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This thesis is concerned with the application of a method

for control system design based on Youla(Q)-Parametrization.
The fundamental concepts of thé parametrization method have
been used by Newton et al, Franklin and Raggazzini
[Maciejowski, 1989] as early as 1957. The importance of its
implications were not noticed during those years, but.Youla
and Kucefa renewed it in the seventies [Maciejowski, 1989].
For the special case of an open loop stable plant, the
implementation' can be realized in the 1Internal Model
Control (IMC)-Structure [Morari, 1987]. The IMC-Structure is
essentially a open 1loop design method for closed 1loop

controllers, thereby simplifying the design procedure.

A Multivariable controller design method is proposed that
unifies the advantages offered by three design
approaches/techniques, namely, The Q-Parametrization, The
IMC-Structure and The Characteristic Loci Technique. The
proposed method is based on controller parametrization. In
addition, it retains the engineering insight and simplicity
of the IMC-Structure. This is particularly useful in solving

complex multivariable problems.
The design method was evaluated by its application to the

design of a control law for a FLOTATION PROCESS SIMULATOR

RIG(FLOTRIG) built by Mr Fisher[Fisher, 1988]. The design of
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the Multivariable controller was based on a Transfer
Function Matrix, G(s), which is a Linear Time Invariant(LTI)

model of the FLOTRIG.

The final control system was shown to maintain the plant
Qufputs at set values. The extent of interaction on the
FLOTRIG was also reduced by the controller. The closed-loop
experimental results were comparable with the results
predicted by theory and a vdigital simu;ation study. The
design épproach greatly simplifies the search for a
controller and gives considerable engineering insight to the

designer at the design stage.

- iii -



Page

Title Page

Acknowledgements i
Abstract ii
Table of Contents _ iv
List of Illustrations ix
Nomenclature _ Xiv
Chapter One: Introduction......... e, e et 1

Chapter Two: Multivariable Control Design Methods .........8
2.1 The Q(Youla)-Parametrization Method .....c¢ccceereeea.9
2.1.1 Coprime MFDs & Fractional Representation -e-s.10

2.1.2 Relevant TFM Parametrization Relationships ...17

2.1.3 Comments on the Q(Youla)-Parametrization

Method ....ccccce.. cecenns ctecscessssscsenens .20
2.2 The IMC Design Method ......... Cecesceacasasenns «ee.20
2.2.1 The IMC-Structure ....... et eccccenaaeans ceeen21

2.2.2 The IMC condition(s) for Internal and Closed
Loop Stability ...ciieeecoccncnsnss ceassseseeeel3
2.2.3 The IMC-Structure Design Method .............. 25
2.2.4 Comments on the IMC design method ......... ...29
2.3 The Characteristic Loci Design Method ............. .30
2.3 1 Interaction Minimization ....... ceeessean eeees3l

2.3.2 Matrix PI-Controller .....ceceecosases ceosesesesll

- iv -



2.3.3 Comments on the Characteristic Loci Method ...33

Chapter Three: Proposed Simplifying Control System Design

Approach' based on Q-Parametrization ........ Ceseeeons «..35

3.1

3.2

3.3

Simplifying Design Approach(SISO-case) «...eeeo.. «e.37
3.1.1 Matrix Conditions for System Type Numbers ....37
3.1.2 Modification to include Dynamic Compensation..43
3.1.3 Alteration of Speed of Response .......... eee.45
Simplifying Design Approach(MIMO-case) ...;.........47
3.2.1 Decoupling Controller Design .....cecoeeeee ...47

Setpoint Tracking Conditions for the Q-Parameter ...51

Chapter Four: Flotation Rig(FLOTRIG) Identification ......58

Description of a typical Flotation Process .........58
Description of the Flotation Rig ...... D 1
Flotation Cell Simulation ....... ceceenan B ) !
Instrumentation and Lay-out of the FLOTRIG .........62
Identification of the FLOTRIG model .....cccec0c0e..63

Open Loop Step Test on the FLOTRIG .....ccticeeeeesss63

4.6.1 FLOTRIG Linear Operating Region ......... cee..64
4.6.2 Experimental Open Loop Step Tests ........ s eesb65
4.6.3 Final Open Loop Step Tests ......... cecsescesa68
Development of the FLOTRIG Model ......cicieoeeoaceas 69

4.7.1 Calculation of Transfer Function Models based on
FLOTRIG Data ....... e et ee e teree.l70
4.7.2 Generation of the FLOTRIG Transfer Function

Matrix ......... e s e ecesctanesacsesennces eees.70



Chapter Five: Controller Design for the FLOTRIG using The
Proposed Design Approach based on Q(Youla)-
Parametrization ....... ceeses tesacvas ceeaeasaaenn ceeeess?3
5.1 Design of the Control System ......... e esaes e 74
5.2 Q-Parameter Design for Step Setpoint Tracking ......74

5.3 Q-Parameter Design for Ramp Setpoint Tracking ...... 82

Chapter Six: Control Scheme Implementation and Comparison of
PC-Simulation and Experimental Results ........ ceseecessa89
6.1 Comparison of Results for Sﬁep Setpoints ......... ..90

6.1.1 Comparison of Process Outputs(STEP) ..........91
6.1.2 Comparison of Process I/Ps and Model
O/PS(STEP) vevvueeeonecnaaaaans S - <
6.2 Comparison of Results for Ramp Setpoints .......... 101
6.2.1 Comparison of Process Outputs(RAMP) .........104
6.2.2 Comparison of Process I/Ps and Model |
O/PS(RAMP) ..eevvvnnn Ceeeees Ceteeeeeeeaeeas..108
6.3 Comparison of Results for non-tracked Ramp
Setpoints ...ieieeieiiiienenne Gesecesseressassssaecsalld
6.3.1 Comparison of Process Outputs(non RAMP
tracking) c..cevececceccocccnns ceesss ceessssslld
6.3.2 Comparison of Process I/Ps and Model
0/Ps(no RAMP tracking) ....... ceectecseasseeasasll8
6.4 Observations on the results presented above .......124
6.4.1 Comments on results obtained from step

setpoints .....c. it Ceseeen ceeeee.l24

-vi -



6.4.2 Comments on results obtained from ramp

SELPOINtS i iiiiieeretrieeetttetcrteacanannns 125
6.4.3 Comments on results obtained from ramp

setpoints where Q(s) was designed for step

setpoint tracking.......ceeeveeteeernnnanns ...126
6.4.4 Comparison of results to previous INA and

CL designs on the FLOTRIG .....icecveeesn ce..127

Chapter Seven: CONClUSIONS. .ttt eeeesseoscancncnacnccsas ..132
7.1 Summarizing conclusion on the literature survey ....i32
7.2 Multivariable Control System Design Methods ........ 132
7.3 Proposed Simplifying Control System Design

Approach ....... Gt e escesscccssaseseescsescsace e ..133
7.4 FLOTRIG Identification ........ccc0evune. ceeeen cees.a133

7.5 Control Scheme Implementation and comparison of

results ....cccceeccrenccsscccnccan et ecccsecnana ce..134
REOF I EINCES « e eseeeeseseneseseeancessssanessssannsssnssss 136
Bibliography .......... ceeeetecsacncnannas creecssecannsas 141

- vii -



Appendix A: FLOTRIG Open Loop Step Tests ..... ceceeaeean .146

A.l Open Loop Step Test — Rougher ........ceceieceescse 147
A.2 Open Loop Step Test - Scavenger ......... ..........148
A.3 Open Loop Step Test — Cleaner ......ccceeeeceocsass 149
A.4 Open Loop Step Test — Recleaner ............ et 150
Appendix B: Data Ahalysis and FLOTRIG model estiﬁateS‘...lsl
B.1 Rougher level plot-Rougher tail valve stepped ....152

B.2 Scavenger level plot-Rougher tail valve stepped ..153
B.3 Cleaner level plot-Rougher tail valve stepped ....154
B.4 Rougher level plot-Scavenger tail valve stepped ..155
B.5 Scavenger level plot-Scavenger tail valve stepped 156
B.6 Cleaner level plot-Scavenger tail valve stepped ..157
B.7 Rougher level plot-Cleaner tail valve stepped ....158
B.8 Scavenger level plot-Cleaner tail valve stepped ..159
B.9 Cleaner level plot-Cleaner tail Valve stepped ....160
B.10 Cleaﬁer level plot-Recleaner .tail valve stepped ..161
B.11 Recleaner level plot-Recleaner tail valve stepped 162

B.12 Comments on Data and their estimates ....... ,.....163

Appendix C: Design of a Q-Parameterized Controller

implemented in the IMC-Structure for a Ramp Tracking

Servomotor systém cheecasessssssescseaanr s ceeeessencson 166
C.1 The Open Loop Servomotor System ............ P N ¥
C.2 Internal Model Control Design Method ...... ceesaceal68
C.3 Type numbers in IMC .......... cecssann S 4

- viii -



Appendix D: Transmittance and Disturbance rejection

analysis ......... ettt ettt ceeeonaa «e..178
D.1 Plant-Model mismatch Bode plots ......coveeveennn. .181
D.2 Plant-Model match Bode plots ....cccveeeeaann ; ..... 185

Appendix E: FLOTRIG-Computer Interface Routines .........189
E.1 ADC Interface Routines ......... cecaaas ceeceecsssssal89

E.2 DAC Interface Routines .......ccceeeeceees O R X

Appendix F: Listing of Step Test Routines ...............193

F.1 Program Listing(Step) ...; ...... ctecesarsscans eeees194

Appendix G: Listing of Ramp Test Routines ...............221

G.1 Program Listing(Ramp) seeeeeoeeccoceacns ceeceeeaeeaal22

- ix -



Figures ' Page

Chapter Two
2.1 Positive feedback Closed-~Loop Configuration ........10
2.2 Classical feedback configuration L(G,K) .....ve.....16
2.3 Controller structure for a stable plant ............17
2.4 The Basic IMC-Structure ..........ccoeveivieencaessa2l
2.5 The Classiéal unity feedback structure .............22
2.6 The Classical structure with K(Q,M) ....iveereneeesa22

2.7 Block diagram for derivation of IS conditions ......23

Chapter Four
4.1 Flotation Rig Circuit ........ X -
4.2 Simulated Flotation Plant Cell ........ceeeeeeenn ee.61
4.3 Flotation Rig(FLOTRIG) ...... e Y -+

4.4 Flotation Cell Linear Operation Region..............64

Chapter Five

5.1 The IMC-Structure....c.eceeeeesececcncss P =1 0

Chapter Six

6.1 O/Ps, ygrlr,(s) stepped +103] ..... teteenceacane seees93
6.2 0/Ps, yglr,(s) stepped +10%] ...... ceisceacoansane ..93
6.3 0/Ps, yrlry(s) stepped +10%] ........... ceceea ceese.94
6.4 O/Ps, yglry(s) stepped +10%] ......... cessacans .....94
6.5 0/Ps, yRrlr;(s) stepped + 5%] ..... cesees ceccrescanan 95

6-6 O/PS, yS[r3(S) stepped +10%J ooooooooooo ..0000-0000.95



6.7 O/Ps, Yrlrs(s) stepped =10%] ...cvvevenennnn Ceeeiaan 96

6.8 O/Ps, yglry(s) stepped +10%] ....... ceacacee ceeeeaal96
6.9 u, yq [rq(s) stepped +10%]~R .cecvveenruenns cesseas.98
6.10 u, yn [ri(s) stepped +10%]-S ........... cee s e e ..98
6.11 u, y, [ra(s) stepped +10%]-R .c.vveenernnnn. P—1]
6.12 u, yy, [ry(s) stepped +10%]-S .......... teeeescesss.99
6.13 u, y, [r3(s) stepped +5%]-R ........... ceertssssan 100
6.14 u, y, [r3(s) stepped +10%]-S ....... ceeresscsesana 100
6.15 u, Yy [r4(s) stepped -10%]-R .;.... ...... ceeoeen ..101
6.16 u, ypn [ry4(s) stepped +10%]-S .......... et accnane 101
6.17 O/Ps, yrlri(s) ramp = 4%] ceccscetaennnn cesee..105
6.18 O/Ps, yglri(s) ramp £ 4%] ............... eeseeeaal0D
6.19 O/Ps, ygr[ro(s) ramp + 4%3] ...... seesescsasacascassalOB
6.20 O/Ps, yglry(s) ramp £ 43] ............ ceccssseses 106
6.21 O/Ps, yrl[r3(s) ramp £ 4%] .............. ;........107
6.22 0/Ps, yglrz(s) ramp * 4%3] .......... et eans seessesl0?
6.23 O/Ps, YRrlrys(s) ramp * 4%] ............ cesssssssssl08
6.24 O/Ps, YRlry(s) ramp £ 43%] .......ccc00ene. ceeess.108
6.25 u & yy [ry(s) ramp * 4%]-R ....... et eceaeesesenns 110
6.26 u & y [ry(s) ramp * 4%]-8 ceeececee cesssecssnse ..110
6.27 u & Yy [ry(s) ramp £+ 4%]-R ........... ceesees cees111
6.28 u & Yy [rp(s) ramp £ 43]=S ...ceveeiiecnannnn R e I §
6.29 u & Yy [r3(s) ramp + 4%]-R ......... ceeanen eeeeeall2
6.30 u & y [r3(s) ramp = 4%]-S ........ Cesesssasenans 112
6.31 u & yp [r4(s) ramp * 46]-R cteresesesssasesescnan 113
6.32 u & yp [ry(s) ramp * 4%]-S .......... ceesenensees 113

.-xi_



Appendix
A.1 Rougher cell tail valve stepped +10% .
A.2 Scavenger cell tail valve stepped +5%
A.3 Cleaner cell tail valve stepped +5% ......

A.4 Recleaner cell tail valve stepped +10%

O/Ps, ygrlrj(s)

O/Ps, ygrlri(s)
O/Ps, yRlr,(s)
O/Ps, yrlr,(s)
O/Ps, ygrir;(s)
O/Ps, Yygrlrj(s)
O/Ps, Ygrlr4(s)

O/Ps, YRlrs(s)
Ymlry(s)
Ynlra(s)
Ymlra(s)
& yplri(s)
Yml¥s3(s)
Ymlra(s)

Ym[r4(s)

A

Appendix B

B.1

B.2

B.3

B.4

gy;(s) data &
gy (s) data &
g3l(S) data &

glz(S) data &

ramp
ramp
ramp
ramp
ramp

ramp

ramp

ramp

ramp

ramp

ramp

ramp

ramp

ramp

Ymlry(s) ramp #

ramp *

I+

I+

i+

I+

I+

1+

I+

1+

1+

1+

I+

I+

I+

I+

........... ceecesseesaaslls
............. T I )
sec et e st et easenaas «..116
................. ceaeesllt
et e erteacen et e erecanns «o117
ctececstenetraes 0o 117
ctecteertecsstesseann «..118
tecteertcas e ceceea .118
cctceeestneatanes cees+.120

cecesetsrectstcartasaa 120
..................... ..121
............ I - |
s . .

ceceasveasal22

000000000123

ceeeeseal23

cees.146

P ' ¥4

cse..148

...... eeseesld9
estimate .. iii ittt e et rcnrecaanesslB2
estimate ...... ceececeeacsceccen eee.e153
estimate ......... ceececoees cesesesaslbd
estimate ....cciieeenn ceoseeecoans ces.155



gy5(s) data & estimate .............. Ceceececennas 156

g3,(s) data & estimate ......... ... «s.157
gi3(s) data & estimate ......... Gt et ittt caanaa eees.158
gy3(s) data & estimate ...........0iiiiln ee..159
gj3(s) data & estimate ..... Ceececsecsreaeenn .....160'
g34(8) aata & estimate ...t eeecccctoncancas cees.161
ga4(s) data & estimate ........ et ee..162

Appendix C

c.1

Block Diagram of the Servomotor system ........ «e..167
Open Loop Step Test Results .......cc0eiveeeeccnnnn 168
IMC Step Response(Type I) ...... cesesecsnon ceeeeessl70
IMC triangular wave(Ramp) response g(s) designed

for step tracking .....cecieeeiicecncaanne ceseseaeane 171
IMC ramp response g(s) designed for ramp

tracking .....c.. ceeececnans ceecocaces cecenane ceesl76
IMC step response g(s) designed for ramp

tracking ....... ceerieeanon ceceseeans ceesoaas ceeeeel?7

Appendix D

D

D.1

O/L IMC-Structure for Transmittance Analysis ......178

Column 1: T(s) - not matched ......cccveeeessne cee..181
Column 2: T(s) - not matched .......ccc000 eeeseses1l81
Column 3: T(s) — not matched ......c.cccceeuss eeses.182
Column 4: T(s) - not matched ......cciveeveececccsns 182
Column 1: T(s) — matched .......cccccceertencans t....185
‘Column 2: T(s) - matched ....... P ..185
Column 2: T(s) - matched .......... S 21
Column 3: T(s) - matched ......c.cceceeeceas ceeeese 186

- xiii -



Tables Page

Chapter Six

6.1 Simulated and Actual FLOTRIG results - CL method ..127

6.2 Simulated and Actual FLOTRIG results INA method..127
6.3 Simulated and Actual FLOTRIG results - PSD method..128

6.4 Comparison of discrepancies in [%] ....ccceeetiee...129

- xiv -



abs(X)
ADC
CL
c/L

coeff .

dB
dc
deg
- det(of Matrix)

diag(xii}

DNA

d(s), D(s)

e(s)

eigenvaluej(X}

egn

matrix with (i,j) element |xij|

Analog to Digital Converter
Characteristic Loci

Closed-Loop

coefficient of an independent variable in a

polynomial

diagonal elements of the matrix M(s)Q,
tuning matrix for K,

tuning matrix for Koo

Digital to Analog Converter

decibels: x dB = 10(%/20)

direct current: also used for sfeady state
degree(of polynomial)

determinant(of matrix)

matrix with elements x;; on the principal

diagonal, also used as diag{x;}

Direct Nyquist Array

mostly used to denote denominator polynomials
also used to denote the disturbance vector
error vector = setpoint veétor—process output
or e—valuej(X} denotes the jth eigenvalue

of the Matrix X obtained from det[X-sI]

equation



F(s)

G(aA, B, ¢, D)
G(s)

9ij

H(s)

Hz

INA
IS

I/P

LHP
LOR
LTI

L(s)

MFD

augmenting matrix for the decoupling matrix
L(s)

State-Space realization of the matrix G(s)
plant/process system matrix

element in row i, col j of G(s)

Closed-Loop TFM

unit for linear frequenéy, Hertz

Identity matrix of unspecified dimension

Identity matrix with dimension n

Inverse Nyquist Array

Internal Stability

Input, also used to denote current(I) to
pressure(P) converters

used to indicate the ith row of a matrix,
used to indicate the jth col of a matrix
élso used for (—1)li

SISO controller transfer function

MIMO matrix controller

Matrix to diagonalize the system at dc
Matrix to diagonalize the system at high
frequency

Left half plane

Linear Operating Region

Linear Time Invariant

Decoupling matrix given by L(s) =‘sQw + Qo
units for current, milliamperes

Matrix Fraction Description

- xvi -



m(s)
M(s)

MIMO

n(s), N(s)

P(s)

PSD
a(s)
Q(s)

Qoo

rank{X)
Re{z}v

r(s)

R(s)

RHP

used to denote system type numbers
also used to refer to the model
SISO system model transfer function
MIMO system model TFM

multi-input multi-output

- mostly used to denote numerator polynomials

is the diagonal matrix used to add required
conditions to the Q4 matrix to ensure
setpoint tracking for all input of the form
R/s®™. NB: P(s) = F(s)R(s)

proposed design method

SISO Q-parameter transfer function
Q(Youla)-Parameter TFM [= L(s)F(s)]

Matrix to diagonalize the system at dc
Matrix to diagonalize the system at high

frequency

used as subscripts to indicate Rig or Digital

Simulations, mostly for graphs

then maximum number of linearly independent
rows/column of a matrix X

Real part of complex number z

setpoint vector

diagonal matrix added to satisfy higher
order setpoint conditions in the matrix
P(s) = F(s)R(s)

Right half plane

Laplace variable (= jw)’

- xvii -



SISO
TFM
T(s)

u(s)

Xh(z)

y(s)

Ym(s)

single-input single-output

Transfer Function Matrix

used to denote Transmittance = G(s)Q(s) in
the case of an O/L structured system
controller output vector

angular frequency (= j27f)

Z-transform of the matrix X(s) using a Zero
order sample and hold (ZOH)

used to denote the transpose of matrix X
process, G(s) output vector

model, M(s) output vector

tuning parameter in the z-domain,

also used to denote change speed of response
in another context

tuning parameter in the s-domain

used to denote the degree of a polynomial
used to denote the degree of a polynomial
parameter selected during the design of Q(s)
for higher order setpoint

used to denote step change

greater than

less than

not equal to

tends to (mostly used with limits)

- xviii - -



Chapter One

Introduction

During the past decades various methods were presented for
the design of 1linear feedback control systems [Morari,
1987]. Examples of these are the multivariable frequency
domain techniques introduced by Rosenbrock [Rosenbrock,
1974] and MacFarlane [MacFarlane, 1973]. These methods are

more ‘engineering’ oriented approaches.

Some other proposed and studied techniques such as Q(Youla)-
Parametrization [Youla et al, 1976] and Internal Model
Control (IMC)-Structure [Garcia, 1982] design methods have
been presented. The Q(Youla)-Parametrization has its roots
in the Classical Treatment of the Analytic Linear Feedback
design presented by Newton [Newton, 1957], [Youla et al,
1976}. The approach presented by Newton is an inherently
open loop approach for designhing closed 1loop systems. It
should be noted that the IMC-Structure mentioned above is
not the same as the Internal Model Principle presented by

Wonham [Wonham, 1979].

The IMC-Structure Design Approach is a special case of the
Q(Youla)-Parametrization [Morari, 1987]. The developments of
these methods have introduced new approaches of great

importance to the subject of linear feedback systems.
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The Q-parametrization aims to minimizevthe search for all
stabilizing controllers [Maciejowski, 1989] whereas the IMC-
Structure allows a rational controller design procedure such
that control gquality and robustness are affected in a direct

manner [Garcia, 1982].

These approaches are more direct alternatives, since they
allow the design of closed loop systems by simply specifying
an open loop precompensating parameter, Q(s). The classical
design of <control systems would require the use of
convoluted complex variable diagrams that show the open loop
transfer function, Q(s) {= G(s)K(s)} on say Inverse Nyquist
Array(INA) or Direct Nyquist Array(DNA) plots. In order to
ensure a satisfactory design with INA and DNA plots,
considerable experience 1is essential [Venzke, 19897,

[Fisher, 1988], [Braae, 1991].

The Q(Youla)-Parametrization of controller characterization
was presented using fractional factorizations over the ring
of polynomial matrices [Youla, 1976]. The main shortcoming
of the original formulation as given by the Q(Youla)-
Parametrization was that the stabilizing controller may not
be proper [Chang, 1990]. This shortcoming was removed by
Desoer ([Chang, 1990}, [Desoer, 1981], who also generalized

it to over a general ring of matrices.
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Various presentations and approaches on the implementation
of the proper stabilizing controller parametrization have
been made [Chang, 1990],' [Moore, 1990]. These approaches
have mostly been using State-Space since a procedure for
Matrix Fractional Representation was introduced by Nett et

al via State-sSpace [Maciejowski, 1989].

All these approaches, based on the Q(Youla)-Parametrization,
aim to yieldb a means of solving some general feedback
optimization problems. Most commonly the method optimizes
some closed-loop properties, with the assurance that the
controller does not attempt to cancel some RHP-poles or
zeroes of the open-loop system in the ’s’-plane [Youla,

19761].

The advantage offered by implementing the Q(Youla)-
Parametrization in the IMC—Structure, for an open-loop(0O/L)
stable plant, is that more information is available to the
designer at the design stage. For example, both the closed-
loop(C/L) performance and the required input variations in
the plant inputs are easily observed, especially when
implemented in the IMC-structure. This is something which is
missing in the classical structure were digital simulation

is often needed to evaluate the design [Braae, 1991].

The Q(Youla)-Parametrization ensures asymptotic stability of

the C/L system, whether +the plant or process being
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controlled is O/L unstable or non-minimum phase(NMP) or

both.

The control system design which is presented in this thesis
was based on Q-Parametrization which was implemented in the
IMC~-Structure for a process, G(s), which is O/L stable. If
the process is not O/L stable, then it should first be
stabilized through classical feedback means, thoﬁgh many of
the practical advantages of the Q—Paraﬁetrization are then

lost.

In this thesis techniques from older methods 1like
Characteristic Loci (CL) were found useful. This thesis
proposes that the PI-controller design approach from the CL-

method be exploited in the design of controller parameter,

Q(s).

The Q-Parametrization and its special case, The IMC-
structure, have proven themselves to be significant
developments in the control theory. This conclusion is based
on the increasing number of presentations that utilize the
approach in the design of control systems. For example
[Desoer, 1981] did the theory presentation, [Lin, 1991]
applied it to decoupling controller design, [Chang, 1990],
described it from the point of 'all.stabilizing controllers
as frequency shaped state estimate feedback’, [Meyer, 1990]

to multivariate controller parametrization, ([Chen, 1988],
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CAD system based on Q-parametrization, [Garcia, 1982,1985]
the special case IMC theory and simulations and [Boyd et al,

1988] did CAD system and simulation studies.

Although there are increasing presentations of the
Parametrization, they are mostly based on theoretical and
digital simulation studies. Not much has been presented on
experimental study of the Parametrization. In order for the
Controller Parametrization to be useful for industry, an
increasing number of experimental studies are needed to
evaluate its performance in practical situations. These
studies will deal with real-world plant or process
characteristics like:- non-linearities, valve stickiness or
hysteresis and unavoidable disﬁurbances such as for example

feedback pump cavitations which may cause oscillations etc.:

In the process of searching specifically for literéture
which dealt with some experimental studies, two papers have
been found in which .some studies which use the special case
of the Q(Youla)-Parametrization, the IMC-Structure Design
Approach are presented. The paper by [Wang, 1991] presented
some study on an experimental SISO Heat Exchanger and the
one by [Arkun, 1986] on a SISO as well as a 2-input 2-ouput
MIMO system. This is insignificant in comparison to the more
than twenﬁy literature presentations found that utilized dr
mentioned the Controller Parametrization since the late

seventies.
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In this thesis the control system design based on the
parametrization was implemented in a pilot study on a SISO
servo motor system and then on a much bigger four-input

four-output experimental Flotation Rig(FLOTRIG) system.

The FLOTRIG is a 4-input 4-output MIMO system and exhibits
more comprehensive real-world control characteristics, which

 are not manifested in digital simulations studies.

The proposed Simplifying Design Approach based on Q(Youla)-
Parametrization method was implemented in the IMC-structure.
The parameterized controller was applied to the SISO Servo
motor system and the FLOTRIG. But, since the FLOTRIG is a
much bigger system, more detailed description, modelling and
design is required. The FLOTRIG was modelled as one MIMO

lumped parameter model.

The aim of this thesis is to unify the advantages offered by
the IMC-Structure and the CL-Method to propose a simplifying
controller design approach for the design of control systems
based on Q(Youla)-Parametrization. The design is to be

implemented in the IMC-Structure.

The objectives of this thesis are thus:-
1) to design control systems based on Q-Parametrization.

2) to perform a FLOTRIG identification to obtain models.
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3) to apply the design based on the O/L step test models
to the MIMO FLOTRIG system.

4) to evaluate the design control system using the digital
simulation and FLOTRIG results.

5) to draw conclusions from the implementation of the

control system which was based on Q-Parametrization.

The thesis is presented in the form of chapters. Each
chapter covers the relevant aspécts of the objectives as

given above with some chapters added where necessary.



CHAPTER TWO

Multivariable Control System Design Methods

In this chapter a background and overview of three control

system design methods are presented. They are:-

* Q(Youla)-Parametrization
* IMC-Structure Design Method [a special case of the
Q(Youla)—Parametrization]

* Characteristic Loci Design Method: Matrix PI-Controller

The chapter starts with the Q(Youla)-Parametrization [Youla
et al, 1976], since it is the foundation upon which the
thesis has been put together. Thereafter,_the IMC-Structure
design method [Garcia et al, 1982], which is a special case
of the above Q(Youla)-Parametrization [Morari, 1987] ié
presented. Finally, the Characteristic Loci Design Method
[MacFaflane et al, 1979,1982] is discussed. These methods
are then combined to form a proposed technique for
controller design, which i; described in chapter 3. Each

method is followed by general comments.



