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ApSi1nACy

This dissertation investigates the Generalised Predictive Control (GPC) method
derived by Clarke, Mohtadi and iffs in the mid eighties. GPC is an adaptive
predictive control algorithm, of wh 1 there are number, and has proven to be one of
the more popular variants having n applied to various control applications. The
theory of the GPC method is studi¢ n detail and a computer simulation program has
been written for analyses. While tl theory is perhaps not straightforward the actual
use of GPC is quite easy. There are 'tuning knobs' available which provide a simple
means of tuning the response to match specifications.

The GPC method is extended to ¢ overall Long-Range Predictive Control (LRPC)
method using the Long-Range Predictive Identification (LRPI) developed by Shook,
Mohtadi and Shah in the early nineties. The new identification algorithm replaces the
recursive least squares (RLS) used in the original GPC and is essentially a duplicate of
the control law. The effect of 1 ng LRPI as opposed to RLS is investigated
theoretically by use of the simulator. In the simulations carried out comparison of the
GPC and LRPC responses depend¢  on the GPC parameters employed. On the whole
the LRPI scheme improved the re >nses though, especially when disturbances and
model changes were investigated.

Both the GPC and LRPC methods are applied to a practical problem based on n
industrial flotation plant. The flotation plant simulator is a multivariable proc s
which consists of a four-input-four-output system. Because of the adaptive nature »f
the control methods it was possible to implement the control solution as a diagc 1l
system. In this way a single-input- ngle-output (SISO) system was used on each f
the input-output pairs and the inter. :ion of the plant was not directly addressed. B_.h
methods produced stable control of the flotation plant simulator. The use of GPC
tuning parameters to tune responses and the flexibility thus derived is demonstrated on
this practical application. When co pared with a default set of parameters the LRPC
method does respond differently to GPC and seems to provide an overall better
response to this application.

The design of a robust control system is necessary for industrial applications. The
dissertation investigates the use of = VMEbus industrial computer and the Windows
NT operating system as the basis r a rugged industrial control system. While it is
obvious that the hardware must | robust the thesis stresses the necessity for an
operating system that is suited to control applications. With modemn day trends this
includes such features as robusti ss, multi-tasking, a real-time capability and a
graphical user interface (GUI). The onclusion drawn is that the VMEbus computer is
suited for robust control applications. The Windows NT operating system would be
suited for only certain applications, since there are limits to its performance, but this is
not considered a disadvantage since no single operating system would probably meet
all the specifications entirely.
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GPC: A Study and Application Chapter 1 : Introduction

C [APTER 1

INTRODUCTION

1.1. Introduction

Predictive control first appeared in t : late seventies and has since then become a well
known and applied control strategy. A number of predictive controllers have been
proposed during this time span. These include Dynamic Matrix Control (DMC) [8],
Generalised Predictive Control (GPC), Extended Horizon Adaptive Control (EHAC)
[20], Model Algorithmic Control (MAC) [21] and Extended Prediction Self-Adaptive
Control (EPSAC) [22]. )

Predictive controllers are model-based i.e. a model of the process is used to design the
controller. Obtaining the model of = : process is thus an important part of the overall
control. This has been the focus of 1 innovative extension to Generalised Predictive
Control (GPC) called Long-Range Predictive Identification (LRPI).

The aim of this thesis is then to study the Long-Range Predictive Identification
algorithm, as an extension to GPC. Furthermore, the thesis investigates the application
of a GPC/LRPI controller in simulation and to a practical problem.

1.2. Generalised Predictive ( ntrol

GPC was originally formulated in the late eighties by Clarke et al. (1987). Since then
the method has become a popular one and has been applied successfully to a number
of practical problems [1,2,7].

GPC falls into the category of adaptive predictive controllers. The adaptive control
methodolr — is essentially the design (at times on-line) of a controller based on an on-
line estimated plant model. Predictive control is an algorithm that defines a control
criterion at the present time in terms of predictions of future plant outputs and also
future plant inputs.

