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Abstract

This thesis develops and investigates signal processing models that are useful both
for interpretiﬁg ant implementing certain types of Model Predictive Confrol. Two
types of Model Predictive Control are investigated, namely, techniques based on
Internal Model {Controf a.nd Long Range Pre "ctive Control.

The work on Internal Model Control is concerned with developing and testing an
approach to implementing constrained Internal Model Control that caters for ab-
. solute and rate process input constraints. The proposed Internal Model Control
configuzation is also extended to include feedforward control. The resulting Internal
Model Controller is unique in that both the feedback and feedfarward controllers are
serviced by the same constraint mechanism. Demgn equations and rules for ensurmg
integral action are preaented '

The work on Long Range Predictive Control is concerned with dewlopmg a signal
processing model for a Long Range Predictive Gontrol algorithm called Multi-Step
Predictive Control. The propoted modal allows implementation of features snch
as integral action, dead-time compensation, absolute and rate process input con-
straints, a reference trajectory and constrained feedforward control., The proposed
model is significant in that the inter_p'reta.tioh of the signal processing and structure
of the algorithm is now completely transparent. The proposed model facilitates
the impiementation of Long Range Predictive Control on standard contral softwars
de{relnpment platforms, enabling rapid prototyping of Long Range Predictive Con-
trollers.

The properties of Long Range Predictive Coatrol are investigated using the proposed
Multi-Step Contrel model. Egquations linking Classical Control and Long Range |
Predictive Control are derived. Using these equations, it is possible to analyse _
;iwspective Multi-Step Predictive controllers using classical contrel concepts. A
comparative study concludes that the Long Range Predictive Coutrol algorithm has
similar properties to an extended version of the Internal Model Control algotithm
proposed in the literature, which has a special architecture for hardling process input

ii



constraints, This link coafirms many reports in the control literature of successful
applications of constrained Long Range Predictive Control,

Extensive testing of the proposed Model Predictive Control signal prncessihg mddéls,
applied to laboratory equipment simulating a typical industrial heating process,
provides evidence of practical implementations o the methods. The 'experimental
results derived from the tests confirm maay of the theoretical arguments presented
in the thesis. A strong emphasis is placed on designing Long Range Predictive
Controlless using the derived equations which link classical and predictive coatrol.
The cxperimental results compare favourably with the predicted behaviour based
on classical controi design. ' '
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Chaptei' 1
Intro duction

1.1 Background

 Interest in model-based control algorithms was spurred on by rapid development
of digital computer technology in the 1970s (Smith 1972). The availability of ad-
vanced computer technolagy for process control applica.tidns- prompted researches to
find improved methods for designing and implementing process control systems, It
was recognised that the classica! contro’ approach to the problem. of designing and
implementing process control systems was expensive and did not always meet the
demands of industry. '

The achievements of classical control methods as applied in industries such as the
aerospace industry are well known., However, these methods of control have not been
as successful in the process industries. The asrospace industry car afford to spend
extensive =ffort on modal identification and the design of each controller because the
cost. of design is usually spread. over many units. However, the process industries
cannot justify this effort becanse each control problem tends to be unique, Design
specifications also vary & lot. Industrial processes are highly multivariable, long
transport delays are a common characteristic and the physics of the process are
ususlly not well understood. Also, process control systems are usually subject to
stringent, operating constraint requirements. These factors make the design of the
controller difficult using classical control methods. '

In a survey (Garcia, Prett & Morari 1988), it was pointed ouf that the opérat.ing
poinis of a plant that satisfy the overall economic goals of the process will lie at the
intersection of constraints (Arkun 1978, Prett & Gillette 1979). The constraint issue
is usually ignored during the design phase of the classical controller and treated in
an ad hoc manner in the implementation phase. This approach leads to significant,
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performance compromises. To address these probiems, a family of control methods,
known as Model Predictive Control {(MPC) has evolved.

Model Predictive Control (MPC) refers to a hierarchy of control algorithms that
make explicit use of a dynamic model for the purpose of implementing feedback
control. MPC algorithms are separated into groups which are identified according
to the method of contrel algorithm formalation. Twe distinct proups of MPC are
identified, the Internal Model Control (IMC) and the Long Range Predictive Control
(LRPC) algorithma, '

Model Predictive Contrel

//\

Lang Range Predictive Control . Internal Modsl Contral

Fd
DMC MAC - MSC

Kdapr.iva Non-linear
LRPC LRPC

Morari's IMC Goodwin's IMC

Peterka’s Ydstie's
Predictive ~ Extended EPSAC.
Contral Harjzon Design

Figure 1.1: Hierarchy of Model Predictive Control Algorithms

Although the concept of MPC dates back t before the 1960s (Newton 1952}, the
process industry’s interest in MPC developed inainly from a set of papers which ap-
peared in the late 1070s. Ir. 1978 Richalet (Richalet, Rault, Testud & Papon 1878)
proposed a control algorithm called Model Predictive Heuristic Control, whose soft-
‘ware imiplementation is called IDCOM (Identification and Command). The method
was continuously and successfully applied to a doven large scale industrial processes
for more than a year bofore the method was published. At the same time, engi-
neers {Cutler & Ramaker 1079, Prett & Gillette 1979) at Shell were working ona
similar algorithm known as Dynamic Matzix Control (DMC) and in 1979 a saccessful
application of DMC applied to a catalytic cracker was reported. The IDCOM and
DMC algorithms wera developed independently of each other. The algorithmes relied



on an explicit dynamic madel of the plant to calculate moves of manipulated vari-
ables that minimise future projections of errors in the controlled variables. Hence the
nane *Model Predictive Control”. Since these early publications, several MPC algo-
rithms have emerged. The important Long Range Predictive Cantrol Algorithms are
the DMC algorithm (Cutler & Ramaker 1879, Prett & Gillette 1979, Cutler 1983),
the QDMC algorithm (Garcia et al. 1989), the IDCOM algorithm (Richalet et al,
1978) and the MAC algorithm (Rouhani & Mehra 1082). Adaptive LRPC algo-
rithms have also been reported: Clarke’s GPC algorithm {Clarke, Mohtadi & Tuffs
1887 q, Clarke, Mohtadi & Tuffs 19875, Clarke & Mohtadi 1980}, Peterka’s Predictive
Control {Peterke. 1984), Ydstie’s Extended Horizon Design (Ydstie, Kershenbanm
& Sargent Nov 1985, Ydstie & Liu 1984), the EPSAC algorithm {VanCauwenberghe
& DeKeyser June 1985) and the MUSMAR algorithm (Greco, Menga, Mosca &
Zappa 1984). The Internal Model Control algorithm was advocated by Garcia and
Morari (Garcia & Morari 1982). Goodwin (Seron, Goodwin & Graebe 1995, Good-
win, Graebe & Levine 1993) presented a variation of the IMC model and proposed.
an improved method for handling actuator saturation.

The LRPC algorithms reported in the literatire are all based on a receding horizen
control approach (Athans & Falb 1966), which refers to a policy whareby the control
action for each sampling pericd Is calculated by minimising the projected error in
the controlled variable over a finite prediction horizon. At each sampling period
the horizon appeats to recede, as the contral criterion is shifted one step ahead
in time, This approach to implementing feedback control differs from the optimal
tontrol approach which usually derives a fixed controller from an infinite horizon

coat criterion.

The LRPC algorithms calculate the control action for each step by solving a con-
strained optimisation problem which caletlates the optimal set of projected control
actions to minimise the projected error between the desired future plant outputs and
the predicted future plant outputs. The solution is subject to operating constraiats
derived from the process cohstraints imposed on the system. This optimisalion
problem makes use of a dynamic model of the plant to project the plant's future
outputs. This model will be referred to as the Predictor Model. The model rep-
resentations differ between algorithms. The model can be represented either bj a
trincated impulse response model, a step response model, a state space model or a
~ transfer function model, '

The important features of LRPC algorithms are,

o inherent compensation for interaction,
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o inherent dead time compensation,

inherent integral action,

Q

high performance control with few, easy to select tuning parameters,

o it is easily tuned for robustness,

-]

it handles process constraints.

1.2 Contribution of this thesis

" Current research on model based control seems to be moving towards incorporating

non-linear models into MPC techniques (Brengel & Seider 1989, Hernandes & Arkun
19%0, Patwardhan, Rawlings & Edgar 1990), The use of neurel networks (Bhat &
McAvoy 1990, Parisini & Zoppoli 1994}, which offer potential for modelling non-
linear ﬁroceéaes, has been teported in applications of nonfinear MPC (Lee & Park
1992}, However, recent research by Goodwin {Seron et al. 1995, Goodwin et al.
1993} seems fo suggest that the work on MPC using linear system models is atill

‘incomplete. Goodwin showed that a special acchitecttre is required if actuator sat-

uration constraints are to be handled correctly. Goodwin’s results and the block
diagram modelling approach used to ideatify and solve the problem bave prompted
a similar investigation, carried out in this thesis, into other methods of MPC, .

The aim of this thesis is to investigate MPC control and to develop signal processing
models for improving the understanding and interpretation of MPC algorithms,
Although the work is limited to the single-input-output case, it builds a foundation
on which the multivariable algorithms may be developed and analysed.

Initial stages of this thesis continue the work of Goodwin on constrained IMC. The
work includes the following contributions,

o A modified version of Goodwins IMC model s proposed that extends the
controller to the strictly proper case (Bolton & MacLeod 1587m).

o An extension to Goodwin’s IMC model is presented that extends the con-
traller’s constraint handling ability to absolute as well as rate actuator con--
straints (Bolton & MacLead 1997¢).

.a A new approach to designing and implementing feedforward control using au '
IMC configuration is presented (Bolton & MacLeod 1997a). Three important
contributions are made, . o



- — An architecture is proposed that incorporates feedforward control into

" the proposed IMC configuration. The architecture is significant in that

it enables the same constraint handliag mechanism to service both the
feedback and feedforward controllers.

— A new design equation is proposed for designing the feedforward controf
filter. This is significant as it is a function of the feedback and feadforward
controller responsé filters.

-- Rules for ensuring integral action when using the proposed feedforward
framework are presented. '

* Part II of the thesis is ¢ urrned with developing and investigating an LRPC algo-
rithm called Multi-Step Predicti+~ Control (MSC) (Bolton 1984, Bolton & MacLeod
1987¢). A signal flow diagram - - * MSC algorithm is developed using discrete
building blocks. Investigations basew un this model confirm that LRPC algnrithms,
such as the MSC algorithm, are consistent with Goodwin’s constraint handling ar-
chitecture. This is a significant finding. It confirms many reports of successful
applications of constraiued LRPC.

The contributions made in Part IT of the thesis are,

e A predictor equation is defined which is a nseful building block for developing -

LRPC algorithms (Bolton & MacLeod 1997K).

o A modular model of the M5C algorithm is proposed (Bolton & MacLeod
19874} This model is useful for interpreting the signal processing and structure
of the algorithm. The model has all the feattres of typical LRPC algorithms,
including a referance trajectory (Be'ton & MacLeod 1997).

o Investigations based on the proposed MSC modular fra.mework confirm that
LRPC algorithms, such as the MSC algorithm, are consistent with Goodwin’s
" constraint handling architecture (Bolton & MacLeod 1897/).

o Based on the link between the MSC algorithm and Goodwin's IMC model a
new constraint handling mechanism is proposed which handles absolute and
rate process input constraints (Bolton & MacLeod 19975). The new method -
does aivay with the need for the quadratic program.

.+ Based on the proposed signal flow diagram of the MSC algorithm, teans
fer functions for the loop transmission and closed loop response aré derived
(Bolton & MacLeod 1997g). These equations, which are useful for analysing
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the dynamic pecformance of a prospective LRPC controtier, represent impor-
tant links between classical and predictive control theories.

A rbbust control design method i&-proposed for designing robust MSC co. -
trollers (Boiten & MacLeod 1997h). :

A Feedforward control medule is presented which extends the proposed MSC
modular model to include feedforward control (Bolton & MacLeod 19974,
Bolton & MacLeod 18975). The proposed maodel is similar o the feedforward
IMC model presented in Part L. A mechanism for de-tuning the feedforward
controller is included in the design. Both the feedforward and feedback con-
trollers are serviced by the same constraint handling mechanism. Although
the concept of feedforward control is not new to LRPC, the proposed frame-
- work is useful for interpreting the interaction between LRPC's feedback and
feedforward control mechanisms. ' '

Part III of the thesis is concerned with practical testing of the proposed IMC and
MSC controllers. Experiments are carried out on Feadback Instrument’s PT326
laboratory-scale process trainer. The experimental results confirm many issues put
forward in Parts I and II. The contributions made in Pact I of the thesis are,

» Experimental results emphasising the need for constraint mechanisma are pre-

sented.

— Examplel: Performance degradation resulting from integral windup.

- Example2: Incorrect constraint handling approach. A common method
for handling constraints is to place a ronstraint mechanism at the output
of the controller, in an attempt to ensure no constraint violations. This

_ method is shown to promote integral windup, which significantly degrades
thre contiollers performance.

o Experimental results based on Morari's IMC actuator constraint handling ar-
chitecture confirms Goodwin's suspicions that the method is incorrect. The
experimental results show evidence of integral windup.

o Experimental results, demonstrating the absolute and rate actuator constraint
mechanisms of the proposed IM( controller, are presented. No evidence of
integral windup is observed. These results confirm that the proposed IMC
framework for implementing absolute and rate actuator constraints i correct.

o Experimental results are  resented, devived from experiments which demon-
strate the proposed MSC mnodular framework presented in Figure 11.1, The
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following issues are invostigated.

— The absolute process input consiraint handling mechanjsm.

— The interaction of the MSC algorithm’s absolute and rate process inpﬁt
constraint handling mecharism.

- The MSC controller controlling a process that has a non-linear actuator.
— The MSC algorithm’s reference trajectory mechanism.

— The effeci, the selection of the control horizon length has oi;l' the MSC
controller’s pecformance.

