, = 0.904, and the modification
of T}, to reduce the control signal peak where T}, has been increased to 1.2 and the
gain recalculated to K¢ = 0.96.

The modification of 7}, has been performed using the ideas described above.
When using the gain (7.33) and T}, (7.42) reduction rules, it results in a value of k =
4.42, which gives a high-frequency gain of K¢k = 4.32. Hence, for the performed
step change in the load disturbance, d = 0.4, a peak of —1.73 in the control signal
is obtained. Therefore, « is tuned to reduce the high-frequency gain in order to limit
that peak to —1.3, obtaining a value of « = 3.33, resulting in T, = 1.2 according
to (7.43).
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From the results in Fig. 7.13, it is observed that the control signal peak has been
properly reduced to —1.3. Notice also how the process output has been only slightly
modified, where the IAE value has increased to 1, but being still smaller than those
obtained from the other designs (see Table 7.1).

7.3.4 Guideline summary

This section summarizes the proposed design rule for tuning feedforward compen-
sators of the following structure:

14T, .

Gi=K
ST,

The different steps to design the compensator are:

1. Set L =max(0,L3 — Ly) and T, = T.
2. Calculate T, as
T3, Ly—L3=<0,
Ty={T3—- 55, 0<Lj—L3<l7Ts,
0, Li— L3> 1.7T3,

3. Calculate the compensator gain, Ky, as

K; K
Ki= — — —IE,
Ky T
IE = KoK3(T — T3+ T, - Tp), L3> Ly,
KoKs(Ly —L3+T1 —T3+T,—-T,), L3<Ly.

4. Analyze the high-frequency gain, Kk, based on the design performed in the
previous steps (« = T,/ T)). If the resulting high-frequency gain is acceptable,
go to step 5. Otherwise, modify « to reach the desirable high-frequency gain and
change T), as

= |3

T, >

Go to step 3.
5. End of the design process.

7.4 Conclusions

Feedforward compensators require design methods and tuning rules in the same way
as feedback controllers. This chapter has presented methodologies for the design of
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feedforward control actions to be employed together with feedback PID controllers,
where both set-point following and load disturbance rejection have be considered.

Regarding the set-point following task, the design for a causal feedforward ac-
tion and for a noncausal feedforward action have been presented. In the first case, a
(nonlinear) two-state control law was used. In the second case, to be employed when
desired process output transitions are known in advance, strategies based on input—
output inversion are explained both in the continuous-time and discrete-time frame-
works. Several advantages were observed for both methods. The two-state control
method exploits full actuator capabilities in order to provide a minimum transition
time and there is no preactuation time interval. The inversion-based method provides
a smoother control signal and a similar performance of different PID parameters,
also in the presence of modeling uncertainties, thus presenting a robust behavior.

Regarding the load disturbance rejection problem, most design methods pre-
sented so far are based on an open-loop approach, which means that the feedback
loop is not taken into account in the design. This approach is relevant in those cases
where perfect feedforward is obtained, but in other situations, the feedback con-
troller should not be neglected in the design. This chapter has presented new simple
tuning rules for design of feedforward compensators. The rules are based on simple
first-order-plus-dead-time models of the process, and they take the PID controller
settings into account. The starting point for the rules is the ideal open-loop tuning.
The feedforward gain and the lag-time constant are then reduced with the goal to
reach a response to step changes in the load disturbance without any overshoot and
where the IAE value is minimized. Feedforward compensator design often results
in compensators with a large high-frequency gain. Therefore, the tuning procedure
ends with a procedure where the lag-time constant may be adjusted so that a de-
sired high-frequency gain of the compensator is obtained. Robustness analysis for
the proposed rule can be found in [11].
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Chapter 8
Control Structures for Time Delay Systems

Somanath Majhi

8.1 Performances of a Control System

To analyze, synthesize, and design a control system, it is necessary to specify and
measure the required performance of the control system. The system parameters
are adjusted to provide the desired response based on the required performance of
the control system. As control systems are inherently dynamic, their performance
is often specified in terms of their time or frequency response. The performance of
the system can be readily improved by inserting a controller in a suitable location
within the structure of the system. Since the controller design is directly related to
the desired performance of the control system, a brief description of the time and
frequency performance measure is given below.

8.1.1 Time Domain Performance Measures

The time domain performance is normally obtained from the response of the pro-
cess to a test signal. The standard test input signals are step, ramp, and pulse inputs.
In this section, the most commonly used step input is considered for performance
measure because it yields very useful information about the process dynamics. The
transient response is the response that disappears with time and the steady-state re-
sponse is that which exists as time ¢+ — o0o. Figure 8.1 shows a typical step response
of a closed-loop system. Note that the output is delayed by some time with respect
to the input. The time domain performance measures of a closed-loop system are
usually given in terms of maximum overshoot which occurs at peak time, settling
time, rise time, steady-state error, and disturbance response. These six quantities
give a direct measure of the behavior of a control system to a unit step input. In
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Fig. 8.1 A typical closed-loop output response to step setpoint and disturbance inputs

practice, the system output is usually required to follow the input as closely as pos-
sible, which ideally means zero steady-state error and small rise time, settling time,
and percentage of overshoot.

8.1.2 Frequency Domain Performance Measures

A very practical and important alternative approach for the analysis and design of
a system is the frequency response method [1]. The frequency response of a sys-
tem indicates the magnitude and phase relationship between the sinusoidal input
and the steady-state output of the process. Figure 8.2 illustrates a typical frequency
response plot for increasing frequency w. In the design of linear control system us-
ing frequency domain method, the performance of a system can be identified using
the appropriate performance measures such as the phase margin (¢,,), gain margin
(gm), delay margin, resonant peak, and bandwidth. Another important characteristic
of a frequency response measure of a system is the critical point, where the Nyquist
curve intersects the point —1 4 jO in the negative real axis. This point yields in-
formation about the critical gain and the critical frequency of a closed-loop system
exhibiting sustained oscillation.
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8.2 Conventional Control Structures

The basic control system can be represented by the block diagram shown in Fig. 8.3,
where U and Y represent the control signal and the controlled variable, respectively.
The sensor, H (s), is assumed infinitely fast and of unity gain. Often, there are lim-
itations of classical controller acting on the error signal for controlling processes
such as the unstable process G(s) given in Example 8.3. Limitation of control sys-
tem performance has resulted in several control configurations. The commonly used
system configurations with controller compensation are described below briefly.

8.2.1 Series Compensation

Figure 8.3 shows the most commonly used system configuration where the con-
troller is placed in series with the process in the forward path. The series compen-
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sation generally use the standard PI, PID, phase lead, and lag type controllers in the
loop.

8.2.2 Feedback Compensation

The controller is placed in the feedback path as shown in Fig. 8.4 in the feedback
compensation. A phase lead type controller can improve the closed-loop perfor-
mance.

8.2.3 Series-Feedback Compensation

Figure 8.5 shows the series-feedback configuration where the feedback controller is
placed in the inner feedback path and the series controller is subjected to the error
signal. PI-D, PID-P, and PI-PD controllers are the best examples for this configura-
tion. Difficulties are often found for controlling plants with resonances, integrators,
or unstable poles. This modified control structure can produce improved perfor-
mances in such situations [2].