Chapter 2: Multivariable Control Design Hethods

2.1 The O(Youla)-Parametrization Method

The design of control systems using Q-parametrization is a
fairly new method. However, the parametrization itself has
been used in Optimal control in the fifties [Maciejowski,
1989]. The parametrization has significance in the theory
and design of LTI feedback systems. It was reintroduced in
the seventies by researchers such as Youla et al. [Youla,
1976]. The name was taken from Youla Dante C. The latter
applied the parametrization to quadratic optimization and
Zames applied it to H, problems [Maciejowski, 1989]. In
using model reference transformations, Zames [Zames, 1981]
proposed a simple parametrization for both closed-loop
stability and output-disturbénce sensitivity, if the plant

is O/L stable [Desoer et al, 1981].

The Parametrization is a method based on the frequency
domain. The approaches to the original Parametrization use
mainly, the state-space method for coprime matrix-fractional
representations and the I/0 rational transfer function

matrix approach.

Firstly, the State-Space approach with coprime matrix
fractional representations relations are presented since Q-
Parametrization was first presented in Coprime matrix
fractional representations. Thereafter; the more direct
Rational Transfer Function Matrix relations will Dbe

discussed, which will be used in the rest of this thesis.
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2.1.1 Coprime MFDs and Fractional Representations

This section assumes a positive feedback convention as in

figure 2.1 below

ry(s) - e,(s) a(s)
—» » S
+

+

» Ya(s)

yi(s)-« « K(s)

Figure 2.1: Positive feedback Closed-Loop Configuration.

The background and theory of fractional representation is
briefly introduced after which the formulations of the
theorems leading to the parametrization of all stabilizing

controllers are presented.

The Axiomatic Fractional Representation approach to feedbaék
system design was first presented in [Desoer et al, 1980].
The use of the theory of fractional representation for MIMO
systems was presentéd in [Rosenbrock, 1970], when it was
applied to polynomial matrix fractions, also called Matrix-

Fraction Descriptions(MFD).

Fractional representation theory and the appropriate
coprimeness concept are almost always identified together,
since the main aspect of the fractional representation

theory is the algebraic coprimeness concept [Desoer et al,

10
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1980]. A useful representation of coprimeness as given by

the Bezout’s theorem is stated below [Maciejowski, 1989]:

Theorem 2.1.1:(Bezout’s theorem)
U and V are right coprime if and only if there exist stable
X and Y such that
XU + YV =T ..2-1
where: -
I is a square identity matrix
U, V are stable transfer matrices with U and V
fight coprime which can be written in the
form G(s) = U(s)V'l(s)
Left Coprimeness éan also be defined in a corresponding

manner.

Right coprimeness is can also be defined as:-
Let U and V have a common stable right factor

such that:
ZX ce2=2

Il

U =WwX and |

then

x~1 is stable (or X, has all its zeroes in the
LHP)

similarly for Left Coprimeness.

In [Nett et al, 1984], a connection between State-Space and
Coprime Fractional Representations is presented. Coprime

fractional representations of the transfer function of LTI
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systems is given explicitly in terms of observable and
controllable minimal state-space realizations of the

transfer function.

Coprime fractional representations are by no means unique.
However, an‘ekample of a procedure for obtaining a right
coprime factor_ization for G, which has a controllable and
stabilizable minimal realization G(A, B, ¢, D), .is given

below [Maciejowski, 1989], where:-

G(s) = c(sI - A)"1B + D 2-3
u(s) = Kx : 2-4
u(s) - (process/plant) input vector of G

X(s) - state vector of G

y(s) - output vector of G

K - any matrix such that (A + BK) is

asymptotically stable.

Define v = u - Kx «e2=5
Then sx.= (A + BK)x + Bv _ ' ' ..2-6
u=Kx +v «.2-7
y = (C + DK)x + Dv ..2-8

which gives

u(s) = { K[sI - (A + BK)]™1 + I )v(s) = M(s)Vv(s)
y(s) = { (C + DK)(sI - A - BK)"1B + D )v(s)
= N(s)v(s) ..2-9

and M and N stable so that

y(s) = N(s)M"1(s)u(s) = G(s)u(s) ..2-10
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A similar alternative procedure is given in [Maciejowski,

1989] for left coprime fractional representation.

In view of the above coprime fractional representation
theory the following theorems which related it to the
parametrization of controllers are stated. The proofs are
given in ([Youla et al, 1976], [Desocer et al, 1980},
[Maciejowski, 1989], ([Chang et al, 1990], [Moore et al,

1990]. The argument ‘s’ of matrices and vectors was omitted.

Theorem 2.1.2:
Let G and K have fractional representations,
G = NM"1 = M™1N (right and left coprime respectively)

and

K = uv'l = v"ly (right and left coprime respectively)

.s2-11
Then the feedback loop is stable if and only if both
-1 -1
vy -U M U
and ce2=12
-N M N \

are stable.

Now the following theorem which was originally formulated in
[Youla et al, 1976] is given below [Maciejowski, 1989]. The
theorem was modified and generalized in [Desoer et al,

19807 .
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Theorem 2.1.3: (Youla’s controller parametrization).

Let G and K have fractional representations,

G = M1 = M1y and K=uvl=yv1ly ..2

13
If the feedback loop is stabilizable, then
M, N, U, V, M, N, U, ¥

(all matrices are of compatible dimensions) can be chosen

such that
v -U M U I o
= ..2-14
-N M || N V o I
and ' K =uv-l = y‘lg is a stabilizing controller
Theorem 2.1.4:
Let K, = RS™! = g71R, such that
S -R || M R I o©
= .e2=15
-N M N S 0 I
holds. Let
U =R + MQ, V =S + NQ ..2-16
U=R + QM, vV=S8+ QN ..2-17
where: -
Q ~ is any realizable matrix of compatible
dimensions
Then
1) K = uvl = yv"ly is a stabilizing controller of
G =NM"1 = MIN and
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2) Fractional representations given by equations 2-16 and

2-17 above hold for any stabilizing controller.

From the above theorem, it follows that

K=0U0v'1l=(rR+ MQ)(S + NQ)~1 ..2-18
which simplifies to the expression, using the métrix
inversion lemma(MIL):

K = Ky + S™1Q(1 + sNQ)~1s71 ..2-19
[MIL: (A + BcD)"1 = a~1 - a~1g(pa~1B + ¢c~1)pa~1 ] ..2-20
If G is stable and we choose

N =G

M =1

Ko 0 (for example, R=R =0 and S =85 = 1I)
then the equation given by (c) becomes:-

K = (I +Go)~1 ..2-21
by re-arranging, it gives the expression:-

Q = K(I - 6K)™! ..2-22
which is the ’‘Youla’ or Q-Parameter if the sign change is

made to return to negative feedback.

From using equation 2-21 above for the classical unity
feedback configuration the structure in figure 2.2 below can

be obtained.
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d(s)

-
+

)
G(s) ——03'2»

lant/Process

Controller

Figure 2.2: Controller structure for a stable plant

2.2.1 Relevant TFM Parametrization Relationships
Consider the classical feedback configuration given below in

figure 2.3.

d(s)

r2({e)
a1s) :’lezlc +’l Y2(s)
mT-— K(s) G(s) ""T—‘
- vi(s)

Figure 2.3: Classical feedback configuration L(G, K).
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All variables and matrices are functions of the Laplace
variable, ’s’(= j2nf), which has been omitted from the

relations for brevity.

The closed-loop I/0 transfer matrix that maps the vector r
to the output vector y, for the L(G, K) system shown above

is given by

Hyira Hyir2
Hyyr = Y Y ..2-23
Hyori Hyor2
K(I + GK)~1 -KG(T + KG)~1 |
= -.2—24
GK(I + cK)~1 G(I + Ke)~1

Similarly the

transfer matrix that maps r to e is given by -

H H
elrl elr2
Hor = ..2-25
He2r1 He2r2
(I + ¢k)™1 -G(I + Kg)~1
= - 02_26
K(I + cK)~1 (I + kG)~1
where: -
Trl
r =
rp
Ya
y =
Yo
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e

e

‘r,e,y are an (2n x 1) vectors for in n-input n-output
process or plant and the transfer matrices
- d is the (n x 1) output disturbance

Hyr, Hey are (2n x 2n) matrices for G, Q and K n x n

Following an important observation a TFM Q(s) was defined as
Q = K(I + GK)~! : ..2-27
which can be shown to be the same as

Q = (I + KG)~1k ..2-28

If K is made the subject of the relations above, we see that
the controller TFM is given by
K = (I - qG) 1g ..2-29
where: -
Q, is the Youla parameter that ranges over all proper,

stable transfer functions.‘

Now using this definition, it can be shown that the Rational

Transfer Matrices, Hyr and Hgy, are given by

Hyr = . .2-30

18
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and
(I - GQ) -G(I - QG)
Hor = | .2-31
Q (I - QG)

For the closed-loop system to be internally stable, matrix
elements of the Transfer Matrices, Hyr and Hgy, must be
stable. It can be noted in the last two Transfer Matrices
that Q appears in a simple manner of matrix sums and
products. Subsequently, if we assume that G is stable, then
it is true that the closed-loop is stable if and only if Q
is stable. It is also observable from Hyj,; that K will be

realizable only if Q is realizable.

Other observations are that:-
* The input ri to output y, map of the system L(G, K) has
the simple form
Hyory = GQ | | ..2-32
also called the Complementary sensitivity matrix or

transmittance.

* The map from the output disturbance d to the output y,
is given by
Hy2d =71 - GQ «.2-33

also called the Sensitivity Matrix.

Other results on Input-Output Transfer Matrix Maps and
algebraic manipulations in matrix rings are presented in

[Desoer et al, 1981].
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2.1.3 Comments on the QO(Youla)-Parametrization

The Q(Youla)-parametrization provides us with a set of all
stabilizing controller which can be parameterized in terms
of given matrices [Youla et al, 1976]. It has been shown to
be a useful approach despite the complexity of the formulae.
Simplifying parametrization formulae for C/L stability that
apply to O/L stable systems, have been presented by Zames
[Zames, 1981]. This has simplified the C/L trénsfer matrix ,

Hyoyys from GR(I + GK)~! to GQ.
The next design method, the IMC-Structure Design Method

[Garcia et al, 1982, 1985], 1is a special case of the

Q(Youla)-Parametrization of all stabilizing controllers.

2.2 The IMC Design Method

The IMC-Structure Design Method for controller désign is an
approach which was first presented in [Garcia et al, 1982,
1] for the SISO case. The extension to MIMO systems was
presented in [Garcia et al, i985, 2]. It has also been
covered extensively in [Garcia et al, 1985,3], [Rivera et
al, 1985], [Economou et al, 1986, 1], [Economou et al,
1986, 2] and [Zafiriou, 1989]. It is based on an open-loop
design approach for closed-loop systems prbvided the process

is open-loop stable.
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ris)

Controller

Q(e) - Q-parameter (aleo called IMGC-gontroller)
Q(a) ~ Procass or Plant
M(a) - Procass (Internal) Modae!

K(s) - Is the entire block enclosed by the dashed line

Figure 2.4: The basic IMC-Structure

In the IMC and related referenced 1literature the ‘IMC-
controller’, Gg(s), is used. In this thesis it will be
referred to as ‘Q(Youla)-Parameter’, Q(s), in view of the
- fact that the IMC-Structure Design Approach is a speciai
case of the Q(Youla)-Parametrization as presented by Youla

[Morari, 1987].

2.2.1 The IMC-Structure

The IMC-Structure is an alternative representation of the
classical unity feedback structure for an open-loop stable
plant or process. They are related through the equations

K= (I - oM~ 1g ..2-34

Q = K(I + MK)~1 . ..2-35
which are exactly the relations for the Q(Youla)-
Parametrization given above if

G(process/plant) = M(model). ..2-36

21
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The closed-loop structures given below show how the
classical unity feedback scheme and the IMC-Structure relate

to each other.

r(s) a(a)

+

ld(-?
(a) —"d a(a) |-

Controller Plant/Process

Figure 2.5: The Classical unity feedback structure
If the controller parametrization is applied to K as
K = (I -~ oM~ 1o ..2=37

then the following control structure is obtained

d(e)
]
ule - v(s)

Q=) - Q(sa)

INM(2) *’Ian!leco-o

Controller

Figure 2.6: Classical structure with K(Q,M) .

After re-arrangement using block~diagram algebra, the IMC-

Structure results as given in figure 2.4 above. The
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advantages of using the IMC-Structure are ([Garcia et al,
1982, 1]

* The Q-parameter is much easier to design than K(s).

* The IMC-Structure allows the inclusion of robustness

as a design objective explicitly.

2.2.2 The IMC condition(s) for Internal and C/I, Stabilit

Consider figure 2.7 given below. Firstly, consider the
criteria for <closed-loop stability. Using the Transfer

Function Matrices

2 1
L2(es) ui(e) A=)
ri(=s) + ++ * (™)
- yis
Q(s) G(s)
* - u(s)
ym(bo) -
M(sa)
Q(a) - Q-parameter (alec called IMC-ocontroller)

QA(a) ~ Procses or Plant
M(a) ~ Proocsss (Internal) Modal

Figure 2.7: Block diagram for derivation of IS conditions

in the figure above the fbllowing IMC property is stated

{Garcia, 1985, 2].

Property 1: Dual Stability Criterion.

If

G(s) = M(s) ..2-38
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then the stability of both G(s) and Q(s) ensure overall

closed-loop stability.

Proof: Consider the following input and
relations. The arguments of the matrices and

omitted.

u = (I+0(G~-M)lo(r-a

and

y =d + G(I +Q(G - M))"lo(r - a)

which under the assumption that G = M become

u = Q(r - d)
and

y=d+ GQ(r - d)

output TFM

vectors are

.« 2-39

.+2=40

.0 2-41

.o 2—42

Therefore the system, G and Q-parameter poles must be in the

LHP of the ’s’-plane for C/L stability. QED

Now, in order to ensure internal stability the elements of

the following transfer matrix that relate all possible

system inputs and outputs must be stable [zafiriou, 1989].

mtarirn. PR p— : PR F— —
Yy GQ (I - GQ)G G r
u = Q -QG 0] u,
Ym GQ -GQG G B u,

where: -~

.«2=43

Y, ¥Yp, 4, ¥, U3, u, are output and input vectors

of compatible dimensions respectively

Q 1is the Q(Youla)-Parameter
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G 1is the Plant/Process

Theorem 2.2.1:

Assume that G = M. Then the IMC system given in figure 2.7
above is internally stable if and only if both Q and G are

stable. [Zafiriou, 1989].

The theorem follows from inspections similar to those given

in property 1 above.

The similarity between the IMC-Structure and the Classical-
Structure is easily observable by also noting that the 2nx2n
minor of the IMC internal stability matrix in equation 2-43,
which is

GQ (I - GQ)G

..2-44

Q -QG
'is precisely the matrix Hyr of equation 2-30 given in
section 2.2.1 above if we interchange rows and the

corresponding inputs and outputs.

2.2.3 The IMC-Structure Design Method
The IMC-Structure Design method assumes that the following

conditions are satisfied [Garcia et al, 1982, 1]:
* that the system, G(s) is open-loop stable and

* that the Model, M(s) = G(s)



Chapter 2: Multivariable Control Design Methods

Two more properties of the IMC-Structure Design Method as
presented in [Garcia et al, 1985, 2] are given below.
An observation of a property of theoretical interest, which
followed by inspectiqn from the IMC-structure is given
below.
Property 2: (Perfect Controller).
Assume that the parameter

as) = M(s)t - ..2-45
'gives a C/L stable IMC-structure. Then, perfect step
setpoint traéking is achieved despite anf‘disturbances, d(s)

and M-G (model-plant) mismatch.

However this parameter obtained in the above manner is not
generally realizable. Therefore, it is augmented with a

detuning [Zafiriou et al, 1989] diagonal lowpass filter of

the form
F(s) = diag{ f£37(s), «.., £apn(s)) ..2-46
where: -
£ii(s) = (B'iis + l)_k | . 2-47
and
Bii is a tuning parameter. (all B; > 0)
i =1, 2, ...n
k is chosen to make the resulting Q-parameter

at least proper.
The resulting Q is of the form

Q(s) = M(s) 1r(s) ..2-48
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/

Thereby allowing for satisfaction of both increased robust
stability and robust performance [Zafiriou et al, 1989]. The
latter reference also discusses in detail the filter design
and proposes a minimization procedure for the robust
performance condition as a function of the filter. A
discrete-time theorem as given and proven in [Garcia et al,
1985] is stated( proof oﬁitted) below because of its
relevance to robust filter design in the presence of plant-

model mismatch.

Theorem 2.2.3: Assume that the diagonal TFM filter Fh(z) is
of the type [Garcia, 1985]

Fh(z) = diag{ (1 - ¢;)(1 - ajz~1)71) ..2-49
for ’

a@; in the interval 0 < a; < 1

i =1, 2,+.., n
and that Qh*(z) satisfy all the conditions as given in
[Garcia, 1985], such that Qh(z) = Qh*(z)Fh(z) then there
exists a o sﬁch that the system is C/L stable for all @; in
the interval a* < ;. <1 (i=1,...,n) if and only if Gh(z)
and Mh(z) satisfy

Re({ e—valuej[Gh(l)Mh(l)'l] } >0 j=1,...,n

..2-50

where: -

e—valuej[A] the jth eigenvalue of A

Qh(z) the Z—transfofm of Q(s)h(s) and
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h(s) = s 1(1 - e78STy is a (Sample & Hold)

T = sampling time

Reasons for why the property 2 above is only bf theoretical
interest are because:[Garcia et al, 1982, 1985]
* the resulting Q can be unrealizable
* of nonminimal phase systems(NMP), for example can
contain time delays and right half plane

transmission zeroes of the system.

Property 3: (Zero OffSet). Any parameter, Q(s) such that
Q(j0) = M(j0)-1 ..2-51
and the C/L is stable, will yield setpoint tracking for a
step input. This also implies that asymptotic properties are
obtained almost by default if the Q-parameter is the steady

state inverse of the model [Garcia et al, 1982,1985].

Property 3, which is presented above is extended to higher
'system types’ in [Zafiriou et al, 1989] to ensure
asymptotic properties for closed 1loop responses. The

definition is given below.

Definition 2.2 1: (System Types).
Let G(s) be an nxn open-loop TFM and let m be the largest_
integer for which

rank{ lim s™G(s)} = n : ..2-52
s->0
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Then the system G(s) is said to be of type m.
For a C/L system to track setpoints of the form

r(s) = R/sM ..2-53
it can be shown that the final error value in the IMC-
Structure will be 2zero if the following criteria are

satisfied simultaneously [Zafiriou et al, 1989]:

éigoG(s)Q(s) =1 «.2-54
and

éigos[e(s)] =0 : ..2-55
or

éigos“(m'l)[l - GQ] = 0 ..2-56

or using L/Hospitals’s Rule, the above equation becomes:

q(m-1)
3 —— -— =O .-2‘57
12, T e ..

where, m is the resulting system type number.

' 2.2.4 Comments on the IMC-Structure Desigg Method

Assuming that a given system is open-loop stable and
modelled exactly, the IMC-Structure is basically open-loop
and stable. With this O/L stable structure, feedback is only
used under conditions of model uncertainties. In addition,
the IMC-Structure guarantees stability wunder actuator
failure in the presence of reset(integral)-action thereby

eliminating the possibility of anti-reset wind up [Zafiriou,
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1989]. The IMC-Structure Design approach provides the
designer with direct intuitive feel for robust stability and

controller performance through on-line tuning parameters, c.

The IMC-Structure therefore provides a useful, practically

oriented and simplifying approach to control system design.

2.3 The Characteristic Loci Design Method

Characteristic Loci(CL)-Method is a multivariable frequency
domain controller design .technique. It was introduced by
MacFarlane et al [MacFarlane, 1973] and developed further by

Kouvaritakis [Kouvaritakis, 1979].

The method utilizes the theory of linear spaces from linear
algebra. The vector spaces are defined over base fields
which are functions of a complex variable. The CL-method
provides amongst features, a means of assessing system
stability and interaction of a MIMO feedback system. The
topic of interest, is that of interaction in a multivariable

system.

This section gives an overview of the CL method and
discusses fundamentals of the theory that will be used in
the control system design based on Q(Youla)-Parametrization
which was discussed in chapter two. In the following
sections the CL-method approach for minimizing the

interaction in a multivariable system is presented.
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2.3.1 Interaction Minimization

A general problem in multivariable feedback control systems
is the design of a controller, K(s), such that the
characteristic loci space (or eigen-space) of the matrix
G(s)K(s) have certain desired properties. One of this

properties is:-

The balancing of the characteristic loci gains at 1low.
frequencies and alignment of the characteristic directions
at high frequencies in order to minimize interaction which

is the same for both the open-loop and closed-loop system.

Presented in the following section is one CL-method of
controller design to obtain the desired properties of

accuracy, integrity and minimizing interaction.

2.3.2 Matrix PI-Controller

Consider a nxn square plant, G(s), and controller, K(s),
which will be connected in a unity féedback control 1loop
L(G, K) as shown in figure 2.3. Then the Matrix PI-
Controller [Fisher, 1988] based on the characteristic loci

design method is given by:-

K(S) = KgDo + KgDg/S ..2-58
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where K D, and K D, are nxn non-singular matrices of
constants such that K(s) is the multivariable equivalent of
the scalar PI controller. Matrices, D, and D, are scaling
matrices, that reduce <controller output to achieve

acceptable performance.

The controller is designed using the information in the
plant TFM as follows [Fisher, 1988]:-
Firstly, Ko diagonalizes the plant at zero frequency, that

is
Ko = G™1(j0) ..2-59

which gives the desired design effects of:

Aligning the plant characteristic vector directions with

standard basis at 2zero frequency, s = jO0. This ensures

that there is no steady state interaction in the O/L and

C/L systemn.

Secondly, to find K, the procedure can be given as follows:-

a) Multiply row i of G(s) by'spi where the integer pi is
chosen such that no element of sPi{row i of G(s) } tends
to infinity or do all tend to zero as s (= jw) tends to
joo.

Define the row vector, bl, as:

3 = i pi : Y -
bj éigm sF-{ gi(s) } 2-60
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where: -~
i =1, 2, 3..n

g;y = is a row vector of G(s)

b) Repeat the step a) for all the %emaining rows of G(s).
c) Combine the row vectors, bj, in a matrix, B.

Then the matrix K, is given by
= n-1 . -
Ko, = B .e2~61

The effect of the matrix K, is to ensure that the off
diagonal elements of the matrix, G(s)K, become very small

relative to the diagonal elements as s(= jw) tends to jw.

2.3.4 Comments on the Characteristic lLoci Design Method

The above discussion dealt mainly with the matrix PI-method

of the Characteristic Loci-method.

The CL-method feature of minimizing interaction in the
frequency domain over a linear vector space can be useful in
the design of the Q-Parameter.

The PI-matrix controller design approach offers useful
properties of steady state and high frequency reduction of
interaction, since it ensures that the matrix, G(s)K(s),
approaches diagonal forms as s(= jw) tends to either jeo or
jo. This implies that K(s) is an approximate inverse of G(s)

as s tends to jo and to joOo. This property, as discussed in
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the next chapter is exploited in designing the controller

based on the Q(Youla)-Parametrization.
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Chaptexr Three

Proposed Simplifying Control System Design Approach

based on Q(Youla)-Parametrization

The concept of using a simple open-loop method to design
closed loop systems [Newton, 1957] is very appealing to the
practicing control engineér. Many important practical
aspects of the control scheme become visible during the
design exercise itself and do not require additional post-
design checking via digital simulation or on-line
experimentation. For example the control action needed to

give a particular closed loop performance as well as the

35

performance itself are both easily observed while the closed

loop transfer function is being designed.

Originatiné from the inherently open-loop approach which was
described by Newton et al, a method which removes the
restriction that requires the plant to be O/L stable
[Newton, 1957] was proposed by Youla et al ([Youla et al,
1976]. The inherently open-loop approach has Dbeen
incorporated into the Internal Model Control(IMC)-Structure
Design Approach [Zafiriou, 1989], which is similar in the
sense of the open-loopAapprbach to that described by Newton
et al. The IMC-Structure Design approach is seen a special

case of the Q(Youla)-Parametrization presented in [Youla et



Chapter 3: Proposed Simplified Control System Design Approach based on Q(Youla)-Parametrization. 36

al, 1976] and ([Desocer et al, 1980] which utilizes the
fractional representations of rational transfer functions or

matrices.

The IMC-Structure represents an expliciﬁly opén—loop format
and hence simplifies the design of the Q-parameter utilizing
O/L information. 1In IMC-Structure systems, asymptotic
tracking of setpoints in regulation problems is accomplished
almost by default using the standard internal model control
concept, provided the designer specifies that the process
output must equal the reference input. However asymptotic
tracking of more complex setpoints like ramp (or parabolic)
functions leads to a more difficult problem in that a whole
set of criteria need to be satisfied to ensure that the
final system has the correct Type Number. These conditions
are based on derivatives of the transfer function
[I-G(s)Q(s)] which relates the error to the reference input

[Zafiriou, 1989].

This ' chapter presents the problem of designing a Q-
Parameterized controller and proposes a simplifying design
approach for Q(s), which will then be implemented in the
IMC-Structure. This approach will be evaluated by firstly
applying it to a SISO servo-motor system in which a step and
triangular setpoint functions have to be tracked with zero
error, see Appendix C. In traditional terminology, ‘Type

One’ and ’‘Type Two’ Systems have to be designed for the
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servo-motor control system. Matrix formula, that do not
require differentiation, for ensuring adequate Type Numbers
when designing Q(s) are also developed. This approach is
then applied to an experimental MIMO flotation process
rig(FLdTRIG) [Fisher, 1988] in order to evaluate its

performance on a real-world experimental system.

3.1. Simplified Design Approach(SISO-~case)
The proposition below in 3.1.1 is for a SISO system. The

conditions under which it holds are given, and are followed
by a verification based on a set of matrix equations using
the Q(Youla)-Parametrization for k(s) = q(s)[1 - g(s)q(s)]'l

[Youla et al, 1976], [Maciejowski, 1989]

3.1.1 Matrix Conditions for System Type Numbers
For an open 1loop stable SISO system the following

proposition is made.
Proposition 3.1:
Consider the open-loop stable system given by

No + Njs + Nys2 + ... + Ngs© -

It

g(s)
1 + Dis + Dzs2 + e... + D#s“

N(s) / D(s) .e3=2
where:~- N(s), D(s) are real coeff. polynomials in s, the

Laplace variable in units of [radians/second]
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such that
[deg{N(s)} = o ] < [deg{D(s)} = u]
and the Q-parameter
ng + N;s + nps? +

da(s) = ..3-3
1 + d;s + dys? + .

i

n(s) / dq(s)  ..3-4
similarly

n(s), dq(s) are real coeff. polynomials in s,
such that |

[deg{n(s)}] = [deg{d4(s)}]

to be implemented in the IMC-Structure [Garcia, 1982]. Then
assuming that the model, m(s) = g(s), the C/L system is
given by

h(s) = g(s)a(s) ..3=5"
Then the following Amatrix condiﬁion for the numerator
polynomial of g(s), chosen such that deg(n(é)) < deg{dq(s)},

simplifies the setpoint tracking conditions for setpoints of

the form
r(s) = R/sh ..3-6
Type No:
-1
Ny No O O 1 0 0 : 1 Type 1
n; = Ny Ny O D 1 0 : d, | Type 2

. 3-'7
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which sets the minimum degree allowable for dq(s). Note élso

that the matrices are nonsingular.
Equation 3-7 above can be verified in two ways as shown in

verification 3.1la and 3.1b below.

Verification 3.la: Using the Classical Approach.

