4

A SIMULATION MODEL FOR USE IX TESTING A FAST-TIME PREDICTOR

INSTRUMENT FOR BENSON BOILER STEAM TEMPERATURE CONTROL

David George Bradford

A Dissertation submitted to the Faculty of Engipeering,

University of
fulfilment of

of Science in

Johannesburg,

the Witwatersrand, Johannesburg, in part
the requirements for the Degree of Master

Engineering.

February 1985

T S

e —— t T——




T
‘*wg¥;
- BT
1
|
DECLARATION

I declare that this dissertation is my own unaided work. It

18 being gsubmitted for the degree of Master of Science in
Enatneering tn the Untveraity of the Witwatersrand, 1
Johannesburg. It has not been submitted for any degree or {
examination at any osther University. a
I
I
}
v ’.
‘L ek : r‘
T " fs
! B, G. Bradford i
The e, day of ; s 1985, ;
!
i
Bk
{
li
i

-
i
[N}
d
i
H
It

3 t
¥
4 1}?‘
h
- |




[P~

PN N ey S S T S ' - [N S = ol e D umI

To my Parents




The

ACKNDODWLEUDGEMENTS

author would like to express his appreciation for the

assistance received fromj;

1)

2)

3)

a)

5)

6)

7)

The CSIR, the University and the A.M. Jacobs Scholarship

funds in providing the necessary financlial assistance.

€. Williams and B. Pitman, of Escom, in making available
the necessary information and in organising contact with

Escom Personnel at Duvha Power Station.

M. Fell and the statt of units one and three in
assisting with on-site lezrving and data collection

exercises.,

S, McCandlish of Exeter University in formulating the
original proposal and for his assistance in the
mechanical engineering +ield durirg the early stages of

this work.,

Protessor I. Macl.eod, who took over the supervisory
role on the return to Exeter of $S. McCandlish, and +for
his tcomments on control aspects of this report and the

report presentation,

My colleagues and +ather for proof reading the report.

My mother for her time and patience for tranrFforming the

draftt of this report into its final form.

I S : N

e o

e e




. e

e

eyt

ABSTRACT

The work reported in this dissertation is aimed at
determining a sufficiently accurate model for a section of a
power station boiler plant so that at a later time, a fast-
time predictor instrument may be designed and tested without

interftering with the operation of an on-line boiler unit,

The model required +tor the predictor instrument is a
simplification of the simulation model, The instrument
enables the eperator to predict, in a short time, how an

action taken now will affect the baoiler unit in the +Future.
It is suggested that such ar instrument would enhance the
operator’'s ability to control the boiler thus providing

faster response times to system and grid disturbances.

The dissertation {ncludes a review of possible bpiler control
strategies. A motivation for a fast-time predictor instrument
i provided. An analysis of mechanical engineering aspects of
the boiler and of simulation techniques enabled a model
satisfying the swsimulation objectives to be developed and
Justifed. A technhigque (s suggested for determining the

parameters for these models.

An attempt was made to identity the model parameters but, due
to the limited data available and a suspected violation of
the Nyguist sampling theorem, the attempt was not successful,.
Some recommendations are made for improving the quality of

the data logged.

It is concluded that a simulation model +or the boiler
processes can be obtained and that the parameter estimation
technique 1is +feasible, but that the complex task of

system ldentification will reguire a considerable effort.

o=

.
e

o

U N RS P, . P



CONTENTS

\ CONTENTS
LISTS OF ILLUSTRATIONS

1. INTRODUCTION 1
1.1 THE GENERAL CONTROL PROBLEDM 2
1.2 THE PARTICULAR PROBLEM 3
1.3 THE PROPOSED SOLUTION 3 1
1.3.1 THE GENERAL TECHNIRUE 4 %
1.3.2 THE SCOPE OF THE WORK 5
UNDERTAKEN
1.9 AN OVERVIEW OF THE DISSERTATION ) ;
\ 1
N 2. THE IDEAS BEHIND THE SELECTED APPROACH p ﬂ
2.1 AUTOMATIC CLOSED LOOP CONTROL ? |
l 2.1.1 CLASSICAL CONTROL 8 Q
2.1.2 TRANSFER FUNCTION TECHNIQUES 8 %
2.1.3 STATE-SPACE FEEDBACK CONTROL ® ﬁ
2.1.4 ADARTIVE CONTROL 10 '
2.2 THE MAN IN THE LOOP 12 g
2.2.1 SIMPLE CLOSED-LOOP CONTROL 12 !
2.2.2 PREDICTIVE CONTROL 14 5
2.2.3 THE APPLICATION TO THE PROBLEM 16 !
OF BOILER CONTROL
2.7 THE PLANT SIMULATION 17
' 3. AN OVERVIEW OF THE BOILER 19
3.1 THE BASIC OPERATION OF THE UNIT 19
- 3.1.1 THE STEAM CYCLE 19
3.1.4.1 THE FEEDWATER PUMPS 19
3.1.1.2 THE BOILER 22
Z.1.1.3 THE TURBINE 22
f 3.1.1.4 THE CONDENSOR 23 [
I.0.2 THE ENERGY CYCLE 23 :
3.1.2.1 THE COAL MILLS 23 I
3.1.2.2 THE AIR SUPPLY 24 ]
3.4.2.3 THE BOILER 24
3.1.2.49 THE TURBO-GENERATOR 25 )
| 3.1.3 THE GENERAL START-UP PROCEDURE 26




[4

CONTENTS CONTINULD

3.2 THE CONTROL MODES
3.2.1 THE REMOTE OR CO-ORDINATED MODE
3.2.2 THE BOILER FOLLOW MODE
J.2.3 THE TURBINE FOLLOW MODE
3.3 THE BOILER IN MORE DETAIL
2.3.1 THE CONVERSION OF WATER TO STEAM
I.3,1.14 THE ECONOMISER
3.3.1.2 THE DIVISION WALL
G301 0 THE SCREW WALL AND
THE UPPER FART
3.%.1.4 THE STEAM ATTEMPORATOR
AND THE RE-CIRCULATION
SYSTEM
SIS SR THE TRANGFER DF CHEMICAL ENERGY
TGO THE STi.AM
P SUMMARY

THE TRANSFER FUNCTION AND STATE-SFPACE MODELS

4.1 INTRODUCTION

4.2 A LIST OF NECESS5ARY PARAMATERS

4.3 THE DIVISION OF THE BOILER INTO CELLS
4.3.1 THE ENERGY TRANSFER TO THE CELL

4.3.1.1 THE ENERGY DUE TO THE
SECONDARY AIR FLOW
49.3.1.2 THE ENERGY DUE TO THE
0IlL FLOW
4.3.1.2 THE ENERGY DUE TO THE
coAaL FLOW
4.3.1.49 THE ENERGY DUE TN THE
CONVECTION AIR F.OW
4.3 1.5 THE ENERGY DUE TO THE
RE-RADIATED ENERGY
4.3.2 THE ENERGBY TRANSFE:.. «4"Y FROM
THE CELL
4.3.2.1 THE DIV.bIJN WALL
4.3.2.2 THE SCREW WALL AND
THE UPPER PART
4.3.2.3 THE TUBE BANKS
4.3.2.4 THE AIR HEATERS
4.3.2.5 THE BOILER EXHAUST
GASES
4.3.3 SUMMARY
9.4 THE STEANY-STATE HEAT TRANSFER EQUATION

FOR THE I'TH CELL

MM e’ Zes mii

30

30
31
31
31
31
35
35

35

40
40
41
43
46
a4

48

48

48

48

9%

4%
50

S50
51
S1

52

TIRL T g LV -

e g

i e

I
'

e

W apw oA

neRre (e

e

0 A !




el

CONTENTS CONTINUED

o

THE TRANSFER FUNCTION MODEL

4.5.1 THE STATEMENT OF THE MODEL
PARAMETERS

4.5.2 THE MODEL DEFINITION
THE STATE~SFPACE MODEL

G.6.1 THE FURNACE STATE-SPACE MODEL
4.6.2 THE STEAM TUBE STATE-SPACE MODEL
4.6.3 THE CELL STATE-SPACE MODEL
SUMMARY

REALIZATION OF THE MODEL PARAMETERS

S. 1
5.2

5.3

INTRODUCTICON

THE STEADY-~STATE EGUATIONS

THE TRANSFER FUNCTION MODEL

S.3.4 THE CASCADED CELL MODEL

5.3.2 THE CELL TRANSFER FUNCTION MODEL
THE STATE-SFACE MODEL

SUMMARY

A CRITICAL APPRAISAL OF THE ADOPTED APPROACH

6!1
&. 2

CONCLUSGION AND RECOMMF™

7.

1
7.2

INTRODUCTION
THE EARLIER ATTEMPTS

&.2.1 THE PHYSICAL MODEL
&.2.2 SYSTEM IDENTIFICATION
6.2.3 A COMBINATION OF THE PHYSICAL

INSIGHT AND SYSTENM
IDENTIFICATION TECHNIRUES

THE CHOSEN MODE

THE METHOD FOR DETERMINING THE MODEL
FARAMETERS

6.4.1 THE MAXIMUM LIKELIHOOD MODEL
6.4.2 THE CELL TRANSFER FUNCTION MODELS
6.4.3 THE STATE-SPACE MODELS

SUMMAR'Y

o3

CONCLUSION
RECOMMENDATICGN:

50
90
%0
%0
93
54

97
100

100
105
1085
104

162
107
107

BTN N

— e

=1

bad



CONTENTS CONTINUED

REFERENCES

APPENDIX

APFPENDIX

APPENDIX

APRPENDI %

APFENDIX

AFPPENDI X

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

G

M

=

.a

..

TWO METHODS FUOR LINEARIZATION
OF THE HEAT RADIATION EQUATION

DERIVATIUN OF THE CASCADED
CELL MODEL FROM THE SINGLE
CELL MODEL

THE LIST OF PCINTS USED FROM
THE LOGGED DATA

THE 1IMSL ROUTINES

THE DATA FILES AND THEIR
CONTENTS

THE MULTIPLICATION OF SPECIFIC
MATRIX FORMS

DETERMINING THE MATRIX K
598

DETERMINING THE MATRIX H

3
DETERMINING THEFE MATRIX &7
DETERMINING THE MATRIX Fs

GRAPHS OF THE INPUS AND
QUTPUTS CONSIDERED IN
SECTION 5.3.1

e

R

[y




LI s T 0 F I LLUS TRATIOQONS

2.1 THE BLOCK DIAGRAM FOR AN ADAFTIVE CONTROLLER 10 ﬂ:
2.2 THE ROLE OF EXPERT STYSTEMS IN ADAPTIVE CONTROL 12 ”
2.3 THE ROLE OF THE FAST-TIME PREDICTOR INSTRUMENT 15 .
2.4 OPERATOR REACTION TO POTENTIALLY CRITICAL 16 |
TEMPERATURE R.BES ;
Tt BLOCK DIAGRAM REPRESENTATION OF MAJOR ELEMENTS 20 i
IN THE UNIT "
z.2 ENERGY FLOW DIAGRAM OF GENERATING UNIT 21 {
3.3 EFFICIENCY OF ELECTRICITY GENERATING PLANT 21 g
1
3.4 CURVES OF SELECTED BOILER PARAMETERS 27 h
DURING A COLD START-UP i
3.5 CURVES OF SELECTED BOILER PARAMETERS 28 |
DURING A WARM START-UF B
3.5 SCHEMATIC REPRESENTATION OF THE BOILER 32
HEAT TRANSFER SUNRFACES , !
3.7 PLAN VIEW OF BOILER FROM ABOVE 'A’ LEVEL 33 ﬁ
BURNERS !
“\
3.8 BLOCK DIAGRAM REPRESENTATION OF WATER AND STEAM 34 £
CIRCUITS BEFORE THE SUPERHEATER TUBES M
f
4,1 THE BOILER UNIT SHOWING THE SUB-UNITS OF INTEREST 43 i
.
4,2 THE FHYSICAL DIVISION OF BOILER INTO CELLS 44 f
4.3 THE BLOCK DIAGRAM OF THE MODEL FER THE I'TH 46
CELL
4.4 THE BLOCK DIAGRAMS OF THE MUDELS FOR THE 57
EVAPORATOR AND DIVISION WALL
4.5 BLOCK DIAGRAM REPRESENTATION UF CASCADED 58
MODELS
5,1 TABLE OF PARAMETER VALUF., *9OR ALL CELLS AS 74

DEFINED BY EQUATION 4.1¢ (1! SECTION 4.4




CHAPTER 1 INTRODUCTION

The increasing demand +or electrical energy ensures the
existance of the Electricity Supplier for the Fforeseeable
future. Modern technology in the First World, and the
industrialisation o©of Third World nountries has dictated a
steady growth rate in the industry since the major strides
taken sn long ago by Michael Faraday and James Watt,
Today's &00 MW and even rarer 200 MW boilers are indeed very
difterert From early drum boilers) the original kettle

included!

The demand for mo~e enerqgy has been matched only by man's
incorrigible greed for profits, and these combine to farm the
much gQuoted theories on Economies o+ Scale., To maintain the
grovth rate, the demard +for greater effticiency has
necessitated a considerable investment in research and
development, Before progressing to larger more efficient
units present units must be we'l enough understood. The
technology must exist +or satisfactory control. Taking a
step up the ladder o4 boiler size would be sheer Ffolly
without the supporting technology. The increase in
efficiency is often only marginal and any unforeseen problems
could thwart the rules of Economies .+ Scale until such time

8% the technology again exists.

One such advance has been the develapment of the single-pass
boiler unit. Far less water is in the boiler at any
instant. The water present only cyecles once through the
tube banks being converted directly 4rom water to superheated
steam. Such units have a far more raplid response time. It
should therefore be possible to provide a better response to
system disturbances and hence an improved service to the
consumer. This response time results in a plant inherently
more difticult to control., The time avallable within which
the operator must pertorm adequate control is much reduced.
Conditions can and ocrasionally do develop too swiftly +or
meaningful operator intervention. This difficulty is +further
compounded by the human controller's inability o
satisfactorily perform more than second orduer control. The

operator can comprehend 2nd order simple harmonic motion. but
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CHAPTER 1 INTRODUCTION

4th crder harmonic motlion is considerably more complex

(Sheridan, 1974),

J.d THE GENERAL_ CONTROL PROBLEM

The i1hcreased speed of the unit response time, reasulting
in reducing starting costs, can only be bensticial i+
thé control oxists to adequately cope with the problems
resulting from faster response times. Complete

avtomat:ion of the unit i8 not vet considered a viable

proposition. Confidence in such a system is not yet
adequate, The social implications of such a development
alsn require serious deliberation. The operator must

therefore remain an essential element of the +feedback

looon. pddditional infarmation or assistance must be made
ava. .able, to the operatar, to improve unit
conftrollability. An instrument providing this support

should enhance the operator's ac'iity to control the

unit,

A modern &00 MW Benson ance~through boiler unit of the
type in operation at Duvha Power Station in the Eastern
Transvaal has a designed cold start to full lpad start-up
time of eight hours (FIGURE 3.4). The consequences of a
boiler unit trip results in many lcEt generating hours,
All +Fire must be removed and all fuel purged Ffrom the
system. I+ repairs are required the system must be
cooled ennugh to allow access for the maintenarce crew.
I+ no damage has occurred the boiler must be allowed to

reach conditions from which the unit may be restarted.

To avoid complications, operators prefer to start up the
boiler at a8 much slower rate than intended. This
ensures that stresses in metals, due to thermal effects,
remain at a minimum, The more typical start-up time is
then twenty four hours, Due to maintenanc: problems and
failure of sub-systems even this 4igure is optimistic, as
consecutive start-nups are abnrted, resulting in delays of
a couple of days. During this time vast gquantities of

oil and coal are consumed with no power being generated.

Page 2
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CHAPTER 1 INTRODUCTION

The excesgive stari-up time considerably complicates
malntenance scheduling and the provision of a
satisfactory service to the end user. Synchronisation
time, when the generator is linked to the national graid,

mav b delaved b~ forty eight houre or more.

1.2 THE PARTICULAR PROBLEM

One particuler problem of the type distussed above is
that of the steam temperature control at the inlet to the
first steam attemporator (FIGURE I.8), The: attemporators
add spravy  water Lo the system to control the steam
temperature. The attemporated steam 15 then superheated
and attemporated furtrer 1rn a number of stages before
driving tre  turbiine. The Ffaret attemporator inlet
temperature must remaitn withain controllable bounds to
ensure that later heatins and spra. wates stages are able
teo produce oteam of the rigkt gualaity for use by the
turbine, Thoald thig temperature be too ligh the
andrtbtion o f sprrevwater may be insuftficient to maintain
caontrol nt the steam temperature at the inlet ta the
turbine, An excessive temperature will also produce
high metal stresses which may result in a boiler trap.
Thisg temperature has a tendancy to change very rapidly,
compared to the s'stem resgsponse times, preventing the
operator from taking satisfactory control action. The
transter function relating the steam temperature to the
disturberce {s thought Lo include real poles close to the
origin. The oaperator 15 not capable of adequately
closing  the loop in this case, In an attempt to
prevent the rate of tube expansian exceeding its maximum,
the operator’'s reaction may cause anh oscillatory response
which may result in a unitt trip due to the maximum rate
0nf  contraction being exceeded. This may result h
damage to the unit 1 which case the boi1ler would need to
he zonled =zufficrently to allow repair werk to  take
place. At the very least a purge cycle will be required

end a warm start initiated.

RPage 3
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CHARPTER 1 INTRODUCTION

1.3 THE PROPOSED SOLUTION

The purpose of the project described in this report s
to investigate a way of providiyy the operator with
additional information enabling him to take sgatisfactory “ﬁ
contropl action. The operator should remain an essential “
element of the control loop making use of informatian
that has been suitably processed and displayed by the

proposed instrument. He would be able to try new !

techniques +for control purposes wWithout catastrophic
delavs. The instrument could also be used as an on line

training aid enabling operators to use different wmills

and firing rates to maintain the steam Rttemporator inlet

temperature.

[

The remainder ot this section discusses the strategy and
approach, to the above problews, that have been adopted

in the present study.

1.3.1 THE GENERAL TECHNIQUE

A fairly simple mathematical model for the plant, in ﬂ
thig case the boliler, is obtained. Given certain ’
inputs this wmodel can be used to predict what the )
output should be in the future. Ideally, the
execution time o+ the prediction model must be wmany

times <+aster than the time constants of the real

plant,. This enables the operator to see, in a few
minutes, vwhat effect an action taken noaw, is likely
to have on the plant in a few hours time. Should
action taken now result in an unsatisfactory

prediction then the action can be cancelled or

altered immediately,.

Because of the nature of Escom’s generating plant it “
is not possible ‘o run tests directly on the boiler. a
In order to verify that the fast-time predictor )
instrument does indeed work therefore requires an
additionasl more sophisticated model to simulate the
boiler plant. This enables the predictor instrument

to be tested Aagainst the siwmulation. It would also

Page 4
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be possible to determine whether a meaningful

! improvement in controllability is apparent with the
predictar instrument in operation. Once the
necessary ronfidence is obtasined, a hardware
implementation of the fast-time predictar instrument 3*
could be undertaken. Again verification would talke -

place against the boiler simulation. The +Final

stage would then be to transter the instrument to the

plant and test its eftfectiveness in actual operation.

1.35.2 THE SCOPE QF THE WORK UNDTRTAKEN

A& mathematical model +or sections of the boiler unit

is required to form the basis o+ the detailed

simulation described above. The scaope of this

k thesis is limited to the development of such a model.
The model must be of sufficient accuracy such that at ‘
a later stage it can be used to verify and evaluate |

the tast-time predictor instrument.

ST el

The nature of the problem precludes several model’ing

technioues. It is not practical to perfarm step

™ o

i tests on the power station units. The large number of

unknown parameters requires considerable numerical

——— o s

processing capabiYity. Of+f-1line mudelling
| technigues are therefore required to determine these
parameters. The chosen method +for realisation of the

model follows.

Data from the plant was logged from the relevant data
points &t a sampling rate of one sample every five
L minutes, The most suitable data set was determined
from the data logged. Enthalpies +from measured
temperature and pressure ppints Were obtained for the
steam and flue gases. A maximum litelibood parameter
estimation technigque was employed to develop a ?
multi-input multi-output auto-regressive moving g
average model +from avallable data. Algebraic N
manipulation of the resuiting transfer functions b

vields the cell transfer function model. Finally a

state-space cell mwodel was obtained from the cell

transfer funrtion model.

Page S
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This complicated procedure is made necessary by

unavailability of intormation concerning intermediate

mills supplying the furnace.

1.4 AN OQVERVIEW OF THE DISSERTATION

discusses Iin detail the methodolaogy
Chapte

This report

the adopted approach. Thiga 1s caovered in

the necessary mechanical engineering background mat

that is required to appreciate the complexity of

generatiaon unit and in particular the boiler. The
is discussed in Chapter 4 and Chapter 3.

these

the model while the latter is concerned with

r 2. {
Considerable space is allocated in Chapter 3 to providing

The $irst

chapters is devoted to the physical definitien of ﬁ
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actually g

obtaining quantitative data on the model parameters,
The success of the model 1s discussed in Chapter & along
with a brief section on other attempted modelling 4
techniques. Finally, Cha-t-pr 7 suggests some future )
work for the continuation .« project as well as some &
important conclusions. i\
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CHAPTER 2 THE IDEAS BEHIND THE SELECTED APPROACH

To improve the plant efficiency and to ensure that certain
parameters remain bounded reqguires some form of additional
control. Mention of contrpl {immediately brings to mind open
and closed-loop systems. Open~loop systems have their
inputs derived only from a control law and na consideration
is made of the process output. The relationship between
input and output must be well defined and time invarient to
ensure a bounded ocutput. These truly open-loop systems are

rare since the operation of the unit observed i1s seldom well

defined,. The output 18 therefore usually monitored and the
input adjusted accordingly, hence the term closed-~loop
control.,

Mary plants make uLse of fully sautomatic closed-loop
cantrol, The control of these plants is transparent to the
operator or higher-level controller. An example is wWater
level in 8 tank, or fluid flow regulated by a valve. Once

the requirements have been eastablished automatic control
ansures that these requirements are satinfied. An

alternative +orm of closed-logop control involves manual

control. In manv systems it is the operator who observes
the vutput and through his experience of the plant
manipulates the inputs to achieve desired results. The
human operator is slow to react, is wmore unreliable, is

easily bored but has one saving grace, his reasoning abillity,
What then are the advantages and disadvantages of these two

forms of control?

2.1 AUTOMATIC CLOSED-LOOFP CONTROL.

Clomsing the loop with automatic control enables the human
operator to be removed. Many design technigues for

avtomatic control may be employed These include!

a) Classical Single Input Single Output Control (SIS0)
b Transter Function Technigues
c) State~-Space Feedlack Control

d) Adaptive Control

Page 7
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CHAPTER 2 THE IDEAS _BEHIND THE SELECTED APPROACH

the follpowing gsections, the various available

technigues +for automatic control will be reviewed. For
the purpose of this report automatic control specifically

excludes all forms of manual control,

2,.1.,1 CLASSICAL CONTROL

The technigues of SIS0 control (Dort, 1980) do not
readily apply themselves to complex svystems. The
use of PID controllers in individual teedback paths
is rarel)ly salisfactory 14+ attempted in isplation.
Interaction terms in a wuystem make the PID
controllers extremely difficult to adijust for optimal
perfaormance, The eftects of system non~linearities
are transmitted through all loops via interaction
terms. The svyastem mugt be well known for effective
contral., That 18, enough knowledge about the plant
must be available to allow systematic tuning of the
PID controllers, The PID controllers would be tuned
g0 as to reduce interaction to a minimum. In a large
system the use o+ PID controllers in all loops makes

this approach costly.

2.1.2  TRANSFER FUNCTION TECHNIQUES

The matrix multivarishle Fform of this technigue

allows considerably more freedom than classical
control. Papular design technigues include non-
interacting control, decomposing into dyadic matrix
form, chesracteristic loct, Nyguiat array and the

inverse Nyguist array (Owens, 1978). These techniques
are aimed at efther eliminating, ar reducing the
interaction terms to an acceptable level. Extensive
use is made of elgenvalue and eigenvettor methods., In
the +irst three techniques mentioned this can involve
complicated controller matrices and indeed these
matrices may include non-linear or irrational

functions of the Laplace operator 's’.