The results derived from these experiments are an important contribution as
they provide practical results on which the alporithm may be assessed.

e Experiments are carried out to compare the robustness and trausient perfor-
maace of PID, IMC and MSC controllers. The following contributions are
made in this section, '

— Equations are derived in the thesis which link claseical and predictive
control theory. These equations are used in a frequency domain design

" of a rohust MSC controller. The messured performance of the MSC
controller is a close match with the predicted coatrol performance. These
results are important contributions, because they confirm that the derived
equations linking cla.s'sical and predictive control theories are valid.

— The experimental results confirm that althougl. the model based con-

" trollers are designed using a fixed plant model, it is possible to obtain
significant robustness with the MPC controller for changing plant condi-
tions. . :

~ Experiments that compare the set-point and disturbance rejection tran-
gient responses of PID, IMC and MSC controllers confirm reports in the
control literature that MPC controllers can out-perform PID controllers.
Evidence of dead-time compenzition can also he observed. '

1.3 Overview of the thesis

Part I: Internal Model Contsol Extensions:

Chapter 2: Strictly proper IMCIwith active process input constraints
Strictly proper controllers are essentiat for ensuring that artuator activ iy is insensi-
tive to high frequency nolse. This chapter shows how to design a strictly proper IMC

-
r



controller with active input constratnis. Simulation results emphasise the benefits
of using a strictly proper controllar for a system with severe high frequeacy sensor
noise and emphasise the ability » ©* controller to handle ir| 4t constraints.

Chapter 3: Absolule and Rate constraint mechanism

Actuator saturation may degrade the performance of a feedback control system
and in some cases cause premature 2ging of the actuator, A method for handling
actuator saturation is to include = constraint mechanism into the feedback controller.
This chapter presents a new constraint mechanism which allows fur active rate and
absolute process inputs constraints. A simulation study of the proposed feedback
controller with the new constraint mechanism is carried out. The simulation results
emphasise the ability of the controller o handle input constraints.

Chapter 4: Improved feecdforward control framework for IMC control

It s important to ensure that the inclusion of feedforward control into a system
does not lead to actuator saturation. This chapter presents a new feedforward IM©
framework with a constraint mechanism that supports both feedforward and fued-
back control. Simulation results emphasise the benefits of the proposed framework

-and show that improved disturbance rejection is possible with the inclus™~~ of the
feedforward controller and that the constraint mechanism supports be feed-
forward and feedback controliers. '

Part II: Multi-Step Predictive Control

Chapter 5: The Predictor Equation .
A predictor equation for Mulii-Step Predictive Control is presented in this cha.pter.' :
This equation is derived from a dynamic model of the process. It provides a foun-

dation for the development of 2 modular approach o predictive control. Isaues such
as integral action are discussed in the chapter and a method for including integral
action into the predictor equation is presented.

Chapter 8: The Reference Trajectory
The referance trajectory in a long range predictive contre! algorithm is a useful

mechanism for describing the control criterion. The trajectory is usually generated
using a recursive equation derived from a first order discele time model. This
chapter translates this recursive equation into a block diagrain model. This model Is
a useful building block and is used (separate chapter) in the derivaion of a complete
modular maodel of the Multi-Step Predictive Controf (MSC) algorithm.



Chapter 7: New Building Block for Predictive Control - First Order Fitter
A building block for long range predictive conl;ro_l that performs the equivalent filter-

jng action as a first order transfer function is presented in this chapter. A demonstra-
tion of the proposed filter shows that it is possible to regulate the filtering action by
changing the time constant of the fitter. Thig filter module is used in the feedforward

module of the Multi-Step Predictive Control (MSC) algorithm. '

Chapter 8: M5C Control - The Basic Algorithm,

The advantages of using Long Range Predictive Control {LRPC) techniques are
discussed and a LRPC algorithm called Mulii-Step Predictive Contr.’ (MSC} is
presented in this chapter. The technical details of M3C, such as the prediction hori-
zons, the predictor equation, integral action, cost function, and reference trajectory

are discussed. The material presented in this chapter builds a foundation for future
work in which a modujar model of MSC control is investigated. -

Chapter 9: Modular Approach to Predictive Control
A modular framawork for Multi-Step Predictive Control (MSC) is presented. This
framework is formed by linking discrete building blocks together to form a dynamic
model of the MSC algorithm. The significance of the proposed framework is its abil-
ity to be imported directly into dynamic simulators such as Simuiink. This chapter
builds a foundation for future work in which the dynamics of the unconstrained
MSC controller are investigated using linear system analysis tools. .

Chapter 10: Investigation into structure of Predictive Control
Goodwin has shown that a special architecture is required when implementing con-

straint mechanisms inside a feedback controller. This chapter investigates the con-
straint mechanism of Long Range Predictive Control (LRPC) and compares this with
Goodwin's approach. The investigation is carried out using ‘he modular framework
of Multi-Step Predictive Control; The results show that LRI 2’s constraint architec-
ture ia similar to Goodwin's IMC method. This key result is a possible explanation
as to why LRPC’s constraint haﬁdling performance has been observed to be superior
to other techniques. '

Chapter 11: Proposed Constraint Mechanisms for MSC Conirol _
A new constraint mechaniem for Multi-Step Predictive Control is proposed which

4 places constraints on the rate anz absolute process Input signals. An investigation
into the architecture of the MSC algorithm shows that it Is possible to teansfer the
" rate and absolute constraints from the quadratic progeam to a separate module.
This finding rapresents a significant advance bacause the quadratic program which
caleulatns the projected optimal control actions is reduced to a closed form solution.



Significantly fewer computations are required using the proposed algorithm. The
results of a simulation study demonstrating the proposed algorithm show the ability
"of the coutroller to handle rate and absolute process input constraints.

Chapter 12: Links between Classical Contral and Predictive Control Theory
Links between classical and predictive conirol are investigated in this chapter. The

transfer finctions of the Loop Transmission and Closed Loop Response are de-
rived by analysing the signal processing of the unconstrained Multi-Step Predictive
Control modular framework, The equations derived in this chapter are important
analtytical tools for investigating the frequency domain characteristics of the Long
Range Predictive Centroller, A demonstration of the equations is presented where
the equations are used to analyse typical predictive control problems.

. Chapter 13 Robust MSC Control Design Method
A robustfrequency response design method for Multi-Step Predictive Coatrol (MSC)
is presented. This design method relies on analytical tools that translate a given
predictive controller into its equivalent classical controfler. The robust desigu is
then carried out using standard classical control analysis. Uncertainty is included

in the design method by describing key frequency responses using plant uncertainty
templates. Frequency response templates for the loop transmission, closed loop
responge and typical disturbance responses are generated, A flow chart of the design
method as well as methods for tuning the MSC controller are presented. An example
of a typical rabust LRPC dedign is presented which demonstmu..-, the potential of
the design method.

Chapter 14! MSC Control with Feedforward Control

A modular framework for Multi-Step Predictive Control (MSC) with feedforward
control is presented in this chapter. A signal flow diagram of the proposed feed-
forward controller ia presented which provides insight into the interaction between
the feedback and feedforward control mechanisms of Long Range Predictive Con-

trol. An important feature of the proposed model is the abllity of the predtctive
controller’s conatraint mechanism to service both feedback and feedforward control.
This feature is important as it prevents conatraint violations from uc:curriﬁg when
feedforward control is added into the system. A simulation study of the propoaed
MSC algorithm applied o a typical process control dynamies problem is presented.
The simulation results show that the inclusion of the faedforward controller into the
MSC algorithm provides improved disturbance rejection for disturbance responses
which are accurately modelled and predictable,
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Part IIi: Assessment of IMC and MSC Control

Chapter 15: Implementation

" The hardware used to demonstrate the control algorithms is presented in t.hj,s chap- -
ter. The essential hardware conaists of Feedback Instrument’s PT326 process trainer
and dSpace's DS1102 digital signal processing card which has 2ll the signal process-
ing features required to implement advanced contral algorithms. The dynamics of
the PT326 are ideal for assessing advanced contral algorithms. The unit has sig-
nificant dead time and a mechanism for varying the dyhamic characteristics of the
process, Two generic models of the process are identified. The first is a Jow order -
model with a transport delay. This model is ideal for PID type controllers, The
second is a high order model with a transport delay. This model is ideal for the
proposed TMC and MSC cantrollers.

Chapier 16: Demonstration of IMC control

This chapter assesses IMC gontrol’s process input constraint handling mechanisms.
Several experiments are carried out on Feedback Instrument’s _PT326 process trainer
with the objective of demonstrating, ' '

o the performance degradation resulting from integral windup caused by actua-
tor saturation, ' . -

¢ incorrect methods of handling process input constraints,
o Morari’s IMC constraint handling model,
o the propared IMC cantroller (Chapter 3}.

The results of the experiments confirm that Morari’s IMC configuration for han-
dling actuator saturation is incorrect. Aorari’s method shows evidence of controller
windup when responding to a set-point step change, The proposed IMC model pre-
sented in Chapter 3 performs well. The resuits show no evidence of integral windup
and no evidence of overshoot when responding to a set-point step change.

Chapter 17: Demonstration of MSC control

Practical tests of Multi-Step Predictive Control applied to Feedback Instrument‘ :
PT326 procese trainer is presented in this chapter. These deronstrations investigate

varies key features of the algorithim and provide a foundation, based on measured

plant responses, on which the MSC algorithm is assessed. The features which are

investigated are summarised as follows.

o Damonstration of MSC’s absolute and rate constraint mechanisms.
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¢ Demonstration of the MSC algorithm .cont.mlling a process which has a non-
lirear actuator, such as a pnevmatic valve.

e Demonstration of MSC’s reference trajectory feature.

o Investigation of what effect varying controi horizon lengths have on the con-
troller’s performance.

The results of these demonstrations confirm that MSC control is a high perfnrmancé
contrel tachnique wall suited to controlling induatrial processes that require dead
time compensation, process input constraints and integral action from the controller.

The demonsiration of the algorithm’s reference trajectory feature confirms that the
reference trajectory adds an extra degree of freedom to the design and implementa-
tion of the controller, which enhances the quality of control. '

Chapter 18: Comparigon of PID, IMC and MSC control
This chapter compares PID, IMC and MSC control by carrying out experiments

which investigate the robustness aud transient performa.nce of the controllers. The
chapter is separated into two sections.

The first section investigates the robustness of the controllers. This is dore by de-
signing robust PID, IMC and MSC controllers that conform to design specifications.
Issues such as plant ancertainty, constraints on controller bandwidth due to sensor
notse and constraints on the transient respons - of the feedback system are conatdered
in the design. These controilers are demonstrated on Feedback Instrument's PT326
process trainer, The process dynamicé are changed by varying the throttle blower _
angle between 20° and 50°. The transient response thumb print for each controller
15 recorded and graphed.

The second section inv&ﬁﬁgates the transient performance of the controllers. Two
types of transient responses are considered. A set-point transient response and a
disturbance l‘ﬁ_]ECtlDIl transient response.

The results of the study confirm that MSC control is 2 high perf’orma,nce control
algorithm which improves on the quality of control offered by PID contrcl. These
resuits are significant as they demonstrate the benefits of ;Jsing advanced control,
-The chapter is concluded with a table which compares the PID, IMC and MSC
control.

12



Part 1

.Inte.rnal' Model Control

Extensions

13



Chapter 2

Strictly Proper IMC with Plant Input
Amplitude Constraints |

Recent developments show that the original IMC framework presented by Morazi
{Morari & Zafirion 1984) is incomplete. Morari states that if control is implemented
in the IMC configuration as shown in Figure 2.1 , input constraints do not cause
any problems. However, Goodwin (Goodwin et al, 1993) shows that this IMC con-

Figure 2.1: Conventional IMC contral

figuration iz still affected by constraint violations. Goodwin poati_lla.tes that the
plant model inherent in Q{s) is not being driven by a constrained Input. Using a
unique feedback configuration Geodwin shows how to invert ({s), which enables
a non-linear block to be inéorpora.ted into_the inverted controller. In this way the
plant and both plant models are driven by the same constrained input. Goodwin's
method is identical to the configuration shown in Figure 2.2 when K (s} = 1. With
A'(s) set_to unity, the controller is not strictly proper, This is because the teanater
Function F=1(8)(¥(&) is biproper, which is & necessary requirement for the Inversion

of Q(s).

This chapter extends Goodwin's IMC configuration to the strictly pmbér case and
shows how this extension can reduce the effect of sensor noise at the plaqt input.
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Figure 2.2: Signal flow diagram of simulation
This is an important iinprovement, because many kinds of actuator are adversely
affected by noisy signals.

The chapter ié organised as follows. Section 2.1 gives reasons why practical con-
trollers should be strictly proper. A filter that ensures a strictly proper IMC con-

troller is proposed in Section 2.2, Practical issues to consider when implementing -

the filter are presented in Section 2.3. The chapter is concluded with a slmulation
study. '

2.1 Sensor noise

If the sensor output signal contains signiﬁcant high-frequency noise and the con-
troller’s bandwidth is sufficiently large to pass these to the actuator signal, then
premature failure of the actuator may result. A way of coping with this problem is

to design the feedback loop such that the bandwidth is minimised and to decrease _

the controller gain as fast as possible for frequencies greater than the Joop handwidﬁh
(Horowitz 1063). This requires a strictly proper controffer.