Chapter 2 takes a closer look at the GPC strategy of Clarke et al.

1.3. Long Range Predictive Control

The development of the GPC control method relied on the fact that the model of the
process was appropriate. A recursive least squares (RLS) identification strategy was
used for model parameter estimation and incorporated into the GPC controller.

Shook et al. have, however, sugge :d that the RLS model is not optimum for GPC
and that an identification strategy more closely linked to the control strategy should be
adopted. This identification proce re is known as LRPI and the overall control
strategy is labeled Long-Range Prec tive Control (LRPC).
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Essentially LRPI extends the single ep-ahead prediction of the RLS estimator to a
multi-step-ahead identification proce 1re. The prediction horizons of LRPI are linked
to the horizons of GPC algorithm, thus more closely matching the modeling and
control schemes.

Chapter 3 studies this identification strategy in conjunction with GPC.

1.4. An Application

To observe the effect of GPC and LRPI in practice, they have been applied to a
laboratory flotation rig [3] which mo :ls an industrial flotation system.

The process is a multivariable syster As opposed to single variable (SISO) systems,
which have a single input and a sing output, a multivariable system has multi-inputs
and multi-outputs. Besides having more inputs and outputs, the phenomenon of
interaction occurs between inputs i.e. one input affects more than one output (see Fig.
1.1).

Input -] * Output
no. 1 Wi L M no.pl
¢ |
Oy |
Input Output
no, 2 Uz L - 72 po. 2

Figure 1.1 A multivariable process showing interaction

The flotation rig is a four input, jur output system. It consists of a four = k
arrangement each with an associatec utput valve used for level control.

The controller is implemented in a computer. An investigation into the use of an
industrial computer has been done, highlighting the important fact that ordinary
personal computers are not suited for industrial applications {4]. Further evaluations
were made with regards to an appro] ate operating system and programming software
for robust control use.

Chapter 4 discusses the equipment used for the thesis, detailing the interface between
the control software and the hardware. Chapter 5 shows the results of applying GPC to
a problem of a practical nature.
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where Ej and Fj are polynomials in g~ as before. The prediction interval is given by j.

The following derivation for the pre. :ted process outputs has the C-polynomial set to
unity for simplification purposes. [ultiplying (2.5) by ¢ in order to obtain an
equation representing future process outputs (omitting the arguments (g!) for brevity),
we obtain

S B 1,
y(t+J)—Au +j 1)+AA~§(t+J)
AAy(t+j)=B (t+j-1)+Et+])) (2.8)

Solving for AA from the Diophantine juation (2.7) and substituting into (2.8) yields

y(t+j)=EB (t+j-D+Fy)+E&(1+)) (2.9)

From (2.9) we can deduce that all the noise components are in the future and will
therefore be excluded in the optimal predictor. The minimum variance prediction of
y(t+j) given data known at time tistl 1,

e+ j=GA +j-1)+Fy) (2.10)
where
G.=E.B

J J

Hence the future output signals are n e up of known signal values at time t and also
of future control inputs which have y to be determined.

2.4. The GPC Control Law

Consider a future set-point (reference signal) represented by

nt+j)  j=12,..

The aim of the ensuing control law s/ uld then be to eliminate any deviation of y(z+j)
from r(z+j) but at the same time to limit the control action required.

In order to decide on an objective function for GPC it is useful to investigate the work
upon which GPC has been based. The self-tuning regulator of Astrom and
Wittenmark [6] was formulated using Minimum Variance (MV) control. The
controller is obtained by minimising { : following function,

IO =E{(3t+ D)~ r(z+1))*} @2.11)

As can be seen, the function is that of trying to limit the output variance. The function
is minimised at time ¢ for a particular u(?). At time #+/ a new minimisation is required
for u(t+1). It is well known that this method performs well only for plants with stable
zeros i.e. minimum phase systems. Non-minimum phase systems have control laws
which require excessive control input 1 order to bring about optimal output variance.
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As before, this representation of the predicted outputs depends on signals known at
time t and future control actions yet ' be determined. It is, therefore, advantageous to
split the control signals into past and 1ture components. In trying to find a way to do
this, it can be noted that the cost nction and constraints used to determine the

control law are all based on Au(t+ j). So the term representing future control signals
should include Au rather than Au’.