For all these transfer function techniques methods

exist +for determining system stability, The eftects

Page 8
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CHAPTER 2 THE IDEAS BEHIND THE SELECTED APPROACH

of non~linearities on the system can be determined

within acceptable bounds using describine function
techniques. Transter function design technigues are
more effective than SIS0 Control since interaction is

largely limited. They are also more robust to d

parameter changes unless the arder of the system is

] large. |

2.1.3 STATE ~SPAGE FEEDBAGK CONTROL I

Classical control and transfer function techniques do
not easily adiust to system changes, These changes

may result from alterations in the required plant

perfomance or could be a result ot a system (
\ recontiguration. These two methods would usually i
‘ require total revistion of controllers. Thio task is

considerably simpler i+ state-space techniques are
used. The manner in which cascaded systems are v
represented in matrix form allows each sub-system to ]
retain its own tdent ity within the matrices
representing the system. Should a section of the ;
| model change or operate about a new steady-state ‘
value then the transfter function controller or PID
controllers must be recalculated or retuned. This is ‘
j not the tase in a cascaded state-space model where

anly the relevant sub-matrices need be altered.

A suitably chosen controller enables the poles and
zeros of the system to be placed where reguired.
The multivariable equivalent for PI control may also
be used (Owens, 1981). The technigues for determining
the stability of the state-~space approach, as well as
non-linear effects, are not as easily applied as
those detined +or the transfer function technigues.
As with the transfer +function technhigues, the h
robustness of the method reduces considerably asm the
; order is increased. Variatlons in the actual system

variables could greatly affect the ihtended control

action. In extreme cases this may be unstable.

Page 9
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CHAPTER 2 THE IDEAS BEHIND THE SELECTED APPROACH

2.1.4 ADAPTIVE CONTROL

An approach most suited to problems where parameters

are known to vary is one of adaptive control (Astrom,

1973 and Astrom, 1927) . The particular downtall of ﬂ
all the above technigques is their lack of robustness )
or the sensitivity of the output to changes in ;
parameters. Disturbances in the form of noise or %
unmeasurable inpuil psarameters may considerably affect E
the ability to control the plant. A technique +or f
tracking these parameters could then be used to
continually re-define the control law ensuring that '
the required effect is obtained at the output.

f
|
Figure 2.1 shows how the irnputs, cutputs and p
¥

internal states could be used in a parameter &
estimation algorithm. The most recent parameters

could then be used to determine the paraweters

required in the teedback loop to obtain the desired

o L

control. The most popular of these algorithms is

the recur s3ive l¢ ust sgquares technigue. For a high
order system the computation involved in determining

first the plant model parameters and secondly the :

tontroller parameters may be excessive.

INPUT PLANT OUTPUT

'

PARAMETER .
‘ ESTIMATOR [~

CONTROL LAW
SYNTHESIS

FEEDBACK t
CONTROLLER [ :

FIGURE 2.1: THE BLOCK DIAGRAM FOR AN
ADAPTIVE COMTROLLER

Page 10

.




o i LS St gt e

-
- \*:,f';#;

CHAPTER 2 JHE IDEAS PEHIMD THE SELECTED APPRUACH
e
The adaptaive controller above 15 the only autumatic C
closed-1nmp rontrol strateqgy vapable of performing m;

‘e ecomples taslk of power station control. Adantive

tomarml lere are etil1l in their tnfancy and often

P re o e able processing power to be

T effert v, Fower $u1 teckhniqques, coupled to the
neccesc.ar . processing power wonld ecnable such 2 =
Sy 5iemnm to rorreoect ) recspond to nun-linearities and E
disturbang e foor most of 1te operating time. The E
r1gh daee aoxpet that the disturbarnce ma y be ﬁ
suffrerent ] Areat  to cause the controller to !%
germveras o 2 new non-optimum or unstable state., The i%
robustress  of tte certroller cannot  be guaranteed %
Qv e a osufficiently wide range of inputs, The %%
corfidensy v the strateqg, 15 not vet sufficiently %
gk +*o al’aw adept: ¢ controllers total control of 7i
sersctiee bl ikl comp i Geshams. =
. 3
N
The hruamar sperynbtor 16 better suitted for dealing with f%
urn e al tr unexpected inputs, His knowledge, after “;
covntlecs cears of power station control, canhot be ﬁ%
ianored. The corcept o+ expert systems (Duda, ies1 {l
! and Merr., 19877) would have to be i1ntroduced to the {f
control stvateg before the oporator could be +freed Lg
for himher level control tasks. An  expert syvstem E
Aattempte to form a vest core of krowledge assembled =
from man . relevant  sources. These sources would -
% ireclnde irnformation $rom the system designers, the .
manntartorers, the eystem engineers and the operator. =
The rorrectl s collated information would make N
. available to the controller the same decision making %
powers Lreviously executed by the uwuperator. The .
expert 5 vtem would firally have a majyor role to play z
in determining what state the plant 18 presently i =
and hence wWhich control law should be 1mplemented ﬁ
(FIGURPE 2.2). Only With the aid of such ah expeit g
; gsvetem, would  the adaptive controller be capable of i
. informed meaningful control action. "
T
% Page 11 £
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CHAPTER 2 THE IDEAS BEHIND THE SELECTED APPROACH

INPUT PLANT OUTPUT

¥

L PARAMETER
ESTIMATOR

EXFPERT
— SYSTEM

CONTROL LAW
SYNTHESIS

FEEDBACK CONTROLLER

FIGURE 2.2 THE ROLE OF EXPERT SYSTEMS
IN ADAPTIVE CONTROL

2,2 THE MAN IN THE LOQP

The previous section discussed some of the technigues
available +or automatic contrel. While many of these
techniques would be quite satisfactory for low level
control, none of the techniques warrants sufficient
confidence +or use at the much higher level pf the unit

control room.

The human operator still has an important role to play in
closing the loop. Today's rol# of the operator in the
feedback lonp is discussed followed by an alternative

approach to this role.

2:2.1 SIMPLE CLOSED=-LOOP CONTROL

The technology exists to reliably control a large
number of minrs power station +functions, These
inciude low leve:r regulatory and seguencing control
such as small motor and pump starting and lubrication

controls, positional control of valves, velocity

Page 12
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CHAPTER 2 o THE _IDEAS EBEHIND THE SELECTED APPROACH
covtrol of corvevers and speed cortrol of the
turbine. Higher level control may 1nclude  flow
rates, f1iring rates and steam temperature.

Evperience has shown that the low level functions
have good reliabilat y. The uaperator 18 then
justified in allowing automatac control of these
loops., Should these loopse o011 or loose control,
monitoring equaipment 1nforms the wuperator who then
tales the hecessary action. The disturbance caused
b the +failure of an avtomatic control loop 18

vgually minor,

Higher level avtomatiec control loops have alarms.
These allow the operatnor to assume that the automatait
controller is performing satisfactorily. The
operator-set alarms warn him 0f any problems that may
develnp enablira him to take corrective action.
Contral can be returned to the automatic controller
onee the opperator Fag returned the system to a

suitable state,

At a <=ti1ll higher level the operator will himself

spend time monltoring parameters and taking action

thus closing the control loop (FIGURE 2.3a)}). AS
technology improves, low level control loops could
have redundancy. High level loops will run  with

suftficient reliability and rcontrol capability to
reduce the recuirement for opetcotor intervention to
extreme cases, Loops presently requirihg the +ull
Yime monttoring of an operator will be closed with
low levels of reliability. They will still reguire
attention but at an alarm level,. This will free the

operator for still higher control strategies.

A drawback of the supervisory role of the human
operator, at sume levels of control, (steam
temperatures, et .) and the full time monitoring by
the operator, in order to close still higher level
loops, is  that a1l these control strategies cannhot
run  taster than real-time. The operator can only

know the etfercls of chahges in the input after the

Fage L3

4 B e W - i

Y TSIy g

W

%

!

"

!

{



PR, w TRy
#

e

CHAPTER 2 THE IDEAS BEHIND THE SELECTED APPRODACH

system has responded. This response time is in

certain cases considerably longer than response times

o+ sub-systems relying on the same outputs, Control

S mamarieie

o+ these sub-systems is then very difficult and

»

indeed marginally unstable.

2.2. 2 PREDICTIVE CONTROL

An alternative method +for relieving some of the
pressure on the operator is to introduce some
assistance in the form of a predictor instrument.

{Sheridon, 1974 and McCormick, 19&4) A predictive !
control strategy enables the operator Lty see the P
effects of changing inputs, not in real-time but in a I
fraction of real-time. I+ the change 1n input does iy
not produce the expected output given by the |
predictor instrument, the operator may then re-adjust

tne inputs until satisfactory output is a ieved. L
The operator can then be reasonably confident that

suittable control action has been taken without having

to wait for the plant to respond. The +inal plant &
response may not be exactly as predicted but should ;
be fairly close. Experience would eventually enable y
the operator to control the output using the 1
predictor instrument as a guideline as well as using
his own knowledge of the predictor and plant

behaviour.

Conusider the configuration shown in FIGURE 2.3a). In
order +or the operator to achieve a +first order
response at the output he must be capable bf
adjusting the plant input in such a way that the
plant, which in this casge has a 4th order transfer
function, behaves like a lst order system. In
FIGURE 2.3b) the same plant has a predictor 4
instrument linked tao it. This has the effect of
providing some +eedback arpund the original plant
{(Kelley, 1958), The characteristics of the original
plant are moditied accordingly. The effective plant
now controlled by the operator is enclosed {n the

dashed 1line. To force the plant to behave like a

Page 14
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CHAPTER 2 THE IDEAS BEHIND THE SELECTED APPROACH
4
’ st order system the operator now only heeds to
{
- control a 3rd or even 2nd order effective plant.
This task is more easily within his grasp than that
of controlling the 4th order system,
DEMAND
OPERATOR - PLANT ouTPUT
a) PLANT CONTROLLED ONLY BY OPERATOR ?
¥
'
O i
DEMAND T §
3 OPERATOR PLANT ouTPUT )
' b
’ FAST TIME
‘ MODEL
‘ l
. =
! OPERATOR !
! , DISPLAY
i -
b) PLANT CONTROLLED BY OPERATOR WITH
1 AID OF PREDICTOR INSTRUMENT
FIGURE 2.3: THE ROLE OF THE FAST-TIME )
" PREDICTOR INSTRUMENT
The benefits 0f a predictor instrument are that} it
allows the operator to try new technigues +or more
effective contral without undesirable consequences
since the operator may alter any dubious decision .
j long before the plant responds and it reduces the ¥
complexity of the plant being controlled. The
technique was first suggested for use in an analbpgue =

! system for assisting operators in maintaining the

't trim on a submarine. This plant has multiple poles
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CHAPTER 2 THE IDEAS BEHIND THE SELECTEL APPROACH

close to the origin (Kelley, 1958 and Kelley, 1962).

A more recent use has been in the aircra+tti industry

(Riepe, 1983) for assisting with landing approach
pathsg,

2.2.% THE APPLICATION TO THE PROBLEM 0OF BOILER
- CONTROL

A initial investination 1ndircated that operators

experience considerable difficulty 1n cantrolling the
first attemporator tnlet steam temperature. It
becomes extremely hard to regain control ot this
temperature once 1t begins to fluctuate. Since the
temperature rise 15 vers swift, a guick resporse 18
essential, A consequernce of these temperature
fluctuations 1 e excessive metal ditferentaial
temperatures which ma~ result 1n high stress areas.
Failure of these areas 15 not desirable and attempts
te prevent the critaical condition being reached,
atter the temperature rice starts, often results in
the boiler uraat traipping, Usuvally this 18 a result

of the operator over-reacting,

TEMF -
ma x v

" i i - - o T e
/);;\\ JURVE L a

ACTION TAKEN AT AN b) ACTION TAKEN T0OO LATE
EARLY STAGE

FIGURE 2.4: DOPERATUR REACTION TO POTENTIALLY
CRITICAL TEMFERATURE RISES
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CHAPTER_2 THE IDEAS BEHIND THE SELECTED APFROACH

2.3

Consider FIGURE 2.4a). The operator sees the
temperature straying beyond the controllable range o+
the attemporating water and initiates excessive
control action resulting in this temperature cooling
to such an extent that excessive contraction of the
metal occurs and the unit trips. A less excessive
action would have kept the temperature within the
required bounds. Another cause pf tripping orccurs
when the temperature rise has progressed to an
advanced state (FIGURE 2.4b)) and desperate action by
the operator causes the temperature to swing rapidly
towards the lower limit and a trip due to excessive
contraction oceurs, A final case occurs when action
taken is insufficient or too late to prevent the
maximum difterential temperature from beling exceeded.
The only acceptable control 1s that of curve 1. To
achieve this additional information is required to
give the operator an idea of how much action will be

reguired to maintain satisftactory control.

A Fast-time predictor instrument is well suited to
such a problem, To contral the attemperator steam
temperature ot FIGURE 2.4 the operator may adjust the
feedwater flow, the +firing rate or the choice of
burners to be taken out o+, or placed in service.
The advantages of moving fire around the combustion
chamber enables the flame temperature at the outlet
of the furnace to be reduced,. Increasing the overall
firing rate increase the steam temperature at the
outlet of the upper part. These combined actions

serve to decrease the temperature gradient across the

metal walls. The feedwater rate need not then be
altered, and as long as the control action taken is
subtle no disruption of the steam supply is

necessary.

THE PLANT SIMULATION

The

fast-time predictor instrument has the effect o+

reducing the complexity ot the plant that the operator

has

to control. The predictor model need not be
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CHAPTER 2 THE IDEAS EBEHIND THE SELE ,TED APPROACH

accurate for significant reduction in system complexity
to be achieved (FIGURE 2,3). Veriting these statements
would ultimately require that the fast-time predictor
instrument be linked to the real plant. Due to the
nature of the plant, a high degree of confidence must
exist in the equipment before tests can be run on the
bojiler unit. All attempts must be made to ensure that the
data provided to the operator by the tast-time predictor

ingtrument is as accurate as poassible.

A simulation is theretore reguired to enable the
technigue suggested to be veri+tied and later
demonstrated. Fram the simulation model a simplitied

fast~-time model can then be created.

The range of techniques available for determining the
model s severely limited. Input and output information
is easily measured. No measurements are passible for
the assumed or suggested state-space variables. Step

responses cannot be used since it is not possible to
pertorm step inputs to the coal mills, This |is,
however, possible for oll firing. Intermediate burner
levels are often not used during a start-up and the
effect of these burners cannot then be determined by

using input and nutput informaticn.

A technique to determine these intermediate transfer
functions is discussed in Chapter 4. Chapter 3 provides

the necessary backgraund on the boiler.
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CHAPTER 3 AN OVERVIEW OF THE BOILER

The condensor, boiler, turbine and generator together form a
single unit within a power station. In order to understand
the operation of any single process within the unit it is
necessary to have an appreciation of the combined processes.
This will enable high level control strateglies as well as

aspects on steam and energy +low to be discussed.

This chapter discusues the cowmplete energy generating unit
and some control strategies before considering, in more
detaill the operation of the boiler, In turn, this will pave
the way for a greater appreciation of the complexities facing
the operator and engineer in controlling the vital steam
temperature that this diusertation is primarily concerned

with, namely the +irst attemporator inlet steam temperature.

Sl THE BASIC OPERATION OF THE UNIT

The explanatian of the basic unit operation is
facilitated by consgidering three aspects of unit
operation, namely, the steam cycle, the energy cycle and
the start-up pr <edure (Babcock, 1955, Central, 1971}
ESCOM, (B and %) Hollis, 1982). The following sections
retfer to FIGURES 3.1 and 3.2.

3.1.1 THE STEAM CYCLE

3,4.1.1 THE FEEDWATER_ PUMPS

Treated water is forced through the
steam circuit by the feedwater pumps. These
asupply high pressure water (up to 20 MPa) to the
bofler unit, The water al this stage has a
strictly controlled purity which is essential o
prevent scaling taking place 1in the boiler
tubes. Scaling results {nh a degradation ot the
heat transfer charscteristics within the boiler.
These deposits also cause hot spots on the heat
transfer surfaces which result in excessive metal

stresses and possible tube faf{lure,
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CHAPTER 3

AN OVERVIEW OF THE BOILER

S.1.1.2 THE BOILER

The briler unit heats this highly pressurised
water from roughly QODC to 500DC The mass flow
rate of steam through the baoiler mus'" necessarily
be bof the same order at the input and output.
The ability of the boiler to supply power to the
fo'lowing stages is measured by two parameters,
preveure and enthalpy. Pressure is a measure
of the guantity of steam avallable, while
enthalpy measures the guality o+ the steam
available. The boiler must supply enough steam of
wusy ficient gquality to match the load requirements

of the turbine-generator.

A secondary function fulfilled by the boiler is
the reheating o+ steam exhausted +rom the high
pressure turbine for use in further turbine

stages.

Sa b 1.8 THE TURBINE

The turbine converts the available steam energy

from the boiler to rotational energy as
etticiently as possible. The turbine unit
consists of a number of stages, each designed to

use steam of a different pressure. High pressure
steam from the superheaters of the boiler unit is
fed to a high pressure turbine, This exhaust
steam % reheated by the boiler before passing
through an intermediate pressure steam turbine.
The +4inal stage is a low pressure turbine which
extracts further energy +rom the exhaust steam of

the intermediate pressure section.

It is eszsential that only steam of sufficient
quality is supplied to the turbine. Only
superheated steam s permissible since water
vapour in saturated steam could condense {in the
supply tubes, or in the turbine i{tsel$, rcausing

contraction and corrosion wWhich may result in
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AN _VERVIEW OF THE BOILER

extensive damage. During the start-up procedure

steam bypasses the turbine until satisfactory

steam conditions exist.

S.4.1.4 THE CONDENSOR

For an acceptable cycle efficiency to be achieved
the exhaust from the turbine low pressure sectian
must be maintai ed at a sufficiently low
pressure. The ct densor cools the steam output
causing condensation which provides the necessary
vacuum for the turbine, Incondensible gases are
removed by a vacuum pump. FIGURE 3.3 shous
quite clearly that this is the primary scurce of
heat loss in the generating cycle. The ability
o¥f the turbine to convert heat to wmechanical
energy must therefore be viewed against the
necessary condensor plant making such a system

feasible.

The condensate is then returned to the water +flow
(FIGURE 3.1) at the inlet to the fecdwater pumps.
Constant monitoring of the water ensures that the
quality of the water is maintained; in particular
the oxygen lewvel wor aeration of the water must be
monitored. The condensate continues to circulate
in the steam cycle with any losses being made up

from the water treatment plant.

2 THE ENERGY CYCLE

Sel.2.1 THE COAL MILLS

Coal from the Duvha open cast mine stock pile is
transported by conveyor belt to hoppers far each
unit wWhich in turn, feed the the coal wmills.,
There are six mills per unit each supplying fuel
to different levels within the +furnace. The
mills crush the coal and mix it with heated air.
This primary air carries the pulverised fuel, in

svapenaion, to the furhace where it is mixed with
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secondary air to ensure that sufficient oxygen is
available for complete combustion of the coal to

take place.

3.41.2.2 THE _AIR_SUFPLY

The &air inlet is situated near the top of the
boiler house. This slightly warmer air is drawn
into the system by forced draught fans. It is
heated by the flue gases in the airheater. Two
air flows are evident at this stage, the primary
and secondary air flows,. T e primary air +low
is +ed to the millc where 1° removes moisture
from the coal and ca~ries the pulverised fuel to
the boiler in suspension. The secondary air is
heated to prevent +flame chilling from occuring as

well as {mproving thc thermal efficiency.

S.1.2.3 THE BOILEFR

On entering the bmiier the airborne coal is well
mixed, by swirl wvares, with secondary air.
Sufficient air must be supplied to ensure that
all the fuel is burnt. The oxvygen ct=ntent of the
$lue gases s monitored to provide an indication
0f the combustion proreses. Na ox 3Jen detected
in the Fflue aases weans that unburnt cpal is
leaving the furnacs=. Too much bxvgeh indicates
that too much air 1is beirs supplied. Less air
is then fed to the furncre enabling the drv flue

gas losses to be reduced.

The flame is carefully controlled to ensure that
cumbusion onlv opeceurs in the +ire Thamber.
Burning coal (sparklers! or burning gases present
in the convection section of the boiler could
cause klinker +formation or excessive metal
surface temperatures. A similar problem arises
when large droplets o+ oil are carried into the
tonvection area. The +lashpoint o+ the oil

may be reached at a later time causing unwanted
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AN OVERVIEW OF THE BOILER

Fire, (0il is burnt to promote flame stability

under transient conditions.)

Heat radiated from the furnace and heat carried
by convection currents is absorbed by the side
walls and the tube banks of the boiler. The
point at which the water is converted to
superheated steam occurs in the +urnace side
walls. Further heating takes place in
superheater and reheat tubes 1n the convection
section of the furnace. A vital part of the
boiler plant is the steam attemporators which add
water to the superheated steam thus controlling

ite temperature.

The flue gas leaving the furnace is drawn through
an airheater and through precipitators where
9%,8% of all airborne ash is removed before the
gases are vented to atmpsphere. Soot blowing
with high pressure steam is undertaken twice
daily in an attempt to prevent particles settling
on heat transter surfaces and degrading system

pertformance.

J.14.2.4 THE TURBO-GENERATOR

The turbine was discussed in SECTION 3.1.1.3.
It is worth repeating the importance of avoiding
condensation In the turbine. Metals in the
turbine are machined to very +ine tolerances and
expansion or contraction by only a small amount
is all that is required +or surtaces to touch.
The turbine casing {s seven times heavier than
the turbine shat+t and hence different rates of
expansion are present in each. Barring geatr
continually rotates the turbine-generator sha+tt
to prevent defurmation, even when the unit is nhot

loaded.

The 1load angle of the generator determines the

power supplied to the natianal grid and hence the
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CHAPTER 3 AN OVERVIEW OF THE BOILER
turbine steam demand. The generators are
capable of delivering 64860 MVUA at 22kV. The
generator conductors are water cooled while the
stator and rotor are encapsulated in hydrogen.

A boller trip should regult in the turbine-
generator set tripping. I+ this does not occur
the load =angle of the generator will slowly
reverse until the generator draws current, from

the national grid, {n order tc drive the turbine.
As ig evident from FIGURE 3.3 only 28% of the
available coal energy is finally consumed by the

national grid.

3.1.%  THE GENERA. _START~UP PROCEDURE

The tvypical cold start and warm start curves are

shown in FIGURES 3.4 and 3.5,

The +irst stage in the wstart-up process is to
establish satisntactory conditions +or air +laow. The
induced draught and forced draught fans are started.

All secondary air dampers are opened a&and the boiler

is purged.

The o©il burners may be ignited after it has been
veritied that water is present in the evaporator
tubes. At thies stage it is essential that the dry
superheater steam surfarces are not subjected to
temperaturer above 600°cC. The circulation pump should
now be moving water through the economiser, division
wall and evaporator tube sections. As the temperature
in the system {8 raised by the oil burners
evaporationh begins to take rlace. The blowdown
vessel level controller attempts to maintain the
water in the system at a constant level, hence the
feedwater pump starts making up the level in the blow
dowh vessel as the circulating water component s
reduced. During this time steam ims allowed to
circulate in the superheater and reheater tube banks.

This steam bypasses the turbine and its pressure
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CHAPTER 3 AN _OVERYIEW OF THE BOILER

is controlled by the high pressure and intermediate
pressure reducing plant of the turbine. When suitable
steam conditions exlist steam may be fed to the

turbine.

Once sultable steam condilion exists in the
superheater tubes the $irst ot the coal mills may be
started. This causes a significant rise in
feedwater temperature at the economiser inlet.
Shortly after the +first mill has been started
wnatistactory steam conditions should exist tr bring
the turbine up to synchronous sapeed, Qil burners

are removed as the mills are loaded reducing the

firing rate slightly. This must be done to prevent
the maximum temperature rise of «°c per minute
being exceeded on the heat transter surfaces.

Synecrronous speed can be reached once the boiler is
generating 30% of full load. At roughly 45% of full
load sufficient heat is available to convert all the
water to steam (n the evaporator screw wall. The
circulating pumps are removed from service and the

level in the collecting vessels is allowed to +fall

away completely. Total evaporation now occurs in
the evaporator. The boiler (s said to have entered
its Benson mode of operation. The water now anly

passes once through the system as no recirculation
occurs, Up until this stage the boiler had the

multipass characteristics of a drum boiler.

The 4iring rate is adjusted to maintain a steady 3° ¢
per minute temperature increase in the wsuperheater
(S/H) and reheater (R/H) tubes. After the steam
temperature reaches *+ 400°¢ conditions exist to allow
the unit lonad to be increased more rapidly. In
preparation for this, extra coal mills are started.
Finally the firing and feedwater rates are ralsed,
thus increasing the steam pressure and the capability

of the unit to do work.