2.2 Proposed filter

The design of the filter Q{s), based on Goodwin's method relies on the specification
of F(s), ('(5) and go. G"(s) Ia the IMC filter's plant model, which is initially assumed
to have no NMP zeros and no transport delay. F(s) is the specification of the closed
loop response transfer function, which must have the same number of poles as G/(s)
has zeros. This ensures that F(s)}(G’)~1(s} is biproper i.¢., has the same number of
poles and zeros, The parameter g, is the high freque:icy gain of the transfer funciion
F(a){G')~1(5), defined as

qo=wlgg°[F(3w)(é’)'-1(:w)] e

In Goodwin’s interpretation of the IMC controller t:he filter Q is a blproper tra.usfer '
function defined as,

Qs) = F(s)(G)™(9) - {22
Suppozse that an additional transfer function is connected in series with this transfer
function, such that .
Q'8 = F(s)(G) MK (s) (2.8)

where K'(s) is a low pass filter such that Q'(s) is & good approximation of Q(s) in
the important frequency range. This condition can be stated in mathématical terms
by defining, o o' n '
() = Q%’T}l(ﬂ . (24)
where [, () is the apprmuma.tmn error at fre.quancy w tad fsec, A possible criterion
for the selection of K*(s) s

ln(w) €1 for w<wy (2.5)
where wg s the bandwidth of the IMC filter Q{s). |

The filter X’(s) can be incorporated into the IMC filter using the Equation derived

in Appendix A.l
K() = — FEC MK s
%a = K'(8)[5. — F(sH(G")~1(3)]

which maps the transfer functlon of () to K(s). The inverse filter is shown in

| (2.6)

Figure 2.2, where the inclusion of the filter & (s) ensares a strictly proper controller.
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2.3 Issues in implementing filter

2.3.1 Stability of K{s}

It is important to ensure that K'(s) is stable. If not, any unstable mode present
in K (s) could be excited by noise and grow without bound. Equation 2.6 can be
rewritten as (Appendix A.2),

K(s) = 2RO (2.7)
: 1+ qull—. q;f;ﬁ
which can easily be tested for stability by checking the gain and phase gains of the
transfer function, ots)
s
e 2.8
o wll— Kol (28)
Equation 2.8 can be rewritten as,
[ [t |
b o1l B @9 -

Case studies have shown that the higher the bandwidth of K'(s} in relation to
2(2), the more poles and zeros are cancefled in the realisation of K(s). Also, if the
bandwidth of X' (s) is sufficiently low, the transfer function K (s} may have poles in
the right hand plane.

Therefore a good criterion for the design of K(s) is to select the bandwidth of K'(s)
small enouzh to reduce the actuator activity to an acceptable level, but also large
enough such that no poles of K(s) are in the RHP,

Equation 2.7 is derived in Appendix A.2. A Root Locus method for selectmg a K'(s)
which results in a stable K(s) is presented in Appendix A.2.

2.4 Simulated example

A simulation study is carried out to investigate the benefits of the proposed filter
and also to emphasise the constraint handling abilicy of the controller, The signal
flow diagram of the simulation is shown in Figure 2.2.

As the aim of the study is not to investigate the ability of the controller to handle
madel uncertainty, it is assumed that there is no modelling error. A plant wodel,

G(s) =G(s) = (2.10)

3’+(}Gs+1
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Figure 2.3: Pole zero map of filter and appfoxima.l:ion error {1, {w))

is selected that has long dead time and small damping factor, commean to certain
types of industrial plasits.

A suitable disturbance, oreurring at the plant output, is specified that canses the
actuator to saturate when the controller attempts to null the offset error caused by
the disturbance. The distorbance at the plant output is defined as,

0 if £ <= 100 sec :
dif) =< —0.2 ¥ 100 <t <= 200 sec (24D
0.5 if ¢ > 200 sec

A sensor noise signal is specified that has a bandwidth significantly larger than the
controller’s bandwidsh. The amplitude of the noise is selected [arge enough to cause
oscillations in the plant input signal if precautions are not taken to enstire that the
controller’s gain is attenuated outside the operating ba.ndw1dth The sensor noise
signal, n{t), has the following settings:

Noise Bandwidth ' = . = 628 rad/sec
Noise amplitude distribution = ¢ = 0.2 units
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2.4  Controller design

A suitable model of the plant, inherent in.the IMC Flter §{s), is based on the
nomipal plant model defined in Equation 2.10 and may he approximated by,
—l |

_ &t + 08541

The IMC controller i tuned by apecifying a suitable closed loap response filter, F(s), -
that conforms to time domein speciﬁcationé. For this design typical time domain

&s) = (2.12)

specifications are,

tr 2 T BeC : o (2.13)
¢=07 (2.14)

Using the heuristic aquation (Franklin, Powell & Emami-Naeini 1986),
wy, A 1.8/E, _ {2.15)

which selects the natural frequency for a second order prototype transfer function,
an apptopriate closed loop responge filter is, '

Fe =gy o.g'gf ?I-lﬁ.[lﬁ'ﬁl (2:16)
Using Equation 2,1, the p: rameter g, is caitulated to be,
| .  go=00861 | e
The plant inpui constraint are taken to be, . |
Unlg = 0 (2.18}
Umax = 1.1 {2.19)
242 Filter design
Based on the Bode plot of
()= FOE) @)
an approptiate filter is 0
| K'(s) = FTRTR (2.20)
A Bode plot of Q'(s)/qu[L — K*{s)] confirms that A'{s) is stable.
.Using Equation 2.6, & minima) realisation of K{s) ia
K(g) = 405% 4 248 4 40 221)

g% 4 22368 + 47,0052 4 25.455 - 10
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The po[c;s and zeros of the filter K (s) and the error between (s} and @'(s) are
shown in Figure 2.3. The error plot shows that Q’(s} Is a good approximation of
€1(3) for low fréquencies.

10 separate systems are simulated, the first omitting the filter & (s} and the second
including K (s). The Bode plots of the INMC controllers and the loop transmissie:-
are shown in Figura 2 4.

L haut Filow With 11w
e e asar r —_—

Figure 2,5: Simulation results

2.5 Simulation results

The simulation results are shown in Figure 2,5. The effect of sensor noise on the
plant input is clearly reduced when the filter K(5) is included in the system. No
change of plant output is observed, as expected. Also, the controller’s ability to
. handle Input constraints can be elearly seen, When the controller responds to the’
disturbance at ¢ = [100,200] seconds, the actuator signal increases until it reaches
the maximum plant input constraint setting, When the disturbance changes at
¢ = 200 seconds, the controller responds without any evidence of integral windup,
which would occur if the actuator saturation were not handled correctly.

2.6 Summary

An additional filter has been introduced into the IMC controller proposed by GGood-
win. The inclusion of this filter ensures a atrictly proper controller, which is essential
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for ensuring that actuator activity is insensitive to high frequency noise.

A simulation study is careied out which emphasises both the benefits of using the
strictly proper IMC controller to reduce the sensitivity of the actuator signal to sen-
sor.noise and the controller’s ability to handle active input amplitude constraints,
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Chapter 3

Absolute and Rate Constraint |

Mechanism

" An important issue when implementing feedback conttol is to ensure that the feed- '
back controlier doea not drive the actuator into saturation. If the actuator does
saturate then the performance of the feadback system may be significantly degraded.
Recent developments by Goodwin {Goodwin et al. 1893) shows that it is importa.ﬁt
to pay special attention to the way the feedback controller handles plant constraints.
Goodwin proposes a new framework, based on the Internal Model Controf (IMC)
framework presented by Morati (Morari & Zafiriou 1989). Goodwin postulates that

Figure 8.1: IMC framework .

there are three separate plant models in the feedback system: the true plant dy-
namics, G(s), an estimate of the plani dynamics, G(9) and the third model G4(s),
which is the IMC fiter’s (Q(s)) representation of the nominal plant model, Goad-
win shows that in order to successfully incorporate a constraint mechanism into a
feedback controller, all three models must be driven by the same constrained plant
input signal, Using a anique feedbac! configuraticn Goudwin shows how to invert
the filter Q(s), enabling a non-linear block to be incorporated into the inverted filtar.
In this way three plant models are driven by the same constrained input.
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Figure 3.2: IMC controller (Q(s)) with ebsolnte and rate constraints

A stfictly proper vetsion of Geodwin'’s IMC control ia presented in Chapter 2. This
chapter exiends the work done in Chapter 2 by introducing a new constraint mech-
anism that makes provision for rate constraints as well #s an absolute plant input
constraints. This is an important contribution, because ofter the physical plant
is limited by non-linearities such as rate and absolute saturation constraints, The
ability to include these constraints into the controller leads to improved control
perforniance because the uncertainty caused by the saturation eonstraints s now
removed.frnm the feedback control systent,

The chapter is organised as foliows, Section 3.1 discusses the need for the inclusion

of active constraints into the feedback coniroller. This is foliowed by Section 3.2,

which presents the proposed feedback controller, A simulation study is presented in -
Section 3.5 that emphasises the constraint handling ability of the proposed feedback

controller. Che simulation results are presented in Section 3.6 and a summary is
presented in Section 3,7
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3.1 Need for active constraints

Actuators. are capable of delivering only a finite amount of power to a load. It is
possible to drive the actuator into satutation by demanding more power from it than
it can deliver, often resulting in windup and occasionally, damage to the actuator.
However, in order to maximise plant efficiency, processes must be driven close to
their plant cutput imits (Garcia et al, 1989). '

One of the advantages of feedback control is its ability to reduce the response time
of a system. The disadvantage of this is that it results in a more aggressive control
action which can, if ¢areful attention is not paid to the design of the coniroller,
_drive the actuator imto saturation resulting in significant performance reduction.
This problem is often the case when linear feedback controllers aze used. In order to '
avoid dnwng the plant into saturation, the controller has to be detuned. This is a
passive constraint handling mechanism. Also, once the controller has been designed
and installed it is not a trivial procedure to adjust the contirol to suit different
constraints.

Tor these reasons, there is a genuine need for = controller which has the ability to
hardle saturation cotistraints in a more direct or active manner,

3.2 Proposed IMC controller

The design of the IMC filter Q(s), based on Goodwin’s method relies on the specifi-
cation of F{s), & (s) and g,. G'(s) is the controller’s plant model, which is assumed
to have no NMP zeros and no transport delay. F(s) is the specification of the closed
loop response transfer function, which has the same number of poles as (¥(s) has
zeros, ‘This ensures that F(s)(G*)~*(s) is biproper. The parameter g, is the high
frequency gain of the transfer function F(s){G')~1(s), defined as

= lim [FOu)@) ()] (3.1
The IMC filter bagsed on Goodwin's interpretation has the hipraper transfer function,
Q(s) = FEEY™(s) | (3.2)

which is extended to the strictly proper case in Chapter 2. The extension is based
on the inclusion of a flter K (5) which has the transfer function,

F(s{(G)" (8)K'(s)

) = T Ko, - Fo) @) )

(3.3)
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where K'(3)} is a low pass fllter. The transfer function of the strictly proper ln.iC.
filter is, _ ] '
L Qe) = F() (G K (s) (3.4)

A block diagram of the proposed IMC controfler is shown in Figure 3.2, The en-
hanced constraint mechanism, which is derived in Section 3.3, caters for absolute
_ and rate plant input constraints and ¢ “-windup of the controller’s output.

3.3 Derivation of plvy input constraint mechanism -

The constraint mechanism, shown in Figure 3.2, containa absolute and rate plant
input amplitude constraints. If the time constant (v} of the first order transfer
function in the constraint mechanism is selected smakl snough then,

r 2w (3.5)
when no constraipt violations o

The transfer function %g} ia defined as, . -

32(3)'-—--]-'.[1.. 1.3
wE  rl rs+il
L]

BETEN

The Bode plot of the transfer function of %:} s shown in Figure 3.3. It can be

[ LRad e

Figure 3.3: Magnitude Bode plot of %

seer, that when

w< % radfsec : (3.6)
then, @) _
M— Fe] .. A

ur(s) s (3~7]
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The transfer function 2 is defined as,

za(s) _ [_' 1 ] 1
w(s) ! e+l +1‘5+-l

-
= 1

" Therefore, the saturation elements defined in the constraint mechanism shown in
Figure 3.2 clearly constrain the amplitude of she rate and absolute plant input
gignals.

3.4 Issues in designing controller

3.4.1  Selection of K(a)

Isgues in déaign_ing the filter K(5) are presented in Chapter 2. In short, a good
criterion for the dasign of K{s) is to select the bandwidth of K(s) smzll enough to
reduce the actnator activity to an acceptable level, but also large enough such that
no poles of K (s} are in the RHP,

8.4.2 Belection of 7

The transfer function %-g} is a good approximation of a differentiator in the impor-
tant frequency range if = is sufficiently small. One possible criterion for the selection
of T is

CI>bandwidh(K's) 0 (39)

3.'4.3 Selection of constraints

Constraint settings should be selected based on knowledge of the constraints present
in the physical piant, Over estimation of plant constraints leads to rebust control,
as true plant constraints are always met. However, this is at the expense of system
performance.
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3.5 Simulated example

" A simulation study is carried out to demonstrate the constraint handling ability of
the proposed IMC controfler. The signal flow diagram of the simulation is shown in
Figure 3.2,

As the aim of the study is not to investigate the ability of the controller to h'a.ndle
model uncertainty, it is assumed that there is no modelling error. A plant model,
—aa

. 6(e) = Gls) = ey T +"0_63 -

(3.9)

1s selected that has long dead time and small damping factor, commen to certain
types of industtial plants. ' :

A suitable disturbance, cccurring it the pla.nt output, is specified that causes the
actuator to saturate when the controller attempts %o null the offset error caused by
the disturbance. The disturbance at the plant output is defined as, -

0 if ¢ <= 100 gec . _
d(f) =4 —0.2 if 100 < ¢ <= 200 sec _ (3.10)
0.5 if £> 200 sec '

Sensor noise, n(t), has the following settings:

Noize Bandwidth == uy = 3 rad/sec
Moise variance = v = 50725 units

3.5.1 Controiler design

A suitsble model of the plant, inherent in the IMC filter Q(s), is based on the
nominal plant model defined in Equation 3.8 and muy be approximated by,

1

ny _ _r
Gl = Finesr1. Ba1)
The IMC controller is tuned by specifying a suitable closed loop response filter, #{s),
that conforms to time domain specifications, For this design typical time domain

gpecifications are,

tereToee ' (3.12)
(=0T : (3.13)



Table 3.1: Constraint seftings;

Stmulation No. Unmin Ymax ﬁ—‘{]m _ [%‘ﬂm”_

1 n 1.1 -10 19

2 D 1.1 -3 3

3 ' 1.1 g 1

4 0 L1 0.8 0.8

5 0 1.1 0.6 0.6

8 0 1.1 -0.4 0.4

7 0 1.1 0.2 0.2

8 0 L1 -0.1 0.1

9 0 1.1 -0.09 0.09

10 1o 1.1 -0.08 0.08

11 0 1.1 -0,07 0.07

12 D 1.1 -0.06 0.06

13 0 11 -0.05 0.05

14 0 11 004  lood

15 0 11 -0.03 | 0.08

18 0 1.1 002|002

17 0 11 -0.015 0.015

18 |o 1.1 -0.01 0.05
Using the heuristic equation (Franklin et al. 1088),

wa ~ 1.8/%, (3.14)

which selects the natural frequency for a second order prototype transfer fuhction,
an appropriate closed loop response filter is,
a | 0.0661

PO = T3 0360+ G.0661 (3.18)
Using Equation 3.1, the parameter g, is caleulated to be,
¢o = 0,0661 _ {3.18)

A range of controllers with different rate constraint settings are simulated. The
constraint settings for the controllers are shown in Table 3.1.