8.2.4 Series Compensation with Setpoint Filter

Block diagram reduction of Fig. 8.5 results in the setpoint-weighted compensation
scheme shown in Fig. 8.6. However, the reference path controller F (s) cannot influ-
ence the disturbance responses. The controllers can be of PI, PID, phase lead, and
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Fig. 8.6 Series compensation R U . =
with setpoint filter m F(s) Ge(s) G(s) 'D
Prefilter Controller Process Output
Sensor
Table 8.1 PID structure and
compensator values Structure Compensator/Controllers
PID Ge(s) = 0.144(1 + g7 + g3eraT)
PI-D Ge1(s) =0.144(1 + 5365:)- G2 () = oy
PI-PD  Gei(s) =0.144(1 + i), Gea(s) =0.922 + 2%

lag types. The compensation schemes shown in Figs. 8.3 and 8.4 have one degree
of freedom, and therefore, the performance criteria that can be realized are limited.
For example, if a system is to be designed to achieve a certain amount of relative
stability, it may have poor sensitivity to parameter variations. Again, if the roots
of the characteristic equation are selected to provide a certain amount of relative
damping, the maximum overshoot of step response may still be excessive, owing to
the zeros of the closed-loop transfer function. The compensation schemes shown in
Figs. 8.5 and 8.6 have two degrees of freedom. The benefit of using the improved
compensation techniques is illustrated in the following examples.

. —0.1 .
Example 8.1 For a resonant plant transfer function G(s) = m, constrain-

ing the proportional gain of the forward path controller to the same value for fair
comparison, the PID controller for the series compensation and the PI-D and PI-
PD controllers for the series-feedback compensation are designed by the integral
squared time error (ISTE) optimization [2] and tabulated in Table 8.1. The unit step
setpoint responses are shown in Fig. 8.7. As expected, the two-degree-of-freedom
PI-PD controller gives satisfactory dynamic response in terms of rise time, over-
shoot, and other measure of transient response.

e*O.ZA‘

I The
series-feedback compensators suggested in the literature [2] are the four(—ptir)ameter
PID-P and PI-PD controllers as tabulated in Table 8.2. A PID controller designed
by the Ziegler—Nichols method [3] is also included in the table. The closed-loop
responses for a unit step reference input and unit step load disturbance responses are
shown in Figs. 8.8(a) and (b). The series-feedback compensation show satisfactory
setpoint tracking and disturbance rejection compared to the series compensation.

Example 8.2 Consider the integrating process transfer function G(s) =

Example 8.3 Consider the first-order unstable process transfer function G(s) =

—2s . . . .
i‘;_ 7- Either series or feedback compensation alone may not be sufficient to pro-

vide desirable time/frequency performance measures [4]. Figures 8.1 and 8.2 show
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the time and frequency performance resulting from the series-feedback config-
uration with the controllers G.;(s) = 0.131(1 + %) and Ge(s) = 0.5(s + 1).
The inner feedback loop enables placement of the open-loop poles in appropri-
ate positions, thereby providing good control for open-loop system transfer func-
tions having resonances, unstable, or integrating poles. To illustrate this point, let

the delay term be approximated by e

—2s

1=5 Then, the inner loop controller

1+s
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Fig. 8.9 Basic compensation
scheme for systems with long
dead time

Go(s) = 0.5(s + 1) results in an approximate stabilized transfer function of the

form G,(s) = Hgic(}s()z(s) = % Thus, the inner-loop controller plays an impor-
tant role in changing the open-loop unstable process G (s) to a stable process G, (s).
Then, the error path controller provides significantly improved performances. The
step response shows a maximum overshoot of 10%, a settling time of 15.56 s, a
rise time of 2.73 s, and zero steady-state error. The gain and phase margins are
gm = 1.988 and ¢,, = 77.8° at phase and gain crossover frequencies of w, =1.11
rad/s and wg = 0.3 rad/s, respectively.

8.3 Dead Time Compensation

When there is a large time delay, series or feedback compensation with PI/PID con-
trol is difficult because of the limitations imposed by the time delay on the system
performance and stability. The conventional Smith predictor compensator shown in
Fig. 8.9, where G, denotes the delay free part of the process model, is a popular and
very effective long dead-time compensator for stable processes [5]. The closed-loop
transfer function between the output and the setpoint and the input disturbance (L)
are given respectively as

GGCe—QS
Y (s) = , 8.1
) = GG+ Gu(Ge P — G o) @)
Ge " (1+ GpG[l —e
Y. (s) = e I+ GGl e ) (8.2)

14+ GuGe+ G (Ge™ — G,pe=tms)’

and G,e % and Ge™* are the transfer functions of the plant model and the plant,
respectively. Based on the assumption that the model used perfectly matches the
plant dynamics, that is, G,, = G and 6,, =6, (8.1) and (8.2) reduce to

V() =——FT—+" (8.3)

Ge (1 + GG[1 —e )

Yi(s)= 1+GG
C

(8.4)




242 S. Majhi

Fig. 8.10 Watanabe and Ito’s L
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The main advantage of the Smith predictor method is that the time delay term is
effectively taken out of the denominator of the transfer functions relating the process
output to setpoint and load disturbance inputs. Numerous simple compensators can
be designed based on the closed-loop dynamics given in (8.3) and (8.4). However,
control design to achieve robust stability and robust performance is not discussed
here.

Watanabe and Ito [6] pointed out that if the process has poles near the origin in
the left half-plane, then the responses by the scheme in Fig. 8.9 may be sluggish
enough to be unacceptable. They proposed a structure as shown in Fig. 8.10 for
overcoming such problems by choosing

G (s)
146,

Gi(s)= (8.5
Since then a number of methods, presented in the following Sect. 8.3.1, have been
proposed to overcome the problem of controlling a process with an integrator and
long dead time.

8.3.1 Modified Smith Predictors for Integrating Processes

The structure of Astrom, Hang, and Lim’s Smith predictor [7] is shown in Fig. 8.11.
The controller decouples setpoint response from load disturbance response and
gives better responses to step input and disturbance signals. In the figure, k is the
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Fig. 8.12 Matausek and
Micic¢’s control structure

]
A

Fig. 8.13 Compensation
scheme for integrating
systems with long dead time

controller gain. Their choice of

C(s)

M(s) =

1+ C(5)/(052 +5) — C(s)e~0 /s’ (8.6)

where C(s) is a PI or PID controller, gives the same load disturbance as Watanabe
and Ito’s controller. However, it is possible to improve the load response by choosing
a different transfer function M (s).

MatauSek and Mici¢’s dead-time compensator [8] for controlling higher-order
processes with integral action and long dead time, as shown in Fig. 8.12, possesses
a gain controller K, and a PD controller of the form F(s) = %ﬁ_ﬂ) The control
scheme provides considerably faster load disturbance rejection.

The generalized form of the configuration shown in Fig. 8.12 is Fig. 8.13. This
general form allows one to have different form of controllers in place of the gains.