It 1s criticaily important for reasons of flame

stability that the oil burners corresponding ta a
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CHAPTER 3 AN OVERVIEW OF THE BOILER

h)

particular burner level are i1gnited before the mills

are started,

THE CONTROL MODES

S 2.1 THE REMOTE OR CO-ORDINATED MODE

It ig passible to vontral the untt remutely,. This
requires a signal to be supplied to both the boiler
unit and the turbine. The boiler controller ensures
that sufficirent fuel and water 15 fed to the boiler
for the reqgquired steam enthalpy and steam pressure to
be achieved. The turbine controller ensures that
the diftt+erences between the desired output and the
obtained snutput i1s »r uced by altering the generating
angle. Up until synchronisation time opccurs the
turbine will mateh the speed of the turbo-generator

to the guality and quantity of the available steam.

Co~ordinated control may be inttiated from the
control desk, It may also be remotely controlled
from Escom's c¢entralised control centre at  Simmer

Pan, Germiston,

2.2 THE BOILER FOLLOW MODE

Should problems ococur with the turhine plant then
the turbo-generator can be manually controlled. The
boiler could then be set to a following mode in which
the firing rate and +eedwater +low rate are
automatically adjusted to match the demand from the
turbou-generator. Thig also enables the boiler unit
to maintain a steam reserve should there be problems
with the turbine or 9generator. The boiler can
discharge 385% af its  +$ull load steam to the
condensor. If the emergency 1s Kknown o be
temporary then the boiler unit will not have to
reduce all nf its load. Hence it can match the
turbine's reguirements more nguickly when the turbine

load is again increased.
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CHAPTER 3

AN _DVERVIEW OF THE BOILER

2.3 THE _TURBINE FOLLOW MODE

2.3

In

The more commonh source of trouble is the boiler unit.

thig case the turbine can be made to follow the

steam output of the boiler unit. This form of
control can be used during a boiler start~up when the
turbine adjusts its speed to use the available steam.
Once synchronisation has occurred the turbo~generator

adjusts the generating angle to match the available

steam output.

THE BOILER _IN MORE DETAIL

shown

The crogss~sectional and plan views of the boiler are

in FIGURES 3,46 and 3.7, The asteam flow through

the relevant heating surtaces is discussed (FIGURE 3.8.)
as well as how the air and 4uel enters the combustion
chambers, radiates energy to the side wall heating
surfaces, transtfers heat to the heater tube banks and

finally leaves the boiler as tlue gases.

Se 3.4 THE_CONVERSION OF WATER TO STEAM

THE ECONOMISER

It has already been mentioned that the water +ed
to the economiser is recycled condensate from the
boiler. These tubes are preheated by other
steam systems betfore start-up. The initial
temperature at the economiser inlet is BOOC.
This rises to 225°C at full load. The water,
under pressures of up to 20 MPa, is warmed by
flue gas convection flow over the economiser
tubes, The majority of the heat available in
the flue gases has already been extracted by
lower tube banks. The heated water leaves the
economisec~ aftter

passing through a header

allowing temperature mixing and pressure

equalizatiaon. The weter is still in liguid form

at this stage.
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CHAPTER 3

AN_OVERVIEW OF THE BOILER

S:e3.1.2 THE DIVISION WALL.

The divisian wall consists of many parallel
vertical tubes which carry water. The panel is
suspended from the top of the cambustiaon chamber.
The panel divides the combustion chamber into two
equal halves and receives radiated energy +rom
both halves of the furnace ( FIGURE 3.7 ). Water
fed to the division wall in ligquid form leaves
the division wall as water but at a much higher

temperature.

S.3.1.3 THE SCREW WALL AND THE UPPER PART

The water from the division wall +eeds the
evaporator heating surfaces. The evaporator is
divided into two sections, the screw wall and the
upper part, The screw wall consists of helical
tubes rising around the walls of the furnace.
At the top of the combustion chamber these
apiralling tubes feed into a header tube. The
water is then led upwards through the convection
section wf the bLoliler in vertically rising tubes.
During start-up, the water is in its liguid phase
in the screw wall and upper part, Once the
circulating pumps have bzen removed +rom
service the polnt of evaporation moves inta the
screw wall and upper part. At full load, direct
conversion from water Lo unsaturated steam occurs

in the worew wall.

I.3.1.4 THE STEAM ATTEMPORATOR AND THE
RE-CIRCULATION S\ STEM

The upper part tubes feed another header which
contaihe water Jjets, When wsteam is being
produced at the upper part outlet these jets are
used to cohtrol the temperature of that steam.
At this stage, any steam generated &long with any
water is carried to Lhe collecting vessels,

Here the attemporated steam compohent continues
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CHAPTER 3 AN OVERVIEW OF THE BOILER

to further heating stages. The water component
is f+ed back to the feedwater pumps and economiser

inlet by the re-circulating pumps, This accounts

for increases in the economiser inlet
temperature. As more and more water 15
converted to steam the +eedwater rate

increases to malntain the collector tank level.
A stage is reached where the feedwater rate no
longer consists of circulating water. It is no
longer necessary to remove water from the
collecting vessels to maintain a specific level.
At this stage all feedwater is condensate. The
water level controller in the collecting tanks is
then removed from service, the circulating pumps
shut down and the water level is allowed to fall

away as the rate of evaporation increases.

S.3.2 THE TRANSFER OF CHEMICAL ENERGY TO THE STEAM

Air and toal are thoroughly mixed on entering the

boiler ensuring even combustian. The combustion
chamber (s fed by 8ix levels of burners. Thersa are
four burners per level ( FIGURE 3.7 ). The chambetr

itsels is divided into two sections each hal+ of
which is fed by twelve burners. Unburnt coal and ash
ig either carried upwards by convection or falls

downward to be removed by sluice water in the bottowm

of the Afurnace. Combustion of the coal nust be
contined to the +4urnace., Unburnt coal or
“gparklers" carried onto the tube banks above the

combustion chamber directly results in high metal
tempersatures and may result in slag forwming on the
tube banks or on the side walls, Thermal efficiency
is reduced, hot spots occur and falling klinker may

do damage to surfaces below,.

The flame reqguires careful control if the necessary
results are to be achieved without damage occurring.
The three main parameters affecting the +lame

condition are! -~
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CHAPTER 3

AN _OVERVIEW OF THE BOILER

i)
ii)
iii)

the time taken for particles to burn
the flame tewperature

the turbulance of the air/coal mixture.

These parameters depond on another list of factors!-

i

~

33

4)

The flow rate of the fuel entering the furnaces;

This determines how close +to the nozzle
combustion takes plarce. Low velocities can
cause nozzle damage. It is not alwavys
possible to simply reduce +low rates of all

mills in operation i+ individual +low rates

drop too low.

The volatile content of the fuel?:

Fuel uf a low volatile content, results in a
long time required for combusion and hence a
longer duller +lame. Fuel of a high
volatile content reguires less combustion

time and has a short bright flame.

The fineness of the fuell

Should the mill feed rate be too low
excessively fine powder results,. This

increases the chances of ewplpnsions in  the

teed pipes and in the mill. Too coarse &
tuel results {nh "sparklers” within the
furnace being carried upwards into the

convection zone by the flue gases.

Insufticient secondary air pressuredl

Toa little air results in not enough oxygen
being supplied to allow the coal to burn to
completion. Too much oxygenh results in
large dry flue gas heat loses. Fluctuations
in the secondary air pressure directly affect

the air/fuel ratio (point 2).
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CHAPTER 3 . AN _OVERVIEW OF THE BOILER

5) Incprrect swirl vanhe settings:

I+ insufficient turbulance exists to mix the
secondary air and the pulverised fuel mixture
then incomplete combustion may result. Too
much turbulance produces a very ragged |lame.
Either condition can lead to instability of

whe flame.

stion air temperature:

Tc ‘ow a3 combustion temperature caused by
coecl sectndar:y air, or too small a fire,
results in f+lame chilling. The +lames have
ragged edges and unburnt particles  are
carried away by the flue gases. To prevent
this, o©oil burners should be reignited if the

flame temperature drops too low.

7Y The Air/fuel rabtio:

A rich fuel to air ratio causes puffing in
the furnace or uneven combustion. Thiss is
strongly linked to swirl vane settirgs and
secondary alr pressure. Too wealk a mixture

results in flame chilling and high flue gas

losses,

Most ©f the parameters mentioned above are those that

ugually fall within the operatur's control. Certain
factors do however change on a daily basis. These
include volatile content, moisture, ash content and
total caloritic value wf the supplied coal. A daily
"proximate" analysais of the coal is done by the
station chemist. This information is available to
the operators. These parameters assist the operator

in determining what the full load fuel +low rates
Will be and how to modify his cantrol of the plant to

deal with $luctuations in coal guality.
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CHAPTER 3 AN OVERVIEW OF THE BOILER

S-49 SUMMARY

The information presented in this chapter serves to +form
the background information necessary for latter chapters,
The quantity of information about global aspects of unit

operation is vast and earlier sections have attempted to

provide the minimum necessary information. Further
information is available in Babcock, (1955) and Central,
19271, More detailed information on the speci1fic plant,
in this case the Duvha Power Station boilers, can be

found in ESCOM, (R)j ESCOM, (%) and Hollis, (198Z).

A sctond objiective has been to emphasize the diftficulty
of determining firing et+tects, expecially as discussed in
SECTIOM 3I.3.2. Thir is the largest difficulty in
determining swvgtem parameters and serves to verify the

grquments for predictive cantrol laid unt in Chapter 2.
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CHAPTER 4 THE TRANSFER FUNCTION AND STATE~SPACE MODELS

4.1 INTRODUCTION

In order to adequately predict chenges 1n the +First

attemporator steam condition, an accurate mathematical
mode! for the combustion chamber and heat transter
surfaces must be abtained. This work is particularly

concerned with the effect of individual furnaces on the
attemporator steam condition, For this reason 1t 18
essential to rmunsider the energy available at each level
within "he furnace rather than considering +he more
macrosco; - case of total energy inflow against total
energy ouv. flow. The latter approach is more usually
considere . The energy supplied at each level of the
boliler forms the most complic ited aspect of this work.
This aspect 1s further compounded by little published
work being available on the effects ot the individual
burners on the boiler characteristics. The science of
combustion 15 largely a black art and simple models +for

flames and the resulting radiation du not exist.

The uncertainty asgssociated with the +lames has been
avobided by rather considering the energy transfers across
the cell boundaries. All inputs, outputs and state

variables were therefore chosen in terms of energy flow

rates (J/s)., The exception is the flue gas
temperatures, The pressure of the flue gas remains
close o 1 atmosphere, the temperatures may then be

related to the energy +low rate with the use of gas
tables (Keenan, 1983). All heat transfer from flue gases
to side walls results from radiation and convection.
Conduction is not considered as a significant heat

reansfer mechaniam.

Steady-state equations for the heat transfer are shown in
later sectiobns of this Chapter. Radiation effects
result in highly non-linear temperature relationships.
These may be linearized using a Tavylor series expansian.
An alternative approech which uses least squared

interpolating technigue is suggeated in Appendix A.
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CHAFPTER 4 THE TRANSFER FLNCTION AND STATE-SPACE MODELS
The spurces of energy avallable at ea * level can be

listed ag erergy due to:

i)
ii)
iii)
iv)

Secondary airflow
Coal ¢.0w rate
Convectioe airflow

Re~-radiation of eneraqy bac k to furnace £ rom

side walls.

This energy is then availlable for heat transfer to:

This

i)
ity
iid)

iv)

v)

The division wall
Th» screw wall and upper part

The tube banks, economiser, superheaters and

reheaters,.
The airheaters

The boiler exhaust gases

chapter is caoncerned wiit energy transterred to the

division wall, screw wall and wpper part. The other

energy absorbing surfaces are nout conoiderocd since they

occur after the first attemporator in the steam cycle.

Twao models for the combustion chamber and heat transit r
surtaces are to be obtained,. These are:!

i) The transfer function model

1ii) The wtate-space model
The chapter continues by deft:ning the bhasig Ffor these
models. The steady-state energy transter equation is
investigated. This assists irn the understanding ot the
two models which are described later in  the Chapter.
Chapter S explains how the model! paramaters may be

owtalned.

4.2

A

LIST OF NECESSARY PARAMETERS

ci

oi

A/F

e
e

..
fo e

= 2 to 7 % The mass flow rate of coal +far
all 4 burners in the 1'th cell i kagis
= 2 to 7 3 The mass +low rate of the oil in
the i'th cell b ka/s
5 & ratio of the air to fuel
(volumetric) H -
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to 9

to 9
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to 2

to @

to @
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-e

The secondary air duct
temperature which ig assumed
the same for all levels

The surface area of the screw
wall and upper part heat trans-
4er surfaces Iin the i*th cell.

Note that ASE to AS7 are eqgual

The surface area af the
division wall heat transfer
surfaces in the {'th cell.

Again Ad2 to Ad? are eqgual

The total energy flow rate at
the centre of the {'th cell

The energy absorbed by the
i'th cell evaporator
surface per second

The energy absorbed by the
i"th cell division wall
surface per second

The energy carried away from
the {'th cell by convection air
+low per second

The energy re-radiated from

the i'th cell wall of the
evaporartor per second

The energy re-ruwiitated +from

the {'th cel!l wall at+ the

division wall] per secand

The temperature at the core
of the i'th cell

The surface temperature of the
evaporator absorbing surface
of the {'th cell

The surface temperature of the
division wall absorbing
surtace of the i'th cell
Calorific value of coal

Caloriftic value of oil

Specitic heat of secondary
air assuming constant pressure

Density of secondary air

Density of coal
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The secondary air duct
temperature which is assumed
the same +or all levels

The surface area of the screw
wall and upper part heat trans-
fer curfaces in the i'th cell.,

Note that Asz to As? are equal

The surtace area ot the
division wall heat transter
surfaces in the i'th cell.

Again Adz to Ad? are egual

The total energy flow rate at
the centre of the {'th cell

The energy absorbed by the
ith wvell evaporator
surface per second

The energy absorbed by the
i'th cell division wall
surface per second

The energy carried away from
the {'th cell by convection air
flow per second

The energy re-radiated $rom
the i'th cell wall of the
evaporartor per second

The energy re~radiated from
the i'th cell wall ot the
division wall per second

The temperature at the core
of the {'th cell

The surtace temperature of the
evaporator absorbing sur+vace
of the {'th cell

The surface temperature aof the
division wall absorbing
surtace of the {'th cell
Calorif4ic value of coal

Caloprific value of oil

Speciftic heat of secondary
air assuwming constant pressure

Density o+ secondary air

Density of cwoal

Page

-

e

-e

-

-

-

J/s

J/s

J/s

J/s

J/s

J/s

B¢

J/kg

J/kg

Jrkg.k™H

kg/ms

kg/m3

LT O

i -

- ol

e

'T'.-:

=i

U N
e

i
A
i!



CHAPTER

THE TRANSFER FUNCTION AND STATE~SPACE MODELS

“

10

4.3

e

-
I

1 to 9 3

i = 1 to 9 3

-

i =1 to @ 3

THE DIVISION

Steam/water enthalpy flow rate
at the output of i'th
evaporator cell

Enthalpy flow rate at the input
to the first evaporator cell

Water enthalpy flow rate at
output of {'th division wall
cell

Enthalpy flow rate at the input
to the first division wall cel)

Stefan-Boltzmann Constant
for heat equation

Energy available in the {'th cel
for absorbtion afier heating the
air flow per second

Temperature of the
evaporator steam in the
i'th cell

Temperature of the
divisic . wall steam in the
i'th cell

OF THE BOILER INTO CELLS

The

+1low

in FIGURE 4.1,

diagram for the boiler unit considered

HEATED WATER FROM ECONOMISER

1

-

13s

1

ie given

iy
QIL HEAT DIVISION WALL -
TUBES |
!
RE-RADIATED HEAT !
e SR e B R S -
ALR FURNACE
HEAT SCREW WALL AND
UFPER PART SURFACES [~ = m™
|
cCoAL |
- i RE~RADIATED HEAT
VU -
STEAM
FIGURE 4,1: THE BOILER UNIT SHOWING THE SUB-UNITS
OF INTEREST
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CHAPTER 4 THE_TRANSFER FUNCTION_AND STATE-SPACE MODELS

The succesns of this model (FIGURE 4.1) depends on the
number of cells making up the division wall and
evaporator units, A single heat output fraom the furnace
to the heat absorbing surfaces 1gnores 4 great deal of
information. It dopes not consider the effect of
different firing rates at different levels on the output.

Instead an evenly di “ributed f1ring rate is assumed.

In the single output furnace mode! two extreme Cases may

be noted, Fire mav be applied near the top of the
furnace, This will result in the steam output
responding with virtually no delay. Fire applied at the
bottom o- “ho  furnace will result tn a +ar greater
delavy mince thre ©oam aftected must first rise through
the sidewal. changes 1in steam <ondition are
detected at &h. e Since the total heat available

18 trans+terred as « single entity; 1n the madel o+ FIGURE

4.1, this detatl is lwat.

Dividing the division wall and stcrew wall 1nto sections

leads to the logical continuation shown in FIGURE 4.2.

Here the whole Loiler is divide: intw cells. This must
cbviously fnclude divisinon of the furnace into
caorrespbnding cells,. For convenience n.ne cells are
used, Fight ot these are within the combustion chamber,

This was thought to be a fair cvell division sinte eighty
per cent of the available enerqa. 15 radiated in the

comhustion chamber.

UPPER PART SCREW WALL AND DIVISIJON WALL
AND
DIV. WALL
? 8 7?6 5 4 3 @ 1
i -
~
CONVECTION: RADIATION: RADIAT LON: RADIATION!
AREA OCCUPIED|AREA ABOVE PRIMARY ENERGY SOURCE LOW HEAT
BY TUBE BANKU| BURNERS BUT COAL AJD DIL BURNER TRANSFER
{INCLUDES BEL.OW TUBE INLETS BEL OW
ECONOMISER) BANKS BURNERS
5 /‘
e

FIGURE 4.,2! THE PHYSICAL DIVISION OF THE BOILER INTO CELLS
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CHAPTER 4 THE _TRANGFER FUNCTION AND STATE-SPACE MODELS

Six of these eight levels correspond to burner levelo,
The area above the burners, cell 8, 18 likely to receive
a fair amount of radiation from the top burner level 2%
well as heating effects from convection flow, Cell i
below the lowest burner only receives radiation. The
heat absorbed bv this cell may be sufficirently small to

allow it to be combined with cell 2 or ignored.

Cells 1 Lhrough tn @ cantain both evaporator and
division wall heating surfaces. The ratio of the
radiated energvy absorbed by the division wall and the
evaporator 15 assumed tc be 1rn direct proportion to their

respective areas.

@di(Divxsxmn wall) Adxtnxvxsxon wall) (4, 1)

@ (Evaporatur? A (Evaparator)
s § 51

for 1 = ey @,

re

From the geometry o+ the boilers i1nstalled at Duvha Power

Statica the agssumption carn be made that}

9—,—,-
A (Division wall) } A (Total division wall area!
di AR |
] _Lr:l » N —
A i(Evaporator) E;m Ari(Tctal evaporator area)
s f=1
-
= 2202m° = 0,4026 ______ (4.2)
S5482m

Equation 4.1 uses the total radiated energy for both
halves of the furnace and the total absorbing surface
area for both halves of the furnace. Each halt of the

furnace iz assumed to behave (dentically at any moment in

time.

Each of the nihe ce¢'ls defined may be further broken down
into conmstituent models. The form for seach cell model
is =shown {n FIGURE 4.3. This model has the same basis

for all cells but will nhot have all the inputs at all

levels.
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CHAFTER 4 THE TRANSFER FUNCTION AND STATE-SPACE MODELS
Bdi asi
[ ===
- | ]
DIVISION WALL 1 | EVAPORATIOR
RADIATION ] | RADIATION
! |
3
u } |
di | | Usl
{ |
S I } EVAPORATOR )
s =1 " . 5,
I ; STEAM TRANSFER ¥
i |
Syqi-1 DIVISIONM WALL b S4,
STEAM TRANSFER t t
| |
i
Qdi ; { &sx
Ty-g i
FURNACE
Qai—i Qai

?F TF TT 1A/+
oi i I s

FIGURE 4.3: THE BLOCK DIAGRAM OF THE MODEL FOR THE I'TH CELL

4,35,1 THE ENERGY TRANSFER TO THE CELL

The cell model (FIGURE 4.3) attempts to represent all
the energy transfers across the physical bouhdaries
of each cell. A typical cell is considered.
Energy to this cel! is available from sources already

listed in SECTION 4.1. The actual parameters may
now be explained.

4,3,1.1 THE ENERGY DUE TO THE SECONDARY AIR FLOW

The energy available is a function of the coal
flow rate ch’ the air temperatures and the air
fuel ratio A/Z+. The mass flow rate of the air
is obtained +rom khowledge vf the volumetric
air/fuel ratio as well as the coal mass flow
rate. Three assumptions are made in connection

with the secosdary air +10w.

a) ;m , the mil $low rate has not been included
in the caleculation for air flow. I+ no coal
Fage 44
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THE TRANSFER FUNCTION AND STATE-SPACE MODELS

<)

is belnhg Ffed to the furnace then no air is
assumed to flow, The justification faor this
assumption is that when wnly oil burners are
in operation the secondary air temperature

will be low.

The air has not been well heated si1nce the
air heater bypass is aopen during early firing
stages. It 15 assumed that this low
temperature results in little energy fted to
the boiler by secondary air {low, A  more
significant irplication 1s that there is no
air avallable Afor convection +low and
convection heat transfer, All energy |is

assumed to be radiated to the side walls.

Bias controls allow the operators to adjust
the air to fue! mixtures at each leve!l
according to conditions existing at that
level. Worn mill parts or a coarser coal
mixture reguire a nigher air to fuel ratio.
This model assumes that the air/fuel ratio is
the same at all levels, This is8 considered
a fair assumption since bias controls cause
only small deviations from the average. The
combined effect of the bias controls must

also vield the average air to fuel ratio.

Primary air suaplied to the mill is hormally
heated to 4OOQC. The pusverised fuel mixture
of roughly ! part coal to 1.4 parts air has a
tempereture ranging from SOQC to 1500(3° The
hot primary air removes moisture $rom the
coal. The $inal air to fuel ratlio contains
approximately five tiwves more air than im
accounted ftor by the primary air +$low. This
ia madec up of secordary air with a
temperature ranging from 150°¢ to 350 “C.
The assumption ity made that all air,
secohdary and primary, is supplied at the

secondary air temperature T5 . The energy

Page 47
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excress resulting from this assumption is 12%
at full l1pad.

4. 3.1.2 LTHE ENERGY DUE TGO £ _OIL FLOW

The total flow rate per burner level 18 1,02 ton

per hour. The mass rate of o1l +low Fm' hags one
af three settings, zer o, &0% ot tull power and
full power. 0tl f1ring at al'l of trhe s1x levels

15 egquivalent to + 10% of the firing rate.

4,3.10.3 THE ENERGY DUE TO THE COAL _FL OW

The mass flow rate ot the coal 18 assumed to be
directlvy proportional to the energy produced by
burnina, The constants of proportionality do
however change with differences in moisture and
ash content, The maximum fuel mase flow rate ts
theretore a function aof the coal quality. The
maximum Fflow rate corresponds to &00 MW  divided

by Fthe number aof milleg 1n use at full load (4 or

bl

4.7.1.,4 THE EMNERGY DUE TQ THE CONVECTION AIR _FI.OW

The enerqgy in the risting air stream is @ai-l
Thig is a function of the tatal amaunt of air

+lowing into the furnace at all levels below the
i*th level and of the previous cells core
temperature, I+ a fire exists at the {'th level
energy +trom the $lame will have to be supplied to

heat the ris.ng flue gases thus increasing the

convectiaon +low energy. The rising ainr
temperature ‘ri_1 must be known to calculate how
much ener gy the convection air removes aind

theretore how much energy remains $or radiation.