29



T L} T
- —M
-
-
=
= E
&
-
a -
-y a 2 - "
i 0 R 157 200 .8 k]
Tame Joc,
ﬁ. - .
H L}
1 -
~og :nl::\
—-‘5 ] e
u3 & A
o 1
BN -
A
[1]

154 200 258 w0
Tima (3uc) .

Figure 3.4: Simulation results

3.5.2 Filter design

Based on the Bode plot of

Q(s) = F()(G) ™ (s)

an appropriate Jow pass filter for extending the biproper IMC cdntroiler (Q(2) to

the strictly proper controller (Q'(s)) is,

K= a7 n (8.17)
Using Equation 3.3, the ransfer function of the filter X () is.
. a
K= 40s? + 245 1+ 40 (3.18)

st +22.3685% 4 47.99s2 + 25.455 - 40

3.6 Simulation results

The simulation results for Simulations 1 to 17 are shown in Figure 3.4. This plot
clearly shows the controller’s ability to handle absolute and rate constraints. When
the coniroller responds to the disturbance at ¢ = [100, 200} seconds, the actuator
signal increases until it reaches the maximum plant input constraint setting, When
the disturbance changes at ¢ = 200 seconds, the controller responds without any
evidence of integral windup, which would cccur if the actuator saturation were not
handled correctly. The performance of the controller’s rate constraint mechanism
js visible in the range ¢ < 100 seconds. No set-point overshoot caused by integral
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Figure 3.5: Simulation resulis (Different rate constraint bounds)

windup is evident, which confirma that the rate constraint mechanism is operating

correctly.

The simulation result for Simulation 18 is shown in Figure 2.5. This simulation
demonstrates the controller’s ability to handle different rate constraint bounds (le.
different max. and min. rate constraint bounds), which is ..ipossible to achieve
using purely linear control. This type of contrel is useful, e.g. when actuators ruch
‘as pneumatic valves are used which have different opening and clo-ing characteristics.
This information can be included in the design by specifying the IMC controller's
1ate constraint bounds accordiﬁgly.

3.7 Summary

A new cornstraint mechanism ia presented that includes rate and absolu. 2 plant input
constraints into the feedback controller. This is an important contribution because
often the physical plany is limited by non-linearities such as rate and absolute satu-
ration constraints. The ability to include these constraints into the controller leads
to impraved control performance because the uncertainty caused by the saturation
constraints is now temoved from the feedback control-system,

A simulation study ig carcied out which emphasises the benefiis of using the con-
straint mechanism.



Chapter 4

Improved Feedforward Control
Framework for IMC Control

The objective of feedback control is to teduce uncertainty and reject disturbances
that affect the output of the plant. In most process control problems a feedback
controller with integral action is sufficient for providing the necessary robustness to
ensure good control. However, if known disturbances are measurable and predictable
then It is often a good idea to include a feadforwacd contreller into the control system.
This schéme leads to improved disturbance rejection because the control actions for
rejecting the disturbance are initiated before the effect of the disturbance is ubserved
at the plant output.

Recent developments in IMC cont:rol presented by Goodwin (Saron etal 1995 Good-
win et al. 1983) shows that spema.i attention must be paid to the architacture of a
- feadback controller when a constraint mechanigm for process input constraints is in- -
cluded in the controller, Goodwin shows that there are three separate plant models
present int the feedback system and that a special framework is required to ensure
all three plant models have the same input signal. A strictly proper version of
Goodwin’s Internal Model Controller (IMC} with modifications to the constraint
mechanism Lo include active absolute and rate constraints on the process input is
presented i» Chapter 3. This chapter extends the framework presented in Chapter 3°
. to include feedforward control, While the concept of feedforward control is not new

to IMC control (Morari & Zafirion [989), the framewock presented in this chapter .

proposes a new apprach to the implementation of feedforward control. The feedfor-
ward tontrotler is now integrated into the feedback controlfer and takes advantage
of the feedback controller’s constraint mechanism. This is an important improve-
ment because feadforward control can now. be implemented without the poﬁslbillty
of actuator saturation. :
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Figure 4.1; Proposed IMC Framework for Feedforward Control

The chapter is organised as follo_wé. Section 4.1 gives reasons motivating the need for
the proposed feedforward framework. Section 4.2 presents the feedforward controller

* and discusses the architecture of the proposed IMC framework. Section 4.3 discusses

issuce relevant to the design of the feadforward controller. A simulation study is
presented in Sect{ion 4.4 which demonstrates the proposed feedforward framewaork.
The simulation results are presented in Section 4,5, A summary of the chapter is
presented in Section 4.6. . .

4.1 Improved method of feedforward contrel design

Recent developments (Goodwin et al. 1993) show that a special framework iz re-
quired when process constrainis are included in the controller, If a feedforward con-
troller 1s included in the system then it is important thai the feedforward controller
does not cause constraint violations. It is therefore important how the feedforward
controller is integrated into the feedback loop. The method proposed in this chapter
is to include the output signal of the feedforward controller into the IMC filter, as

shovn in Figure 4.1. This methad ensures that the process input signal does not

3B




violate the process irput constraints defined in the constraint mechanism.

4.2 Proposed feedforward IMC framework

The proposed féedférwa.rd IMC framework is presented in Figure 4.1.

4.2.1 Architecture

The architecture of the IMC filter (@(s)) is based on Goodwins IMC method (Good-
win et al. 1993). An additional filter JC{s) is included in the controller. This filter
ensures that the feedback controller is strictly proper (Chapter 2). The constraint
mechanism, defined in Chapter 3,'pla.ces. constraints on the rate and absolute pro-
cess input. G and Gy are the real and estimated disturbance models. G and & are
the real and estimated pla.ut modsls, F is the closed loop respondse ﬁlter and ¢, s
deﬁned as,

@ = Jim [F(x)(G)™ o) N 1)

(5} is the feedforward IMC filter.

4.2.2 Tra,nsfér function of feedforward d.isturba.nﬁ_e- reaponse

The transfer function of the disturbance response is,

(5) _Gill~QG) - G(z25 - QG)

¥e) _ ¢ K
d(s) 14+ Q(G-G) o . “2)
‘where, _ '
' Q) = Fle) (&)™ - (43)
and Lq(s), which is the loop gain of the IMC module (@} defined in Figure 4l is,
Lols) =g F-'(a) G'(s) K(s) - K(s) (4.4)

Refer to Appendix A.3 for the derivation of Equations 4.2 and 4.4,

4.3 Issves in designing the feedforward controller

The foliowing issues are important for ensuring a robust feedforward design,
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4.3.1 Selection of disturbance model

The sucéeés of the feedforward contoller depends heavily on the accuracy of the
estimated disturbance model {Gyg). It is important that the model G be accurate
over the baadwidth of the feedforward controller.

-4.3.2 Feedforward controller design

The design equation for the feedforward controller, Q¢(s), is presented in Equa-
“tion 4.5. The controller is designed using response filters. Fy(s) is the filter defining
the disturbance rejection response and F(s) is the closed loop response filter. g, is _
defined in Equation 4.1. '
' - Qr(s) =aFys)F s} - (4.8)

Refer to Appendix A.3 for the derivation of this equation.

4.3.3 Integral action

‘When feedforward centrol is included in a system and there is uncertainty in the
gain of the disturbance model, then constant offsets may appear at the plant output.
A methdd of nulling constant offsats at the plant output is to include integral action
into the controller, ' '

" In order to ensute integral action, the following equations must hold at DC (& = juw
where w = 0 rad/ ¢). . '
: ' Q(s)Gls) =1 ' (4.6)

Qs G} =1 | o
Fy(s) = Gals) O (48)

where, ' ' _ . o
' Q(s) = F(s) (G'(s))™" _ (4.9)

Refer to Appendix A.3 for the derivation of these equations,
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4.4 Simulated example

A simulation study is carried out to demonstrate the proposed feedfarward con-
trofler. The signal flow diag »m of the simulation is shown in Figure 4.1, As the
atm of the study is nnt to investigate the ability of the controller to handle mr del
: hncert'a.in'ty, it is assumed that there is no modelling 2rror.

A plant model is selected that has long dead time and small damping factor, common
to certain types of industrial plants. A disturbance model is selested that has a short
dead time relative to $he plant model.

Glsy=G(s) = Eifﬁ'm_l (4.10)
Ga(s) = Gals) = e {4.11}
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A snitable disturbance, cecurting at the plent output, is sbeciﬁed_ that causes the
actuator to saturate when the controller attempts to null the offset, error caused by
the disturbance. The disturbance at the plant output is defined as,

0 if £ <= 100 sec
dft) =4 =02 if 100 < £ <= 200 sec (4,12)
05 if £ > 200 sec ' '

" ‘The sensor noise signal, #(£), has the following settings: -

Noize Bandwidth - =y = 3 rad/sec
Noise amplitude distribntion = v = 5075 units

4.4,1 TFeedback controller design

A suitable model of the plant, inherent in the IMC filtet Q(s), is based on the.
nominal plant model defined in Equation 4.10 and may be a.pp'roximaied by,
| | —t
_ . st 4 0.63+1
* The IMC controller is tuned by specifying a suitable closed loop response filter, F(s),
that conforms to time domain specifications, For f.l_xis design typical time domain

G'(s) = (4.13)

specifications are,
L Tsec (4.14)
¢=07 | (4.15)
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- Using the heuristic equation (Frauklin et al. 1986),
wy A LB/f, o {4.18)

which selects the natural frequency for a second order prot.oi:ype transfer function,
an appropriate closed loop response filter is, '

0.0641 (4.17)

| Fe) = 5y 5 58 T 05661
: Uaing.Equa.tion 4.1, the parameter g, is calculated to be,
4o = 0.0661 SR (a18)
The plaiit iﬁput constraints are taken to be, |
Ui = 0 C (419)
Ypax = L1 : (420
[‘;—‘:] . = 0,03 (4.22)
4.4.2 Filter design
Based on the Bode plot of . _
| Qls) = PN )™ (a2

an appropriate low pass filter for extending the biproper IMC controller to the

strictly proper controller ia

| __ 4

L ¥+ 225+ 40

Eﬁuation-i.‘z_s translates the filter K'(s) into the actual filter implemented in the
IMC filter, K {s). Refer to Chapter 2 for the detivation of Equation 4.25.

P(s) (@) (s)K'(s)

K'(s)= (4.24)

K(g)= ! . {4.25
O = F @)t — PG00 s
Using Equation 4.25, the transfer function of the filter is
1052
K(s)= Ds* + 245+ 40

5% + 22.365° + 47.00a2 + 25,455+ 40 .(4-26)
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Figure 4.2: Simulation results (Solid = Feedforward, Dashed = Feeqlack only)

4.4.3 _F‘eeciforwa.rd éontroller design

It is important that the feedforward IMC filter (Q/{s)) is strictly proper. This
ensures that the feedforward controller is insensitive to high frequency noise. To
ensure that Q@ (s} is strictly proper, the order of the tranafer function of Fy (3) must
be greater than the order of F(8), :

A typical time domain specification for the feedforward response ﬁlter is,
. t. 7§ sec : (4.2;?)
¢=07 | - (4.28)
Using the he__uristic equation (Franklin et al. 1986),
' | w7 1.8/k _  (4.29)

an a.ppropriaté transfer function for the response filter.is,
' 0.09

Fi(s) = 5618 T 1004252 + 043095 7 0.9 (4.30)
Usmg Equation 4.5, the feedforward IMC filter is,
0.095% + 0.03245 4 0.005951
Qy(s) = : (4.31)

0.015° + 1.004257 + 0.042095 + 0.69
4.5 Simulation results

The simuistion results are shown in Figure 4.2, The response of the IMC feedback
controller (dashed line) is superiniposed onto the response of proposed IMC feadback
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and feedforward controller (solid line).

The following conclusions are drawn from the results.

a The feedback controller, unlike the feedforward cortroller, can only initiate
control actions to rejeet a disturbance when the effect of the disturbance is
observed at the plant output. The inclusion of the feedforward controfler .
into the tontrol scheme improves the disturbance rejection properties of the .
feedback system. ' '

e No constraint violations occur when the proposed feedforward controller is
“included in the system. Observe that the consuaint specifications at t = 100
and ¢ = 200 seconds are not compromised when the proposed IMC controller
reapopds to a step change ia the disturbance signal,

 The controller hias integral action. Observe that in the range ¢ = [100, 200]
seconds the integral component of the controller increases until the plans input
signal equals the mexirum absolute pladt input consiraint.

e There is 10 evidence of integral windup, which can occur when the controller
attempts to drive the output against & constraint. Observe that at ¢ = 200
seconds, the controller responds to the disturbance without a delay, which
would not be possible if integral windup were present in the controlier.

4.6 Summary

A new framework for implementing feedforward IMC control is presented. The ben-
efits of the propesed IMC framework is that the feedlorward controller is integrated
inte the feedback controller in such a way that the constraint mechanism supports
both feedback 2nd feedforward contral,

An equation for designing the _feedforw_érd controller is presented. This equation
relies on the specification of response filters for the closed loop and feedforward
_disturbance rejection properties of the system.

A sirnulation study is cartied out which emphasises the benefits of the proposed foed-
forward control framework., The gtudy shows that improved disturbance rejection
is posaible with the inclusion of the feedforward controller and that the constraint
mechanism Snpports both the feedforward and feedback controllets.
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. Part 11

Multi-Step -'Predictive Control
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Chapter 5
The Predictor Equation

Model Predictive Control (MPC) refers to a family of controflers in which direct
use of a plan£ model is made for the purpose of feeback control. Well kncwn
a.igqrithms such as DMC, GPC, IDCOM and MAC (Cutler & Ramaker 1979, Garcia.
et al. 1989, Ricker 1985, Clarke et al. 1987¢, Richalet et al. 1978) are reporte_.d in .-
- the literature. A.lthough these algorithms differ in their formulation, the resuling

control pnlicies are gimilar. The algorithms are all based on a receding horizon
. control approach as explained in Section 1.1. A fundamental calculation for all the
algorithms is that of forecasting future plant outputs over 2 finite prediction horizon.