A solution is provided by the followii Diophantine equation

G(g)= (¢")T(g")+q'H,(q™")
The future process outputs now are,

Y+ j)=G/Aut+j-1)+Hu' (t-1)+Fy’ (1)
| — \ ~— —
future conmo: signals signals known at time ¢

To obtain the control signal the mir nization procedure used before is once again
applied.

While no detailed study of observer lynomial was done, it is important to state it's
impact on the GPC design; it has bec shown by Robinson and Clarke [10] to be the
provision of robustness. The 7-polyn 1ial is usually implemented as a low-pass filter
to lessen the problem of high frequency noise created by A which has high-pass
characteristics. It is also used to atter 1ite the effects of unmodeled dynamics present

in high frequencies. Ideally T(¢™')= C(q™") but on-line identification or estimation of
the noise polynomial is virtually impossible. Suggestions have been made [1,9,10] as
to the implementation and structure of the 7-polynomial.
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CHAPTER 3

LONG-RANGE PREDICTIVE CONTROL

3.1. Introduction

In chapter 2 the GPC control algorithm was discussed at length . Emphasis was placed
on the design of the control law but hardly any mention was made of the identification
strategy. The Recursive Least Squares implemented was simply accepted as the
identification strategy for the adaptive control and no further attention was given to it.
Quoting Shook et al [11].

"Generalised predictive ntrol is universally accepted to be a
more powerful approach than the GMV! approach. The
'Achilles heel' of its self-tuning version, however, is the
identification algorithm, which was introduced more as an
afterthought than as an in gral part of the design."

This chapter will examine the identi ation of the plant, extending the identification
to a dual of the GPC control law.

3.2. Identification Strategy for GPC

As mentioned in chapter 2, the plant on which GPC is based is modeled according to
the following input-output formulation,

C(g™)
A

A(g )y =Bl u(t-1)+ & (3.1

where A=1~¢g""

Recall that the GPC control law minimises a cost function that is based on future
predictions of the output assuming levant assumptions have been made of future
control actions,

Ny

N,
J(N,,Ny) = E{Z(y(t+jlt)—r<t+j))’ +21(j)(Au(t+j—1))’} (3.2)

=M j=
For the purposes of this discussion or - the first term of the cost function is studied,
Ny

JGPC=E{ (. r+j|t)—r<t+j))’} (3.3)

=N

1 Generalised Minimum Variance

22
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Jldentiﬁcau‘on = E{L‘,[y(t+j)_9(t+jlt)]2} (37)

=N

Comparing this term with (3.4) it is clear that the entire control objective must use a
model that is identified not only by using a single step ahead prediction but from N,
up to N, steps ahead. The model parameter estimation strategy now attempts to model
the predictions in the same range used for finding the control law, therefore having a
cost function similar to J;p.. Using (3.7) for identifying the process model parameters
iscal 1Long-Range Predictive Identification (LRPI).

The third term of (3.6) is a cross coupling of the control and identification terms. For a
reasonably accurate model, the prediction errors for all j are relatively uncorrelated
with the predicted control errors. This means that the expected value of the cross
coupling is zero [12]. LRPI is develc d by Shook et al. [11,12] with the assumption
that this term tends to zero asymptoti ly as the prediction horizon tends to infinity .

3.3. Long-Range Predictive Id 1tification - LRPI

Having found a suitable cost fi tion to represent a long-range predictive
identification strategy it is now necessary to find a means of implementing LRPI in an
adaptive approach.

3.3.1. A Recursive Solution for LR]

The nominal process model is described as,

o

y()= e u(t—-1) (3.8)

AO

The j-step ahead predictor

Fe+jly=EE at+j-1)+F, y()

o i (3.9)
1=E,A +q7'F,

Note that we again assume that the observer T-polynomial is equal to one.

