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Abstract

A developer of thermofluid simulation software requires algorithms which are used to design

and implement PI controllers at some operating points of nonlinear industrial processes.

In general, the algorithm should be applicable to multivariable plant models which may be
nonlinear. In some areas there is a hesitancy to use controllers for nonlinear processes which
use neural networks or fuzzy logic or a combination thereof. PI controllers are also standard in

various SCADA systems.

Since control normally takes place around an operating point, a linearised model is obtained. A
controller designed for a particular operating point, may not be suitable for other operating
points. Since a multitude of variables are to be controlled in the plant, the problem becomes
more acute. In this research, a methodology is derived for the design of multivariable control
using PI controllers. The parameters of the controllers depend on the operating point, and are
therefore nonlinear. The behaviour is deterministic in a classical control sense around a range
of operating points. This should remove concerns of non-deterministic behaviour as attached to

neural networks due to the lack of stability tests for them which are industry accepted.
A state-space approach leads to the development of a design methodology, which is then used
to implement these algorithms. The P- and Pl-controllers will be designed using traditional

methods, as well as by an optimal procedure which makes use of a genetic algorithm.

The GA tuning algorithm yields superior performance when compared to other methods.
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Opsomming

'n Ontwikkelaar van termodinamiese vloeistof simulasie sagteware benodig algoritmes om PI-
tipe beheerders te implementeer by verskeie werkspunte vir sekere nie-linére industriéle

prosesse.

Die algoriime behoort in die algemeen toepaslik op multiveranderlike aanleg-modelle te wees
wat ook nie-lineér kan wees. In sekere gebiede is daar huiwering om van nie-lineére
beheerders wat van neurale netwerke, wasige logiese stelsels of ‘n kombinasie daarvan gebruik

te maak. Pl-beheerders word algemeen in verskeie SCADA stelsels geimplementeer.

Weens die feit dat beheer gewoonlik om 'n werkspunt geskied, kan ‘n gelineariseerde model
van die aanleg verkry word. ‘n Beheerder wat ontwerp is vir 'n gegewe werkspunt, is nie
noodwendig geskik vir ander werkspunte nie. Aangesien meervoudige veranderlikes in die
aanleg beheer moet word, kompliseer dit die problem. In hierdie studie word ‘n metodologie
afgelei vir die ontwerp van multiveranderlike beheerder deur gebruik te maak van PI-
beheerders. Die parameters van die beheerders is werkspunt afhanklik, en gevolglik is die
beheerders nie-lineér. Die gedrag is steeds deterministies by 'n bestek van werkspunte vanuit
‘n klassieke oogpunt, wat enige twyfel uitskakel wat gewoonlik gepaard gaan met nie-lineére
beheerders wat gebruik maak van neurale netwerke. Hierdie twyfel is weens die gebrek aan
industrie-aanvaarde stabiliteitstoetse.

‘n  Toestandsveranderlike-gebasseerde metode lei tot die onwikkeling van ‘n
ontwerpsmetodologie wat gebruik word om die benodigde algoritmes te implementeer. P- en
Pl-tipe beheerders word ontwerp met tradisionele metodes asook met die gebruik van 'n

optimeringsprosedure wat gebruik maak van ‘n genetiese algoritme.

Die genetiese algoritme wat die beheerder parameters instel, lewer beter resultate as die ander

metodes.
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List of symbols

The table of symbols below convey their use throughout the study, unless otherwise stated.
Experiments for example, may have used some of the symbols differently to their description

below, but than then their meaning for that experiment, is supplied there.

All symbols in bold relate to a matrix or vector. An accent next to a bolded symbol refers to its

transposed, whereas it refers to the time derivative when used with a scalar function.

A bolded symbol next to a star refers to that symbol being in the modal domain, whereas when
the symbol is associated with optimal control theory, the star would imply an optimal

vector/matrix.

A ‘T’ next to a matrix/vector refers to its transposed.

Upper case letters refer to variables in the s-domain (were relevant), and lower case letters refer

to variables in the time domain (where relevant), except for the control vector U(t) .

Where applicable, SI-units are used.

A set of quantities like state values

Time (s)

Start time

Final time

State vector

Derivative of state vector

Control-Actuator dynamics

Control-Actuator dynamics

System output-measurement dynamics

Dynamic behaviour of system

System output vector

Reference vector

Control Vector

Element of the Controller matrix
a - ...to output
b - ...from input

Element of the plant matrix

Controller matrix
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Q
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Q
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Measurable noise vector
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Desired system dynamics

Feedforward controller matrix

Feedback dynamics
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Mode analyzer
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Mode synthesizer

Function vector

Function vector

Function vector
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Dynamic behaviour of system

Control vector

Error vector

System output vector
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Initial state vector

System order

Number of modes

Number of measurements
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Forward path gain
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Proportional gain constant

Integrator gain constant
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Differentiator gain constant
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I'" state controller

Lyapunov function

s e
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X actual State output vector
R Resistor value (Q)
C Capacitor value (F)
¥ Voltage across the capacitor (V)
Vi Voltage across the resistor (V)
V(1) Time varying voltage (V)
i(t) Time varying current (A )
J Performance index
H Real symmetric positive semi-definite n x n matrix
R Real symmetric positive definite n x n matrix
Q Real symmetric positive semi-definite nx n matrix
Fitness value where x, is the position in the ordered population of the "
F(x;) individual — with regards to a Genetic Algorithm
N Number of individuals in your population — with regards to a Genetic Algorithm
Nyar Number of variables per chromosome — with regards to a Genetic Algorithm
GGAP Generation Gap — with regards to a Genetic Algorithm
P Parent — with regards to a Genetic Algorithm
O Offspring — with regards to a Genetic Algorithm
M Mutated chromosome — with regards to a Genetic Algorithm
a Scaling factor

Table 1: Symbol declaration
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CHAPTER 1: DESIGN OF A STATE-BASED NONLINEAR CONTROLLER

1 Introduction

Firstly, a foundation will be laid for the research. The problem statement as well as proposed
solution will then be supplied. Hereafter, the specific experiments that were performed to
illustrate and prove the concepts developed during the research will be given, followed by the

methodology behind the route taken. The remainder of the thesis will then be outlined.
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CHAPTER 1: DESIGN OF A STATE-BASED NONLINEAR CONTROLLER

1.1 Background

The world of control theory is divided into two types, modern control and classic control.
The main difference is that modern control often designs solutions in the time domain, and the
model is used exclusively used in some way to design a controller for that specific instance.

The classic approach designs solutions in the s-domain. Exceptions do occur.

The type of system that is controlled is either linear, or nonlinear. By implication, modern
control is used for control of nonlinear systems, or systems that are harder to control, due to its

order or nature.

Classic control, again, tends toward linear systems, unless the nonlinear system is linearised,

provided it can be, which then makes it amenable for classic control techniques.

In either case, the complexity of the controller for the system, itself being either linear or
nonlinear, varies from the basic single-variable, single-loop feedback control system to more

complex multivariable control systems.

If the multivariable case is considered, when using the classic approach, scalar variables and
transfer functions are upgraded to vector variables and matrix transfer functions when
designing a multivariable control system. This leads to mathematical complications because of

the requirements for the matrix algebra.

In short, each plant output is affected by more than one control, which was needed to satisfy the
matrix algebra requirements. This implies that conventional design methods presented in
chapter § and chapter 9 of [1], are not directly applicable. For this theory to apply directly, a
solution is to decouple the system, i.e. to design cross controllers with the idea that they cause
each input to affect one, and only one output. This, however, is only possible if the cross
coupling effect is weak relative to the desirable control performance, if not, the system has to

be treated as an entity.

This will be discussed in more detail and better illustrated in chapter 2.

-15-




CHAPTER 1: DESIGN OF A STATE-BASED NONLINEAR CONTROLLER

Thus, considering the tools available at the time, the complexity of the system that can be
handled is rather limited. Keep in mind that this was in the approach in the pre-computer era.
A more powerful approach is the state-space approach, which can be applied in both modern
and classic control, on linear- and nonlinear systems. This is due to its mathematical

formulation of the problem [1: chapter10].

This approach is very attractive to use, given today’s technology and tools at hand.

1.2 Problem statement

My sponsor developed thermofluid simulation software that makes use of Pl-type control.
They require an algorithm be developed for the design and implementation of PI controllers
which are operating point dependant. The focus being processes which are multi- input- multi-

output (MIMO), primarily nonlinear, systems.

The purpose of this study was to derive a methodology for the design of Pl-type controllers for

MIMO, nonlinear systems, and to simulate the controlled system’s response in SIMULINK®.

1.3 Proposed solution

A state-space approach is used to design a multivariable PI controller which is operating point
dependant. As a consequence of this investigation, design rules must be formulated, enabling
the control engineer to chart the best path for the design of the controller which is required for

a specific situation.

Thus, the different areas of control will be investigated, see figure 2. The result of this

investigation will be briefly discussed in chapter 2.

A nonlinear system, represented by state variable equations, will be linearised so that
conventional, existing control techniques can be applied to it. Then, by using a linear control
law in the architecture shown in figure 1, the control law’s performance at controlling the

MIMO, non linear system will be illustrated. In fact, a linear-designed, linear controller will be
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used to control a non linear model of the system. This will be illustrated by simulating the

system in SIMULINK®.

-7 —
ky by W
k, b,
K = b =
_kn-. \_an

0 ? »k] bl ——#(sI- A)’ » X(s)

Figure 1: Feedback control using a series design principle [1]
The figure will be discussed in detail in chapter 2.

Strategy 1: The multivariable controller k, will be in the form of a pure proportional

controller for a MIMO system. Different variations on this topic will be presented.

Strategy 2: The controller, k, will be made a traditional PI controller. Different variations

will also be illustrated.

In these two scenarios the values for the controller parameters will be exactly calculated using
the linearised version of the system, and then implemented and simulated on the model of the

nonlinear system.

The third strategy is set apart from the rest, in that the nonlinear model will be used to obtain

the locating of the controller constant values, and not the linearised version.

Strategy 3. The MIMO nonlinear system will be controlled using an optimised PI-controller.
The design will be done using the nonlinear system itself, by means of a genetic algorithm to

locate and optimise the P and I constants.
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The strategies refer to the manner in which the controller parameters are chosen and

implemented across the operating range.

The reason:

o It allows the comparison of a proportional controller (P-controller), to that of a PI-
controller for the cases where the controller is linear (set point independent) and

nonlinear (set point dependent)

o Examine the effect of optimising the PI-controller with a genetic algorithm
1.4 Specific problems

-Experiment 1: MIMO water level control for two interconnected tanks
-Experiment 2: MIMO System Identification

-Experiment 3: Pressure and level control of a nonlinear plant

1.5 Methodology

Control Theory is a constant changing field, adapting to new tools and technologies as it

evolves.

Before computers, the ability to perform iterative and numerical operations was very limited,
and the success of the controller was based on being able to exactly/analytically determine the
solution. Since the advent of computers, it has become less necessary to get as close to the
answer as possible analytically, since computers are able to perform iterative operations fast
enough to still find a good enough solution within reasonable time with the initial solution
domain not being very small. However, there are instances, especially when it comes to
nonlinear systems, when the calculations require all the power computers have to offer and still
take too long to be viable for solution-finding, needing either super computing, or a method

exact enough to lessen the work to be done via iteration on the computer.

This is especially true in the case of some nonlinear systems, where using a method like a
genetic algorithm to find the optimal solution takes too long, reinforcing the necessity to use an

exact approach.
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Computers have thus, for the most part, enabled numerical calculations including iterative
methods to come into their own, providing the ability to solve much more complex problems,

quicker.

Thus, what has become apparent is that the focus of design now rests heavily on computational

resources.

It is important, however, to get basics right. If this is done, the correct foundation has been
laid, and more can be done using the available computational resources, rather than just
enough, given limited design time. One could say that better progress can be made from an
improved starting point.  One could argue, that a global minimum, is a global minimum, but

how fast you get there, matters.

For this reason, the study has been structured the way it has: first determining the appropriate
and applicable control techniques and approaches, then moving through the different control
strategies for the test scenarios; Focussing on getting the basics right, and then expanding the
idea until the necessary solution has been found, whilst still keeping in mind current and

possible future industry norms.

A very important consequence of the study is the set of design rules developed in chapter 3,
which will enable the follower thereof to design a controller which is best, given the system
parameters, system constraints and performance criteria. This will eliminate non-compulsive
control design (NCCD); the more complex the controller, the more complex the design which

will consequent in greater cost to client. The design should only be as complex as it has to be.
The experiments have been chosen to validate the developed design methodology.

Keeping in tune with getting the basics right, one feels that the ideal way to control a nonlinear
system is to design a nonlinear controller. A move in this direction has been made in this study

by including the design of a multivariable PI controller which is set point dependant, and thus,

nonlinear, as the set points vary with time.
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1.6 Notes

The use of symbols is discussed in the preceding section entitled “List of symbols”.

An exact solution, refers to a method followed that directly computes the answer for a given set
of operating parameters, the answer was not achieved via iterative method, as is the case with
GA’s.

Figure titles with references imply that the figure was derived primarily from that source.

Equations not numbered are those which have already been defined elsewhere in the study. For

this reason, especially equations used in the experiments and examples are not numbered.

1.7 Research overview

The research comprise of the following chapters:
Chapter 2: The results of the investigation into the different areas of control plus some

additional information, which will then form the basis of this study.

Chapter 3: The details of the method used, as well as how it was applied for this research. The

conclusion is the development of the design methodology.

Chapter 4. The methodology generated in the previous chapter is implemented on three

experiments.

Chapter 5: The final conclusion and recommendations are stated also including the

accomplishments.
Chapter 6: The references.

Chapter 7: The appendix.
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2 Control: Techniques, approaches and related research

Various areas of control, applicable to this study, are highlighted as well as which techniques,

approaches and design principles are used.

-21 -




CHAPTER 2: CONTROL: TECHNIQUES, APPROACHES AND RELATED RESEARCH

2.1 Modelling engineering systems

Modelling and control go hand-in-hand. Reason being, the solution to an engineering problem

starts with a thorough understanding and description thereof [2].

The modelling process used to obtain a state-space model improves understanding. The model
itself serves as an integral part of the description. Once a model (a mathematical equation for
the process) has been constructed, it can potentially be controlled. According to Christian
Schmid, control engineering can be described as follows:

“Control engineering deals with the task of affecting a temporally changing process in such a
way that the process behaves in a given way. Such tasks are not only found in technology, but
also in daily life in very large number. For example the ambient temperature in a room must be
held between given limits, despite temporal changes due to sun exposure and other influences.
The grip arm of a robot must move along the edge of a workpiece or be led as fast as possible
from one point to another in order to grip a workpiece. The same applies to the grip arm of a
crane, which is to carry bricks to a certain place on the building site.

In all of these cases, a manipulated variable must be selected in such a way that the given goal

is achieved.” [3]

2.2 Control approaches

As stated earlier in 1.1 Background, there exist two primary approaches to control, namely
modern control and classic control. The following discussion will have bearing on figure 2 on

the next page.
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CONTROL

CLASSIC CONTROL TECHNIQUES MODERN CONTROL TECHNIQUES

7

%

Figure 2: Control schematic
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Before starting the discussion, it is important to understand what is meant by the term

‘multivariable control system’, given the fact that it is the focus of this study.

A single- input- single output (siso) system, is one that has one reference value, i.e. one input, and
one controlled value, i.e. one output, with respect to the controller responsible for manipulating the
input to produce the controlled output. Otherwise stated, the controller has one input, the error
between the single reference value and the controlled output value of the object to be controlled,
referred to as the control object or plant. The controller then has one output, the manipulated
variable which is applied to the control object. This then produces a controlled output from the

plant. See figure 3.

R(s)—-

Figure 3: SISO feedback control system [1]

As can be seen, it is a single-variable, single-loop control system.
A multi- input- mutti- output (mimo) system, is one which has more than one reference value, i.c. a

vector input, and more than one controlled value, i.c. a vector output. The controller will be a

control matrix. Figure 4 illustrating the concept for a two-variable system.
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R(s) - : O ——J——" Ci(s)

R,(s) > (,(s)

Figure 4: MIMO feedback control system [1]

Here it can be seen, that one has a multivariable, multi-loop (at least one loop for every input-

output pair) control system.