A new building block useful for developing Long Range Predictive Control (LRPT)
alggorith.ﬁls is presented in this chapter, called the Predictor Equation. This equation,
defined in Equation 5.1, is a matrix equation that projects the future predicted
plant outputs (¥) over a prediétion horizon, given the future control inputs (Upred)
projected over the control horizon. ' o

¥ = Q Vst + B Upass + W Uprea ' B

Thia equation provides a foundation for future work, in which & LRPC algorithm
called Multi-Step Predictive Control (MSC) is developed in Chapter 8,

The chapter is organised as filows. Section 5.1 presents the predictor model. Sec-
tion 5.2 presents the compensated predictor model. The issue of integral action is
addressed in Section 5.3. The prediction horizons are explained in Section 5.4. The
Predictor Equation is presented in Section 5.5 and the calculation of the Predictor
Equation’s Q.R and ¥ constants is presented in Section 5.8,
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5.1 The predictor model

The predictor equativn .is based on the d&na.mic model of the plant, which js re- -
ferred to as the predictor model. The predictor model, using an ARX model struc-
ture (Goodwin & Sin 1984}, is defined as,

Alg™)8) = Blg™)u(t) (5.2)

where g is the shift operator and
Blg™) =0+ big™ +b2g™? +u0 + bupg ™ (5.3).
Alg) =140t +aeg 4 ot Grag™™ - (5.4)

5.2 Compensated predictor model

. Tt is pousible for a controller to cancel a particular disturbance by including the
model of the disturbance into the controller. It is proposed that the predictor model -
ghould be modified to include a model of the disturbance, Tp(a~'), and that this
model tliculd be called the compensated predictor model,

The ARX moadel, defined in Equation 5.2, is rewritten as,

Blgl) ] u(t)
1) = | =T} T 5.5
- 0 [A(q-l)_ 20 ey G
The compensated predictor model is defined as,’ ' _
- BlM_ B, o o - |
A = A ) G4
where _ .
B(g7Y) = 04 Bt 02 b g™ (5.7)
A =14ag? +ag? + ot ahg™ L (58)
The input tv the compensated predictor model is,
. . )
4 8 = H.( .
ﬂ{). Tow™t) (6.9)

5.3 Integral action

. Integral action, which is required to null constant offeet disturbances, is incorporated

into the controlier by assigning, :
' ’ 1 i
-1y _ =
TD (q ) - i — q_l - A

(5.10)
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The input to the compensated predictor model,

u(f)
Tp(g~t).

is interpreted as an incremental input. -

: ﬂ’(i} =

= Auft) o fs.u} |

5.4 'The prediction horizons

The objective of a predictive controller is to find, a% each step, the optimal set;
of projected control inputs which when applied to the predictor model drives the
projected cutputs to the set-point.

The..set of future pi'edict;ecl plant outputs are projected over a prediction horizon,
HP steps into the future (§(f+ 1)...9(¢ -+ HP)). The set of future control actions are
projected over the control horizon, CP steps into the future {u/(t)...w"{t+ CP — 1)},
where CP < HP.

I CP < HP then it is assumed that the future control inputs v'(t + CP)...w'(t +
HP — 1) are ze.w and are therefore excluded from the algorithm.

5.5 Predictor Equation

The predictnf equation is defined as,

¥ = Q pat+ BUpsst + W Uprst (5.12)
where,
' #t+1) _
P = ﬁ(t'+2) | (5.13)
§(t+ HP)
)
Yorst = i T ! (5.14)

§{t — (na’ - 13}



wiE-1)
. | vE-2) }
Upast = . {5.15)

w(t — (r;b" -1

u'(t+CP - 1)

wW{t+CP - 2) ]

Upred = (5.16)

w(t)
5.6 Calculation of }, R and W matrices
The j step ahead predictor can be expressed using the equation {(Appendix B), -

%M] (5.17)

T"pm

E+1) = ¢ Foum + 35

where the constants ¢; and z; are solved using the eq zations,

6 = (g5-i53)91 + gj-151 ' ' ~(5.18)
5= (gj-153)71 + 25152 o - {519)
0..0 0.0 -

Si=| L |S%=|1n! (5.20}
' 0 0 _
S3=[1 0 .. 07 ' _ {5.21) -

g1 =[~a} —a}.. —al,} (5.22)

220w OB B o b (52

. 1) is an identity matrix with dimensions (na'—1) x (aa'-1), I3 Is an identity matrix
with dimensions (CP4-nb'=1) x (CP4-nb’~1),

Matrices 6} and X are defined based on the row vectors ¢; and T

M e
2 L3 '
Q=| " Xx=| " (5.24)
P zyp
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Matrices W and R ure sub-matrices of X, such that,

letpmd] - [WR][UNN]

past pul:

WUpmd + RUpmt (5.25)

M

5.7 Summary

A new building block, called the Predictor Equation, useful for developing Long
Range Predictive Control algorithms is presented. This equation provides a foun-
dation for the development of a modular approach to predictive control. The issue
of integral action is discussed and a method of mcludmg integral action into the
predictor equation i presented.



'Chaﬁrter 6
The Reference Trajectory

Long Range Predictive Control (LRPC) algorithms such as IDCOM (Richalet et
al. 1978), GPC (Clarke ot al. 19874) and MAC (Rouhani & Mehra 1982) make
use of a reference trajectory which describes the desired future controlled variable
over the prediction horizon. It provides the controller’s optimisation routine with
a projection of reference sat-points that the plant’s projected output is expected to
track. The trajectory is generated according to some criterion (e.g. no overshoot,
 fixed time re sponse). The method of generating the trajectory is usually in the
form of a recursive routine based on a first order discrete time model. The inclusion
of this feature into the algorithm has important practical benefits. It prowdes an
. on-line method for tunmg the controller.

This chapter presents a module which calculates the reference trajectory, given the
measured plant output {(y,(t}) and the set-point value {y*(t})). This module is nec-
essary for future work in which 4 modutar model of 2 LRPC algorithm called Multi~
Step Predictive Control’ (MSC} in derived in Chapt.er g.

The chapter is organised as follows. Saction 6.1 presents the recursive algorithm used
by most LRPC algorithms to generate a reference trajectory. Section 6.2 presents an-
equation that calculates the j-step ahead reference set-point. Section 6.3 presents
the equivaienﬁ block diagram model of the recursive routine used to generate the
reference trajectory. A summary is presented in Section 6.4,
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6.1 Discrete time model of reference trajectory

- The proposed reference trajectory model presented in this chapter is detived from
the first order transfer function model,

6y

: Ris) = TeetS + 1
A discrete time model of Equation 6.1 is,
vt +1) = B relt) + [1- 8w () (6.2)
where, : _
B = g~ Tepltrat (6.3)
K,
a=i-pf (6.4)
then Equation 8.2 becomes, -
Beilt+1) = S weclt) + ag"() - (69)
Rgfer to Appendix B.2 for the derivation of the Equation 6.5.
6.2 j-step ahead reference
it can be shown that the j-step ahead reference yrer(t + 51 s,
Yeet(t+5) = B ga() +[1 - ] . (6.6)

whefe . {t) is the ﬁ:easured_ plant sutput at time ¢ seconds and y* is the reference
. set-point. :

Refer to Appendix B.2 for the derivation of Equation 6.6,

6.3 Block diagram model

The block diagra.fn modet shown in Figure 6.1 generates the raference trajectory,
Yoot
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iigure 6.1: quck Biagram Model

The model is based on the following equation, .

[ el 4+ 1)
t+2
Yig = S"ml‘(: )

| #rer(t + HP} _

W [ 1-8
2 | 1- 82

= B Yol¥) + :ﬁ .

.

IIgl—ﬁ’ 1= JGHP
e Ks 1{t) + Ko ¢ . o (6.7)

The matrices Kz and Ky are cdlled conversion matrices. This model is a building
block in the derivation of a complete modular model of a LRPC algorithm called
Multi-Step Predictive Control (MSC), presented in Chapter 9.

6.4 Summary

The reference trajectory of a LRPC algorithm is usually generated using a recursive

equation. A block diagram model is presented that performs the identical calcuia-

tion as the recursive equation. This rodel is'signiﬁcant because it generates the

trajectory in a single calculation. It is a useful building blork for the development -
of a complete modular model of a LRPC algerithm called Multi-Step Predictive

Control (MSC). '



Chapter 7

New Building Block for Predictive
Control - First Order Filter

A block diagram model that calculates the reference trajectory, in a single caleula~
tion, is presented in Chapter 6. This chapter presents a similar building hiock which
is used in Multi-Step Predictive Control’s feedforward cont- * -nedule, presented in
Chapter 14. The module presented in this chapter provids e equivalent filtering
action s & first order transfer function. Consider the Long Range Predictive Con-
trol (LRPC) filter shown in Figure 7.1,

Filter [——

Figure 7.1: LRPC filter

2(t+1) yit+1)

X=| ”“;"2..) Y= ”(tj'z) S ()
2(t+ HP) o(e + HP)

The idput to the filter is a trajectory projected over the prediction hotizon. The
purpose of the filter module Is to filter the trajectory X, based on a ﬁrst order
transfer function, to produce an output trajectory Y.

The chapter is organised as follows. Section 7.1 presents the dizcrete time model of
the Alter, Saction 7.2 presents the equivalent LRPC filter which is demonstrated in
Section 7.3. A summary is presented in Section 7.4.
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Tigure 7.2: Demonstration of filtering action of LRPC filter.

7.1 Discrete time model

The continuous time transfer function of the proposed filter is,

1
The discrete time transfer function of the filter, with & zero order hold on the input
is, . '
T = (1~12 [T—ff—)]
. 1-8 -
= o7 (7.8)

whete § = e~Tww/7, T, Is the sampling period and 7 is the time'conatant. of the
filter. ' ' -

Equation 7.3 is re-written, L g _ . :
11—~ 8}z
)= L THIZ _ ;
. (A=T5er 74
and neglecting the delay, ' -
L — - . . F
T'iz) Tt o (7.5
The trensfer function {Tquation 7.5} is written in discrete time nsing o time-shift
operator,
[1- B¢ 1yt) = [1-B]=(8) (7.6)
“and e:épa.nding,-
‘ y()) =Byt~ 1) + az(l) &)
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where, . .
e=1~f8 - (78)

7.2 Equivalent LRPC filter

The equivalent LRPC filter is defined as,

Y =Ky X (7.9)

where,
Ky = 1{144+ & Kuup f?lﬂ)
The matrices 144 and K45 are, '
[ 8 0 . 0]
 # Db .. 0
K # 0. D 7,11
BAT 1 gt 0 .0 (r.11)
(B0 L0
and _ "
1 0 0 w @
8 1 0 0 . 0
i 8 1 0 .. 0
14g = o '.
K 4B ‘63 ,62 ﬁ 1 . D (7 12)
ﬁnp.a ﬁHP-Q ﬁI-IP-S ﬂHP—'l w 1

Refer to Appendix B.4 for the derivation of the LRPC filter.

In the limit as the time constant (r} of the filter is reduced to zere, so # — 0 and
all elements in Kyia = 0, K45 ~+ I (7 is the identity matrix) and a — 1,

The key result here is, _ :
‘}'l-% 'I{I‘i - T (7-13) .

Therefore as 7 is reduced, the effect of the filtering action is reduced and in the fimit
‘as T — 0 the output Y is identical to X and no filtering action is present,
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7.3 Demonstraiion

The graph shown in Figure 72 is a demonstration of the filtering action of the
propoged LRPC filter. '

The input to the filier is the step response of the transfer function,
g—5¥

iy
6341 714}

P(s) =

with a sampling period of T, = 1 second and horizon of HP == 30 ateps.

“'Where: X = Horizon to be filtered. {Input to filter)
Y1 == Horizon after filtering action, with v = 1 second.
Y2 = Horizon after filtering action, with r == 5 jeconds.
Y3 = Horizon after fillering action, with 7 = 20 seconds.

The results shown in Figure 7.2 verify Eqﬁatiun 7.18. The filtering sction is regolated
by the time constant 7. : :

Note: Thete is no delay between the output of the filter and the input. Az 7 —+0,
then ¥ =+ X, : -

| 7.4 Su_mrh_ary

A new building block for Long Range Predictive Control is presented. The module
presented performs the equivalent filtering action as a first order transfer Function. A
~ demonstration of the proposed filter shows that fv is possible to regilate the filtering
action By changing the time constant of the filter. The significance of the model is
that it consist of only one matrix and can, if necessary, be de-luned to reduce the
filtering action by decreasing the filter’s time constant.
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| Chépter 8
MSC Control - The Basic Algorithm

Advances in computer technology have opened the way to new methods of control
which have had a significant impact on the process control industry. The conven-
tional approach to feedback design relies on classical frequeacy domain techniques,
which provide design tools capable of ensuring stable 2nd robust control systems.
However, there are diadvantages to using these control techniques when applied to
process control pmﬁlems; namety, that the design procedure for multi-input-cutput
systems is often difficult and expensive. Process control engineers, particulirly iu
the chemical industry, have therefore investigated other methodologies. :

One such advanced control aethodology is Model Predictive Control (MPC), which
takes full advantage of the benefits that modern digital computers offer. Long range
predictive control (LRPC) which is a subset of MPC, is based on a receding horizon
control policy (Athans & Falb 1966). A pre-calculated model of the process, called
the Predictar Medel, i5 used to project the future performance of the process over
a prediction fotizon. The LRPC algorithm calculates, at each control step, the
optimum set of future control actions projected over a control horizon which pi‘od tce
the best projected plant performance. This forms the basis of the optimal contral
" problem for LRPC algorithms, ' '

A significant feature of LRPC is it ability to incorporate process dynamics into the
design of the predictive controller making it possible for the controller to maintain
an awareness of dead-time and other unusual dynamic behaviour. Also, the LRPC
architecture leads to a high ovder controller with few tuning parameters. In addition
to this characteristic, the LRPC' architecture is important in that it guara.ntees'a.'
stable feedback system as long as the plant and 4+ -h tor models are stable (Garcia
et al. 1989).' LRPC algorithms usually inclu-'2 5 wegral action which is necessary
for nulling constant offset disturbances that appear at the plant output. Another



“im p.ortant feature of LRPC is it ability to include process constraints into the design
of the controller. The optimal centrol problem. which is solved at each control step,
is usually formulated as a quadratic program with process constr#ints in the fomi
of inequality constraints. '

LRPC algorithms such as IDCOM, MAC, DMC and GPC (Richalet et al, 1978,
Rouhani & Mehra 1982, Cutler & Ramaker 1979, Clarke et al, 1987g) are pre-
sented in the l_itéra.t.ure. This éha,pter presents the Multi-Step Predictive Control
(MSC) algorithm. Although this chapter concentrates on the single-input-oufput
MSC algorithm, it is possible to extend the algorithm presented in this chapter to
+he molthinput-output case. Refer to (Bolton & MacLeod 1995) for details of a
simujation study of MSC control applied to a multi-variable contsol problem.