4,3:.1.98  THE ENERGY DUE 70O THWE RE-RADIATED ENERGY

Some levels ih the furnace do hot have fuel

~ pplied to them. in particular level ? in the

FPage 48
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Fonvec tian section ot the furnace may have a
guft+icientli~ low temperature to make it necessary
to consider re-radiation. I+ the water /steam in
the division wall and evaporator 1s hot enough
the side wall surfacres may radiate energy to the
convectinon alr $low. The typical temperatures at
the top of the division wall and the evaporator
are 370°7C and 390mﬁ resnectively under full load
monditiong, The flue gas temperature at the
ex1t $rom the furnacve 1g 390©C at +ul' load. The
temperature differences are small and nence the
re-radration o+ energy 16 considered a minor
cffent Mmission  Of this source of energy flow
wilthiin the crll allows the division wall and

evaporator models to be vonsidered separately.

a4, 2.7 7 ENERGY TRANGFER AWAY FROM THE CELL

The boller urit 1taself 16 a remarkably eftficient heat
mar hine converting 94% o+t the avatlable energy
dest ribed above into steam energy. The heat
absorbing surfaces making use o0f this ava.lable
enerqgy were listed in GECTION 4.1, Further

intormation 18 provided below.

2.1 THE _DIVIiSION WALL

FIGURE 3.7 shows how the division wall divides
the botler into two halves. These vertically
riging tubes reteive radtation frowm both hkalves
of the ~ombustion chamber, The purpose of the
division wall is to raitse the water temperature
suftficiently to all w total evaporation te veeur
in the eovaporator, The tutal suarface area
avalilable for heat absorbtion {is 2207 m? The wall
is desighed Lo absorb 141,4 uJ/mzs or 312 MJ/s at
full load. Under these conditions thr +oteam

temperature i1s raised to 3309C $rom 305DC at full

load,
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The divisior aall surface 1s of considerable
importance to the chosen model. 1t accounts for
about 30% of the 2nergy absorbed by the wmodel
shown 1n FIGURE 4,1, For the purpose of this
model cells 2 to 7, as deti1red 1 FIGURE 4.2, are
asanmed (6] hawve ldent teca!l heat absorbing

proper t10s,

A.3.2.8  THE SCREW WALL AND THE UPPER FART

In the combustior chambher the stoam Fubes are
arrarnged inoa heliral mwniral, called the screw
wall, which proavides an effective wiLrface area oOf
TI621 m?. These wpriralling tubes feed 1nto the

verticall . rising tuten of the rpper part (1861
-

m wh ik 15 i the convertion rone of the

boiler., The ST e surfaces muke up the

-3
-

evaporator 154a0 moo . They are capabie of
absorbing %12 Ml'e at full load andg heat the
water from A T o R 1T nC. The purpose of
thece surfaces 15 tu ralose the enthalpy of the
water such that total oevaporation of the water

nreir s, The majarit s of the availlable energy 18

waed in the direct rtonversiaor ot water to
tuperheated steam, At 1owrr loads direct
coanversian does not occar, The steam at the top

nf the evaporator mav then be saturated.

The evaporator accounts +or the remiitning 0% ot
energ. absorbed hy the considered model. It 1s
the sutput nor the steam tonditiron at the top 0+t
the e apore or that 15 of 1nterest airhce this 16
the critical ateam temperature at theg 1nlet to
the first steam attemporator (FIGURES .6 and
.83 SECTIONM 2.2.3). A with the division
wall cells 2 top 7 are assumed to have 1dent.tal

heat absonrbing proberties.

4. 3. 2.3 THE TUBE BANKS

The +irst of Ffour superheater banks receives
radiation +rom the combustion chamber. All the

aother tube banks extract energy {from the +flue
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gases flowing wver their surface. This oCccurs
1 the convection area ot the furnace. Steam
reheating for the intermediate turbine stages
oeeur s 1in this region as does pre-warmin3g af the

water fed to the division wal:.

All tre above mert iorned heat transter surtaces
remove vnera . {from the flue gases and hence have
an ©ofsect on the ?th and uppermost cell in the
model . The model does not consider this heat
absorbtion, A compromise 18 made by considering
the temperature measured below the erpnomlser
instead ot ronsi1dering the temperature measared
above the economiser . This higher temperature
attempts trn oftset the enerqg. absarbed by the
tube tankes (SECTION &.4, 1), LOome Jjustifi1cation
can e fourd 1n the fact that 80% of the energy
avallably» 1r the furnave 13 radiated. Only 20%

18 trarncferred by convection,

4,3, 2.4 THE AIR _HEATERS

Atter the +flue gas has passed through the
convection section of the boiler it VB drawn
through the atrheater which heats the primary and

secondars air 4lows. The primary air 15 heated to

o]

350 "C. This air 15 used to carry pulverised

coa’ to the furnatce. The secondary alr is
(6]

he to 28% C and provides sufficient oxygen to

the furrnace to ensure that combustion ooccurs to
completian. The eneraqy transter ot the
atrheater 1s not considered 1n the model. The
secondar v atr temperature is considered but this

is measured directly.

4.3.2.59 THE BOILER EXHAUST GASES

The balance of the energy is lost to the
precipitatnrs and to the stack. This is not
considered warth recovering and amounts to 6% of

the avallable energy. Hot ash carried by the
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flue gas 1s removed by electrastatic plates and
the 'clean air' is vented to the atmosphere.
Further heat extractlion 1s not desirable due to
sulphurtic acvid forming 1n the atr heaters 1+ the
flue qQas temperature talls below a critical
temperature.

4,7, SUMMARY

A divigsior of the broi1ler gsections

ot concern

has been

sugqgested, The
have

boundaries

heer listed.

vartables and caonstants to be used
The enerqy +low acrmc .. - D

has been disrugsed with rererence to the

splected vartables. It 16 rno . possible to consilder

variousg

wavs 1n which the vartables mar De related,.

A prteadvy-state analvsls van te performed based on the

enerqgy +

and

4,4

state-space

THE

I TH

The totar en

lows discussed atte which transfer 4unction

models are igaested.,
GSTEADT STATE HEAT TRANSFER EVUATION FOR THE

ot € K e VYL L e L RS e

ergy flow rate at the centre of the 1'th

cell, H , 15 the sum of energy resulting from
i) the coal flow rate } Fci
1ii{) the oil flow rate H Foi
i11) the gsecondery atr temperature 3 Ts
{v) the convettion heat energy +low rate
- ] AV }
+rom the previous level H Qaiml
v) the re-radiated heat +low rate {from
the evaporasator surfaces } Esi
vi) the re~radifated heat flow rate from
the division wall surfaces § de

An eguation +or H1 in terms of these variables can now be

derived {Holman, 1280 and Pitts, 1977 were used to
provide the hecessary thermodynamic and heat transfer
background) . The assumption is made that the energy

supplied <from air,

burners are in

which is necessary when only the oil

operation, is negligible. This
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assumption 15 valid since the sec
T 15 sufficiently low and anly g
S

air heaters ara brought 1nto opera

K = B - + o - + A/

1 0! + &
ai-\ 5

The 3rd term of Hx tontatng & non-

F and T .
<)

ondary air temperature
tarts to riwe ohce the

ti1on.

+ £ c P C T

litnocar function of A+,

A Tavlor linearszation o+ this term yieldsi

ci
AF F T = A/ F T + F YA/t - Af)
[WD] .73 1 3] [ 1Y
P N - - » -
S ASE T (F F ) o+ At F (T T ) (4,4
=3 [ [ & [ 1] ©

The vartables with a tilde refer tou the peint about which

the lineartzati1on takes place,

A rat or the varyrable refers tu the ditference between

=

the avtual varitable and 1te tilde value (TB = T - T .

The atn, =t h and stk terms ot equation (4.3) can be

detinrned further

v A4 tF N
GJaini pa cc el c?

O

Pe

.
cx-l) Txﬂl

_(4.5)

Equattion (4.5) cvan also be linearized 1n the same vay as

enuation (4,4).,

o o L ~ B A - ~ ~
= - AR +F,  +F ) FUF  4F, , +F
al-1 pa ca i 4 ol 62 ng-l Tx»i (rcl e 2 rcxwl)wal
Pe
e ~ Ly -~ £a o~ - A Y k)
+A/E T S HF . #F YALE(F  4F, . F
A le(Fcl (sl Fciwl) Al el Fc? ch-l)Txalg
. (3.6)
4
Eai T Pgr T B8y ~ _ (4.7)
4
Bay = By o By (4.8)
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Black body radiation has been assumed

in egquations (4.7)
and (4.8). Lincearization of 8  and Bd over the
L d 8 t 5 5 thod
range 851 o 852 an d1 o de 1s performed using metho
two Iin Appendix A, This yields:
E = A o-{m B + o) e e ) {(4.9)
si s1i 5 61 5 e s T e s
z ‘ + c .10)
Edi = Ad ow(mdﬂd QO) (4.10
I+ the vartables F_ , F y O and B8 are transterred to
(8} o1 a1 di

their difference values F_ ¥ y e

and 9 then the
c1 O S1 di

following equation +or H‘ 15 obtained:

H (Ve K, F 4 K UF 4 . F L+ F ) %+ K F
1 = le 21 €1 31 ti1-~1 (2 cl 4 (=B
’ COASE o+ K T+
Kﬁx &t o k"i rxﬁl
+ ' é + k! ¢ (4,11
Kax =3 1 g1
Where
o™ (&S T A Ny P R s ~ ~
! = + F o+ hof (F  +F ., . +F T + F T
Kyd F:icc 01" “ia: ! % cl &R c1-1 i-1 ci 53
n
[
-~ m~
+ + +
+ A t:r“(mseB Cm) Ad1 cr---(mdﬂdi cd)
N
' =2 + ; A/F T
KZi Cc “agra ]
pc
K0 o= : 70T
31 Pata A 11
pc
K =
q1 ()
R4 or N " H b
1 4+ B .F + F }
KSi = paC (thl Fcz ci-1 i~1 i Ts
pc
L VI, M)
K ' e =
61 paca AlE [=15Y
pc
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W
|
Py N . P
! = o o/ = + F + ., F
1 K“x paigﬂ” * (Fcl FL:‘P chal)
P
C
K81 = Aax o~ m‘5
K™ = Ay 7 My

The total heat avallable, at the vell core, fer heat

exchange must egqual the radiated ener g arnd the 3

convertion air ener g.y.

H = ® + o + (4, 121

1 d G [N T e e ;
f
Since de and Qﬁx represent at.oonrbed radiated energy the ;
=]
heat radiation eguati1orn could be applied. This 185 no
consi1dered berausge of the lack of krowledge concerning
combustyarn and because 0Ff the caontinual vari1ation of the
roal Qualit o, Thece two urnrertairnties make 1t very '
detfscalt to determine the effective radirating surface
area n+ the 4 1lame and the et ective radiating
temperature af the caoal. Instead 1t 198 preferable to }
re-arrange  eqgquation tg, L2 hear1ng it mind egquation
ta. 10, :
)
H
G = L4 A (H - 5] ) (4.,13°
d 1 ; 51 L as
A
di
-1
N = 1+ A CH S : o (4.14)
a1 ! 41 i al - T
5 A
‘ Gl
Qai 15 obtained directly from equation (4.6)
~ Py (@L»r - -, ‘;lw . N
5] 2 O - VA 2 F + T p F YR
at = Pala g e Py S <
" §ed j=1
P
5
b ~ S 1;-. N ~ = }-m Yl -~
fAlE T, 9 F ATE D FoooT ) , (4. 15)
i AR o | o (ol | S
j=1 i=1

The expressions (4.13) and (4.14) may be simplitied by

combining (d4.11) and (d.15) to give Hri the net energy
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available +or rirdiation atter

been heated.

the convection air flow has

At this wtage de and EC‘ are dropped from

the steadv-atate equatiors (SECTION 4.3.1.5%).

o] = H - Q
i 1 al
N 1 -4
M = Ko™ o+ e MR + k" S L SO
ri i 21 (WY BB § B (| d w1
1=1
+ ‘ " A ‘,rlF‘ + t\ t + " T + " " '?
\ﬁl é1 13 T 14 81 1
o S (4.416)
where
-~
K, " = F + C
i o (W BB} 0
LY \,,, v.: N LS oy LS [
+ B Adcd (o F (T = T ) +F (T =T
I - e (ol 1 -1 1 (i} 1] {-1
BB ym
pc
A ~ (a3
K ) + , A+ (T = T )
21 Cc ?ﬁfﬂA 1
pc
", - e
¢ 4 (T - T
st ° Mzging'f PR | 1
pc
Kai = “o
“L‘»:, Frs ~ -~
F (T - T )
ny = pacam( 2“* . 1 -1 1
e s j e 1
pc
+ F T - T }
ci ( 5 i1=1 !
room e A;$ F
Vet 7 Pa“a_ !
)
Fc
1=t
-~ )
= / )
K1 = P, A/ > Fe
»: e j ml
pc
N S
K - / ( =
81 = pacarﬁ f é*“'rcg)
u—w«up J ml

The steady-atate egquation for the steam/walter tube ‘'.eat~

transfer for the evaporator and division wall is now

easily abtained. The change

in enthalpy From input tpo
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nutput may be related to the energy absorbed and the

ehergy radiated (Re~radiated energy is not considered.).

oY S E=1 -
Ssi I Qsi . (4.17)

T - O — , , (4.18)

The steady-state analysis o+ this section has enabled

e e

eguation (4.16) Lo be derived. This equation relates the
inputs, outputs and internal states of the t'th cell b
under steady-state conditions. The equation was derived )

+rom consideration of the heat balance within the 1'th

celland provides a means of verifvying the models that are

developed (n the tollowing two sections of this Chanter.

T T T

4.5 THE TRANSFER FUNCTION MODEL

4.5,1  THE STATEMENT OF THE MODEL PARAMETERS f

Consider again the model shown in FIGURE 4.3. :
Justiftication for omitting the effects of re-
radiation was given in SECTION 4,.3.1.5. Two separate !
models may then be obtained, one for the division !
wall and the other for the evaporator. These are

shown {n FIGURE 4.4 a) and b).

Sdi~1 DIVISION Sdi ;;1—1 SCREW WALIL. AND | S51
waLL UPPER PART
4
Qdi Qsl
T T T T
0] FURNACE @ & . FURNACE t]
ai~1 al ai- al

I
Alf T

5

YA
LA

‘il et

FIGURE 4.4: THE BLOULK DIAGRAM OF THE MODELS FOR THE
EVAPORATOR AND THE DIVISION WALL
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CHAPTER 4 THE TRANSFER FUNCTION AND STATE-SPACE MODELS

The cell models may be cestaded to form the unit

ihput/output transfer function modal. The cascaded
model i6 shown in FIGURE 4.% with all the relevant
inputs and outputs, It 1a not possible to

distinguish between ctellg B and 9 from the available

data, The » are therefore conbined 1in thia mode ! .

(FIGURE 4.9%)

4.5,2  THE MODEL DEFINITION

The maodel for each cell has been det4ined {n terms of

its 1nputs and 1ts putputs. Each 1nput and output y
may be related by a tranufer function, Since all ;
the data is sampled the use of 'z’ transform theory !

18 netessary.,

An initial global view of the cascaded cell model may

be taken. Consider the onutputs QaQ’ T?, 85¢, Sd?' “
heg te t h y ty F ‘o ‘e :
These are related to the 1{pu a2 Fm?” Fc? Fc?’ ,
T , 9 and 9 as +ollows:! -
s 80 do
i
T
@a9 = Ga L Fm?"'FD"’ FCZ"'Fr?’ TSJ . (4,19) ;
‘)\
T f
T9 = Gt € Foz"'Foﬁ’ cz...Pﬁv, TE] (4.20)
T
” LR = « 4 Dy »
889 = GE t ro? FD?, e ch, Tq, GSOJ (4.21)
T
o v «s  F T .
Sd? = Gd C ?BE me, Fcz Fc?, o Sdo] Al 22) '
where Ga = (Gai""' Hlﬂj) (L x 13}
Gt’ = (th....."ﬁ‘lis) (l x 13)
GC‘ 4 (Gc“l.‘..“‘lj»"l} (1 x 14)
=3 - o
Gd = (Gdl"'""«w*d) (1 x 14)

(Each element iIin Ga’ Gt' Gg, Qﬁ represents a single

transter function).

Data collected from the plant does not ithclude the

point SSD or bdgu The complete model must then be

obtained without reference to Srmnr S . This means

d@
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\
Fhat &39’ Tg, Sg? must be found in terms of
¥ P z I : = .
09 o’ Fc? rc?’ rs and gclt:J
nlv S”"—«;» i dependant on SCG. “quation (4.21) may ﬁ
be re-written as
T
= L I I ) ( 3 " A & - LI -
SEP (Gai 6513 Fuz Fmﬂ’ FCE Fc? ! Ts) g
. T :
+ k v o U : = T e
Gsl4 i (Gdl GdiE (Fm? Fa?’ Fc2 Fc:’ Ts’
+ S j
Y414 ®do } '
= { 3 v e s :
®so t % Uiz ,
. - . T .
* Bata (Gdi"'bdia’ } Fpr P ?az P Ty f
. ‘ & |
6514 Gdid Tan f
.
+ X 4 ¥ [ § " s e s \
= Ggy f Chia Cay’rtvan f Bgia Bg2) y
. . r ‘1
Ve oe s + .
Co1a * %1a B%qga’ 1 {Fgn Fom P Foor Tor8u0d
(4, 23) .
Combining @aQ' TQ and Esﬁ arves: - é
y 1
as ﬂ
L t
@
559 .
|
Gal PR GalS ] ; ng \
FD? '
th e e thz a ng
F:?
Tr-
+ T + 3 ) (G + "
Gy * CBgia %y Bu13 * %14 Caisz’ Caia t B514%14al Sdo
e st e (4.24) '
Similarly a matrix can be formed relating Q__, T,
&l ’
and ng ta the same inputs
é aa?
e T7 &
857 i
§
Yy X =
Gai we e Gals 0] qu
Fn? |
¥ ¥
By e 9¢1x 0 Feo
Fc?
T ’
G? + @ Youusa * + G €] G* + '
51 BlQGdi ‘Gals Gslq dis)( 44 Gsi4edl4) Sda
(4, 25)
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Iyl ] ' k . K . b !
E:Y o d: i ol
’ i t i !
‘ 1 A T T B !
Lot } i3 I
7o € v Y e " a1t o1 e
! J F & T A
i ! oo ert a1t 1
wher s
s e an e aasw H { x
‘« “31 *Gl'“’\ 1
H v e A e s e ea s & ) (1 =
' il Teis
i Lo s wa e e e e ) (1 x
' MR 9516
v B - X . o8 e ) (1 x
S Tt Tar14
tant olement 0 9 ’ =] ’ 9 and g
Tan ta &1 “di

Fin e tiransfer function.

ot e WMere vounvernient to express the cell

the followeng formd

Thie division wall cell model:

o dom b A manner ot b Ly P e 1 bpoete

ATttt far boegrgg b o510y

MODELS

~reinetdy)

menfe d

@ay b
g 260
LK I

IRCI-E

) L td 29

represents a

mode 1h

19 ; ¢
C T { “ans §
(S ) S X I | i
¢ / ) el { )
3 W 3
di S T
: 4912 qa«! a §p ) gaiq Sais o Qai--l
¢ 4 oi
: : u]
' tTeie e . S¢1a Fys Tai-1
el Ei f LS n% 9 9 s
aie Ay 00 Yd14 Tdis rie di-1
o (4.30)
The evaporatur cell models
i3 L ]
Jat qa:l ?
7 i 1
1 i q*jl f 5]
¢ U«
’ Qne ' asxl {
a12 a1 ; Ya14 Fays  © Bi-1
) ) (Y 5 0 T
s Tvae Fran . ¢ 1 9tia Fegs ai-1
¢ et = 9 L s
Fg10 Tgio ( ; Ts14 Ys15 a6 di-1
o I e (4,31
A new nhptation is now fntroduced to simplifty

equationg (4.30) and (4.31).,

The hew equations are:
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THE _TRANSGFEF FUNCTION AND STATE-SPACE MODELS

The division wall cell model:

A\ o

b s hd

N H Y 4+ F T (4.32)
ail

? +
i Xdi“l di 1 di &g T

The evaporator cell model:

x o= KX + H Y + F T (4.34)
s i G i s1~1 a1 i S1 = ————
Where
T T
- < = )
xdx ¢ an’Ti’sdi ) " &1 ( &ax’T1’851
c‘qaiq 9315 § galq gals !
Kai | 9¢aa F4,5 O Ksi ® | 9tia Ftis
gdxq gdxs qdié% 9514 95;5 g516
gaiE gaxs 9312 9a13
Hii = “eiz Tz ey = e12 Bz
41z 41z 512 T3
?azl gaxl
= 9 = 9 i
Fdi til i Fsi tid
gdll gsil
Yi = Foi 3
Fci

At
1)

2)

3)

this stage it is worth recalling that

F = Q for i < 2 or i > 7
oi

F = 0 for i { 2 or i > 7
ci

cells 2 to 7 are assumed identical hence

Kdi = Kd? for i = 2 to 7

£ + 7

KEi = V57 +or i 2 o] 7

= g '{‘ = t

Hdi Pd or i 2 o 7

H = H for i = 2 to ¥
s i 5

) , -

Fdi o Fd f+or i o= 2 to ;

F = F for i = 2 to 7
g =1

the ratio of energy absnorbed by the steam passing

through the division vall and the evaporator,

resulting $rom the inputs 7 _, F . and F__, must
5 ai ci

egual the ratio of the division wall area to the

evaporator area.

Y411 A9

g1 © N Fgy2
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CHAPTER 4 THE TRANSFER FUNCTION AND STATE-SPACE MODELS

= A
Yai3 i3
A = 0.4 (Equation 4,2,

4) 8 = 8 . The steamenthalpy +low rate at the
50 d%

outlet From the division wall must egual the
steam enthalpy flow rate at the input to the

evaporator (FIGURE 3.8),

Cascading the division wall and evaporator cell
models vields the follouwing equations incorporating

the above simplifications.

The division wall cascaded model:

b = K K v K X + 30 ! H, ¥
as = Kyo Fua t "av a1 *aq ?jg 47 4 P-1
£0T - K2y (1 - Kk, ! F.T (4,35)
d> 47 d s ! ———a
The evaporator cascaded model:
& S i
X == [ +
xs? 59 VSS i Ks? Ksi s0 %:; Ks? HSY7~1
ST - KoL) (T - K L E o (4.36) '
57 a7 5 s} — |
Again since 850 is not available SSO = Sd? must be :
eliminated from the eguations.
This yields: ‘é
é & a0 E
= 4 \ -
*so Keop g Kez Ma1 * Nay %goe Mg May . ]
6 4
+ "
Ker Na1 Maee Xay MNay B4n 1
0. 3
+ + i3
(K2, N, Kiog > KoMy > K SHOY Y, i
=5 =5 -
|
) 5 -1
b - -
Koo Noy Fugg (17K ) (T-K TR, t
For-ko, -k TR ) v i (4.37)
57 s =)
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THE TRANSFER FUNCTIOM AND STATE-SPACE MODELS

The putputs at the ?th level can similarly be related

to the avaitlable inputs,

I an
= +
xs? kg? (Msl Nsl L(d"?e Kd? Mdl ) Ta
A N, s
57 = d98 d7 di do
& Vg“ i “g" i
+ +
(Koo Ngy Kaep €= KaoHy * 2 Koot 0 Yy
{ =3 1=28
+ (kSN Kk (1-K°~_) (1-k _1'F
sT 51 d98 "d7 d7 d
+1-kC_y -k Ty T (4.38)
8 s . [>] =3

The intermediate steps 1n obtaining equations (4.37)

and (4.38) are shown in Appendix B.

The model of the plant 1s now available in two

transfer {function forms, The form given by eqgquations

(4.24) and (4.,23) relates the

measurable inputs
and outputs. Each of these transfer functions must
then be directly related to the cell transfer
function model. This relationship is provided by
the cascaded cell wmodel of equations (4.37) and
(4,38). Equating coefficients in these two models
yields the cell transfer function models. Once

these are available it only remains to relate the

cell transfer function models to the cell state~
space models.
4.6 THE STATE-SPACE MODEL
The cell tranafer functiaon wmodel has been +ound
(Equations 4.37 and 4,38). From this the state-space
model can be obtained. Figure 4.4 describes the state-

space model inputs and outputs as “tar the
function model.

tranafer
Tuwn state-space models may be defined.

One describes the furnace dynamics and the second

describes the gteam tube dynamics. The steady-state

equations of SECTION 4.4 are used to justify
matrix formats,

certain
The furnace and steam tube dynamics way
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CHARTER 4 THE TRANSFER FUNCTION AND STATE-SPACE MODELS

e S S Y

e

then be combined to form the combined state-space cell

models.