Hybrid versions like single- input- multi- output and multi- input- single- output systems do exist,

but are not of interest for this study.

A very powerful way to represent a system, is by its state variables. A formal definition for the

state of a system is given in Definition 2.1.

Definition 2.1

The state of a system is a set of quantities x, (?),x,(?),...,x,(t) which if known at 7=¢, are

determined for 7 <t by specifying the inputs to the system for ¢ <¢,. [4: p16]

Systems are classified by being linear or nonlinear and time-invariant or time-varying.

Variations on this theme are represented below in terms of state variables.

A nonlinear, time-varying system,
x(1) = a(x(?),u(1),?)
A nonlinear, time-invariant system,

X(1) = a(x(1),u(r))
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A linear, time-varying system,
x(1) = A()x() + B(t)u(t),
A linear, time-invariant system,
x(¢) = Ax(1) + Bu(t),

In using a state-space representation of a MIMO system, it is important to note the dimensionality
of the different matrices used, and to ensure that they are consequent (meaning resuiting?) and

adhere to the laws of matrix algebra.

2.2.1 Classic control

The thread found throughout classic control, is the use of transfer functions in the s-plane, making
it amenable to be used on linear-type systems, or nonlinear systems that have been linearised
around operating points, The concept of linearising systems will be discussed in section 2.7 to

follow.

The most common control design techniques found in this approach are state feedback-, root locus-

and the frequency response methods, as well as pole placement techniques.

As part of the frequency response methods, one finds phase-lag, phase-lead and lag-lead

compensation [5].
The standard controller used throughout the industry today in SCADA systems is the three-term or
PID controller, which is a special lag-lead compensator. A Pl controller, which is the one used

throughout this study, is the same as the PID controller, but with its derivative constant set to zero.

Aiding in the design of a multivariable controller using P, the necessary information pertaining to

state feedback control, pole placement and Pl controllers will be discussed below.
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° State feedback control

The basic RC network shown in figure 5 will be used to explain the concept of the ‘states’ of a

system for state feedback control. A formal definition of the state of a system can be found in

Definition 2.1 in section 2.2.

R0
I(t) AN
R
+ +
v O C A= Ve

Figure 5: RC-circuit

In figure 5, V(t) is a voltage source, i(t) the current that flows through the network, V, (¢)

and

V(1) the voltages across the resistor and capacitor respectively with R being the resistor, and C

the capacitor.
Given that the components are linear, according to Ohm’s law and Kirchoff’s voltage law [3],

governing network equation for the RC-network of figure 5 is given by,

Vie)=i(t)R+V,.(1)
With, i, in equation (1) being the time dependant current flowing through the circuit.

i=C av()
dt

If equation (2) is substituted into Equation (1), it reduces to

Ve L yesLyp
d  RCRC
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This can then be presented in the common form of a state variable equation for a linear system

i x = Ax+ Bu (4
dr
whereby, in this case, AZ—RLC’ B:—RI—C , and the only state, x, is the voltage across the capacitor,

Vo).

The number of states in a system is the same as the number of elements with the ability to store the
specific energy of interest. This is why there is only one state in the network of figure 5, the
capacitor being the only element able to store, in this case, electric energy. The number of states
also corresponds to the order of the open-loop system. Thus, a network with two elements that can
store the energy of interest is a second order system. For later reference, the number of states of the

open-loop system, is also the number of modes, g, of the open-loop system.

Note
This does not imply that the closed loop controlled system is necessarily an n" order
system, n being the number of states. This is because the controller may or may not affect

the order of the closed loop system, depending on the controller that is used.

In this example, x was just a single variable. As soon as there are more than one state, x from

equation (4), becomes a vector, as illustrated.

As an example, a SISO second order system is used.

Let the plant’s open-loop transfer function be represented as the product of the states’ transfer

functions. That is, the plant transfer function

P (5)

@)= e

with P referring to forward path gain; see the figure. X,(s), X,(s) and X,(s) represent the
states x,(f),x,(f) and x,(r) in the s-domain.
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X2 (5) Xy0) 1| X()
Rl b o £ »B] »C(s)

s+2 s+1

Figure 6: Open-loop system

Assuming each state is measurable, each state can be fed back through a controller as illustrated in the

figure below.

R(s) —0—{P}—»

Figure 7: State-feedback control system

Resulting in the following diagram :

5 P
s(s+1)(s+2)

»C(s)

R(s)

Figure 8: Single variable feedback control
Note:
The shaded block constitutes a state-feedback controller using transfer functions in the s-

plane for a SISO system.

Point of fact for state feedback control: All states have to be measurable.
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That which cannot be measured cannot be controlled. Thus, if a state is not directly measurable, its
value has to estimated using state-estimation techniques. Some commonly used techniques will be

mentioned later in section 2.3 on design principles.

In the case of this study, state-feedback control, as described above, is when transfer functions in
the s-plane are used and the output of each state is fed back to the input. Intuitively this seems to
be a better approach because the important parameters are controlled individually.

Feedback control is when the output of the controlled system is fed back to the input to give an
error between the reference value and actual system output value, which is then manipulated by the
controller to achieve a zero error [S]. The way it manipulates the error to give the desired response

must adhere to certain performance criteria.

With multivariable feedback control it works the same, only now vector variables and matrix
transfer functions are considered, and thus matrix calculus is used.
Thus, the outputs, after being referenced by the inputs, are fed back to the matrix controller. Refer

to figure 9 below.

[Vi(s)]

V(s)=| . V‘JN(S)II

Vo)

R (s) C/(s)

R(s) = —>C(s) =

R,(5) C,(s)

Figure 9: Multivariable control system

According to [1: pp.413-414] the closed loop characteristic equation of the block diagram in
figure 9 is found to be

detd +G(s)) = 0 (6)
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G(s)=G,G,, and I is the identity matrix. G, and G, represent the controller matrix, and plant

transfer matrix respectively.

In the case of a two- input, two- output linear plant as illustrated earlier by figure 4,

.-\ o]

_GZI G22

(Gh G

GF: G?  GF

L~ 21 22
G(s){G,l(s) G,z(s)}
G,(s) Gy(s)

By equation 6, the closed-loop characteristic equation will be given by

[1+G,, ()1 + G,y ()] - G,, ()G, (5) = 0

where, by matrix multiplication

G, (s) = G, (5)G[ (s) + G, (5)G5 (s)
G, (8) = G, ()G (5) + G ()G ()
G,,(5) = G|, (5)G} (s) + G, ()G, (5)

Gy (8) = Gy ()G (8) + G ()G (s)

(7)

(8

(9

(10)

(11)

(12)

(13)

(14)

Ideally, one would have the system be decoupled, i.e. one input affects only one output. This,

however, is not always possible.

Using the above example to illustrate this, it can be seen from the set of equations above, and the

system of figure 4, that two controllers influence the same output. For the system to be decoupled,
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a way of achieving this is by making the off-diagonal elements, G,,(s),G,,(s) of the matrix ,

G(s), zero.

To achieve this, cross-controllers, Gi,(s), and Gj,(s) are fixed to adhere to the following

conditions:
Giy(s) =_g::2]:j.;Gz;(s) (13)
c szl § 4 1
Gzl(s)=_22pz((S;Gn(s) (16)

When these conditions hold, 10 becomes:

P P 17,
[1 , 4et(G"(s)) Gt (s)}{l , 4G (s) G, (s)} o (17)
G;} (s) Glpl(s)

There is a catch to this technique: the cross-coupling effect must be small, i.e. the effect of the off-
diagonal elements of G(s) on the system relative to the desired performance must be negligible. 1f
it is, the above-mentioned technique of decoupling can be used. Ifthe cross-coupling is not small
and has a dominant effect, this technique cannot be used and the system must be seen as a single

entity [1].

. Pole placement
It is important to note that pole placement is more a technique to determine controller parameter
values once a controller has been designed than a control technique itself, like the aforementioned

techniques.

Pole placement techniques further include methods that are in closed form, suitable for direct

machine computation, and those that are not, as well as adaptive control methods.

Also known as pole assignment, here, the desired location of the controlled system’s poles is

known. Knowing this gives the ability to formulate a characteristic equation.
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Let’s say the desired pole locations are wanted to be at p; and p,. A possible resulting second

order equation could have been

(S+p1)(s+p2)=0 (18)

which expands to

s’ +s(p, + p,)+p,p,=0 (19)

The form in equation (19) is useful because it enables one to compare coefficients with the
characteristic equation of the controlled system developed in (6), if it can be written in the same
form as (19). The result of which can be used to determine the controller constants.

An alternative to the equation in (19) is to take the desired damping and period of the

system, and use the equations of Table 5.6 form [7: p.252], or Table 5.7 [7: p.256].

° Lag-lead control (PID control)
The PID controller is a special type of lag-lead controller. It can be described in terms of Laplace

variables as follows:

Gc(s)=Kp+—K—’+KDs (29
s
A SIMULINK® representation of a PID controller is given below.
PID CONTROLLER
CONTROLLER e(t) | * CONTROLLER
INPUT error Kp h Q: > OUTPUT

'[ e(t)dt

J K,
a (t)
— et

d

i »K, |
dt

Figure 10: PID controller
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It comprises of three parts, hence its other name: three-term controller.

Those parts are the proportional gain path, K, the integral path, K, and the derivative path, K.
Each part then performs its namesakes operation on the error it receives.
For different variations of PID controller, the corresponding constant can be made zero, as is the

case of example a PI controller where the K, constant is made zero.

2.2.2 Modern control
Here, controllers are designed by primarily making use of equations and representations in the time
domain.

The main approaches are:

o State-space, which include modal control techniques

o Neural networks

] Fuzzy logic

o Neural-Fuzzy hybrid forms

o Variable structure control systems (VSCS), which include sliding mode control and

adaptive control
] Optimal control
Modal control further includes control of lumped-parameter objects and distributed-parameter
systems.
The different applicable approaches to the study will now briefly be discussed. Please refer to

figure 2 for an illustration of the discussion below.

o The state space approach
In this approach, the problem is formulated using state variables'. This enables greater design

flexibility to be maintained.

The motivation for using state variables is [4}:

o The differential equations are ideally suited for digital or analogue solution

! See Definition 2.1 by section 2.2
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o It provides a unified framework for the study of linear and nonlinear systems
o It’s invaluable in theoretical investigations
o The concept of state has strong physical motivation

To bridge the gap between classic control techniques and modern control using a state-space
approach, an example is given.

The true value of the state space becomes evident out of the discussion on modal control.

Example

See figure 1.

Consider a linear system, described by the following state-variable equation,

(1) = Ax(7) +Bu, (21)
dt

with

y=Cx (22)

Assume zero reference and zero initial conditions.

Further, assume that the inverses of both B and C exist, and that there is no direct transmission

from u to y. Let the desired plant behaviour be described by A,. A vector feedback control law

in the form
B . . . dx(t)
u =—-Ky, will produce the desired closed loop plant dynamics, i.e. e A x.
t
By using 22 and substituting u =-KCx into 21, one gets
dx(t) (23)

—==Ax(1)-BKCx=A
di ) X= R

The equation for the plant to be controlled, control object, then becomes
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A _ ax(e)+bue),
dt

(24)

where x is an n-state vector, A is a constant matrix, b is a n-vector, and the states are directly

measurable, implying that C=I or y=x.

The control law can be represented by

u(t) = -k'x(¢)

where k'=[k,,k, k,,....k,]

The resulting closed loop system can thus be described by

ax(t)
dt

= (A-bk')x(2),

from which the characteristic equation of the closed loop system is given by

A, (s) = det(sI — A + bk')

This is according to [1: p.423].

Modal control:

To illustrate where a modal controller is used, see the illustration below.
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+
UNMEASURABLE DISTURBANCES

+
MEASURABLE DISTURBANCES G}r

FEEDFORWARD CONTROLLER

DISTURBANCES

r(t) _—'9__' G*

= MASTER CONTROLLER |

Figure 11: Modal control as a subsystem of a cascade control system [1]

Two types of modal control exist, modal control of lumped-parameter objects, and modal control
of distributed-parameter systems. The first is of relevance to this study, whereas the latter is not.
For an understanding of modal control of distributed-parameter systems a discussion in [1: p446
section 4-6] is given. The brief discussion below is with regard to the modal control of lumped-

parameter objects.

The modal controller can be seen as an inner-loop controller, used in conjunction with an outer-
loop, master controller. The controller itself can be a P, PI or PID controller, given its widespread

industrial use in SCADA systems.

With this architecture, the modal controller can be used to alter the system’s dynamics, i.e. its

eigen values, and the master controller ensures that any desired equilibrium state is reached.

According to [1: pp.431-432], the overall scheme as illustrated above will improve dynamic
system response in terms of response time and its ability to follow a reference signal.

To now, it was assumed that a complete measurement of the state-vector was possible. It often
occurs that one cannot measure all the states and that more than one, but less than », manipulated

variables can be applied to the control object. If there are m number of measurements, and
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number of controls, with the order of the control object being », a situation occurs were m and/or
r is less than n. In the ideal case where a complete state-vector measurement is possible with as

many controls as manipulated variables,

m=n

r=n

In the non-ideal case, it causes the controller matrix K to become rectangular.

In order to address this problem, a modal domain state vector x* is generated via a “mode-
analyzer” T~' from the measured state-vector x.
Once in the modal domain, a modal domain control vector, u" = -K'x", is produced and then

transformed back to the normal state-space control vector, u ., by “mode synthesizer” T .

A design for a multivariable control system in the modal domain was first proposed by Rosenbrock
[8] and then later extended to include linear distributed parameter systems by M.A. Murray-Lasso,
L.A. Gould, and F.M. Schlaefer [9,10,11].

The process above is illustrated in the figure below.

PLANT
+
e u. dax
0 K i vector P =AX+UC » X
n - vector — CONTROLLER [ n - vector
PLANT
* * SYNTHESIZER
+
0 K T me | Jdx
K n - vector n - vector ——— AX + llc > X
n - vector _
MODAL CONTROLLER dt n - vector
* ANALYZER
X
T«
n - vector

Figure 12: Ideal modal control system [1]
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The number of controls and measured states available, determines the number of modes, q, of the

control object that can actually be controlled.

Then

g=mif m<r,or

g=rifr<m.

Examples of how this is handled can be seen in example 10-7 [1: p.442] and example 10-8
[1: p.445].

The important aspects of the modal control of lumped-parameter objects can be summarized by the

next diagram.
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. Variable structure control systems

These systems are a class of systems where the control law is adapted dynamically during the

control process according to some rule set. This rule set is dependant on the current state of the

system [13: p.1].
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Examples of such variable structure control systems are sliding mode control and adaptive control

methods.

Sliding mode control uses a sliding variable s(r), which is selected such that it has a relative

degree of one with respect to the control. Its purpose is to ensure the dynamics of the system
remain in the sliding mode, s =0. The control acts on the first derivative of the sliding variable, s

to keep the system’s states such that s =0.[13, 14]

Adaptive control can be divided into two main groups, direct and indirect adaptive control. Direct
methods (the controller parameters are updated directly), include model reference adaptive
controllers and gain scheduling controllers. The control parameters can be updated directly
because one has a predetermined reference model of the plant with the desired response built in.
Indirect methods include self-tuning regulators. The methods are indirect because the plant
parameters are first determined recursively, before updating the controller parameters using some
fixed transformation method. [12]. Adaptive control structures are based on heuristic methods. If
its arguments could be based on a theoretical framework rather than heuristic methods, the result

would be a stochastic controller [12: p.10]. The figures below illustrate the different schemes.