The structure of Majhi and Atherton’s Smith predictor [9] for controlling stable,
unstable, and integrating processes is shown in Fig. 8.14. It is similar to the structure
suggested in Fig. 8.13 apart from the controller G|, which has a major role for an
integrating plant and has three controllers designed for different objectives. Of the
three controllers, G in the inner loop is provided to stabilize an integrating process.
The other two controllers, G, and G, are then used to take care of servo-tracking
and disturbance rejection respectively by considering the inner loop as an open-loop
stable process. The closed-loop response to setpoint and disturbance inputs is given
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Fig. 8.14 Majhi and
Atherton’s structure for
systems with long dead time

Fig. 8.15 Liu et al.’s control
structure

by
GGee (1 + GG pe s
Yr(S)Z c€ ( + 42‘ mé ) ’ (8.7)
(14 GulGe+ G+ G2Ge %) + G (Ge™ — Gje=ms)
Ge (1 +GpulGe+ Gep — Gee s
YL(S)I e ( +GnlGe+ Ger c€ ]) (88)

1+ GulGe+GahA + Gchest) + Gc(Geies - Gmeiems) )

Based on the assumption that the model used perfectly matches the plant dynamics,
that is, G,, = G and 6,, =0, (8.7) and (8.8) reduce to

o5 = — GG (8.9)
§)=—————, .
' 1+ G(G¢+Ge1)
Ge 95 14+G(Ge+Gy) —GGoe s
Yi(s) = d +G(Get Get) = GGee (8.10)
1+G(G.+Ge1) 14+ GGpe 9

It is apparent from (8.9) and (8.10) that the new Smith predictor has decoupled the
load response from the setpoint response. Controllers G., G.1 and G, designed
using simple techniques are of P, PI or PID types.

Based on the Majhi and Atherton’s control configuration, Liu et al. [10] intro-
duced a modified Smith predictor control structure as shown in Fig. 8.15. G.1 is
chosen to be a stabilizing gain controller and G, a PID controller. However, the
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Fig. 8.16 Simulation results of Example 8.4

Fig. 8.17 Hangetal’s
control structure

form of the setpoint filter is

1+GaGy 1

G = , 8.11
e(s) Gm (st 1) @-.11)

where 7 is the order of the integrating process.
Example 8.4 Consider the integrating process transfer function G,(s) = e_js

Maintaining the same rise time for fair comparison, controller parameters are esti-
mated using the tuning formulae given by Matausek and Micié, Majhi and Atherton,
and Liu et al. Figure 8.16(a) shows the responses to setpoint and load disturbance
inputs. The resulting control signals are shown in Fig. 8.16(b). It is seen that ap-
parently improved disturbance response can be obtained by adding more tuning
parameters.

Hang et al. [11] proposed a modified Smith predictor (see Fig. 8.17) for processes
with double integrators using a rapid load estimator. The load estimator does not
involve the solution of a closed-loop equation that contains dead time. Further, the
scheme can be extended to the case of single integrator with large time delay by
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Fig. 8.18 Nominal responses of Example 8.5

setting F' = C = 1. The transfer function form of the controllers can be given as

14 T418
Pl=Kpi——,
1+0.1T,s
1+ T,
14+0.1T s
14+ (T +0)s
=T

where K’s and T,’s are the parameters of the PD controllers, and T = Ty,. T;’s are
set to zero in the case of single integrator.

Example 8.5 Consider the integrating process transfer function with single integra-

tor and large time delay G, (s) = e—SZOs . The nominal performances given by Hang

et al.’s and Matausek and Micié¢’s compensation schemes and tuning algorithms are
shown in Figs. 8.18(a) and (b). A faster load disturbance rejection and a similar or
better setpoint response are obtained in comparison with the previous method.

Rao and Chidambaram [12] used the generalized compensation scheme shown
in Fig. 8.13 for controlling integrating and double integrating processes with time
delay. G| is designed using the classical direct synthesis method, and G is chosen
as a PD controller designed using optimal gain and phase margin approaches. The
benefit of using the simple structure along with the suitable tuning algorithm for the

integrating plus time delay process G, (s) = esj is illustrated in Fig. 8.19.

8.3.2 Modified Smith Predictors for Unstable Processes

The modified Smith predictor introduced by Kwak et al. [13] and Zhang et al. [14]
for the control of unstable processes is shown in Figs. 8.20(a) and (b), respectively.
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Fig. 8.19 Results obtained using improved tuning algorithm and simple control structure

(a) Kwak et al.’s structure (b) Zhang et al.’s structure

Fig. 8.20 Modified Smith predictors for unstable processes

e—Hs

The transfer function forms of the controllers in Fig. 8.20(a) are G, = oI G =
(Ge™)~! and G = K.(1 + % + Tys). t is the user-defined time constant for
the desired trajectory, and K., T;, and T, are the parameters of the parallel PID
controller.

Zhang et al. pointed out that G.1 cannot be implemented physically. They pro-

posed a simplified structure as shown in Fig. 8.20(b). With the choice of H(s) =

G.1Ge P, the feedforward controller becomes G (s) = g:l .

Example 8.6 Consider the first-order process model G ,(s) = % The setpoint

input and control variable responses given by Kwak et al and Zhang et al.’s methods
are shown in Figs. 8.21(a) and (b). As expected, the difference between the simula-
tion results of the two methods is minimum, and the simulated results concur with
each other almost perfectly.

Motivated by the work of Majhi and Atherton (see Fig. 8.14), Lu et al. [15]
included four controllers to meet different performance objectives in their modified
Smith predictor control scheme as shown in Fig. 8.22. The controllers are of P or
PD types without any derivative filters. The scheme has one more degree of freedom
to improve disturbance response.
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Fig. 8.21 Setpoint and control variable responses

Fig. 8.22 Lu et al.’s structure

Example 8.7 For a comparison of performance, consider the unstable process
Gp(s)= ngi. Lu et al. designed the four controllers so as to achieve the same set-
point response as that of Majhi and Atherton. Controller settings for both methods
are given in [15]. The simulation results in Fig. 8.23 show that Lu et al.’s compen-
sation scheme has improved disturbance rejection performance.

A modified form of Smith predictor for controlling unstable second-order-plus-
time-delay processes with/without a zero, as shown in Fig. 8.24, has recently been
proposed by Rao and Chidambaram [16]. The controller G is designed by the
synthesis method, and G and the stabilizing controller G.3 are PD and PID con-
trollers, respectively. A first-order filter with 7 = 6 is placed in the feedback path

to improve robustness.

Example 8.8 Consider the second-order unstable process model G,(s) =

—0.3s . . . . .
Ze y: For qualitative performance comparison, controller settings given

Gs—D(s—1
in [16] are considered. Figure 8.25 shows the responses given by the compensa-
tion schemes of Rao and Chidambaram and Liu et al. under perfect model condi-
tions. With the same control effort, improved performance, particularly for the load

disturbance rejection, is obtained by Rao and Chidambaram’s method.
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Fig. 8.26 Kaya et al.’s cascade control structure

Fig. 8.27 Liu et al.’s control structure

8.3.3 Improved Cascade Control Systems

Classical cascade control can yield improved response of the system to load
changes. Kaya’s [17] improved cascade control system, a conventional cascade con-
trol scheme combined with Smith predictor, is shown in Fig. 8.26, where Gle’es
and G, describe the plant dynamics. G.; and G, are the PI/PID type controllers,

whereas G = %

Liu et al’s two-degree-of-freedom cascade control scheme [18] is shown in
Fig. 8.27, where G,;1 and G, are process models of G1 and G». The decoupled
outer- and inner-loop controllers C and F are designed primarily for setpoint track-

ing and load disturbance rejections.

Example 8.9 Consider the cascade system with G, = ﬁ and Gre % =
—10s
(205—‘16-1)(3s+1) ‘
in [18]. Figure 8.28 shows the responses obtained by the compensation schemes of

Kaya and Liu et al. under perfect model matching conditions. The latter’s compen-
sation method yields improved performances because of decoupling of the setpoint
and load disturbance responses, both of which can be optimized independently.