Using the prediction error criterion, the LRPI cost function can now be written as,
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CHAP1 R4

E( UIPMENT

4.1. Introduction

In this chapter a closer look at the equipment used for the implementation of a long-
range predictive controller is taken. A GPC control strategy was investigated on a
laboratory flotation plant. This plant simulates the fluid dynamics of a typical
industrial flotation process circuit. A description of the computer system (both
hardware and software) used for the 1plementation is also given.

4.2. The Flotation Plant Simulator

Flotation is a process for separating valuable solid raw materials from waste based on
the difference in surface properties of the raw materials [23]. In the process a mixture
of particles and water, each with different surface properties, is prepared and is known
as a slurry. Air bubbles are introduced into the slurry causing one of the minerals to
adhere to the bubbles forming bubt -particle aggregates. These aggregates will rise
to the surface of the slurry and can be removed as a frothy concentrate. The remaining
slurry from which mineral particles are not removed is known as the tailings. The
product circuit of a typical flotation ; >cess found in the mineral extraction industry is
shown in Fig. 4.1.

Mai
ain Feed Ro - Rougher
Sc - Scevenger
j l I | C1 - Cleaner
Recl - Recleaner
=) @ ] T
: l T
amp
| ® T
Pl 9
5 Cl Recl
—
Final Tailing _l_
|

nal Concentrate

Figure 4.1. Product circuit Hr a typical mineral extraction process
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In Fig. 4.1., the scavenger, rougher, ¢ aner and recleaner are known as flotation cells.

In a typical flotation cell the input fic  is divided into two outputs:

o The concentrate - the rate of con ntrate output is dependent on the product level
in the flotation cell.

o The tailing - controlling the rate of the tailing output controls the level of product
in the flotation cell.

A flotation cell simulator is shown i Fig. 4.2. The product used in the simulator is

water. The flotation cell characteristics are simulated as follows:

o The concentrate - this is the outy  of the inverted U-piece. Concentrate output is
only simulated once the product level is higher than the cross-piece. The breather
pipe prevents the siphoning of any product once the level falls below the cross-
piece height. An inverted U-piece is used mainly because the flow meter has to be
placed in an upwardly flowing stream for accurate measurement.

o The tailing - this output is controlled via the tailing control valve which in turn
controls the product level.

Two other outputs are shown in Fig. 4.2. These are:

o The cell overflow - this output by sses the tailing valve as a precaution in case of
flooding. This may result if the ¢ nbined concentrate and tailing outputs are less
than the input flow. In this way oding of the cell is avoided without affecting
the total product mass in the flotation circuit.

o The system overflow - this output prevents flooding when the total product in the
flotation circuit exceeds the product capacity.

@ FEED

BREATHER

CELL CVERFLOW I |

-__&- —
TAILING DUTPUT

\_/ CONCENTRATE OUTPUT

SYSTEM QVERFLOW
Figure 4.2. Flotation ce setup for flotation plant simulator
Using the method aforementioned for describing a flotation cell simulator, a flotation

plant simulator of the product circuit in Fig. 4.1. can be developed. The flotation plant
simulator at the U.C.T. Control Labo ory [24] is shown in Fig. 4.3 and Fig. 4.4.
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gy

Rougher
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Figure 4.3. Flotation plant simn itor based on product circuit in Figure 4.1.

Figure 4.4. Photograph of flotation plant simulator
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4.3. Instrumentation of the Fl« ation Plant Simulator

For the purposes of this thesis the sig s of interest from the flotation plant simulator
were the level settings. The instrum itation used was thus the level probes in the
flotation cell simulators. Capacitive level probes are used in each of the tanks. This is
setup in the following way:
e A strip of aluminium is placed on the inside wall of the
tank (since the tanks are made of plastic). This strip of
aluminium acts as a reference electrode for the capacitance
measurement.
e The probe is then fixed in e centre of the tank.