Let k(s) and g(s) be given by the relations below

k(s) = q(s)[1 - g(s)a(s)]™L ..3-8
and

d(s) = k(s)[1 + é(s)k(s)]’l «e3=9
and |

g(s) = m(s) ..3-10

from the Q(Youla)-Parametrization [Maciejowski, 1989]

Together with the rational transfer functions of equations
3-2 and 3-4 an important observation is made to ensure the

correct system type number as follows:

Let k(s) be given by (using egns. 3-2, 3-4 and 3-8). Then

n(s)D(s)
k(s) = _ ..3-11
dq(s)D(s) - n(s)N(s)

can be written as
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(ng+tnys+...) (14D S+....+D,s™)

(1+dys+..)(1+Dys+..+Ds™) - (ng+nys+..)(Ng+Njs+. . +Nps™)
| ..3-12
For the final controlled system to be a Type m system; the
coefficients of the powers of s°, sl, s2,..., sB 1 of the
-controller k(s) must all be zero. From Equation 3-11 the

denominator polynomial for k(s) is given by

(1-nyNy) +
(dlfDl—noNl—nlNo)s +
(D2+d1D1+d2—noN2-n1N1—nzNo ) S2 +

PRI 0-3-13

In these m constraints for ensuring the correct system Type
Number the values of Nj and Dj are known from the system,
transfer function, g(s) or model, m(s) while the values of

d; are set by the desired closed loop pole positions.

Thus the constraints of Equation 8 for system Type Number
effectively impose <conditions only on the numerator

polynomial of module g(s).

Now, by setting the required number of coefficients of
powers of ’s’ from, ‘s®’ to ’/sM1l/, in thation 3-13 to zero

it follows that, for a particular Type Number, the designer
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is required to solve the following matrix equation for the

unknown coefficients ng,, n;, ny,, ...

i

Type No:

-1
ng No O 0O 1 0o O : 1 Type 1
nl = Nl NO 0 . Dl 1 0 : dl Type 2
n, N, N Ng ¢ D, D 1 : d, Type 3

«.3-14
where the number of rows in the matrices and vectors is set
by the desired Type Number as indicated, and is equal to the
number of columns used in the matrices. To ensure that
module q(s) is realizable the order of polynomial dq(s) must
equal or exceed that of polynomial n(s). From Equation 3-14
it is clear that the required system Type Number sets the
minimum order allowable for the numerétor polynomial of
module g(s), which in turn sets the minimum order allowable

for its denominator polynomial dq(s). QED

This is a much simpler condition to implement than the m
derivative condition given in [Zafiriou, 1989]. This
condition is also given below. It is also shown that, using
the parametrization of the controller as

k(s)= q(s)[1 - g(s)q(s)]7t
which becomes l

k(s) = qa(s)[1 - m(s)q(s)]7!
for the 1IMC Design Method, a special case of the Q-

Parametrization and which assumes that m(s) = g(s) the same
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result as equation 3-14 is obtained by using the observation

made for higher order setpoint tracking.

Verification 3.1b: Using the IMC-conditions.
For tracking setpoints of the form r(s)= R/s™ the following

IMC-conditions are given

i = ««3-15
éigo g(s)q(s)\ 1 3-1

i ' = ‘ «+.3-16
éigo s{e(s)}| 0 | |

or, in terms of the transfer functions in the IMC loop using

L’Hospital’s Rule for indeterminate forms. In this case, 0/0

dm—l
lim _— l[gl - g(s)q(s)}]= 0 ..3-17

s->0 dsm-

where constant m is the Type Number for the resulting C/L

IMC system.

Using these conditions asymptotic setpoint tracking is also

achieved for setpoint of the R/sM.

Now, by setting the required number of coefficients of

powers of ‘s’ in Equation 3-17 to zero after using the
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relations in equations 3-2, 3-4 and 3-8 it is can also be
shown that, for a particular Type Number, the designer is
required to solve the following matrix equation for the
unknown coefficients n,, n;, n,,.... But obtain the

derivatives is not trivial.

Type No:
-1
ng N, O O 1 0 0 : 1 Type 1
n; = Nl NO 0 . Dl 1 0o : dl Type 2
¢o3-18

which is the same as equation 3-14 above.

3.1.2 Modification to include Dynamic Compensation.
In the Newton/IMC approach, the design of feedback control

systems module, J(s), is usually chosen to cancel thé
undesirable poles of the process g(s), provided of course
that these are stable and reasonably damped [Astrom, 1984],
and then to substitute in the poles desired for the closed

loop system.

This condition on the dynamics of the closed loop system
leads to a more restrictive form for numerator polynomial of

module g(s) than that used in Equation 2 in that
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(n*o + n*;s + ... )(1L + DyS + ... + DysM)

a(s) =
1+ d;s + dys? + ...

= n*(s) D(s) / d(s) . .3-19

Once again the polynomials, vn*(s) and d(s) are not
~explicitly limited to any particular order provided that
g(s) 1is realizable in practice, though it is common to keep
‘them as simple as possible. The designer is free to choose
the closed loop pole positions to give the required dynamics

while keeping the input within allowable ranges.

It is easy to show that the matrix conditions on polynomial
n(s) of equation 13 can be converted to the following matrix
conditions on polynomial n*(s), since

n(s) = n*(s)D(s) ..3-20
and |

n*(s) = D”1(s)n(s) ..3-21

which leads to the matrix condition given below

Type No:
. -1
n_o 1 0 o0 : N, Type 1
n 1 = D1 0O : n, Type 2
n-, D, D7 1 : n, Type 3

* s 0 e o o o 0 s 0 0 e o o

..3-22
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where the dimensions of the matrices and vectors are once
again set by the desired Type Number, as indicated. It
should be noted that the order of polynomial dq(s) in module
q(s) must now equal or exceed the sum of the orders of
polynomial n*(s) of module dq(s) and polynomial D(s) of

process model g(s).

3.1.3 Alteration of speed of response.

A less obvious alternative observation is made for first
order systems, whereby the response time is decreased by
reducing the model output by a factor, say g and increasing
the gain of the g(s) parameter by the same factor, u. The
gain reduction and corresponding gain increase in ((s)
ensures asymptotic setpoint tracking with zero offset. For
example to double the speed or response of the system given

below

g(s)

. A
R
(1 + sT)

q(s) = 1/A

and for

the response is doubled by making
Mpew(s) = m(s) / 2 and

dpew(s) = 2 * q(s)

The above observation can be very useful in changing the

dynamics of more complex MIMO systems.
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Another  experimental approach to improve controller
performance is to remove the zero(es) from the model, n(s),
but retaining the system poles and steady state gain if

satisfactory.

This can be explained in the following quantitative manner:

Suppose, g(s) = m(s), and that g(s) has a dominant zero
which causes a large overshoot, then
g(s)u(s) = m(s)u(s) implies that the feedback signal is

zero. Hence the Q-parameter, ¢(s) does not see the overshoot
if no dynamic compensation was made although setpoint
tracking is achieved. On the contrary, if m(s) not equal to
g(s), say the zero is removed from model, then, during the
dynamic period, magnitude[y(t)] > magnitude[yp(t)], hence
there is a (feedback signal) > 0. Thus, q(s){r(s) -~ f/back
signal] is less than the original q(s)[r(s) - 0] signal,
which implies that the process input is reduced, hence less
or no overshoot. This remark can be very useful in MIMO
systems since dynamic compensation can be complex in

multivariable systems.

The application of the above approach to the design of g(s)
for a SISO servo-motor system is described in Appendix C.

The experimental results verify that the theory is correct.
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3.2 Simplified Design Approach(MIMO-case)
‘The SISO design approach presented above is extended to the

multivariable case for open-loop stable systems. Issues
relating to MIMO systems such as for example minimization of
interaction and improvement of C/L performance are discussed
within the context of the simplified design approach based
on Q(Youla)-Parametrization as described in section 3.1 for
the SISO-case. The designed parameter, Q(s) is implemented

" in the IMC-Structure.

3.2.1 Decoupling Controller Design

Decoupling Controller design for linear multivariable plants
has been presented ’in [Lin & Hsieh, 1991] based on the
Q(Youla)-Parametrization. The approach is presented for both
stable and unstable systems. It requires symbolic inversion
of the plant, the cémputation of the Vandermonde matrix and
the computation of the classical controller, K(s). Another
procedure for the design of multivariable feedback system
with stable plants based on the Q-Parametrization was
" presented in [Desoer & Chen, 1981]. This approach requires
coprime fractional representation of the plant which in turn
requires inversion of polynomial matrices that are easier to

compute than rational transfer function matrices.

A simplifying design approach for MIMO O/L stable or
stabilized systems implemented in the IMC-Structure is

presented, based on the Q-parametrization. The proposed
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approach yields sufficient decoupling and setpoint tracking
without attempting to symbolically invert matrices or cancel
poles and zeroes of the system, since exact decoupling is
‘not achievable, except in theory. The approach is given

below.

Proposition 3.2: Approximate MIMO system decoupling.
Let the O/L system, G(s) and its model, M(s), be
asymptotically stable, such that for C/L stability the IMC
condition given below [Garcia, 1985] is satisfiéd in the
case of plant-model mismatch
Re{ eigenvaluej[G(O)M(O)'l]} > 0 ..3-23

where: j = 1..n for an square nxn system G(s)

Re{eigenvaluej[A]} denotes the real part of the jth-

eigenvalue of square matrix A.
Let a stable Q(s) be given
Q(s) = (sQx + Qg)F(s) = L(s)F(s) ..3-24

(Adapted and modified from the Characteristic Loci approach

given in [Fisher, 1988] as mentioned in chapter two.)

L(s) = SQx + Qg = sp~1 + Ko .+3-25
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for

bi = éixgmsrgi(s) ««3-26

such that

g3 are row vectors of G(s) for i = 1,..n

r is an integer chosen such that no b; =0 as a

s tends to jw

B =1[by,..,b;,..,by1T ..3-27
K, = G(jo)~1 - ..3-28
F(s) = diag( (By3s + 1)71 ) ..3-29

for j = 1..n

B

i3 > 0, 1is chosen such that the largest

magnitude input-action for the jth

column is reduced as required.

then, the resulting C/L system is stable, decoupled exactly
at steady state(low frequency) and approximately at high

frequency.
Verification 3.2:
Firstly, using the equation IMC closed-loop equation as

given in chapter 2, property 1, that is:

y(s) = d(s) + G(s)Q(s)[xr(s) - d(s)] ..3-30
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and since M(j0) = G(joO) ..3-31
y(Jj0) must tend to r(3jo)
- which is only true if
Q(jo) = ¢(j0)~! and F(jo) = I ..3-32
which are exactly the results of the definitions for Q, and
F(s) respectively.

QED

Similarly the approximate high frequency decoupling can be
shown using the.definition for Q, with G(s) as ’s’ tends to

infinity.
Remark 1: F(s) makes the Q(s) proper.

Remark 2: The approach merely uses inverse computation of

constant matrices and decouples the system using zeroes.

Remark 3: The constant, Bjj' gives the designer the choice
of reducing input action as required but can also affect

controller performance.

Remark 4: It can be shown by inspection that, the decoupling
method given above is sufficient for step setpoint tracking

with zero steady state error.
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Remark 5: Step setpoint-tracking, interaction minimization,
disturbance rejection and noise attenuation can be observed
and analyzed satisfactorily by using Bode plots for the
matrix G(s)Q(s), since the C/L system is implemented in an

explicitly O/L IMC-Structure.

The frequency-domain method that is based on approximate
system decoupling simplifies the computation from symbolic
inversion of rational transfer function or polynomial
matrices to inverting easily obtained nonsingular constant

matrices.

3.3 Setpoint Tracking Conditions for the O-Parameter

Based on the implications of propositions 3.1 and 3.2, the
following conditions are added to the Q-parameter for

asymptotic tracking of setpoints of the form, r(s) = R/sT.

Proposition 3.3: Consider the MIMO open-loop stable system

given by
No + NS + Nps? + ... + Nyj4s9id
gi4(s) = 3 -, ..3-33
1 + Dys + Dys® + .... + Dyj4sHt]
= Nij(‘s) / Dij(s) ..3-34
where: -

i,J = 1..n, for a square nxn system, G(s)
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Nij(s), Dij(s) are polynomials in s, the Laplace

variable in units of [radians/second] such that

[deg{Njj(s)} = 034 ] < [deg(D;4(s)} = pj45] ..3-35

Let the square nxn

Q-parameter be given by

Q(s) = QuP(s) ..3-36
. where:-

i = 1..n

% = G(jo)~?! ..3-37

P(s) = diag{p;ji)} = F(s)R(s) ..3-38

F(s) as defined in proposition 3.2 above

R(s) = diag{rji(s)} = diag{ngji(s) / dpjj(s)}

pij(s) = o * ms ¥ mps® t .- ..3-39

1 + dgs + dys? + ... .

= npii(s) / dpii(s) ..3-40

deg{npjj(s)} < deg{dpj;(s)) ..3-41

to be implemented in the IMC-Structure [Garcia, 1982]. Then

let the model, M(s)

= G#(s), where G#(s) has all it zeroes

removed (for each element) and only retaining the poles and

steady state gains. Let the condition [Garcia, 1985]

Re{ eigenvaluej[G(O)M(O)'l]} > 0

where: -

j = 1..n for an square nxn system G(s)

Re{eigenvaluej[A]} denotes the real part of the jth

eigenvalue of square matrix A.
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still hold to ensure C/L system stability whenever, Q(s) is

stable.

Thus, the setpoint tracking conditions can be imposed on
stable pjj(s), based on the diagonal elements of M(s) with
their steady state gains taken as unity, that 1is,
m;i(jO0) = 1, then the design steps in proposition 3.1 hold

for tracking setpoints of the form R/sT.

Verification 3.3:
Using the Q-Parametrization of K(s), that is

K(s) = Q(s)[I - M(s)Q(s)]™L ..3-42

and letting
cij(s) = elements of {MQ,) ..3-43
then it is sufficient to show that

i | t t 1i .. /sT ..3-44
é&goK(s) ends to slgo{kl]/s }

i, j =1..n
for the C/L system to track inputs of the form, r(s) = R/s™

as follows:

i i - -1 ..3-45
éfgoK(s) éEQOQ(S)[I M(s)Q(s)] 3

. _ ' ‘ -1 v_
éigoQoP(s)[I {M(S)QO}P(S)] ' ..3-46
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notingl that Q4 diagonalises M(s) as s tends to 0, thus the

off-diagonal elements tend to 0, that is

i -> lim di ..3-47
éggoM(s)Qo sigodlag[cll(s)] 4
such that
-> 1i P I - di c::(s)1P(s)]1" 1
élgoK(s) > sf§0Q0 (s)I iagfc;;(s)IP(s)]
..3-48
pPii(s)

-> lim Q, . diag) :
s=>0 - 1 - cjij(s)pij(s)

..3-49
and since
Pii(s) = npiji(s) / dpjj;(s)
and using equations 3-43 and 3-47
| N, .3 N~
mgii n mqi
cji(s) = ? tx a2) ..3-50
D;ji(s) j2oi Dj5(s)

where: -
Djj, Djy are polynomials of ‘s’

Npgiir Nmgij are constants

The cji(s) are obtained from diagonal elements of M(s)Qq
hence the quij numerator notation for cjj(s) since Q, only

affects the constant numerators of M(s).

1. Also using the property of limits: 11m A(s)B(s)C(s)'l =

11m [A(s)] [11m B(s)] [11m C(s)'l] = [llm A(s)B(s)] [11m C(s) l]
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Thus

NpiiDii

lim K(s) -> lim Q,.diag
s—->0 s=>0 R T i s .
dpiiDii (DijCiilnpii

..3-51

where: -~

Dij

D * % Nngij

1iiCii = |Nmqii N

M3

j<>i 13

thus equation 3-51 simplifies to equation 3-52 given below,

after keeping the D;j required for the setpoint tracking

condition
. . . NpiiDii
llEOK(S) -> élgoQo.dlag
S dpiiPiy -~ (1) npij
.«3=-52
since
. ' n Dji(s)
limDij(s)eji(s) = LM \Nmgij + 3 Nmgij|—— =
Dj5(s)
j<>1i

and using the notation for all Dij(s), which is
Dij(s) =1+ Dys + 0252 + e
the above equation simplifies to

lim Djj(s)Cii(s) = |Nmgii * % Nmqij(1)

M 3

j<>1i
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using the definition Q4 and M(joO)Qy = I

Finally, note that equations 3-51 and 3-52 above contain a
constant matrix multiplied by a diagonal matrix which has
the elements with exactly the same form as equation 3-11 in
proposition 3.1. The polynomials, npii(s), were chosen based
on the known polynomials, Dii(s) and dpii(s) in order
satisfy the required system type number as in proposition
3.1.

Hence, by definition of the conditions on npii(s)

i ds to lim ({k;</sM D
éigoK(s) tends to é£§o<k13/s } QF.

The Proposed Simplifying Approach based on Q(Youla)-
Parametrization pfovides significant design insight and .

simplification for the design of SISO and MIMO systems.

The algebraic matrix conditions on the numerator of control
module g(s) or Q(s) that ensure asymptotic tracking of
setpoints are easier to impose than derivative conditions on

the error signal.

The combination of the intuitive insight as to what the
approximate desired C/L response shouid be and the frequency
domain properties of the matrices have simplified the design
approach of the Q-parameter and at large the design of K(s)
using Q(s) and M(s). The frequency domain can also be useful

for analyzing setpoint tracking, decoupling, disturbance
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rejection and noise attenuation. The time domain
considerations were aimed at controller performance, which
were then included by removing zeroes from the model and
introducing tuhing parameters which affect the controller

performance in a simplistic manner.

The above proposed method for controller design was
evaluated by applying it to the Flotation Rig(FLOTRIG) built
by Mr Fisher (Fisher, 1988]. The FLOTRIG description and

identification are given in the next chapter.



CHAPTER FOUR

The Flotation Rig Identification

In this chapter the background of the Flotation Process will
be presented. This will be followed by a description of how
a typical Industrial Flotation Process has been realized as
a ’‘real-world’ experimental model in the control laboratory
[Fisher, 1988]. The final part of this chapter will mainly
be concerned with the identification of the e#perimental

deel.

4.1 Description of typical a Flotation Process

Flotation is a widely used mineral process for separation of
valuable mineral from the ore [Perry, 1963]. The process is
based on the property that some particles adhere more
strongly than others to air bubbles formed by an air flow iﬁ
for example a slurry. A schematic of the flotation circuit

is shown in figure 4.1 below.

The f;otation process consists of a number of interconnected
tanks, called flotation cells. The refining of minerals can
be achieved by building up a network of these flotatioh
cells. In this case four interconnected cells. The slurry
first enters the circuit at the so-called Rougher cell. An
air flow creates the bubbles to which the mineral particles
stick in each of the tanks, called flotation cells. The

mineral loaded bubbles rise to the surface, forming what is
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called the ’froth’ or concentrate which overflows into other

cells [Koivo, 1977].

NB: Manual valves are indicated differently from the control

valves, as can be seen in the figure below.

\ D| @
7' v X
i, 0 T,

FT l

52
P< FC
Ro - Rougher Rec - Recleaner FC -~ Final Concentrate
8c - Scavenger L - Level Probe MF - Maln Feed
Cl - Cleaner F - Flowmeter FT - Final Tallings

Figure 4.1: Flotation Rig Circuit

The froth overflows of the various cells are linked either
directly from one tank into the other or through a sump

tank. Similarly, the tailings outputs of each cell are also

linked.
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4.2 Description of the Flotation Rig

A flotation plant simulator was built and used by Mr Ian
Fisher, in a control study [Fisher, 1988]. The flotation

plant will be referred to as the FLOTRIG in this thesis.

The FLOTRIG is an experimental simulation of the fluid
dynamics of a typical flotation plant used in the mineral
extraction industry. It serves as an important test site in
the application, evaluation and investigation of various
control system design methodologies [Fisher 1988], [Venzke,

1989], [Trossbach, 1992].

The FLOTRIG exhibits various real-world engineering
characteristics with are not manifested in pure computer
simulation studies. Examples of these problems are non=
linearities, noise, disturbances etc. The design aim in such
an environment would be, for example, to produce a LTI

control scheme that is insensitive to these factors.
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4.3 Flotation Cell Simulation

The FLOTRIG circuit was designed to be similar to a typical
industrial flotation plant. The cells that make up the
circuit are similar in design, as shown in figure 4.2
below. The product in the circuit is water. Each cell has a
froth overflow(also called concentrate output), consisting
of an inverted U-shaped piece at a certain height that
simulateé the overflow of the froth stream. The rates of thé
tail outflows are controlled by pneumatic valves, so that
the slurry level in each cell is controlled by regulating

the tail out flow from that cell.

Cell overtlow oo seeeenmnn \l/

?

.............................. Froth overflow

Tell control valve

[as {

Figure 4.2: Simulated Flotation Plant Cell
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4.4 Instrumentation and lay-out of the FLOTRIG

The instruments on the FLOTRIG consist of level probes, flow
sensors and pneumatic actuators. The signals for the
pneumatic actuators range from 4-20 mA whereas the level
probe signals range from 0-10 V. These are connected to the
PC via ADC/DAC interface cards. The setup of the FLOTRIG is

given in figure 4.3 below.

—)p Main Feed

= . b

I'_I
8c , - &lcul r"l‘

Sump Sump

=

e

1- The aystem overfiows for sach cell are not shown 4~ ' valve
2- All pumps run at fixed speed & each followed by a manual valve
3~ Level probes and tlow meters for each cell are not shown

Spillage Catch Tray

Figure 4.3: Flotation Rig (FLOTRIG)

In the rest of the sections, the procedures and tests

performed to identify the FLOTRIG model are presented.
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4.5 Identification of the FLOTRIG Model

System or Model identification forms an integral part of
controller design. Such models are essential for any
theoretical analysis or multivariable controller designs, if
applicable. In this case a model is derived for the FLOTRIG
system. The model takes the form of transfer functions

required for the design method used in the thesis.

The following subsections describe the tests performed on
the FLOTRIG, analysis of the data and the development of a

final model.

4.6 Open Loop Step Tests on FLOTRIG
A model of the FLOTRIG is to be derived from an analysis of

step test response data. The process input variables are thg
four pneumatic actuators and the process outputs are thé
four flotation cell levels. The Transfer Function
Matrix(TFM) to be generated hés the form given below. All
matrix elements, ihputs and outputs are functions of the

argument ’s’(Laplace domain variable):-

y=Gu
] ]
Y1 911 912 d13 914 Uy
Y2 | . 921 | 922 | 923 | 924 u2
Y3 931 932 d33 934 || U3
Y4_J d41 942 d43 J44 u4~J
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where: -
Y1 = Rougher  output u; = Rougher  input
Y, = Scavenger output u, = Scavenger input
y3 = Cleaner output uj3 = Cleaner input
Y4 = Recleaner output u, = Recleaner input

64

The input and output units were in ADC/DAC bit counts but

were converted to percentages. The output range is from 0%
to 100% and the input from -100% to 100%. The ADC/DAC
converters are 12-bit computer interface devices used with

Data Translation Cards.

The transfer function time constants and delays are in

seconds.

4.6.1 Flotation Rig Linear Operating Region

The FLOTRIG is considered to be in the Linear Operating
Region(LOR) when the level of each cell is between the froth
overflow level and the cell overflow [Fisher, 1988]. The
region which is the same for each cell, is shown in the

figure 4.4 below.
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..................................... 8ystem overfiow

GCell overtiow e G \I/

Froth overflow

Tall control valve

\L'r.n out flow Concentrate

Figure 4.4: Flotation Cell linear operating region

The models obtained for the ﬁarious cells will therefore
only be valid in the 1linear region. Thus all levels must
remain in this region while collecting any open loop data

for modeling purposes.

4.6.2 Experimental Open Loop Step Tests

The experimental open loop step tests were done to establish
i) the correct actuator setting for the linear region
ii) the approximate time constants of the cell in this

region.
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The following procedure which was carried out to establish

the above:

a)

b)

d)

e)

Systematically closed the tail valve until the level
steady state remains in the linear operating region.
This must be done for each cell, and repeated,

since the system is expected to have interaction.

Wait until all levels are at steady state within the
LOR.

Start recording all actuator and level data, since
these are the variables of concern.

Step one (e.g. +10%) of the valves, (100% = close,
100% = open) such that the new steady state to be
reached still remains in the LOR while continuing to
record data.

Once the new steady state has been attained, stop

recording data.

Repeat the above procedure for all the cells. The most

representative results from the step tests are given in

Appendix A.

The following information was gathered from the preliminary

step tests:-

a) The fastest time constant, in order to establish a

suitable sampling period. In this case it was about

33 seconds for a sampling time of one second.



Chapter 4: The Flotation Riq Identification 67

b)

a)

The time duration over which the FLOTRIG reaches attains
steady state was observed, in order to obtain the length
of time for data recording. The minimum time length

required is about 540 seconds.

The variables which are in direct relation to the product
flow in each cell were noted, in order to determine which
variable to used as the input to the controller and as
output. In this case, water level in each cell and

actuator positions respectively.

The modelling approach for the FLOTRIG components. The
rig was model as one lumped element. That is, the
relationship from the actuator position to the water
level for each cell, in units of DAC/ADC bit counts is
modelled as one element (that includes I/P converters,
valves , level probes, etc). The bit counts wefe then

converted to percentage of range.

The visible oscillations in the Cleaner and Rougher

celis were caused by the Rougher feedback sump pump. That
is, the pump drains the sump faster than the water enters
the sump. Thus, while the sump level is very low'(below
the pump feed pipe), the pump cavitates until the sump
Qater level rises to above the pump feed pipe level.

The oscillations are very fast and are not considered as

part of the fluid dynamics of the FLOTRIG. Therefore they
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were modelled as disturbances and were excluded from the

transfer function model, G(s) for the FLOTRIG.

f) The actﬁator positions that allow the steady state levels
of each cell to settle in the LOR were noted. The
respective positions obtained from the preliminary tests
are:-

(100% = fully closed, -100% = fully open)

Rougher -50 %

'Scavenger : ~50 %
Cleaner : ~-50 %

. Recleaner : 0 %

4.6.3 Final Open Loop Step Tests

The same procedure for the preliminary open loop step tests
was followed to obtain data for the final test. The step
tests were done so thaﬁ none of the levels in the four cells
must enter the non-linear region of the FLOTRIG. The data

obtained from the step tests are shown in Appendix A.
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4.7 Development of the FLOTRIG model

The data obtained from the final open loop tests were used

to develop a TFM model for the FLOTRIG.

The level data and step input changes obtained for each cell
during the open loop step tests were used to fit the model
as follows:- |
a) Select an order of the model transfer function that
will estimate the data best.
b) Choose dummy pole and zero positions to start with.
(done automatically in software)
c) Scale the model to the step size of the respective
input. (done automatically in software)
} d) Repetitively choose pole and zero positions that will
.closely correspond to the response of the data plotted.
e) Select the gain of the estimate that will closely match

the steady state of the data in together with step 4).

Repeat steps d) and e) until the model estimate is

satisfactory.

Each entry of the transfer function matrix was modelled
individually. Therefore, the procedure given below was
performed for each cell’s response for every open loop step
test input to the FLOTRIG. The steps are as follows:-

1. Read the data from the respective file which contains

the corresponding step input and level values.
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2. Perform steps a) to e) as given above to obtain the
model estimate.
3. If the model transfer function fits the level data then

go to step 1 to read next data file, else go to step 3.

4.7.1 Calculétion of Transfer Function Models based on
FLOTRIG data
The estimates for the data was found by performing steps 1)
to 3) given above. The offset was ndf subtracted, but the
dc-offset present before the step input was added to the
function which approximated the corresponding data.
dc-offset = the average value before the step
Estimate transfer function models obtained in the above
manner were plotted together with the respective data. The
estimation of the transfer functions were done by plotting
and comparing them with the respective data. if the estimate
is not acceptable the corresponding parameter(e.g. gain,
dead-time or pole positions, etc) of the estimate are

changed until the estimate is acceptable.

4.7.2 Generating the Flotation Rig Transfer Function Matrix

The TFM for the FLOTRIG was developed one column at a time.
That is, each column of the matrix was generated from a
single step input to a particular cell. The elements of the
matrix are estimate transfer functions of the corresponding

element data.
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The estimates for the respective transfer functions are

presented in Appendix B.

The generated Flotation Rig model TFM is given below. All
matrix elements, inputs and outputs are functions of the

argument ’s’(Laplace domain variable):-

y=Gu
r-Yl 911 | 912 | 913 | 914 W
Y2 | 921 | 922 | 923 | 924 U2
Y3 931 | 932 | 933 | 934 us3
| Ya | 941 | 942 | 943 | 944 || Y4 |
where: -~
Y, = Rougher level u; = Rougher valve
Yy, = Scavenger level u, = Scavenger valve
y3 = Cleaner level u3 = Cleaner valve
Y4 = Recleaner level uy = Recleaner valve

An alternative presentation, poles and zeroes of the TFM are

given in Appendix B.