Simulation is performed using the set of control parameters proposed
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Fig. 8.29 Lee et al.’s parallel cascade control

Parallel cascade is beneficial when the secondary loop has a faster dynamic re-
sponse, and the rejection of the disturbance in the secondary output reduces the
steady-state output error in the primary loop. Figures 8.29 and 8.30 show the par-
allel cascade control structure of Lee et al. [19] and Rao et al. [20], respectively.
In the figures, G| and G, are the primary and secondary processes, G.; and G
are the primary and secondary controllers, and G4; and G 47 are the disturbances in
primary and secondary loops, respectively. g 1 and g s> are first-order filters.

Example 8.10 Consider the cascade system with G, = G4 = Ble ™ and G| =

30s+1
—33s :
Gg1 = %. To assess the performances of the structures, primary and sec-

ondary controller settings given in [20] are used. The comparative simulation results
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in Fig. 8.31 show significant improvement in the closed-loop performances by the
Rao et al.’s method due to the Smith predictor implementation for parallel cascade

control system with delay.

8.4 Conclusions and Future Perspectives

It is evident from the simulation Examples 8.1-8.3 that the two-degree-of-freedom
series-feedback compensation yields satisfactory dynamic responses. Comparative
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study of some modified structures of the Smith predictor for controlling integrating
and unstable processes with time delay are presented. Simulation results of series
and parallel cascade structures are included to show that the secondary process has
a major role in rejecting disturbance and improving the dynamic performance of the
closed-loop system.

Further, it is observed that improved performances of a closed-loop system are
obtained based mainly on suitable choice of a control structure that decouples the
servo and regulatory problems. There exist performance limitations in control sys-
tem because of the wrong choice of feedback control structure. Control structure
design has not drawn the attention it deserves compared to the vast amount of the
literature available on controller design. From that perspective, the researchers in
this area have ample scope for designing unified control structures for decoupling
setpoint tracking, feedforward compensation, and disturbance rejection dynamics
for a variety of plants encountered in process industries.
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Chapter 9
Robust Multivariable Tuning Methods

Reza Katebi

9.1 Introduction

The rapid growth in the complexity of modern process plants both in terms of ma-
terial flow and energy exchange have substantially increased the number of feed-
back control loops for maintaining desired production conditions and product qual-
ity. Traditionally, PID controllers are used in large numbers in all industries as a
single-loop controller. The controllers come in many different forms and are often
packaged as standard products. The popularity of PID controllers is due to their
functional simplicity, which allows process engineers to commission them in a sim-
ple and straightforward manner. The most attractive practical property of PID is the
guaranteed property of the ‘Integral’ action to eliminate constant set-point error and
disturbance offsets.

In practice, most industrial processes have multiple numbers of inputs and out-
puts. The inputs and outputs are arranged or paired to minimise the interaction
between the control loops. Static or dynamic decoupling is also used to minimise
the loop interactions and make the system diagonally dominant. Multiloop PID or
non-interacting controllers can then be used to control MIMO processes. Koivo and
Tanttu [10] gave an early survey of multivariable PID tuning techniques. When the
process interactions are modest, a diagonal PID controller structure is often ade-
quate. This type of structure is simple and easy to understand.

While there are a large number of methods to tune scalar PID controllers, the
numbers of multiloop PID tuning methods are few. Attempts have been made to
extend some SISO methods to multivariable systems, and some new methods have
been developed in recent years. This chapter reviews and compares some of the
important multivariable tuning methods in terms of their stability and performance
robustness.

R. Katebi (X)
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Despite the success of advanced control systems, the use of PIDs is still
widespread, particularly for cheap control systems. The main reason for this popu-
larity is the ease of tuning and commissioning SISO PID controllers. In most sys-
tems, SISO PIDs are used. However, many systems exhibit significant interactions
between the various loops. Thus a true multivariable strategy is necessary. Another
objective of this chapter is to review and compare the existing simple multivari-
able PID methods and assess their applicability to industrial control problems. Only
those methods which require minimum modelling efforts are considered. These
methods are often referred to as model-free control design techniques. Katebi et
al. [9] surveys the various MIMO PID tuning methods within the control literature
and suggests some techniques, which are more appropriate for simple designs. The
model-based methods are also reviewed, and some model-free on-line ‘auto tuning’
techniques are discussed, so-called because it is possible to automate them to the
extent of simply pushing a button. Zhuang and Atherton [30] have used a MIMO
extension of the Ziegler—Nichols method for auto tuning of two-input two-output
(TITO) systems. Loh et al. [12] extend the relay feedback idea of Astrom, [1], by
tuning one loop at a time in the manner of Sequential Loop Closing. Palmor et
al. [18] also use relay feedback, but tune both loops of a TITO process together. The
Internal Model Control (IMC) technique was introduced in [20]. Wang and Wu [25]
describe a method for autotuning fully cross-coupled multivariable PID controllers
from decentralised relay feedback. A thorough review of the state of PID auto tuning
is given in [28].

The model-free off-line methods considered in this chapter given by Davison [2],
Penttinen and Koivo [19] and Maciejowski [14] are the focus of this study, as they
require little design effort and are based on step tests or frequency responses at a
single point. The robust servomechanism problem was introduced by Davison [2]
to provide a general controller design method with guarantees of asymptotic sta-
bility and asymptotic tracking given disturbances of a particular form, and plant
model perturbations that did not result in closed-loop instability. More pertinently,
a detailed mathematical model of the plant is not necessary, and the controller may
be constructed based on simple open-loop tests. Penttinen and Koivo [19] suggest
a way to diagonalise the plant at very low and very high frequencies, which is in
fact an extension of Davison’s work. The decoupling matrix at a particular band-
width frequency, suggested in [14] with regard to the Sequential Return-Difference
method, is also investigated, as an intermediate approach to that of Penttinen and
Koivo [19]. Based on these three techniques, a new combined method (Martin—
Katebi Method) is proposed which incorporates all the relevant features required
for cheap and simple control system application [15].

The chapter is organised as follows. Section 9.2 is devoted to the description of
tuning methods where both parametric and nonparametric methods are presented.
The stability and performance robustness measures are defined in Sect. 9.3. The
criteria for tuning the controllers are presented in Sect. 9.4. A simulation study to
compare the stability and robustness performance of the tuning methods is presented
in Sect. 9.5. Section 9.6 describes the application of methods to the ship positioning
control problem. Finally conclusions are drawn in Sect. 9.7.
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Fig. 9.1 The PID tuning methods classification

9.2 Multivariable PID Tuning Methods

The tuning methods described in the literature can be classified under two groups,
as shown in Fig. 9.1, namely, the parametric and non-parametric model methods.
For the first group of methods, a model is built using either historical data, or online
parameter identification is used to develop a model for control design. These meth-
ods require a linear model of the process, in transfer function matrix form or a state
space model, over the frequency range of interest. These methods are more suitable
for off-line PID tuning due the high design and computation effort, but they can also
be used in an online mode if fast computing processors are used for real-time con-
trol. The second group of methods uses only partial modelling information, usually
steady-state model or critical frequency points. These methods are more suitable for
online use where they can usually be applied without the need for extensive a priori
plant information and hence are preferred by the plant operators [8].

9.2.1 Parametric Tuning Methods

Some important methods, which are mostly extension of the scalar case to multi-
variable systems, are briefly described here.

