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Preface

The use of control systems is necessary for safe and optimal operation of industrial pro-
cesses in the presence of inevitable disturbances and uncertainties. Over the past several
decades, many controller design algorithms have been proposed. A practicing engineer,
however, needs to take many decisions before the controller can be designed. These deci-
sions include choosing the variables to be controlled, the variables to be manipulated and
their interconnections. The plantwide effect of these structural decisions needs to be borne
in mind as the different units of a chemical plant are often highly interacting. In other
words, the objective of designing a plantwide control (PWC) system is to decide: “where
should the controllers be placed for safe, economic and sustainable operation of the plant?”

In the past three decades, the design of PWC systems has received significant attention
from researchers working particularly in the area of chemical process control. A number
of tools (e.g., for selection of variables and their pairings) have been developed. A num-
ber of competing methodologies have also emerged, which differ in terms of the tools
and engineering insights (heuristics) used and the kind of model utilized. The tools and
methodologies are being increasingly applied to plants that are more complex and of a
larger scale. While the available tools, methodologies and application studies have been
published in archived journals, they are scattered throughout the literature.

The main aim of this book is to provide a state-of-the-art compilation of established
and emerging techniques for PWC design, as well as its applications, in an instructive way
for the benefit of young researchers and industrial practitioners. The book is a collection
of contributions from the leading researchers and industrial practitioners on PWC design.
Every chapter has been reviewed by at least two experts and then thoroughly revised by the
respective contributors. The review process for chapters co-authored by one of the editors
has been entirely handled by the other editor. We are grateful to Dr Yi Cao for coordinating
the review of one chapter co-authored by both the editors. During the review process, every
attempt is made to maintain the high quality and educational value of the contributions.
This has enabled us to achieve a good balance between the breadth and depth of individual
topics.

To aid readability, the book has been divided into five parts. Part I (Chapters 1 and 2)
provides the overview and perspectives on research and development in PWC. Several tools
and heuristics for carrying out subtasks of PWC design are presented in Part II (Chapters
3-8). Part III (Chapters 9—12) deals with systematic methodologies for design and evaluation
of PWC systems. Various application studies taken from chemical, petrochemical, biofuels
and mineral processing industries are used to illustrate the wide applicability of these
approaches in PartIV (Chapters 13—17). Some emerging topics within the scope of PWC



xvi  Preface

are described in Part V (Chapters 18-20). An appendix is also included to discuss some
issues that may be encountered during the use of process simulators for PWC design. The
simulation files for most of the application studies described in this book are available on
the accompanying website (http://booksupport.wiley.com).

This book will be useful for researchers and postgraduate students working in the area
of process control. The contents of this book can be readily adopted as part of the second
course on process control aimed at senior undergraduate and postgraduate students. It will
also allow the industrial practitioners to adapt and apply available techniques to their plants.
Furthermore, readers can choose the chapters of interest and read them independently.

We are grateful to the contributors and reviewers for their cooperation in meeting the
requirements and schedule. We would like to thank our students and colleagues at the
National University of Singapore and the Nanyang Technological University as well as our
collaborators, who have contributed to this book in one way or another. Special thanks are
due to Dr Suraj Vasudevan who assisted with the proofreading of several contributions,
the handling of final submissions from contributors and the preparation of the book cover
and index. Last, but not least, we would like to thank Sarah Tilley, Amie Marshall, Emma
Strickland and Rebecca Stubbs of John Wiley & Sons Ltd for their editorial assistance in
the production of this book.

Gade Pandu Rangaiah
Vinay Kariwala
Singapore

September 2011
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Part 1

Overview and Perspectives






1

Introduction

Gade Pandu Rangaiah' and Vinay Kariwala®
!Department of Chemical and Biomolecular Engineering, National University
of Singapore, Singapore
2School of Chemical and Biomedical Engineering, Nanyang Technological
University, Singapore

1.1 Background

Industrial chemical plants and processes usually involve many types of operations and nu-
merous items of equipment operating at different temperatures and pressures. Consequently,
these plants are complex and also often large in size. The safe and optimal operation of
industrial chemical plants requires the maintenance of critical operating conditions such as
temperature, pressure and composition at their respective optimal values as well as within
safe limits. This challenging task has to be achieved in the presence of known disturbances
such as throughput and product specification changes arising from variations in the mar-
ket demand and requirements, as well as unknown and unmeasured disturbances in raw
material composition, catalyst activity, equipment conditions and environment. Hence, a
reliable and extensive monitoring and control system is essential for the safe and optimal
operation of modern chemical plants.