The TFM elements for the FLOTRIG model are given below:-
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0.009(s + 0.005) 0.00625 -0.016¢"308
. _ 0
s2 + 0,055 + 0.0006) (s + 0.0125) (s + 0.02)
-0.00813 0.00744 -0.0011
—_— —_— —_— 0
(s + 0.025) (s + 0.012) (s + 0.005)
0.00833(s + 0.0009)e™1%5| 0.0182¢7455 | 0.036(s+0.0005) | -0.0045¢7208
| (s2+0.0358 +0.003) | (s+0.028) |(s?+0.055 +0.0006| ( s + 0.03)
0.00378¢728
0 0 0 _
(s + 0.0105)

A nominal TFM model, G(s) was derived for the FLOTRIG from

the step test data.

controller designs for the FLOTRIG.

This model

will

FLOTRIG will be done using this model.

be

used

in

the

All analysis for the
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Chaptexr 5

Controller Design for the FLOTRIG using the Proposed
Simplifying Control System Design Approach based on

Q-Parametrization

This chapter presents the multivariable controller design
procedure of the proposed approach. The control scheme was
applied to digital simulations and then implemented on the

FLOTRIG. The results are given in the next chapter.

The method is frequency domain based and requires a LTI ’s’-
domain model of the FLOTRIG. This model, G(s) was determined
as given in chapter 4. Ali design steps will be based on

this model.

Two controllers were designed. One for step setpoint
tracking and the other one for .ramp tracking. Their

respective designs are presented below.
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5.1 Design of the Control System

The open-loop process matrix, G(s), which is given in
Appendix B, had no open loop RHP poles is the s-plane. This
implies that the O/L system characteristic polynomial will
have no roots in the RHP and is thus open loop stable.
Hence, the open-loop stability requirements in chapters 2
and 3 are satisfied. Therefofe, if the model, M(s) and the
Q-parameter, Q(s) are stable, then the system closed 1loop
stable provided the plant-model mismatch saﬁisfies the
condition
Re{eigen—valuej[G(O)M(O)'l]) >0 j=1..n

using equation 3-23 as in chapter 3. The system is also

internally stable if Q(s), M(s) and G(s) are stable.

In the next two sub-sections the control system designs for

both step and ramp setpoint tracking are presented.

By inspecting the open-~loop TFM, G(s), it can be seen that
the off-diagonal elements of the system are non-zero, hence
interaction is present. In order to ensure satisfactory C/L

performance, the interaction should be minimized.

5.2 O-Parameter Design for Step Setpoint-Tracking

In order to eliminate interaction, the process is decoupled
at low and high frequencies as proposed in chapter three,
using equations 3-25 and 3-28 which yields the following

matrices:
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Qo = G(j0)~ 1L

The matrix, Q, given below ensures steady state decoupling
and step setpoint-tracking with zero error when implemented

in the IMC-structure with the model, M(s), such that

M(j0)Q, = I, which is a requirement for integral-action.

- -1
0.075 0.5 -0.8 0
: -0.325 0.62 -0.22 0
Qo = ..5-1
0.00833 0.65 0.03 -0.15
0 0 0 0.36
The Qg = G(jO)"l simplifies to
[ ]
0.826 -2.7345 1.973 0.8221
0.0217 0.1137 1.4133 -0.5889
= ..5=2 "
-1.159 -0.1853 1.0683 0.4451
0 0 0 2.7778

The corresponding matrix, Q,, that diagonalizes the process
at high frequencies, which is also obtained from G(s) is

given below, using equations 3-25 to 3-27:

«..5-3

Qe = B~1
0.009 0.00625 =-0.016 0
-0.008125 0.00744 -0.0011 0
and B =
0.00833 0.0182 0.036 -0.0045
0 0 0 0.00378
L _
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where, Q, simplifies to

37.2914 -66.8722 14.5307 17.2984
36.7055 59.2393 18.1236 21.5758

=27.1855 <=14.4753 15.2530 18.1584

. 0 0 0 264.5503J
..5-4
The Q-parémeter, Q(s), with the required effects of
decoupling at high and low frequencies, is given by:
Q(s) = [QwS + QulF(s) |
using the notation of equation 3-24. The above equation
shows that

é&go G(s)Q(s) =-> éiEOG(s)QO . «5~5

and
é&gw G(s)Q(s) tends to éing(s)Qm.dlag(l/Bii}

«.5=6

which ensure decoupling and the B;; reduce control action,
~predominantly at high frequencies where the transmittance

should be kept small.

76 .

The Q(s) designed above and- the intentionally mismatched

model, M(s), which is given below together form the
controller. The controller is implemented as shown in figure

2.4 of chapter 2.
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The TFM of the model, M(s) with rational transfer functions
as elements is given below as:-

(The argument ‘s’ was omitted for brevity.)

Ym = M u
Ym1 mi | M2 m3 Mg uy
Ym2 My ms2 mz3 Mp4 Uy
Ym3 m3q | M3y | M33 | M34 us3
Yma Mgq My 2 My3 Myq L_u4__

where:-
Ypi are model output that correspond to the
respective process outputs as given below

uj are model and process inputs

Yn1 = Rougher Mjgye)] u; = Rougher valve
Ym2 = Scavenger mMjeyel u, = Scavenger valve
yp3 = Cleaner Mjgye] u; = Cleaner valve
Yma = Recleaner mMjgye] ' u, = Recleaner valve

-

The matrix M(s) is given on the next page
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(0.075)(0.0006) 0.00625 -0.016¢308
—_— 0
s2 + 0.05s + 0.0006) (s + 0.0125) (s +0.02)
~0.00813 0.00744 -0.0011
—_— _ —_— 0
(s + 0.025) (s + 0.012) (s + 0.005)

(0,025)(0.003)e”1%8 | 0,0182¢7458 (0.03)(0.0006) | -0.0045¢208

(s2 +0.035s + 0.003) -| (s +0.028) |(s®+0.05 +0.0006| ( s + 0.03)

0.00378¢™38

{s + 0.0105)

A TFM model, M(s) was obtained by removing the zeroes of the
nominal model matrix, G(s) which was derived for the FLOTRIG
from the step test data. This model will also be used in the

controller designs for ramp setpoints.

The selection of the values for Bj; can be done either on-
line, or off-line if the process input upper and lower
saturation limits as well as the maximum step setpoint

changes are known.
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. The off-line procedure for deétermining the choices for Bjj
is as follows:-
Let the maximum step setpoint change be §r = 10%, the upper

and lower process saturation limits be ut = 100% and

u- = -100% respectively and the Q, matrix be as determined
above. Then choose Bjjl such that the largest column j-
entry, deoi § in the matrix gives
| (i j/B55)8x] <+ %] u* | ..5=7

The choice of the factor L, is nominal but can be whatever
is suitable to avoid process input saturation. These
calculations are done based on the fact that the largest
control action occurs at the time or just after the step
change isrnwde. Thus, the above calculations will ensure
that control action is reduced to avoid frequent process
input saturation which could lead to limits cycles in the
classical designs. The effect of the choice of 833 is
visible in the process ouﬁput and hence also the controller
performance.

The Bj; choices are: B4, = 100, B85, = 100, B33 = 100,

544 = 150

The on-line procedure is as follows:-

Choose nominal B;; > 0, such that (1 + sBj;) have about the
same positions as the slowest pole in the corresponding
column. Then implement the controller with the process in
closed-loop. Adjust B;; for every input that is not

satisfactorily reduced by observing the process inputs just
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after a step change is made for the corresponding setpoint.
A compromise should be made between required input action

and controller performance.

Now, consider the IMC-Structure given below:

2
b
»
~

«<

3

——

e

'

.

Controller
Q(s) - Q-parameter (also called IMC-controller)
Q(s) - Process or Plant
M(s) - Process {Internal) Model

K(s) - is the entire block enclosed by the dashed line

Figqure 5.1: The IMC-Structure

Then the system response time can aiso be decreased by
multiplying the model, M(s), output vector magnitude by a
factor, 1/a and increasing the Q-parameter output vector by
the same factor, «a OR vice versa 1if the response is
required to be slower, where a@ is greater than 1 in this
case. This follows from the felations given below: (all
vectors and matrices are functions of ’s’, except the

constant, a )
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Let the model, M(s), output be, ypq
the plant, G(s), output be, y
the Q-parameter output be, Q[r—(y-¥Yp)]
then to show the above statement we can write the process
output as in terms of setpoint, r and model output, ypy as
y = GQ[r - (Y - Yn)!
which follows from the above IMC-structure. Now, by applying
the scaling, the above equation becomes
y = aGQ[r = (Y - Yp/@)]
which can be shown to reduce to
y = [I + aGQ]"1[aGQ][T + yp/a)] ..5-8
where: - a > 1 for reducing response time
@ < 1 for increasing response time
a <> 0
From the above relation it can be seen the C/L loop systeh
response can be altered by the choice of o and still
maintaining setpoint tracking, since

lim sy(s) = lim s[I + aG(s)Q(s)]171[aG(s)Q(s)1[r(s)+yp(s)/a)]
s—>Q . .S=>0

[T + oIl l[aIllr + r/a]

=r QED

using the Final Value Theorem.

An analysis has been carried out to check the extent to
which:
* accurate asymptotic setpoint tracking is achieved

* low and high frequency decoupling is minimized
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* disturbance and noise attenuation is improved.

Appendix D, contains the Bode plots for the Transmittance
matrix, T(s) = G(s)Q(s) which approximates the closed loop
system very closely, since the C/L implementation is based
on an explicitly open-loop IMC-Structure. T(s) provides
information on design aims such as the ones given above,

which are in direct relation to the design of the parameter,

Q(s).

5.3 Q-Parameter Design for Ramp Setpoint-Tracking

The design for the Q-Parameter for Ramp tracking uses the
starting point of the model, M(s) and Q5 as given in section
5.2 above, such that the following equation is definéd.

Q(s) = QuF(s)R(s) ..5-9
From equation 5-9 it can be seen that F(s)R(s) needs to be
designed, for Q(s) to satisfy the ramp-tracking conditions
using equations 3-33 to 3-41 from chapter 3 for tracking

inputs of the form r(s) = R/s?.

The designs for R(s) will be given in a general form for
both first and second order polynomials, since 1st and 2nd
orders are the only denominator orders of elements on the

diagonal of model, M(s). The procedure is given below:
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Firstly: First Order elements

Consider the first order diagonal elements of model, M(s)

without delays(if any), which are written as
a
mjj(s) =
c + s
which can be written as

a/c

mij(s) =
- 1+ (1/¢c)s

Then make the numerator of mii(s),unity, since

éigtoM(s)Q(S) évif;‘o[ M(s)Qy 1F(sS)R(s)

lin [ I IF(S)R(s)

..5-10

from which it can be seen that Qg decouples M(s) to unity as

s tends to zero. It also implies that the diagonal elements

have unity gain as s tends to zero. Thus, we can write

1

mjj(s) =
1+ (1/c)s

without loss of design goals and information.

..5-11

F(s) can be

selected either separately or together with R(s) such that

they correspond to P(s) = F(s)R(s) from equation 3-38.

The f;; were selected to be

1

f£ii(s)
1 + Biis

such that: By, = 30, By, = 40, B33 = 30, Byy = 45
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Following the selection of $;; above, it was noted that only
R(s) had to be added to satisfy the requirements for ramp
tracking, where R(s) contains riji(s), such that

nrij(s)

driji(s) :

which together with F(s) gives

nyjji(s) neriji(s)

pii(s) = frjij(s) =
drii(s)(1 + Bjjs) depii(s)

«.5-13
where the denominator polynomial, depiji(s). corresponds to
dq(s) given in chapter three. This also shows that the
denominators resulting from F(s)R(s) could have been used to
select the required pole positions for ramp tracking. From
equations 3-11 to 3-14, it follows that for ramp-tracking,
degﬂdfrii(s)) must be at least 2. Thus, choosing the leasﬁ
order for drii(s),'dfrii(s) becomes

depii(s) = (1 + 1548)(1 + Bjjs) ' ..5-14

Therefore we have

derii(s) = (1 + 744s8)(1 + Biis)

=1+ (131 * Bii)s + TiiBiisz ..5-15

Nerii(s) = ng + nis + .... which is unknown and
..5-16

1
mji(s) = ..5=17
1+ (1/c)s
N(s)
which correspond to dq(s), n(s) and |——— in equations

D(s)
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3-11 to 3-14 of chapter three.

Using equation 3-14 which is also given below as

Type No:

-1
n, No O 0 : 1 0 0 : 1 Type 1
n,; = Nl NO 0 : Dl 1 0 : dl Type 2
n, N2 Nl NO : D2 Dl 1 : d2 Type 3

and equations 5-15 to 5-17 to determine Ngrii(8) it becomes

Typé no:

-1
ng 10 11 0 1 1
n; = 01 1/c 1 Tii + Bjji 2

which gives the required constraint on nepii(s) of

Type no:

Secondly: Second Order elements of M(s)
Consider the second order diagonal elements of model, M(s)
without delays(if any), which are written as

a

m; s(s)
+J c + bs + s2

which can be written as

a/c

mjj(s) =
1 + (b/c)s + (1/c)s?

from which the numerator can be made unity, in view of

equation 5-10 . It also implies that the diagonal elements

have unity gain as s tends to zero. Thus, we can write
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1

m;j(s) 5
1 + (b/c)s + (1/¢)s

without loss of design goals and information. F(s) is also

-

Known from above.

Thus only R(s) has to be added to satisfy the requirements

for ramp tracking, where R(s) contains r;;(s), such that

Npji(s)

rij(s) =
drjji(s)

which together with F(s) gives

Npjj(s)

frii(s) =
drij(s)(1 + Bjjs)

Nepji(s)

]

depiji(s)

where the denominator polynomial, dg,j;i(S) can be associated
with dq(s) given equation 3-4. From equations 3~11 to 3-14
it follows that for ramp-tracking, deg{dg,i;j(s)}) must be at
least 2. Thus, . choosing the 1least order for d,;j;i(s).,

dgyji(s) becomes

derii(s) (1 + Tiis)(l + Biis)
Therefore we have
derii(s) = (1 + 7134s8)(1 + Bjjis)

=1+ (141 + Bji)s + TiiBiisz

Nerii(S) = Nng + nys + .... can be any order as

long as F(s)R(s) is realizable
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1
m.-(s) =
1 1 + (b/c)s +(1/c)s2
N(s)
which correspond to dq(s), n(s) and |—————| respectively.
D(s)

Using the equations 3-11 to 3-14 to determine ng,j4(s) which
are also given above for first order systems we obtain

Type no:

-1
ng 10 1 0 1 1
n, = o1 | b/c 1 Tii + Bij 2

which gives the required constraint on Nepii(s) of

Type no:

The final design for complete diagonal matrix is given below
in the form of coefficient vectors similar to the above for

the polynomial ngpj3(s) and de,ji(s) as:

coeffs ngpji(s): coeff dgrii(s):
Ny 1 do 1
nl Tll + Bll + (1 or b)/C) dl Tll + Bll
d, 711811

The diagonal elements of F(s)R(s) are thus
element 11
coeffs ngpqq(s): coeff depqq(8):

‘ng 1 dg 1
ny| 50 + 30 + (83.333) d;| 50 + 30
43| (50)(30)
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element 22

coeffs ngpps(s): coeff deyoy(s):
ng 1 dg 1
n; 123.33 + 83.33 dl 83.333 + 40
n, (123.33)(83.33) ' dz 3333.32

element 33

coeffs nfr33(s):' coeff dgp33(s):

Ny 1 ' do 1
n;| 50 + 30 + (83.333 d;| 50 + 30
d, (50)(30)

element 44

coeffs ngpyqy(s): coeff dgygyq(s):

ng 1 dg 1
ny| 50 + 45 + 95.238 d,| 50 + 45

d,|(50) (45)

~ The above design was tested using digital simulation and

then applied to the FLOTRIG. The results obtained from the
digital simulations and the experimental FLOTRIG are
discussed and compared in the next chapter to evaluate the
above Proposed'simplifying Design Approach. The method is
based on Q(Youla)-Parametrization for a control system

implemented in the IMC-structure.
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for the same C/L matrix as given below:

90

R — .
Yni(s) hp11(8) | hpia(s) | hpis(s) | hpyqe(s) |fri(s)
Yn2(s) hp21(s) | hpoa(s) | hpa3(s) | hppy(s) |ira(s)
Yn3(s) hp31(s) | hpza(s) | hp33(s) | hpza(s) | |r3(s)
Yna(s)| hpg1(s) | hpga(s) | hpg3(s) | hpgqe(s) |ira(s)

where n stands for either (R) = FLOTRIG

PC-Simulation

or (8)

6.1 Comparison of Results for Step Setpoints
In the following two subsections, the results obtained from

the FLOTRIG and the PC-Simulation are presented.They are:-
- Process outputs ’
- Setpoints
- Process inputs
- Model outputs

for a particular step setpoint change from r;(s) to ry(s).

The TFM matrices that form the controllef designed for step
setpoint tracking are given below as:
Q(s) = [sQx + QplF(s)
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37.2914s - 0.0826

-66.8722s - 2.7345

14.5307s + 1.973

17.2984s + 0.8221

100s + 1

100s +1

100s + 1

150s + 1

36.7055s + 0.0217

59,2393s + 0.1137

18.1236s + 1.4133

21.5758s - 0.5889

100s + 1 100s + 1 100s + 1 150s + 1
Q(s)=
~27.1855 - 1,159 [-14.4753s - 0.1853 }15.2530s + 1.0683) 18.1584s + 0.4451
100s +1 100s +1 100s +1 150s + 1
264.5503s - 2,7778
0 0 0
150s + 1
and the model, M(s) which is given as
(0.075)(0.0006) 0.00625 -0.016¢7308
_— 0
s2 + 0,058 + 0.0006) (s + 0.0125) (s + 0.02)
-0.00813 0.00744 -0.0011
—— — S ——— 0
(s + 0.025) (s +0.012) | (s +0.005)
(0,025)(0.003)e™158 | 0.0182¢7458 (0.03)(0.0006) | -0.0045¢~208
(s2 + 0.035s + 0.003) | (s +0.028) |[(s? + 0.05s + 0.0006] ( s + 0.03)
0.00378¢™>8
0 0 0 _
(s + 0.0105

91
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6.1.1 Comparison of Process,Oufputs {STEP)

The graphs on the next four pages are given in matrix form.
Every page contains two columns. The graphs in column one,
show the responses of the FLOTRIG process outputs and column

two, the PC-Simulated process outputs responses.

The process outputs and setpoints are distinguishable as:-
~ Process outputs (ndisy line for FLOTRIG outputs)
(smooth line for Simulation outputs)

~ Setpoints (straight solid line) on one dgraph
respectively.
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6.1.2 Comparison of Process I/P and Model O/P (STEP)

The graphs on the next four pages are given in matrix forﬁ.
Every page contains two columns. The graphs in column one,
show the responses of the FLOTRIG process inputs and model
outputs. Column two, shows the PC-Simulated process inputs

and model outputs.

They process inputs and model outputs are
- Process inputs (the lines that show initial jumps
at the start that correspond to the
time at which the step change
occured)

- Model outputs (smooth continuous lines)
respectively.
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6.2 Comparison of Results for Ramp Setpoints

In the following two subsections, the results obtained from
the FLOTRIG and the PC-Simulation are presented.
They are:-
- Process outputs
- Process inputs
- Model output
for a particular step setpoint change from r (s) to r,(s).

The TFM matrices that form the controller are given below.
The square brackets show how they were implemented in the

actual software. They are

Q(s) = QuP(s) = [QuF(s)IR(S)

-0.0826 1.973 0.8221
-2.7345  — —_—
30s +1 30s +1 45s + 1
0.0217 1.4133 -0.5889
—_— 0.1137 —_—
308 +1 30s +1 45s + 1
Qf =
-1.159 1.0683 0.4451
 — -0.1853 - —_—
30s + 1 T 30s +1 455 + 1
-2.7778
0 0 0  —
455 + 1
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and R(s) is given as

163.33s + 1
—_— 0 0 0
508 + 1
10277s2+206. 66541
0 0 0
33333824123, 3541
R(s)=
163.3s+ 1 :
0 0 0
50s + 1
190.238s + 1
0 0 0 S
50s + 1
and the model, M(s) which is given as
(0.075)(0.0006) 0.00625 -0.016¢~308
-_— 0
s2 + 0.05s + 0.0006) (s + 0.0125) (s + 0.02)
-0.00813 0.00744 -0.0011
_ — S— 0
(s + 0.025) (s + 0.012) (s + 0.005)
(0.025)(0.003)e1%8 | 0.0182¢74%5 | (0.03)(0.0006) | -0.0045¢"20S
(s® +0.035s + 0.003) | (s +0.028) |(s® + 0.05s + 0.0006{ ( s + 0.03)
0.00378¢™28
0 0 0 _
(s + 0.0105

Note that the implementation of element roo(s) is different

from the others

since dynamic compensation was

applied

103
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although it was not required. 1In addition, if the
deg{denominator} < deg{numerator} then riij(s) would be
unrealizable. This would have resulted from splitting the
denominator as for the others to obtain a separate

denominator for element f,,(s).

6.2.1 Comparison of Process Outputs (RAMP)

The graphs on the next four pages are given in matrix form.
Every page contains two columns. The graphs in column one,
show the responses of the FLOTRIG process outputs. Column

two, shows the PC-Simulated process outputs.

In the following graphs for ramp setpoints, the notation
below is used:
ramp +4% OR ramp -4%

This denotes a slope of 4 percent obtained as follows:

+ 20[%]
ramp slope = =+ 0.04 [% / sec]
500[sec]
= + 4%

similarly for =-4%

The process outputs and ramp setpoints are distinguished
as:-
- Process outputs (noisy line for FLOTRIG results and
smooth line for Simulation results)
- Setpoints (straight solid line) on oné graph
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6.2.2 Comparison of Process I/P and Model O/P (RAMP)

The graphs on the next four pages are given in matrix form.
Every page contains two columns. The graphs in column one,
show the responses of the FLOTRIG process inputs and model
outputs. Column two, shows the PC-Simulated process inputs

and model outputs.
They are:-

- Process inputs (the lines that show rapid changes
compared other lines on the same
plot)

- Model outputs (smooth continuous lines)
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6.3 Comparison of Results for non-tracked Ramp Setpoints
In the following two subsections, the results obtained from

the FLOTRIG and the PC-Simulation are presented.

6.3.1 Comparison of Process Outputs (NO—RAMP)

The graphs on the next four pages are given in matrix form.
Every page contains two columns. The graphs in column one,
show the responses of the FLOTRIG process outputs. Column

two, shows the PC-Simulated process outputs.

For this case, the Transfer Function Matrices that form the
controller are the same as the matrices designed for step

setpoint tracking.

In the following graphs for ramp setpoints, the notation

below is used: | '
ramp +4% OR ramp -4%

This denotes a slope of 4 percent obtained as follows:

+ 20[%]

ramp slope =+ 0.04 [% / sec]

500[sec]
= + 4%

similarly for -4%

They process outputs and setpoints are distinguishable as:-
- Process outputs (noisy line for FLOTRIG results and
smooth line for Simulation results)

- Setpoints (straight solid lines)
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6.3.2 Comparison of Process I/P and Model O/P (NO-—RAMP)

The graphs on the next four pages are given in matrix form.
Every page contains two columns. The graphs in column one,
show the responses of the FLOTRIG process inputs and model
outputs. Column two, shows the PC~Simulated process inputs

and model outputs.
They process inputs and model outputs are distinguishable
as:- ‘
- Process inputs (the liﬁes that show more rapid change
" than the other lines which are on the
same plot)
- Model outputs (smooth continuous lines)
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6.4 Observations on the results presented above

Generally, stability of the closed-loop system is noted in
all the graphs. Also that the overall magnitude of the
oscillations due to the feed back pump cavitations have been

reduced by the presence of the controller.

6.4.1 Comments on results obtained from step setpoints

By comparison with the original open loop step tests given
in Appendix A the extent to which the presence of the
controller affects the original open 1loop system can be

observed. It is easily noted that:-

(a) the closed loop system remained stable. This is in
confirms the requirements of the following conditions
which will guarantee C/L stability:

* Open Loop stability of the process
* Stability of Q(s)
* and the Plant-Model mismatgh must satisfy the
condition
Re{eigen-valuej[G(jO)M(jO)‘l]}'> 0 j=1..n
This is proven in [Garcia, 1985].

(b) the levels track their setpoints exactly. This was
ensured by making Q4 = M(jo)‘l. Note that Q, also
decouples the process at steady state.

(c) the overall amount of interaction is reduced even
though the Q-parameter design predominantly decoupled

the process at low and high frequencies.
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The PC-Simulations and the FLOTRIG results agree closely
with each other'by considering the response magnitudes and
wave shapes. The offsets which were present in the FLOTRIG
process inputs have been removed for easier comparison of
FLOTRIG and PC-Simulation inputs. The reason being that the
pc-simulations were done with all state initialized to zero
as compared to the FLOTRIG results which had a different

zero reference.

It is also noticeable that overall closed-loop responses
given in 6.1 are faster than the open 1loop system in

Appendices A and B.

The three process inputs of the FLOTRIG have offsets which
are equal to the respective initiél open loop valve
positions for each flotation cell. It should be noted that
the model, M(s) inputs have no offset. The FLOTRIG offsets
are:-

Uiplant = Yimodel ~ 50 [%]
]
]
]

It is also noted that the control action is smooth except

[

Uoplant = Y2model ~ 50 |

o

U3jplant = UY3model ~ 90 I

[

U4splant = Y4model (

for the superimposed effects of the feedback pump
cavitations which are more visible on the cell that are in

direct connection with the Rougher cell. In addition the
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process inputs do not hit limits (+100% and -100%) even if

the initial valve position offsets are added

6.4.2 Comments on the results obtained from Ramp Setpoints

The comments given above for results obtained from step
setpoints also hold for ramp setpoints. An additional
observation is fhat, the Q(s) designed for ramp tracking
does not contain high frequency decoupling, but fhe amount -
of high frequency interaction is also minimal. The steady
state errors on all the PC~Simulation and FLOTRIG results
are zero. The FLOTRIG and PC-simulation results also compare

closely.

6.4.3 Comments on results obtained from Ramp Setpoints where
QO(s) was designed for Step Setpoint Tracking

As expected, the process outputs do not track the ramp
setpoints, which agrees with the theoretical expectations of

the design of Q(s).

Even in the presence of steady state errors for ramp

setpoints, the closed-loop system still remained stable.

Although the interaction is minimal, the responses in the

off-diagonal elements are not zero, since they are also
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affected by the on-diagonal elements which do not track the
ramp setpoints.
Once more, the FLOTRIG results closely correlated with the

PC-Simulation results.

6.4.4 Comparison of results to previous INA and CL designs
on the FLOTRIG

In this subsection the simulation and FLOTRIG results
obtained in section 6.1 are compared to those obtained using
INA and CL control system design methods for the FLOTRIG

[Fisher, 1988].

The comparisons are done using INA and CL-~Method tables
given in ([Fisher, 1988] and the table compiled from step

test results in 6.1.

Table 6.1 for results obtained using the Characteristic Loci

Method is given below.

Table 6.1: Simulated and actual FLOTRIG results - CL method

Cell stepped Simulated Response Actual Response AR/$R
(SR) [sec] (AR) ({[sec] ratio
Rougher 18 20 1.11
Scavenger - 10 100 10.00
Cleaner 10 25 2.50
Recleaner 25 25 1.00




Chapter 6: Control Scheme Implementation and Comparison of Experimental and PC-Simulation Results

The second comparisons for results obtained using the INA-

Method on the FLOTRIG are given below in table 6.2.

Table 6.2: Simulated and actual FLOTRIG results - INA-Method

Cell stepped Simulated Response Actual Response| AR/SR
(SR) [sec] (AR) [sec] ratio
Rougher 15 20 | 1.33
Scavenger 17 100 5.88
Cleaner 10 20 2.00
Recleaner 30 20 0.66

Table 6.3 below contains results obtained from the FLOTRIG

and simulations using the proposed simplifying design(PSD)

method.