4.6.1 THE FURNACE STATE-SPACE MODEL

The suggested state~space model for the furnace 1s

x (k+1l) = A x_ (k) + B @ (k) + B T. (k)
i i i ai ai-\ ti i1
+ B F (k) + B F (k) + B T (k) (4,3%9)
0ol o1 c1 ci s1 09 —
where
= C k) t
wdi(k) di ><‘1 ( wsi (k) = CEi ><i K)
T
§ +
@ai(k) = Cai xi (k) Dai(@ai~1(k)’Ti-l(k)’Fci(k))
T
= + }
Ti (k) Cti xi (k) Dti(aaxvl(k ’Ti~1(k)’Fci(k))

Far a secand order system (n controllable canonica.

torm the wmatrices and ve- © tave the following
form:
Ay = ?a -, { fOBaT ibu P Bes™ ibo g
11 21 atl t1
o] o] 0
Boi® b tBeys §b 5 oBgi® s g
oi ci s1i

Car™ { ° ®ayd

a1 § 9 Card F Cpym O oEyy]
Pai® {darit%azitast)  F 0 Per™ (dessr9ezirYensd
zi(k~1)
g Lkl z . (k)
i
The state variable z, {k) represents the energy
available within the cell for radiation to the

side walls at any time interval.

No justitication for tne form of matrices Ai'Bai’B

ti

Boi’Bci’and Bﬁiis required. These matrices satisty

the controllable canpnical form. The matrix forms
£ s J 1 14 .
=] (di’csi’cai’cti”nai and Dti should be justitied
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i |
i’
| |
\ & wdi (k) and wqi(u) represent the energy radiated to L
= i
the division wall and evaporator surfaces. These are §
directlv propaortional to Hrl(k) (Equations 4.13 and 3
4.14) and so zi(k—l) need naot be considered in Cdiand ‘ﬁ
N\
e, Csi. The time constants involved in the time taken i
+or changes in the gas temperature and the +lue gas E
5
energy flow rate to occur are assumed ta be h
rnegligible. These twn variables are therefore not ;
b
dependant on zi(k~l) which explains the form of Cax 1
and Cti' This direct relationship with Hi (k) is not :
sufficient to define the outputs &a‘(k) and Ti (k) !
and theretore extra intformation about the air flow k
i
rates is required, Thig is avallable From the B
L
. variables Q_. vk), T (k) and F_ (k). |
ai-1 i-1 ci '
The mode described in eqguation (4,39) can be '
reviritten ags follows:- j
i
s {k+1) = A x (k)Y + B, u, (k) (4.40) .
i i i i i y
= +
Vg (KD Cy, X (K1 + H vk m
th
v o (k) = ¢ x (k) + H r (k) H
%1 = i i i ,
1
i
where
x (k) = (z (k=-1),z (k))T
i 1 M
T
ui(k) = (@ai_itk),Ti_i(k),Foi(k),Fci(k),Ts(k>)
T +
= !
Vdi(k) (Qai(k),Ti(a),wdi(k }
T
vsi(k)n (Qai(“)’Ti(k)’wsi(k))
T
3 = =
ri(V) Ga1~1(k)’Ti~1(k)’rci(k))
3 ( o)
Ay = —g i z B = g b g ; b
11 "2y ar "ty Coi Cei Csi
) t
g o t:a1 0 Cai N
Car™ | O Sy T BT i
cdi © Csi
M = dalidaZida3i .
! dtlidt21dt31
Q o] 0
|
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CHAPTER 4 THE TRANSFER FUNCTION AND STATE-SPACE MCODELS
This new model can be simplitied for cell 1, 8 and ©,
As for SECTION 4.5, the transtfer function model,
cells 8 and ¢ are combined tm form oane model, For
these cells F_ = F = T = Q, Eguation (4,.40) then .
. oi ci =1 -
becomes: -
£, (k+l) = A x (k) + B, u, (k) {(4.41)
i i 1 i i
= ¢ (k) +
Vdi(k) Cdi xi k H1 ri<k)
Vv (k) =€ x (k) + H. o r (k) t
s s1 1 i H
vihere N
T !
xi(k> = (zi(k—l)’zi(k)) ﬁ
T .
) o= 2 )
w, (@ L kT k)
! \Y; (Y= (R (L)Y, T k) , W (k))T w
di Tai i 'Td i ‘
v = (8 (k)T (k) W (kT 2
si ai i s 1
) T )
ri(k) = (Qai—itk)'Tz»i(k)) @
l‘\
T B B NS R |
11 21.’ al ti s]
Cai ail j
Cat1™ | © Sy oG T 9 By
(o] cd& Q Cﬁi "

H o= daiidaEI

i de119e2y

o] 0
It is warth remembering that for cells 2 to ?

Ay = Ayt By = Byt Cuym Gy 8 G = G5

4.6.2 THE_ST1EAM TUBE SPACE-STATE MODEL

The chosen state-space models for the steam tube

.
surtaces have the form

1
The division wall state-space model?

+ = < + < " !
Y e =gy ) TR TETRLLELPL RN L PRPPy

Sdi tk) = n
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CHAPTER 4 THE _TRANSFER FUNCTION AND STATE~-SPACE MODELS

The evaporator state-space model:

+ + 1
LTRLAER IR P siSgy -y K Mg W O g a4

PR

= )
Ssi (k) n51 ygi(k

Both these models represent lst order systems. The

state variables ydi and yri represent the rate of

energy +low leaving each steam tube section.
2 = ] = . i

Hence Sdi ydi and i ysx The units of 851, Ssi~l

wdi and w51 are all the same. The model should

satisfy equat:ions (4.17) and (4.18), For this to be

= == = = 1 .
the case lsi = 1di msi mdi (SECTINON S.4)

4.6. 3 THE CELL STATE-SPACE MODEL

A state~space model for the furmnace and the division

wall may now be obtained by combining equations

14,40) and (4.42). A similar model is obtained by
combining the +furnace and evaporator state-space
models. (Equations {4.41) and (4.43))

The combined division wall space-state model!

b o b 3 + H s
Xgp (KD = A Xtk By g (k) (4.44)
L = ) 1 + 13
vy (K Ch o xy, k) D,orl (k)
where
x! = (z (k=1),z {(k),y (k))T
di i Yoy Ydi
- .
ULE BT KR KR k), T (k)8 (kD))
.
' ==
vl (8, (KD, T (k), 8, (k))
rlo= (Qal”l(k),Ti_l(k),Fci(k))T
0 1 0
Al = TRy T8y
di o] C J
di di
o o o o0 o o
Béi= bai bti boi bci bsi o
o o© lyy
a1 © dati Yazs Yams
| . : . -
Cai ¢y © Py de11 Yoz Yem
o 0 0 0
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CHAPTER 4 THE TRANSFER FUNCTION AND STATE-SPACE MODELS

The combined evaporator state-space model:

L] = [] R + ] )
Xgg (KFLY = A k) + By ug ke (4,45)
v'o(k) = &7 %' (k) + D r! (k)
si s si i1
where
' = (z {k-Ll),z (k) (k))T
51 i ey 'Y
1 a—
WIS (BTG F OO, F ), T k), S k)
vio= (@ (k),T. (k),S (k)|
€1 al 1 sl
T
¥ — v
FLE B T KR k) )
0 1 0
A = | Bgy TRy
51 0 c 3
[ZH 51
0 0 o) o o 0
;‘u ba1 i boi ci “si ©
o) o o} 0 1
S\
O 40 da1i Yazi Yazi
Yei1© : B oDy = de1s Yezi Yemy
o) o 1 o 0 o}

4,7 SUMMARY

All the necessary eguations have been obtained relating
inpats to outputs, These relationships have been

defined in terms of parameters ta which no wvalues have

been attached. It is the purpose of Chapter 5 to try and

make use of these relationships to identify the model
parameters given the maximum likelihood model (Egquations
{(4.29) and (4.2%5) ). The steady-state analysis of
SECTION 4.4 enables the validity of the cell

trangfer
function and state-space mobdels to be tested under
steady-state conditions. Berore continutng to Chepter S

the reader :s5 reminded that not all burners or mills are
in operation at any time. These account +for the
transter functions in eguations (4.24) and (4.25) that
are not available. Depending on which levels are

inoperative certain solving technigques are ruled out

while others are signhificantly complicated {(SECTION
6.49.1).
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CHAPTER 5 ~rALIZATION OF THE MODEL PARAMETERS

e

9.4 ING -« LUCTION

In order to determine the mathematical model far the
boiler sufficient information had to be accumulated,

Information relating to boiler practices and design aims

led to the model suggected in Chapter g9, The
availability of aquantitative data enables the mode
parameters to be rdentrtied, The guantitative
information is of two biods., The first kind provides

data abput the pheysical processes and the physical
constantg. This information enables the steady-state
equations of [ECTION 4.4 tr be defined faor all cells.

The secaond eategrs - provides the i1nformation necessar y

for the parameter itdentificae- on  technigues. Time
sequences, of rele.ant measuring points, recorded from
the plant under ngrmal operating conditions, are
neressary  for  these techniques, All the available

quantitative information may then he manipulated and
zomhined to producte information which can be used 1n the

rdel {dentification process,

Thvis Chapter looks at the sieady-state equations derived
in SECTION 4.4, Jugtification is provided for the
choice of some of the required constants. The method
foor obtaining the cascaded cell transfer model is
discussed. It is shown how individual cell transfer
function models may be deduced, The Chapter is
completed by describing how the state-~space eqguivalent

foor the cel! transfer function model may be obtained.

8.2 THE STEADY-STATE EQUATIONS

It is possible to obtain two different equations for the

steady~state condlitions of Sdi and 551' This section
intends +ton show that, although each equation uses
di4ferent fnputs to derive its output, they are
compatible. The section Jinishes by definhing the

steady-state parameters resulting from the steady-state

analysis of SECTIOM 4.4,
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CHAPTER & REALIZATION OF THE MODEL FPARAMETERS

Consider the steadv-state eqguatinns in SECTION 4.4.

Hri’ the energy available for absaorbtian, 15 related to
di and asi bw equations (4.13) and (4.14) . These

relationships mav be fixed using equation (4.2).

® = 0,286 H . (5.1}

(5.2)

2
i}
e/
J
[
Y
p

From equation (4.1é) it can be .epen that;

- ~ o o ~
Hri = +hi(Fc:x’ ci=-g* * ! ch’ Foi » ALt
~ ~ -
T ) .
Ty Ty . (5.3)
where + i a function of the listed variables.

hi

It follows Ffrom equationg (5.,1) and (5.2) that Gdi and

@si must also be functions of these variables. The
variables wused in defining Sdi and SS1 {Equation 4.17
and 4.18) can also be found.
= + 8 .
Sdi Qdi di~-1 (S.49)
= + "
Ssi Gsl Ssi‘l (S-S5

The oanly additional variable in each of these equations
is the energy +low rate of the steam entering the i'th

cell, namely Sd and Ss

11 i=1

Consider now the transfer function cell models
(Equations 4.3% and 4.3& )3}

= ¥ y .
Xdi Kdi M- + Hdl Yt + Fdl TS T - RN - ¥

= K + + F 5,
Xsi 'si X51-—1 HEL Yx rdi rs i (507

Consider the inputs, {h these equations, that define 8

di
and & .
51
Sat T Far O Ty Sgiir Fogr Fegpr T ) —rf808)
[ = | .
st 0 Fei®agyr Tiop Sgia Foyr Fogr Tg ) —nr(9e?)
where ﬁdi and fqi are functions o+ the listed variables.
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CHAPTER & REALIZATION OF THE MODEL PARAMETERS
A+ ig not listed In equations (5.8) or (5.9), The
transfer function model assumes that the air/fuel ratia
is +ixed. The rati1o changes primarily as a8 result of

fluctuations in the moisture cantent and the caloritic
content of the coal. It changes very slowly with respect
to the system response times defined by equations (5.6)
and {5.7) and since the maximum deviation from the normal
is never very large A/+ is omitted from the variable list

in egquations (S.8) and (8,9},

The major apparent difference 1n the variable list for

Sdi arising out of equations (5.46) and (5.8) 18 the usge

of mai-i instead of Fci—l e Fcz (F'c;1 = Q ) The
steady state equation (5.4) uees W ‘e F ’ ‘n
ci-t c2
conjuction with T1—1’ to calculate Qai-l’ the energy
inflow to the 1'th rell, From the trans+fer +function

model point ot view this is a3 modelled output from the

previous cell and hence F

“ s o g i b

P FL_.2 are in fac

considered in equation (5.,.8).

The same applies to T1 in ecuation (5.49), Ti can be

derived from equation (5.4) in  terms of the same

variables asg sda . It follows that Ti 15 already

included in equation (5.8),. This may be represented by

another function +d{ as follows: -~

= 4 ¥ 4 -

Sdi 4d£ Bai-t? Ty-yr "d1-1" Foi’ Py TS’ Ti)
{5.10)

The variables 1in (S.10} are now no longetr linearily

independant. The argument in %“he foregning two paragraphs

applies egually well to 851.

The two different methods ‘ocr determining the steady-

state conditions for Sdi and Sai are therefore

compatible. Later it should be possible to show that
the results obtained +rom the cell transfer fuhction
model do indeed match those resulting from the steady-
state analysis of SECTION 4.4,
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CHARTER 5 REALLIZATION OF THE MODEL FARAMETF

T, mirder tn dJetine the parameters pof equations (5.4 and

= S ke Anliowing constant values are assumed.
P 19 MI/kg
a0 MI/La
“ 3
I - WV, 05 La/m
!L'( . 1
. 0,78 L1kg . kK
i 3
p.oo= 1500 kg/m

Tre injipwira Tavior expansipn polnts are assumed.

N S Y B ?,18 kg/s ; This represents the

' holf~load mass +low
rate of each mill.

oo 2t P H 0,14 kag/s ; This represents the

hai+~1load mass 1ow
rate at each Lurner

level,
S 3 :

At : TyE6 mo kg H The ratio of the
air volume to to the
mass of coal.

e e
£ = }
A/ A/E 7/ pc
= i 0
Tq : H 250 °C H This temperature
: varées bgtween
150 C and 350 C.
T+ 1 te 7 1 150 (i+1) °¢ 3 This  attempts to
' model the temperat-
ure profile within
the boiler.

o L Johe

=

3 ‘ ' o

Ty : 300 °C

g A ard  H then become! -

41 LT | S

- . Ly

A1 “”,l 1 ! ','3486 Hi”i . (5-10)

v : Y + nq714 H s . . {9 11.)

%1 s v
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) 1-1
- 4 " o+ 1) o+ k‘ " E t s at
Hri yli K?i Fci 31 J:‘ th ! }41 PuA
+ ;o - ' 4 ” - + g -{ oo .
Kgy AZF Kol Tg >3 Tyier Yber T
PG
The parameters Klg to FS: for cells 1 to % arve i ree "
TABLE S5.1.
TABLE 5.1 TABLE OF PARAMETER VALUES FOR ALL CEL L AL
DEFINED BY EQUATIOM 4.16 IN SECTIONM 4.4
" n ¢ L] " k " 4 1] [~ N n k "
Celll Ky, " Ky, Kxi" [Fa, 51 |Fes "o 8i
No
1 (0] 12,72 -3,2 40 0 0 e}
2 161 1s6,9% -0,85| 490 -1,36 52 (@) v
3 145 16,0 -0,85| 40 -3,4 52 S2 1u4d
4q 122 15,2 | ~-0,88 40 -5,9 S2 104 1595
ol 114 14,3 -0,85 40 -7,5 52 155 207
& e9 13,5 | ~0,85| 40 -9, 5 52 207 25¢%
7 82 12.6 -0,85 40 -11,6& 52 299 -3Ld
8 2?0 15,2 2,% 40 11,9 Q 311 311
? 114 12,7 2,50 40 15,0 0 311 a1l
- 1 ooy - L
Units|{MI/s | MI/kg | MI/kg iMI/kg| MI/s kJ/s.K kJ/s.lK Wl . s.K

5.3

THE _TRAMNSFER FLNCTION MODEL

S5.3.1 THE CASCADED CELL MODEL

The relevant inputs and outputs +or the ombined
plant were shown in FIGURE 4.5 At an earlier stage

in the project data of selected points was logged.

The majority »+ the relevant points appeared ih this
logged data. Indeed only twa inputs/outputs  of
impartance do not appear in this data, Due Lp time

cohstraints 1t was decided that this available data
should suffice. The list of points that were used
from the lwugged data, appears in Appehdix C, The
important omissions from this list are the division

wall outlet water pressure and temperature. This
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prevented the determination of Ssonr qu from the

steam tables (Keenan, 19728) . The problem

was circumvented vy eliminating SwD from
-3

the cascaded cell maodel, In its simplest forwm

the available inputs are related to the available

outputs according to equation (4.37) and eqguation
(4.3a).

ALl the transfer Ffunctions in equations (4.249)
and (4,2%) are found using the IMSL {International
Mathematics and Sciences Library). The package

FTWENX (Appendix D) pertorms the reqguilred maximum
likelihood parameter estimation on several multi-
input single-output time sequences, This provides
an auto-regressive moving average model from which

the required 'z’ transforms are easily determined

(Equation 5.14).

Before the data could be entered onto the PDP 11/34
computer, on which the soflware was run, some pre-
processing of the data was necessary. The enthalipy
flow rate at the division wall input, Sdo’ and at the
evaporator output, sso s had to be obtained from
temperature, pressure and flow rate measurements
(Keenan, 12781Y, In a similar way the flue gas
enthalpy +low rates per kilogram (Q;7 and @;9 )
were obtained from the gas tables (Keenan, 19283).
The air pressure was assumed to be one atmosphere
since the pressure within the furhace seldom falls
more than l10U0OPa below atmospheric pressure. The
flue 9gas enthalpy +flow rates, @a7 and Qa? ’ were
computed by wmanipulating entered data (SECTION &.3).
A list o+ all data available +or processing by the
parameter estima'ion package, as well as the +iles,
and the columns the data appears in, is shown in

Appendix E,.

The parameters estimated by the package FTWENX wWere
stored in a new data file. These parameters were
then used to generale the output time series from the

given inputs. In this way the output from the model
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could be compared against the measured outputs.

The form of the time series model determined by
FTWENX 1ig
) ﬂa? (k+1) al o o0 0 o Ga? (k)
T9 (k+1) O a2 (o) T9 (k)
859 (k+1) - 0O a3 o 559 (k)
Qa? (lke+ 1) Q a4 0 &a7 (k)
T? (L.+1) O a o T (k)
Q57 (lk+1) O 0 o 0o 0 a6 857 (k)
by~~~ = -b 40 FD? (k)
. b, b, O Fa; (k)
+ b31 b313 b314 Fc? (i
b41 b413 o Fc? ()
b51 bSlS 0 TS (k?
Bey” 7T Par1s Pota Sqa W
(5.13)
This represents & multi-input, single-output
predictive st order models. Taking the tz?
transforms vyields the transter function relationship
- - )
Ga9(2) bli 2_1.... ..b1132—i o) SFDZ (k)
1—a12 1-a,2 ;
T? (2) 5 5 © F :<k)
: : -1y 497
S o (2) E E b214” Fip (k)
: : t-az"t ;
: : . :
G'.51.7"?") 5 E F ,:(L)
. . cv
Ty 2 Sy oy -1 g K
857(2) béi zAl---------b613z*l b6142 - SdD (k)
J*aéz l-aéz 1= 52
(5.14)
5.3.2 THE CELL TRANSFER FUNCTION MODEL
| To obtain the parameters of the cell transfer

function it

is necessary to equate the two forms of
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the cascaded cell model. Coefficients of the
titted moving average model, when equated with

coetficients in the algebraic cascaded cell model

(Equations 4,37 and 4.38), yield the individual cell

transter functions. Each of these useful relation-
ships is considered below. (For detinition of the
. , . , .
varijiables 9491’ %a0i ’Ld98 and ks?B see Appendix B.)
1) ' nd o §
Ps96 2" Tane¥s14°
The relationship between Sdu and ng in equation

{(4.24) and equation (4,37) is given by

T & 6
3 + = M 9
(006G 4 1 414 '} Keoa Fay Nat Xasg Kay Nai

(5.18)

The assumptions are made that

Kaz = Kgzr Ngy si 458 Keog

The basis for this assumption, is that the same tube
work and metal has been used in the evaporator and
division wall steam surfaces. The relative areas of
the energy absorbing surfaces are taken into account
by \ (SECTION 4.5.2). The transfer function Ks? is
then only defined by the length and thickness of the
tubes. This assumption, while not completely
accurate, states that the energy absorbing properties
o+t a length of evaporator and 2 length of division

wall are identical.

Equation (5,15) then becomes

T & &
+ == g
€0 0 G g6 ) 0 Keog KasNs1! Xeog Mgy Ngy !
(5.16)
&
KS7 has the form (Appendix F)
e 3 0
Ké = x x O where x i any
g7 & .
X X 9g_ transter +unction
)
T
Ngg = 9 0 9.4}
Hence
é =) T
K = a )
57 Mot { O 9 9.4 9216 ) (5.47
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4 % X Q a
K598 K57 N51 = X X 6] O6
X Fev6 576 Fs16
= (0 0 ’ ) !
%56 Fs76 Tm16
(5.18)
and
O = )
kaos ka“ Nsl Cx X Fgae, ! g
b %2 syo
= ! 6 q
g0 5o Y516 (5.19)
Tubstituting (5.18) and (5.1%9) 1nto (%.16) gives
T )
(0 0 @ 1‘3(1 + Gdld)) = QO , & 32 ;
J 9596 9576 gslé
As expected S does not influence G or T sihce
L as 2
re~-radiation has not been cchsidered.
The transfer functionh relating output Ssq to input
2 is then
“uo
& 2
+ = ! » 2
Og1a 1 * B4yq ) T U954 Bgmg %sy6 | (5200
In a similar way the relationship between 85” and Sdm
can be determined
é 2
» 4 ? 3 - y .
6514 e Gdlq 959¢ ( 95?6 9516 ) e (52200

The L.H.S. of equatiohns (5,.20) and (5.21) are known

{SECTION  S.3.1). The ratio ot these equations
gives
) + n - 1 .
Cogg C 3+ Cyyg ) T (5.22)
G ! +
sig 1Y Bgyq !
Ohce

, (&) ] .
Tty has been found Iowe Taie BN be determined
from eithetr of eguations (5.20) or (5.21).
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CHAPTER 5 REALIZATION OF THE MDDEL PARAMETERS
2) KE‘?Q,
With 9396 known, Kgqe can be identified by
by corsidering the relaticrnshi»  betwsen the inputs
F o and F__, and the ouvtputs of cells 7 and 9, A
(] [y =W
™ .
o=
From equations (4.2%) and (4,38) the relationship
between pm“’ Fr“ and Xqﬂ sreldsl
{ -~ ’ 4 s
Yaé cal:’:
“to Cym =
g ! ' } 3 s ;!
Ces s14 Oqg Coin * Boya Bqgp
¢ K 2Nk M.+ H ) (5.23)
s sl 598 d = )
Similarly, the relationship between Fo?’ Fcﬁ and
X_o vields
Gaé Galz
Cre Ciyz =
(G + G G V¢ + G
sé 514 "&b G512 5149 Gdlz)
K ( e N I H + H ) (5.24)
598 s7 sl 898 d 5 ‘
Substituting (5,23) into (5.24) vyields
Gaé Gal?
®ra Criz =
( + ) C; & G
®s6 * Cs1a P46 ' ¢ Pzt Cgi1a Cqi2’
! ' ’ 0 G ' G )
Yava Tavs a6 al2
y 1) ) L) . L
Br54 Fpos © Cra Ceiz
’ ] 3 ’ + ) ] G )
e54 55 Zavg ‘Coe * Bs1a B’ Gz * Psiq Caiz!
(5,295)
The only unkhowhns are the first two coglumnns of the

matrix K

v Sufficient intormation
593

equation (5.25) to

allow K59B to

(Appendix G).

is containhed in

be determined
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CHAPTER 5 REALIZATION OF THE MODEL PARAMETERS
2) Kg?@’
. . . .
With gg?é known, Ks?& can be 1dentified by

by considering the relaticnship betweern the 1nputs
FD.1 and Fc?’ and the votputo o+ cells 72 and G, %5,
™ .

[~y =]

=

From equations (4.25%) and (4,38) the relationship

between Fm”’ Frﬂ and M rieldsy

¢ 5! G
“ad alz
L] ] —
Gta th?
s 24 ! ) ] “ G !
s * Ps1a Bag Goi2 * Bg14 Bgin
¢ KON K H o+ H ) (5.23)
7 sl =98 d 5 '
Similarly, the relatipnship between FD7, Fc” and
X_o vields
Gaé Galz
Ste Cii2 =
{ + 3
ce ¥ Cs1a Bqs ! Cgyn * Cgia C4io
K ( K S N ke H. + H ) (5.249)
528 57 sl s98 d 5 ’

Substituting (5.23) into (5.24) vields

Gaé Gal?