The monitoring and control requirements from the chemical plants have led to the
development of process control as an important area within the Chemical Engineering
discipline. Accordingly, the majority of undergraduate programs in Chemical Engineering
throughout the world have a compulsory course on process dynamics and control. Further,
many of these programs include an optional course on advanced process control. Many
textbooks on process dynamics and control are available, a number of them into their
second or even third editions (e.g., Ogunnaike and Ray, 1994; Marlin, 2000; Bequette,
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2003; Romagnoli and Palazoglu, 2005; Riggs and Karim, 2006; Svrcek et al., 2006; Seborg
etal.,2010). Advanced and specialized courses in process control such as model predictive
control, digital control, robust control and nonlinear control can be found in the graduate
programs in Chemical Engineering.

Numerous equipment in industrial chemical plants are inter-connected and operate to-
gether in order to achieve the desired process objective such as optimal production of a
valuable product of desired quantity and quality from the raw materials. In effect, there are
complex interactions between the equipment in chemical plants; these are increasing with
energy and material integration and safety and optimization requirements (with consequent
reduction in intermediate storage). A plantwide perspective is therefore crucial for synthesis
and design of control systems for chemical plants, and this in turn has led to the develop-
ment of plantwide control (PWC) as a sub-area within the broad topic of process control.
This can be seen from the inclusion of one or two chapters in the more recent textbooks
related to process control (e.g., Marlin, 2000; Skogestad and Postlethwaite, 2005; Svrcek
et al., 2006; Seborg et al., 2010; Seider et al., 2010). There is also one book dedicated to
plantwide control by Luyben et al. (1998). Another book on plantwide dynamic simulators
by Luyben (2002) is also relevant and useful for PWC applications.

1.2 Plantwide Control

As an example of a typical chemical plant, consider the biodiesel production from vegetable
oil by trans-esterification. The process flow diagram for this process is shown in Figure 1.1.
This process has three continuous stirred tank reactors (CSTRs), two liquid-liquid phase
separators, two distillation columns, a neutralization unit, a wash vessel and several heat

— &
I

| I
Fresh Methanol
Feed Oil d
E1—)—>

Decanter 1 Decanter 2 =
Cooled g
FAME Glycerol rich phase E‘
>
E7 )
Hydrochloric Acid 2

E9
Neutralization

Wash Water Biodiesel Product
Wash Vessel FAME
Waste water Air
Recycl Air Leakage Leakage
ecycle MF Column
Methanol Glycerol Product MG Column
 E—

Q

1

Figure 1.1 Biodiesel manufacture by transesterification of vegetable oil.
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exchangers. The process features a material recycle of un-reacted methanol and an energy re-
cycle stream for energy conservation. The liquid-liquid phase separators can have very slow
dynamics due to their large inventories. A suitable thermodynamic model is necessary for
predicting phase behavior in the phase separators and distillation columns. Besides the prod-
uct specifications, there are upper limits on the maximum temperature (i.e., in the reboiler)
of the two columns in order to avoid decomposition of biodiesel and glycerol byproduct,
which also necessitate vacuum operation. A plantwide control system needs to be synthe-
sized and designed for the complex biodiesel process for its safe and optimal operation. It
should consider and maintain product purities and operating constraints as well as smoothly
change the throughput in response to the variations in the feed availability and/or product
demand. In fact, a control system for this plant is synthesized and tested in Chapter 14 of
this book.

Accordingly, PWC refers to the synthesis and design of a control system for the com-
plete plant considering all aspects such as throughput changes and interaction between
units affecting the safe and optimal operation of the entire plant. Interaction between units
has been increasing with increasing energy and mass recycling due to process optimization
and with reducing inventories due to safety concerns. The main focus in PWC is on the
control system synthesis considering these interactions within the plant, and not on the
design of a feedback controller (although it is one part of PWC). The key questions in
the control system synthesis are: which variables should be controlled, which variables
should be manipulated and how should these be paired? In other words, what kind of con-
trollers are required and where should they be placed for safe, economic and sustainable
operation of the plant? In a complete plant, there are numerous choices for both controlled
and manipulated variables; PWC system synthesis is therefore a large combinatorial prob-
lem. It is also a complex problem since it should consider the dynamics of all equipment
in the plant.