GAIN AUXILIARY
— P
SCHEDULER MEASUREMENT

CONTROLLER

PARAMETER
COMMAND/ —
REFERENCE  ——————#] CONTROLLED wreur

INPUT
SIGNAL CONTROLLER R SLANT =
—»

Figure 14: Gain scheduling [12]
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PLANT
A RE&%FB%TCE MODEL OuTPUT - CONTROLLER | CONTROLLED INPUT PLANT oUTPUT
A
—Tx R
GAIN LIMIT CYCLE
ADJUSTMENT [¢| DETECTOR
Figure 15: Model reference adaptive control — series scheme [12]
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Figure 16: Model reference adaptive control — parallel scheme [12]
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Figure 17: Self-tuning controller [12]
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CONTROLLED INPUT
COMMANDY/ o PLANT
REFERENCE SIGNAL CONTROLLER PLANT ¥ output
HYPERSTATE
CALCULATION
HYPERSTATE

Figure 18: Stochastic controller [12]

An optimal controller, is also an example of a VSCS if it is state dependant, i.e. it dynamically
changes depending on the current states of the system. However, what sets it apart is the fact that
it is mainly time-dependant rather than state-dependant and more important, it is designed
specifically to minimise or maximise some performance index. For this reason it can be seen as a

separate control approach, as depicted in figure 2 control schematic.

. Optimal control
It is necessary to first define what is meant by an optimal control problem.
Before one can define the optimal control problem three things are necessary for its formulation

according to Kirk [4: p.4]:

o A mathematical description (model) of the process to be controlled
o A statement of the physical constraints
¢ Specification of the performance criterion.

Further, one needs the following:

Definition 2.2

A history of control input values during the interval [1,¢,] is denoted by u and is called a control

history, or simply a control. [4: p.6]
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Definition 2.3

A history of state values in the interval [¢,,¢,] is called a state trajectory and is denoted by x. [4:

p.6]

Definition 2.4

A control history which satisfies the control constraints during the entire time interval [¢,,7,] is

called an admissible control. [4: p.7)

Definition 2.5
A state trajectory which satisfies the state variable constraints during the entire time interval

(452 ,] is called an admissible trajectory. [4: p.8]

Finally, one can define the optimal control problem as:

The admissible control, u* which causes the system X(¢) =a(x(?),u(?),t) to follow an admissible

trajectory, x* that minimises/maximises the performance measure
J=h(x(t,)t,)+ f " g(x(r),u(t),t)dt (general form), denoted by J *.

Where u* and x* denotes the optimal control and optimal trajectory respectively.
The form chosen for J, yields terms like linear quadratic (LQ) optimal control. The different

forms really depend on the designer.

The optimal control, w* | is only as good as the performance function.

The goal is to use a performance- or cost function that, when minimised/maximised, yields the best
solution for the given problem. The best solution being the u* that causes the system to follow

x * and that also best tracks the reference signal whilst adhering to the physical constraints thereof.

An attempt toward optimal control was made using a GA in this study. Given its dependence on a

performance function, some examples are briefly mentioned.

One can create this performance function, or use an existing form. Some basic LQ
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forms are briefly discussed next [4: pp. 30-34]:

Minimum-time problems
These problems involve the transfer of a system from an arbitrary initial state x(¢,) = x, to a target

state in minimum time.

The performance measure to be minimised is then

J=t‘/-—t0= fofd[ (28)

Terminal control problems
Here the desired final sate of the system is to be as close as possible to the desired final state.

The performance index then becomes

n 29
7= 0x0,) P (29

i=1

where n is the number of states and i =1,2.3,....n

In terms of matrix notation, useful for the handling of multivariable systems, this can be written as
J=[x(t,)-rt )] [x(t,)—r(t )] (30)
This is often written as
2
J= ”x(tf) - r(tf)” (30

Which is called the norm of the vector [x(t,)-r(z,)].

What is often done is to insert a real symmetric positive semi-definite nx n weighting matrix H .2

The purpose of this matrix is to adjust the contribution each state has to the performance index.

2 “A real symmetric matrix H is positive semi-definite (or non-negative definite) it for all vectors z , z'Hz>0.

In other words, there are some vectors for which Hz = 0, and for all other z, z'Hz > 0 [4: p.31]
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This is useful when a certain state is of greater importance than others. The equation above is then

written as
J =[x(t,) - r(,)) HIX(,) - x(t,)] (32

Or
J=x@)-ra ), (33)

It can be seen that if all the states are to contribute equally to the performance index, H is the

nx n identity matrix.

Minimum control effort problems

This requires the transfer of a system from an arbitrary initial state x(z,) = x,, to a target state with

a minimum expenditure of control effort.

The performance index then becomes

J= ("' (ORu@)dr = [ fuo); a (34)

R being a real symmetric positive definite weighting matrix>.

Tracking problems

Involve maintaining the system state x(7) as close as possible to a desired state during the interval

[t07t_/'] .

An obvious choice for the performance measure is then

J =[xy -re)|; (35)

Q)

3 «A real symmetric matrix R is positive definite if z' Rz > 0 forall z # 0™, [4: p.33]
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The weighting matrix Q serves the same function where it is used, and has the same properties, as

H mentioned earlier.
If it also important to expend as little as possible control effort J becomes

= [T IO =r@, + Ol 1o (36

If it further becomes very important for the states to be equal to their desired values

at the final time ¢ s »the performance measure can be written as follows,

J=xap-rapf, + [ k@ -rol, + o], 1 (37)

which, as can be seen, is the same as the general form given earlier except for the use of the

weighting matrices.

Regulator problems

A regulator problem is identical to that of a tracking problem, but the desired state values r(t) =0

forall re[t,,¢,].

As stated, the selection of a performance function is paramount.
In this study, the performance measure is to be minimised.

Minimising the performance measure implies that one seeks to find J*, where
J*Sh(x(tf),t..)+J”g(x(t),u(t),t)dt for all admissible controls causing admissible state

trajectories. In other words, one is searching for the global or absolute minimum of J.

There are many ways to determine this absolute minimum. One possible, but totally inefficient

and not always possible way is to literally try every combination of admissible control causing an

-47 -




CHAPTER 2: CONTROL: TECHNIQUES, APPROACHES AND RELATED RESEARCH

admissible trajectory, and then calculate the value of the performance measure. The control that

yields the lowest value of J is the optimal control.

The best way, but also a considerably more difficult one, is to use deterministic methods. These
methods are especially hard to code because they are not straightforward, and depend heavily upon

designer initiative and his/her knowledge of the system.

A few such proposed methods are:

o The method proposed by Salukvanze, based on a Lyapunov function [4: p.452]. This
method does not provide a direct algorithm to compute the control law, but is flexible
enough for time-varying linear systems and/or systems with constraints. Some other
methods which directly compute the control law are those referred to in [12, 21, 22, 23] on
[1: pp.458-459].

o The minimum/maximum principle of Pontryagin [4: p.53]

o Dynamic programming developed by R.E. Bellman making use of the so called Hamilton-

Jacobi-Bellman equation [4: p.53]

Another method is the use of a genetic algorithm to determine the global minimum of J. This is,
however, not a deterministic approach, but a probabilistic one.
A great advantage that it has above the aforementioned methods is its ease to code, as will be seen

where it is used in this study.

The genetic algorithm is a stochastic global search method that mimics the metaphor of natural
biological evolution. [19]
One therefore encounters natural biological terminology such as chromosomes, genotypes and

phenotypes.

Here, the chromosome is composed of some alphabet, in such a way that the chromosome values

(genotypes) are mapped uniquely onto a decision variable domain called the phenotypic domain.

To better understand the terms as applied in the algorithm, consider an individual, represented by
the binary string
- 48 -
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1100110110
This is the binary encoded chromosome of the individual. By using bs2rv*, this string represents
the real value of

267.8397

which is its genotypic value. Here, it was chosen that the individual’s genotypic value was to be
encoded using a 10 bit precision, any apt precision resolution could have been used. By decoding
the chromosome representation to its genotypic value, it has been mapped onto the phenotypic

domain.

Though the genotypic value is the representation that has meaning in the problem domain, the
search process for the fittest individuals operates on the encoding of the decision variable, i.e. its

chromosome representation. This holds for when then chromosome is real-valued.

Once in the phenotypic domain, the specific individual’s performance can be evaluated by
determining its fitness. This is based on its objective function value. Once the objective function
values for the population have been determined, they are ranked accordingly. In the case of this
study, the fittest individual would be the one that minimises the performance index”. The fittest
individuals then stand a better chance of being selected for breeding, depending on the selection
method used. Offspring are then created by making use of mutation and cross-over techniques
which will be discussed later. The generation gap is the difference between the number of
individuals in the original population, and the number of offspring created.

The next generation’s population is then formed by recombining the original population’s fittest
individuals with the offspring. These fittest individuals that survive to the next generation depend

on the recombination method used.

The basic idea now known, it is necessary to be familiar with some of the processes involved.
These processes include the method used to determine objective function value, the method used to
rank the population, the method used to select individuals for breeding, the breeding methods, and

the recombination of the original population’s surviving individuals and the offspring.

* bs2rv is a function part of the GA Toolbox. Please see the appendix for the associated code
> Throughout the study either the ITSE or ISE performance index/objective function was used.
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Objective function value
This is nothing other than the performance index. In this research the ITSE and ISE performance

indices [7: pp.248-249] are used.

The error of the system over the simulation period [¢,,7,] is fed to the objective/cost function, the

result of which is the objective value for that specific individual.

The objective function for the ISE criteria is

ISE= ["e*(t)ds (38)

and for ITSE is
ITSE = (' 1€ (t)dt (39

where ¢ is the simulation time.

Ranking

The term fitness value refers to the ranked objective function value. As stated, the individual’s are
ranked for minimisation.

Two types of ranking can be used, linear-, and nonlinear ranking. Only linear ranking is used

during this study.

The fitness value assigned to each individual, is calculated using the function F(x,), where MAX

is the selective pressure; the bias toward the fittest individual.
Generally, the selective pressure varies between 1.1 and 2. In this study MAX =2, causing the

fitness value assigned to the fittest individual to be 2, and zero to be assigned to the least fit

individual. F(x,) is directly calculated by:
(40)
x,—1

N,, -1

n

F(x))=2~MAX +2(MAX —1)

where x; is the position in the ordered(ascending) population of individual i.
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Individual selection
The selection of individuals for breeding of a population was done in one of two ways; via

stochastic sampling with replacement (SSR)® or stochastic universal sampling’.

Stochastic sampling with replacement (SSR) is a basic roulette wheel selection method. It finds
the real-valued sum of either the individuals’ expected selection probabilities, or the fitness values
over all the individuals in the current population. This sum is then used to represent a circle. Each
individual then contributes to a portion of this circle, coherent with its contribution to the value of
sum, i.e. the fitter the individual or the greater its probability of selection, the greater part of the

circle it represents relative to the other individuals. This is illustrated below in figure 19.

Figure 19: Roulette wheel mechanism [19]
To select an individual, a random number between zero and the sum is selected. The individual

whose segment spans the random number is selected. This is then repeated as many times as the
number of offspring to be created. It can therefore occur that a specific individual is selected more
than once for breeding, or may even fill an entire group of offspring. A way of addressing this is
by decreasing the segment of an individual, once chosen. This is known as stochastic sampling

with partial replacement (SSPR). The segment can eventually become zero, but not negative.

Two additional methods worth mentioning, but not of interest to this study are remainder stochastic
sampling with replacement (RSSR), and remainder stochastic sampling without replacement

(RSSWR).

®The ‘rws’ function of the GA Toolbox
"The *sus’ function of the GA Toolbox
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Stochastic universal sampling is a single phase sampling algorithm with minimum spread and
zero bias. It makes use of N equally spaced pointers, where this number is equal to the number of
offspring to be created. The population is randomly shuffled and a pointer, ptr, is generated
between zero, and the sum mentioned earlier, divided by the number of selections. N individuals
are then chosen by generating N pointers spaced by 1, ptr,ptr+1,...ptr+ N —1, and then

selecting the individuals whose fitness span the positions of the pointers.

Breeding methods
Once individuals have been selected for breeding, they can be altered to produce offspring. These

methods include:

Crossover techniques

The techniques are discussed in detail in [19].

Single-point crossover is illustrated below.
If two selected binary-encoded chromosomes are considered, for example

P, =10010110
P, =10111000’

the resulting offspring for a single-point crossover at i =5 will be

0, =10010000
0, =10111110

In addition, multi-point crossover techniques exist where bits cross over at different intervals. An

example of this would be using P, and P, from above the bits cross over from location i =2,3.4
and i=7,8,9 between P, and P,. This is illustrated below where k, € {k,,k,}, with k, € {1,2,3}
and k, €{6,7,8}. k, are the crossover points. Thus one has

P, =1001011010
P, =1011100001

which produce
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0, =1011010000
0, =1001101011

Uniform crossover is characterised by the use of a mask, A, the length of the chromosome. This

mask determines which parent supplies which bit/contribution for/to the offspring.

Example

P, =1011000111

P, =0001111000
M, =0011001100
0, =0011110100
0, =1001001011

It can be seen that O, is formed by taking P, ’s bits if the corresponding mask bitisa 1, and P,’s

bits if the corresponding mask bitis a 0. O, is formed in the same way but by using the inverse of

the mask.

Other forms of crossover operators also exist, like shuffle and reduced surrogate operators, but are

not of importance in this study.

In the event where the chromosome is real-valued, a recombination method is used. Intermediate
recombination is when offspring are created around and between the values of the parents. The

rule which govern this process is

O,=P*a(P,~P) (41)

where P, and P, are the parent chromosomes, and « is a scaling factor chosen uniformly at

random over some interval. This interval is usually [-0.25,1.25].

With the making of each offspring, pair of parents comprising genel and gene 2, a different « is
used. These rules enable the production of new variable within a slightly larger hypercube than the

original parents, but within the range of «. The figure below illustrates this.
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. <+——AREA OF POSSIBLE OFFSPRING

@ PARENTS

GENE 2

. POTENTIAL OFFSPRING

Y

GENE 1

Figure 20: Geometric effect of intermediate recombination [19]

Another recombination method is line recombination. 1t works in the same fashion as intermediate
recombination, but the value of @ remains constant for each offspring produced. Figure 21

illustrates this effect.
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Figure 21: Geometric effect of line recombination [19]
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Mutation techniques
Mutation can be applied to already-formed offspring, or on a specific parent to form an offspring
for that parent. In the case of a binary-encoded chromosome, mutation would imply that a zero

becomes a one, i.e.

0001100010-> 0011100010

The above example depicts a mutation of the original string (left) at location 3, to form the mutated

string (right). Mutation can occur at more than one location.

In the event of a real-valued chromosome, each variable in the individual’s chromosome is

altered/mutated with a given probability®.

Reinsertion

After forming the offspring, the surviving members of the original population have to be reinserted
into the new population containing the offspring. If a generation gap does not exist, or a
progressively shrinking population is desired this is not necessary.

It is assumed that a progressively expanding population is not wanted either. The norm is for the
next population to become progressively smaller until the surviving member is the solution to the
stated problem, or to hold the population the same size, and just go through a number of
generations until the performance criteria is met, or the maximum number of generations has been

reached.
Reinsertion is thus of interest for the last-mentioned case.

There are two ways of inserting offspring into the parent-population: The offspring can replace
parents uniformly at random. This forms a new population comprising of the offspring and parents
who were not necessarily the fittest. Another way is to replace the least fit parents with the
offspring. This method is an elitist strategy, because it ensures that the fittest individuals propagate
from generation to generation, and depending on the selection method, will be used to breed

offspring.

¥ GA Toolbox function ‘mutbga’ illustrates the mutation for a real-valued chromosome
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Genetic Algorithms differ from traditional search and optimisation methods in the following ways:
. GA’s search a population of points in parallel, not a single point;

. GA’s do not require derivative information or auxiliary knowledge because only the

objective function value and corresponding fitness values influence the search for a

solution;
° GA’s use probabilistic transition rules, instead of deterministic ones;
° GA’s work on the encoding of the parameter set, i.e. the chromosome, rather than the

parameter set itself. In the case where the chromosome is encoded using real-values, the

preceding statement still holds [19: pp. [-5].

2.3 Design principles

The difference between a design technique and a design principle is that the design principle
directly affects where in the system the controller is placed, i.e. it determines the topography and
signal flow path of the controlled system. The design technique is the manner in which the
controller is designed. Section 2.2 discussed the techniques extensively. The different
topographies for a controlled system are endless, and left up to the designer’s discretion; some

tried and proven structures do exist though.
The principle generally used throughout this study is the series/cascade compensation principle.
An example of this is shown in figure 1, and figure 3. For other structures for MIMO systems, see

Mesarovic, M.D. [20].