Bt Gpyp =
oo * P14 %ae 7 ¢ Cyin Py Ca12’
P ] pe 3 G ] G ¥
Y99a Taog © a6 al?

}] L] ) . 3
toq Fros © Sie Cein

b 1) ] H + L 1 + G } G )
554 Fuo5 Tgo4 ‘Cog * Coia CBds’t Cain s14 Y41z

(S5.25)

The ohly unknowns are the first two columnns of the
matrix K

o5’ Sufficient information is contalined in

(5.25) Lt allow K598 to be determined
(Appendix G).
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(i
\ 3) H 3
| h SV - 20
It is now possible to find H_ from equatian (5.23).
i lable ¢ g e e G, Y
ks?B is available from PE?B (Appendix ) K57 NSl
“ is available frmm equatton (3.172).
N =
5 !
" < oo b
}57 Nal laﬁe &
I Q 0 t
0 0 o rt
i
(g £ q g 2. )ig 3 g ' )ig ° g g 2o e
876 "sla a4 876 "sle Ts95 68746 "alé Ts96 it
(5.26) I
i
The only unknowns 1n eguatian (5,23) are Hd and B r
L
but fron SECTION (4.3.11), f
) EE
Fa12 Faiz 9a12 Yai3 -
H H, = E
s Fpin Ty | 29 Hy Ye12 ein tg
‘ W
512 Fo13 A Fgin A gy &
ktﬁi
(5.27) £‘_¥
A is known hence there are only six unknowns, Six &
equations are available from equation (5.23) and so "
I
HS may be completely solved (Appendix H), %
4 3 =
T -
In mrder to dobtermine K__, Msl must be avalilable.
This allows I in Vs“ to be fixed using equations N
(5.21) and (5.22). Ksl i besl determined fram the
air temperature TD and energv flow rate aam’ of the -
air at the bottom of the cell. These values are nat )
available and are set to zero i» the model. They B
wonld not be expected to change much and, due to low ,
temperature and low heat &Sransfer below the burners, .
3
do not contribute a significant amount of energy to F
the svystem. For this reason 1
Iu16 = ! *
or ¢ ™m0 e
V~j = o 1 0 f (5,28) -
b o o 1
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&

This has the effect of making cell 1 transparent.
That is, it does not affect the water entering the

side walls nor dnes it affect the air temperature or

enerqy flow rates.

[ —

Sufficient information i now available to ensble K57

tao be determined. Tiis 15 achieved by cansidering
firstly the effects of the inputs to cells 2 and 3 on

the output ¥ .

o The relationship between ng, ch
and XS7 18 given by equation (5,29). The
relationship between Foz’ Fc2 and x57 18 given by
equatian (35.30).,

y ’
Caz Cas
y » _
Gin Cig B
) ) b 4 )
Sc2 + %14 Bz ' ¢ B * Biiq Cyg !
& 4 4
CKem Mgy Keeg Kgp Mo v Fgp Hg )
(5.29)
)
y y
Gal Ca“
3 y =
%y Cpm
y + ’ ) 3 + !y
{ ¢ %gy ®c1a %1 ) 0 Car * Ggiq By !
6 5 5
( Vs" Nsl kg?ﬂ Ks? Hd * K a7 H !
(5.30)
Appendix I shows that {4
4 Py P2 5 9 92
Kep Heg = Ps Fq and K, H = O fq
{ Py Pg A B
then from equations (S5.29) and (5.30)
3 3 ’ L]
®az g { | P1 Py . a1 %ay { _ {1 %
H b ] 1]
Gz Crg Py Py Ge1 Gy 95 94
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CHAPTER 5 REALIZATION OF THE MODEL PARAMETERS
but

9 9 { P, Po g
9y 94 L Py Py !
A5 Y4 Pg Pgy

Fava  Faos “ PL P2

- Yepa  Fyoe o Pz Pg

Ig2q  Fgme  Fg, Hg Py

Equation (3.32) cvan be e *racted --om sguation (5.31)

q

1 %2 - Fava  Fgme B, P2
93 94 Fpog Fpoe P. Py
(2.32)
The top two rows of K | ¢ then casily identitied)
]
-1
Fama Tavs _ 1 92 Py Pa i
{ Ftra Feos 9> M Pz Pq
DU (5.23)
There remain two transter «inctione in ' __ that are
=4
unde+fined. These are A ., and 95”5 These are

solved usihg the remairing wmceacured date in eguations

(5.29) and (5.30) (See Aprerda I .

&) F 3
—_——
The only remaining at Loeas *hat need to be eolved
for are Fd and F_. The relationship between “S and
Xs? 15 glven by equations (4. .9) and (4,38).
- y
6313
G, ;
’tlt’; ‘: =
' ’ s .
“Cotx Sa1a g1 )
& 5 1
4
st NSj N 1 Fgﬁ) ¢ I lgﬂ) Fd +
] -1
- K ( - =
€1 ka”) ! k57) 5 (5.3
. .9 -1
The matrix (I - K _ ) ( T - K o) cah be determined,
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ARk

ST

=) , . . .
K57 Nsl LSQB is already known (Equation 5, 28). F
and Fd are the only unknowns and are related as

follows: ~

Y| e s

?&

\ Bal § . 5a1 g é
Fa = Ter ) Fe © Ty a
)
AT ENS) f
|

The method Ffor determining Fd and F_ appears 1N

Appendix J.

Ty 3

prccadet

It has beern shown that all the matraices making up the
division wall and the evaporator cascaded cell models

can be 1dentified from the avairlable data. It

—— e :ﬂ*‘;’:j"—‘lv—""‘f‘,“ e

is now 4
£

pogssible to idertifty the state~space models {rom
.
their equivalent transfer function models. £
*
ol

5.4 THE STATE-SPACE MODEL

l
The transfer +unction models of equations (4.32) and ‘%
t4,33) can bhe written as %
The divisicon wall cell transfer function model: &
1
é iai ] jail a1z %a13 Zaia Jays O Tsi ﬁ
R = i1 Ftiz Ftiz Frig TFrys O Foi
{ Sai 411 %diz Zdi3 Tdaia 415 Tdis Fey
Gai—l E
Ti-4 )
Sdi-1
(5.35) £
The evaporator cell transfer function model!
8ai i Fa11 Fatz %aiz %aia %ais © Te -
U eir Tviz Tz Fria Beis Foa ;
-3 2 511 512 Ysiz Ys1a Y515 Yaie Feu &
aax—l ﬂ
Ti .
! Ssi*l |
(5.36) 4
All the g9's represent lst order transfer functions in the
‘z! plane,
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u
t
v
R
Ty b et anne van he derived from the state-space |
mode ! ded snition ot SECTION 4,6, For any model of the é
forme
[ 2 T = A v k) t B u ( w )
[ = G » k) + D ouw k2

The transfer function equivalent G(z) is pbtained as

—

follows (Qwens, 1983 )1 1~

poliu a1

et o ——————— T h.r-—-“,—&- prr—

G t z ) = C ( z1 - A ) B + D (5.3

W e T

The A, B, C and D matri G detined 1n SECTION 4.&.3 by

equations (4,44) and (4. ) showeld give similar transfer

function matrices to those in equations (5.335) and
{(5.36).

-

Consi1der firgt a transter function matrix KE' (z) derived

= =

trom the state-space model for the evaporator {Equation

4.45) using equation (3,37).

¥
i
0) (z -1 0 o o o o0 o0 o F
(=} i
) - + !
si(Z) Cti all z a21 o 51 o1 1 al ti 0 t
o 0 1} j0 - m  z-j o o o 1 h
&1 51 s1 S1 h
M
I v
© 0 dasy a1y ez © .
n )]
e iy 9y Yypy © 5
4 0 0 0 o o !
(5.38)
A} Il
! Fog Ffay €
- ¢
tzT - A’ ) . 34 {41 v
i $ $ +
Si i 74
(5.39)
where
™ + - 1
Fri Gz e, ) bz =do ) /Py, {i
o= - M
+21 { =z jsi ) / pml |
T UL Y SR N S SO A P
441 = z (z =~ js( ) / Py
; = -
54 31y %ay a1 7 Poy
+£ =
&1 2 % "sy 7 Poy
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= 4 z +
+71 ( ( =z a,‘?i ) 311 3 / pol

= ( =z (2 + a Y 4+ a y |« -
pcl 21 1i z s )
Substituting equation (3.3%) 1nto equation (5.38) and

multiplyving out gives: -

+41Ca1bsi {4ica1bol 441caxbci+ daSi
Kgi (7 = Tai%eiPai fai®iPor faiteaPout Yes
61 bsi 1:En bo1 féi bsi
Fai%a1Par® Ya1i Fa1%aiPeit Yaz
fai®ei®as® Yoy "4:1%6.P8, " Yz
%6i bai +61 btl f?xlsi

(5.40)

The state-space cell model for tre evaporator can how be
related to the transfer function cell model for the
evaporator (Equation 8.368) which was developed in the

previous section.

Consideration o+t the steadvy~state form for the tube

surfaces (SECTION 4.6,2) yields a value for 151, msi and
csi. This information simplifies the tas of
determining the model parameters. Equation (4.43)

reduces to eqguation (5.41) under steady-state conditionsd

5 = 1 (1 s + m . H )
=i T‘~ - si g5i~-1 =B =]
Te, (5.41)
where
Yer T sy My 5 (5.42)

Equating *he coefficients of eguation (4.17), which
arises out of the steady-state analysis of SECTION 4.4,

with the coefficients o4 eguation (5.41) gives

1si = 1 - 151
msx = - jsi
F= = L -
ar Yei Mgy Tei (5.43)
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Finally from equation (35.2) it can

<y = 0,714

The transfer function matrices of

be deduced that

equations (S5.40) and

(5.368) may now be used to determine the state-space

pairameters of equation (4,45)

) 1 . and 3y .
i 53

i = Foy lgy

5 i

z =

51

(5.44)

This gives 1 . and 3
si

order trans+fer functior for =
=3

directly 4rom the best it lst

16
~ = .
2) Fyqr By By BBy, B and By, i
o1 Fer Pay
= c 1 )
= 51 53 o 4
- ) + +
( z Jsi ( z ( z a2i ) a11 )
or z bsi = 9511
+ oz -
bz s, )z +a, 51681
{3.49)
Again b

si’
fit in equation (5.4%95),

Similar equations can be derived for g to g

These have the form:

By and a,, can be determined to give a best
L

12 519

Feay
gsiécsi
(S5.46)
bci’ bti’ bax )

These +ive eqguations may then be scaled and a best fit

curve abtained for all five egquations.

have been defined b , to b tollow
=3 £

Ohce a and a, |,
21 14

directly.
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equation (5.4,

g = * cai wsi
tit z (2 + a ) =3
11 11 (5.48)
4) agyr 9ain Faix dpqqr 9y p Bnd dy 4
o= +
9313 f41 Cai bci da13
or
siz - Zaiz T Far Pey fay (5.48)

where d (= is the only unknown and must be chosen
A
accordingly. The same technique may be used to

determine the remaihing d parameters,.

Having +found all the parameters in the evaporator state-

space model the majority o+ the parameters in the

divisien wall state-space model are already known. The
only unknown parameters are Cai0 My and ldi'
Az  for the evaporator, a steady-state equation for the
division wall tube surfaces may also be obtained from
equation (4.42).
= +
Sai T—TLT““ gy ®ai-y Mgy My
di
(5.49)
where
Ya1 T Sar Mg

These equations yield

1di = my, = - jdi from equation (4.19)
ahd

i

Cdi 0,284 from egquation (S.1)

The assumption was made earlier that the tube surfaces of
the division wall and evaporator have identical heat

transfer properties. I+ this condition 1is applied +to
equations (5.41) and (35.49) then
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B
3) Cai and Ct H ;
. P
q | = ai 5 :
ail L
( z + + i
Gz ey ) 811 (5.47) il
The only unknown 15 ﬁal which must be chosen to provide
the best f£it, cti is obtained 1n a similar manner from |
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CHAPTER 5 REALIZATION OF THE MODEL PARAMETERS
o= = j
Ai s i ~ (5.51)
and
== = 1 = = -
ldi md1 51 mSl : Jx (5.52)

Therefore all the paramaters in the evaporator and
division wall state-space models can be identified from
their respective transfer fuction models using the

technigues described in this sectian.,

5.9 SUMMARY

This chapter has provided a method for determining the
parameters of the m dels lggested in Chapter 4. In
doing so, some {nvolwved ansfer f+unction manipulation
was necessary. This was particularly evident in the

method for identifving K__. The technigue +for obtaining

7
the cell transfer function model from the maximum
likelihood model, and later, the cell state~space model
from the cell transfer functon mndel, was expected to be
accompanied by reduced model accuracy. The maximum
likelihood parameter estimation model places the
restriction of +irst order transfer functions relating
irnputs to outputs. The mathematics involved in
determining the cell trans+ter function matrices
theoretically allows each of these transfer function
matrices to be exacily solved, given the maximum
likelihood model. In practice further inaccuracies

are introduced since the transfer functions are complex

and are best simplified to +irst order transfer
functions., These simplified transfer functions then
define the cell transfer fuhction wodel., Further

inaccuracies, through simplification, accur when the cell
state~spare model is obtained, sihce extersive use is

made of begt +it technigues.

The motivation for moving right down to the state-space
model level muast be considered against this expected
decrease (n model accuracy. The state-space model
contains the fewest upknown parameters. 20 parameters
are teguired in the maxmum likelihond model detinition,

44 in the cell transter function model detinition and
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i
f only 18 parameters are redquired in the astate-space
madel detinition. This version then requires the least
camputation in predicting the attemporater steam
. conditiaonr, This 1w desirable should the ideas proposed
in Chapter 2 be considered at a later date.
N,
)
i
|
i
\
i
11
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CHAPTER & A CRITICAL APPRAISAL OF THE ADOPTED APPROACH

=1} INTRODUCTION

Chapter S described how the models develaped i1n Chapter 4
could be realized. It showed that the mathematical
techniques existed to identify these models From the
Ingaed data. It remains to actually use this methaod

on a suitable set of data to verity the theory.

During the course of the investigation, culminating in
the suggested method of Chapter 95, other modelling
technigues were congidered. Other methods for model
identification were investigated before the presented
approach was adopted. This chapter discusses the
alternative modelling processes as well as some other
methods for determining the model parameters. It
continues by discussing aspects of the chosen model and
reviewing the major assumptions made while developing the
chosen model. The technique 4for determining the model
parameters suqgested in Chapter S5 is considered and
comments are made concerning the attempts to identify the

model parameters +raom the plant data.

6.2 THE EARLIER MODELLING ATTEMPTS

6.2..1 THE PHYSICAL MODEL

One approach for modelling the boiler is to describe
its wuwperation with suitable differential equations.
These ‘'differential equations, with their known
parameters, could be linked together to +4orm a

suitable system of equations.

A model o+t thisg nature requires a tfairly
extensive knowledge of thermodynamics and heat
transter, The traditional heat equation is

well defined but applies to the precess of heat
conduction, Similar time wvarying equatiohs
for convection and radiation heat transfers are
not as well underatood, Untortunately, conhvecltion

and radiation effects are the major forms of heat
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CHAPTER & A _CRITICAL APPRAISAL OF THE ADQOPTED APPROACH

transter within the boiler.

The proucess of energy transfer within the boiler is

now considered.

The energy of the steam is represented by enthalpy
and is obtained from steam tables and the NMollier
diagram. Pressure and temperature measurements
allow the enthalpy per kilogram of steam to be found.
The +flow rate of the steam in kg/s allows the

enthalpy flaw rate to be calculated (MJ/s).

The energy sources available to transfer heat to the
steam are described in detail in SECTION 4.3.1. The
major source of energy is the pulverised coal, The
quality of the coal is rontinually fluctuating
(SECTION 3.3.2)., The moisture content, the caloraofic
content and the valatility of the cpal change on a
daily basis. This Iintormation is available via a
"p.oaximate" coal analysis performed each day by the

stati{ion chemist.

The energy avallable within the +furnace can be
related to the steam energy using a model +or
the +lame conditions within the furnace. This model
enables the temperature of combustion as well as the
distance <$rom the +Flame to the side walls to be
calculated. Both of these tamtors determine how much
enerqgy {is radlated to the steam surfaces. The nature
of +ire makes 1t impossible to assume a constant
+lame envelope. The method of mixing fuel and air,
with gswirl vanes, ensures turbulent +low conditions
within the furnace. The flame shape and size is
thereftare constantly In a state of +Flux. It
follows that the rate ot energy transfer (s also
constantly changing. The method best suited for

describing these +lame conditions assumes a point

source prov:ding the same heat transfer
characteristics as the $lame. The point source has

a temperature associated with it which would produce
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the smame radiation edfects ag the flame. This
temperatu#e, at Lhe flame tentre, must be higher

than the actual measured temperature to  try to

compensate for the inverse square law for radistion,

A disadvantage of this model is Lhat cohvewtion
alr +low 15 dependant on  the "upstream® air
temperature which has beern artificially i1nflated by
the point source model. The poiht source +lame
model can  still he juati+xed'by considering that
BO% of heat transfer in the boiler 18 a result ot
radiation., The convection effects are theretore of

geconaary importanco.

A model vf this form 15 dependant on & method +or
determining the combustion temperature of the coal.
Any error in this temperature 1s magnified many
times since radiaion 18 a function wuf the +fourth
power of temperature. The combustion temperature
could be measured if surtable instrumentation were
available,. It would then be related to the
effective radiaotion temperature of the point source

model.

The heat radiated $from the furnace 1s conducted from
the +lue gas surface to rthe steam surface of the
steam tubes, This process is moadelled by the heat
conduction equation, Information about the materials
used is required i+ the tube vonduction model is to
be identified,. The thickness, heat conductivity,
absorbtion coefficient, and areas gt all the tube
surfaces are necressary to enable the rate of heat
transfer across the tube boundary and the total

amobunt of enerqgy absorbed to be delermined,

Modelling the physical processes taking place within
Fhe boiler is hot ‘oo complex until the ettects of
wombust ion  are ronsidered., The modelling o+ heat
transfer +rom a flame or a poiltht source 15 complex

and was cnhnsidered bevond the scope o4 this weark.
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CHAPTER & A _CRITICAL APPRAISAL OF THE ADOPTED APPROACH

H.2:2 SYSTEM IDENTIFICATION

An alternatlive method for identifying a model for the
boiler plant is to assume no knowledge o4 the plant |,
and to attempt to fit . wmodel to  input and output
data measured from the plant, This then becomes a

parameter estimation problem.

A review of some available parameter estimation
technigques was made. The paper by Astrom, (1971)
gives anh excellent survey on model classification and
mode ] identification, The off-line nature of the
identification problem allowes more freedom in the
choice of modelling techniqgues., The majority of
identitication algorithms revolve around the least~
squared errar algorithm, The technigue used to
solve for the parameters in a discrete time
input/output system is similar to the technhiqgue used
to solve {for the parameters i1n a state-space discrete
time model. Both use variations on the least-
squared error algorithm (Graupe, 1972 and Eykhot¥t,
19274, A parametric model for input/oputput sequences
hasg the limitation that only the completely
caontrollable and completely observable modes o©of the
system can be identiftied,. Access to state-space
variable measurements ensures the complete definition
of a state-space system, including its unobservable

and uncontrollable modes.

Consider a state-space model {of the bpoileri two
clagsses of variables may be wsed as state-space

variables, namely temperature mee suremehts or energy

flow measurements. The ©ycle of interest 1nh  the
boiler is primartly an energy cycle, so the choice
o+t temperature or energy +1aw measutements
must enable the radiation and convection
energy transfers tom be measured. Temperature
measuremento o+ the steam, flue gases and

temperatures of combustion are representative of the

energy distributed around the system. Undortunately,
a system . ing temperatures as its state vatriables
Page %3
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incorporates many non-linearities. The two most
striking are the relationship between temperature

and radiated energy, and the trelationship between d
steam temperature and steam enthalpy. Radiation is

a function of the fourth power of temperature and !
enthalpy 18 a non-linear function of pressure and |
temperature. These nan-linearities can be avoided
it ernergy {flow measurements are used as the state

variables.

The maodel suggested in SECTION 4.3 divides the boiler
along its height. Reasonable state variables are
steam and flue gas enthalpy +low measurements at .
various levels within the furnace. (SECTION &6.2.1). ﬁ
These values could be obtained it the reguired
instrumentation at all levels was available. This
instrumentation is not avallable and so direct or
indirect measurements of the proposed state variable N

were not posgsible, A state-gpate model was

therefore not $easible.

The alternative approach is teo fit a transfer

- e e I weaaes

function model involving only input and output data
streams. The model takes the form of several '2°

plane transter functions representing auto-regreasive

moving average models. A variation of the least
squared erraor tetzhn gue {a max i mum likelihood :
parameter estimation method) is used to determine

the model of equation (5,141

6.2.3 A COMBINATION OF THE PHYSICAL INSIGHT AND
SYSTEM IDENTIFICATION TECHNIQUES

A model of the form suggested by equation (5.14) is ’
sufticient +or use as a simulation model far  the i
tast-time predictor instrument, if all the burner
itnputs are related to the model oulputs. That (g,
there are no undetermined transter functions in

equation (5, 14).
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o s @

It 1s normal procedure to use only 4 burners at full
load. Some undetermined transfer functions will exist
under these conditions. It 15 then not possible to
determine the rejationships bebtween the unhused

burners and the outputs,.

Data loaged at a later date may include these
transfer Sfunctions relating the previously unused
mills +to the outputs. The second data log wcould
occur under different conditions to those prevailing
at the time of the original }ogged data.
Differences in canditions, resulting from inputs not
considered, ctould bias the obtained mbode) The

unavailable transfer functions are required it the

effect nt any burner on the oputput is tu be
predicted.
Further motivation for continuing the modelling

process down to a cell model level is the additional
information that would be available from the cell
model outputs. These «ould provide valuable
information on excessive metal stre ses elsewhere in
the furnace, Irregularities indicated by the model
could be tested +or by the introduction o+ additional
instrumentation, The eftfect would be a more
accurate simulation and fast~time model, and hehce a

more accutrate predictor instrument,

As discussed in SECTION 4.%.1, the boiler =
divided into nine .cells. The most significant
assumption about these cells (g that cells two to
seven are assumed identical. Each of the nine cells

can be modelled by either a state-space model or by a

transfer function model. No measurements of the

outputs to each cell are available. The outputs
1 ‘ " o ‘

+tor the i'th cell are @ 0 Ty Sy and Sdi' The

models mugt then be determined by algebraic

manipulation s that the parameters of the chosen
cell models can be related to the maximum likelihood

parameter model (Egquation 5.14).
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The itniti1al approa . was bto cascade the nine state-
gpace rell models, and from the cascaded state-space
merde ] to determine 1ts transter function equivalent
usihg egquat laon (5,.37)., An approach of this nature

tritially gave a state-space model with fifty-+four

gtate rartables, At this early stage a high order
mode ] = umed to model the furnace dynamics. It
wa toy believed that the system had a few
ne he origin in the 'S' plane. These poles
Are . “t ot faat furnace dynamics. Later

stmplifica - on resulted in a simpler twenty~seven
order system. The wize of the state-space system

prompted a brief investigation into model reduction

technigues (GBraupe, 1968 . The algebralc form +or
the cascaded state~space model produces a near
diagonal svstem matrix, The matrix contained
predominantly Zero elements. The diagonal matrix

esuultg +ram the unitormity of sach cell and the

chpsen form o+ the cell stat r»-space model .
(Equations 4,44 and 4.45) ., A downtall of model
reduction techniques, in this application, is that

the more the order of the model is decreascd, the
stif+fer the system matrix becomes. The lower order
matrices are therefore mare complex than the
predominantly zero original matrices., A second
problem (8 that model reduttion technigues are based
on rejecting all but the dominant etgenvalues, In
this case the eiqgenvalues appear in algebraic form

and so the dominant elgenvalues cannot be determined.