The chafater is organised as follow.. An overview of the MSC algorithm is presented
in Section 8.1. The pfedictor equation, which calculates the projected plant oﬁtpﬁt
trajectory, is presented in Section 8.3. An explanation of the prediction horizons
is given in Section 8.2. The optimal control problem’s objective furction (cost
function} is presented in Section 8.4. The cost finction expressed in quadratic form
is presented in Section 8.5, The recursive equation for calculating the reference
trajectory iz presented in Section 8.6, Two separate versions of the MSC algorithm
are prasented. The unconstrained MSC controller in Section 8.7 and the constrained
MSC controller in Section 8.8. A summary is presented in Section 8.9.

8.1 Overview of the MSC algorithm

The MSC algorithm is a LRPC technique that makes use of a predictor model in
the form. of & linear, discrete time transfer function. The predictor model, tsing an
-ARX model strue e {Goodwin § Sin 1984), i= defined as,

Alg™)9(t) = Blg~')ult) - (8.1)
where ¢ is the shift operator and

B(r™)y = 04 b1g™ + byg~2 + oo b bopg™™ ' (8.2)
Alg=1+mg +ayg™ + o+ anag™ ' {8.3)

This model is used to build a pradictor equation (Chapter 5} which projects the
future outputs of the plant over the prediction horizon.

Figure R.1 presents an overview of the signal flow iagram of the MSC algorithm,
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Figure 8.1: Signal flow diagram of MSC predictive control

Features of typical LRPC algorithms such as dead time compensation, integral action
and the ability to include process constraints are key features of the MSC algorithm.

The MSC algorithm makes use of an optimisation routine for solving the optimal
control problem. This optimal'contro!- pmhlem', which is solved for each control
step, takes the form of a quadratic program \_ﬁth inequality constraints. If no process
conatraints are included in the feedback control design, then a closed form solution to
the optimal control probleis exists. In this case the optimisation routine is replaced
with a controller gain matrix; which is the solution to the optimal control problem.

1. 4e MSC algorithm makes use of a reference trajectory which describes the desired
future controlled variable over the prediction horizon. It provides the controller’s op-
timisation routine with a projection of reference set~-points that the plant’s projected
output is expected to track. '

8.2 The prediction horizons

The objective of a predictive contreller is to find, at each step, the optimal set
of prdjected control inputs which when applied to the predictor model drives the
projected outputs to the set-point.
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The set of future predicted plant outputs are projected over a prediction horizon,
HP steps into the future (§{t+ 1)...§(¢ + HP)). The set of future control actions are
projected over the control hotizon, CP steps into the future (#'(t)..w'{t - CP — 1)},
where CP € HP. '

If CP « HP, then it is assumed that the future control inputs w'(t 4 CP)..u'(t +
HP — 1) ‘ate zero and are therefore excluded from the algorithm.

8.3 The predictor equation

The predictor equation (Chapter 5) is defined as,

Y '= Q@ Vonst + B Upast 4 W Upeet (8.4)
_ where, |
9 +1)
po| W + 2 (8.5)
gaéﬂm_
)
Brn = ft "' 1) (8.6)

| 96— (a' - 1)) |

w'(t —1)
Upa=| Y73 ®7)
| e~ (b = 1) | |
w(t+CP-1) ]
G | HEFCP=2) 68
v

This matrix equation projects the future predicted plant outputs (¥) over a predic-
tion horizon based on the projected future control inputs (peq) over the control
horizan, '
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Integra} action, which is reqmred to nu cnnsta.nt. offset dlsturba.nces is incorperated
into the controller by assigning _
1 1

Tﬂ(q = FEr=talry | (8.9)

~ Whaere Tg{q“) is the internal dlst.urbance model defined in Chapter 5.

8.4 The cost function

The eptimal control problem, solved at each control step, finds the set of future
- control actions (Upred) that minimise the mismateh between the reference (¥af) ana
projected output (¥) treainctories.

" The :objective function used in the optimal controi problem is defined in Equa-
tion 8.10.

: HP .
Cost = Y [AK Derlt+H) — V(4R
k=1 '
+ B (e -+~ 17 (3

- Equation 8.10 gives a quantitative measure of the error botween the predictive cutput
trajectary and the reference trajectory. The second term in Egquation 8.10 gives a
quantitative measure of the control effort required to track the reference trajectory.
The parameters A and 4 are used to tune the controller, Usually A Is set: to unity. 8
is an jmportant tuning parameter and is used to tnce the controller for robustness.
Incressing @ reduces the mcrementa.l change (#'(2)}. This is & method of regula.tmg
the ba.ndmdth of the controller,

8.8 The cost function in quadratic form

The cost function presented in Equation 8.10 is expressed in qiadratic form (Kunzi
- & Wilhelm 1962) in Equation 8.11.

Cost = (Uprod)? PUprad + G Uprea .
+r Y (v ¥e) ' (8.11)

The last term of Equation 8.11 is not a function of [,q and is considered to be
a constant. 'This term is removed from the cost function. A new cost function is.
defined in Equation 8.12,

Cost! = {[prea)” P Upied + C Upred | (8.12)
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where,

P=(yW) (yW) + 578 (8.13)
C = -2+ T(7Y) _ (8.14)

+ = diag[A{L}. M2}, .y AHPY] (8.15)
8 = diaglB(1). 3(2), .. B(CP)] | (8.16)
Yo=Yg~theB ' ®17)
Y1 = Q Yoast + B Upset ' {8.18)
E=Kr(ult)~3() (81

Ky is a column vector with HP elements. Each element in K7 is set to 1.

8.6 The reference trajectory -

The model for generating the reference trajectory is based on a fisst ovder transfer
function,

oy
- B=om 3T (8.20)
A discrete time model is derived from Equation 8.20. The recursive equation,
dot(t+1) = 8 weeclt) + [1 =51 57() (8:21)
where, .
. ﬂ - e-Tspff“( ) . . (822}

makes tse of this discrete time model to generste the reference trajectory. T 18

- the sampling pariod of the confroller and 7 is the time constant of the reference

irajectory modal.

Let 4= 1~ 4, then | - | .
o Y+ 1) = 8 prat(t) + 2y (8) _ (8.23)

8.7 MSC control - unconstrained case

The solution to the unconstrained, convex quadratic program (Kunzi & Wilhelin

1962) resulting from the optimal control problem is,

Ve

L
~5(PC

_%{P"‘ W20y WY (r V)]
P W)Y, (5:24)

i
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where [, ls the vector of optimal control actions that minimise the cost function.
The optimal predictive controller gain matrix is defined as,

Kne = Py W)} T s

8.8 MSC control - constrained case

The solution to the conatrained, = nvex quadratic program (Kuhzi & Wilhalm 1962)
vesulting from the optimal control problem is,

U, = min{ (Upma)T Pl + € Upred | 2conUpred S bion } {8.26)

The process constraints are expressed as inequality constraints,

tonUpred < beon (8.27)

Unfortunately, no known closed form solution to the constrained quadratic program
shown in Equction 8.26 exists. The solution to the program relics on numerical
methods. (Kunzi & Withelm 1962).

8.9 Summary

This chapter presents the Multi-Step Predictive Control (MSC) algorithm, Although
the chapter concentrates on the sihgle-input-output MSC algorithm, 1t is possible
to extsnd the algorithm presented in this chapter to the multi-input-output casa..
This chapter builds a foundation for future work i which a modular model of MSC!

- . control is developed.

The technical details of the MSC algorithm are presented in this chapter. Issues such -
as the prediction hotizons, the predictor equation, integral action, cost function,
and reference trajectory are discussed. The optimisation routine for solving the
predictive controllers optimal control problem is of the form of a quadratic program
with inequality constraints. Investigations show that when no process constraints _
are included in the controller then a closed form solution is obtainable. In this case
the optimisation routine is replaced with a matrix, called the controller gain matix.



Chapter 9

Modular Approach to Predictive
Control |

Long lange Predictive Control {LRPC) algorithms {Clacke et al. 1"87a, Cutler
2 Ramaker 1979, Richalet et al, 1978) are usually implemented in the form of a
computer program. This computer program is difficult to interpret and gives little
insight into the structure and signal processing of the algorithm. '

A modular framework of a LRPC algorithm, called Multi-Step Predictive Con-
trol (MSC), is presented in this chapter. This framework has the advantage over the
conventional approach in that the structure and signal processing of the algorithm
‘can now be interpreted more easily. An added benefit of the modular approach
is the ability to test and implement the algorithm on standard control software
development platforms. '

The chapter is organised as follows, The propoged modular framework for the MSC
algorithm is presented in Section 9.1, Section 9.2 discusses the initialisation proce-
dure for setting-up the model, + summary is presented in Section 9.3.

9.1 Proposed modular framework for MSC control

The Multi-Step Predictive Control algorithm, presented in Chaptef 8, makes use of
a predictor model in the form of a linear, discrete time transfer function. This model
is used to build a predictor equation (Chapter 5) which projects the future outpﬁts
of the plant over the prediction horizon, Features of typical LRPC algorithms such
as dead time compensation, integral action and the ability w include process con-
siraints into the controller are key features of the MSC algorithm. The signal flow
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. Figure 9.1; Signal flow diagram of Modular Framework

diagram of the MSC algorithm is shown in Figure 8.1. -

The MSC algorithm makes use of an optimisation routine for solving the optimal
" control problem. This optimal control problem, which is solved for each control
stap, takes the form of a quadratic program with inequality constraints. If no process

constraints are fncluded in the feedback control design, then a closed form solution to

the optimal control problem exists. In this case the optimisation routine is replaced
* with a controller gain matsix {Kysc), which is the solution to the optlma.l canteol
problem.

. The MSC algorithm makes vse of a reference trajectory which describes the desired
future controlled variables over the prediction horizon. It pfovides the controller’s
optimisation routine with a projection of reference set-po:nts that the plant’s pro-
jected output is expected to track.

The proposed modular framework for the MSC algorithm is presonted in Flgure 9.1.
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This signal processing model is a direct translation of the signal flow diagram of the
MBC algorithm presented in Figure 8.1. The important modules shown in Figure
9.1 are listed in Table 9.1, ' ' '

Table 9.1; Table of module codes and interpretation

Module | Input - Oﬁt.put. Interpreta.tidn _

MOD1T | /{t) Upast(t) Update history of past inputs

MOD2 | #(2) Yiast () Update history of past predicted
. . ' outputs _ B

MODS | y(t), ¥ Yo (t) Generate refefence trajectoty

MOD4 | ¥.(t) Unred(?) Quadratic program

The interfacing of the varies sections of the algorithm are done using conversion
matrices {/;). These matrices convert the output of a section to a variable that is
suitable in structure for the input to the following section.

g.1.1 -MOD1

Module MODY calcnlates the history vector of past inputs, Upast(t). The matrix K5
is an (nb-3) X (nb-1) matrix defined 2s, '

Ky = I - (9.1) .

where I is an identity matrix.

The matrix Kg is an (nb1) x 1 matrix defined as,

1

- 1 0 .
Ko = (9.2)

. The output of module MODI Is,
0..0 R
W~
K Upalt =Y+ Keqg™ v = | 1 .'{c: 3

0 u“(l-(nl;’— -1

G2



0
+ . wi=1)
| 0
0  wip~1) ]
-3 0

wfe—1)

-2

= w-3
_a'@'—(rlb'—m_

= Uput(t) '

9.1.2 MOD2

Module MOD2 ca[culates the history vector of past ontputs, Yoas(t), of the predictor
model as shown in Equation 8.6. The matrix K3 is an na’ x na’ matrix defired as,

-

0..0
Ks = | 1 9.3)
. where [ is an identity matrix, . '
The mattix K4 is an na’ x 1 matiix deﬁned as,
2 -
0 . .
Ky = - (9.4) -
0
~ The output, of module MOD2 is, )
0.0 31

Ky Ypueel—D+Ka80 = | 1 §(t:2)
0| gt—(na'-13-1
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9.1.3 MOD3

Module MOD3 calculates the reference trajectory, ¥;er. This module is presented in
Chapter 8. The matrix Ky is an HP x 1 mateix defined as,

8
2 i .
Ky = ‘G: (9.8
}gI:IP

and matrix Kg is an HP x 1 matrix defined as,

. 1-8
Ky = o 4 (9.6)
1 - :@HP
The cutput of module MOD3 is,
' 3 1-8
Ky +Eov = | {vio+] ! oy
M -



CGrar(t+1)
yrel'(t + 3} |

(2 + HP} |
.= Yl'ef :

9.1.4 MOD4

The MSC algorithm calculates, at each control step, the set of optimum future
control actions (Upreq) projected aver the comtrol horizon that minimise the error
betweeti the projected plant outputs and the referes. - «rajectory. This forms the
basis of the optimal control problem, which is solved by modu’ *40D4. This module
i a quadratic program with inequality constraints or simp . controller gain
matrix, if no constraint are included in the cositroller.