9.2.1.1 BLT Method

Luyben [13] proposed the Biggest Log modulus Tuning (BLT) method. It is an it-
erative method to tune a set of multi-loop PI/PID controllers. The Ziegler—Nichols
settings for each individual loop are first calculated using the ultimate gains and
periods of the diagonal elements the plant transfer function. These settings are then
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detuned by some factor F that is usually between 2 and 5. A stability test is then per-
formed based on the Nyquist plot of the closed-loop characteristic equation. Nyquist
plots are used to determine an appropriate value for F. The BLT method is an off-
line method that requires good knowledge of the process dynamics. Assuming a
plant of transfer function matrix G(s) and a diagonal controller, C(s), the steps of
tuning are:

1. Calculate the Ziegler—Nichols setting for each individual loop.
il. Gei(s) =K (1+ %s), K. = % Toi = TzNi, ZN = Ziegler—Nichols.
iii. Define the function W (jw) = —1 +det[/ + G(jw) - C(jw)],2 < F < 5.
iv. Calculate the closed-loop function L.(w) = 20log o [W (jw)/(W (jw) + 1)|.
v. Adjust the tuning factor F until the peak in the L. is equal to 2N, where N is

the number of SISO loops.

9.2.1.2 Gain and Phase Margin Method

The Direct Nyquist Array (DNA) method (Rosenbrock [21]) is based on shaping
the Gershgorin bands using a trial and error and adopting a graphical approach to
perform the control design. This is often tedious and time consuming. Ho and Xu
[7] have proposed a method of tuning multiloop PID controllers based on gain and
phase margins specifications. The method can tune the multiloop controllers online
using the Direct Nyquist Array Method to meet specified system robustness and
performance. When interactions are significant, the multiloop PID controller design
method often fails to give an acceptable response. Using feed-forward controllers or
de-couplers, the interaction can be appropriately compensated so that effective non-
interacting single SISO processes are obtained. Hang et al. [6] have also reported a
similar tuning method using de-coupling controllers.

9.2.1.3 Minimum Variance Control

Yuosf et al. [29] have proposed a multivariable PID controller based on the solution
of the minimum variance control problem. The ARMAX model is used to represent
the plant as follows:

Al Yy =Bz )u@) + C(z7")w). 9.1)
The PID controller is assumed to have the following structure:

Au(t) = Kjw(r) — [Kp + K7 + Kply(r)
—[Kp+2Kply(r — 1) — Kgy(t —2) 9.2)
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where the PID gains can be calculated from
Kp=VI[-F —2FRlp,
Kp=VIFo+ Fi + Rlp, 9.3)

Kp=VFp,

where F = Fo+ Fiz~' + Fz~2 is the solution to a matrix polynomial equation of
the type

C=EA+77'F,
9.4)
(1-z"YW'=EB+Q.
The method is more suitable for off-line application as it requires an ARMAX model
and extensive computation.

9.2.1.4 Optimal Control-Based Methods

In cost function-based methods, the control design objectives are expressed in the
form of a quadratic performance criterion. The aim is to minimise a single objective
function for determining PID controller setting. A robust LQ design procedure has
been reported by Sandelin et al. [22]. A multi-objective optimisation method is used
to tune PID controllers by Wang and Wu [25]. The design specifications used are
nominal performance, minimum input energy, operational constrains, and robust
stability.

Wang and Wu [25] have proposed a multi-objective optimisation method to cal-
culate the parameters of the PID controller. A cost criterion for nominal plant perfor-
mance is defined and minimised subject to input constraints. There is no guarantee
that the optimisation algorithm converges to a solution and the method is computa-
tionally expensive.

Yanchevsky [27] presented an optimal procedure (with respect to the overall
plant performance) for selecting the PID parameters of a multiloop controller. This
method is based on a centralised LQ problem. The solution is given in discrete time
and a linear feedback results with constant optimal PID parameters calculated from
the matrix Ricatti equation.

9.2.1.5 Internal Model Control (IMC)

Garcia and Morari introduced IMC [5], and the general design methodology of IMC
with PID structure was studied by Rivera et al. [3]. They introduced the concept of
obtaining PID controller parameters by approximating the simple feedback form of
an IMC controller. As a straightforward approach, the control design is based on
an a priori process model and a low-pass filter included for robustness. Lieslehto
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and Koivo [23] developed a multivariable tuning method based on the IMC tech-
nique. Dong and Brosilow [11] have designed robust multivariable PID controllers
via IMC. They have obtained a general form for the parameters of the multivariable
PID controllers by Maclaurin series expansion of the simple feedback form of a
multivariable IMC controller.

9.2.1.6 Robust Decentralised Methods

Skogestad et al. [4], have reported an interesting method for simultaneously tuning
decentralised PI controllers using the standard p-synthesis criterion:

J = mi M)
rlp(lsr;{supmcm (9}

For a full description of this approach, see Gagnon et al. [26].

9.2.2 Non-parametric Methods

The second group of tuning methods is based on the assumption that a detailed
model of the plant is not available. The steady-state gain matrix is usually assumed
to be known or found from the historical data. The following assumptions are usu-
ally made:

The plant is linear and time invariant.

The uncontrolled plant is square and stable.

The controlled variables are measurable.

The classes of input disturbance and reference inputs are known.
The system is controllable by a diagonal PID controller.

The multivariable PID tuning techniques to be studied are the Davison method [2],
the Penttinen and Koivo method [19], the Maciejowski method [14], a new proposed
method (Martin—Katebi method) [15], Generalised Zeigler—Nichols Method [16]
and the Relay Feedback Method [1].

9.2.2.1 Davison Method

The approach outlined in the paper [2] is taken with the only assumptions on the
plant being that it is linear, time-invariant and open-loop stable. It is shown that
conditions for a feedforward and robust feedback controller to exist, as well as the
controller structure itself, can be expressed in terms of the steady-state gain pa-
rameters of the plant. Therefore, it is only necessary to consider the case where
disturbances are constant or at least slowly varying. With these conditions in mind,
Davison’s method reduces to finding the steady-state gain matrix of the plant for
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a step input. The feedback controller is then the inverse of this matrix if it is of
full rank. Note that there is no proportional term in this case and a multiplier ¢ is
included for tuning the resulting closed-loop system.

The expression for the controller is

u(s) = K,»lg(s), Ki =G~ (0) (9.5)
S

where K; is essentially an integral feedback gain, G(s) is the square open-loop
transfer function matrix, and the scalar, ¢, is the tuning parameter. The procedure
for determining ¢ is known as ‘tuning the regulator on-line’ and simply consists
of making adjustments, starting with a very small positive value and increasing so
that the output response of the closed-loop plant for a step function input has a
maximum speed of response. Note that each of the multivariable loops is adjusted
simultaneously. This approach has been applied successfully to chemical processes,
where step tests can be used to find G (0).

9.2.2.2 Penttinen—-Koivo Method

This technique [19] alters the Davison method slightly to achieve a diagonalised
plant at very low and very high frequencies. The expression for the controller is:

u(s) = (K,, + Kl%)g(s), K,=(CB)™", Ki=¢G"1(0). 9.6)

The CB matrix comes from the state-space plant model, or in the absence of a
model, it is possible to perform tests for determining the value of C B. Observe that
y=Cx = CAx+ CBu.If x =0 or the plant is at an operating point, then y = C Bu
or Ay = CBAu at the instant an input is applied. Thus, by applying a unit step to
each input in turn and measuring the gradient of each output immediately after,

cB=[y, 3, ... 3,] 9.7)

where m is the number of plant inputs, and y ‘ is the output gradient in response to
the kth input step.