The procedure +or solving +for the state-space cell
mode!l parameters in the cascaded state-space model is
complex. An  1terative procedure must be used to
relate the parumeters in the cascaded state~gpace
mode ) to parameters in the max { mum likelihnod
mode | . The 1teration procedure (s complete when
rhosen parameters in all the rel)l state-space models

g9ive a good approximation to the maximum likelihood

mopde | .
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A simpler method for i1dentitying a mode) for each
cell is to fit a transter function model to  each
cell. The rell transfer function models, when
castaded, give the eqguations (4,37) and (4.38). The
method for determining the cell transfer function
models is considerably more direct than the method
for wbtaining parameters in the large state-space
system. A large amount ot transter functioan
polynomial manipuilation is reguired. This simpler
approach was the methou! adapted +for obtalnina cell

modsls from the maximum likel {hood model.

6.3 THE CHOSEN MQDEL

The method for obtaintng a suitable (e}l mode for
predicting the effect ot any burner on the outputs ma- be
summarized as follnws. A maximum likelihood parameter

estimation technique {is used to relate available tnputse

to outputs of interest. This information (s used to
determine parameters in the ¢ell tranastfer function
noGcels, The parameters are obtained by eguating transfer
funciians in eqguations (4,37) , (4,3 and (3.14),

Finally a state-space mode)l 15 determined that best +fits

the cell transfer function model.

The modelling process could have been considered complete
atter the cell transfer functiaon model had been found.
T ¢ process was however continued to include a method +or
determrining a cell state~space model, The motivation for
continuing to a state-space cell model is twofold. The
rell state-wspace model is simpler to implement as a
predictor algorithm. The discrete form for a state-space
mode ! is a one~step~ahead-state-variable predictor.
Secondly it contains fewe. variables (SECTION 5.53) and s
requires fewer calctulations to Implement than the cell
transfer function model, The simplicity or high number
of zero terms in the cell state-space wodel matrices
(Equations 4.44 and 4.45) is a result 2f the chosen
canonical faorm as well as the inusight provided bs» the

steady~-state analysis o+ SECTION 4.4.
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A simpler method for identifying a model for each
cell is to Ffit a transfer function model to each
cell. The cell transfer functinn models, when
cascaded, give the epuations (4.37) and (4.38). The ﬂi
method +For determining the cell transter function
models is considerably more direct than the method
for obtaining parameters i1n the large state-space

system, A large amount of transfer function

polynomial manipulation is reqguired. This simpler
appros=h was the method adapted for abtaininge cell

modele ‘rpm the maximum likelihood model. ;¢

b3 THE ¢ U:SEN MODEL "

The method +for obtaining a suitable cell model +or
predicting the effect of any burner on the outputs may be
summarized as follows. A maximum likelihood parameter
estimation technigue is used to relate available inputs )

{
to outputs of interest. This intormation is used to M

determine parameters in the cell transfer function E
models. The parameters are obtained by eguating transter !
functions in equations (4.32) , (4.38) and (5.14). p

Finally a state—space model is determined that best +its 4

the cell transfer function model.

The modelling process could have been considered complete
atter the cell transfer funct’ ,n model had been found,.
The process was however continued to include & method for 4
determining a cell state-space model. The motivation for
continuing to a state-space cell model is twofold. The
cell state-gpace wmodel is simpler to implowment as a
prr tictor algorithm, The discrete form for a state-space
model is a one-step~ahead-state~variable predictor.
Secondly 1t contains fewer variables (SECTION S5.95) and so
reguires fewer talculations to implement than the cell
transfer function model, The simplicity or high nuvmber 1
of zero terms in the rcell state-sprze model wmatrices
(Eguations 4.44 and 4.4%5) i a result of the chosen
canohical form as well as the insight provided by the

steady-state analvysis of SECTION 4.4.
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The accuracy f the celil transtfer function and state-
space models depoer-ds on whether sufficient inputs have

been considered f oy the assumed linear model to be
identified. (SECTION & 7). A =ingle linear mnodel 195
assumed to be sufficient wver the whole range o+ inputs
and outputs. The choice of variables wus made to try and
eliminate any non-linearities. An alternative

approach would be to form a plecewise linear model should

the non-lincarities be shown to be significant.

During the course of this report many assumptions are {
made concerning variables omitted from the chosen i
model. It s possible that these are sufficiently i
important to warrant their inclusion in the models, A K

list of these assumptions appears below. A reterence

to other sections of this report :o included weonever the !

assumptions have been previously justarfired,.

P

1) The air required to burn the il to completion was

ignored {(SECTION 4.3.2.1).

2) The primary air flow was ignhored (SECTION 4.3.1.1}).

3) Re~radiation ct+fects were ignored (SECTION 4.3.1.1).

) The differences in the materials used 1n the division
wall and evaporator woere ignopred (SECTION 4.3,
Enuation 4.11). The mater 1als are different as

evidenced by the different heat aobsorbtion rates ’

quoted in SECTION 4.3.2.1 and SECTION 4,.0.2.2,

S) The ef+ects of mill bilasing were ignored {(SECTION

4.3.1L.1).,
é) The lett and right halves of the bpiler were assumed
to behave identically. The coal +low rates and the

|
air +$low rates in each hal+t may differ slightly. !
This 1s due tao the action of independant damper '
controllers which control the air and pulverised fuel

flow at esach o+ the 249 burners.

Excesgive di¥ferences in esach hal+ of the boiler are

not desirable since these differences may cause
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pressure differential and temperature gradients
across the division wall which could cause stress

tailures,

The temperatur2 and enthalpy of the air at the base
of the furnace was lgnored, These were omitted from
the model because the error in the energy balance
resulting from this assumption was believed to be
small. This was never veriftied. Suitable

measurements were not available.

The air/4+uel ratio was assumed constant. Over a
long period of tine changes in coal gquality require
accompanying changes of oxygen to ensure that the
coal burns to completion,. Thig variable was
omitted from the models, It was assumed that over the
Fime-span of the measured data this parameter
remained constant. Measurements of the air/fuel ratio
were not availablej therefore this assumption was
not veriftied, In the long term the model parameters
would have to be tuned to cater for fluctuations in

the air/+uel ratio.

The argument above c¢can be extended to {nvolve
variations in the "proximate” analysis. Changes in
s0latility and calorific content pf the coal upset
the heat balance equation, Model parameters would
require tuning to cater for the variations 1in the

roal guality.

The effect of the econowiser on the +irst steam
attemporator outlet was lghored. Heat from the +flue
gages Is transferred to the economiser pre-warming
the division wall inlet water. Very early attempts at
finding a model included the economiser, The
economiser tubes were modelled as a simple single
pass heat exchanger (Nicholson, 1980) . At a later
stage it was dercided that the energy transferred to
the economiser was not significant, Qnly 20% of the
available energy rises {nto the convection zone of

the furnace. Only a fraction of this passes over
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the economiser tubes. The flue gas temperat.re drop

atross the economiser at full load is typically

100°%¢, ﬂ

e This list justifies the chosen model variables of FIGURES
4,4 and 4.5, The form of the transfer function model i
requires no further discussion other than to mention that |

T

since re-radiation effects are ignared @ & and

a9’ e’ a” 1

T are independant of S (Eguations 4,19 and 4.20). '

? do

The form for the state-space model was discussed 1n

SECTIAON 4,46, The assumptior nf a second order turnace

model was based on the simplent transfer function capable
of producing an overshoot (to indicate marginal f lame F
stability). A controllable canonical form for the furnace

was chosen because it suited the steady-state analysis of )
SECTION 4.4, Finally the outputs G and T, were .
assumed to have negligible time constants. That is the

gas dynamics for the state-space model are assumed to be

identical. N

Having found satisfactory cell models, the technigue f+ar I

determining the model parameters may be discussed,

6.4 THE METHOD FOR DETERMINING THE MODEL PARAMETERS

6.4,1 THE _MAXIMUM L 1KELIHOOD MODEL

It was necessary to 41t a transfer function model to
the 1input and obutput data obtained from the plant
(Appendix K)., The maximum likelihpod estimation
package was chpsen from the IMSL. This best sulted
the reguirements for obtaining s transfer function
model . The technigue takes intao account
carrelations between various inputs and theretfore

produces a less bilased parameter estimation than V

would be obtained +from a simple least squared
approach. The package enables the number of inputs
to be easily changed. The wrder o+ the model may '

easily be changed to obtain a better fit.

In this case, anly a first order it was attempted
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(Equation 5.13). Techniques do exist for
determining at which stage minimal model improvement
has resulted from an increase in order (Strejc,

1980) .

Available packages were used, rather than sel+f:
written packages, since the IMSL packages are well
“fed and tested. They provide warning codes or
cerminal error codes {+ they are unable to perform
the given task. Re-writing available software 1s
time consuming and not as reliable. The calling
programme written to use the IMSL packages is fairly
compact. Its modular form was ~imple to debug given

the reliability of the IMSL packages.

In SECTION 5.3 it was mentioned how wome pre-
processing of data was required to rcondition it <for
use in the parameter estimation algorithm. The
majority of the time-sequences require little or no
pre-processing, however there are some exteptians.
These parameters are listed along with assumptions

made in determining their respective time sequences.

1) The steam enthalpy flow rate at the inlet to
the division watll, Sdo s wWas assumed to be a
function ot tenperature, pressure and flow rate.
Pressure and temperature measursments of

superheated steam are sufficient to deftine the

enthalpy o+f the steam. The conditions at the
divisiaon wall inlet are such that there is a
mixture o+ phages, The percentage moisture

content at the divigstan wall inlet was not
available, This s essential to accurately
determine the enthalpy/kg. A volumetric +Flow
rate measurement at this point, as well as the
masns f+1low rate, would give an indication ot the
percentage of water that has been caonverted to
steam thus enabling a more accurate value for

the enthalpy/Kkg to be abtained.

As the load on the boller unit increases the

moigture content a8 the division wall inlet
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increases until 1t 18 100% water. The point at
which the flaw 1s made up of onl. water 1s well
defined on the Mollier diagram. The initial

state, at the division wall inlet, o+ the

mearured dato is that of superheated steam
(This 1s possible ¢+ —ause in the early stages of
the start-up the +Flow rate is  very low). -
Interpolation between these two unique points is

used tey determine the enthaply/kg at a given

pressure and temperature, but at ah unknown
moisture content. The enthalpy +low rate 1in a

MlI/s 15 then obtained by multiplication of the -

pRthala n the mass fl1ow rate. .

2) The entha 10w rate at the evaporataor onutlet, ;%
Ss? ' is obtained without the problems l?
associated with Sdu . At nearly »ll times the

temperature and pressure wmeasurements at the

evaporaterr outlel define unigue points on the

Mollier diagram. Devviations into saturated
steam regions are few in number. The enthalpy '
flow rate is obtained by making use of the mass

f{low rate as described abowve. )

The data collected +rom the plant did not include
temperature and pressure measurements at the n
evaporator outlet but included temperature and
pressure measurements at the attemporwtor outlet.
The steam enthalpy +l1ow rate at the outlet of the
firgt attemporator was used. Tteer guantity of
attemporating water added to the steam flow is :
small. Ity effect on the enthalpy flow rate is

minimal.

3} The enthalpy +low rate at the outlet of the Pth X

cell, s N was abtained as a function o+ S,
57 do

5 (Appendix E). Temperature and pressure 3

measurements of the steam condition at the outlet 8

and S
5

ot the ?th cell do not exist. The assumption )
was made ths: by the time the steam reached the
output of cell 7 it had absorbed 80% of the
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avalilable enerqgy. This 15 Justitied by

considering that 80% of energy 15 transferred due

]

¥

to radiation effects in the combustion zone (SS

15 the enthalpy flow rate just above the 'A’level

burners) .
4) The tempoeorature of the +lue gagses at the bputlet
of the ®th cell was measureable, This is

representative of the energy left in the flue
gases atter passing through the 9th cell, This
15 atter energy has been extracted by all the
tube banks in the convection zone ot the boiler.
The model chosen does not consider this enerqgy
logs. These tube banks were i1gnured, Far this
reason the flue gas temperature just below the
pconoDmiser is used. For the purposes of the
chnsen model this is a better indication of the
flue gas energv at the outlet of the ?th cell, 1%
18 a compromisie resulting from not considering
the tube banhs and allows the conservation of
enerqgy to apply wWithin the framework of the

chosen model,

ir

The flue gas enthalpy flopw rates @a and Qa were

assumed to be functions of temperatzre, alzlfuel
ratio and coal +low rate. Pressure has been
assumed to be | atmosphere. The deviation from
this seldom exceeds 100Pa. The enthalpy/kyg is

then obtained ¢3 a function of temperature Ffrom
the gas tables, The masts flow rate of the air

ts obtained from A+ and the total coal +low

rate. The product of the "nthalpy/kg and the
air mass flow rate yields the enthalpy flow rate
in MJI/Zs,

The quality c+ the data used in the max imum

likeli-ond parameter estimation technigque has been
discussed {n this section. The et+ectiveness of the
madelliing tedhnigue using the avallable non~ideal

data is digrussed below.
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It Was not possible te obtain a satigfactory
identiticatian of the model] described by eguation
(5.147%, Results, from the parameter estimation
calling p gramme were transferred to a comparjison
utility. This enabled the output time seriez to be
predicted from the input data. All attempts at re-
nrganising data, 1gnar ing selected inputs and
reducing the si1ze aof the data set fatled ta produce

an acceptable model.

The recanstrurted output time seuences $or tre steam

enthalpy  flow rates 5 and $_ were the anly
] =

%
time sequentes that were of the same order as the

measured output data, The aother model putputs T9 s
. Te @39 and ma* Qave totally unaceceptable
putput time seguences, The importance ot this

observation 1g that the steam conditions change at a
relatively slow rate when compared with the +lue
gas dynamieca, This probablv indicates that the

failure of the suqgested method may be atiributed to

a violation of the Nvguist sampling thegrem. The
logged data was sampled once every +ive minutes. In
retrogpect the speed of reaponse of the +flue cas
dvnamics 18 considerably faster than this. Even the

dynamitcs ot the ateawm tubes are probably many times

taster than the sampling rate ot opnoe every +ive

L minutes suggests.

The decision had been made at an earlter stage not top

collect addityional data 4eam the plant, The data
. already avatlable was to be used. This original
data was not fdeally sulted to the task. Ay

discussed carlier in this sectisn and in SECTION 3,
not all the relevant data paints were logged. The
wmissioh of certain data was overcome as illustrated
in Chapter 5, After having attempted to identity
the wmaximum likelihwod model a further itnadeguacy of
the data has bpeen highlighted: that 1is, the

probable vio :tion of the Nyguist sampling theorem,

No attempt at actually obtatning moadel parameters
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progressed bevond this point, The steady-state

analysis of SECTIONS (4.9) and (5,2) was never used,

as 1ntended, to test the validity of the identi+ied
models., the gteady~state analysis did gerve a
valuable purpuse ih determining the state-~gpace

mode | as  well as providing additional insight into

the modelling problem,

i

CTIHE CELL TRANGFER FUNCTION MODELS
In wrder to poatatn a cell transfer function model o+f
the form shown 1n equations (4,30 and (4,.31) 1t was
NneCessar v tm equate transfer functions in the
cascaded cell model (Eguations 4.37 and 4.38) with

those N the maximum litkelihnod model (Equation

4,14, Some complitated expressions resul ted
1troenlving transgfer function matrices from the
division wall and evaporater models. Assumptiaonsg

were made 1n SECTION $,3.2 arawed at siwmplifying the
process o+ equating coefficirents to & level $rom
which results ¢could be aobtatned. This complexity
arnse as a direct result of not having available the
steam enthalpy flow rate, Sso . Much simpler
mathematics could have been used to determine the
cell transfer function models of equations 14.30) and
(4,71 had @ga been avallable. The necessary

data pointg exist but did not appear on the fogged

data.

1+ Ssm had been avallable it would not have

been necessary to relate Ks? to kd?’ F .

to F, or H to H . These rould have bheen
d 5 d

identified in thelr own right., The obtained model

would have been expected to be more atturate, more

robust and more reliable.

G.94.3 THE STATE-SPACE MODELS

'he method +for obtaining the r&ll state~space model
from the o«ell trangter function model could be

tmproved upon 1f measurements of some of the astate-
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vari1ables were possible. The wutle ot each cell Ss]
tould theoretically be measured as could the energy
avallable at the rcventre of the cell. Thege

measuremnents are not avallable.

The form of the mudel was never tested. It has the
attraction that 1t i1nvolves relatively ftew parameters
when compared with the maximum likelihpod model and
the cell transter function model (SECTION 5.95). Ite
sparse nature and convenient predictive +orm are
tdeal for the 1ntended fast-time model. It is not
knawn whether the devrease in the number of
parameters and increase (n the model simplicity is
compromised by a deqgradatian o+t the simulation

pertormance.

6.5 SUMMARY

This chapter s aimed at providing scme tnsight into the
thoughts behind the adopted nmodel. It attempted to show
hoow  the model evolved within the limitations of the
available data. The methods for obtaining the model
parameters were discussed. The wsampling rate 18
suggested as a possible reason for the fallure of the
max imum likel i hood parameter ectimatopr to vield a
gatisfactory model {dentitfication. This was believed to

be too slow to capture the +ast dynamica o4 the steam

tubes and o+ the flue qases. Methods for 1wmproving the
chances of obtaining a model, using the max { mum
likelihoond parameter estimator, were discussed. The

$inal chapter of this digssertation considers future work

and major rohclusions.,
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- AN TE R CONCLUSTARN AND B amt eyt
ol chapteer an thp sy ey bbb gy davaided arto Yt
LT S Thoeo gt Lo b adantyet b Y e prublem dewuribed tn
ot Y et D aree 4 db bhoe o oo Lt gt Wl 4 Wit b mpor tant
b EEEREUTEES B TN SRR TR B S SU DU S5 B At eas +or ftuture
L ST T SN e b e ammeerlat 1 Gns
' AT

P S R U I AR et et £ suppl sing the
¢ Yyt ot s nd e mat 10L Wan suygested 11
L v ot agaasss other methods 1or borler
R ‘ P ter N i lat ton model y enakbling a
ot oot b ceatr et tu  be tested arnd
N R T Ot o Jrapter dy, A technique
T I B coarametee oowaol ougaested 1n Chapter
T TN S S I I X Y TR FER collected at an earl;
. S R 1Y wae deraded to o tr» to obtairn the
' Tt R R R R sty e data although it was not
c AL L S A B ST AN §2% TEOTION aLd L, Assumptions
s readdye gr TEOTIAN ST 2 ¢ rabrling the 1nadequacies ot
cre D caed fatp by Be sveroome., The technigue tai1led to
SRS ERR " A matayasdartor - 1derntifavation et the model
Avoamet oy Thiv wAS attraibuted te non-airdeal data ase

ar DD e o lartaer nf the Moequast sampling tneorem.
] Yo L b, grfrrated that the plant i1nvestigated 18
{ ompole 1t g e Fywe ver biren shown that 1t 15 still
e Py vy mpdel Phe holler procesnes. It 1% believed
vyt Frhe adoantangen of auctessfall s (mplementing a fast -
e predar Y or tnstruament are SNOrmous. This
croeatragation would be worth continuing 14 the prabl-m of

yoer e e b ymatign o an e avoer Lome.,

RFCOMMENDAT IONS

ThHe data nbtained from the plant was th the form of o q

tavlar comuatear  prant ot The process of enter ihy
trae data ortn another rompoatetr e blimeconsumiheg and

prror prope, If bhe anvestigation 1s to be contirued,

Page 107

" ) . o2 R | JEEIAS A ﬁ




S \)(V o7

~
t et

ER

&

o ) s L ECONCLUSION AND RECOMMENDATIONS
then Lhe data nuld be logged directly Lo a mass
storaqge devite The data is available From the

analpgue signal marshalling racks 1n the unit control
FOoms, These vaoltawges mar be rampled by a sepersaste

data ocaquisiticorn o atom,

Tl ter i gues ussed, in Chap*er %5 to try to obtain
parametero £ the modelw in Chapter 9, could be
simplified L f ot 6 approapr tate data points wer e
collected 1 a riesyy data 1o ESECTION G.3.40 .
Eer ause the sestem response times were taster Lhan
articipated the new data chould e logged at a faster

rate  one Sampie ever o Rioy

Tre aceamptiene liated 1w SESTIAON 6.3 reguire
verarficatinn, I+ it 16 s5t111 not possaible to
1dernt 1 f a moadel after revommendation 2 has been
congsidered, trhen thao ma v indizate that these

ascumptiorns (SECTION /4,7y are +daloe.

aIrre a  model foor the tella 15 obtained and the
el ling process completed, 1t will be possible to
toed Yk parformance af the gsimalation when the cell
Foangtor functian moiels and the rell state-aspate
m-dels are ased 1n the aimoelatiorn, An 1ndicatian will
trer bBe avairlable on the degrading of the saimulation
Forformance  at different stages of the modelling
reoneeon, Tk 1% mu s b be wviewed against the

crrryeaponding rednction ar the model complexat oy,

Fobra instru tentotion couly be added to the boailer
evablina mor - informat 1on about temperatare and
MY easur e profilec of the water /steam and f1lue gases
tr e rollected. Thkis would enable a more accurate
camrnlatimn model to be obhtasvwed since additional =ell
model inpots and outputs would bhe avairlable., . This
woauld  remove the necessity for having to resort to

Lhe trsnsfer +unction manipulation of SECTION 4.8,

In tho longer term, some work is required on the

man-machins intertaces., That is, how best to
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implement a faot Lame predictor instrument and hiow

ter pregent the: gntaormation ta the operator. Once o

catyndavtr s satatatior model has  bheen  found, 1t
wier 1A thern be poaoible v design and test thie
prrdactoe anstrament anoa relativel y short Pime.
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APPENDIX A TWO METHODS FOR  LINBEARIZATION OF M HEAT
RADIATION EQUATION

Linearization {is required about the point T whlich has lies
£

=}

betweenr the upper and lower temperature Jimits T, and Tl'
L

The equatinn 15!

8 = Ag= Tq

The Tavior expansion 1%

3 ,,

! a |
Q= Ace TO 4 A AeeT T T

5 2 LY

C

' Method 13

Mot hoad 21
| i
1 ot
j -
|
'
? v
{ ’,ﬂf
{ e
! -
! e
)
' i —— e e 38 '
T T T T
i 5 2

FIGURE A, 1% LINEARIZATION OF THE HEAT RADIATION EQUATION

IS - ke .

The greater the distance nf T from T _ the greater the error.
pA]

This is an acceptable technigque when T {gs the steady =state

temperature and T alwavsy returrg b o Ts' An alternative
technique to always keep the errcar to & winimum $or any

temperature within 71 o T? ftollowsa:

METHOD TWO:  IHE LEAST SQUARED ERROR

This is based on minimising the mean sguared error over the

interval T1 to T?