PWC typically deals with the synthesis and development of the regulatory layer of
the control system and can include supervisory layer. The former consists of ubiquitous
proportional-integral-derivative (PID) controllers which directly manipulate mass and en-
ergy flow to the equipment, for example, through control valves. For complete PWC design,
parameters of these feedback controllers, ratio/cascade control loops and so on also need to
be specified. Complexity of PWC is also evident from the numerous PID controllers in a typ-
ical plant. On the other hand, the supervisory layer has one or more model-based/predictive
controllers providing set points for some of the PID controllers in the regulatory layer.

Interest, research and development in PWC can be traced back to Buckley (1964), who
developed the first procedure for PWC. Most of the developments in PWC have occurred
during the last two decades. Figure 1.2 shows the number of articles published in each
year during the period 1990-2010. These data were obtained by searching by topic on
Web of Science for the important keywords (plantwide control, plant-wide control and
reactor separator recycle control) in the subject area of Chemical Engineering. The search
has found many PWC papers known to us, but it has missed some related papers (e.g., on
controlled and manipulated variables selection and pairing). Note that the data shown in
Figure 1.2 include conference papers. In any case, Figure 1.2 gives a good indication of
the research in the area of PWC. It is clear that PWC papers have been increasing since
mid-1990s, with 30-35 papers published in each of the years 2008, 2009 and 2010.
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Figure 1.2 Number of PWC articles published during the period 1990-2010.

1.3 Scope and Organization of the Book

PWC covers selection and pairing of controlled and manipulated variables, degrees of
freedom, comprehensive methodologies, realistic applications and performance assessment
of control systems designed. Obviously, it requires enabling techniques and tools for these
such as steady-state/dynamic simulation and controller tuning. All these are covered in this
book, with emphasis on recent research and development.

This book is broadly divided into five parts. Part I (Chapters 1 and 2) provide an overview
and perspectives on research and development in PWC. Several tools and heuristics for
carrying out subtasks of PWC design are presented in Part II (Chapters 3-8). Part III
(Chapters 9-12) deals with systematic methodologies for design and evaluation of PWC
systems. Various application studies are used to illustrate the wide applicability of these
approaches in Part IV (Chapters 13—17). Some emerging topics within the scope of PWC are
described in Part V (Chapters 18-20). Brief overviews of these chapters are presented next.

In Chapter 2, Downs provides an industrial perspective on the past and ongoing research
activities in the area of PWC. It is emphasized that industrial acceptance requires design
of control strategies, which are easy to understand and can be devised in a time-efficient
fashion with limited information (e.g., steady-state model). These requirements often limit
the application of analytical methods based on a detailed dynamic model in process indus-
tries. Furthermore, Downs highlights the need to develop tools for the important issue of
identifying the most difficult disturbances to be handled by the PWC system.

Chapters 3-5 deal with the identification and pairing of controlled and manipulated
variables; these decisions are collectively known as control structure design. In Chapter 3,
Konda and Rangaiah point out that the traditional method of computing control degrees
of freedom (CDOF) by subtracting the number of equations from number of variables is
tedious and error-prone for large-scale processes. A simple method based on the concept of
restraining number for identifying CDOF is discussed in detail and illustrated using several
case studies ranging from simple units to industrial processes, including a carbon capture
process.
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In Chapter 4, Umar, Hu, Cao and Kariwala present the self-optimizing control (SOC)
based method for systematic selection of controlled variables (CVs) from available mea-
surements. The general formulation of SOC methodology and the local methods for quick
pre-screening of CV alternatives are presented. Branch and bound methods, which al-
low the application of local methods to large-scale systems, are discussed. The detailed
case study of the forced-circulation evaporator is used to illustrate the CV selection
method.

In Chapter 5, Moaveni and Kariwala provide an overview of the key methods available
for selection of pairings of controlled and manipulated variables. Pairing selection methods
for linear time-invariant systems are classified as relative gain array (RGA) and variants,
interaction methods, and controllability- and observability-based methods. Some recent
methods for pairing selection for uncertain and nonlinear processes are also discussed.
Several examples are presented in tutorial fashion to aid the reader’s understanding of the
application of different methods.

In Chapter 6, Luyben presents some ‘common-sense’ heuristics which can aid the design
of practical PWC systems for complex chemical processes. In particular, heuristics are
presented for dealing with recycle streams and determining effective ways to feed the fresh
reactant streams into the process. Some guidelines for tuning the PID controller for different
loops (e.g., flow, pressure, level, temperature and composition) with a plantwide perspective
are also provided. The toluene hydrodealkylation (HDA) process is used to illustrate the
application of these heuristics.