The reasoning behind this choice of matrix can most easily be seen using an
argument given in [19] as follows. Given a plant in state-space form, the Laurent
series expansion of the transfer function

G(s)=C(sI —A)~'B (9.8)
is

CB CAB CA?’B
G(s)=—+ 3 +—3+
S S S

9.9)

Therefore, at high frequencies, G(s) — CB/s, and G(s)K, — I /s.
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The proportional gain matrix can be selected as K, = (C B)~!'p, where p is a
constant scalar tuning parameter. To ‘tune the regulator on line’, p is increased from
a small positive value until the closed-loop response for a step-input reference signal
is acceptable. p is then reduced slightly, and ¢ is increased from a small positive
value until the maximum speed of closed-loop response is achieved.

The product of G(s) with K, and K; /s approaches pI/s and CBeG(0)~!/s2,
respectively, at high frequencies. The K; /s term will generally be negligible com-
pared to K, at high frequencies, resulting in a closed-loop transfer function,

s+p~lp ... 0
(I+GK)"'GK = : 0 : (9.10)
0 e GEPTIp

at large s
where K = (K, + K;/s). From this, it is evident that properly selected p and & will
produce good high- and low-frequency tracking.

9.2.2.3 Maciejowski Method

This method is aimed at decoupling the system at the bandwidth frequency. The
gains can be calculated as follows:

Ky, =pG '(jwp), Ki=eG '(jop), Ki=8G '(jwp)  (9.11)

where p, ¢ and § are scalar tuning parameters. If a plant model is available, then
this method requires the frequency response at a single point. Otherwise, experi-
mental application of sinusoidal inputs to the actual plant at the desired frequency
will give values for gain and phase. In the case of a nonlinear system, this experi-
mental approach is not strictly valid, but low-amplitude sinusoidal excitation about
the operating point yields a very close approximation to the linearised result.

Clearly, G~ (jwp) will produce complex gains, but to realise such a controller,
the gains must be real. Hence, the ‘Align’ algorithm of Matlab is used to produce
a real approximation of the inverse of G (jw). This algorithm finds a constant real
gain matrix, M, such that

J(M,G):(G(ja)b)M—eje)T(G(jwb)M—eje), 6 = diag(6;) (9.12)

is minimised. The product of G(jwp) and M is then as close as possible to a di-
agonal matrix with elements of unity magnitude. If we let K, = M, this produces
desirable properties in a multivariable system as each loop will be almost decou-
pled. In summary, this method aims to create nearly decoupled unity gain open-loop
transfer functions from a coupled transfer function matrix. If the open-loop phase is
close to —m /2, then the bandwidth will be close to wp, and the closed-loop system
will be stable. Of course, this is the ideal case, and if the open loop phase is greater
than —m /2, the bandwidth will be less than w;. Conversely, an open-loop phase
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lower than —zr /2 will result in a higher bandwidth. The system will be unstable if
the open-loop phase is —m /2 or less. This analysis applies to proportional control
only, as M is a constant gain matrix. Fine tuning may be achieved with the addition
of the integral or derivative terms.

9.2.2.4 Martin—Katebi Method [15]

Maciejowski’s control design technique has many tractable properties and an in-
tuitive control structure. Initial results also indicated that the controller was very
effective. However, since Maciejowski’s control design technique involves plant
frequency analysis experiments (to obtain the process model), it is possible that
industry acceptance for the technique will be low. Martin and Katebi [15] proposed
a new control design technique that retains some of the properties that makes the
Maciejowski controller tractable, but eliminates the need for a frequency analysis.
The proposed control design technique assumes the following control structure:

T,
uk)=K(1+ —2
1—z"1

)g(k) (9-13)

where
K =[«GO)+ (1-a)CG,] "

The proportional and integral feedback gain of the proposed controller is a blend
between the inverse of the plant dynamics at zero frequency and the inverse of the
plant dynamics at high frequency. Thus, provided that the plant has low-pass fre-
quency characteristics, a good approximation of G~!(jwj) can be obtained by ap-
propriately selecting the additional controller tuning parameter, «. The fine tuning
of « is usually in the interval (0, 1).

9.2.2.5 Generalised Zeigler—Nichols Method

Niederlinski [16] proposed an extension of SISO Ziegler—Nichols method to MIMO
system. A critical point is found by closing the loops with P-controller and bring-
ing the system under stable oscillation. The method is however difficult to use for
autotuning. Zhuang and Atherton [30] have used this method for autotuning PID
controllers.

9.2.2.6 The Relay Feedback Method

In recent years, the popular relay feedback method has been extended for autotun-
ing multivariable systems. Unlike SISO case, there are an infinite number of critical
points for a multivariable system, and this makes the autotuning a difficult task.
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Fig. 9.2 Closed-1 Y u y
ig. osed-loop system r e

Instead, the research has been concentrated on extending relay feedback to multi-
variable systems. Two approaches are followed. The first uses partial relay feedback
using a sequential or an iterative tuning procedure by tuning the system loop by loop,
closing each loop once it is tuned, until all the loops are closed. To tune each loop, a
relay feedback configuration is set up to determine the ultimate gain and frequency.
The PI/PID settings are then computed on the basis of this information. Examples
of this approach can be found in Loh et al. [12] and Menani and Koivo [18].

In the second approach, the relay feedback configuration is simultaneously ap-
plied to all the loops. The system output can in general oscillate at different fre-
quencies and with different amplitudes. For typical multivariable systems, the out-
puts will oscillate at the same frequency but with different phases. In addition, the
system steady state is also needed to determine the critical points. For autotuning
purposes, it is more convenient to find the critical points of all loops at the same
frequency. Examples of this approach can be found in Zhuang and Atherton [30],
Palmor et al. [24] and Wang et al. [17].

9.3 Robustness Test

Assuming a nominal model denoted by G(s), the closed-loop system of Fig. 9.2
may be formed. The sensitivity, control sensitivity and complementary sensitivity
functions are defined as follows:

Sensitivity: S= (I +GK)™}, (9.14)
Control Sensitivity: C =K + GK)_I, (9.15)
Complementary Sensitivity: T =GK({ 4+ GK )_1. (9.16)

Davison [2] defined the robust multivariable PID controller as the one which sta-
bilises the plant under first-order perturbation in the plant state space matrices and
asymptotically regulates the system to the desired set-points. Since then, the robust-
ness issue has been extensively researched, and useful results have been developed
to quantify the robustness of multivariable controllers.