The transfer function of the module, assuming no constraints, is

Upred = Krnscﬁz : (9.7)

9.2 Initialisation of model parameters

The matrices @, R and W are the matrices of the predictor equation (Chapter 5),
¥ = QVpast + BUpast+ W Uprea | (9.8)

This equation is derived based on the predictor model, the internal disturbance
model (Th(z)), the prediction horizons (HP and CP) and the sampling period (Tp)
. of the controller. "

The matrix Kipec i# the optimal controller gain matrix for the unconstrained MSC
* controller as explained in Chapter 8,

The conversion matrix K is a matrix of dimension 1 x CP, where only the first
element is sef to 1,

K = [10..0] ' {9.9)

The conversion matrix K7 is a matrix of dimension HP x I, where each element is
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equal to 1,

K o= |  (e10).
_ 1J

Table 9.2: Table of convergence matrices

_ Dimension Equation
K 1xCP . 9.9
Ks | na'xnoa. 9.3
Ky na'x 1 ' g4
K5 {nb’ — 1) x {nb' — 1) 9.1
Ke . |(b~1x1 -~ (o2
Kq HPx1. 8.10
Kes . - HP=zx1 9.5
K |HPx1 9.6

A summary of thie convergence matrices is given in Table 9,2,

The disturbance model Tp(z), defined in Equation 8.9, is included in the forward
path of the controller.

G(s) and G(z) are the real and estimated plant modals respectively.

9.3 Summary

A modular framework for the Multi-Step Predictive Control algorithm is presented :
in t. - chapter. The framework is the result of linking building blocks together to
form a dynamic model of the algorithm. '

The proposed modular framework has the advantage over the conventional approach
in that the structure and signal processing of the algorithm cag now be interpreted
more easily. An added benefit of the modular approach is.th ability to test and
implement tha algorithm op standard control scftware development platforms.
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Chapter 10

Investigation into Structure of

Predictive Control

Nonlinearities, such as actuator saturation can cause ringing or integral windup of
the plant input signal. Morari (Morari & Zafiriou 1989) identified this problem
and proposed the inclusion of an additional saturation element int- the Internal
Model Control (IMC) framewsrk .0 contpensate for the saturation of the actuator. .
Goodwin {Goodwin et al, 1993) extends this work and shows that there are three
separate models of the plant present in the IMC framework. Goodwin postulates
that if all three plant models are driven by the output of a gocd representation of
the saturation constraint then the effect of the non-linearity is significantly reduced. .

~ This chapter shows that the framework of Long Range Predictive Contral (LRPC)
is similar $o Goodwri’s srasnework of IMC control. This key result is & possible
explanation as to why LRPC's canstraint handling performance is observed to be
superior o 6ther_rnc_haiques.

“The chapter is organised as follows. An overview of actuator saturation is presented
in Section 10.1, The IMC Contsol approach to handling constraints is'presented in
Section 10.2. Section 10.3 presents the constraint handling mechanism of LRPC and
compates it with Goodwin's IMC method. A summary Is presented in Section 10.4.

10.1 Actuator saturation

Actuators are capable of operating only over a finite range, It is possible to drive the
" actu~tor intg saturation by demanding more from the actuator than it can defiver.
This causes problems. If a firear controller as shown in Figure 10.1 is used ina
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feedback control schieme, then the controller (C) has no knowledge of the saturation
constraint and ringing or integral windup of the plant input' may occur. A possible
eure for this problem is to de-tune the controller w'.ich 'ereases the amplitude of
thie controller’s ontput signal. This reduces the ringing o he plant input, but has
the undesirable effect of reducing the bandwidth of the conttoller which may result
in _pobrer disturbance rejection properties.

For these reasons there is a need for a non-linear contraller which includes active
constraints on its outputs. '

10.2 IMC approach to constraint handling

e A

@A Vel o

S R —

Plant Madel

Figure 10.1: Signal flow dlagram of feedback control using classical controiler

Figere 10.1 is a signal flow diagram of a feedback scheme where C is the classical
controller and G is the plant model. Morari (Morari & Zafiriou 1089) showa that
the scheme showst in Figure 10.1 can be expressed equally well using the IMC rep-
resentation shown In Figire 10.2. @ is the IMC filter and & is the estimated plant
medel.

PFigure 10.2: Morari's IMC model

Morari identified the problem caused by actuator saturation and proposed the int:. -
duction of a saturation canatraint which is to precede the & element. This constrain’,
is 16 ensure that the input signals to the madels & and & are dqual,

Goodwin extends Morati’s work by presenting a new formulation of the IMC filter,
Q. Goodwin shows that there are three models of the plant present {n the feedback
system. (7 s a model of the real plant, G is an estimate of the plant model and
7 is an estimate of the plant model with all NMP zeros removed from the transfer
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finction. In order to combat the problem caused by actuator saturasicn Goodwin

points out that all plant models must be driven by the same constrained variable.

"This is made possible by including the constraint into § as shown in Figure 10.3.

Figure 10.8: Goodwin’s interpretation of ¢

10.3 LRPC’S approach to handling constraints
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Figure 10.4: Signal flow diagram of Modular Framework
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A medular framework for predictive contsol is developed in C‘hapter 8. This frame-
work is presented in Figure 10.4.

A 2 e ) e

P«»

—[MODI@— T5'(2) —|

MOD2(z) o] Gi{z) frmmered

Yur /N4 el ylt)
+ -
Ko p— Y

Figute 10.5: Sirﬁpﬁﬁed' signal flow diagram of modular framework

#()

Figure 10.6¢ Simplified signal flow disgram of medular framework

Through block diagram manipulation the model shown in Figure 10.4 i reduced
- to the model shown in Figure 10.5 which is reduced further to the model shown in
Figure 10.8 by defining,

Trac(z) = RMOD,(z)Tp (=) o
+Q MOD;(2) G(z) (0.1}



Constraints are incorporated into the predictive control algorithm by formulating a
quadratic program with irequality constraints (Chapter 8). This quadratic program

is represented by element QUAD. The saturation constraint in Figure 10.6 is merely
a reminder that the constrained varinble in alement QUAD is the ontput variable of
the controller, u{t).

The dashed block shown in Figure 10.6 has a similar structure to the IMC filter (Q}
presented by Goodwin, '

The key result, shown in Figure 10.6, is that all the feedback elements inside _the
controller (Trne(z) and G(2)) are driven by the output of the saturation constraint.
The constraict is therefore absorbed into the controller.

10.4 Summary

This chapter investigates links between Long Range Predictive Control and Good-

* win’s Internal Model Control. Goodwin shows that a special architecture is required
when implementing constraiat mechanisms inside a feedback controiler, Investiga-
tion into LRPC's constraint mechanizm, using the modufar framework of Muiti-Step -

- Predictive Control, shows that LRPC's constraint mechanism is similar to Good-
win’s IJC. This key result is a possible explanation as to why LRPC's constraint
handling performance is observed to be superior to other techniques.



Chapter 11

Proposed Constraint Mechanisms for
' MSC Control |

The majority of Long Range Predictive Controller (LRPC) (Cutler & Ramaker
1979, Garcia et al. 1989, Clarke et al. 1987q, Richalet et al. 1978) are formulated
as opt.imﬂ control problems, whose objective is to minimiss, at each control step, a
cost function which gives a quantitative measure of the mismatch between a desired
and predicted future plant output trajectory. The solution to this optimal contral
probiem is defined as & quadratic program with inequality constraints which describe
process constraints, This quadratic program must be solved at each control step,

The ability of predictive controllers to handle process constraints is well known.
However, the computational burden cansed by the quadratic program is giedt.

This chapter proposes a new method for handling certain process constraints, namely
the rate and absolute constraints on controller output. The new method removes
the constraints from the Quadra,tic program and introduces a new constraint mech-
anism for dealing with the constraints, The advantage of using the new constraint
mechanisim s that the computational load is grestly reduced when compared to the
quadratic program approach. The new algorithm is demonstrated by simulation.

The chapter Is organised as foliows. A detailed description of the proposed con-
straint mechanism is presented in Section 11.1. Features of the new algorithm are
presented in Section 11.2. A simulation study demonstrating the proposed constraint
mechanism is presented in Section 11.3 and the simulation results are presented in
Section 11.1. A summary ls presented in Section 11.5.



" Conatraint Mechanizm
To(z) = 7=
u'(t) = Au(t)

Rate + Absolute

|

c‘\
=

it}

- Figure 11.1: Signal flow diagram of the MSC Algoritﬁ_m

11.1 New constraint mechanism

Predictive Control’s traditinnal approach to constraint handling is to include process
constraints in the quadratic program {Garcia et al. 1989) which is formulated in
such a way that all projected pla.nt inputs are constrained. However, it is felt that
for certain types of constraints, such as plant input constraints, only the initial
projected inputs are likely to at.tenipt to violate the constraint bounds, The reason
is that if & disturbance otcurs then the projected contrg! actions required to null
the disturbance will change moat rapidly during the early siages of the transient
and then settle down to a steady state value during the remaining portion of the
projection. Also, because the optimal control problem is solved for each control step, .
only the first projected controf action is of vital significance. It is therefore proposed
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that only the first projected plant input requires the constraint mechanism,

A linear framework for Multi-Step Predictive Contrel (MSC) is formulated in Chap-
ter 9. This framework is presented in Figure 0.1. Integral action is included in the
controller by defining the internal disturbance model as,

Tpls)= I-_-_-l-; | {11,1)

Then, .
#'(t) = Auf?)

where -
A= l—'q"l

The parameter Au(t) is interpreted as the incremental change of u(t).

The proposed constraint mechanism is presented in Figure 11.1. If the saturation
constraint elements are ignored then the transfer function of the constraint mecha-
nism block is Tp(z). A method of illuminating integral windup of the controller’s
output is to absorb the absolute constraint into the integrator, as showa in Fig-
ure 11.1.

When the constraint mechanism is included in the feedback controller, then the
transfer function of the constraint mechanism block is not always Tp(2) as the 3
output signal can be distorted by the saturation elements. It i therefore important
that the internal feedback signal of the controller w/(t) is re-calculated based on
the output of the constraint mechanism. #/(f) is estimated using the proposed rate
feedback filter, Rppp(2), where,

Rprn(z) =1-271

11.2 Features of the new algorithm

Goodwin (Goodwin et al, 1993) shows that, there are 3 separate dynamic plant
models present in a feedback control system, G{z) is 2 model of the real plant, G(2)
the estimated plant model and the thizd model is G'(2) which in this case Is part of
the feadback compouent inside the controller which caleulates ¥7.

An important observation concerning the structure of predictive control is pointed
out in Chapter 10, The key result is that all dynamic elements inside the predictive
controller are driven by the output of the constraint mechanism, This result implies
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that all plant models in the control system are driven by the same constrained plant
Input.

‘This is an important result because it shaws that although the new constraint mecha-
nism is no longer part of the quadratic program it is still inside the controllez, driving
‘alt dyria.rnic elements of the feedback system. :

The important features of the aigorithm are,

1: Fewer computations are required, when compared to the quadratic program
approach to constraint handling.

2. The controller has integral 'a.ctior_l, necessary for nulling constant offset distur- .
bances.
3.  Ability to include rate and absolute plant input amplitude constraints into the

controller. -

4. The controller has an anti windup mechanism to prevent integral windup of
the controller’s output.

5. Use of a set-point reference trajectory.

11.3 Simulated example

A simulation study is carried to demonstrate the constraint handling ability of the
proposed algorithm.

A plant model with a small damping factor and dead time is selected,

11.8.1 Plant model

wﬂﬂ g—lad

G{f’) = m {11.2)

where,
Wy = 0.5 ra-d/sec (1103)
¢ =04 {11.4)

tq = 2 sec - _ (f1.5)

=]
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11.8.2 Predictor model

As the simulation study is not investigatlhg the ability of the controller to handle
modelling uncertainty, it is assumed that there is no modeliing error.

Gts) = Gls) {1L.6)

© 11.3.3 Controller settings

Sampling period.
I;p =1 .SEC

Horizons. _
Prediction Horizon HP = 20

Control Horigon CP =5
Tuning parametars,

Aml

=3
Reference Trajectory.

T =2 sec

11.3.4 Constraint settings

Table 11,1 gives details of the constraint settings for the simulations.

11.3.5 Disturbance at plant vutput

A suitable disturbance, occurring at the piant output, is specified that causes the
actuator to saturate when the controller attempts to null the offset error caused by
the disturbance, The disturbance at the plant output is defined as,

0 if & == 100 sec _
S dit)=4¢ =02 if 100 < £ <= 150 sec (11.7)
0.5 if ¢ > 150 sec
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Table 11.1: Table of constraint settings

No. Rate . [ Rate Absotute | Absolute
[Bulyin | [At)pay | min Umax
L -1 1 0 13
2 -0.1 0.1 1o 1.3
3 -0.075 [ 0.075 0 1.3
4 <006 - [0.06 0 1.3
5 -0.05 0.05 0 13
6 -0.04 0.04 0 1.3
7 -0.03 0.03 0 13
8 -0.02 0.02 0 1.3
9 -0.015 0.015 0 1.3
10 -0.01 0.06 0 1.3

11.3.6 Initialisation of ﬁlodel parameters

The matzices Q and R zre the matrices of the predictor equation (Chapter 5},
1}': Q?prm': +RUth+WUpmd . . (11-8)

-This equation is derived based on the predictor model, the internal disturbance
model {T'p{2}), the prediction horizors (HP and CP} and the sampling penod {Tap}
of the controller.

The matri Kmse is the optimal controller gain matrix fCIl' the unconstrained MSC
© controller as explained in Chapter 8.

The matrices Ky, K3, Ky, Ka, Ke, Ky, Kg and Kg are called coiversion mateices. .
Refer to Chapters 6 and 9 for the calculation of the matrices,

- 11.4 Simulation results

The simulation results for stmulations 1 to § are presented in Figure 11.2, These plots
clearly show the controller’s ability to handle absolute and rate constramts When
the controfler responds to the disturbance at & = [100, 15{)] seconds, the actuator
signal i increases until it reaches the maximum plant input constraint sefting. When
. the disturbance changes at £ = 150 seconds, the controller responds without any
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Figure 11.2: Simulation results (no. 1 to 8)

evidence of integral windup, which would occut if the actuator saturation were not
handled correctly. The performance of the controller's rate constraint mechanism
ia visible in the range t < 100 seconds. No set-point overshoot caused by integral
windup is evident, which confirms that the rate constraint mechanism is operating
correctiy.