In Chapter 7, Jagtap and Kaistha discuss the choice of the throughput manipulator (TPM).
A heuristic for selecting the TPM for tight bottleneck/economically dominant constraint
control and designing the PWC system around the selected TPM is suggested. The effect
of the TPM choice on the economic performance of two realistic chemical processes is
evaluated. It is shown that the suggested heuristic provides better economic performance
than the conventional practice of using the fresh process feed as the TPM.

In Chapter 8, Downs and Caveness highlight that the PWC system is a mechanism to
shift process disturbances and process variability from harmful locations to other locations
that have less risk, harm or cost to the overall plant. Thus, viewing the process control
system as a variability change agent can provide insights into PWC system development
and analysis. Theoretical analysis and realistic examples are presented to signify the effect
of choosing inventory location and size, TPM and strategies for managing recycle streams
or the management of process variability.

In Chapter 9, Vasudevan and Rangaiah present a review of PWC design methodologies
and applications. The available PWC methodologies are classified based on their approach
and their brief overview is provided. The structure-based classification of PWC method-
ologies is also presented. The industrial processes considered in the reported PWC studies
are listed together with their main features. Finally, PWC comparative studies performed
to date are reviewed.

In Chapter 10, Vasudevan, Konda and Rangaiah present the integrated framework of
simulation and heuristics (IFSH) as an effective and practical PWC system design method.
The main emphasis of this methodology is the use of steady-state and dynamic simulations
of the plant throughout the procedure to make the right decision from those suggested
by heuristics. The IFSH procedure is illustrated on the modified HDA process featuring
a membrane separator in the gas recycle loop. Analysis of the results indicates that the
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integrated framework builds synergies between the powers of both simulation and heuristics,
to yield a stable and robust PWC structure.

Chapter 11 is on the PWC procedure of Skogestad. An important feature of this procedure
is to start with the optimal economic operation of the plant and then attempt to design a
control structure that implements optimal operation, while also considering the more basic
requirements of robustness and stability. The procedure is split into a top-down part, based
on plant economics, and a bottom-up part. The bottom-up parts aims to find a simple
and robust ‘stabilizing’ or ‘regulatory’ control structure, which can be used under most
economic conditions.

In Chapter 12, Vasudevan and Rangaiah present reliable quantitative criteria for com-
prehensively analyzing and comparing the performance of different PWC structures. These
criteria include dynamic disturbance sensitivity, deviation from the production target, total
variation in manipulated variables, process settling time and steady-state economic mea-
sure. These measures are applied to the PWC system developed for the modified HDA
process in Chapter 10. The authors also provide some recommendations for comprehensive
performance assessment of PWC systems.

In Chapter 13, Luyben considers control of an ammonia process containing multiple
adiabatic reactors with ‘cold-shot’ cooling. It is demonstrated that a cooled ammonia reactor
is much more economical because of lower-pressure operation (less feed compressor work),
smaller recycle gas flow rates (less recycle compressor work) and recovery of the exothermic
heat of reaction by generating steam. A PWC system is developed and shown to provide
effective regulatory control for large disturbances.

In Chapter 14, Zhang, Rangaiah and Kariwala consider a biodiesel production plant.
Different alternative designs for the production of biodiesel through alkali-catalyzed trans-
esterification of vegetable oil are considered and a suitable design is selected. A complete
PWC structure is then designed using the IFSH procedure and is shown to give stable and
satisfactory performance in the presence of expected plantwide disturbances.

In Chapter 15, Huang, Chien and Lee discuss the design and control of reactive dis-
tillation processes. Two important operations (reaction and separation) are carried out in
a single vessel in reactive distillation, which makes the control of this process difficult.
For reactive distillation of ethyl acetate with homogeneous and heterogeneous catalysts,
optimal designs are developed and PWC systems are designed systematically. The perfor-
mance of the homogeneous catalyst process is considerably inferior as compared to that of
the heterogeneous catalyst process due to slow reaction rate, which highlights the effect of
process chemistry on the control performance.

In Chapter 16, Seki, Amano and Emoto design a control system for a multistage crys-
tallization process that is part of the product recovery section of an industrial para-xylene
production plant. Multiloop PID and model predictive controllers (MPCs) are designed
for this process. Closed-loop simulations show the superior performance of MPC. The
possibility of constraint switching using a steady-state optimizer to enlarge the feasible
operation region is evaluated.