For input multiplicative uncertainty defined in Fig. 9.3, the standard closed-loop
system is defined as

-1
—WiT - WiTG i|(s). 9.17)

M(s) = [—WZSG W2 S

Note that other type of perturbation may also be considered, but for comparison
purposes, the analysis is restricted to input multiplicative uncertainty.
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Fig. 9.3 The input
multiplicative uncertainty

Nominal Performance Closed-loop system achieves nominal performance if and
only if

w2+ 6K <1 (9.18)

The weighting function (W) is used to reflect the relative importance of various
frequency ranges for which performance is desired. Since W3 is chosen to be a
scalar, the maximum singular value plot of the sensitivity transfer function at every
frequency must lie below the plot of 1/|W>], i.e.,

o[Wa(I + GK) ' (jo)] < 1. (9.19)
Robust Stability Closed-loop system achieves robust stability if and only if:
|IWiKGUI +KG)™ | <. (9.20)

W1 is the weight on multiplicative uncertainly of the system. Since W is chosen
to be a scalar, the maximum singular value plot of the sensitivity transfer function
must lie below the plot of 1/|W1| at every frequency.

o[WiKGU + KG) '(jw)] < 1. (9.21)

Robust Performance The closed-loop system achieves robust performance if
|Wal +GcK) 7! <1, Ge=(+ WalAG)G (9.22)

where Wy is the weighting on the error signal. The robust performance is guaran-
teed if u(M) < 1. An interesting criterion proposed by Gagnon et al. [4] to assess
the robust performance of multi-loop PID controller is given by

J= min{Z\pLAG(s) [M(s)] - 1}”} (9.23)
i=1

where n is an integer penalty weighting, and m represents the number of frequency
points at which the criteria is evaluated. This criterion does not however penalise
the actuator variations, which is often important in terms of control energy cost
and actuator saturation, wear and tear and hence plant availability. The criterion is
therefore modified in this study to include the control sensitivity:

J= r;(iS{Z[WMme[M(s)] — 1P+ WCMAG(s)[C(S)]]} (9:24)
i=1

where W), and W are appropriate weightings.
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Robust Stability The closed-loop system is stable for all perturbations ¢ (AG) <
[ if and only if

ITellloc <1 Vo (9.25)
where Ty = GK(I + GK)~ L.

9.4 Tuning of Controllers

To allow for an objective comparison of the performance achieved by the multi-
variable controllers investigated in this study, the tuning parameters of each of the
controllers have been selected such that the following penalty function was min-
imised (Wahab et al. [8]):

J= foo[{)z(;)T Qx(t) +u(t)" Ru(t)}] dt. (9.26)
0

The weighting matrices, Q and R, are non-negative definite symmetric matrices,
tuned in such a way that satisfactory closed-loop performance is obtained. It was
assumed that the process dynamics and controller states could be described using

@) = AX(t) + Bu(1), (9.27)
y() =Cx(t) (9.28)

where % (1) = [x(¢) v(t)]T, and where v(k) denoted the controller integrator states.
Under these assumptions, the multivariable PID control laws could be expressed
using

u(t) = —K%(t), (9.29)
u(r) = Ki(1) = K (A% (1) + Bu(1)) (9.30)

where K = [K,. K;]. Then, by substituting (9.30) into (9.26) the following was
obtained:

J= /OO)E([)T(Q + KTRK)Z(t) =3 (0)T PX(1). (9.31)
0

Then by letting
ATP+ PA.+ Q4+ KTRK =0 (9.32)

the penalty function could be written as

J= / Oo)?(t)TP)E(t) =30)TPx(0) (9.33)
0
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where P denotes the solution to the discrete-time Lyapunov equation. Thus, for each
of the PID control schemes, the controller parameters & were selected such that the
matrix norm of P was minimised, i.e.,

min || P||. (9.34)
K

Therefore, the controller parameters @ were optimal in the sense of minimising
the cost function J for specific Q and R. In each of the control design cases, the
above problem was solved using a numerical optimisation method. This approach
is justified when the process interaction is strong and the trial-and-error tuning ap-
proach for all controller parameters would be time consuming.

9.5 Simulation Studies

The example used for testing the tuning methods is the eight-tray distillation col-
umn [9] for separating methanol and water. The model of the system is a 2 x 2
system with the following open-loop transfer function:

12.8¢7%  —18.9¢73
G(S)= 16.7s+1 21s+1 )

6.6e” 7 —19.6e~%
10.95+1 14.45+1

The outputs of the model are the reflux and steam flow, and the inputs are the distil-
late and bottoms compositions.

Nine methods have been used to design a PI controller for the above system. The
methods are:

. Davison Method

. Penttinen—Koivo method
. Maciejowski method

. The BLT method

. Optimal control

Ho and Xu

. IMC method

. Loh et al.

. Wang et al.

N-JE- I - N SO VO R

The Frequency and Time domain indices achieved for each method are shown in
Tables 9.1 and 9.2. Nominal Performance, Robust Stability and Robust Performance
Comparison of methods according to (9.2), (9.3), (9.5) and (9.7) have been shown
in Figs. 9.4, 9.5, 9.6 and 9.7, respectively.
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9.5.1 Discussion

Figure 9.4 shows that the controlled system has achieved nominal performance for
all methods. This conclusion follows from the fact that maximum singular values
are less than one. Methods 1, 2, 8 have not achieved robust stability, and method 3
has best stability robustness as shown in Fig. 9.5.
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Table 9.1 Frequency domain

specification S §(-0D ®m BW Mo
1 114 —31.5 3.6 0.29-0.65 2.6
2 18.4 —-25.9 10 1.2-1.3 13.7
3 04.7 —254 0.9 0.18-0.18 —8.9
4 06.4 —09.3 2.3 0.4-0.12 0.40
5 04.5 —19.3 2.4 0.47-0.25 7.1
6 08.4 —16.2 2.5 0.6-0.21 —12.4
7 12.3 —04.6 34 0.75-0.03 1.2
8 09.9 —17.1 2.8 1.0-0.17 0.92
9 09.4 —21.8 1.1 0.35-0.18 0.33
Table 9.2 Time domain
specifications M 08 % RT (s) ST (s)
1 35-31 9-2.5 43-42.5
2 54-56 8-2 3141
3 12-3.5 9-5 30-9.4
4 10-0 4.2-84 20-130
5 2.3-4 10-5 12-26
6 0-0 3-32 34-48
7 6-0 2.5-51 25-85
OS: Over Shoot 8 53-0 225 19-38
RT: Rise Time 9 39-11 4-8 24-37

ST: Settling Time

Figure 9.6 shows the maximum value of upper bound of wu(M). Robust per-
formance is achieved if (M) < 1. Therefore the methods of 1, 2, 6, 8, 9 did
not achieved robust performance. This is also confirmed by the proposed criterion
of (9.23), Fig. 9.7.

Frequency Domain Specifications Using Table 9.2, the frequency domain in-
dices show that method 2 has maximum peak sensitivity and control sensitivity.
Method 2 also gives the largest bandwidth.

The Step response specification of the methods has been shown in Table 9.1. The
methods are compared for the performance characteristics as follow:

Settle Time Methods 5 and 3 have minimum settling time, and methods 1 and 6
have the maximum settling time.

Overshoot Methods 6 and 5 have minimum overshoot, and methods 2 and 9 have
the maximum overshoot.

Rise Time Methods 2, 3 and 8 have minimum rising time, and method 4 has the
maximum rising time.
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Fig. 9.8 Plan view of the X
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Maximum Actuator Excursion Method 2 has the biggest, and method 6 has the
smallest bandwidth, respectively. This is confirmed by the fact that method 2 has
the largest bandwidth in open loop and therefore lowest disturbance rejection. In
other words, method 6 has narrower bandwidth and consequently more disturbance
rejection.

A qualitative comparison of the methods shows that methods 1, 2, 8, 9 require
the least computation and coding requirements. Methods 3, 6 and 7 require a simple
dynamic model of the system. Methods 4 and 5 require the most design effort and
are often used in off-line applications.

The results demonstrate that a method which combines the best features of meth-
ods 1, 2 and 3 will be most suitable for industrial application as these methods
require a low modelling requirement and a minimum number of tuning parameters.