For basic design principles, see figure 22: ‘Schematic of Basic Design Principle’, are illustrated

DESIGN PRINCIPLES ?,

CASCADE/ FEEDBACK- OR
SERIES PARALLEL FEEDFORWARD

Figure 22: Schematic of basic design principle
- 56 -
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. Feedback-/parallel-/minor loop compensation

R(s)————[G G, (s) > C(s)

A 4

Hy(s)[e—G"(s)

H,(s)

Figure 23: Feedback, parallel-loop compensation [5]

G] (s) and G2 (s) make up the plant to be controlled. There are instances where it is more feasible

to control a subsystem, than the entire plant. Here, G2 (s) is such a subsystem. G€(s) is the

controller, and H 1 (s) and H2 (s) the feedback dynamics of the system.

o Feedforward compensation
V(s) N'(s)
] W)
G’ () N"(s)
M G”?(s) —»C(s)
PLANT

Figure 24: Feedforward compensation [1]

) Combined feedback-feedforward compensation

V(s) N*(s)

G/ (s)] W) LIN(5)

G"(s)

Figure 25: Hybrid feedback- feedforward compensation [1]
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. Modal control as a subsystem of a cascade control system [1]
Modal control is a control technique, but when incorporated as in Figure 11, one can see
how it affects the closed loop’s topography and why it can be seen as a design principle as

well.

2.4 Control basics

Given our prior knowledge of control systems to this point, it is good to add a few basics.

A control system must be designed so that the controlled variables follow the path of the

command/desired variables, irrespective of the command/desired variables’ path. In addition to

this, the system must be resistant if not completely impervious to disturbances. One could

therefore say that the controlled system must meet the following requirements:

. The closed system must be at least stable

° Disturbances/noise must be completely rejected, or have a small influence on the controlled
variable of interest

. The reference signal/model should be tracked as quickly and precisely as possible

. If possible, the controlled system must have a low sensitivity toward parameter changes.
These changes could be due to error creeping into the process, which then has to be
rectified, or on the other hand be due to component degradation, which needs to be

managed, but cannot be helped [21].

If some sort of a performance index is added as to just how well a closed-loop system must

operate, optimal control theory applies.

In general, the sequence of events in a control system is:

o Get a measurement of the variable which is to be controlled. In the case of state-based
control, this will be a measurement of the state one wishes to control. This may be done
directly, or may have to be estimated using state estimation techniques.

. Calculate the error between the desired response and actual plant output yielding the

control error.
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. Process the control error using the controller such that the manipulated variable, i.e. the

control input to the plant, reduces or totally removes the control error [22].

Both open-loop and closed-loop control schemes are used in the industry depending on the type of
system to be controlled. A feedforward controller is used in the open-loop system due to the
absence of feedback, whereas other design principles for controllers are used for closed-loop

systems.

As illustrated in figure 11 and figure 25, both feedforward- and feedback controllers can be used

simultaneously.

An important difference between the open-loop and closed-loop systems is that closed-loop
systems can counteract all disturbances/noise, but can theoretically become unstable if the control
input grows to too large values. Open-loop systems on the other hand can only reject/counteract
disturbances it was designed to, but can never become unstable, as long as the plant/control object

is stable [22].

The controller, k, irrespective of the class of system it will operate on, can be either linear or

nonlinear.

An example of a linear control law is

u(t) = —kx(r) (42)

and an example of a nonlinear control law is

u() = -k(tx(r) (43)
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2.5 State space

In addition to what is already known about the states of the system, it is also important to know
that the state vector x(t) at time ¢, is a set of variables which completely describes the system. A
few additional comments are:

. Knowing x(t) at ¢ and the future inputs of the system, is enough to determine the future

response/behaviour of the system;

° A memory mechanism is not needed because the states themselves serve as the memory
mechanism

. Initial conditions are state values

. The states often determine the energy in the system

. States are not unique, but are a very convenient and powerful way to fully describe the

system (see also the discussion by 2.2.2).
. The length of the states, i.e. number of states used to describe the system, are not unique
because unnecessary states can be included, making it important to choose states well.
When choosing the states, keep in mind that the state must be measurable either directly or

indirectly, and not be redundant [23].

2.6  Stability

In the linearization section to follow, a better description will be supplied, but for now it is
necessary to know that using linear models to represent systems is convenient due to existing
classic control techniques making use of Laplace variables. Plainly put, there exists a lot of math
to draw upon to do your controller design if your system is linear. This is also why nonlinear

systems are locally linearised, if possible.
Once one has described your system in terms of Laplace variables, being it a single- or

multivariable system, classic techniques can be used to design a controller, with a system transfer

function and characteristic equation readily formulated.
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Having your system described this way, enables it to be easily tested for stability using standard,
industry-accepted methods. Examples of ensuring stability are by Eigen value checking, either by
using the characteristic equation and determining its root locations, or by determining the Eigen

values of the matrix representing the closed loop dynamics. Both of which were used in this study.

An example of such a standard, industry-accepted stability test is the Routh-Hurwitz stability
criterion which is the ‘... necessary and sufficient criterion for the stability of linear systems.’
according to Dorf [7: p.259]. This criterion is useful when one has a characteristic equation and
want to determine the stability without actually determining the roots of the equation itself. Of
course given the ability of machine computation, you could have just computed the pole locations
itself; on the left side of the s-plane indicating stability, or on the imaginary axis (jw-axis)

indicating marginal stability [7: p.294].

If your system was nonlinear you wouldn’t have Laplace variables, eliminating classic design
techniques. There are ways of using modern control techniques and still apply classic design

methods, as will be shown in this study.

The main difficulty with modern control, applying itself to nonlinear representations of systems, is
that there exists no standard, industry-accepted criterion for determining the controlled system’s
stability. There are some criterions which can be used, like special Lyapunov functions and the
methods proposed during the proceedings of the 34™ Conference on Decision and Control in New
Orleans [25]. The problem is that they do not work for all cases, the Lyapunov functions only
work if certain sector conditions are satisfied [24] and the methods proposed during the

Conference on Decision and Control, only work for a class of nonlinear systems.

In the linear case a stability test like the Routh-Hurwitz criterion, is valid for all cases. Granted, the

Routh-Hurwitz criterion fails to detect the instability when the jw-axis roots repeat [7: p.300].
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2.7 Linearization

In order for the system’s behaviour to be determined in a classic control sense, the system must be
linear, or at least linear around an operating point (locally linear). This then enables the use of

Laplace variables and stability tests, mentioned earlier, to be performed.

The following discussion will elucidate the concept of linearity, linear functions and linearization.
The reference for the discussion is a document presented on the World Wide Web (www) by
Nayden Kambouchev, translated by Karen E. Willcox [26], which is based on the work of John
van de Vegte [27].

An issue to be addressed is what is meant by a linear function. This definition depends on context
and the environment. For the purposes of this study, a system is linear, or locally linear, when the

derivative exists, and can be determined as to apply the techniques described in [28: p.347-349]

These techniques also use partial derivatives with regard to the different states, i.e. %, where f,

n

is the n" differential equation of the system, and #» is the number of states. x, is the n" state.

If the (partial) derivative if the complete system described by state variable equation does not exist

for all points found within the dataset of the function, £, (x(¢),u(¢),t) describing the system, but

does exist around certain operating points, the system is said to be locally linearised around those

points.
To illustrate the concept of linear and nonlinear, examples of linear- and nonlinear functions for

one- and two variable systems are supplied in the representations below. Noting the trend, this

concept is extended to hyperspace structures for the multivariable case, not shown.
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Geometric representation of a single variable nonlinear function
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Linear Surface - 2 variables

Function Output

Variable 2 - Variable 1

Figure 28: Geometric representation of a two- variable linear function
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Figure 29: Geometric representation of a two- variable nonlinear function
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The superposition principle, also known as the linearity principle, states that if one has a function

that maps x, to y,, and x, to y,, then this function is linear if it also maps ax, + bx, to ay, +by,.

Where g and b are constants.

The Laplace transform can be proven to be linear using the linearity theorem stating that if

L[x,(t)] = X,(s) and L[x,(1)] = X,(s), then L{ax,(t)+bx,(1)] = aX,(s)+bX,(s).

For the interested reader, the online module presents an explanation, examples and exercises on
how a function can be linearised [29] using a Taylor series expansion. For the purposes of this

study it is enough to be familiar with the techniques described in [28].

From a modelling aspect, assuming that the system can be linearised or at least locally linearised, a
linearised model is sometimes inadequate in describing the real-life system. Instances where this is

the case is when saturation, hysteresis and/or friction occur [30].

What is often done to circumvent this problem without using a pure nonlinear model, is to add a
static nonlinearity (NL) to the linearised model. This nonlinearity can then be transformed into
uncertainty, causing one to have an uncertain linear system model which more accurately describes

the real-life system. See the figure below using an LTI system to illustrate the idea.

CONTROLLED LINEAR PLANT UNCERTAIN LINEAR SYSTEM
INPUT LTI OUTPUT | OUTPUT

SYSTEM NL >

Figure 30: Wiener system model [31]

Depending on where this nonlinearity is added, different known systems follow, i.e. the Wiener
model (Figure 30) using a static output NL, a Hammerstein system using a static input NL, and

discrete-time bilinear models which add the NL to the state-space equations [31].

The most attractive reasons for using linear models are listed below [32]:
o Linear models are easier to compute, visualize and understand

o Their behaviour in time is deterministic
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. The analysis of linear theory is complete

o Linear differential equations are a lot easier to solve

2.8 Lyapunov

The stability of a system for its zero solution can be guaranteed using a Lyapunov function. The
nature of this function illustrates the system being either stable, or only marginally stable. The
function is in terms of the states of the system and can readily be applied in the time domain. This

makes it very amenable for use in optimal control theory.

A Lyapunov function, is a scalar function in the form

Vix;, %y, X,) (44)

In other words, it’s a function in terms of the states of the system which yields a number as result.

The function is defined over a region D.

Further, V' is continuous, positive definite and greater than 0 for all states {xl,xz,...,x,,}:t 0. vV

has continuous first order derivatives at every point within ®©. The derivative of V', with respect to

. d )
the system %x" = f (x,,%,,...,X,), in other words V’(xl,xz,...,x,,)=(ZV(x,,x2,...,x")J , 1S

Xy

defined as the dot product V' =VV.f

The existence of a Lyapunov function, for which V'(x,x,,....,x,) <0 on region ® which includes
.. . . . d
the origin, will guarantee the stability of the zero solution for Fx,, = f, (X, %) 00X,).
{

The existence of a Lyapunov function for which V'(x,,x,,...,x,) is negative definite on region @

containing the origin only guarantees the asymptotical stability of the zero-solution of the system.

The example below illustrates this.
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Example

Given the system

dx,
—_ - xz
dt
&y =-x, —2x,
dt
a possible Lyapunov function is
2 2
X, +x
V(xl . x2) = %

2 . . . . .
Thus, V'(x,,x,) = x,x, + x,(-x, —2x,) = -2x,” . As can be seen, this function is non-increasing at

every location within the region © which includes the origin, and therefore the system

dx,

—_— x2

dt

& =—x, ~2x,
dt

will be stable for the zero solution [33].

When basing an optimal control theorem on a Lyapunov function it is instructive and flexible
enough to be applied to linear time-varying systems and systems with constraints. [1: p.452] The
Salukvanze method for optimal control is such an approach. Takahashi [1: pp. 452-455] discusses

this approach in detail and supplies an example as well.

Salukvanze’s approach also makes use of the maximum principle of Pontryagin, which is a

necessary but not sufficient condition to be satisfied during optimal control theory [1: p.629].
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3 MIMO, state space, nonlinear control theory

Using the basis supplied in the preceding chapter, a methodology is derived for the multivariable

control of MIMO, systems which may be nonlinear, using PI controllers.
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3.1 Introduction

All the elements of control theory relevant to this study now noted, a multivariable, nonlinear
system represented with state-variable equations will be linearised, a multivariable controller using
PI controllers developed, and the response of the closed loop system simulated using MATLAB®

and SIMULINK®.

3.2 Design methodology

Knowing the advantages of using states to represent a system, first order differential equations are

used to model a multivariable system, yielding the so called state-variable equations.

The state-space model of the system has then got to be,

x =f(x,u) (45)
y =h(x,u)
where
’xl i i ul i —yl i
xz u2 y2
X= » u= , y = .
_xﬂ B _um J ._yl’ _

rf, ()5 X ey X, Uy Uy e U,
WU

S (X Xy ey X, U Uy ey U,

N
)

f(x,u) =

LS (X)X g ey X Uy Uy ey U,) |
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R Xy ey X, Uy Uy ey U,)
Py (X)X ey X, Uy s Uy s U,))

m

h(x,u) =

P ()5 Xy geres X s Uy Uy ey U,y )

n is the number of states, m the number of controls and p the number of measured outputs.

Equation (44) contains all the states of interest.

Considering the system is controlled around a range of operating points, this system is then

linearised using the techniques described by Ljung [28] to yield the state-space matrices

EANE: A

ox, Ox, (46)
Azl

% Y

| Ox, o Ox,, |

EA

ou, Ou, (47)
bol & -

A

| Ou, L ou, |

Each element of A must be in terms of the states only, and b in terms of only the controls.

Keeping in mind, that one seeks to design a nonlinear controller for the multivariable system, the
next step is to take into consideration the physical constraints of the system, and to determine the
admissible controls and admissible trajectories, i.e. the operating range of the system and

controllers.
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The purpose of this is basically to have separate controllers for each operating point in a similar
fashion as a multivariable function of n variables has different values for different combinations of
variables; the function value is the specific controller parameters, and the n variables the states of
the system. The controller parameters change with respect to the operating points as the function

values would change with respect to its variables.

To enable this, a matrix is generated with all the relevant controller parameters with regard to the
operating points. The system controller matrix K, developed using the linearised model above,
thus varies depending on the operating point, and is therefore nonlinear. The stability over the
range of operating points can be determined in a classic control sense, eliminating suspicions of
non-deterministic behaviour often associated with nonlinear control. In this respect, K can be
seen as an adaptive controller using gain- or P1 -scheduling.

To illustrate how the admissible trajectories are determined is for example; a water tank has a
minimum water head of zero, and a maximum water head of 14 centimetres, its allowable values
will have to be within these bounds. However, the values the states can be, is not necessarily its
operating range. Other than the desired state values, the system’s operating range (all admissible
trajectories) is also influenced by the physical make-up of the system and the allowable values of

the controls.

One can imagine that for large operating ranges this is not an efficient way of determining the
operating range of the system, but if the combination of states chosen to determine operating range

is chosen smartly, it becomes efficient. The speed of machine computation aids in this method.

In order to calculate K, one has to first consider the design principle. There was decided to use

the series/cascade principle from figure 1.

For this design principle to work, the reference vector, i.e. operating points/desired state values,
must be made zero. Obviously, the user will set a reference input which is not necessarily zero.
Thus, from a design point-of-view it has to be controlled around zero (R =0) irrespective the
user’s desired operating points. Yet, the system itself must be controlled around the user’s inputs.
Consequently, the simulation of the system in MATLAB® must be adjusted in such a way as to
enable this.
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The illustration below shows how this can be achieved.

kj, 0000 0 Fb]oooooj
0 ky 000 0 0 by 000 0
K=|0 o0 00 b=| 0 0 .00 0
0 0 .0 0 00 .0 0
0 0 00 . 0 0 0 00 0
. [0 0 000 k, | | 0 0 000 b, |

xref ‘? —x ’@ UGs) ’@ (SI - A)-l > xactual

Figure 31: Feedback control

I is the nxn identity matrix.

The block diagram of the controlled system now established, together with matrix A, b, and the
admissible trajectories, the closed-loop characteristic polynomial can be derived, and controller

parameter values generated.

The modified block diagram (Figure 31) is then used with the system’s state-variable equations

and a model of the controlled system created in SIMULINK®.