128

Table 6.3: Simulated and actual FLOTRIG results - PSD method:
Cell stepped | Simulated Response Actual Response| AR/SR
' (SR) [sec] (AR) [sec] ratio
Rougher 160 150 0.94
Scavenger 140 130 0.93
Cleaner 240 250 1.04
Recleaner 180 60 0.33
It is noted that the AR/SR ratios for the simplified design

approach show that the actual results correspond closely to

those expected from simulations. The only large discrepancy

is that of the Recleaner cell ratio.

It shows that the
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actual response time is less than expected. That is because
of the nonlinearity in the Recleaner tail out flow actuator
which opens faster than it closes for the same step down

setpoint change than for a step up.

Finally, in order to show the correlation between simulated
and actual responses using the three design methods, their
respective discrepancies are compared in table 6.4 below in
'percentage using the AR/SR ratios determined in tables 6.1

to 6.3 above. The discrepancies were calculated as follows

(AR/SR) - 1 _1
[%] discrepancy = _J* 100%

1

Thus, negative discrepancies are for responses that were
faster than expected and positive ones for results slower

than expected.

Table 6.4: Comparison of discrepancies in [%]

Cell name PSD INA CL

[%] [%] [%]
Rougher -6 33 11
Scavenger -7 488 900
Cleaner 4 100 150
Recleaner -67 -34 0
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From the table above it is clear that 75% of the proposed
design(PSD) method results correlate closely to those

simulated except for the Recleaner cell.

By comparing the percentage discrepancies of the INA and CL
methodé to those of the PSD discrepancies it is clear that
the proposed design method predicts the actual responses
better than the INA and CL methods. This can be explained in

the as follows:

The pfoposed method, which is based on Q-Parametrization,
provides the designer with sufficient information at the
design stages in order to achieve design objectives in a
simplistic manner using open loop information inherent in

the IMC-Structure.

The Characteristic Loci(CL) method does not provide the
designer with information on the origin of a problem,
although it provides important information on assessment of
system stability, because the ‘designer generally is wunable
to visualize what the loci represent in the plant ([Fisher,

1988].

The Inverse Nyquist Array(INA) method is very useful for
achieving diagonal dominance in a systematic manner although
considerable experience is required to design a close to

desired precompensatbr. Similar to the CL method, the INA
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technique does not provide direct information to the

designer on how the design affects the process [Fisher,

1988].



Chapter Seven

Conclusions

In view of the preceding chapters the following conclusions

can be drawn:

7.1 Summarizing conclusion on the literature survey

After consulting the literature on Q(Youla)-Parametrization
and its special case, the IMC Design method, it was found
that two out of more than twenty publications that relate to
the controller parametfization covered a SISO énd 2x2 MIMO
system for experimental studies. This thesis provides
considerable insight into the design of a control system,
based on Q(Youla)-Parametrization, for a practical 4x4 MIMO

process.

7.2 The Multivariable Control System Design Methods

The Q(Youla)-Parametrization has introduced a significant
theory for the design of linear feedback systems. The Q-
Parametaization approach showed that any stabilizing
controller can be characterized in terms of given matrices,
although the resulting formulae are relatively complex. The
formulae make use of coprime matrix fractional
representations obtained most conveniently using the state-

space approach presented by Nett et al[Nett et al, 1984].

The IMC Design Method which is a special case of the above

parametrization, provides a design approach whereby the
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designer has more direct information at the design stages.
The method uses open loop information for the design of
closed-loop control systems. in addition, it has many
advantages over the traditional approaches that are most
important in practical applications. However, the design
theory tends to shift from the elegant simplicity that the
IMC-Structure offers in the SISO case to more complex less
obvious multivariable control law computations and tuninQ-
guidelines. In fact these tend to be more like model

predictive controller designs [Garcia, 1985].

Useful insight was obtained from the diagonalization method
offered by the classical Characteristic Loci Design Method
via the Matrix-PI controller synthesis. A similar approach
to that of synthesis of the Matrix-PI controller has been
combined with the Q-parametrization for the implementation
in the IMC-structure. This has lead to the formulation of a
simpler, more direct approach to multivariable control

system design.

7.3 The Proposed Simplifying Approach to Control System
Design

The proposed design method, retains the design advantages

offered by Q-Parametrization and the IMC—Structure in the

SISO 'case. - In addition, it simplifies the overall

multivariable controller design. The algebraic matrix

conditions on the numerators of the Q-parameter that ensure
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asymptotic tracking of setpoints are simpler and easier to
impose than derivative conditions on the error- signal as in

the IMC Design Method.

7.4 Flotation Rig(FLOTRIG) identification

Judging by the close correlation between the FLOTRIG and PC-
Simulation results of the closed-loop system in chapter 6,
it reasonable to say that the model obtained for the FLOTRIG
via the FLOTRIG 1Identification procedure was adequately
close to the actual FLOTRIG system dynamics. The presence of
non-linearities such  as, actuator hysteresis and
nonlinearities as well as system dynamic nonlinearities(e.g
the gain changés) did not pose significant problems. This is
emphasized more by considering the LOR constrained in which
the model was expected to be linear and the oscillations

caused by the feedback pump cavitations etc.

7.5 Control scheme Implementation and Comparison of results

After comparisons have been done on the controllér
performance for the closed-loop system presented in chapter
6 and the original open loop system described in chapter 4,
the following conclusions are drawn:
The presence of the controller has
* improved the overall C/L system response
* reduced the high frequency interaction in the C/L system
* eliminatedvsteady interaction and error in the C/L

system
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* reduced the amplitude of oscillations caused by the

feedback pump cavitations

The system responses corresponded closely to those expected
from theory. 1In addition, the expected intermediate
frequency interaction, which was not compensated for in the

design, was also reduced.

The proposed design method results were compared to previous
design results that used the INA and Characteristic Loci
methods [Fisher, 1988], which were obtained from the
FLOTRIG. It can be concluded that the simpler proposed
design method, which also takes considerably less time to
complete the design, showed better correlation between
practical and digital simulation results than those given by

the INA and CL methods.

Therefore, the controller designed using the simplifying
control system design approach based on Q(Youla)-

Parametrization can be considered satisfactory.

In conclusion, this thesis presented and evaluated a
practical application of the proposed simplifying design
method based on Q(Youla)-Parametrization method. The
controller was applied in the IMC-Structure. Most literature

described theoretical aspects and simulation results.
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APPENDIX A

Flotation Rig(FLOTRIG) Open Loop Step Tests

A set of the many performed open loop step tests that is
most representative of the FLOTRIG is presented in this
appendix.

The data represent the fluid dynamics of the FLOTRIG for
each of the four cells in the LOR. The data are not
normalized but are given in percentages for both the process

input and output.

The data plotted have a sampling frequency of 1 Hz and have
the following format:

For a sfep change in one of the process inputs, all other
data(levels) were recorded for the corresponding FLOTRIG
cells. These.graphs are plotted on the same set of axes.
Thus, the graphs on one set of axes represent the responses
of the four cells when a particular cell tail valve was
stepped a certain percentage. The initial tail valve
positions were more or kept the same as follows:

Initial Valve settings: (100% = fully closed, -100% = fully

open)

o

Rougher tail valve: =50

Scavenger tail valve: =50

N0 oP

Cleaner tail valve: =50

o

Recleaner tail valve: 0

The order in which the above valve positions was also the
sequence in which they were stepped. Similarly they are also

presented that sequence.

The recorded data were used to determine estimated transfer
functions for each cell. The graphs are presented on the

next four pages.
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Appendix A: FLOTRIG Open Loop Step Tests

A.1 Open Loop Step Test - Rougher

The open loop responses for a step change in the Rougher

tail valve are given below in figure A.1l.

Valve position before step change:(100% = fully closed, -100% fully open)

40

—Rec. level |

L A § § Rou. level

v (
1 ‘
d '
' . '
, B . '
R N0 7 PO DRI -, 1
. v
. ‘
' 1 . '
' — 2
'
.
»
»

Cle. level Sca. level

0O 60 120 180 240 200 260 420 480 540 600
time [s]

Figure A.1: ROUGHER CELL tail valve stepped +10%

Rougher (Rou) tail valve: -50%
Scavenger(Sca) tail valve: -50%
Cleaner(Cle) tail vélve: -50%
Recleaner (Rec) tail valve: 0%

Observations:

no setpoint tracking
interaction between Rougher, Cleaner and Scavenger
disturbance present on Rougher and Cleaner cell outputs

noise present on all outputs
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Appendix A: FLOTRIG Open Loop Step Tests
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‘A.2 Open Loop Step Test - Scavenger

The open loop responses to a

step change in the Scavenger

tail valve are given below in figure A.1l.

y5ca level At RE hliry

AR |

) #-{Rec. level

e T e

[2=]

.-.;...---.

fety

il hiaitiil

Rou. level

H AN

Cle. level

0O 60 120 180 240 2300 360 420 480 540 600

time [s]

Figure A.2: SCAVENGER CFIIL tail valve stepped +5%

Valve position before step change:{100% = fully closed, -100% fully open)

Rougher (Rou) tail valve:
Scavenger(Sca) tail Yalve:
Cleaner(Cle) tail valve:
Recleaner (Rec) tail valve:

Observations:

no setpoint tracking

interaction between Rougher,

noise present on all outputs

-50%
-50%

-50%

oo

0

Cleaner and Scavenger

disturbance present on Rougher and Cleaner cell outputs



Appendix A: FLOTRIG Open Loop Step Tests

A.3 Open Loop Step Test —~ Cleaner

The open loop responses for a step change in the Cleaner

tail valve are given below in figure A.3.

25

30 écale;el } .
| ; | //g . Hec?evelg

25 | I O SIS OSSN ; :

204 H -t AL s : ; :

_15 I ugq W ; uv_;ou,i;el V§ ; ! ; b
e TR

10

0O 60 120 180 240 2300 360 420 480 540 600

time [s]

Figure A.3: CLEANER CELJ], tail valve stepped +5%

Valve position before step change:(100% = fully closed, -100% fully open)

Rougher (Rou) tail valve:
Scavenger(Sca) tail valve:
Cleaner(Cle) tail valve:
Recleaner (Rec) tail valve:

Observations:

no setpoint tracking

interaction between Rougher,

noise present on all outputs

-50%

Cleaner and Scavenger

disturbance present on Rougher and Cleaner cell outputs
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Appendiy A: FLOTRIG Open Loop Step Tests

A.4 Open loop Step Test - Recleaner

The open loop responses for a step change in the Recleaner

tail valve are given below in figure A.4.
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Rou. level

0O 60 120 180 240 2300 360 420 480 540 600
time [s]

Figure A.4: RECLEANER CELL tail valve stepped +10%

Valve position before step change:(100% = fully closed, -100% fully open)

Rougher (Rou) tail valve: -50%
Scavenger (Sca) tail valve: -50%
Cleaner(Cle) tail valve: -50%
Recleaner(Rec) tail valve: 0%
Observations:

no setpoint tracking

interaction between Recleaner and Cleaner

disturbance present on Rougher and Cleaner cell outputs

noise present on all outputs
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Appendix B

Data Analysis and FLOTRIG Model Estimates
This appendix contains the estimates fitted to the data
obtained from the open loop step test performed on the
FLOTRIG. All the data presented have been normalized to the
respective step sizes. The estimates were fitted with the

Identification software given in [Olivier, 1991].

The plots on the next four pages show how‘the data obtained
from the FLOTRIG(non-smooth) and the estimate(smooth) fit
the respective cell responses. Every page represents an
element of the open loop system matrix. Below every graph,
the corresponding transfer functions(in the ’s’-domain) that
estimate the data are given in factorized form. The elements
of the matrix which were regarded as zero, as noted afte;
obtaining the open loop step test results, are represented
by a zero. This can also be confirmed from the O/L step

tests graphs which are shown in Appendix A.

The graphs follow on the next pages. The respective steps
are:-

Rougher tail valve stepped +10%

Scavenger tail valve stepped +10%

Cleaner tail valve stepped +10%

Recleaner tail valve stepped +10%
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B.1 Rougher level plot - Rougher tail valve stepped

FLOTATION PROCESS RIG : SECOND ORDER DATA FIT

,¥ v | RoulRou stepped 10%) : [ Estimate & Level 1 vs time
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Figure B.1: gll(s) & estimate

(0.03)(0.02) (s + 0.005)

gll(s) = 0.075
0.005 (s + 0.03)(s + 0.02)

(2008 + 1)
0.075

gp1(s)
(33.33s + 1)(50s + 1)

Gain : K 0.075

Zero(es) at: s = =-0.005 [rad/s]

Pole(s) at:

n
i

-0.03 and -0.02 [rad/s]

Delay : 0 [secs]
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B.2 Scavenger level plot - Rougher tail valve stepped

FIOTATION PROCESS RIG : FIRST ORDER DATA FIT
,¥ v | ScalRou stepped 10%) : [ Estimate & Level 1vs time
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Figure B.2: g2l1(s) & estimate

(0.025)
dy1(s) = -0.325 —|e~13s
| (s + 0.025)

g,1(s) = -0.325 - e~15s
(40s + 1)
Gain : K = -0.325 '
Zero(es) at: non
Pole(s) at: s = -0.025 [rad/s]
Delay : 15 [secs]
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B.3 Cleaner level plot - Rougher tail valve stepped

FIOTATION PROCESS RIG : SECOND ORDER DATA FIT
Y Cle(Rou stepped 10%) : [ Estimate & Level 1 vs time
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Figure B.3: g3l(s) & estimate

(0.015)(0.02) (s + 0.0009)

g31(s) = 0.05
2 0.0009 (s + 0.02)(s + 0.015)

(1 111.11s + 1)

g31(s) = 0.05
2 (50s + 1)(66.665 + 1)

Gain : XK = 0.05

Zero(es) at: s -0.0009 [rad/s]
Pole(s) at: s = -0.02 and -0.015 [rad/s]

Delay : 0 [secs]
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B.4 Rougher level plot - Scavenger tail valve stepped

FLOTATION PROCESS RIG : FIRST ORDER DATA FIT

,¥ v | Rou(Sca stepped 10%) : [ Estimate & Level 1 vs time
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Figure B.4: g;5(s) & estimate

0.0125
o—30s

I
o
o1

gj2(s)
(s + 0.0125)

gi2(s) = 0.5 : e~30s
(80s + 1)

Gain : K= 0.5
Zero(es) at: non
Pole(s) at: s = -0.0125 [rad/s]

Delay : 30 [secs]
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B.5 Scavenger level plot - Scavenger tail valve stepped

FIOTATION PROCESS RIG : FIRST ORDER DATA FIT

,¥ ,¥ | ScalSca stepped 10%) : [ Estimate & Level ] vs time
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Figure B.5: g,5(s) & estimate

0.012
gga(s) =
(s + 0.012)

1
gpa(s) = 0.62
(83.33s + 1)

K= 0.62

Gain

Zero(es) at: non
Pole(s) at: s = -0.012 [rad/s]

Delay : 0 [secs]
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B.6 Cleaner level plot - Scavenger tail valve stepped

FLOTATION PROCESS RIG : FIRST ORDER DATA FIT

v (le(Sca stepped 10%) : [ Estimate & Level 1 vs time
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Figure B.6: gj35(s) & estimate

0.028
gs3s(s) = e~45s
(s + 0.028)
g32(s) = e"45S
(35.71s + 1)
Gain : K= 0.65

Zero(es) at: non
Pole(s) at: s = -0.028 [rad/s]

Delay : 45 [secs]
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B.7 Rougher level plot — Cleaner tail valve stepped

FLOTATION PROCESS RIG : FIRST ORDER DATA FIT

N
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Figure B.7: g,3(s) & estimate

0.02
(s + 0.02)

1
gl3(s) = =-0.8 e-3os
(50s + 1)

gy13(s)

=
Il
1

o

[0e]

Gain
Zero(es) at: non
Pole(s) at: s = -0.02 [rad/s]

Delay : 30 [secs]
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B.8 Scavendger level plot - Cleaner tail valve stepped

FLOTATION PROCESS RIG : FIRST ORDER DATA FIT

¥ ¥ | ScaCle stepped 10%) : I Estirﬁate & Level 1 vs time
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Figure B.8: g;3(s) & estimate

0.005

923(5) = -0.22
(s + 0.005)

1

923(5) = =-0.22
(200s + 1)

Gain : K = -0.22
Zero(es) at: non
Pole(s) at: s = -0.005 [rad/s]

Delay : 0 [secs]
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B.9 Cleaner level plot — Cleaner tail valve stepped

FIOTATION PROCESS RIG : SECOND ORDER DATA FIT

Y Y Cle(Cle stepped 10%) : [ Estimate & Level 1 vs time
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Figure B.9: g33(s) & estimate

(0.03)(0.02) (s + 0.0005)

gs33(s) = 0.03
0.0005 (s + 0.03)(s + 0.02)

(2000s + 1)

g33(S) = 0.03 7
(33.33s + 1)(50s + 1)

Gain : K= 0.03

Zero(es) at:

0
I

-0.0005 [rad/s]

Pole(s) at: s

-0.03 and -0.02 [rad/s]

Delay : 0 [secs]
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B.10 Cleaner level plot - Recleaner tail valve stepped

FLOTATION PROCESS RIG : FIRST ORDER DATA FIT

,¥ ¥ | OeRec stepped 10%) : [ Estimate & Level 1 vs time
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Figure B.10: gj4(s) & estimate

0.03
g34(5) = =-0.15 e-zos
' (s + 0.03)

1
-0.15 e~20s
(33.33s + 1)

Gain : K= -0.15

g34(s)

Zero(es) at: non
Pole(s) at: s = -0.03 [rad/s]

Delay s 20 [secs]
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B.11 Recleaner level plot - Recleaner tail valve stepped

FLOTATION PROCESS RIG : FIRST ORDER DATA FIT
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B.12 Comments on the Data and Estimates
a) The orders of the estimates to the data were kept as low
as possible. However, most of the estimates seem to have

approximately the right order.

b) The high‘frequency components which are superimposed on
most of the data were not modelled. For example the
oscillations caused by the surging of the sump feedback
pumps. The pump ’‘surge-cavitation’ cycle is explained in

chapter four.

c) All elements have been modelled from initial steady

conditions to final their respective steady state.

d) Elements, g39(s), g35(s8), 933(s), gy3(s), g33(s) and
g34(8s) show unexpected changes in the data. These changes
were not common and were easily associated with
irrelevant signal changes in the FLOTRIG

instrumentation.



Appendix C

Design of a Q-Parameterized controller implemented in the

IMC-Structure for a Ramp tracking Servo Motor

In this appendix the design approach for g(s) is presented
‘for a SISO servo motor system after having considered the
Internal Model Control(IMC) Design Method, a special case of
the Q(Youla)-Parametrization. From the IMC design theory it
was noted that asymptotic tracking of setpoints when
implemented in the (IMC) structures can be ensured by
imposing a set of criteria based on derivatives of the
transfer function [1-g(s)g(s)] relating error to setpoint.
In addition it should be noted that the 1Internal Model
referred to'here'is not the same as the "Internal Model
Principle” mentioned presented by Wonham as discussed in
chapter 2. Simpler algebraic constraints on the numerator
polynomial of module g(s) that give a particular Type Number
for the final IMC system were developed and applied to the
servomotor system for that is to track a triangular setpoint

with zero steady-state error.

The SISO design procedure as given in chapter three was
applied to the servomotor. The application is presented

next.
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C.1. THE OPEN IOOP SERVO MOTOR_ SYSTEM

A block diagram for the servo motor system is shown in Fig’
C.1. The motor is connected to an IBM PC via a 12-bit, 10-
"Volt bipolar Data Translation analog interface card. A LTI
transfer function model for the dominant dynamic behaviour
of the motor was derived from step test data collected and

plotted using the PC.

Power Servo '
— Tach nerat
Amplifier | . Motor ‘H chogenerator

input u(s)* Process p(s) ' Output y(s)

Anélog Analog

Output g > Input

Unit * Unit
PC

Figure C.1: Block diagram of servo-motor system

The nominal transfer function model relating motor speed
(ie. tachogenerator voltage) to armature voltage is
g(s) = y(s) / u(s)
= A/ (1 + 78) S

= 11.4 / (1+1.3s) [Count]/[Count]
. No + Nis + Nys2 + ... + Nps@
1 + Dys + Dys? + .... + Dpsh

= N(s) / D(s) ceesC-1
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where N(s) and D(s) are polynomials in ’s’. The

deg{N(s)) < deg{D(s)).

"This system is open loop stable as required by the IMC
method. It has a gain of 11.4 counts/count and a time

constant of 1.3 seconds.

Correlation between the model and the experimental data is

adequate as illustrated by Fig C.2 below.
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816.0

658.0

500.0
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9.4
tinme I[s]

Figure C.2: Open loop step test results

C.2. INTERNAI MODEL CONTROL

v

The internal model control loop is shown chapter two. The
design of the closed loop system reduces very simply to the
open loop design of the Newtonh (or IMC) control module ((s)

so that
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h(s) = q(s) g(s) ces.C-2
is the transfer function of the desired closed loop system.
The control action needed to produce the desighed closed
loop performance can easily be gauged directly from module
d(s) which is the transfer function from the reference

_ input, r(s), to the process input, u(s).

The standard IMC is used to design a feedback control scheme
for the servo-motor system. The specifications for the
closed loop system are that the output must equal the
setpoint and it must be twice as fast as the open 1loop

system.

The control module q(s) needed to achieve these

specifications is given by

u(s) / r(s)
= h(s)/g(s)

= (1 + s7) / A(1L + 178/2)

a(s)

(1+1.3s) / 11.4(1+0.65s) [Count]/[Count]

2
no + nlS + nzs b

1 + dls + d2$2 + ...

n(s) / d(s) eee.C-3

The relationship between k(s) and q(s) is )

a(s)
k(s) =
1- a(s)g(s)
k(s)
da(s) =

1 + g(s)k(s)
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It should be noted .that asymptotic setpoint tracking is
ensured since the steady state gain of q(s) is the inverse
of the process gain. Also the slow pole of the servo motor
~is cancelled by the 2zero in d(s) and replaced by a faster
pole as required in the design specifications. Finally the
high frequency gain of this module is easily seen to be

(2/11.4) [Counts/Counts].

The trade;off between input movement and speed of response
is very clearly indicated during the design of g(s), and is
a major practical advantage noted in the application of
internal model control methods to the design of feedback
control systems. Oncevthe design specifications have been
met excessively fast and large excursions in input u(s) due
to setpoint changes can be reduced very easily by including

suitable low pass filters in module g(s).

The closed loop step response is plotted in Fig C.3 below,

showing that the design objectives have been attained.

3800.0

3600.0 1
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i
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t ienem [E=me=c

Figure C.3: IMC step response (Type I)
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The controller, k(s), that is produced by this IMC design
method is

k(s) (1L + 7s) / A(7/2)s

(1+1.3s) / 11.4(0.65s) «...C=4

which is clearly Type 1.

Thus the standard IMC system will track step changes in
setpoint exactly. However the design 1is not suitable for
tracking ramp setpoints as expected from theory and as

illustrated by the closed loop responses in Fig C.4 below.

3200,0

3030.0
A

IR A
21200 \ /\\
/ \

T
o W N
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2240.0
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61 42 8.4 12,6 168 2.0 25.2 29.4 3.6 3.8 420
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Figure C.4: IMC triangular wave (ramp) response
dq(s) designed for step tracking

C 3. TYPE NUMBERS IN IMC

¥

In traditional feedback configurations System Type Number is
an important criterion that determines whether or not the

given closed loop system will track step, ramp, parabolic or

171
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higher-order setpoints asymptotically. Details on system

type numbers are given chapters two and three.

An alternative approach, that avoids the computation of
‘these derivatives, considers the traditional controller k(s)
that is equivalent to the IMC control configuration. Using
the transfer functions defined in Equations c-1 and c-3 the
formulation as given in chapter three was used for the
design of g(s). This approach will be applied to the
servomotor to design a q(s) that will ensure 2zero steady
state error for a triangular-wave setpoint and to double its

speed of response compared to the open loop system.

From traditional feedback theory it can be concluded that
the system Type Number must be at least 2. For the IMC
controller(= Q-parameter) the design of the numerator, n(s),
of control module, g(s), is given by the simple matrix

equation

- -1 r .
Ng No 0 1 0 1 Type 1
n, = Nl NO Dl 1 dl Type 2

= 0.1711

0.0877 }
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Thus the control module g(s) 1s given by the transfer

function

0.0877 + 0.1711ls

a(s) =
1 + 0.65s cessC=6

- In traditional terms the controller k(s) derived from this
design is

0.0877 + 0.2851s + 0.2224s2
k(s) =

0.8455s2 ' c.e..C-7

which is Type 2 as designed. However the response of the
resulting closed loop system has not been taken into

account.

The design will now be modified +to include Dynanic

Compensation as follows:-

In the IMC approach to designing feedback control systems
module qg(s) is wusually chosen to cancel the undesirable
poles of the process g(s), provided of course that these are
stable and reasonably damped [Astrom, 1980}, andvthen tb

substitute in the poles desired for the closed loop system.

This condition on the dynamics of the closed loop system
leads to a more restrictive form for numerator polynomial of

module g(s) than that used in Equation c-3 1in that

*

(n"y + n*ls + ... )(1 + Dgs + ...+ Dns™)

a(s) =
1+ dys + dps? + ...

= n*(s) D(s) / d(s) | ....c-8
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Once again the polynomials, n*(s) and d(s) are not
explicitly limited to any particular order provided that
d(s) is realizable in practice, though it is common to keep
them as éimple as possible. The designer is free to choose
“the closed loop pole positions to give the required dynamics

while keeping the input within allowable ranges.

It is easy to show that the matrix conditions on polynomial
n(s) can be converted to the following matrix conditions on

polynomial n*(s)

Type No:
* -1
n o 1 0 0 : ng | Type 1
n_ i = D; 1 0 : m Type 2
.« o . o e e s 0 0 oo . e oo s C—

where the dimensions of the matrices and vectors are once
again set by the desired Type Number, as indicated. It
should be noted that the order of polynomial d(s) in module
d(s) must now equal or exceed the sum of the orders of
polynomial n*(s) of module q(s) and polynomial D(s) of

process model g(s).

For the servo-motor system equation c-9 aims to cancel the
slow servo-motor pole and to substitute in a faster pole for
the closed loop dynamics. At the same time the resulting
closed loop system must be Type 2 in order to track the

triangular (ramp) variation in the reference input.
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It is clear from the constraints imposed by type number
equations given -in chapter three that the numerator
polynomial n(s) of control module g(s) is at least order 1.
Since the process denominator D(s) is order 1 then final

- order of the numerator for module q(s) will be at least 2.

Thus, the denominator polynomial of module g(s), which is
also the denominator of the final closed loop system, has to
be at least order 2. Also the system specifications call for
a doubling of the speed of response so the closed loop poles

are set to be at s= -0.65%+j0.65.

- The corresponding polynomial for the . closed loop
characteristic function is then

d(s) =1 + dys + dy 52 = 1 + 1.5385s + 1.1834s52  ....c-10

Using this and type number constraining equations it is
possible to compute the numerator polynomial factor n*(s) of

control module q(s) from the matrix equations

: -1
ng No 0 1 0 1 Type 1
n, Nl NO Dl 1 dl Type 2

i

0.0877
0.2490
ee..C-11

and finally
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0.0877
= 0.1350
- «..C-12

The final control module, g(s), is then given by

(0.0877 + 0.1350s)(1 + 1.3s)

d(s) = -
1 + 1.5385s + 1.1834s2

0.0877 + 0.2490s + 0.1755s2

1 + 1.5385s + 1.1834s2
This control module ensure that the C/L system tracks ramp
setpoints with zero error and has a transient decay rate
twice that of the open loop system as shown in Figure c-5

given below.