The product dynamics of the flotation plant simulator are controlled via the
pneumatic valves installed on the tai 1g outputs of each of the flotation cells. Each
valve has a current to pressure converter to convert the electrical control signal into
valve action.

4.4. Control System

For the thesis the design of a stand-alone control system was investigated. This
system would comprise of an industrial computer and a real-time multi-tasking
operating system.

Over the last decade advanced contr«  algorithms have become easier to implement
with the increase in available computer power. Personal computers (PC's) have
become increasingly popular and the design and simulation of control systems are
less dependent on the hardware i.e. almost any modern PC is capable of the task.

As popular and economically viable as PC's have become, one important fact has to
be remembered: PC's are not suited to the industrial environment, they are simply not
robust enough [4,25,26]. '

Computers used in industry have to survive the harsh environments encountered,
taking into account the cause of hardware failure such as abnormal temperatures,
vibration, dust and moisture etc. In strial computers have to have these factors
included in their product and design specification so that the chance of failure is
minimised.

This thesis investigated the industrial VMEbus manufactured by OR Industrial
Computers.

4.4.1. The VMEbus System

The VMEDbus has been utilised in ind try for about a decade and is reputedly one of
the more popular industrial BUSes. Compared to a PC the VMEbus is more suited to
the industrial environment. VMEbus boards have a standard temperature range of 0°
to 70°C. The shock and vibration str gth of the VMEbus boards are superior to that
of the cheaper PC systems. If necessary, the VMEbus system can be protected in
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watertight and dustproof housings. Noise immunity is a design aspect that the
manufacturers have also taken into . count. Furthermore the VMEbus conforms to
the 19" standard which makes fitting components and hardware upgrading easy.

The flexibility of the VMEDbus allows it to be used as a development platform as well
as for the actual implementation of the control system. This not only saves cost, but
also decreases the risk of failure due to porting from the development platform to the
implementation platform. The VMEbus setup utilised is shown in Table 4.1.

Table 4.1. The VMEDbus system components

| VARAKDX-CSI  Processor Module (16Mb DRAM)
1IBMIO2-CDS I/O Module
_P(‘ Rax
1 Gb Hard Drive & Stiffy Drive
Keyboard
Mouse
Super VGA Moni
Analog J/O Board
1 1mogtal I/O Board
Card Cage (inc. VMEDbus slots,PSU)
Housing for Card _.ge

The processor module is an IBM-AT ompatible motherboard. The motherboard has
a VMEbus and a ISAbus interface all ving it to be used in ISAbus systems (ordinary
PC's) as well. The processor is an Intel 80486-DX2 running at 50 MHz. There is also
16 Mb of DRAM on the motherboard.

The /O (input/output) module is an IBM compatible multifunction I/O board. It
contains the VGA graphics controll:  floppy disk controller, an IDE interface for
hard disks, a SCSI controller and serial and parallel ports. The VMEbus system is
shown in Fig. 4.5.

Figure 4.5. The VMEDbus system
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4.4.2. The Operating System

An operating system for control ap ications requires multi-tasking and real-time
capability for accurate implementati  of the control algorithms. While there are a
few operating systems that fit this scription (e.g. iRMX, VMS), cost, however,
played an even more important role. It was finally decided to use the Microsoft
Windows NT Workstation operating system.

Windows NT is a 32-bit operating sy m which has a graphical user interface (GUD).
It is designed to be robust, responding predictably to both hardware and software
error conditions. One unique featu of the operating system is its portability.
Windows NT has been designed to be run on different hardware platforms, such as
x86, MIPS or ALPHA. User written applications need only be recompiled for the
particular platform in order to be ported. This feature is provided by the Windows
NT Kernel and Hardware Abstraction Layer (HAL). Essentially the HAL isolates the
kernel code from the hardware, so that the same 'virtual machine' is presented to the
NT executive, device drivers etc.

It has been our experience that the operating system requires considerable resources
(memory, processor speed etc.) in o1 1 to function satisfactorily. This is, however,
an increasingly common trend in modern software and no other option exists other
than upgrading the hardware.