The derivation of the closed-loop characteristic polynomial now follows:

According to [1: p. 422] the first step is to define the controller, k, as the column vector
[k, |
k2
k=|" (48)

k' =[k,, k. k, ]

The scalar controlling input is thus given by
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u(®) =-kx(t) (49)

Having derived matrices A and b earlier, the system can be represented as

B _ Ax(e) +but) (30)

By substituting the scalar controlling input into the equation directly above, one gets

51
L0 (A-bKk)x(t) (31)
dt
and the closed-loop characteristic polynomial can then be described as
CLCP = A, (s) =det(sI - A +bk") (52)

A is an nxn matrix. For the A_ to be calculated, the dimensionality of CLCP must be

consequent. With k' already defined as an 1x n, it follows that

b]
b, (53)
b=
_bn_
bk, bk, . . . bk,
bzkl
bk’ = (39
bk bk, . . . bk,
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The problem is, when controlling a multivariable system very close to its limit, it tends to become
singular. A brief discussion will now follow on why this is of importance. The discussion starts

with the definition of singular.

Definition 3.1

‘An (nxn) matrix A is non-singular if the only solution to Ax=0 is x=0. Furthermore, A is

said to be singular if A is not non-singular.” [34: p. 76].

Definition 3.2

‘A set of m -dimensional vectors {v,,vz,...,vp} is said to be linearly independent if the only
solution to the vector equation

av,+a,v, +..+a, v, =0
is a,=0, a,=0,...a, =0. The set of vectors is said to be linearly dependent if it is not linearly

independent.  That is, the set is linearly dependant 1 we can find a solution to

a,v, +a,v, +..+a, v, =0 where not all the a, are zero.” [34: p. 72]

Theorem 3.1
‘The (nxn) matrix A=[A,,A,,...,A,] is non-singular if and only if {A,A,,...,A_} is a linearly
independent set.” [34: p. 76]

Theorem 3.2

‘Let A be an (nx n) matrix. The equation Ax=b has a unique solution for every (nx1) column

vector b if and only if A is non-singular.’ [34 p. 77]

Theorem 3.3
‘Let A be an (nxn) matrix. Then A is singular if and only if det(A)=0’ [34: p.236]

From this, bk'=[k,,k,,....k,] will be non-singular if and only if {k,,k,,...k } is a linearly
independent set. Alternatively, bk’ will be non-singular if the only solution to (bk)x=0 is x=10

or the determinant of bk’ is not equal to zero.
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For our system, by theorem 3.2, if the resulting matrix that follows from the bracketed term of
equation (51) is singular, i.e. (A —bk’) is singular, there either does not exist a solution for
equation (51), or the solution is not unique [35]. This creates a problem when attempting to
simulate the system response.

Otherwise stated, if the bracketed term of CLCP of equation (52) is singular, the CLCP = 0.

The abovementioned singularity tends to occur when bk’ looks like equation (54). In order to

simplify matters, the system controller matrix K is chosen to be

kk 0 0 0 0 O
0 k&, 00 0 O
0 0O 0 0 O
K - (55)
0 0 0 0 0
0 0 .0
0 0 00 0 k|
This induces
(b, 0 0 0 0 O]
0 5 000 0
O 0 . 0 0 O
b (56)
0 0 0 0 0
0O 0 0 O 0
0 0 0 0 0 b,]
which then results in
bk, 0 0 0 0 0 |
0 bk, 0 0
bK = 0 0 .00 0 (57)
0 0 O 0 O
0 0 0 0
| 0 0 0 0 bk,

This is in concord with the required dimensionality of CLCP .
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Equation (52) then becomes

CLCP = A (s) = det(sI - A + bK) (58

A further motivation for choosing K as indicated, is when looking at the control law used to

control the system

u(r) = -Kx(r) (59)

The result is that each controller controls each state independently, i.e.

u | [ kx|
u, - kyx,

UGs)=| |= (60)
u" _kﬂxﬂ

which, if possible, is ideal. -ord b -

Remember, because the system is designed as if controlled around zero, x(t) from equation (59)

translates into deviation from the desired value in the controlled system.
Though the control law has the form of (59), it is implemented as illustrated in figure 31.

Now that one has an expression for A, in terms of the controller parameters, (58), one can use

pole placement techniques to solve this equation for the chosen admissible trajectories.

The operating point-dependant controller parameters now known, a function is generated which
basically maps the operating point, i.e. specific combination of state values, to the corresponding
controller parameters. The way this is done in MATLAB® is by using a lookup table or —matrix,

which functions in exactly the same way as a multivariable nonlinear function would.
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When a combination of states occur that was not used to build the lookup matrix during the design,
the surrounding controller parameters in the matrix is used to interpolate a relevant controller

parameter value.

The controller design is now complete; K, comprising of a set point dependant controller k  for

each desired reference input, resulting in control signal U(s) as illustrated above.

The nonlinear controller K _is then implemented in the model of the system in SIMULINK® using

both MATLAB® and SIMULINK®. This model is of the original system represented by state
space equation. The results from the simulation of the controlled system response include graphs

of the state values, and graphs of the control signal output.

3.3 Additional design notes

The way the admissible controls and -trajectories were determined in the study for the
proportional controller matrix K, was by finding the combination of states physically achievable,
then determining the necessary controls needed to have the system follow these trajectories, and if
these controls fell within the allowable range, it was considered an admissible trajectory. The

controls causing the admissible trajectories were selected as admissible controls.

For the PID controller matrix K, the physically achievable states were taken as the admissible

trajectories, and the corresponding controls as the admissible controls.

By only using desired state values known not to require controls larger than their limit, one
effectively has two measures that guards against the control U becoming infinitely large.
1. As long as initial assumptions hold for the maximum deviation, the bounds of the control

will never be exceeded.

Consider the control law used

U(t) = -Kx(r) (61)
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By knowing the limit of the controlling input U(#), and designing for a maximum deviation x(¢),

the ability exists to discard trajectories which will require a control greater than the allowed value.

Unfortunately, what occurs is that this maximum deviation does hold around an operating point,

but as soon as the operating point is changed by the user, this value is exceeded.

To illustrate this consider a system in which the absolute maximum deviation around the

operating point is 0.5 centimetres, and a tank is set to be controlled around half-full, 7 centimetres.
For an operating point of 7, the corresponding controller is selected and the control bounds never
exceeded given the deviation remains as per design. Even if the system was controlled exactly on
7 cm, implying a zero error/deviation, if the operating point was now changed to 10 cm, the error
at this instant would be 3cm, six times larger than the design. K will not be six times less for the
new set point, because it was designed assuming a deviation of 0.5, causing the much larger error
combined with the new controller parameters, to most probably generate a control much larger

than it was supposed to be.

One possible solution is to design the maximum deviation equal to the largest jump from one set
point to the next. This is unwise because it would set the threshold for the possible controllers’
parameters much less than necessary according to the control law, causing many trajectories to be

discarded. This will decrease the operating range of the system.

That is the reason why the control U, should be determined according to mechanical en budgetary

constraints and the deviation preferably be made as small as realistically possible.

The problem due to changing set points which cause the control to be higher than the designed

value, can be compensated for by means of a saturation circuit.
2. Saturation Circuit

Nothing other than a clipping circuit, a saturation circuit holds the control U equal to its

maximum designed value should it exceed it.
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From the discussion above, it is clear that a saturation circuit is always required. For this reason
and to remain true to the controlled system’s real-life response, a saturation circuit was included in

the simulation.

It is also the reason why, in the case of the Pl controller matrix, al/ the admissible trajectories and

corresponding controllers were taken, unlike the case of the proportional controller matrix.

When using an integrator in the control system, a situation can arise referred to as reset windup.
Essentially, the integrator needs time to recover from fast changing errors, or sudden large errors.
To explain this, consider a positive error. The integrator starts an integrating action in that
(positive) direction to compensate (See figure 32). Overshoot then occurs, causing the error to
change sign. The direction of the control cannot change immediately if the result of the previously
positive integrating action dominates. This causes prolonged overshoot until the integrating action
in the negative direction is such that the control can become negative. The same is true for a
negative error. The figure below illustrates the phenomenon assuming an initial desired value of

zero, which is then changed to one [36].

Step Response
140 ---—- ST Tt TTTo ST b A Sl
r\‘\ | : -~— Desired Qutput | |
| : |- —— Actual |
1ol \ 77777 S — L Acltua Qutput ]
N e
= o NLA | | |
> P | ; | |
‘5 08 777777 ﬁ ~~~~~ U . o e e m - o Lo o [ a
o 1 | | i |
-5' j i 1 1 ) )
o] { | | | | 1
E 06F---f----- 4 ,,,,,,, e oo . b
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Figure 32: Reset windup
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If reset windup does occur, a possible method to speed up the integrator’s response and eliminate

the overshoot, is by clearing the integrator’s previously accumulated value, i.e. its ‘memory’/to-

date contribution, to zero. This anti-reset windup code is included in the simulation, and results in

the next chapter will also illustrate the occurrence of reset windup as well as the effect of

implementing the anti-reset windup algorithm. The figure below shows the algorithm as

implemented in SIMULINK®.

3.4

Design methodology summary

The design methodology can be reduced to the following steps:

1
2

W

~N N W A

10

Model system using state-space equations;

Linearise state-space model around operating points;

Determine admissible trajectories, i.e. physically achievable combinations of the state
variables;

Decide on design principle to be followed

Validate design principle and derive block diagram of the controlled system;

Derive closed-loop characteristic polynomial in terms of controller parameters;

Calculate controller parameter values using the linearised model of the system — apply pole
placement techniques

Generate lookup table/-matrix containing controller parameter values and corresponding
operating points;

Specify lookup table/ -matrix’s interpolation method,

Implement controller in simulation of controlled system. The simulation must be set up

using the original system model.
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4 Design methodology application - experiments

Three experiments are set up in MATLAB® and SIMULINK®. The methodology developed in the
previous chapter is then applied to each of these experiments and the systems controlled around
various operating points. The results of the controlled systems are then supplied, intended to

validate the design methodology.
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4.1 Introduction

To enhance the readability and understanding of the results, the discussion of the results is

presented directly after the relevant figures.

Three experiments are performed to validate and verify the developed methodology of the previous

chapter.

The first experiment is a showcase of the application of the design methodology, focussing
especially on the different controller types. The different types of controllers that are used are P

and PI controllers for both linear and nonlinear cases, as well as an optimal linear PI controller.

The second experiment illustrates its versatility by illustrating a situation when the state-variable

equations are absent due to it being a black box model.

In conclusion, experiment 3 focuses more on the derivation of a state-variable model for the case
where the state-variable equations are absent, but can be determined by deriving a physical model
of the system. Consequently, less is focused on the behaviour of different types of controllers, as

this aspect of the design methodology was already covered in the first experiment.

4.2 Experiment 1: MIMQO water level control for two interconnected tanks

4.2.1 Experiment description

The figure below illustrates the plant (second order system) that requires the liquid level control

system.
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u
. tall q
CONTROL i CONTROL
VALVE VALVE

hl

TANK 1 TANK 2

Figure 33: Liquid level control system [14]

The liquid in each tank is to be controlled at a specified height within the system’s operating

range indicated by 4 and h,. This will be achieved by controlling each tank’s  inflow

independently, indicated on the figure by ¢, and g,. These inflows, only allow flow in one

direction, i.e. into the respective tank. In turn, these inflows are controlled by ~ the  respective

control valve’s position. The position of each control valve dependson the value of the

controls, u, and u, .

The controller is designed using the required flow values to maintain the correct water  heads,

i.e. the design assumes that the controller outputs are ¢, and ¢g,. However, from the figure
this is not the case; the outputs should be u, and u,. Due to this being an academic investigation,
assume that the actual controller outputs are the inflows into the respective tanks, i.e. u, =q,

and u, =q,.
For implementation in a real-life SCADA system, the controller outputs, , and u,, will be scaled
to the values the actuator needs to actuate the required inflows. In the figure, the actuator is a

control valve.

k, and k, are the pipe admittance coefficients.
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For the controller design and controlled system simulation, the setup from M.K. Khan and S.K.
Spurgeon in the article: ‘ROBUST MIMO water level control in interconnected twin-tanks using
second order sliding mode control’ [14], was used. According to this, the areas for both tanks were

taken to be same, i.e.

Further, the area and the pipe admittance coefficients were determined via calculation and

experimental setup to be

A =155.44cm?
k, =23.45
ky, =17.62

4.2.2 Controller design

According to the derived design methodology in the previous chapter, the first step is to determine
the system’s state-variable equations and represent the system in the correct state-space form.

Using equations 24a and 24b from [14], we have

. k ) 1
b= "j lhl —hzlszgn(hl —h2)+—q]

1

h, = I/;—'Ih h|s1gnh h) \/_+

2

By substituting the known values, becomes these state-variable equations become

By = —=0.1509, /|, — hy|sign(h, — b, )+0.00644,
hy = 0.1509,|A, — hy|sign(h, — h,)-0.1134,[h, +0.00644,

which are then taken and linearised around the operating points yielding

-84 -




CHAPTER 4: DESIGN METHODOLOGY APPLICATION - EXPERIMENTS

| |
—_ 0.1 509 (hl _ hz) 2 Signum(hl _ hz) &lsﬂ(h[ —_ h2) 2 Signum(hl - h‘_))

A= il _ - ‘
0-12509 (h —h,)  signum(h, — ) [_0-_15@*(;,1 —hy) 2 signum(h, ~ hz)]— 01134, -

b 0.0064 0
10 0.0064

The states to be controlled are the water heads of tank 1, and tank 2, A, and &,.

In order to perform the next step, i.e. determine the acceptable state values, the system constraints

have to be specified.

It was decided to have the state values of tank 1 and tank 2 vary between 0 cm and 14 cm.

0<h <14
0<h, <14

Further, the inflows cannot be negative, thus

9,20
9,20

To determine whether an inflow is negative, the inflows’ governing equations

q, = k,+/h, — BP -kl,”h] —h2|signum(h1 ~hy)

q, =k,\h, —BP —q,

are used. BP, is a variable used to simulate backpressure at the outflow of tank 2. It functions in

a similar manner as the effect a fictitious third tank would have on the system.
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A value of

q, =330
q, =150

was chosen as the maximum values for the inflows to illustrate the concept of a limited control.

The admissible trajectories were determined using MATLAB® and the system constraints as

described above.

The controlled system was designed in accordance with Figure 31, yielding.

L
1o k&

and the closed-loop characteristic polynomial of

CLCP = A _(s) = det(sI — A +bK)

with

For the desired system behaviour, the poles were arbitrarily chosen to be p, =-1 and p, =-3.

The desired characteristic equation must then be

CLCP

desired

=(s+p)s+p,)=5" +4s5+3

Using MATLAB®, the controller parameters for specific set points are determined across the

operating range of the system.
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The results are loaded into the lookup table, specifying linear interpolation between set points not

exactly calculated during the design.

The design now complete, K is implemented in the simulation of the plant.

4.2.3 Test scenarios

Given the control strategies as described in chapter 1 page 17, we would like to control the system

for the following scenarios:

a)

b)

c)
d)

The height of one tank is kept the same, while changing the other. This is done for both
tanks;

Both tanks are controlled at the same height;

Both tanks’ heights are changed simultaneously to different values from one another;

A constant error is introduced to each tank at a given time. This error will be in the form of
a leak which occurred in one tank. The other tank will have some addition to its volume,

like a small ball bearing which is accidentally dropped in.

To exact this, a reference signal was generated which takes the system through various operating

points such to include all the scenarios as listed above.

The reference signal was constructed using the values in the underlying table:

0-40 4 3
40-70 5 4
70-100 8 6
100-130 12 8
130-160 i3 9
160-190 1 8
190-220 12 8

220-250 13 13
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250-2?0 : i o s 3 : 2
270-1400 14 13

Table 2: Reference values and transition times — experiment 1

4.2.4 Results

The three control strategies listed in chapter 1 page 16, are now implemented on the different test

scenarios.