3200.0
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Figure C.5: IMC ramp response (Type II)
d(s) designed for ramp tracking
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Its performance for step inputs is given in Figure C.6
below, from which it can be seen that the increase in type
"number has resulted in a less stable closed loop system than

that needed for tracking step inputs.
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Figure C.6: IMC step response (Type II)
d(s) designed for ramp tracking

The traditional controller, k(s), corresponding the control

module g(s) for the IMC design is

0.0877 + 0.3630s + 0.4992s2 + 0.2282s3
k(s) = ’

s2 (1.1828 + 1.5384s)

which is Type 2 as expected.

v

Hence, the design aims have been achieved and are much

simpler than the derivative conditions on the error signal.
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Appendix D

- Transmittance & Disturbance Rejection Analysis

This appendix presents the Bode plots of the transmittance
"matrices obtained from considering the 'open—loop
configuration of the system based on Q(Youla)-
Parametrization which was implemented in the IMC-Structure.
The figure D.1 given below shows the respective blocks of
matrices which are useful for analyzing the extent to which

the C/L system will reject disturbances and attenuate noise.

la(s)
: - v+
r(s) u(s) | Process + y(s)
== 3+ =» Q ( S) =a—T———— yd T4 >
+ . G(s) v
Parameter +
Model -
o ——3y=—f >+
: M(s)
y(s) = yp(s) Ym(s)
<«

Figure D: C/L IMC-structure for Transmittance Analysis

Two métrices are presented, which are, the GQ-Matrix where
M*(s) is assumed to be an exact model of G(s), whence
called, ' G-M* matching’ and the MQ-Matrix where, M(s) is as
used in the controller design of chapter five, whiéh is
assumed to be not equal to G(s), whence called, ’'G-M
mismatch’. In this analysis, the unaltered model obtained

from the fitting estimates to the recorded open loop step

-test data will be regarded as a close approximation of G(s)
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such that they are interchangeable in the analysis for G-M*
matching. The altered M(s), as in chapter five will be used
in the G-M mismatch analysis. The reason for the above open
loop based considerations of transmittance analysis is
"because of the C/L TFM simplification brought by the
Q(Youla)-Parametrization of all stabilizing controllers
which is implemented in the IMC-Structure. That is:-
H(s) = [I + G(s)K(s)171G(s)K(s)
which becomes

H(s) G(s)Q(s)

by defining the Q-parameter as
Q(s) = K(s)[I + G(s)K(s)]™}
where H(s) is the closed loop TFM. In reality, the design
will be on a model M(s) obtained from some data recorded
from the actual process, as in this case. The Q(s) must be
defined as (M(s) in equation below refers to both M* and M)
Q(s) = K(s)[T + M(s)K(s)]™"

such that

I

[I - Q(s)M(s) ] 1g(s)

Hence, the ahalysis of Transmittance on the C/L TFM, H(s)

K(s)

which is directly affected by M(s) and Q(s) using an exact

M(s) and an intentionally mismatched M(s).

The Bode Plots were done using MATHCAD. Note that when the
package was used, ’s’ was defined as 27f, but was multiplied

by ij to obtain j27f(jw).The plots are given below, where
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the first case is for ’‘G-M mnismatch’ and the second for

'G-M* match’.
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D.1 Plant—-Model mismatch Bode Plots
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The model, M(s) was altered to maintain nominal performance
and thereby keeps the complexity of Q minimal. The idea here
originated from considering what the feedback signals are in
the IMC-structure. This G-M intentional mismatch has an
"added advantage as compared to the G-M match. The reasons
are:-

1. The Q-parameter is designed based on the exact model
for the process, G(s). This gives the GQ-path the
required Transmittance for robustness.

2. The altered M(s) was still implemented with the Q-
parameter based on G(s), and thus the controller forces
the output response of the Plant to be closed to the
desired response, otherwise:
if M = G then, the response will be decoupled at
low and high frequency but will still contain a
significant amount of the unwanted characteristics
‘of the open 1oop system, in view of the fact that,
for M =G, the system will be open-loop(zero.

feedback).

The MQ-matrix Bode plots which are given above have two-fold
reasons. Firstly, to show how the disturbance and noise
inbuts would affect the system in the frequency domai;, if
the actual Plant, G(s) would change to M(s), while the same

Q-parameter is used. Secondly, how closed-loop setpoint

tracking and transient decoupling are affected if G(s) in

] 4
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the controller is intentionally changed from the G(s)-model

to M(s).
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D.2 Plant-Model match Bode Plots
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Bode plots are not given for those elements which from the -
original G(s)-model were regarded as zero since their
mangnitudes on the Bode plots would be at -« dB.

The diagonal ©plots show setpoint tracking at 1low
‘freqﬁencies. The frequency plot range either from 10"% or
1074 rad/s to 102 rad/s. It is also observable from the
plots that all disturbances and noise with frequencies above
10”4 rad/s are dgreatly attenuated. The off diagonals show
transient and steady state decoupling, since their
magnitudes are low at both high and low frequencies. The
highest peak is generally also below 0 dB, and is thus
attenuated. It is also noted that the mid-band frequency
amplitudes are higher relative to the high and 1low
frequencies magnitudes because they were not compensated for

in the proposed Q-parameter design method.

In conclusion, the following comparative remarks can be
made.
é) Disturbance & Noise rejection:
Both the mismatched and matched transmittance
matrices reflect the high and low decoupling which
also attenuates disturbances and noise those
frequencies. However, the mismatched Transmittancé
matrix shows mid-band frequency disturbance and

noise amplification as can be seen from the off-

diagonal elements, but NOT in the diagonal
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elements. This corresponds.to the expectation of .
interaction at intermediate frequencies.
b) Setpoint tracking & Decoupling. The following

observations can be made:
The diagonal elements will track their respective
sétpoint. The off-diagonal elements will tend to
zero at high and low frequencies, since their
setpoints are not stepped but are at zerb, thereby

" showing that the amount of decoupling is still

acceptable.

What these plots don’t show 1is that the responses of
elements of the closed-loop system have been improved by
intentionally mismétching the Plant, G(s) and the mnodel,
M(s). By using the Q(based on G)-G(s)-M(s) combination we
achieve:-

*— The design simplicity of the Q-parameter

*

Improved response

%
!

Acceptable decoupling and exact setpoint tracking

%
!

Acceptable Disturbance and noise attenuation
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Appendix F

FLOTRIG-Computer Interface Routines

The routines given in this appendix use 12-bit analogue-to-

digital, DT2801

cards. The index

and digital-to-analogue, DT2815 interface

for the routines is given below.

Name of Source Description of

Procedure Filename Procedure

adc_init dt2801_r.pas initialize the ADC and the
DT2801 interface card

adc_read dt2801_r.pas reads the analog signal in
the form of a low and high
byte and convert it to
one real value

dac_init dt2815_r.pas initializes the DAC and the
DT2815 card

dac_write dt2815_r.pas writes the computed digital
value to the analog process

E.1 The ADC interface routine

(********************************************************)

{Procedure library for the Data Translation Card DT2801 }
(********************************************************}

{Ref DT2801 Manual}

UNIT DT2801_R;

{****************************}

INTERFACE

{****************************}

CONST

datareg = $02EC; ({base address)

statreq = $02ED;
cclear $0001;
coum_wait = $4;
read_wait = $5;

~ yrite_wait= $2;

189
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cstop = $000F;
cerror = §2;
cadin = $000C;

PROCEDURE adc_init;
PROCEDURE adc_read(chan_no:integer;var value:real);

(****************************)

IMPLEMENTATION
T Kbk kR KRR AR AR )

PROCEDURE adc_init;

{This procedure ensures that the amalog-to-digital converter
is initialized before any further reading from the ADC can
take place)

VAR
state : integer;

BEGIN
port[statreq} := cstop;
state := port[datareq];
REPEAT
state := port[statreq];
UNTIL ((state and comm wait) > 0);
port[datareq] := cclear;
END;

PROCEDURE adc_read(chan_no:integer;var value:real);

{This procedure reads the analog input for the corresponding
signal required which is connected to that channel)

VAR
high,low : integer;

BEGIN
REPEAT UNTIL ((port{statreq] and comm_wait) > 0);
port[statreq] := cadin;

REPEAT UNTIL (((port[statreg] xor write_wait) and write_wait) > 0);
port [datareq] := 0; :

REPEAT UNTIL (((port(statreg] xor write_wait) and write_wait) » 0); | ,
port[datareq] := chan_no;

REPEAT UNTIL ((port[statreg] AND read_wait) > 0); {poll and wait for low byte}
low := port[datareq];

REPEAT UNTIL ((port[statreg] AND read_wait) > 0); {poll and wait for high byte)
high := port[datareq];

value := high*256.0 + low;  {determine the counts of the amalog signal)



191

| FLOTRIG-Computer Interface Routines

END; {adc_reéd)'

B T
{kk INITIALIZATION SECTION  %xx}
i )
BEGIN
END.

EY
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(******************************************************************}

PROCEDURE dac_write (chan_no:integer;value:integer);

{In this procedure, the digital counts are clamped between
mininum and maximum values. Then the value is splitted in a
low and high byte. The status register for the DAC is then
polled until it is ready to receive the low and high bytes.
Thereafter, the bytes are written to the port one after the
other, but are interpreted as one signal)

VAR .
new_val, high, low, ready low : integer;
BEGIN

IF (value > 4095.0) THEN
new_val := 4095

ELSE IF (value < 0.0) THEN
new_val := 0

ELSE

new_val := (value);

high := new_val div 16;
low := 16%(new_val - 16%high) + 2*chan_no;

ready_low := port[dac_statreg];

REPEAT
ready low := port[dac_statreq];
UNTIL ((ready_low AND write_wait) = $0);

IF (ready low = 0) then
begin
port[dac_datareq] := low;
REPEAT UNTIL ((port[dac_statreq]) = $10); {check H_byte & IBF)
port[dac_datareq] := high;
end;
END;

(**************************************}

{ INITIALIZATION )
(**************************************}

BEGIN , : .
END . )



Appendix F

Listing of Routines for Step Tests

The listing given in this appendix can be used for open loop

"step tests, C/L FLORTIG control and PC-simulations. It can
alos be used to check whether the Q(s) parameter designed

for step setpoint tracking does not track ramp setpoints.

An index is given below for all the routines used in the

progranm.
Name of Source Description of
Procedure Filenamne Procedure
- clamp rig_gp5.pas clamps the number which is
out of bounds to within the
min. & max limits given
clock rig_gp5.pas determines the real-time
- using the dos clock
graphdim rig_gp5.pas defines the graph min & max
dimensions and labels
initialize rig_gp5.pas initializes most of the
variables used
initpointers rig_gp5.pas initializes all pointers
initstates rig_gp5.pas initializes all the pointer
states for computations
initdelays ‘rig_gp5.pas initializes all delays .
gpar rig_qgp5.pas computesvthe Q(s) parameter
plant rig_gp5.pas computes the nominal model
G(s)
model rig_qp5.pas computes the model M(s)

‘Continues on the next page...
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flotrig rig_gp5.pas outputs u(s) values to the
FLOTRIG and returns y(s)
values

servkeysin rig_gp5.pas handles keyboard requests

and does C/L control plots
and calculations

main program

rig_gp5.pas

Y

runs all routines and plots
the respective variables as
required on separate graphs

F.1 Programme listing(Step)

program steps(input,output);

uses dos,
crt,
GRAPH,
IGRAPH,
RKUTTA,
DT2801_R,DT2815_R;

- type pvarr = array[l..4] of real;

var
key,KeySinRig

:char;

DACchNo, ADCchNo, ADCstep,chno :integer;

rep0,repl,rep2,rep3 : integer;
SetPoint,valueR,valueW :integer;
time, Told, Tnew, dT :real;
Output_R, Value ‘real;
hour, min, sec, secl00 sword;
freq, count sword;
Recfil,Clefil,Scafil,Roufil :TEXT;
FADCname :STRING[32];
LOG, RampOn, FileOpen :BOOLEAN;
t ireal;
checkfil : integer;
gsll,gsl2,qs13 s ptr;
gs21,9s22,qs23 : ptr; .
gs31,9s32,9s33,9s34 ¢ ptr;
gs44 : ptr;
msll,ms12,ms13 : ptr; {11=Rou, 22=Sca, 33=Cle, 44=Rec}
ns21,ms22,ms23 : ptr; »
ns31,ms32,ms33,ms34 : ptr;
ns44 : ptr;

"gsll,qsl2,qs13,qsld :

ptr; {11=Rou, 22=Sca, 33=Cle, 44=Rec}
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¢s21,qs22,qs23,qs24 : ptr;
0s31,qs32,qs33,qs34 : ptr;
qs44 : ptr;

ndlyl2 ¢
ndly13 :
ndly31 :

ndly32
ndly34

qdlyl2 :
. array[l..
gdly3l :
qdly32 :
qdly34 :

qdly13

qdlyd4

setp

invil
inv22
inv33
invdd

filtl
filt2
filt3
filt4

array{l..
array[l..
array(l..

: array(1..
. array[l..
‘mdlydd :

array[l..
array(l1..
array[l..

array[1..
array[l.

: array[l..
u_ctrl
ym_out ¢
yp_out :

array(l..
array(l..
array[l..

ptr;
ptr;
ptr;
ptr;

ptr;
ptr;
ptr;
ptr;

307 of real;
307 of real;
15] of real;
45] of real;
20] of real;
5] of real;

30] of real;
30] of real;
15] of real;
45] of real;

.20] of real;
: array(1..

5] of real;

1..600] of real;
1..600] of real;
,1..600] of real;
1..600] of real;

cell,point : integer;

{***************************************************************}

Procedure Clamp(var val:real; min, may:real);

{This procedure clamps the computed controller output to
the minimum(min) and maximum({max) as specified} -

begin

if val < min then val := min;
if val > max then val := max;

end;

{***************************************************************}

Procedure clock(var hrs, min, sec, secl00:word; var time:real);
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{ Uses the PC clock timing to calculate real-time}

begin
tine := (3600%hrs + 60%min + sec + 0.01%secl00);
end;

{***************************************************************}

Procedure graphdim;
{ Defines the graph dimensions for the initial plot}

begin
S ymax :=
ymin := -30;
xmax := 600;
xmin := 0;
yint := 10;
xint := 60;
xlabl := ’time (s)’;
ylabl := ’Level (%)/;
head := 'FLOTATION PROCESS SIMULATION RIG (C/L)’;
end;

{***************************************************************}
Procedure Initialize;
{Initialises almost all used variables)
var inp0,inpl,inp2,inp3 :integer;

begin

dac_init;
adc_init;

RampOn  := FALSE;
LOG := FALSE;
inp0 := 2048; {2048=0%, 2560=25%, 3072=50%, 3584=75%, 4095=100%)
dac_write(0,inp0);
inpl := 1024;
dac_write(1,inp1);
inp2 := 1024;
dac_urite(2,inp2);
inp3 := 1024;
dac_write(3,inp3);
key := 1 I;

end; (initialize}

{***************************************************************}

Procedure initpointers;
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begin
new(gsll);new(gs12);new(gs13);
new(gs21) new(gs22) ;new(gs23);

Appendix F: Listing of Routines for Step Tests

{Initialises all pointers used in the program)

new(gs31) ;new(gs32) ;new(qgs33);new(gs3d);
new(gsd4);

new(ms1l);new(ns12);new(ms13);
new(ms21) ;new(ms22) ;new(ms23) ;

new(ms31);new(ns32) ;new(ns33);new(ms3d4);
: new(ms44);

new(qs11);new(qs12) ;new(qs13);new(qsld);
new(qs21);new(qs22) ;new(qs23);new(gs24);
new(qs31);new(qs32) ;new(gs33);new(qs3d);

new(gs44);

new(filtl);
new(filt2);
new(filt3);
new(filtd);

end;
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{***************************************************************}

Procedure initstates;
V{Initalises all states of the pointers used to zero)

begin

Clearstates(gsll); Clearstates(gs12);
Clearstates(gs2l); Clearstates(gs22);
Clearstates(gs3l); Clearstates(gs32);

Clearstates(msll); Clearstates(msl2);
Clearstates(ms21); Clearstates(ms22);
Clearstates(ms31); Clearstates(ms32);

Clearstates(gsll); Clearstates(gsl2);
Clearstates(gs21); Clearstates(qs22);
Clearstates(qs31); Clearstates(qs32);

Clearstates(filtl);
Clearstates(filt2);
Clearstates(filt3);
Clearstates(filt4);

Clearstates{gsl3);
Clearstates(gs23);
Clearstates(gs33);Clearstates(qgs34);
_ Clearstates(gs44);
Clearstates(ms13);
Clearstates(ms23);
Clearstates(ms33);Clearstates(ms34);
Clearstates(ms44);

Clearstates(gs13);Clearstates(qs14);
Clearstates(qs23);Clearstates(gs24);
Clearstates(qs33);Clearstates(qs34);

Clearstates(gs44);

end;

{***************************************************************}

" Procedure initdelays;
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{Initialises all the arrays for the delays to zero)

var z : integer;
c : integer;
begin
for z := 1 to 30 do
begin
ndlyl2[z] :
qdlyl2[z] :
ndlyl3{z] :
qdlyl3[z] :
end;

]
1]

.
!

OO O O
. ~e

.
t

for z :=1to 15 do
begin
ndly31fz] := 0;
qdly3l[z] := 0;
end;

for 2 := 1 to 45 do
begin
ndly32(z] := 0;
qdly32[z] := 0;
end;

for 2 :=1to 20 do
begin
ndly34[z] := 0;
qdly3d[z] := 0;
end;

for z :=1to5do
begin
ndlyd4[z] := 0;
qdlyd4[z] := 0;
end;

for z := 1 to 4 do
for ¢ := 1 to 600 do
begin
setp[z,c]
u_ctrlz,c] :
ym_out[z,c] :
yp_out[z,c] :
end;
end;

oo ou

0;
0;
0;
0;

{***************************************************************}
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Procedure Qpar(aq:pvarr; var cq: pvarr);

{This procedure is for the Q-Parameter which is implemented as

Q(s) = [sQy + QplF(s)
where Q(s) is as defined in the main body of the thesis. This Qpar procedure and the Hodel procedure
given further below form the controller which is 1mp1emented in the INC-Structure. The output of
this procedure is the exactly the model input but is adjusted in the FLOTRIG procedure because the
process zero reference is not the same as that of the Model.

The specifications and computations in this procedure are as follows:
" ordn’ means order of the numerator
' ordD’ neans order of the denominator
'coeffN[i]’ means real coefficient of s! for the numerator
polynomial, simlarly for the denominator}

var
cqa,cqb,cqc,cqd : real;
i : integer;
begin
with gsi1” do
begin
deadtime := 0;
ordN := 1;
ordD := 1;

coeffN[0] := 0.826;
coeffN[1] := 37.2914;
coeffD[0] := 1;
coeffD[1] := 100;

end;

~ with ¢s12* do

begin
deadtime := 0;
ordN := 1;
ordD :=1; ,
coeffN[0] := -2.7345;
coeffN[1] := -66.8722;
coeffD[0] := 1;
coeffD[1] := 100;
end;

with gs13* do :
begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0] :
coeffN[1] :
- coeffD[0] :
coeffD[l]

.9730;
5307

II Il II Il
= e e
O ~e .b
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with gs14” do
begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0] := 0.8221;
coeffN[1] := 17.2984;
coeffD[0] := 1;
coeffD[1] := 100;
end;

with gs21* do

begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0] := 0.0217;
coeffN[1] := 36.7055;
coeffD[0] := 1;
coeffD[1] := 100;

end;.

with gs22* do

begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0] := 0.1137;
coeffN[1] := 59.2393;
coeffD[0] := 1;
coeffD[1] := 100;
end;

with gs23* do
begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0] := 1.4133;

coeffN[1] := 18.1236;
coeffD[0] := 1;
coeffD[1] := 100;
end;
with gs24* do
begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0] := 0.5889;
coeffN[1] := 21.5758;
coeffD[0] := 1;
“coeffD[1] :=100; - T
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end;

with gs317 do
begin
deadtime := 0;
ordN :=1;
ordD := 1;
coeffN[0] := -1.159;
coeffN[1] := -27.1855;
coeffD[0] := 1;
coeffD[1] := 100;
end;

with ¢s32* do

begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0]
coeffN[1] := -14.4753;
coeffD[0] := 1;
coeffD[1] := 100;

end;

-0.1853;

with gs33~ do

begin
deadtime := 0;
ordN :=1;
ordD := 1;
coeffN[0] := 1.0683;
coeffN[1] := 15.2530;
coeffD[0] := 1;
coeffD[1] := 100;
end;

with gs34” do
begin
deadtime := 0;
ordN := 1;
ordD :=1;
coeffN[0] :
coeffN[1] :
coeffD[0] :
coeffD[1] := 150;
end; : s

.4451;
8.1584;

— - —_ o

U~

nou non

with gs44” do
begin
deadtime := 0;
ordN := 1;
ordD := 1;
coeffN[0] :
coeffN[1] :
“coeffD[0] :

2.7778;
264.5503;
I
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coeffD[1] := 150;
end;

rk(gs1l,aq(1],dT,cqa); {Given the element Q1 (s), the
present input and sampling interval
calculate the output)
rk(qs12,aq(2],dT,cqb);
rk(qs13,aq[3],dT,cqc);
rk(gs14,aq(4],dT,cqd);
cq[1] := (cqa + cgb + cqc + cqd); {Sum the respective outputs of each row element}

rk(gs21,aq[1],dT,cqa);
rk(gs22,aq(2],dT,cqb);
rk(gs23,aq(3],dT,cqc);
rk(qs24,aq[4],dT,cqd);
cq2] := (cqa + cgb + cqc + cqd);

rk(gs31,aq[1],dT,cqa);
rk(qs32,aq(2],dT,cqb);
rk(qs33,aq[3],dT,cqc);
rk(qs34,aq(4],dT,cqd);
cq[3] i= (cqa + cgb + cqc + cqd);

rk(qs44,aq{4],dT,cqd);
cq(4] := (cqd);

end; { end of proc Qpar})

{***************************************************************}

Procedure Plant(up:pvarr; var yp:pvarr);

{This procedure is represents the nominal model of the actual Plant, G(s). This Plant procedure, the
Qpar procedure given above and the Model procedure given further below are used to perform a digital
sinulation of the actual which is implemented in the IMC-Structure. :

The specifications and computations in this procedure are as follows:
" ordn’ means order of the numerator
! ordD’ means order of the denominator
'coeffN[i]’ means real coefficient of s! for the numerator
polynomial, simlarly for the denominator)

var

ypa, ypb,ypc,ypd : real;
i : integer; . g

beqin
with gs11* do
begin
deadtime := 0;
ordN :=1;
ordD := 2;
coeffN[0] := 0.005%0.009;
““GoeffN[1] :=0.009;
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coeffD[0] := 0.0006;
coeffD[1] := 0.05;
coeffD{2] := 1;

end;

with gs12~ do

begin
deadtime := 30;
ordN := 0;
ordD := 1;
coeffN[0] := 0.00625;
coeffD[0] := 0.0125;
coeffD[1] := 1;

end;

with gs13* do

begin
deadtine := 30;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
end;

=0.016;
0.02;
1;

n i n

with gs21” do

begin
deadtime := 0; ~
ordN := 0;
ordD := 1; ‘
coeffN[0] := -0.01625/2;
coeffD[0] := 0.025;
coeffD[1] := 1;

end;

with gs22* do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
- coeffD[0] :
coeffD[1] :
end;

0.00744;
0.012;
1;

[EI | I 1]

with gs23* do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
endy

-0.0011;
0.005;
1;
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with gs31” do
begin
deadtime := 15;
ordN := 1;
ordD := 2;
coeffN[0] :
coeffN[1] :
coeffD[0] :
coeffD[1] :
coeffD[2] :

end;

0.0009%0.016667/2;
0.016667/2;
0.0003;

,035;

.
!

L2 T 1 B ¢ B [}

_ O

with gs32~ do

begin

deadtime := 45;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1]
end;

0.0182;
0.028;
L

with gs33# do
begin
deadtime := 0;
ordN :=1;
ordD := 2;
coeffN[0] :
coeffN[1] :
coeffD[0] :
coeffD[1] :
coeffD[2] :
end;

.0005%0.036;
.036;

.0006;

.05;

_ 0 O O O

[ S T IR [N { 1}

with gs34” do
begin
deadtime := 20;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
end;

~0.009/2;
0.03;
1;

i on

with gs44” do
begin
deadtime := 5;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :

ends

0.00756/2;
0.0105;
1;
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qdlyl12[1] := up[2];
qdly13([1] := up[3];
qdly31[1] := up[l];
qdly32[1] := up[2];
gdly34[1] := up[4];
gdly44[1] := up[4];

for i := 30 downto 2 do qdlyl2[i] := gdly12[i-1];
for i := 30 downto 2 do qdly13[i] := gdlyl3[i-1];
for i := 15 downto 2 do gdly31[i] := qdly31[i-1];
for i := 45 downto 2 do qdly32[i] := gdly32[i-1];
for i := 20 downto 2 do qdly34[i] := gdly34[i-1];
for i := 5 downto 2 do qdly4d[i] := gdlyd4[i-1];

rk(gs1l,up[1],dT,ypa);

rk(gs12,qd1y12[30],dT,ypb);
rk(gs13,9dl1y13[30],dT,ypc);
yp{1] := (ypa + ypb + ypc);

rk(gs21,up[1],dT,ypa);
rk(gs22,up[2],dT,ypb);
rk(gs23,up[3],dT,ypc);

yp[2] := (ypa + ypb + ypc);
rk(gs31,qdly31{15],dT,ypa);
rk(gs32,qdly32[45],dT,ypb);
rk(gs33,up(3],dT,ypc);
rk(gs34,qdly34[20],dT,ypd):

yp[3] := (ypa + ypb + ypc + ypd);

rk(gs44,qdly44(5],dT,ypd);
yp(4] := (ypd);

end; { end of proc Plant}

{*****************’**********************************************}

Procedure Hodel(um:pvarr; var ymm:pvarr);

{This procedure is represents the mismatched model of the nominal model, G(s).