Windows NT as a Real-Time System :
Firstly it is necessary to attempt to define a real-time system:

A real-time system is one in which the correctness of the
computation not only depends on the logical correctness of the
computation, but also upon t :time at which the result is produced.
If the timing constraints of t|  system are not met, system failure is
said to have occurred. [uninet comp.realtime real-time FAQ]

While a common mistake is to inter] t real-time as meaning fast, we can see from
this definition that speed has nothing to do with it. Real-time would be more aptly
described as predictable.

A true real-time operating system must respond to events within a predictable time
frame and must be independent of any other activities currently being executed.
Windows NT does not conform wholly to this standard, but has reduced constraints,
being able to respond fairly quickly { events but not as deterministic. Windows NT
is said to 'be good enough to servi events so that the response time should be
satisfied on average' [15].

Although Windows NT has sufficient real-time capabilities, it falls short of and was
probably not designed to compete w  specialised real-time operating systems. For
true real-time capabilities special hardware needs to be used in conjunction with
these operating systems. These real-time systems are dedicated systems and are
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usually not very flexible, while Windows NT provides additional features (e.g. a
GU]I, virtual memory management) but suffers a reduction in response time.

Windows NT as a Multi-Tasking System :

Versions of the 16-bit Windows, such as the popular Microsoft Windows 3.1, have a
limited multi-tasking capability known as non-preemptive multi-tasking. It works on
the principle that one application has to inform the operating system that it has
completed its processing before another application is assigned processor time. This
has the disadvantage that the user can occasionally lose valuable time waiting for an
application to finish before being allowed to continue working on some other
application.

The Windows NT operating system /ercomes this problem by using preemptive
multi-tasking. Preemptive multi-tas g allows multiple applications to run by
ensuring that no one application has sole access to the system resources. Each
running application is assigned time slices by the Windows NT kernel based on their
priority. Higher priority processes obviously have 'first choice' for available time.
Since no one application controls all the system resources, the operating system is
much more robust.

To understand how applications are able to 'multi-task’, it is necessary to understand
how programs run under Windows NT [16]. Once an application is invoked, the
instance of the running program is known as a process. No code is executed at this
time since processes really only ma  available address space (and at times other
resources) for code and data. In ord: for the code to be executed, a process must
contain one or more threads. If a process has many threads, they are seen to be able to
execute code concurrently in the process - this is accomplished by the Windows NT
operating system which provides each thread with time quantums. It is possible to set
the priority of threads so that a time « tical thread, with highest priority, is executed
first.

This lends itself to a semi-real-time system, provided the sampling is not executed at
high frequency. Time critical high -equency sampling could result in sluggish
performance of the rest of the opera 1g system. While this may not sound like an
attractive prospect, it must be mentioned again, that Windows NT is hardware
resource dependent. Using a more p« erful processor (or indeed a multi-processor)
and more memory could see vast imp vements in performance.

For the control system investigated, real-time sampling of the order of 1 second was
required. Windows NT was adjudged to perform adequately for these purposes. The
sampling for the control system was executed by using the available Windows NT
timing commands. Each controller was implemented as a separate thread.

4.4.3. The Programming Language
The programming language used for coding the control algorithm was C/C++. While
this code is portable to most C-compilers it was necessary to choose a compiler for

writing windows applications. Since the program was written to run under the
Windows NT operating system it was decided that the application would be a 32-bit
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one. The C-compiler decided on was the Microsoft Visual C++ compiler version 2.0
which was specifically designed to w e 32-bit applications for the Windows NT and
Windows 95 environments.

4.4.4. Problems Encountered with { : Control System

Numerous problems were experience during the initial installation of the Windows
NT operating system on to the VMEbus computer. After investigation it was
discovered that the SCSI-interface of 2 VMEbus was not compatible with Windows
NT. is necessitated the replacement of the SCSI hard drive with an IDE hard drive.
The ethernet card too was unsuppor | by NT but no solution could be found to
overcome this problem, which was not essential for this thesis.