All the results to follow were obtained using the design parameters as listed below:
Position of pole 1: -1;

Position of pole 2: -3;

Maximum inflow tank 1: 330;

Maximum inflow tank 1: 150;

Maximum constant error value tank 1: -0.7 (example a leak);

Maximum constant error value tank 2: 1 (example a ball bearing dropped in);

The simulation parameters for all results below are:

Simulation time in seconds 7, =0;
Simulation time in seconds t, =1400;

Reset windup threshold tank 1: 0.9;
Reset windup threshold tank 2: 20;
Time error introduced to tank 1: 470 seconds;

Time error introduced to tank 1: 570 seconds;

Note:

Figures where the legend is omitted, is to improve visibility of the results. In all omitted
cases, the red graph represents the signal which is not limited (no saturation), the blue
graph the signal which is limited (saturation) at some point, i.e. at the maximum flow

values, and the magenta graph the reference signal
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Mention has to be made that the period just after the introduction of the last error, to the end of the

simulation was used to calculate the steady-state error as it appears in the legend of the figures.

The caption of “Same-height response”, refers to test scenario (a), as supplied above.

The operating range of the system is illustrated in the figure. The designation of X1 refers to the
height of tank 1, and X2 the height of tank 2 in centimetres.
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Figure 34: Experiment 1 - operating range

The two figures below, indicate how the P-controller’s parameters vary for the different sets of
operating points. This information was used to build each tank’s controller lookup table. Leaving

us with a set point dependant controller for each tank k, and k,, and thus nonlinear controller

o
gy
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: . S k
In this case both k, and k, are proportional gains, in the second control strategy k, = k,, +—-
A

k . . : : ;
and k, =k,, +—%. In the third control strategy using the genetic algorithm, a single set of
N
proportional and integral constants were tuned for the entire operating range using
k, =k,e ()+k, J‘ﬂf e,(1)dt and k, =k,,e,(t)+k,, : e,(t)dt, e(t) representing the error at time

t. In the case of the GA, the reason the constants were not tuned for each set point in the

illustrated (figure 33) operating range is due to the expense of computation.

Controller 1 Range

Tank 1 Controller Gain values

Water heads Tank 2 - X2 Water heads Tank 1

Figure 35: Tank 1 controller parameter range
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Controller 2 Range

1507—"' | b |
k-
.- :

Tank 2 Controller Gain values

=== m = —— - -

Water heads Tank 2 - X2 Water heads Tank 1 - X1

Figure 36: Tank 2 controller parameter range

Before the nonlinear system’s response to the reference signal is given, the design will be
validated using the linearised system. The controller is to control tank 1 at 12 cm and tank 2 at

10 em. Over the simulation period, a leak is introduced at 470 seconds to tank 1, and an eraser
dropped in at 490 seconds into tank 2. Because the response will be shown using the linearised
system, the system should be controlled exactly, and noise rejected completely, for the desired

values if the design functions properly.
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Response of Tank 1 - Exact Controller
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Figure 37: Experiment 1 - tank 1 response — linearised system

Response of Tank 2 - Exact Controller
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Figure 38: Experiment 1 - tank 2 response — linearised system
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480 490
Time (s)
-03 .

475

470
Figure 40: Experiment 1 - tank 2 control — linearised system
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As stated, the controllers are determined for each combination of X1 and X2 in figure 34, and if an
operating point should be chosen not in this set, controller parameters are estimated. The figure
below illustrates the difference between the controller values should it have been calculated exactly

versus the estimated values for the current case.

Exact Controller values ws Estimated Controller Values
T T T I I T T
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Figure 41: Controller estimation tank 1
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Figure 42: Controller estimation tank 2
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Consequently the response is also almost identical. 1f X1=12 cm and X2=11 cm, the response of
the controlled system using the interpolated controller values from figure 35 and 36, yields closed
loop poles at X=-1.0002 and X2=0.0002 instead of

-1 and -3; this is acceptable.

Satisfied the controller works on the linearised system around operating points, it can now be

implemented in the nonlinear model.

P-controller

To implement it as a linear controller, the average, minimum and maximum controller values from
tank 1 (figure 35) and tank 2 (figure 36) are taken respectively, and by the supplied formula,
combined to yield a single controller for each tank across the operating range. This formula can

readily be adjusted until the desired response is achieved.

Here the formula was chosen to be

kl = 0‘77klfmax +0.1 3k/_min +0. lkl_averagc
[ =1,2 for tank1 and tank 2.
Thus, the controller parameters are
k, =460.4025
k, =145.4914

The response for the generated signal is illustrated below for the same simulation parameters as
mentioned above. The leak in tank 1 is introduced at 470 seconds and the ball bearing dropped in
tank 2 at 570 seconds. Both tanks have an initial value of zero.

SSE refers to the steady-state error.
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Response of Tank 1 - Single Constant Controller

X1 (cm)

No Saturation, SSE >> 0.40088%
———— Saturation, SSE >> 0.40088%
Tank 1 Reference Values B

|

]

|

1
100 150 200 250 300 350 400 450
Time (s)

Figure 43: Experiment 1 —tank 1 response P-controller, linear

It can be seen how the system responds too slowly to reach its reference value over the period of

250 seconds to 270 seconds.

Response of Tank 2 - Single Constant Controlier
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Figure 44: Experiment 1 — tank 2 response P-controller, linear
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Figures 45 and 46 illustrate the varying control signal for each tank. Remembering that in this case
the inflows and output of the controller is the same thing, one notices the control never falls below
zero, and the saturated flow is limited to its maximum amount. The red indicates what the required
flow should have been. Referring back to figures 43 and 44, you won’t see a significant difference
in performance between the saturated and unsaturated response. This complies with NCCD in that
the same or very similar performance with smaller control values is achieved. This is advantages
in that physically a larger control, in this case would coincide with more water flow requiring a
larger water pump. A smaller, cheaper water pump can thus do the necessary actuating without

compromising performance.

Control signal of Tank 1 - Single Constant Controller
700 Fr=====F=-F == =r==Eer s sso=E o= =TT el il ol el =

3 .; ! - "No Saturation
: : ——— Saturation
B00 |- - ----f--m-e o AR b bbb T
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U1

300

200

100

L . |
. L ﬁ(’k ' N T H PN U

100 200 300 400
Time (s)

Figure 45: Experiment 1 — tank 1 control signal for P-controller, linear
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Control signal of Tank 2 - Single Constant Controller
r i 1 No Saturation
A0 o T saturation
T A e
300f--------f---- - ,~— T
S R S S
5 e
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Time (s)

Figure 46: Experiment 1 — tank 2 control signal for P-controller, linear

The saturation legend refers the control signal being limited to its maximum value, whereas the red

is the non-limited control signal.

Notice the values of the control signals for both tanks never dip below zero. This is because the

inflow can only stop, never become negative, unless a way is found to pump out the water as well.

From this, the response of the system for differing heights are apparent. Figures 43 and 44 also
indicate that the introduced errors have also been fully rejected.
The figures below take a closer look at the response when the two tanks have the same heights.

Refer to table 2.

Notice that the tank which is to remain at the same reference point experiences very little to no
change in its height indicating the controller doing well with the cross-coupling effect of the

system as well.
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The controls of the nonlinear controller were not supplied as in this case they are very similar to

that of the linear case.

Response of Tank 1 - Single Constant Controller

X1 (cm)

Time (s)

Figure 47: Experiment 1 — tank 1 same-height response, P-controller, linear

Response of Tank 2 - Single Constant Controller
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Figure 48: Experiment 1 — tank 2 same-height response, P-controller, linear
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Figures 49 to 52 illustrate the same as above, but for the nonlinear proportional controller.

Response of Tank 1 - Setpoint Dependant Controller
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Figure 49: Experiment I —tank 1 response P-controller, nonlinear

Response of Tank 2 - Setpoint Dependant Controller
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Figure 50: Experiment 1 —tank 2 response P-controller, nonlinear
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Figure 51: Experiment 1 — tank 1 same-height response, P-controller, nonlinear

Figure 52: Experiment 1 — tank 2 same-height response, P-controller, nonlinear
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From figures 50 and 51 one notices the definite steady-state error and slight cross-coupling effect

when changing the one tank’s height, but keeping the other one the same.

PI-controller

Due to the fact that one has a second order system, there were 2 equations with 2 variables to solve
in the previous control strategy. There are now 4 variables and 2 equations. Considering the
controller parameters, i.e. the P- and [-constants for every operating point come in pairs, one can
arbitrarily choose the I-constants and exactly calculate its matching P-constant.

An educated guess for the I-constant was made as follows:

. . 1 )
The time constant for each pole was determined as timeconst = ﬂ with / =12.
D

The shortest time constant, ¢,,,, was assigned to tank 1 and the longest, ¢, to

s ©short
tank 2, and each multiplied by a factor. After trial and error, the [-constants which yielded the best
system response across the operating range was:
Tank |: K, 1 =4,,,*2;

Tank 2: K, ;, =t4,.*3;

short

Solving the P-constants for each set point, the lookup table is generated.

For the linear case, the controller parameter values were chosen using the same formula as the P-

Controller; determined separately for the P- and I-constants for both tanks 1 and 2, yielding

k, =267.7874 +2

s

k, = 266.8118 +~
S

The accompanying response for the test scenarios are visible in the figures to follow.
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Response of Tank 1 - Single Constant Pl controller
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Figure 53: Experiment 1 — tank 1 response Pl-controller, linear

Response of Tank 2 - Single Constant Pl controller
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Figure 54: Experiment 1
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For all practical purposes a zero steady-state error is achieved for both tanks’ reference values.
When comparing this response with that of the P-controller, the distinct difference is the zero

steady-state error which is achieved.

Control signal of Tank 1 - Single Constant PI controller

(] I 7 T [ P o T

l No Saturation |
350} — Saturation ||
00|
250 e i
< 200} o ]

> I ! |
150l I
100} J
50} < Cpmmmmees u

A : v
o] — R ]
0 00 600

Figure 55: Experiment I —tank 1 control signal for Pl-controller, linear
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Control signal of Tank 2 - Single Constant PI controller
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Figure 56: Experiment 1 — tank 2 control signal for PI-controller, linear

When comparing the average control values for the reference signal of tank 1 and 2 of the linear P-
controller with that of the linear Pl-controller, the overall average is slightly less for the PI-

controller, see table 3.

30.1278 34.47
PI 27.0641 36.4694

Table 3: Average control values for the linear controllers

The figures to follow focus on the noise rejection ability of this PI-controller.
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Response of Tank 1 - Single Constant Pi controller
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Figure 57: Experiment 1 —tank 2 specific transient response, PI-controller, linear

Response of Tank 1 - Single Constant PI controller
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Figure 58: Experiment 1 — tank 1 noise rejection using Pl-controller, linear
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Response of Tank 1 - Single Constant Pl controller
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Figure 59: Experiment 1 — tank 1 same-height response, PI-controller, linear

Response of Tank 2 - Single Constant Pl controller
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Figure 60: Experiment 1 — tank 2 same-height response, Pl-controller, linear

Figures 59 and 60 clearly show the response tends toward a zero steady-state error with a slight
visible cross-coupling effect when trying to hold the one tank at a constant height whilst changing

the other.
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Response of Tank 1 - Setpoint Dependant Pl Controller
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Accordingly the same responses are now supplied when using the nonlinear PI-controller.

Time (s)

Figure 62: Experiment 1 — tank 2 response PI-controller, nonlinear
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Figure 64: Experiment | — tank 1 noise rejection using Pl-controller, nonlinear
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Response of Tank 1 - Setpoint Dependant P! Controlier
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Figure 65: Experiment 1 — tank 1 same-height response, PI-controller, nonlinear

Response of Tank 2 - Setpoint Dependant Pl Controller
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Figure 66: Experiment 1 — tank 2 same-height response, Pl-controller, nonlinear
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Figure 67 shows the response when reset-

The phenomenon of reset-windup, occurred in tank 1.

windup occurs, and figure 68 when a anti-reset windup algorithm has been successfully

implemented.

- Setpoint Dependant PI Controlier
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Figure 67: Anti-reset-Windup threshold=2

Response of Tank 1 - Setpoint Dependant Pl Controller
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Figure 68: Anti-reset-windup threshold=0.9
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Pl-controller (Optimised with a GA)

As stated earlier, the GA was used on the nonlinear model of the system to optimise the controller

parameters for the Pl-controller,

K = 0
k2

{k‘} kmey(0)+ky, | e (0t
| knes)+ ks, [ ey

The parameters within the GA itself that are of importance are the number of individuals in the

population (N, ,), the generation gap (GGAP ), the selection method used (rws/sus) and the

objective function. Also important is the fact whether the initial population of the GA was biased
or not. Different combinations of these parameters were used. These, and the results obtained are

tabulated below.

The setup which yielded the best performance for the generated reference signal is used for
illustration.

The optimal solution for the strategy using the GA is mainly influenced by the biasing/not of the
original population, and the performance index used. The other GA parameters mostly contribute
to the number of generations it takes the algorithm to find an optimal solution. Given the
simulations were run long enough that all combinations would have found the optimal solution, the
parameters of interest are the biasing of the initial population and the performance function. For
this reason, unless stated otherwise, the GA parameters were:

N, ,=20;

GGAP =0.9

Selection method: rws

Crossover/recombination technique: Intermediate recombination

Mutation function®: mutbga

A PID-controller was also included.

? ‘mutbga’ is a function found in MATLAB®’s GA Toolbox
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PI sus 20 NO ISE 0.04% 1.21%
PI sus 30 NO ISE 0.03% 1.19%
PI WS 20 NO ITSE 0.04% 0.43%
PI rws 20 YES ISE 0.03% 1.26%
PID rws 20 NO ISE
PID rws 20 NO ITSE 0.2% 0%

Table 4: GA trial runs

An optimal solution is found when the objective function value has not been decreased for a

number of generations. This is illustrated below. f(x) is the objective function value.

log10(f(x))

3.8568

3.8566

3.8564,

3.8562

3.856

3.8558

3.8556

b=

38554 s
0

200

generation

0 1200

Figure 69: Optimum solution search
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Because this is a probabilistic method, the possibility, how small, exists that at some point after a
number of generations the solution can be improved. Thus, in this study, 1000 generations was

considered enough time in which to find the optimum solution.

The illustration below shows how the GA minimises the objective function in a search for the

optimum solution.

3.857 [autp, o :
3.8565 | 4
)
< 3.856) o J
S S8
o
L
i 0
3.855 st it s aamver i oy
20 40 60 80

generation

Figure 70: The learning process — minimisation of objective function

By inspection of table 4, the parameters yielding the best performance for this control strategy
have been highlighted. The reason for not choosing the PID-controller, is that although yielding

the best steady-state errors, it exhibits very poor dynamic behaviour. See figure 71.
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Response of Tank 2 - Single Constant PID Controller - GA Optimised

X2 (cm)

——— No Saturation, SSE >> 9.6931e-006%
——— Saturation, SSE >> 9.6918e-006%
-— Tank 2 Reference Values

600 800 1000 1200 1400
Time (s)

Figure 71: Experiment 1 — tank 2 response PID-controller

The highlighted parameters were used with the Pl-Controller, and the anti-reset windup algorithm

tweaked by adjusting the thresholds at which each tank’s integrator reset itself.

This was also done using the PID-Controller setup as indicated in table 4, but it did not improve its

dynamic response in any way.

The final setup is as follows:
Type of controller: Pl

k, = 4000e, (1) +0.1505 [" e, (1)

K= 0

k, = 4000¢, (1) +0.0959 " e, (1)t
de =20;
GGAP =09
Selection method: rws

Crossover/Recombination technique: Intermediate recombination
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Mutation function: mutbga
Performance index: ITSE

Reset windup threshold tank 1: 0.9;
Reset windup threshold tank 2: 2;

This yielded the following responses for the generated test signal:

—
Response of Tank 1 - Single Constant P1 Controiler - GA Optimised
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Figure 72: Experiment 1 — tank I response optimised Pl-controller
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Response of Tank 2 - Single Constant Pl Controlier - GA Optimised
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Figure 73: Experiment 1 — tank 2 response optimised Pl-controller (1)

A notable improvement can be seen when comparing figures 72 and 73 with their corresponding

figures using the other types of controllers. Figure 74 focuses on this improved response.