The specifications and computations in this procedure are as follous:
I ordi’ neans order of the numerator
! ordD’ means order of the denominator
'coeffN[i]’ means real coefficient of s! for the numerator
polynomial, simlarly for the denominator}

var
yna,ymb,ymc,ynd : real;
i : integer;

_ begin
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with ms11” do

begin
deadtine := 0;
ordN := 0;
ordD := 2;
coeffN[0] := 0.15%0.0006/2;
coeffN[1] := 0.018/2;
coeffD[0] := 0.0006;
coeffD[1] := 0.05;

_ coeffD[2] := 1;
end;

with ms12~ do
begin
deadtime := 30;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
end;

0.00625;
0.0125;
L;

with ms13~ do
begin
deadtime := 30;
ordN := 0;
ordD :=1;
coeffN[0] := -0.016;
coeffD[0] := 0.02;
coeffD[1] := 1;
end;

with ms21* do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN{0] :
coeffD[0] :
coeffD[1] :
end;

~0.01625/2;
0.025;
1;

with ms22* do

begin

deadtime := 0; ,
ordl := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
end;

0.00744;
0.012;
1;

with ms23* do
,.be.qi,n._.. . L. .
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deadtime := 0;

ordN := 0;

ordD := 1;

coeffN[0] := -0.0011;
coeffD[0] := 0.005;

coeffD[1] := 1;
end;

with ms31* do

begin
deadtine := 15;
ordN := 0;
ordD := 2;
coeffN[0] := 0.05%0.0003/2;
coeffN[1] := 0.016667/2;
coeffD[0] := 0.0003;
coeffD[1] := 0.035;
coeffD[2] := 1;

end;

with ns32* do
begin
deadtime := 45;
ordN := 0;
ordD := 1;
coeffN[0] := 0.0182;
coeffD[0] := 0.028;
. coeffD[1] := 1;
end;

with ws33” do

begin
deadtime := 0;
ordN := 0;
ordD := 2;
coeffN[0] := 0.0006%0.03;
coeffN[1] := 0.036;
coeffD[0] := 0.0006;
coeffD[1] := 0.05;
coeffD[2] := 1;

end;

with ms34~ do

begin
deadtime := 20; .
ordN := 0;
ordD := 1;

coeffN[0] := -0.009/2;
coeffD[0] := 0.03;
coeffD[1] := 1;

end;

with ns44” do
- begin -
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deadtinme := 5;
ordN := 0;
ordD := 1;
coeffN[0] := 0.00756/2;
coeffD{0] := 0,0105;
coeffD[1] := 1;
end;

ndlyi2{1] := um[2];

ndly13[1] := un{3];
ndly31[1] := um{1];
ndly32[1] := um{2];
ndly34[1] := um(4];
ndly44[1] := um{4];
for i := 30 downto 2 do mdly12[i] := mdlyl2[i-1];
for i := 30 downto 2 do mdly13[i] := mdly13[i-1];
for i := 15 downto 2 do mdly31[i] := mdly31[i-1];
for i := 45 dounto 2 do mdly32[i] := mdly32[i-1];
for i := 20 downto 2 do mdly34[i] := mdly34[i-1];
for i :=" 5 downto 2 do mdly44[i] := mdlyd4[i-1);

rk(ms11,un[1},dT,yma);

rk(ms12,mdly12({30],dT,ynb);
rk(ms13,mdly13[30],dT,ync);
ymn{1] := (yma + ymb + ymc);

rk(ms21,un[1],dT,yma);
rk(ms22,un[2],dT,ymb);
rk{ms23,um(3],dT,ync);
ymm{2] := (yma + ymb + ymc);

rk(ms31,ndly31[15],dT,yma);
rk(ms32,nd1y32[45],dT,ymb);
rk(ms33,um[3],dT,ync);
rk(ms34,ndly34[20],dT,ynd);

ymm(3] := (yma + ymb + ymc + ynd);

rk(ms44,nd1y44[5],dT,ynd);
ymm{4] := (ymd);

end; { end of proc model)
{***************************************************************}
Procedure FlotRig(uriq : pvarr; var yriq: pvarr);
{This procedure receives the Q-Parameter output as computes by the Qpar procedure. It then adjusts

the respective u(s) values,(’urig{i])’, to the zero references of the actual plant and outputs the
values to the FLOTRIG)

var chnov,j : integer;
"7 level "1 real;
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position
offs
factr
percoff

: integer;

: array(1..4] of integer;
¢ array(1..4] of real;
:array([l..4] of real;

{O=Rec, 1=Cle, 2=Sca, 3=Rou for valves=V}
{4=Rec, 5=Cle, 6=Sca, 7=Rou for levels=L)

begin
offs[4] := 2000;
offs[3] := 2185;

{1=Rou, 2=Sca, 3=Cle, 4=Rec}

offs(2] := 2550;
offs[1] := 2550; .

factr(4]:= 6.6;
factr{3]:= 7.94;
factr(2]:= 7;
factr[1]:= 8;

percoff[4]:= 0;
percoff[3]:= 0;
percoff[2]:= 0;
percoff[1]:= 0;

for chnoV := 3 downto 0 do
begin

position := trunc(2048 + 20.48%urig[4-chnoV]);

dac_write(chnoV,position);
adc_read(chnoV + 4, level);

yrig(4-chnoV] := (level - offs[4-chnoV])/factr[4-chnoV];

with filt1* do
begin

deadtime := 0;
ordN := 2;
oxdD := 2;
coeffN{2] :
coeffN[1]
coeffN[0] :
coeffD[0] :
coeffD[1] :
coeffD[2] :

end;

L
0;

L1 S T I { N | B 1

’

with filt2» do
begin
deadtine := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
end;
with £ilt3~ do
“hegin

L
1;
1L

Sqr(2%3.1415%7/240) ;
Sqr(2%3.1415%7/240) ;
240,707%(2%3.1415%7/240) ;
1.
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deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :

1;
1;
1

end;

with filt4” do
begin

deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :

end;
rk(filtl,yriq[1],dT,yrig[1]);
rk(filt2,yriq[2],dT,yrig[2]);
rk(filt3,yriq(3],dT,yrig[3]);
rk(filt4,yriq[4],dT,yrig[4]);

end;
end;

{***************************************************************)

Procedure ServKeySim;

{This procedure deals with most of the requests obtained from the keyboardsuch as

1;
1;
1;

To select a FLOTRIG cell to step
To perform open loop step tests
To switch the controller in (Closed Loop)
To switch the controller out (Open Loop)
To plot data for the required cell
To perform closed loop step tests}

To check the system for ramp tracking with a Q(s) designed for step setpoint tracking}

var chno, j, ctr_in
choice, Key_pressed : char;
exit
level,step

i,

ex,uy

tex

factr
percoff
offs
Qcontrol
row,col

- ‘begin

: integer;

: char;

: real;

: integer;
. array[l..

a,b,c,y,yn,r,u,a0ld : pvarr;
~uold, ain, uflot -

: pvarr;

: array[l..
: array[l..
: array([l..
: char;

: integer;

4] of string;

4] of real;
4] of real;
4] of integer;
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1.

r(1] := 07 a[1] := 0; wold[1] := -50; b[1] := 0; c[1] := 0; u[l] := 0; yn[1] := 0; y[1] = 0;
uflot{l] := 0; ,

r(2] := 0; af2] := 0; wold{2] :
uflot(2] := 0;

r(3] := 07 a[3] := 0; uold[3] :
uflot(3] := 0;

r(4] := 0; a[4] := 0; uold[4] :
uflot{4] := 0;

-50; b{2] := 0; c[2] := 0; w[2] := 0; yn[2] := 0; y[2] := 0;

=507 b[3] := 0; ¢[3] := 0; w(3] := 0; yn[3] := 0; y[3] := 0;

0; b(4] :=0; c[4] := 0; wu[4] :=0; yn[4] := 0; y[4] := 0;

tex(4] := '14%;

tex(3] := 'L3/;

tex[2] := 'L2';

tex[1] := 'L1%;

initstates; {clear the states)

initdelays; ({initialise the arrays for delays)
clrscr;

n o n

repeat
clrscr;
choige := * /;
key_pressed := ' /;

rep0 := 0; repl := 0; rep2 := 0; rep3 := 0;

tine := 0;
gotoxy(15,5);
write(! ——');
TextAttr := 112;
if KeySimRig = 'S’ then

write(’ MAIN MENU (Simulation) !)
else

write(’ MAIN MENU (Flot. Rig ) /);
TextAttr := 7;
writeln(’————');qotoxy(15,6);

uriteln(’| Press <I> - for logqging data ");qotoxy(15,7);
writeln(’ (toggles on / off ) ’);qotoxy(15,8);
writeln(’ <0> - step test on RECLEANER ") ;qotoxy(15,9);
writeln(’ <1> - step test. on CLEANER "):gotoxy(15,10);
writeln(’ <2> - step test on SCAVENGER ");qotoxy(15,11);
writeln(’ <3> =~ step test on ROUGHER ")i1qotoxy(15,12);
writeln(’ <> - step tests on all cells "}iqotoxy(15,13);
writeln(’ <U/D> - to step(u/d) a chosen cell |’);gotoxy(15,14);
writeln(’ <R> - for ramp tests on cells );q0toxy(15,15);
writeln(’ <B> - To Quit (EXIT) - {")iqotoxy(15,16);
writeln(’ "):qotoxy(15,17); y
writeln(’ Enter choice : /);
repeat

qgotoxy(39,17);clreol;

readln(choice);

choice := upcase(choice);
if not(choice in [’0’..73’,’E’]) then
begin
for i:= 1 to 8 do
.,..,_.......‘—.__A_.beqin. P JoN—
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Sound(1000+100%i);
delay(100);
NoSound;
end;
end;
until choice in {'0’..73,'E'];

if choice = 'E’ then exit := choice;

if choice in [707..73’] then

begin
case choice of
"0’ : foot :='L = Log : <RECLEANER>
1" + foot := 'L = Log : <CLEANER> :
12" : foot := 'L = Log ; <SCAVENGER> :
'3 : foot := 'L =Log : <ROUGHER> :
end; :

: Q = Quit , C = C/Loop’;

Q = Quit , ¢ = C/Loop’;
Q = Quit , C = C/Loop’;
Q = Quit , C = C/Loop’;

settine(0,0,0,0); {initial value of time}

time := 0;

Told := 0;
ctr_in := 0;

col :=0;
Qcontrol := 'N’;
RampOn := false;

InstGraph(’c:’);
ScrSetUp;
CalcScale;
Axes(Show);

repeat
if col <= 600 then
begin

gettine(Hour,min,sec,sec100);
clock(Hour,min,sec,secl00,time);
delay(950);

if keypressed then key_pressed := upcase(readkey);

case key_pressed of
'c’: Qcontrol := 'C’;
'N’: begin
Qcontrol := 'N’;
ctr_in := 0;
end;

L't 10G := not LOG;
end; {case key_pressed}

(* Insert controller and close the loop *)
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if Qcontrol = ‘¢’ then

begin
for j :=1to 4 do
begin
if ctr_in = 0 then
begin

r(j] = y{ili
Told := y[52-ord(choice)];
end;

b[j] = (Y[j] - Ym[j]):

a[3] :=x[3] - b(I};

end; { for loop}

if ctr_in = 0 then ctr_in := ctr_in + 2;

Qpar(a,u);
for j :=1 to 4 do u[j] := u{jl;
for j :=1 to 4 do clamp(u[j],-100,100);
if KeySimRig = 'S’ then
begin
Plant(u,y); {Simulation model of the rig)
Hodel(u,ym);
for j := 1-to 4 do ymn[j] := yn[]]:
end;
if KeySimRig = ‘R’ then
begin
for 3 := 1 to 4 do uflot[j] := u[j] + wold[j];
FlotRig(uflot,y); {Flotation process sim. rig}
Hodel(u,ym); ‘
for j :=1 to 4 do yn[j] := yn[j];
end;

end; {end 'C’ if statement)

(* Remove the controller from the loop *)

if Qcontrol = N’ then
begin
if KeySimRig = 'S’ then
Plant(u,y); {Simulation model of the rig)
if KeySimRig = 'R’ then
begin
FlotRig(uold,y); {Flotation process sim. rig)
end; : )
end; {end 'N’ if statement}

DrawP(time,r[52-ord(choice)]);

if (time > 200%2) and (time < 201*2) then

begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*{r[52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wy+5,7r’);
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end;

DrawP(time,ym{52-ord(choice)]);

if (time > 331#2) and (time < 332%2) then

begin
ex := Trunc(xscl*(time-xmin}+50);
wy := Trunc(300-yscl*(ym{52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wyt5,’yn’);

end;

DrawP(time,u[52-ord(choice)]);
if (time > 461%2) and (time < 462%2) then
begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(u[52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wy+5, 'uflot’);
end;

DrawP(time,y[52-ord(choice)]);

if (time >= 592%2) and (time <= 593%2) then

begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(y[{52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wy+5, 'L/ +choice);

end; '

DrawP(time,y[1});
if (time >= 30%40) and (time <= 30%40+2) then
begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(y[1] - ymin));
Settextstyle(0,horizdir,1);,
Outtextxy(ex,wyt5,’Ll’);
end;

DrawP(time,y[2});
if (time >= 610) and (time <= 612) then
begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(y[2] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wy+5,'L2'); :
end;

DrawP(time,y[3});
if (time >= 920) and (time <= 922) then
begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(y[3] - ymin));
Settextstyle(0,horizdir,1);
o Outtextxy(ex,wyts, 'L3Y);
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end;

DrawP(time,y[4]);
~if (time >= 1530) and (time <= 1532) then

begin

ex := Trunc(xscl*(time-xmin)+50);

wy := Trunc(300-yscl*(y[4] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wyt5,’'L4’);

end;

col :=col + 1;
if col <= 600 then

begin

for row := 1 to 4 do

beqin

setp [row,col] :
u_ctrl{row,col] :
ym_out{row,col] :

rirow];
ufrow];
ym[row];

yp_out[row,col] := y[row];

end;

end; {end if col < 600} _
end; ({end if "col < 600" then)

if Qcontrol = ‘N’ then

begin

case key_pressed of

0’2 begin

if choice in [/0’..73’] then
u[52-ord(choice)] := u[52-ord(choice)] + 10;
Key pressed := ' /;

end;

D’ begin

if choice in [’0’..73'] then
u[52-ord(choice)] := u[52-ord(choice)] - 10;
Key_pressed := ' /;

end;
end;

end; (if Qcontrol ‘N’....... )

if Qcontrol = /C’ then

begin

case key_pressed of

07 begin

case choice of

IOI:
lll:
IZI:
I3I:

end;

r[52-ord(choice)] := r[52-ord(choice)] + step;

step := 10; {204.8%2;)
step := 10; {204.8;)
step := 10; {204.8;)
step := 10; {204.8%2;)

For j := 0 to 50 do Drawp(time,2%j);
Key_pressed := ' /;

- _. o end;
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'D’: begin
case choice of

0’ step := -10;
1': step := -10;
2': step := -10;
37 step := -10;

end; .

r{52-ord(choice)] := r{52-ord(choice)] + step;
For j := 0 to 50 do Drawp(time,j*2);
Key_pressed := ' /;
end;

'R’: begin
RampOn := not RampOn;
For j := 0 to 50 do Drawp(time,]j*2);
Key_pressed := ' /;
end;

end; {end case keypressed}

if (RampOn = true) then
begin
if time <= 550 then
r[52-ord(choice)] := r(52-ord(choice)] + 20/500;
if time > 550 then
r[52-ord(choice)] := r[52-ord(choice)] - 20/500;
end; :
end; {if Qcontrol ‘C’....... )

if keypressed then Key_pressed := upcase(readkey);

until (key_pressed in [’Q’]) or (key_pressed = #27);

if (key pressed = 'Q’) or (key_pressed = £27) then closegraph;

end;
until exit = ’E’;
end;

{***************************************************************}

begin
initpointers;
dr := 1.0;
checkfil := 0;
repeat
clrscr;

Log := false;
KeySimRig := ’ /;
Gotoxy(15,5);
Write(’ H
“TTextattr := 112;
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writeln(’Press the Corresponding Key’); qotoxy(15,7);

TextAttr := 7; _

Writeln(’ <R> * Do C/Loop tests on the FLOTATION RIG’);gotoxy(15,8);
Writeln(’ <S> * Do C/Loop simulations of the RIG’);qotoxy(15,9);
Writeln(’ <P> * To return to the program ):qotoxy(15,11);
Writeln(’ GRAPHS for each cell ") :qotoxy(15,12);
Writeln(’ ONLY after a simulation is made ’);qotoxy(15,14);
Writeln(’ <0> * r &y of RECLEANER GRAPHS ") :qotoxy(15,15);

Writeln(’ <A> * u & ym of RECLANER GRAPHS ")1qotoxy(15,16);
Writeln(’ <1> r &y of CLEANER GRAPHS ")iqgotoxy(15,17);
Writeln(’ <B> * u & ym of CLEANER GRAPHS "):qotoxy(15,18);

Writeln(’ <2>
Writeln(’ <C>

r &y of SCAVENEGR GRAPHS );qotoxy(15,19);
U & ym of SCAVENGER GRAPHS ") :qotoxy(15,20);
Writeln(’ <3> *r &y of ROUGHER GRAPHS ");qotoxy(15,21);
Writeln(’ <D> * u & ym of ROUGHER GRAPHS ") iqotoxy(15,22);
WRITELN(’ KEY = ’);qotoxy(22,22);

repeat until keypressed;

M M MW M N MW N N

gotoxy(22,22);clreol;

if keypressed then KeySimRig := upcase(ReadKey);
if KeySimRig = ‘R’ then '
initialize; {*xx*kkkx% ADC & DAC cards kkkxxkkkk)

if KeySimRig in [’R’,’S’] then

begin
graphdim;  (*k*kkkkkk graph dimensions kkxkkkk}
ServKeySin; ‘

end;

if KeySimRig in [’0’..’3’,’A’..'D’] then

begin
head := 'FLOTATION PROCESS SIMULATION RIG (C/L)’;
xmax = 600;
xmin := 0;

xint := 60;
xlabl := ‘time [s]’;
case KeySimRig of
10’ :begin
cell
ymax :
ymin
yint :
ylabl:= ’Setp4 & Leveld in [§]';
foot := /RECLEANER: press any key to continue’; ,
InstGraph(’c:’);
ScrSetlp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
beqin
Drawp(point,Setp{cell,point});
Drawp(point,yp_out[cell,point}]);
end;

4;
70;
-50;
10;

.o .e
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repeat until keypressed;
end;
'A’ :begin
cell :
ymax := 45;
ynin := -30;
yint :=5;
ylabl := ‘u4 & ymd in [3]';
foot := 'RECLEANER: press any key to continue’;
InstGraph(‘c:’);
ScrSetUp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,u_ctrl{cell,point]);
Drawp (point,ym_out[cell,point]);
end;
repeat until keypressed;
end;
’1’:begin
cell := 3;
ymax := 50;
ymin := -50;
yint := 10;
~ylabl:= ‘Setp3 & Level3 in [%)';
foot := 'CLEANER: press any key to continue’;
InstGraph(‘c:’);
ScrSetlp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,Setp[cell,point]);
Drawp(point,yp_out{cell,point});
end;
repeat until keypressed;
end;
'B’:begin
cell := 3;
ymax :
ymin
yint :
ylabl:= “u3 & ym3 in [%]';
foot := /CLEANER: press any key to continue’; ’
InstGraph(’c:’);
ScrSetUp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,u_ctrl{cell,point]);
Drawp(point,ym_out[cell,point});
end; _ Lt

4;

n o u n n
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repeat until keypressed;

end;
'2!:begin
cell :
ymax :
ymin :
yint :
ylabl:
foot :

. n n

2;

50;

-50;

10;

'Setp2 & Level2 in [%]’;

'SCAVENGER: press any key to continue’;

InstGraph(‘c:’);

ScrSetUp;

CalcScale;

Axes(Show);

for point := 1 to 600 do

beqin

Drawp(point,Setp[cell,point]);
Drawp(point,yp_out[cell,point]);

end;

repeat until keypressed;

end;
!C’:beqin

cell := 2;

ymax :
-ymin ¢
yint :
ylabl:
foot :

50;

-40;

5;

'u2 & yn2 in [§]';

'SCAVENGER: press any Key to continue’;

InstGraph(’c:’);
ScrSetUp;

CalcScale;

Axes(Show);

for point := 1 to 600 do

begi

n

Drawp(point,u_ctrl[cell,point]);
Drawp(point, ym_out[cell,point]);

end;

repeat until keypressed;

end;
'37:begin

cell :=1;

ymax :
ymin :
yint :
ylabl:
foot :

50;

-50;

10;

Setpl & Levell in [%]';

"ROUGHER: press any key to continue’;

InstGraph{‘c:’};

ScrSetUp;

CalcScale;

Axes(Show);

for point := 1 to 600 do

beqgin

Drawp(point,setp[cell,point]);
Drawp(point, yp_out[cell, point]);

end;
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repeat until keypressed;
end;
'D’:begin
cell :
ymax
ynin
yint :
ylabl:= 'ul & yml in {%]’;
foot := 'ROUGHER: press any key to continue’;
InstGraph(‘c:’);
ScrSetlp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,u_ctrl[cell,point]);
Drawp(point,ym_out[cell,point]);
end;
repeat until keypressed;
end;
end; {end case KeySimRig)
closegraph;
end;
until KeySimRig = 'P’;
" end. :

EY

1;

30;

-30;
.5;
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Appendix G

Listing of Routines for Ramp Tests

The listing given in this appendix can be used for open loop

ramp tests, C/L FLORTIG control and PC-simulations. It can

also be used to check whether the Q(s) parameter designed
for ramp

setpoint tracking does in fact track ramp

setpoints.

An index is given below for all the routines used in the

 progranm.
Name of Source Description of
Procedure Filename Procedure
clamp rigrmp5.pas clamps the number which is
out of bounds to within the
min. & max limits given
clock rigrmp5.pas determines the real-time
using the dos clock
graphdim rigrmp5.pas defines the graph min & max
dimensions and labels
initialize rigrmp5.pas initializes most of the
variables used
initpointers | rigrmp5.pas initializes all pointers
initstates rigrmp5.pas initializes all the pointer
states for computations
initdelays rigrmp5.pas initializes all delays
dynamics rigrmp5.pas computes R(s) which is the
condition matrix added
to ensure ramp tracking
with matrix Q,F(s) since
Q(s) designed for ramp
tracking = Q,(s)R(s)
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gpar rigrmp5.pas

computes the QyF(s) which
is not the same as the Q(s)
designed for step setpoints

plant rigrmp5.pas

computes the nominal model
G(s)

model rigrmp5.pas

computes the model M(s)

flotrig rigrmp5.pas

outputs u(s) values to the
FLOTRIG and returns y(s)
values

servkeysim rigrmp5.pas

handles keyboard redquests
and does C/L control plots
and calculations

main program rigrmp5.pas

runs all routines and plots:
the respective variables as
required on separate graphs

G.1l Programme listing(Ramp)

progran rig(input,output);

uses dos,
crt,
GRAPH,
IGRAPH,
RKUTTA,
DT2801_R,DT2815_R;

type pvarr = array[l..4] of real;

var
key,KeySimRig _ :char;
DACchNo, ADCchNo, ADCstep,chno :integer;
rep0,repl,rep2,rep3 :integer;
SetPoint,valueR,valueW :integer;
time, Told, Tnew, dT ireal;
Output_R, Value :real;
hour, min, sec, secl00 tword;
freq, count wword;
Recfil,Clefil,Scafil,Roufil :TEXT;
FADCname :STRING[32];

" "LOG, RampOn, FileOpen ™ " :BOOLEAN;
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t

checkfil

gsll,gsl2,qgs13
gs2l,qs22,9s23
gs31,q9s32,9s33,9s34 ¢

g

msll,ms12,ms13
ns21,ms22, 1523
ms31,ns32,ms33,ms34 ¢

ns4d

544

ireal;

: integer;
. ptr;
: ptr;

ptr;

! ptr;

: ptr; {11=Rou, 22=Sca, 33=Cle, 44=Rec)
: ptr;

gsll,qs12,qs13,gsld @
qs21,9s22,qs23,qs24
qs31,qs32,4s33,4s34
- gsdd

ndly12 :
ndlyl3 :
ndly31 :
ndly32 :
ndly34
ndly44 :

qdlyi2 :
qdly13 :
qdly3l :
qdly32
gdiy34 :
qdlyd4

setp
u_ctrl
ym_out
yp_out

invil
inv22
inv33
invd4

filtl
filt2
filt3
filtd

array[1
array[1l
array[1
array{1

array[1.

array[l

array[1
array[1
array[l

. array[l

array[1

: array[l

. array[l..
array[l..
array{l..
array(l..

ptr;

s ptr;

ptr; - {11=Rou, 22=Sca, 33=Cle, 44=Rec})

¢ ptr;
: ptr;
. ptr;

: ptr;
: ptr;
: ptr;
. ptr;

: ptr;
: ptr:
: ptr;
: ptr:

..30] of real;
..30] of real;
..15] of real;
..45] of real;

.20] of real;

..5] of real;

..30] of real;
..30] of real;
..15] of real;
..45] of real;
..20] of real;
..5] of real;

cell point : integer;

.600} of real;
.600] of real;
.600] of real;
.600] of real;

{***************************************************************}
Procedure Clamp(var val:real; min, max:real);

{Clamps the computed values as specified by the user)
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begin
if val < min then val := min;
if val > max then val := max;
end;

{***************************************************************)

Procedure clock(var hrs, min, sec, secl00;word; var time:real);
{ computes real time using the PC clock)

begin :
time := (3600%hrs + 60*min + sec + 0.01%secl00);
end; ‘

{*****************i*********************************************)
Procedure qraphdim;
{Specifies main initial graph dimensions}

beqin
ymax :
ynin :
xmax :
xnin := 0;

yint := 10;

xint := 60;

xlabl := ‘time (s)’;
ylabl := ‘Level (%)';
head 'FLOTATION PROCESS SIMULATION RIG {C/L)';
end; :

1 u n
)
(%4
(=]

* me e

.o
" on u

{*************************************i**************************)

Procedure Initialize;
{ Initialize most used variables)
var inp0,inpl,inp2,inp3 :integer;

begin

dac_init;
adc_init;

RampOn  := FALSE;
LOG += FALSE;
inp0 := 2048; {2048=0%, 2560=25%, 3072=50%, 3584=75%, 4095=100%)
dac_write(0,inp0);
inpl := 1024;
dac_write(1,inpl);
inp2 := 1024;
dac_write(2,inp2);
inp3 := 1024;

“dac_write(3,inp3);
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Clearstates(gs3l); Ciearstates(qs32); Clearstates(qs33);Clearstates(gs34);
Clearstates(qs44);

Clearstates(invll);
Clearstates(inv22);
Clearstates(inv33);
Clearstates(invad);

Clearstates(filtl);

Clearstates(filt2);

Clearstates(filt3);

Clearstates({filt4);
end;

{****************************************************************}

Procedure initdelays;

{Initalise all arrays for that mimic delays
by passing values from one cell to the other
during every sampling interval}

var z : integer;
c : integer;
begin
for z := 1 to 30 do
begin
ndlyl2(z] :
qdlyl2(z] :
ndly13(z] :
gdly13[z] :
end;

.
’

[ e e R
- ™~

.
!

for 2 :=1 to 15 do
begin
ndly31[z] := 0;
qdly31[z] := 0;
end;

for z :=1to 45 do
begin
ndly32[z] := 0;
gdly32(z] := 0;
end;

for z := 1 to 20 do
begin
ndly34[z] := 0;
qdly34(z]} := 0;
end;

for z :=1to 5 do
__begin
ndiy44[z] := 0;
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key ;=1 7;
end; {initialize)

{****************************************************************)
Procedure initpointers;
{Initialise all pointers}

begin

new(gsl1l);new(gs12);new(gsl3);

new(gs2l1);new(gs22);new(gs23);

new(gs31);new(gs32);new(gs33);new(qs34);
new{gs44);

new(msll);new(msl2);new(msl3);

new(ms21) ;new(ms22) ;new(ns23);

new(ms31) ;new(ms32) ;new(ms33) ;new(ms34);
new(usdd);

new(qs11);new(qs12);new(qsl13) new(qsld);

new(qs21);new(gs22) ;new(qs23);new(qs24);

new(qs31);new(gs32);new(qs33)new(qs34);
new(qsdd);

new(invll);

new(inv22);

new(inv33);

new(invad);

new(filtl);
new(filt2);
new(filt3);
new(filtd);

end;

{****************************************************************}

Procedure initstates;

{Initialise all pointers states transfer functions
used with the Runge-Kutta Algorithm}

begin

Clearstates(gsll); Clearstates(gsl2); Clearstates(gsl3);

Clearstates(gs2l); Clearstates(qs22); Clearstates(gs23); ;

Clearstates(gs3l); Clearstates(gs32); Clearstates(gs33);Clearstates(qs34);
Clearstates(gs44);

Clearstates(msll); Clearstates(msl2); Clearstates(msl3); '

Clearstates(ms21); Clearstates(ms22); Clearstates(ms23);

Clearstates(ms31); Clearstates(ms32); Clearstates(ms33);Clearstates(ms34);
Clearstates(ms44);

Clearstates(qsll); Clearstates(qsl2); Clearstates(qsl3);Clearstates(qsl4);
Clearstates(qs2l); Clearstates(gs22); Clearstates(qs23);Clearstates(qs24);
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gdlydd[z] := 0;
end;

forz :=1tod do

for ¢ := 1 to 600 do
begin
setp[z,c]
u_ctrl[z,c] :
ym_out[z,c] :
yp_out[z,c] :

end;

end;

. we e

nononn
OO O O
. o~

{******************************k******k**************************}

Procedure Dynamics(cd:pvarr; var ud: pvarr);

{ This procedure is for the matrix, R(s) which was designed
as the extra matrix to be added to satisfy the ramp
tracking conditions.

That can be seen from the equation given below as:

0(s) = Q,F(s)R(s)
where Q(s) is the Q-Parameter as defined in the main body
of this thesis)

begin

with invil® do

begin
deadtime := 0;
ordN :=1;
ordD :=1;
coeffN[0] := 1;
coeffN[1] := (50 + 100 + 83.333);
coeffD[0] := 1;
coeffD[1] := 50;
end;
with inv22» do
begin
deadtime := 0;
ordN := 2;
ordD := 2;
coeffN[0] := 1;

coeffN[1] := (50 + 100 + 83.333);
coeffN[2] := 10277.75;

coeffD[0] := 1;

coeffD[1] := 50;

coeffD{2] := 3333.32;

end;

with inv33~ do
begin
deadtime := 0;
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ordN := 1;
ordD := 1;
coeffN[0] :
coeffN[1] :
coeffD[0] :
coeffD[1] :
end;

0 + 100 + 83.333);

Honouwou
= —

with inv44~ do

begin

deadtime := 0;

ordN :=1;

ordD := 1;

coeffN[0] := 1;

coeffN[1] := (50 + 100 + 95.238);
coeffD[0] := 1; '

coeffD[1] := 50;

end;

rk(invil,cd[1],dT,ud[1]);
rk(inv22,cd[2],dT,ud[2]);
rk(inv33,cd[3],dT,ud[3]);
rk(invad,cd[4],dT,ud[4]);

end; {end Procedure Dynamics}

{FEARRERARRRRRERRRRRRERRRRICRIRRRRXRERRERRRRRRRERARKRRRERRKKRE )
Procedure Qpar(aq:pvarr; var cq: pvarr);

{This procedure computes the first part, Q,F(s), of the
complete matrix which forms the Q-Parameter as specified
for ramp tracking conditions in the main body of the
thesis.