9.6 Dynamic Ship Position Controller Tuning

Dynamic Positioning (DP) of a vessel (Fig. 9.8) refers to the process of automati-
cally controlling the vessel’s thrusters and/or main screws to maintain the vessel at a
fixed position and heading and/or at a precise speed along a selected track [15]. De-
spite the success of advanced DP control systems, the use of PIDs is still widespread,
particularly for the low-cost DP systems. The main reason for this popularity is the
ease of tuning and commissioning PID controllers. In most systems, SISO PIDs are
used. However, a ship exhibits significant interactions between the various loops,
thus a true multivariable strategy is preferable.
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Fig. 9.9 Control scheme with output notch filter

The forces incident on a vessel due to the environment can be considerably
greater than the available force from the ship’s thrusters. Thus, it is necessary to
both avoid actuator saturation and to save fuel by ignoring disturbances, which
cannot be effectively cancelled. To this end, filters can be employed to attenuate
non-essential components of the spectrum of measured variables. To be specific,
notch filtering of position measurement at the frequency of dominant wave excit-
ing forces, w, = 0.6 rad/s, produces good steady-state tracking, whilst removing
high-frequency zero-mean forces that do not affect the average position of the ship.

A typical block diagram of the control system is shown in Fig. 9.9. The closed-
loop ship control has the transfer function

Y(s) = (sI +TpeGyK,TepN) ' TpGo K, TEpR(s)
+ (1 + TpeGoKTepN) ™ TopGad(s). (9.35)

However, noting that TprTEp = I and performing suitable block diagram ma-
nipulations, the simplified equivalent closed-loop system may be expressed as

Y(s) =Tpe(sI+GoK,N) ' GoKpR(5) + T (s +GyK,N) " Gad(s). (9.36)

The coordinate transformations do not appear within this equivalent closed-loop
system as TprTEp = I and it is clear that they do not affect the dynamics, which
are controlled.

9.6.1 Position and Velocity Feedback

To stabilise the ship, it is necessary to feedback the velocity to increase the closed-
loop damping. Hence, a full multivariable PID is needed to meet the stability and
performance criteria. If the velocity gain Ky (s) is sufficiently large, then the inner
loop can provide enough phase margin such that notch filters can be introduced
while closed-position-loop performance and stability are maintained. Much lower
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gains in the position loop set the bandwidth of the position control and keep actuator
activity to acceptable levels. The closed-loop transfer functions of the velocity loop
are:

Y, (8) =Ty (s)ry(s) + Sy (s)Ga(s)d(s), (9.37)
u (s) =Uy$)ry(s) — Vv (s)Ga(s)d(s), (9.38)
where
Sy(s) = é(l +GyKyN)™!, (9.39)
Ty(s) = §(1+GVKVN)’1GVKV, (9.40)
Uy (s) = g(l +KyNGy) 'Ky, (9.41)
USy(s) = g(l +KyNGy) 'KyN. (9.42)

In the position loop, the closed-loop transfer functions of note are:

Y()=Tp()R(s) + Sp(s)Ga(s)d(s), (9.43)
u(s) =Up()R(s) — Vp(5)Ga(s)d(s), (9.44)
where
Sp(s) =Tge(I +TyKpN)~'Sy, (9.45)
Tp(s) =Tpe(I + TvKpN) 'Sy K pTes, (9.46)
Up(s)=(sI +UyKpNGv) 'sUvKpTp, (9.47)
Vy(s)=(sI + UyKpNGy) ' (UyKpN +5Vy). (9.48)

The design trade-offs for this system are interesting. When selecting feedback gains
for both loops, characteristics such as speed of response, disturbance rejection, de-
coupling, and actuator constraints must all be taken into account. High gains may
produce fast responses and good disturbance rejection but with unacceptable actu-
ator activity. Reducing the gain may bring thruster forces to within the constraints,
but the system will respond slowly and be pushed away from the set point more eas-
ily. The problem of coupling may also appear whereby control energy is expended
on one input to cancel the effect of another control input. This interaction is clearly
undesirable and gives an inefficient overall control system, but may have to be toler-
ated to some extent given other possibly opposing design issues. The velocity loops
are assumed to be tuned, and hence the position loops will be discussed here. For
details of velocity loop tuning, see Martin and Katebi [15].

As discussed in Sect. 9.5, the following methods are most appropriate for online
tuning, and hence they are applied to the ship positioning control problem.
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9.6.2 Davison Method

Moving to the position loop control, it is evident that the Davison method will pro-
duce zero gains, due to the integrators in Ty (s) (9.40). Therefore, the method is of
no value in this case either.

9.6.3 Penttinen—Koivo Method

The Penttinen—Koivo method presents another difficulty because there is no readily
available state-space representation for Ty (s) (9.40). Hence, the method of iden-
tifying CB from step tests is utilised. However, when the Penttinen—Koivo, Ma-
ciejowski or Martin—Katebi design methods are used in the velocity loop, the result
is CB = 0. This result is confirmed by inspection of Ty (s), because every trans-
fer function element has relative degree between numerator and denominator of at
least 2. Therefore, a step appearing at any input will not instantaneously produce an
output. The inverse of C B is infinite in this case, and the Penttinen—Koivo method
is of no further interest.

9.6.4 Maciejowski Method

The initial selection of bandwidth is 0.02 rad/s, because reference filters with this
bandwidth are to be employed in order to keep actuator excursion low and to give
a smooth transition from one position reference to another. Therefore, there is little
point in designing a faster ship controller than this. The bandwidth selected will be
sufficient to reject any low-frequency disturbances encountered.

0.0199 0 0 .
kK=| o 0.0198  —0.00125 | = (Ty (j0.2)N(j0.02)) " (9.49)
0 0.000000652  0.0185
where
K; 1
KP(S)ZK[)—FT-FKdS:ppK-FSPK;+8pKS, (9.50)
Ty (jO.02)N(jO.02)K
—0.0144 — 0.999 0 0
= 0 —0.0143 — 0.999; —0.254 4 0.00362 j
0 0.000135 —0.00000133; —0.00927 —0.931}

(9.51)

The system is clearly well decoupled at this frequency, and once again, the Charac-
teristic Loci are plotted to provide stable values for pp and ep. When pp =1, the
integral action scaling may take values 0 < ep < 0.91.
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Fig. 9.10 Disturbance-to-control-input Bode plot

The Bode plot, in Fig. 9.10, demonstrates the presence of a notch in the frequency
response from wave disturbances to the thruster input at 0.6 rad/s. The three plots
are for different tuning methods in the velocity loop and with the gains indicated.
Similar plots may be obtained for the sway and yaw loops.

9.6.5 Martin—Katebi Method

As with the Davison method, the K; gains will be zero, hence this is just a special
case of the Maciejowski method where e¢p = 0. For each position loop controller,
dp =0 to avoid large thruster forces, and ¢ p is chosen to be 10% of the upper limit
of stable values as a first guess for controller tuning. The final values of pp and
ep will depend on stability; control input magnitude, overshoot, settling time and
decoupling as given in the next section on simulation.

9.6.6 Controller Tuning and Simulation

In this section the performance of the three different control design schemes are
evaluated on a nonlinear model using Simulink. Bearing in mind that the Davison
method was not applicable to the system under investigation, there are three permu-
tations of controller—a Penttinen—Koivo, Maciejowski or Martin—Katebi velocity