Response of Tank 2 - Single Constant PI Controller - GA Optimised
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Figure 74: Experiment 1 — tank 2 response optimised Pl-controller (2)
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Control signal of Tank 1 - Single Constant P| Controller - GA Optimised
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Figure 75: Experiment 1 — tank 1 control signal for optimised PI-controller

Control signal of Tank 2 - Single Constant Pl Controlier - GA Optimised
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Figure 76: Experiment 1 — tank 2 control signal for optimised PI-controller

If one now looks at the optimised linear Pl-controller’s average control value for each tank over
the simulation period (table 5), it will be seen that it is very similar to that of the linear Pl-

controller of table 3.
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Pl-optimised 26.9105 36.6689

Table 5: Average control values for the linear, PI-optimised controller

These results verify our initial design for the PI-controller which did not make use of the GA.

The main difference in performance between the Pl-controller which had its parameters optimised
and the nonlinear Pl-controller of the previous section, is in their noise rejection capabilities.
Figure 77 illustrates how the noise is rejected in much less time than it took the nonlinear PI-

controller of figure 64.

Response of Tank 1 - Single Constant Pl Controller - GA Optimised
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Figure 77: Experiment 1 — tank 1 noise rejection using optimised PI-controller

When comparing the above results with that of figure 64, the value of an optimal solution becomes

apparent; improved dynamic response and noise rejection.
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Response of Tank 1 - Single Constant P1 Controller - GA Optimised
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Figure 78: Experiment 1 — tank 1 same-height response, optimised PI-controller

Response of Tank 2 - Single Constant Pl Controller - GA Optimised
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Figure 79: Experiment 1 — tank 2 same-height response, optimised PI-controller
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For all practical purposes, tank 1 and tank 2’s height remained the same when changing the other
tank’s height. This illustrates the cross-coupling effect being completely eliminated while still

having an integrating action which will over time make the steady-state error zero.

In conclusion, the response of the optimised linear Pl-controller, nonlinear Pl-controller and
nonlinear P-controller are compared to one another with regard to the test scenario where both
tanks are to be controlled at the same height (scenario (b)), i.e. both tanks are to be controlled at

13 cm.

Response of Tank 1 - Single Constant Pl Controller - GA Optimised
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Figure 80: Experiment 1 — tank 1 scenario(b) response, optimised PI-controller
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Response of Tank 2 - Single Constant Pl Controller - GA Optimised
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Figure 81: Experiment 1 — tank 2 scenario(b) response, optimised Pl-controller

Response of Tank 1 - Setpoint Dependant Pl Controlier
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Figure 82: Experiment 1 — tank 1 scenario(b) response, PI-controller, nonlinear
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Figure 84: Experiment | —tank 1 scenario(b) response, P-controller, nonlinear
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Response of Tank 2 - Setpoint Dependant Controlie
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Figure 85: Experiment | - tank 2 scenario(b) response, P-controller, nonlinear

4.2.5 Discussion

Through trial-and-error it was found that moving the poles any significant amount left from their

current locations would result in an unrealisable system.

The error, i.e. the leak or the eraser dropped into the tank, has a maximum value because it has this
value only when it occurs; thereafter the controller rejects the error, and it is suppressed toward

Zero.

The control in this case being the inflow into each tank, as stated, can only be zero or greater than

zero up to its maximum limit. The illustrations of the controls/control signals are evident of this.

The actuators for each tank can only control the inflow or stop it completely, it cannot reverse the
inflow, i.e. extract liquid from the tank. This is why the system responds too slowly for it to reach

its reference values from its position before 250 seconds, to its new reference values over 250
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seconds to 270 seconds; the liquid has to run out naturally. The system can be made too reach this

reference value if the controls can be negative, i.e. water can be sucked out of the tanks as well.

Thus, in order to improve the system response considerably, the current actuators can be placed at
the bottom of each tank. Thought must then just be given regarding the actuator (pump/valve)

used which will then be subjected to backpressure.

The difference in performance between the linear and nonlinear controllers in this experiment is
very small; reason being, no great difference between the linear controller parameter values and
that of the nonlinear controller at any given operating point. This system, thought nonlinear, has
inherent smooth behaviour. The motivation for a nonlinear controller will become evident the
moment one has a system which responds more variable, i.e. significantly different at different

operating points.

The manner in which reset windup was dealt with, was by resetting the integrator associated with
the I-constant of the Pl-controller, causing its value to become zero each time en error occurred
larger than the preset threshold. Tank 2 was not affected by reset-windup, and therefore its
threshold value was set so high. Given the fact each tank has a theoretical range of 14 ¢cm, an error

greater than 14 cm is impossible, the tanks’ size will not allow it, and neither will the controller.

The steady-state error of the PI-controller will decrease from the value on the figures to zero given

the integrating action.

Even thought the nonlinear Pl-controller has similar control values, the optimised linear Pl-
controller functions the best of all the control strategies, with better noise rejection and dynamic
behaviour especially:

Faster rise time;

Faster overall transient response;

Improved steady-state error, i.e. achieving a zero percent steady-state error,
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When comparing the response of the system for the test scenario where the one tank’s height is
changed while the other remains the same, very little to no disturbance is visible in the tank which

remains at the same height.

This GA algorithm was not used as a nonlinear controller, i.e. an operating point dependant
controller, because of the computational expense due to the problem being nonlinear. As stated in
chapter 1, the training process is too time consuming to optimise the controller for every operating
point. It is therefore not viable as an optimisation method for very nonlinear processes where the

muitivariable controller must be operating point dependant.

In an attempt to circumvent this problem, the GA was trained using the generated reference signal
which included a multiple of operating points. Still, is a single controller irrespective the operating

point.

The combined characteristics of the smaller average value of the controls plus the improved noise-
rejection capabilities and ability to achieve a zero steady-state error, make the Pl-controller the

controller of choice for this system.

4.3 Experiment 2: System identification

4.3.1 Experiment description

In the previous experiment, the state-space equations were available. It does often occur that this
is not the case. In this experiment the same twin-tank plant as in the previous experiment is used,

but handled as a black box model in SIMULINK®.

The purpose of this experiment is to show that the developed design methodology is readily used

with existing system identification methods.

The first step is to implement the system identification algorithm to obtain its state-space

representation. Given that it is a nonlinear system, the proposed identification method does not
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give a nonlinear state-space representation, but instead a linearised state-space representation of the

unidentified plant around specified operating points.

4.3.2 Controller design

What we effectively have, is an unidentified system in SIMULINK® which we in this case know,
but otherwise would have presumed to be nonlinear. We further know its operating range, and

consequently, operating points of importance.

Recalling the way the controllers were designed in the previous example, if we can achieve the
same state-space equation for every reference input vector, the design would follow identical to the

previous experiment.

Thus, the system identification was not done at every operating point across its entire range.
Instead, four indicative operating points were selected, see table 6. The resulting matrices, A and
B are compared to those calculated in experiment 1 using the techniques proposed in [28], for the
same operating points. If they are identical, or very nearly identical, the technique is considered to
be successfully validated. Other than inspection, the matrices can be considered the same if they

yield the same open-loop poles.
The chosen algorithm to perform the system identification is MATLAB®’s ‘linmod2’. It obtains a

linearised state-space model by taking the operating point, and then perturbing the model inputs

and model states of the SIMULINK® model.

4.3.3 Test Scenarios

The operating points used to validate the system identification algorithm are tabulated below:

Set 2 7 3
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13.245
Set 4 14 9

Table 6: Operating point sets

4.3.4 Results

Using ‘linmod2” a linearised state-space model is retrieved of the black box system around the
operating points tabulated above. The B -matrix for each operating point set was identical for both
experiment 1 and experiment 2.

With

£ 0.0064 0
1 0 0.0064|

The results for A were:

Set 1 | [-0.0754  0.0755 [-0.0754  0.0755
"1 0.0754 -0.1155 1 0.0754 -0.1155
Set 2 P [-0.0534 0.0534 | Al [-0.0534 0.0534
[ 00534 -0.0787 100534 -0.0787
Set 3 A | 00657 00657 ] 4 _[-0:0657  0.0657
1 0.0657 -0.0821 1 0.0657 —0.0821
Set 4 5 [-0.0337 0.0337 [-0.0337  0.0337
1 0.0337  -0.0526 100337 -0.0526

Table 7: State-space matrices from system-identification vs. linearised from experiment 1

An initial value response for the uncontrolled system is illustrated below. Tank 1 has an initial

value of 7 cm and tank 2 an initial value of 4 cm.
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Figure 87: Experiment 2 - initial value response, tank 2 at 4 cm
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When one compares this with the responses of the previous experiment for the controlled system,

the motivation and necessity for controiling the system becomes apparent.

4.3.5 Discussion

The system identification algorithm yields the same state-space equations around each of the four
operating point sets as the calculation method used in experiment 1. Therefore it is assumed to do

likewise for the other operating points in the operating range.

This is useful, because it enables the use of the developed design methodology on black box

SIMULINK® models.
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4.4 Experiment 3: Pressure and level control of a plant

4.4.1 Experiment description

2.
airpressure
= £ T
RESERVOIR s
a oul
= WVALVE 2

AIR

O My o

VALVE 1

e

Figure 88: Experiment 3: Pressure-level control

This experiment was inspired by the pilot plant used in [37]. The above figure illustrates our
model. The tank comprises a water part and an air part. Various plant processes can be attached to
it via valves 1 and 2. The water is reticulated through the system, ending up in the process water
tank after use, where it is available to be pumped.back into the tank. The varying loads imposed
on the tank by the processes can be modelled as disturbances at the operating points. In this
experiment an undisturbed system was assumed, but the system’s response to changing operating
points was considered. The air reservoir was placed in the system as it is lengthens the time

constant of the pressure loop and should smooth any pulses in the air flow [37].

The two states to be controlled by the multivariable controller is the height of the water part of the
tank and the air pressure in the tank. They are respectively controlled by changing the water flow

and air flow into the tank.
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For the water part there was assumed that water is always available to be pumped into the tank.
The rate at which the water pump pumps the water is not a function of the water in the process

water tank. The compression of the water is negligible.

For the air part there was assumed that sonic flow of the gas (air) does not occur and that the

process is controlled under isothermal conditions with air considered to be an ideal gas [38].

For the process to start up and be controlled, there has to be some initial values of water and air

present in the tank.

The table below indicates the variables’ designation for this experiment:

Mass of water in C, (kg)

al

m,, Mass of air in reservoir ( kg )
m,, Mass of air in C, (kg)
C, Water part of the tank
C, Air part of the tank
P Pressure ( kPa)
14 Volume (m?)
m Mass of gas (kg)

Gas constant ( 3,
R g K
i Temperature (K )
e Pressure due to atmosphere (kPa )
P(1) Measured (sensor) Pressure ( kPa )
Fe i Absolute air pressure (kPa )
K, Valve 1 constant
K, Valve 2 constant
h(1) Measured height of water in tank (m)
hy Total tank height (m)
- Water density (%)

Gravity acceleration ( A )
g &
s Volume of air reservoir (m®)
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A Area of tank (m?)

Air flow into tank (k_g)
ma in A
. kg
= Air flow out of tank (—=)
a_out A}
: kg
- Water flow into tank (—=)
w_in 5
kg
- Water flow out of tank (T)
A Steady-State water height (m )
B gutvaten Height equivalent of water in the tank for air pressure (m )
-4 Steady-State air Pressure in terms of 4., (kPa)
F, Steady-State Air pressure
Viaer_o» | Volume of water at operating point (m’)
Mo _op Mass of water at operating point ( kg )

Outflow of water by operating point (f_g_)
S

w_out _op

Ve Volume of the air part of the tank ()
Vier_op Total volume of air at operating point (m°>)
e Natural frequency of the system (ﬂ)

n S
T short Shortest time constant in the system (s )

Table 8: Experiment 3 - symbols

Where the ideal gas law was taken to be PV =mRT .

4.4.2 Controller design

In this experiment a state-variable model did not exist prior design, hence a model of the system

using state-variable equations first had to be derived. To this end, balance equations were used.

Water part:

Dynamic behaviour of the water part is given by the equation:
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L~ K PO+ pgh(t) = Ap%h(t)

Air part:

Dynamic behaviour of the air part is given by the equation:

m -m

a_in a_ouwt =0
- - dt

(m112 + maS )

P(t)— (P(t)+Pha,m,e,n%w(mPb,,,,,m,e, < h<r>>+ =, ~h(e): —(P(r)+ o)

To determine the constants K, and K,, the system is assumed to be in equilibrium at an operating

point, i.e.

Considering we do not have the air pressure at operating point, an equivalent water pressure was
assumed for the air pressure, i.e. the air pressure was considered as if it were a certain height of
water in the given area.

The following constants were assumed:

p= 99823k D g=981%; A=Im’; R=287—"; T=293K; Py,
s kg-K

=101.325kPa;
h, =2m. R was found to be the specified amount with reference to [39). Technically, R for
moist air should have been used, i.e. R, but for the purposes of this experiment, R for dry air is

sufficient.

The following steps illustrate how K, and K, are determined using the operating points 4,, = 1m
and
ﬁnp pg equivalent

where A =2m.

equivalent
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Thus,
4 =A*h, =1*1=1m’

water _op

maliop = unler_()p * P = 99823kg
It was decided, given the tank initially contained no water, the water needs to fill up to 4,, =1m in

60 seconds if no water flows out of the tank. This gives us the required outflow of

mw out _op =?M=3327!£
- 30 s

Solving for m,, , =m, . yields 33.27 = K, 1/,30’, + pgh,, giving

K, =0.1941

To determine K,, the ideal gas law is used.

P

a_abs

- *
- Pbaromeler ﬂop

With
Vi, =(h, - hop)* A

and the volume of the air in the reservoir is chosen to be slightly smaller than that of the air part of

the tank, i.e.

Vres = 09 VCZ

This gives the total volume of air at the operating point to be

V., . =V, +V

tot _op res

Now solving the gas law gives an air mass of 0.3512kg. Following the method used for the water,

if this mass of air must be moved out in 15 seconds, it would yield a required flow of 0.0234 k_g
R
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Thus, solving for m, , =m, ., yields 0.0234 =K, /3, giving

in a_ou

K, =1.6728*10"

This then yields the state space equations:

d 1
—h(y=—1\m._ . —0.0941P(t) + pgh(t
= h) Ap( O+ pgh(n))
B 1
Vm + AhT — Ah(t)

%P(f) (RT(ma_m ~-1.6728*10™" P(t))+ %h(t)(AP(t) +AP,, . .. )j

From here, the design methodology developed in the previous chapter can be directly applied.
MATLAB® was used to determine the partial derivatives necessary to yield the matrices A and b
using its ‘diff> function. This would yield the same matrices as if the techniques of [28] would

have been used.

The problem, is that there is a derivative in the right-hand side of the equation for diP(t). The
t

way this was dealt with, was by making that element in the equation a constant value designated by

a constant, const . The motivation will be explained in the discussion of this experiment.

m
const was chosen to be 0.1 —.
R)

The resulting A and b matrices:

and
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Ay =-12IA*K, /(P + p*g*h Y (1/2)*g

A, = 1/2/AIp*K (P, + p*g*h ) (1/12)

Ay =1(Vo *A*hy -A*h Y2*R*T*(m, , -K, *P, ~(1/2)) +const*(A*P,, + A*Py... ) *A
Ay =1/(V, *A*hy -A*h ) *(-1/2*R*T*K,/P, ~(1/2) +const * A)

Using these matrices, a PI-controller is developed for both the pressure and the height control for
various operating points across the system’s operating range. Four operating points were chosen,

and are tabulated below.

Set 2 0.4 19320
Set 3 1.5 10111
Set 4 13 18001

Table 9: Experiment 3 — reference sets

The same design principle as in figure 1 was followed. Being a second order system, the controller
has the same form as the controller, K from experiment 1. The closed-loop characteristic

polynomial can then be generated as

CLCP = A _(s) = det(sI - A + bK)

using the linearised matrices, A and b around operating points, and

The coefficients can then be compared to that of

CLCP,,., =s"'+2.10,5* +3.40,’s’ +2.70, s+ o,"

desired

where

mﬂ=21’[( : ]:4.189rad1’.s'

® rs}:arr
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Thus,

CLCP,.., =s' +8.796s’ +59.6563s> +198.44s+307.861

kl}_ ke () +k, U[e,(t)a't
kp,e, () +k,, | ey ()t

0

The Pl-controller was again chosen to be K = [
2

e,(1) being the error between the reference level and measured water head and e, (¢) the error with
regard to the pressure, k, and k,, the gain and integrating parameters of the level controller, and

k,, and k,, the pressure controller parameter values.