The definitions of the variables are similar to the ones
given for the Qpar procedure in Appendix F}

var
cqa,cqb,cqc,cqd © real;
i : integer;

beqin

with gs11* do ‘ .
begin :

deadtime := 0;

ordN := 0;

ordD := 1;

coeffN[0] := 0.826;

coeffN{1] := 37.2914;

coeffD[0] := 1;

coeffD[1] := 100;

end;
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with gs12* do

begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffN[1] := -66.8722;
coeffD[0] := 1;
coeffD[1] := 100;

end;

-2.7345;

with gs13 do

begin

deadtime := 0;

ordN := 0;

ordD := 1;

coeffN[0] := 1.9730;
coeffN[1] := 14.5307;
coeffD[0] := 1;
coeffD[1] := 100;
end;

with gs14~ do

begin

deadtime := 0;

ordN := 0;

ordD := 1;

coeffN[0] := 0.8221;
coeffN{1] := 17.2984;
coeffD[0] := 1;
_coeffD(1] := 100;
end;

with gs21* do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN{0] :
coeffN[1] :
coeffD[0] :
coeffD[1] :
end;

0.0217;
.7055;

N

[ TR TR}
)
o~

0;

with gs22* do

begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] := 0.1137;
coeffN[1] := 59.2393;
coeffD{0] := 1;
coeffD[1] := 100;
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. coeffD[1] := 100;
end;

with gs34* do
begin _
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffN[1] :
‘coeffD[0] :
coeffD[1] :
end;

o

.4451;
18.1584;
L

100;

with gsd4” do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :

= 2.7778;
coeffN[1] := 2

=1

=1

64,5503;
coeffD[0] := 1;
coeffD[1] :
end;

00;

rk(gs11,aq(1],dT,cqa);
rk(gs12,aq[2],dT,cqb);
rk(gs13,aq[3],dT,cqc);
rk(gs14,aq[4],dT,cqd);
cq[l] := (cqa + cgb + cqc + cqd);

rk(qs21,aq(1],dT,cqa);
rk(gs22,aq(2],dT,cqb);
rk(qs23,aq[3],dT,cqc);
rk(gs24,aq[4],dT,cqd);
cqf2] := {cqa + cgb + cqc + cqd);

rk(qs31,aq[1],dT,cqa);
rk(gs32,aq[2],dT,cqb);
rk(gs33,aq[3],dT,cqc);
rk(qs34,aq[4],dT,cqd);
cq[3] := (cqa + cgb + cqc + cqd);

rk{qs44,aq[4],dT,cqd);
cq(d] := (cqd);

end; { end of proc Qpar)

(*********************************'*******************************}

Procedure Plant(up:pvarr; var yp:pvarr);

{This procedure is similar to the one given in Appendix F

since no alterrations have been made)
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var ;

ypa,ypb,ypc,ypd : real;
i : integer;

begin
with gs11~ do
begin
deadtime := 0;
ordN := 1;
ordD := 2;
coeffN[0] :
coeffN[1] :
- coeffD[0] :
coeffD[1] :
coeffD[2] :
end;

0.005%0.009;
0.009;
0.0006;
0.05;
I

with gs12~ do

begin
deadtime := 30;
ordN := 0;
ordD := 1;
coeffN[0] := 0.00625;
coeffD[0] := 0.0125;
coeffD[1] := 1;

end;

with gs13~ do
begin
deadtime := 30;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
end;

~0.016;
0.02;
1;

with gs217 do

begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD{1] :
end;

-0.01625/2; ,
0.025;
1

with gs22~ do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
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coeffN[0] := 0.00744;

coeffD[0] := 0.012;

coeffD[1] := 1; \
end;

with gs23~ do

begin
deadtime := 0;
ordN := 0;
oxrdD := 1;
coeffN[0] := -0.0011;
coeffD[0] := 0.005;
coeffD[1] := 1;

end;

with gs31* do
begin
deadtime := 15;
ordN := 1;
ordD := 2;
coeffN[0] :
coeffN[1] :
coeffD[0] :
coeffD[1] :
coeffD[2] :
end;

0.0009%0.016667/2;
0.016667/2;
0.0003;

0.035;

1;

with gs32* do
begin
deadtime := 45;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :
end;

0.0182;
0.028;
1;

with gs33* do
begin
deadtipe := 0;
ordN := 1;
ordD := 2;
coeffN[0] :
coeffN[1] :
coeffD[0] :
coeffD{1] :
coeffD[2] :
end;

0.0005%0.036;

0.036;

0.0006; '
0.05;

1;

with gs34” do
begin
deadtine := 20;
ordN := 0;
ordD := 1;
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coeffN[0] := -0.009/2;
coeffD[0] := 0.03;
coeffD[1] := 1;
end;

with gs44” do

begin v
deadtime := 5;
ordN := 0;
ordD := 1;

coeffN[0] := 0.00756/2;
coeffD[0] := 0.0105;
-coeffD[1] := 1;
end;

qdly12[1] := up[2];
qdlyl3[1] := up[3];
qdly31[1] := up[l];
qdly32[1] := up[2];
qdly34[1] == up[4];
qdiyd4[1} := up[4);

for i := 30 downto 2 do qdly12[{i] := qdiyl2[i-1];

for i := 30 downto 2 do qdly13[i] := qdlyl13[i-1];
for i := 15 downto 2 do qdly31{i] := qdly31[i-1];
for i := 45 downto 2 do qdly32[i] := gdly32[i-1];

for i := 20 downto 2 do qdly34[i] := qdly34[i-1];
for i := 5 dounto 2 do qdly44[i] := gdlyd4[i-1];

rk(gs1l,up(1],dT,ypa);

rk(gs12,qdly12[30],dT,ypb);
rk(gs13,qdly13[30],dT,ypc):
yp(1] := (ypa + ypb + ypc);

rk(gs21,up(1],dT,ypa);
rk(gs22,up(2],dT,ypb);
rk(gs23,up[3],dT,ypc);
yp[2] := (ypa + ypb + ypc);

rk(gs31,qdly31[15],dT,ypa);
rk(gs32,9dly32[45],dT,ypb);
rk(gs33,up{3],dT,ypc);
rk(gs34,qdly34[20],dT,ypd); _
yp(3] := (ypa + ypb + ypc + ypd);

rk(gs44,qdly44[5],dT,ypd);
yp(4] := (ypd);

end; { end of proc Plant)

{***********************‘*****************************************}
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Procedure Model(um:pvarr; var ymm:pvarr);
{This procedure computes the mismatched model, K({s).

The numerators, ’ordN’, and
denominators, ‘ordD’,
are specified for each TFM element. The coefficients for
numerator and denominator, which are, ‘coeffN’ and ‘coeffD’ are also given for each element of the
matrix of transfer

- functions}
var
yma,ymb,ync,ynd : real;
i : integer;
beqgin

with msil* do
begin
deadtime := 0;
ordN := 0;
ordD := 2;
coeffN[0] :
coeffN[1] :

~ coeffD[0] :
coeffD[1] :
coeffD[2] :
end;

.15%0.0006/2;
.018/2;
.0006;

.05;

.
]

—_ 0 O O O

with ms12* do
begin
deadtime := 30;
ordl := 0;
ordD := 1;
coeffN[0] := 0.00625;
coeffD[0] := 0.0125;
coeffD[1] := 1;
end;

with ms13~ do

begin

deadtime := 30;

ordi := 0;

ordD := 1; A :

coeffN[0] := -0.016; ’
coeffD[0] := 0.02;

coeffD[1] := 1;
end; :

with ms21* do

begin
deadtime := 0;
ordN := 0;

ordD := 1;
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coeffN[0] := -0.01625/2;
coeffD[0] := 0.025;
coeffD[1] := 1;
end;

with ms22* do

begin
deadtine := 0;
ordN := 0;
ordD :=1;
coeffN[0] := 0.00744;
coeffD[0] := 0.012;
coeffD[1] := 1;

end;

with as23~ do

begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD[0] :
coeffD[1] :

end;

-0.00117
0.005;
1

with ms31* do

begin
deadtime := 15;
ordN := 0;
ordD := 2;
coeffN[0] := 0.05%0.0003/2;
coeffN[1] := 0.016667/2;
coeffD{0] := 0.0003;
coeffD{1] := 0.035;
coeffD[2] := 1;

end;

with ms32* do
begin
deadtine := 45;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD(0] :
coeffD[1] :
end;

0.0182;
0.028;
1 H ’ ) ¥

with ms33~ do
begin
deadtime := 0;
ordN := 0;
ordD := 2;
coeffN{0] := 0.0006%0.03;
coeffN{1] := 0.036;
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coeffD[0] :

coeffD[1] :

coeffD[2] :
end;

0.0006;
0.05;
1;

with ms34~ do
begin
deadtime := 20;
ordN := 0;
ordD := 1;
coeffN[0] :
coeffD{0] :
coeffD[1] :

end;

-0.009/2;
0.03;
1;

with ms44* do

begin
deadtime := 5;
ordN := 0;
ordD := 1; _
coeffN[0] := 0.00756/2;
coeffD[0] := 0.0105;
coeffD[1] := 1;

end;

ndly12(1] :
ndlyl3{1] :
ndly31{1] :
ndly32[1] :
ndly34[1] :
ndly44[1] :

un{2);
un{3];
un(1];
un{2};
un[4];
un(4];

for i := 30 dounto 2 do mdlyl12[i]
for i := 30 dounto 2 do mdly13[i]

for i := 15 dounto 2 do mdly31[i]
for i := 45 downto 2 do mdly32{i]
for i := 20 downto 2 do mdly34[i]
for i := 5 downto 2 do mdly44[i}

rk(ms1l,um[1],dT,yma);
rk(ms12,nd1y12[30],dT,ymb);
rk(ms13,ndly13{30],dT,ymc);
ynm{1] := (yma + ymb + ymc);

rk(ms21,un(1],dT,yma);
rk(ns22,un{2],dT,ynb);
rk(ms23,un[3],dT,ync);
ymm[2] := (yma + ymb + ymc);

rk(ms31,ndly31{15},dT,yma);
rk(ms32,ndly32[45],dT,ymb);
rk(ms33,un(3],dT,ync);
rk(ms34,ndly34[20],dT,ynd);

yam{3] := (yma + ymb + ymc + ynd);

:= ndlyl2[i-1];
:= ndly13(i-1];
:= mdly31(i-1];
:= ndly32[i-1];
= ndly34[i-1};
:= ndly44[i-1];
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rk(ns44,ndly44[5)],dT,ynd);
ymm{4] := {ymd);

end; { end of proc model)

{****************************************************************}
Procedure FlotRig(uriq : pvarr; var yrig: pvarr);

{This procedure receives the FLOTRIG inputs,‘uriq[i]’, for

each column and writes the respective values to the

appropriate valves. It also reads the respective levels of
the FLOTRIG cells into ‘yrig[i]’.}

var chnov, j : integer;
level : real;
position . integer;
offs : array[1..4] of integer;
factr : array(l..4] of real;
percoff : array[1..4] of real;

{0=Rec, 1=Cle, 2=5ca, 3=Rou for valves=V}

{4=Rec, 5=Cle, 6=5ca, 7=Rou for levels=L}
begin

offs[4] := 2000; {1915;} {1=Rou, 2=Sca, 3=Cle, 4=Rec}
offs[3] := 2185; {2290;)

offs[2] := 2550;

offs[1] := 2550;

factr[4]:= 6.6; {7.45)
factr[3]:= 7.94; ({7.94)
factr{2]:= 7; {7}
factr[1]:= §; {8)

percoff[4]:= 0;
percoff[3]:= 0;
percoff{2]:= 0;
percoff[1]:= 0;

for chnoV := 3 downto 0 do
begin
position := trunc(2048 + 20.48*urig[4-chnov]);
dac_write(chnoV,position); ;
adc_read(chnoV + 4, level);
yrig{4-chnoV] := (level - offs[4-chnoV])}/factr[4-chnoV];
with £ilt1~ do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] := 1;
coeffD[0] := 1;
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coeffD[1] := 1;
end;

with £ilt2* do
begin
deadtime := 0;
ordN := 0;
ordD := 1;
coeffN[0] := 1;
coeffD[0] := 1;
coeffD[1} := 1;

end;

with filt3+ do

begin
deadtine := 0;
ordN := 0;
ordD := 1;

coeffN[0] := 1;

coeffD[0] := 1;

coeffD[1] := 1;
end;

with filt4» do
begin
deadtine := 0;
ordN := 0;
ordD := 1;
coeffN[0] := 1;
coeffD[0] := 1;
coeffD[1] := 1;
end;

rk(filtl,yriq[1],dT,yrig[1]);
rk(filt2,yrig[2],dT,yrig[2]);
rk(filt3,yriq(3],dT,yrig[3]);
rk(filtd,yrig[4],dT,yriq[4]);

end;
end;

{****************************************************************}

Procedure ServKeySinm;

{ This procedure services all request obtained from the
keyboard for functions required by the user. In this case
for selecting cells, closing the loop etc.}

var chno, j, ctr_in

: integer;

choice, Key_pressed : char;
exit : char;
level,step : real;
i, ex,wy : integer;

tex :
a,b,c,y,ym,r,u,a0ld :
wold, ain, uflot

: array[l..4) of string;

pvarr;

: pvarr;
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factr : array[1..4] of real;
percoff : array[l..4] of real;
offs : array[l..4] of integer;
Qcontrol : char;

row,col : integer;

begin
r(1] := 0; a[l] := 0; wold[1] := -50; b[1] := 0; c[1]
uflot{1] := 0;
r[2] := 07 a[2] := 0; uold[2] := -50; b[2] := 0; ¢[2]
uflot[2] := 0;
~x[3] :=0; a[3] := 07 wold(3] := -50; b[3] := 0; ¢[3]
uflot[3] := 0;
r[4] := 0; a[4] := 0; uold[4] := 0; b[4] := 0; c[4]
uflot[4] := 0;
tex[4] := 'L4%;
tex[3] := 'L3';
tex[2] := 'L2';

tex[1] := 'L1';

initstates; {clear the states)

initdelays; {initialise the arrays for delays)
clrscr;

repeat

clrscr;

choice := 7 /;
key_pressed := ' /;

rep0 := 0; repl := 0; rep2 := 0; rep3 := 0;

time := 0;
gotoxy(15,5);
write(! ————');
TextAttr := 112;
if KeySimRig = /S’ then
write(’ MAIN MENU (Simulation) ’)
else
write(’ MAIN HENU (Flot. Rig ) ’);
TextAttr := 7;

writeln(’—————')iqotoxy(15,6);

writeln(’| Press <L> - for logging data
writeln(’ (toggles on / off )
uriteln{’ <0> - step test on RECLEANER
writeln(’ <1> - step test on CLEANER
writeln(’ <2> - step test on SCAVENGER
writeln(’ <3> - step test on ROUGHER
-writeln(’ <h> - step tests on all cells
writeln(’ <U/D> - to step(u/d) a chosen cell
writeln(’ <®> - for ramp tests on cells
writeln(’ <B> - To Quit (EXIT)
writeln(’

"— .
o t

= 0;

= 0;

1= 0; uf3] :=0; ym[3] :=0;

):qotoxy(15,7):

"):qotoxy(15,8);

");qotoxy(15,9);

");gotoxy(15,10);
);qotoxy(15,11);
") ;q0toxy(15,12);
"):gotoxy(15,13);
");qotoxy(15,14);
") ;qotoxy(15,15);
");qotoxy(15,16);
"Y;qotoxy(15,17);

u[1] := 07 ym[1] := 0;

uf2] := 0; ym[2] = 0;

u[4] := 0; ym[4] := 0;

y[1] := 0;
y[2] := 0;
y(3] := 0;

y[4] := 0;
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writeln(’ Enter choice : ’);
repeat
gotoxy(39,17);clreol ;
readln(choice);
choice := upcase(choice);
if not(choice in [’0’..73’,7E']) then
beqin
for i:= 1 to 8 do
begin
Sound(1000+100%1);
delay(100);
NoSound;
end;
end;
until choice in [0’..737,'E'};

if choice = ‘E’ then exit := choice;

if choice in {’0’..’3'] then

begin
case choice of
0’ : foot := ‘L = Log : <RECLEANER>
1Y ¢ foot := 'L = Log : <CLEANER>
12" ¢ foot := 4 = Log : <SCAVENGER>
3" : foot := 'L = Log : <ROUGHER>
end;

: Q = Quit , C = C/Loop’;
1 Q = Quit , ¢ = C/Loop’;
: Q= Quit , ¢ = C/Loop’;
: Q= Quit , ¢ = C/Loop’;

settime(0,0,0,0); {initial value of time)

time := 0;

Told := 0;
ctr_in := 0;

col := 0;
Qcontrol := 'N’;
RampOn := false;

InstGraph(’c:’);
ScrSetUp;
CalcScale;
Axes(Show);

repeat
if col <= 600 then
begin

gettime(Hour,nin,sec,secl00);
clock(Hour,min,sec,sec100,tine);
delay(950);

if keypressed then key_pressed := upcase(readkey);

case key_pressed of
¢’y Qcontrol := 'C’;
'N’: begin
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Qcontrol := 'N’;
ctr_in := 0;
end;

'L': LOG := not LOG;
end; {case key_pressed}

(* Insert controller and close the loop ¥)

if Qcontrol = 'C’ then

begin
for j :=1to 4 do
begin
if ctr_in = 0 then
begin

r[j] = y[3:
Told := y[52-ord(choice)];
end;
b[3] := (y(3] - yn(3]):
a[j] = (3] - b3
end; { for loop)

if ctr_in = 0 then ctr_in := ctr_in + 2;

Dynamics(a,c);
Qpar(c,u);
for j :=1to 4 do u[j] := 2%u[j];
for j := 1 to 4 do clamp(u[j],-100,100);
if KeySimRig = 'S’ then
begin
Plant(u,y): {Simulation model of the riq)
Model(u,ym);
for j := 1 to 4 do yn[j] := ym[j]/2;
end;
if KeySimRig = ‘R’ then
begin
for j := 1 to 4 do uflot[j] := u[j] + uold[j];

FlotRig(uflot,y); {Flotation process sim. rig)

Model(u,ym);
for j :=1 to 4 do yn[J] := yn[j]/2;
end;

end; {end ‘¢’ if statement)

(* Remove the controller from the loop *)

if Qcontrol = ‘N’ then
begin
if KeySimRig = 'S’ then
Plant(u,y); {Simulation model of the riq)
if KeySimRig = 'R’ then
begin
FlotRig(uold,y); {Flotation process sim. riq)
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end;
end; {end ‘N’ if statement)

DrawP(time,r[52-ord(choice)]);

if (time > 200%2) and (time < 201%2) then

begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(r[52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wyts,’r'); -

end;

DrawP(time,yn[52-ord(choice)]);

if (time > 331%2) and (time < 332%2) then

begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(ym[52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wy+5,'yn’);

end;

DrawP(time,u[52-ord(choice)]);

if (time > 461%2) and (time < 462%2) then

begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(u[52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wyt5,'uflot’);

end;

DrawP(time,y{52-ord(choice)]);
if (time >= 592%2) and (time <= 593%2) then
begin
ex := Trunc(xscl*(time-xnin)+50);
wy := Trunc(300-yscl*(y[52-ord(choice)] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wy+5,’L’+choice);
end;

DrawP(time,y[1]);

if (time >= 30%40) and (time <= 30%40+2) then

begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(y[1] - ymin));
Settextstyle(0,horizdir,1); .
Outtextxy(ex,wyt5,’Ll’);

end; :

DrawP(time,y[2]);
if (time >= 610) and (time <= 612) then
begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(y[2] - ymin));
Settextstyle(0,horizdir,1);
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Outtextxy(ex,wyt5,’L2'); |
end;

DrawP(time,y[3]);
if (time >= 920) and (time <= 922) then
begin
ex := Trunc(xscl*(time-xmin)+50);
wy := Trunc(300-yscl*(y[3] - ymin));
Settextstyle(0,horizdir,1);
Outtextxy(ex,wyt5,/L3);
end;

DrawP(time,y[4]);

if (time >= 1530) and (time <= 1532) then

begin
ex := Trunc(xscl*(time-xmin)+50);
Wy := Trunc(300-yscl*(y[4] - ymin));

- Settextstyle(0,horizdir,1);
Outtextxy(ex,wy+5,’Ld’);

end;

col :=col +1;
if col <= 600 then
begin
for row := 1 to 4 do
begin
setp [row,col] := r[row];
u_ctrlfrow,col] := ufrowl;
yn_out[row,col] := ym{row];
yp_out[row,col] := y[row];
end;
end; {end if col < 600}
end; {end if "col < 600" then)

if Qcontrol = 'K’ then
begin
case key_pressed of
'3': begin
if choice in ['0’..73"] then
u[52-ord(choice)] := u[52-ord(choice)] + 10;
Key_pressed := ' /;
end;
D’ begin
if choice in [0’..73'] then
u[52-ord(choice)] := u[52-ord(choice)] - 10;
Key pressed := ' /;
end;
end; :
end; {if Qcontrol ‘N’....... )

if Qcontrol = ‘C’ then
begin
case key_pressed of
0’2 begin
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case choice of
'0’: step := 10; {204.8%2;)
"17: step := 10; {204.8;}
2" step := 10; {204.8;}
3': step := 10; {204.8%2;}
end;
r(52-ord(choice)] := r[52-ord(choice)] + step;
For j := 0 to 50 do Drawp(time,2%j);
Key_pressed := ' /;
end;
D’ begin
case choice of

"0’ step := -10;
A "17: step := -10;
- 2 step := -10;
3': step := -10;

end;

r(52-ord(choice)] := r[52-ord(choice)] + step;
For j := 0 to 50 do Drawp(time,j*2);
Key_pressed := ' /;
end;
'R': begin
RampOn := not RampOn;
For j := 0 to 50 do Drawp(time,]j*2);
Key_pressed := ' /;
end;

end; {end case keypressed}

if (RampOn = true) then
begin
if time <= 450 then
r[52-ord(choice)] :
if time > 450 then
r[52-ord(choice)] :
end;
end; {if Qcontrol 'C’....... )

f[SZ-ord(choice)] + 20/500;

1t

r(52-ord(choice)] - 20/500;

if keypressed then Key_pressed := upcase(readkey);
until (key_pressed in [/Q’]) or (key_pressed = §27);

if (key_pressed = 'Q’) or (key_pressed = §27) then closeqraph;
end;
~until exit = 'E%;
end;

{****************************************************************}

begin
initpointers;
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ar := 1.0;
checkfil := 0;
repeat

clrscr;

Log := false;

KeySimRig := ! /;

Gotoxy(15,5);

Write(! ":

TextAttr := 112;

writeln(’Press the Corresponding Key’); qotoxy(ls 7);
TextAttr := 7;

Writeln(’ <R> * Do C/Loop tests on the FLOTATION RIG’);qotoxy(15,8);
Writeln(’ <S> * Do C/Loop simulations of the RIG');gotoxy(15,9);
“Writeln(’ <P> * To return to the program ):qotoxy(15,11);
Writeln(’ GRAPHS for each cell "Yiqotoxy(15,12);
Writeln(’ ONLY after a simulation is made ’);gotoxy(15,14);
Writeln(’ <0> * r &y of RECLEANER GRAPHS ") ;qotoxy(15,15);

Writeln(’ <A> * u & ym of RECLANER GRAPHS ") ;qotoxy(15,16);.
Writeln(’ <1> *r &y of CLEANER GRAPHS ');qotoxy(15,17);
Writeln(’ <B> * u & ym of CLEANER GRAPHS ");qotoxy(15,18);

Writeln(’ <2> * r &y of SCAVENEGR GRAPHS ") ;qotoxy(15,19);
Writeln(’ <> * u & ym of SCAVENGER GRAPHS ") ;qotoxy(15,20);
Writeln(’ <3> *r &y of ROUGHER GRAPHS ")iqotoxy(15,21);
Writeln(’ <D> * u & ym of ROUGHER GRAPHS ") ;qotoxy(15,22);
WRITELN(' KEY = ');qotoxy(22,22);

repeat until keypressed;

gotoxy(22,22) ;clreol;

if keypressed then KeySimRig := upcase(ReadKey);
if KeySimRig = ‘R’ then
initialize; {¥#%kkkkk% ADC & DAC cards kkkkkkkkk)

if KeySimRiq in [’R’,’S’] then
begin
graphdim;  {k**kxkkkk graph dimensions kkkkkskik)
ServKeySim;
end;

if KeySimRig in [707..3',’A’..'D'] then

begin
head := ‘FLOTATION PROCESS SIMULATION RIG (C/L)';
max := 600;
xmin = 0; :
xint := 60;

xlabl := ‘time [s]’;
case KeySimRiq of
10’ :begin
cell := 4;
ymax := 70;
ynin := -50;
yint := 10;
ylabl:= ’Setpd & Leveld in [3];
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foot := 'RECLEANER: press any key to continue’;

InstGraph(’c:’); '

ScrSetUp;

CalcScale;

Axes(Show);

for point := 1 to 600 do

begin

Drawp(point,Setp[cell,point]);
Drawp(point,yp_out[cell,point]);

end;
repeat until keypressed;
end;
'A’:begin
cell := 4;
ymax := 45;
ymin := -30;
yint := 5;

ylabl := ‘u4 & ymd in [8]';
foot := /RECLEANER: press any key to continue’;
InstGraph(‘c:’);
ScrSetlp;
“CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,u_ctrl{cell,point]);
Drawp(point,ym_out[cell,point]);
end;
repeat until keypressed;
end;
'1':begin
cell :
ymax :
ymin
yint :
ylabl:= ’Setp3 & Level3 in [%]’;
foot := 'CLEANER: press any key to continue';
InstGraph(’c:’); ,
ScrSetUp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Draup(point,Setp[cell,point]);
Drawp(point,yp_out[cell,point]); .
end;
repeat until keypressed;
end;
"B’ :begin
cell
ymax :
ynin
yint :
ylabl:

3;
50;
=50;
107

[T LS 1} .I: wou

3

307

=30;

5;

‘u3 & ym3 in {3]";
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foot := ‘CLEANER: press any key to continue’;
InstGraph(‘c:’);
_ScrSetUp;
CalcScale;
Axes{Show);
for point := 1 to 600 do
beqin
Drawp(point,u_ctrl{cell,point]);
Drawp(point,ym_out[cell,point]);
end;
repeat until keypressed;
end;

'2':begin
cell := 2;
ymax := 50;
ymin :
yint :
ylabl:= ’Setp2 & Level2 in [%]';
foot := 'SCAVENGER: press any key to continue’;
InstGraph{’c:’);

ScrSetUp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,Setp(cell,point]);
Drawp(point,yp_out[cell,point]);
end;
repeat until keypressed;
end; !

'C’:begin
cell :
ymax :
ymin :
yint :
ylabl:= ‘u2 & ym2 in (%]';
foot := 'SCAVENGER: press any key to continue’;

InstGraph(’c:’);
ScrSetUp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,u_ctrl{cell,point]);
Drawp(point,ym_out[cell,point]); ,

10;

wouw ouwou
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end;
repeat until keypressed;
end;
'3':begin
cell :=1;
ymax := 50;
ymin := <50;
yint := 10;

ylabl:= ’Setpl & Levell in [3]';
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foot := 'ROUGHER: press any key to continue’;
InstGraph(’c:’);
ScrSetUp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin
Drawp(point,setp[cell,point]);
Drawp(point,yp_out[cell,point]);
end;
repeat until Keypressed;
end;
'D’ :begin
cell = 1;
ymax := 30;
ymin := ~30;
yint := 5;
ylabl:= ‘ul & ynl in [%]’;
foot := 'ROUGHER: press any key to continue’;
InstGraph(‘c:’);
ScrSetUp;
CalcScale;
Axes(Show);
for point := 1 to 600 do
begin '
Drawp(point,u_ctrl[cell,point]);
Drawp(point,yn_out{cell,point]);
end; 1
repeat until keypressed;
end;
end; {end case KeySimRig}
closegraph;
end;
until KeySimRig = 'P’;
end.
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