The economic PWC procedure discussed in Chapter 11 is applied to an off-gas system
by Shang, Scott and de Araujo in Chapter 17. Dynamic models for the off-gas systems
of a smelter’s roasters and furnaces are developed using fundamental principles. It is
shown that the PWC system allows near-optimal economic operation of this process, while
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complying with environmental regulations by avoiding emission of hazardous off-gases to
the atmosphere.

In Chapter 18, Bao and Xu study PWC from a network perspective. The process is
modeled as a network of process units interconnected via mass and energy flow, and a
network of distributed controllers is employed to control the process network. Modeling
of the process and controller networks is discussed. The effects of the interactions between
process units on plantwide stability are analyzed. Lastly, an approach is presented for
control network design to achieve plantwide performance and stability, even when the
communication system breaks down.

In Chapter 19, Seck and Forbes discuss approaches for distributed PWC. It is highlighted
that co-ordinated distributed schemes provide a good trade-off between the advantages of
the centralized and decentralized approaches. For co-ordinated PWC, overviews of price-
driven resource allocation and prediction-driven schemes are provided. Two case studies,
namely, a pulp mill process and a forced circulation evaporator, are used to illustrate the
advantages and disadvantages of the different approaches.

In Chapter 20, Munir, Yu and Young propose eco-efficiency as a way to integrate process
design and control. The thermodynamic concept of exergy is used to analyze the process
in terms of its efficiency. The focus of this chapter is on input-output pairing selection
using relative exergy array (REA), which measures both the relative exergetic efficiency
and controllability of a process. Case studies involving distillation columns are used to
show that the combination of RGA and REA can guide the process designer to reach the
optimal control design with low cost.

Rigorous process simulators are being increasingly used in PWC studies. In the Appendix
of this book, Vasudevan, Konda and Zhang share their experience on the use of Aspen
HYSYS as part of their extensive PWC studies. Selected problems faced by them and the
different solutions that they tried and employed to overcome the problems are presented.
In addition, some general problems together with possible solutions are also discussed.

In summary, this book provides researchers and postgraduate students with an overview
of the recent developments and applications in the area of PWC. It will also allow industrial
practitioners to adapt and apply the available techniques to their plants. Contents of this
book can be readily adopted as part of the second course on process control aimed at senior
undergraduate and postgraduate students. The reader can also study chapters of interest,
independent of the rest of the book.

References

Bequette, B.W. (2003) Process Control: Modeling, Design and Simulation, Prentice Hall, Upper
Saddle River.

Buckley, P.S. (1964) Techniques of Process Control, John Wiley & Sons, New York.

Luyben, W.L. (2002) Plantwide Dynamic Simulators in Chemical Processing and Control, CRC
Press, New York.

Luyben, W.L., Tyreus, B.D. and Luyben, M.L. (1998) Plantwide Process Control, McGraw-Hill,
New York.

Marlin T.E. (2000) Process Control: Designing Processes and Control Systems for Dynamic Perfor-
mance, 2nd edn, McGraw Hill, New York.



10  Plantwide Control

Ogunnaike, B.A. and Ray, W.H. (1994) Process Dynamics, Modeling and Control, Oxford University
Press, New York.

Riggs, J.B. and Karim, M.N. (2006) Chemical and Bio-Process Control, Prentice Hall, Boston.

Romagnoli, J. and Palazoglu, A. (2005) Introduction to Process Control, CRC Taylor & Francis,
Boca Raton.

Seborg, D.E., Edgar, T.F., Mellichamp, D.A. and Doyle, FJ. II1 (2010) Process Dynamics and Control,
3rd edn, John Wiley & Sons, Hoboken.

Seider, W.D., Seader, J.D., Lewin, D.R. and Widagdo, S. (2010) Product and Process Design Prin-
ciples: Synthesis, Analysis and Evaluation, 3rd edn, John Wiley & Sons, New York.

Skogestad, S. and Postlethwaite, 1. (2005) Multivariable Feedback Control: Analysis and Design,
2nd edn, John Wiley & Sons, Chichester.

Svrcek, W.Y., Mahoney, D.P. and Young, B.R. (2006) A Real-Time Approach to Process Control, 2nd
edn, John Wiley & Sons, Chichester.