The sirmulation result for simulation 10 is shown in Figure 11,3. This simulation.
demonstrates the controller’s ability to hardle different rate consiraint boxnds {i.e. :
different max. and min. rate conséraint beunds), which is impossible to achieve

using purely lingar control, '

11.5 Summary

This chapter introduces a new constraint mechanism for Multi-Step Predictive Con-
trol. The traditional approach to implementing process constraints in Long Range
Predictive Control is to include the process constraints in a quadratic pr'ograh. This
chapter inveatigatéa the predictive control architecture using the modular framework
developed for Multi-Step Predictive Control. The investigation suggests that it is
sufficient to constrain only the initial projected control cutput {o implement rate
and absolute constraints in predictive control. An alternate method of inclading the
process copstraints in the predictive controller is presented, The proposed approach '
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Figure 11.3: Simufation results (no. 10)

is to remove the rate and absolute process input consiraints from the quadratic
program and to introduce & new constralnt mechsnism for these constraints. The.
quadratic program is replaced with the uaconstrained MSC controller gain matrix.
Special attention is paid to issues such as integral action and anti-windup mecha-
nisms. :

A siraulation study is carried out demonstrating the pfdpbsed cnﬁstra.int mechanism.
The results show the controller’s ability to handle absolute and rate constraints, The
effects of the controllers integral action and anti-windup mechanism are also shown
in the results. '

The significance of the proposed algorithrn lies in-its ability to implement rate and
absolute plant input constraints without having to solve a consirained quadratic
program at each step, thus reducing the number of computations per step.



| Chaf)ter 12

Links between Classical and

Predictive Control Theory

The achievements of classic and modern control theory applied to aerospace guidance
problems are remarkablu. However, the implementation of such techrigues to indus-
teial control has not been as successful. Industrial control poses difficulties due to
the presence of process dead time and process constraints. For these reasons a new
centrol concopt known as Long Range Predictive Control (LRPC)(Richalet et al.
1978) was vonceived in the 1870s primarily by the processing industry. This control
method is well k -own for its conetraint handling ability, inherent dead time com-
pensation and ease of tuning for robustness. However, LRPC techniques (Richalet
et al. 1978, Cutle- & Ramaker 1979, Clarke &t al, 19874) lack the powerful analysis
toals that clussicsl-type controllers have at their disposal. The reasen ia that LRP(
techniques have evolved from time domatn specifications and are anal, sed using time
domain concepts. Classical controllers are based on frequency domain spectfications
and their analysis tools ace based primarily on frequency domain concepts.

A new LRPC aigo.ithm called Multi-Step Predictive Control (MSC) is presented in
this thesis. The modular framewark of the MSC algorithm with integral action und
anti-windup is shown in Figure 11.1. Aua important feature of this algorithm is its
constraint mechanism (Chapter 11], which is an alterrative to the usual approach
of including the constraint in the q-uad_mtic program of the predictive controller.

This chapter forges links between classleal contral and predictive contral thebry.
Equations for the loop trapsmission and closed loop transfer function are derived
by analysing the modular framewor’ of the unconstrained MSC algorithm. These
equations, which are impertant tools far the analysis of the dynamics of the controller
are demonstrated by analysing the dynamics of typical predictive control problems.
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Figure 12.1: Signal flow diagram for calculation of loop transmission (L(z))

The chapter is organised as follows. Needs for links with classical control are dis- _

cussed in Section 12.1. The procedure for the calcutation of the loop transmission
is prasented in Section 12.2 and the procedure for calculating the closed loop trans-

fer function is presented in Section 12.3. The usefulness of the equations derived -

in Sections 12.2 and 12.3 is demonstrated in Section 12.4, where typical pradictive
. control problems are analysed. A summary is presented in Section 12.5.

121 Need for links with classical control

The concept of loop transmission is fundamental to ail feedback control systems. -

This concept may be obscured by the way the control zlgerithm is formulated but is
central to the true understanding of the dynamic behaviour of the feedback system.

Robustness properties of classical-type contrallers can be analysed by plotting the
loop transmission of the feedbuck control system. Important indicators such as gain
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Figure 12.2; Signal flow diagram for calculation of closed loop transfer function
(T . ' '

and phase mdrging are useful for assessing the performance of the feedback system..

Predictive control has rules for selecting controller settings. Typical parameters of

interest are the prediction horizon, control horizon and 8 which is used to tune the
controller. These settings are based on time domain concepts, If the dynamies of
‘the controller are expressed in a .requency domain notation then classical controt
analysis tools can be applied.
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12.2 Derivation of the transfer function for the loop

transmission

Figure 12.3: Scheme for calculation of L(z)

The loop transmission of a feedback control system can be measured experimentally
by breaking the loop, injecting a test signal ny into the feedback loop and measur-
ing the return signal no. This signal processing scheme, using the Internal Model
Control (IMC) signal flow diagram, is shown in Figure 12.3. The transfer function
for the loop transmission is, ol
. z

L) = —% : (12.1)
The signal flow diagram for the MSC algorithm is shown in Figure 11.1. Figure 12.1
is the model of the simplified MSC algorithm, with the constraint mechanism re-
moved and the internal feedback element inside the controller reduced to'state space
models 8, and S5.

- Based on the model presented in Figure 12.1, the equation of the loop transmission

i
' Tp K Kusc[ K - Ks)G

L(z) = - : .
) = T K KasolKoC: - Q5:C — RS2Cs Rrn] (12.2)
- Let L(z) = K1G, where
' Kil#) = Tp K Kyiso{Kr — Ks] (123)

_ 1= Tp&) Kmsc[K+G ~ Q51G — RS:Cs Ryrs}
. is the transfer function of the equivalent classical controller.

Refer to Appendix B.5 for the derivation of Equation 12.2.

12.3 Deri{ration of the closed_loop transfer function

The clozed ioop transfer function is defined as,

T(z} = f:%%_ (12.4)
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The closed loop transfer function is derived using the aignal'ﬂuw diagram shown in
Figure 12.2.. '
. GTpK1KuscKe

T 1 - TpKiKuso[(Ks — K7)G + (K1 — QS1)G — R5:CxRpya]

T(2) (125)

Refer to Appendix B.§ for the derivation of Equa.tion 12.5,

12.4 ‘ Demonstration

The usefulness of Equations 12,2 and 12.5 are demonstrated by analysing a predictive
control design. ' ' '

Three different predictive controflers are proposed for a feedback design. The char-
acteristics of each controller are ihvestiga.ted by analysing the loop transmission.

12.41 Nominal plant model

The nominal plant model is described using a secon& order transfer function with a
small damping factor and significant dead time. '

wﬂﬂ e—-f‘a

G‘(S) = G[S) = mm (12.6)
where,
wn = 0.3 rad/sec _ 12.7) _
¢ =04 o (128)
 tg==4sec _ o (12.9)

12.4.2 . Controller settings

Sampling period.
Typ=1 sec

Horizons.
Prediction Horizon HP =20

Control Horizon CP=5
Reference Trajectory,

=05 see

84



Table 12.1: ‘Table of proposed controller. tuning parameters

| Controller | 8 A
No.
[
2 3.0
5.0

Magnitude (dB)

Fre¢uency (Rad/Sec)

Phasa {deg). _

~80G|

- ’ i NP
100 e o :
fraquancy |Rad/Ses)

Figure 12.4: Bode Plot of Loop Transmission
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12.4.3 . Bode plots of loop transmission

- The Bode plot of the loop transmission for ach controliet is “hown iy Figure 12.4,
These plots are useful for analysing the robustness of the controllers. For example,
it can be seen that at w = 0.85 rad/sec th: loop gain for controller 1 is greater
than 0 dB. This indicates that controller 1is unsuitable, because if noise enters the '
feedback loop at this frequency it can cause the system to oacillate. Controller 2
is an improvement over cr. ‘voller 1 because the peak loop gain is below 0 dB. The
best controller is controller 3 which does not have a significant peak loop gain.

s na
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Figure 12.5: Bode Plot of Closed Loop Transfar Function
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. Figure 12.6: Closed Loop Step Response
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12.4.4 Closed loop response

_The Bode plot of the closed loop transfer function for each controller is shown in
Figure 12.5, These plots are useful for analysing the closed loop response of the
system. Controller 1 has an oscillatory responses due to the resonant peaks shown |
in Figure 12.5. These observations are seen in Figure 12.6 which is a graph of the
stap responses of the system using for controller.

12.5 Summary

This chapter forges links between classical and predietive control, Equations for the

" loop tra_nsniissiun and clased loop transfer functions are derived for the Multi-Step
Predictive Control {MSC) algorithm. These equations are derived by investigating
the signal processing model of the unconstraine. MSC algorithm. A demonstration
of the derived eﬁua;tions is presentecl' by using these equations to analyse typical -
predictive control problems. The results of frequéncy responge plots generated using
these equations represent important links betwesn classical and predictive control,

The equations derived in this chapter are significant as they rapresent quantitative
analyais tools for Investigating the frequency domain properties of the Long Range

* Predictive Controller, These equations provide a foundation for development of -

robust predictive control design methods,
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Chapter 13
Robust MSC Control Design Method

A key consideration in any feedback design is that of attaining perfofma.nce speci-
fications in the presence of plant uncertainty and external disturbance inputs. Im-
portant Robust Control design methods such 2s the Quantitative Feedback Theory
(QFT) (Horowitz 1979, Horowitz 1982, Horowitz & Sidi 1980) and the H-Infinity
Theory (Chu 1985, Maclejowski 1080) are presented in the control literature. These
control theories are extensions of classical control theory. They are concerned with
the designing of a fixed controller that reduces the effects of plant uncertainty to an
. acceptable level resulting in a feedback system that meets design specifications.

This chapter presents a method for designing a robust Multi-Step Predictive Con-
troller (MSC). Robust control design relies on frequency domain specifications of
the controller. This presents problems, because the predictive controller is formu-
lated as an optimal control problem derived from time domain specifications, which
obecures the controller's frequency domain properties. This problem is addressed in
Chapter 12, where an equation for the transfer function of the equivalent classical
controller is detived. This equation represents important links between predictive
and classical control theories and is put to use in the pmpbsed rabust control desigh
method. ' '

The chapter is organised as follows, The important issues regarding robust control
design and the importance of frequency domain design techniques are discussed in
Section 13.1. New analysie tools for prediciive comtrol, such as the equation for
deriving the equivalent classical contrnller, are presented in Section 13.2. The MSC
robust control design method is presented in Section 13.3. The tuning of the MSC
* controller is an important issue. Tuning guidelines are presented in Section 13.4.

The proposed design method is demonstrated by solving a typi~al process econtrol
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design problem. The model of the-procéss is predominantly second order with signif-
jcant resonance and long dead time. The uncertainty of the process model is known

" and is modelled via parameter variations., The problem is to design a suitable pre-
dictive controller to meet design specifications. This design example is prescnted in
Section 13.5. A summary is presented in Section 13.6.

'13.1 Robust control design

A controller is robust if it maintsins good control in the presence of plant variation
and external disturbance inputs. ' '

The frequency domain is the natural environment for designing feedback controllers
becatse the plant’s dynamics are conveniently described by its frequency response.’
Also, frequency response design methods provide good designs in the presence of
plant model uncertainty.’

The frequency response mode! of the plant is usually only accurate at low frequen-
cies. This is an impertant consideration when designiﬁg controllers, because the
controller’s dynamics must be tailored in such a way that feedback is proportional

_to the amount of ancertainty. Also, the phase uncertainty places constraints on- '
the bandwidth of the controller, Another important reason for frequency domain
design is that often noise constraints placed on the design require that the féedback
controller be band limited, where only the low frequencies of the feedback loop ara
required for control.

The initial phase of the design of a feedback controller is concerned with identifying
the plant's dyﬁa.mic mode! and estimating the uncertainty of this model. This
. information provides a foundation for the controller design phase and is necessary
for a goad control design.

The 6bject.ive of the controller design phase is to design a controller that compen-
sates for unceriainty in the plant dynamics, However, when designing the controlier
there are often conflicting requirements between the robustness and performance
specifications of the feedback aystem. ‘These issues, and others such as she noise
rejection properties of the feedback system are visible in the frequency response of
tha loop transmission. Indicators such as the gain and phase margins of the feedback
loop are uselful measures of confidence for assessing tle robustness of the controller.
These issues motivate the need for frequency domain design techniques.

- 8D



fermmm T e 1
: - Constraint Mechanism :
1 Ta(z)ﬂritr §
Vo u'(t) = Aull) :
1 t
| Rate Absolute 1
I o 1 ut) - y(t)
L e | €4 -
O T e
.'
Bl d
e(t)
=1l-zt
'(§)
Yo /" \& ! u(t)
S T
+ . Pr_a-Filter. ,_%&EMt‘

Fignre 13.1: Signal flow diagram of the MSC Algorithm

If the closed loop dynamics of the system are too slow, then a pre-filter may be used
to speed-up the set-point response of the system. This design approach leads to a
two degree of freedom design. The feedback controlier provides robustness, while
the pre-filter improves on set~point tra.cking performance.

13.2 New aﬁalysis tools for predictive control

A LRPC algotithm known as Multi-Step Predictive Control {MSC) is presented in
. this thesls. The modular framework of the MSC algorithm is sk swn in Figure 13.1,
An important feature of this algorithm le its constrairt mechanism, which ts an alter-
native to the usual approach of including the constraints in the quadratic program
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. Figure 13.2: Signal flow diagram of equivalent feedback control system

of the predictive contpoller., ‘The constraint mechanism places rate and absolute
constraints on plant inputs. Features common to most predictive control algorithms .
' such as integral action and set-po @5 reference trajectory are also included. For
details of this modei refer to Chapters 8, 9 and 11.

Analysis of the modular framework produced importan'ﬁ links between clasgical and
predictive control theorieé'(Chapi_;er 12). The trer=fer functions of the loop trans-
misgion, closed loop and equivalent classical consroller were derived by an