A major problem was encountered during programming the input/output (I/O)
routines for Windows NT. It was 1 : possible to access the VMEbus from the
operating system and therefore use the I/O cards (even though access was possible
from the DOS operating system).

4.4.5. A Solution for the Windows NT - VMEbus Interface Problem

The problem entails directly access g physical memory from the Windows NT
environment. The Windows NT men y management creates a virtual address space
for each application and the user l¢ s the ability to access the physical address
space.

In order to use the VMEDbus interface the VME logic must be enabled. This is done
by setting a bit in a particular I/O port (setting bit 1 in I/O port 163H, known as the
VMEDbus configuration register). The MEbus modules are then usually accessed by
what is known as short I/O access. The short I/O access is done through a memory
sector in the ATbus memory.

ATbus VMEDbus
0DO0000H Sho [/O access= xx0000H
ODF7FFH X....-H

Thus the /O is memory-mapped and it is necessary to be able to access a specific
physical memory address in order to communicate with a particular VME module
e.g. the analog I/O card.

Trying to access the VMEbus from the Windows NT operating system yields the
same problem. In Windows NT, applications cannot write directly to physical
memory addresses, and in fact, the memory required by the VME is initially marked
as invalid by the Windows NT memo  manager.

Accessing the I/O port 163H in the ' indows environment was not a problem. The
command to do this, though, was not portable to Windows NT, which meant that
aside from being unable to access the VME modules, the VMEbus could not be
enabled. The problem is that in Winc s NT, application programs have insufficient
processor privilege to access I/O ports.
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consider a 2-input-2-output multivariable system (since the mathematics becomes

Y =8l +8ak4, ... Loopl
Yy =8yl +8pl, ... Loop2

The controller that is needed for control of output, y;, in the first loop is defined by,
w = kyn—k,y,

Where k,, is the controller and r, is the setpoint for the first loop. Using this value for
the control signal, u,, and substituti  into the second loop it is possible to obtain an
equation showing that the second lo« is now modified,

Y2 =[g'22i 2 +[821(k_l” +gn)—l]’i (5:2)

Where g*,, represents the model of the second loop that has been changed and is a
function of k,. It is also evident that interaction from the setpoint of the first loop
exists [17,18]. From the equation we can deduce that an adaptive approach should be
able to accommodate the change in| :nt model that is introduced.

While not an optimal solution, this would clearly demonstrate the adaptive capability
of GPC as the model of each of the tanks would change with the amount of interaction
from the other tanks.

5.4. Performance Indexes

The results obtained are compared with each other using two performance indexes. A
performance index (PI) is used to indicate the 'goodness' of a system [19]. The first
performance index used is that of the integral-square error (ISE) criterion in which the
quality of system performance is evaluated by

Pl = [e(t) dt (5.3)
0
Systems responding with a quick response time i.e. having a rapid decrease in initial

error, will have smaller ISE values. Comparison of ISE values thus incorporates a
comparison of the rise time of the p/ 1ts.

The second performance index used : that of the integral of time-multiplied absolute-
error | . criterion. This is shown by
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All that is now required is to initialise the polynomials so that the iterations have a
starting point. Consider the Diophantine equation of (A.1) with j=1,

1=EAA+q”'F,
Since AA is monic

E =1

F =q(1-AA)
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APPENDIX C

Software Reference

Below follows a listing and description of all the basic procedures used for the
development of the GPC and LRPC algorithms.

Table C.1 Polynomial functions

Function Name Source File Description
To zero the polynomial, usually
Zerov polutils.c used for initialisation.
To multiply two polynomials.
polmul polutils.c
To divide two polynomials
poldiv polutils.c
Second procedure to divide two
poldiv2 polutils.c polynomials.
To add two polynomials.
poladd polutils.c
To transpose a vector. Note that the
trnsp polutils.c value returned is a matrix.
To display a polynomial.
dispp polutils.c
