The integrating constants for the pressure and level were respectively chosen

k,=027
k,=21

short

short
The controller is designed for the various operating points, see table 9, and implemented in the
nonlinear model of the system. Since it adjusts its value depending on the operating point, it is

nonlinear in same fashion as the controllers of the first experiment.

4.4.3 Test Scenarios

The model will be validated to show that the equilibrium state used for the derivation is in fact
achieved. This will also illustrate the open-loop uncontrolled response of the system revealing the

system’s transient behaviour.

The system will then be given an initial state, and controlled at the reference points, table 9, which
change during the simulation according to the criteria set below. These changes will be exacted in

the following way:

o The water height reference will remain constant while changing the pressure
reference.
. The pressure reference will remain the same while changing the water height reference
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These criteria for the changes will be:

The reference points are set from the start of simulation. The pressure is increased by a value of

2000 kPa at 300 seconds and the water head is decreased by 0.3 m at 500 seconds.

This will illustrate the cross-coupling of the two controllers due to the height of the water and the

pressure in the tank directly influencing each other.

4.4.4 Results

The following parameter values were used:

p=998.23%; g= 9.81%; A=1m*; R= 287?']«-; T = 293K ;
h, =2m; K, =0.1941; K, =1.6728*107;

Initial air pressure: 5000kPa

Initial water head: 0.3 m

Simulation start time: 0 seconds

Simulation stop time: 800 seconds

P, =101.325kPa;

aromefter

The results for figure 89 were obtained using reference set 1 from table 9. For the steady-state

design to be verified and validated, the system should settle at these reference values if the correct

air flow and water flow is given to the system and it operated at under the conditions specified

above. In this case, the reference points are not changed during the simulation. The resulting

response is illustrated.
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Measured Qutput Water Lewvel of Uncontrolled System
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Figure 90: Experiment 3 — open-loop, uncontrolled transient response, air pressure
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CHAPTER 4: DESIGN METHODOLOGY APPLICATION — EXPERIMENTS

The closed loop response for the same reference set will now be supplied.
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Figure 92: Experiment 3 — closed-loop, transient response, air pressure
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Measured Output Water Lewel of Controlled System
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Figure 93: Experiment 3 — closed-loop, cross-coupling rejection, water Level

Measured Output Pressure of Controlled System
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Figure 94: Experiment 3 — closed-loop, cross-coupling rejection, air pressure
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Measured Output Water Level of Controlled System
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Figure 95: Experiment 3 — closed-loop, changing reference, water level
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Figure 96: Experiment 3 — closed-loop, changing reference, air pressure
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Note the improved settling time, rejection of the cross-coupling effect of the other states and the

accurate tracking of the reference signal.

PI-controller optimised with a genetic algorithm

The genetic algorithm was used to optimise the linear Pl-controller parameters that make up the
multivariable controller K using the same initial values and the following settings.

N, =20;

GGAP =09

Selection method: rws

Crossover/Recombination technique: Intermediate recombination

Mutation function: mutbga

Performance index: ITSE

Note:

The performance index works on the error between the reference value and the actual
system output. Thus, one has two ITSE indices, one for the water level and one for the
pressure. To use the GA, a single criterion is required. The index for the GA was the sum
of the two indices, since both pressure and level is of equal importance. When one variable
is of greater importance, the respective index can be scaled relative to the variable of
greatest interest, in a sense functioning in the same way as the weighting matrix H

mentioned by optimal control theory in chapter 2.

For the learning process, a reference signal for the water head and the air pressure was generated
respectively which varied, taking each variable through its operating range. For the air pressure
this was approximately 13000 kPa to 19000 kPa, and for the water level approximately 0.1 m to
1.2 m.

Since this is an academic investigation, the boundaries for the proportional constants for both
pressure and level were chosen to be between 0.001 and 300 and between 0.001 and 30 for the

integral constants.
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Using the same setup and reference signal as for figures 95 and 96, figure 97 illustrates the distinct
improvement of the settling time, at the expense of some overshoot. The cross-coupling effect
visible with figure 95 at 300 seconds, is also now sufficiently suppressed with it not visible in the

figure below.

Measured Output Water Level of Controlled System
§ i E ! E i Water Head Response
:'\ ! ! ; ! ! Reference Water Head
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L R e e e S o
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Figure 97: Experiment 3 — closed-loop, changing reference, water level, optimised PI-controller

For the air pressure, the there is still the improved settling time after the reference has been

changed, i.e. at 300 seconds.
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x 10° Measured Output Pressure of Controlled System
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Figure 98: Experiment 3 — closed-loop, changing reference, air pressure, optimised PI-
controller

Figure 99 focuses on the occurrence at 500 seconds when the air pressure controller attempts to

suppress the cross-coupling effect from the water reference being changed. Notice a transient.

This transient behaviour is referred to as ping-pong vs. onions [40]. It is the result of the order in

which MATLAB® and SIMULINK® attempt to solve the differential equations. Recall the

derivative of the height of the tank found in the right hand of equation for the pressure, diP(t) in
4
the derived state-variable equations for this experiment; the solution for %h(r) is thus necessary

to solve —Z—;P(z) . We do not have access to the order in which MATLAB® operates on this kind of

problem. The time span over which the occurrence takes place also supports this hypothesis.
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Measured Output Pressure of Controlled System
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Figure 99: Experiment 3 — Ping-pong vs. onions

The occurrence being due to solving technique, the pressure response to the cross-coupling effect
is still improved, settling faster with less overshoot, suppressing the cross-coupling better than the

conventionally designed Pl-controller used in figure 96, see figure 100.
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x 10 Measured Output Pressure of Controlled System
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Figure 100: Experiment 3 — Cross-coupling rejection, air pressure, optimised PI-controller

If one considers practical implementation, a correctly sized'® controller should be designed. For
this, the boundaries for the proportional gain constants are between 0.001 and 10, and 0.001 and 3

for the integral constants.

The figures below illustrate the system’s response after training.

The transient behaviour and cross-coupling suppression is not as impressive as with the previous

case, however, the system will be able to handle greater variation.

1% See the discussion of this experiment to understand what is meant by the term ‘sized’

- 148 -




Measured Output Water Lewel of Controlled System

CHAPTER 4: DESIGN METHODOLOGY APPLICATION — EXPERIMENTS

100

350 400 450 500 550

Time (s)
- 149 -

150 200 250 300

50

LS
=
B
5
)
¥
&
I T T ¥ i T T T T T T T
O T ,_ d 4, " ] ,_, o | | I | | I I i ()] m
» © | | . V L0l 4 U ______1______41___UL_._J_J4w 3
m (] | | | -m | | | ' { i | | | | m [7,]
pH | 1 | m I | | | i 1 | | 1 a v
» = l | | N | - 1 PN | 1 [ 1 i 7] o_l.v
[3] .m i 1 | | .y 1 A b | 1 i I ' QA
xr © 1 . I ] to [ - \_\\11|||7\\\_1||+\\\T||4|||7\\1w4R ®
o W \\\\\\ 1 T - ----4O Q ! 1 ! 1 ' | | | | ' m O
® H | | | Il Te] d | } | | q | | | ' c
Q w | | 1 ! v m ! i | | | | | | | ! w [+}]
I £ | | ! | v} w L | | | 1 1 ] 1 | w o
- @ | | i 1 ~ 172 wmtﬁl,llrr_x\\ﬂill,l»\_\\ll_lltw_\\\_\\ll,lle £
Q 5 | l | i il > [ ) i . ' l ) ' 1 ~ m
© m | i | ! -~ w | ( ) | | V ) | i i o
| | | | WV | | | | ) | !
W o | ) ' | = .MW IL|||_|;\L\ll,rlll,\\\._rlll,rwwp\\1r||L|
Fr----- T T TS TTaT T T T T [ [ 1 N = | I | ‘ | | | ! | |
| Al ~ o
| | | = | b 0 I | | | ' | |
[ | : | ” .m | | 1 | | ! | | |
| I | i ' | | i ' : i
| | | i m. in FT- """~~~ 9" ~"~"Fr~-~==7—~~—T7T-~--~~~ T T Tt T T T T
1 1 | 1 w — [ | 1 1 ) 1 . ¢ | 1 '
1 N i i | 1 \QW - (e} ,ﬁhr, | i | 1 | t | 1 |
| i | ! | | v . | 1 1 | | | '
D 4 e [ ,Il\\\\\rW( “ w | R e S L " | ” ” |
1 | [ | IR S 3 ro- i i i i i i T T ] Y
' | 1 ' | E N ﬁ | | | l { ; | : | | I
) | | | | —“ a Ar.v | | ! | ( : | | | |
b 1 ) ' | ! | B | | | ' i : v
) { ) ' | d o T JE——
| | | ” ” N -2 T S S A B R
| 1 ' | | g - | | : | 1 | | |
e [ [ m = = | " | ' | 1 | ” i | |
| 1 | | | -y @) el el Bt e AL St ety Stk it Bt il |
| | | | | g he) | | | | | i i i ( | |
| | | | | S I - S N S S A
| I : | | = (7. I L S S S U A E S N
| b . | | Q O i | | | | ) | 1 ' i
| ﬁ ' B i ,m _ m 1 ' | | 1 t | | t i
- - = mm - — - -~ — 4+ - - - - == - - - - = R +H | | ' | | | | | | I
| | | i o~ | 1 | t | | | I | | |
| | | 1 I .y T 1 T AV T
| | | | : | | 1 | ' [ ' | [ |
' / | | | i V | 1 1 | ‘ ; ) i |
. > f | | | I | | | b ' i t | 1 i
| Pl | | | .m < | ! ) | | L | | | i | m
Jf,)ll|\|\|\|\|\. i | I | | L O Fq---F -~ --F -~ """ ST ---m--T---r - -a- - ¢
| T T ————— o T ===t - 4 O Y - | ' | | | 1 | | | b 1 )
Il I L 1 L 1SN el ¢ L i 1 { 1 1 I 1 I et
- - ) L) ~ © rM T 9 I N © g 8 I Ny @ @
- o o o o © © © - v w v o< -
A VAV .o - - - -— - - - -— -
w) (Hy ~
S (ed) ()d
~
v
3
8

Figure 102: Experiment 3 — changing reference, air pressure, sized optimised, PI-controller
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4.4.5 Discussion

The derivative in the right-hand side [%h(!)) , of the equation for %P(t) , represents a water

head differential. This rate is obviously dependant on the pressure and water head at the time of
calculation. However, to simplify the state-space equation, and to have a workable model, an
average value for all state values was assumed. It was entered as an independent constant in the
equation for MATLAB® to differentiate. This resulted in the A and B matrices as stated above.

Note the improved settling time, and rejection of the cross-coupling effect of the other states

The reason only four operating points were chosen rather than many predetermined as was the case
with experiment one, is because per inspection of the controller values, little variation occurred for
the operating point sets of table 9, which cover the operating range of interest. Thus, four was
deemed sufficient.

When a controller is designed for a plant, the idea is that it is correctly sized. The gain constants
cannot just be increased until the desired response is achieved. This means that a value of one for
the proportional gain controller parameter allows for variations across the system’s entire operating

range, i.e. the design allows for large disturbances. A gain constant of 300 would allow variations
mth its operating range. Thus, the higher the gain constants are made, the better the response,

but then only small variations around operating points can occur.
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5 Conclusions and recommendations

Conclusions are drawn from the research performed and some recommendations made.
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Conclusions

The nature of the system is very important. To avoid non-compulsive control design (NCCD), one
must design the best controller for the system. If a steady-state error of less than 2% is acceptable,
why design anything more complex than a proportional controller. However, if noise rejection
becomes an issue, introduce an integrator. Certain systems using integrators in their controller

may suffer from reset windup, which can be addressed with an anti-reset windup algorithm.

As illustrated and discussed by experiment I, the owner of that system would achieve the

necessary performance with the minimum equipment; this increases his profit margin.

Controllers can be in almost any form, i.e. P, PI, PID, or user defined. One has to be mindful
though, considering the pole placement technique used to determine the controller parameters, The
more controller parameters is required to be calculated, the more equations, or designer input is

needed.

Even though the GA achieved better results for the Pl-Controller, it is computationally too
expensive when it comes to a multivariable nonlinear system. This promotes the idea of
decreasing the initial solution domain by, for example, biasing the population with the results
obtained from the conventionally designed Pl-controller. Alternatively, conventional design
methods for a nonlinear PI-Controller which make use of optimal control theory should be applied.
This is also the reason why a nonlinear version of the GA-optimised PI-Controller was not
implemented in this study, it would take too long to optimise constants for every (enough)

operating points across a system’s operating range.

The nonlinear controllers are best suited for systems which are not smooth, i.e. systems that have
significantly different behaviour depending on the operating point. If the behaviour for different
operating points are similar, the nonlinear controllers achieve comparable performance with that of

the linear controllers.

A very good understanding of the system is essential, not just to avoid NCCD, but also to enable a

better and thorough design.

- 152 -




CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

A PI-Controller has the following main advantages:
Very good noise rejection;
Zero steady-state error;

Very easy to implement;

For systems that are to be impervious to noise, a Pl-controller is optimal if it can achieve the
required response time. If not, a PID-controller can be considered, having improved response

time, but being susceptible to noise.

The control of nonlinear systems is paramount due to their importance and widespread occurrence
in the aerospace-, power generation-, chemical-, and petrochemical industries. This design

methodology can readily be applied in all these industries.

The design methodology can be applied to systems of which we do not have the state-space

equations.

This can be done by performing system identification on the black box model and deriving a linear
state-space model around each operating point of importance. From here, the methodology follows
suit. This is also true when one has a system that is not necessarily a black box SIMULINK®
model, but a plant of which the input-output data is available or can be generated. In this case

there exist Kalman estimators that can derive a state-space model.

This knowledge makes the design readily applicable to my sponsors where the simulated plants, in

most cases, do not have a state-space model.

The derived design methodology is general enough to be used on any multivariable plant which
may be nonlinear. Controllers can take almost any form, with PID-type controllers being very
easily implemented. The performance of the designed controller can easily be adapted by using
different performance indices, making it applicable in most scenarios; this makes the design very

pliable.
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The methodology is encapsulated in the algorithm that has been developed, making it very easy to
implement the abovementioned control strategies. The algorithm also contains methods of

handling most commonly occurring phenomenon which hamper control, like reset windup.

Good results can still be generated even if the phenomenon of “ping-pong vs. onions” [40] occurs.

This algorithm was implemented using Pl-type controllers, which are widespread in the industry.

With little effort the algorithm can be developed into a marketable product.

Other than its widespread application, from a safety point-of-view, the controllers which are
developed have deterministic behaviour in a classical sense, eliminating any suspicions associated

with non-deterministic methods like neural networks, fuzzy logic or a combination thereof.

Why NCCD is an important philosophy to have, is because it ensures the simplest solution; the

more complex the controller and/or control technique, the greater the financial burden to the client.

The client is thus ensured of the best, necessary design for his/her system, given the constraints
and performance criteria. This generally leads to an increased profit margin while maintaining a

safe work environment.

Recommendations

In order to improve the assumptions for the I-constants of the nonlinear Pi-Controller, one might
use a GA for critical operating points, and for a generated reference signal. The generated
reference signal would just be used, as to enable interpolation between the constants calculated for

critical operating points, and other user defined operation.

Further research should be performed to enable the design of a nonlinear, multivariable controller
which yields the optimum solution, which is also stable in a classical control sense. A further

requirement is that it is not computationally expensive.
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6 References

The references used for this study are listed.
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7  Appendix

The material unable to be included in this document, is supplied.
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Appendix

Please see the accompanying compact disc.

The folders in the root directory of the compact disc each contain its namesake’s relevant data.

This data could comprise of the necessary MATLAB® m-files or web pages.

Within the folder named: “Experiments”, a folder corresponding to each experiment exists.
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