E = { Ao~ T - Ag- (mT + C) 1} dT

Page A.l




APPENDIX A

Requitre dE/dm = 0 and dE/7dr : 0

far the error to be minimised

& i £ o) ] 5
% = 56 o t T : o 5
& (T, Tl ) am T? ¢ ) & <o (T? T1 V]
T, 3
o tmt v 0 3m { mT1 + 1) 3m
. SRR ¥ R
d4E = - (T2 1% vt o mt 4 0" Tom
: 2 1 . 0
dm
fmT + R /'m
A [ - &
1 1
i ‘a\ [EEN e rkeks S N4 DXTOR TEHSDIRESISHEETALE q A * :' ‘
4dE = DT T = 4+ oamT e
= . 1 .
dc
o
fm?Y + m
1
= [l — . . Sk, B3

Equations (A2 and 46,7y are twe equations 1n tw

The variables m and oocan be wlived fproarn terms

1,

. . The lineagrized versl1orn mé the heat radiation

Lthen

G ounknowns,

et T,9 and

aa

egquation 1s

Fage A.,2




APPENDIX B DERIVATION OF THE

THE SINGLE CELL MODEL

CAGCADED CEL L

MODEL FROM

The cell equations for the division wall

are.: -

\ = K + M b + B T

Kdl de deai }dx \ d1 O ——
X @ o= K X + M hs + F 1 o
si S1 51«1 51 f (=3} o = -

and the utrew wall

o B

(8.2)

The cascaded cell mndels for the division wall and the screw

wall are:

. & ey ,
Xgo = Mgo Myg zkd* Y41 Tao @ﬁ: g My oy
y e
5 -1
= 0 - KD Ok, FooTg ) (B.3)
X =K _ K kK © ok . + 5 K Moot
%4 89 58 g™ anl a0 S LTy Tay
1 =8
5 -1
+ I - ) = K ] F N .
I - K (1 - . rmi (B.4)
Sso which equals de muat be eliminated 1n equations (B.3J3)
and (B.4)
= ) K (
Let K., €My, Ny, Gy = UM N
Kaow Kaog
Kao Kag ™ Kyeg = Kiog § 7 Fgo Kae © Kggg ™ kiog
“yog Keog
| 9a14 %a1s Fata a1s
Where M, = 91a Feas { F Mgy Fr1q tys
%d14 %415 514 s15
T T
. n oo )
Negp = 000 95, Ngg = Ta16
. T
Also X =4(@ T S ) T )
50 a0 (] =YW A0 o d¢9
= ] ’ - ' '
Kaog = 'Foea Faps 0! Kiog © Fioq Fios O
k = =

y il 1]
davs = Fdo4 Y495 daos’ Keog

3 ¥ Y
‘9c0q Tgo5 Tsos’
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s o onRsk it kb mran APPENDIX B
Then
é I3
= I . K ~
g9 Kaog 1 Kgo Mgy i TZ“ a7 Mg de
O
Bt ) 1
+ %Ms ng Hg Yﬁ i + (I kga )y (1 Hb” ) F% Tg)
e . (B.S)
A o P - S
« ) ~,
= 4} f ¢ 4 4 -
Sae 7 Masa ' Mgr My § iD% ar May Pae’ Som Man Ma ooy
0
‘ 5 1.
+ - K " ) 2 .
¢ 1 Kya) tI K g Fy To - (B, &)
Substituting eqguation (R, ) intao equatian (B.S) yields -
{ é & s} N
e = k K (M + : :
¥ 50 soa { Mg a1t NGy Hgem Fgo Mgy ! z Tgo i
- 6 &
+ K N : Ko &
N, e 51 kd?@ a7 Ndx o
Q. 0
e N o e o+ 2 K MY
= 51 Aoy G- a7 4 8T g Z-1
128 1=95
i é 5 -1
+ . ) -
{ KB? N51 kd?B { 1 hd? t I hd” ) Fd
i
b P!
| AR S S R S S ForoT
(B.7)
S
i
i
!
i%
|
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APPENDIX C THE | TST OF POINTS USED FROM THE LOGGED DATA
Required
by
Foint No Point Description Purpose Variable
NA1OFQO2 Division wall flow Obtain enthalpy S
do
rate (mass) flow rate
NALQTOOA4 Division wall inlet Look up enthalpy S
do
temperature in steam tables
NA1ORDO2 Division wall inlet Look up enthalpy SdD
pressure in steam tables
NA1OFDOD2 Evaporator +flow rate [(Obtain enthalpy Ss?'
(mass) flow rate
NAZ21TOO? Evaporater outlet Look up enthalpy S
=3 *
temperature in steam tables
NAZ21POO4 Evaporator outlet l.Look up enthalpy 859
pressura in steam tables
NSO1TOO! Secondary aar - T5
temperature
NR11TOO1 Screw wall outlet/ Flue gas enthalpy T7 az
upper part Inlet flaw rete & temp !
flue gas temperature
MNR11TOO? Flue gas upper part Flue gas enthalpy L Qa?
 Shb outlet temperature flow rate !
R TR TR G e e
S LNBEORSSS M. M1l A feeder flow - ch
rate . ’ i
NMZ20FCO1 Mill B feeder flow - ch
rate
NM3OFCO1 Mill C feeder flow - ch
rate
NMaOFCOo1 Mill D +eeder +low - Fcé
rate §
NMSOFCOL Mill E feeder +low - FcZ ;
‘ ! rate, i
. ' : 1 .
NMGOFCOL | Mill F feeder flow - Fia
% ’. ; ‘?atg ) L ¥ r
ooy LS I T T S B |
A v ' i n : \ « vﬂ» - '1 :: v- ',; ]
bgggéd; Level A Qilif{gw ragel \ Foo %
PR T rate | S A \ }
I.‘ ‘{ . - M . M % .7\ . y
A L E Lo LI ; .
hahd‘ ' Level B oil flow rate - y F |
ogged: H ‘ ' . . " : * 03 :
e ‘rate % !
r o % : 3 i
: |
’ !
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APPENDIX C

Point ho

FPaoint

Description

Purpose

Regquired

by
Variable

Level
rate

G

il flow

rate

oS

and Level D oil flow rate :
Eogged Foé
rate
and Level E pbil +low rate
EDQSEd t FQZ
rate
bggged Level F o0il flow rate F a
rate (o]
\ v
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APPENDIX D THE IMSL ROUTINES

The Fortran programme written, to determine the transter

functlon model of equabtion (3.14), has the task o+t

transferring the correct dats to and from the library routine

FTWENX. The programme spetification for FTWENX s included

in this appendix

Many other library routines are reqguired
to enable FTWENX to run. These are cansidered to be af

secondary inportance and hence no programme specitication 1s

supplied,
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IMSL ROUTINE NAME - FTWENX

(

PURPOSE - MAXIMUM LIKELIHOOD PARAMETER ESTIMATES FOR A
MULTICHANNEL, SINGLE OUTPUT TIME SERIES
MODEL

'~ USAGE - ©ALL PTWENX (X,IX,NS,LS,IP,LAG,ID,R,IR,T,PMAC,
WK, IER)
ARGUMENTS X — INPUT MATRIX OF DIMENSION LS BY NS CONTAINING
NS TIME SERIES, OF WHICH X (*,l1) IS THE BASE
! TIME SERIES OR OUTPUT CHANNEL.
IX - INPUT ROW DIMENSION OF THE MATRIX ¥ EXACTLY
AS SPECIFIED IN THE DIMENSION STATEMENT IN
THE CALLING PROGRAM,
NS - INPUT NUMBER OF TIME SERIES. NS MUST BE
GREATER THAN OR EQUAL TO ONE.
LS - INPUT LENGYH OF EACH TIME SERIES.
5 LS MUST BE GREATER THAN OR EQUAL TO ONE.
1 1P - INPUT VECTOR OF LENGTH NS. IP(I) CONTAINS THE
NUMBER OF REGRESSIVE PARAMETERS (IN THE
DIFFERENCED FORM OF THE MODEL) ASSOCIATED
WITH TIME SERIES I, I=1,2.....NS._IP(I)
'\ MUST BE GREATER THAN OR EQUAL TO ZERO FOR
: I=1,2,...,N8.
LAG - INPUR VECTOR OF L,ENGTH NS. LA5(I) CONTAINS THE
LAG OF TIME SERIES I WITH RESPECT TO THE
BASE TIME SERIES. LAG(I) MUST BE GREATER
THAN ZERO FOR I=1,2,...,MS.
NOTE THAT LS MUST BE GREATER THAN OR EQUAL TO
: THE MAXIMUM OF (LAG(I)+IP(I))
! . FPOR I=1,2,...,NS.
' ID -~ INPUT VECTOR OF LENGTH NS. IF ID(I) = O,
THE TIME SERIES I IS TO BE TRANSFORMED BY
A REMOVING THE MEAN. IF ID(I) IS POSITIVE,
{ : TIME SERIES I I& DIFFERENCED ID(I) TIMES.
NO TRANSFORMATION IS APPLIED IF ID(I)
IS NEGATIVE. I=1,2,...,NS.
R - WORK AREA MATRIX OF DIMENSION L BY L WHERE L
[ EQUALS THE SuUM OF IP(I), I=1l,...,NS.
4 IR - INPUT ROW DIMENSION OF THE MATRIX R EXACTLY
# AS SPECIFIED IN THE DIMENSION STATEMENT IN
IN THE CALLING PROGRAM.
T ~ OUTPUT VECTOR OF LENGTH N CONTAINING
} PARAMETER ESTIMATES OF THE UNDIFFERENCED
g MODEL FORM, WHERE N EQUALS THE SUM OF
IP(I) AND THE MAXIMUM OF (0,ID(I‘),
FOR I=1,..,,NS.
THE PARAMETER ESTIMATES FOR THE FIRST TIME
SERIES ARE CONTAINED IN T(1),T(2),..-.,
T(IP(1)+MAX (0,ID(1l))). THE PARAMETER
ESTIMATES FOR THE SECOND TIME SERIES ARE
CONTAINED IN T(I+1),T(I+2),...,
T(I+IP(2)+MAX (0, IN(2))), WHERE
I=IP(1)+MAX (0,ID(1l)).

1
:

¢
!
T T e

W

"

LU ]

-

UL I T

-y

R v e TR

LT w;:]' ——

,“Z

FTWENX~1




i
Nl

v
,\
"

THE PARAMETER ESTIMATES FOR TIME SZIRIES NS
| ARE CONTAINED IN T(J+1),T(J+2),..., &
T (J+IP (NS)+MAX (0,ID(NS))), WHERE )
J=IP (NS-1)+MAX (0,ID(NS-1)). f
PMAC - OUTPUT MOVING AVERAGE CONSTANT IN TEE
UNDIFFERENCED MODEL.
WK - - WORK AREA VECTOR OF LENGTH ¥3+L,WHERE
L EQUALS THE SUM OF IP(I),i=l,...,NS.
‘ IER - ERROR PARAMETER. (OUTPUT)
~ TERMINAL ERROR -
IER=129 INDICATES AN ERROR OCCURRED IN
IMSL ROUTINE LEQTIF.
IER=130 INDICATES THAT ONE OF IP(I),LAG(I),
IX,NS, OR LS WAS OUT OF RANGE.

PRECISION/HARDWARE ~ SINGLE AND DOUBLE/H32
- SINGLE/H36,H48,H60 -

REQD. IMSL ROUTINES -~ FTCRXY,LEQT1F,LUDATF, LUELMF,UERTST,UGETIO
NOTATION - INFORMATION ON SPECIAL NOTATIC AND

CONVENTIONS IS AVAILABLE IN THE MANUAL
INTRODUCTION OR THROUGH IMSL ROUTINE UHELP

AVAILABLE FROM IMSL ROUTINES FTCROS AND FTFREC MIGRET
BE USED.

2. NOTE THAT THE STRUCTURE OF FTWENX APPARENTLY ZAILIOWS |
ONLY PARAMETER ESTIMATION AT LAGS BY EACH OTHER. THIS L
MAY BE EXTENDED AS IN THE FOLLOWING EXAMPLE; ’

REMARKS 1. 1IN PICKING SIGNIFICANT LAGS, CROSS~VARIANCE STUDIES I
:

SUPPOSE THAT TWO PARAMETERS ARE DESIRED WITH SEZRIES
: . 2 AT LAGS 5 AND 10. TIME SERIES Z SHOULD BE INCLUDED
TWICE IN MATRIX X. FIRST IN COLUMN ONE OF MATEIX X

! WITH IP(l)=1 AND LAG(l)=5 AND AGAIN IN COLUMN 2

‘ WITH IP(2)=1 AND LAG(2)=10. :

Algorithm . ﬂ
1 This routine calculates the maximum likelihood estimates of the regres- i
sive parameters in a multi-~input, single output time series model. j
¥ First each time series is transformed as incicated in vector ID to make

each series stationary. Next, the normal eguations are formed and

solved. Finally, PMAC is calculated, and parameter estimates corres- )
ponding to series where ID(M) is positive are undifferencec.

The case NS=3 is used to illustrate the form of the model znd parameter

usage .
Let
W= X(*1) P, = IP(l) L, = LAG(l) D = MAX(0,ID(1)) |
¥ = X(*2) P, =IP(2) L, =LAG(2) D, = MAX(0,ID(2)) ?
z = X(*,3) .P_=IP(3) L, = LAG(3) D, = MAX(0,ID(3)) ﬂ

~ : .
- Lt P .

FTWENX~2

sefhe

e X




{ ‘hen the undifferenced predictive form of the model is:

P +D
%Z w
W, = PMAC + ¢. W .
t i1 it Lw+l 1
Py+Dy
~ YL b Yoy e
i=1 y
] PZ+D"
D N PO
i1 i 7t LZ+1 i
where (¢y,.-. 8y o oByreear By 4 7T qrees b 4y ) 28
w oW Yy 'y Tz Tz

output vector T.

neral NS. Naote that szo

This may be easily extended to any case for ge
; availlable.
3 See references:
1. Box, G. E. P. and Jenkins, G. M., Time Series Analysir; Forecasting

and Control, Holden-Day, San Francisco, 1970.

2. Robinson, E. A., Multichannel Time Series Analysis Wi—h Digital
Computer Programs, Holden-Day, San trrancisco, 1967.

Example

we wantw to calcu-~-

Given a multi-input, single output time series model,
late the maximum likelihood ecstimates of the recgressive peramelers. We
can proceed as follows:
Input:
“NTEGER I¥,NS8,LS,1IP(2),L08G(2),ID(2),IR,IER
# ~EAL X{10,2) ,R(3,3),T(3),PMAC,WK(5)
5. 0. ]
1. 1.
. 0. 2.
0. 4.
r - 3. 5‘
L
4. 2.
2. 0.
1. 2.
0. 2.
CIX = 10
N& = 2
LS = 10 .
IP = (2,1)

TTWENX-3




"Then the undifferenced predictive form of the model is;

P +D
%T W
W, = PMAC + b. W :
A - -
t i 1 t-L t+1-1
P +D
Y. Y
oo 8 Yeln 413
i=1 Y
P +D
%Z z
+ I/ :
i1 i Tt Lz+l 1
where (¢1""’¢P +D ,el,...,ep 4D ,wl,... ‘etoap ) is
‘ wow Y Y Tz 7z

output vector T.

This may be easily extended to any case for general NS. Note that Pw=0
i availlable.
See references:

1. Box, G. E. P. and Jenkins, 5. M., Time Series Analysixz; Forecasting

and Control, Holden-Day, San Francisco, 1970.

2. Robinson, E. A., Multichannel Time * Analysis Wi—=h Digital
Computer Programs, Holden-Dey, San o, 1967.
Example

Given a multi-input, single output time seriez model, we w=nt to calcu-

late the maximum likelihood estimates of the regressive pa-a=eters. We
can proceed as follows:

Input:
"NTEGER IX,NS,L5,IP(2),LAG(2),ID(2),IR,IER
~EAL X(10,2),R(3,3),T(3),PMAC,WK(5)
-
3. O.”1
1. 1.
0. 2.
0. 4,
_ 3. 5.
X 0= 5. 3.
q. 2.
2. 0.
1. 2.
0. 2.
- -
L IX = 10
NS = 2
LS == 10 .
IP = (2,1)

h!
¥

ENX-3

)

o

=

— ==

e o T

P it

N

P

T

-~



LAG = (1,2)
ID = (0,0)
IR = 3

CALL FTWENX (X,IX,NS,LS,IP,LAG,ID,R,IR,T,PMAC,WK,IER)

= (-2.7324,0.99036,3.7066)
PMAC = =~2.574]
= 0

Then the fitted model is

= - ( b o
e = 725741 - 2.7324w, )+ 0.99036w,_, 3.7066y, .,

where w and y correspond to X(*,1) and X(*,2), respectively.

INX=-4




APPENDIX E

THE DATA FILES

AND THEIR CONTENTS

NAME COLUMN VARIABLE HOW DERIVED ﬁ“
DATUSL.DAT 1 t Time reference
2 ] Entered
do
3 G Entered
(=1
3 s - i
() 857 8d0+0,8*( 59 Sdo) i
i
5 T, Entered 1
é @_l Entered {
ar Iy
7 Tm Entered F
!
2 Q! Entered '
= L
L TF Entered
=] 1
) - ;'
10 Oa> Qoo Frazager® @ !'
t\
, i
11 ®a0 G‘a?'Fczsqsw*?’é Bl
|
DATUSZ.DAT 1 + Time reference M
1
2 F Entered / 3.6 i
c i
3 F Entered / 3.6
o3
q F Entered / 3.6
c4q
3 F Entered / 3.6
cH
6 Entered / 3.6
(o)
7 F Entered / 3.6
o7
. F
8 FCZB Fcﬂ PL3
+
? Fc45 Fc4 ch
( : +
10 Fmé? F:é Fc? b
= + + "
L1 r“t:E’Sﬁ Fcz Fc3 Fc4
t
1 4 + L
2 FcSé? ch Fcé Fc?
13 +
Fc1234567 Fc234 F:Sé? ‘
i
FPage E. L p
¥
%
|
i 'umﬁﬂh—um-m;u-nmﬁmmnﬁ'-ﬁnnﬂﬂﬂhnlﬂlﬂﬂﬁé
L et/



APPENDIX E

i
NAME COLUMN VARIABLE HOW DERIVED
DATUSI. DAT 1 t Time
2 Fo Entered ¥ 00,2833
()]
t
3 F . Entered 3% 00,2833
03
49 F Entered ¥ 0,2833
n4
5 F Entered ¥ 00,2833
0%
é ¥ Entered % 00,2833
0é&
? = Entered ¥ 0,2833
o?
® ooz Foz * Fox
v Foas Foa * Fos
2 F
10 ob&? Fué * Fo?
11 Fozaq Foz * Faz * Foa
+ +
A 1z FoSé? FDS Foé FD?
us +
13 Foz23as67 F o234 Faser
|
hL.
|-
Page E.2
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APPENDIX F

THE MULTIPLICATION OF SPECIFIC MATRIX FORMS

THEOREM: Any two matrices af the form
4 X Q ﬂ
A = *x x 0 whenh multiplied
X x X
together yield a matarix of the same form.
PROOF & { B c i ’
———— Let A = D E !
t!
where !
b 0 L
B:ébl 2 Cz{oi !
3 ?
| |
D= {4y dp e = ¢ e ,\
Then
b
B (
f
A A = 1E1§s 2 ﬂ‘
1 S !
B B + C.D B C_+ C.E i
- 172 172 172 172 p)
+ + 9
D1B2 EIDE D1C2 Elsz }
4
T 3
But C1 = C:2 = ( o 0 ) k!
therefore
8 A } 1 82 o]
1
2 DlB + ElD2 E1 E2 ,
t
I
)
Page F.i




APPENDIX G YoOrTRMINING THE MATRIX K598

e ew

It is necessary tao Lolve a sygstem of the form

A = KB o . (G. 1)
where
2y fa2 1
A = a\:S a B =
B a,
‘1 RE 8] i
K = k_5 kq 0
kS ké k?
Only kl =0 kb are unkwnown, The ¢ uation (G.1) may be

divided 1nto the following eqgquations

a a., { = b k., b i
al a& § kl ,& bz (G.2)
2 “a 3z “gq 3 4
{ ag 8, ] = kg kg ] b, b, * Kk, (bg b, ) (G.3)
I 4

Both these eguations may be rearranged as shownt

-1
f by ¥a P21 %2 1
B l’ = a b b (G-Q)
{4 Ky { 23 24 3
C bk, ) = (  a, - ko b ) - k- b, ) ) b, b -1
5 g = 1 - Py B8 7“4 f 1 02
b, by,
(G.5)

The LHS of eqgquations (G.4) and (G.5) yield the unknown terms
o+ K.

Page 6.1
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APPENDIX H DETERMINING THE MATRIX HE

It is necessary to solve the equation (H.1) where Hd and Hs
are unknown but related as given below.
G = KMH + H (H. 1)
d =)
where
9 { © °
G = D 9 b= 9]
5 % ! 2“3
hl h2 h1 h2
Hd = h:S hq Hg = h3 h
Aha Ahé hs h6
A = 0,4
K Hd may be written as
o] O
K H, = © © (H.2)
d k’ ’
i
where
3 ' =
(L<1 kz ) ( k1 k2 ) h h2 ) + ks Ao hS h6
h:s’“q%
Equation (H.1}? may be written as
9, 92 e ha
93 T4 = hs hq
)+ !+
9% % Kyt hg  Mpt by
(H. 3}

Equation (H.3) allows hl to hq to be determ

ined directly.

Only h5 and h6 remain undetermined. Consider again
equations (H.2) and (H,3),
= + ' + ’
(3g 9,0 Gtk he ) € h, ho o))
= ( ki k? ) hl h2 + k3 Al h5 hé ) ( h5
h3 h4
or
( h5 hé y o= - 4lp - )t "y 9, ) - kl k2 ) h1 hE
"3 h., h
3 4
{(H.4)
Page H.1




APPENDIX T DETERMINING THE MATRIX KS

The matrix K

577

the form

M = X K

1 57
4
Nl * " KH?
where
My
My = M
5]
X = 0
xl »
hl
Hd = h
Ah

The matrices X K5

n (o} (o]

X K = (0] 0

87 z z

Let K S H and
s7 =]

5 §

KooH, = 8 = G

5

Consideratiaon of

This arises out o+ the mostly zero matrix

has

2 O & p N

(I.1

C|1

9%

It alsp +ollows that

@ = K__P

to be determined 4$rom two equations of

+ .
Vsy HS (I.1)
4
+ .
st HS (I.2)
"t M2
Ni = n n4
n e
)
9, 95 ©
Kr? = ER- o
95 9 9>
hy Pa
HS = h3 ﬂq
hs h6
S
and X K __ have the form
87
where Z is any transfer function
(I.3)
HB have the following forms
Py Pz
4 = P ]
57 Py Pgq
Pq Pg
(I.4)
) (I.4) gives
9z § Py Pp
and ==
Y4 P3 Pa
of equation (I.3).
Page I.1
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APPENDIX I

o pA hamER s

or
9, 9 9 9 © Py P2
8, Q4 = 9+ 94 0 Pz Py
{ 9 9 95 g I» Ps Pg
(I.4)
Extracting 9, to 9, from equation (I.3) gives
‘-1
9 T 9y 92 é Py P2
93z 94 9z Y4 Pz Pgq
(L.6&)
97 in st is already known. It only remains to +ind
95 and 56.
Let
. e Ta
= = fI.
KS7 Hd R v rq I1.7)
r Fe
4 5 .
Sir_= the f+orm ot KS7 is the same as Yhat for K57 and since
Hd is similar to HS it can be shown that
? "1 "z } Py Pp
=
"s Tgq Px Py
(I1.8)
Substituting R and P into (I.1) and (I.2) gives
= . K R + 4 .
M1 * V57 KS7 P (I1.9)
and
N1 = X R 4+ P o (X1.10)
Consider My and m6 in equation (I.9).
( m5 m6 ) = { Ay xE ) gl 92 p1 pz
R 94 P Py
. .
><:S . gs 95 } pl pz + x397( FS ré )
+ 4
{ 95 9( ) Pl P =2 ¢ PS Pé }
ms Dq

Page 1.2
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APPENDIX I

= Uxy x5 91 %2 Py P2
9 Ay P Py
+  a, { % ( rg r6 ) + ( P P, ) )
+
+ ( 95 gé ) { x3 1) pl p2
P~ Pgu
— (L.11)
Similarly for eguation (I.10)
( n5 n6 ) = ( x1 x2 ) pl p2
P: Pg
Y oxg trg Pl ot Ry Py (I.12)
Re~arranging equations (I.11) and (I.12) gives
C9g 9, ) = Umg mg ) - Uxy X ) b9 9y Py P2
95 94 Pz Pg4
- ( x_( r " ) o+ | Y ) 1 7t
90 X3t s Te Fs Pe 3 Py Pa
( Xy + 1)
Px Pg
(I.13)
and
+ = - :
x3( re T ) ( Ps Py ) ( n5 n, ) ( X, o ) E Py p2
Pz Py
(I.14)

Substituting equation (T.14) into eqguation (I1.13) gives

95 94 ) = flmg mg ) = Uoxy x50 9 83 { Py P2 ?
95 94 Py P4
- { n n ) - % % ) 1 7l
g?i 5 & 1 2 pl pz ; 37—‘;‘—;{‘-‘)— ; p.t p.’2§
P Pq 3 Pe Py
_ (I.15)
Page I.3
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} APRPENDIX J DETERMIMING THE MATRIX Fs
The ecsation to be solved has the +orm
M = X K F + K F (J.1)
d =]
where
r
ml 0 §
M = m X = (o] O
m x1 xz x‘3
k k2
K = k k 0
K k6 5
+1 {1
AF +
The unknowns are +1 42 and 43.
Consider m1 and m2 in equation (J.1)
]
| Mo ks kg i o
: or
-1
i
| o ks kg 2
(J.2)
ﬁ Similarly
m:s = { xl x2 x3 ) K Fd + ( ks ké k7 ) Fs
! = ( x1 x2 3 k kz g +1 + xs( k5 k6 k7 ) Fd
k3 k3 §2
+
¢ k5 k6 k7 ) FB
= ( xl y2 ) % kl k2 +1
k3 k {2
k ( k k ) f ( % + 1)
S @ Fl S (J.3)
2
+ ] +
( k7( ><‘3 A f3 +3 )
Page J.l
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(J.3)

APPENDIX J
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APPENDIX K GRAPHS ' OF THE INPUTS AND OUTPUTS CONSIDERED IN
SECTION 5.3.1

The list of graphs appearing in this Appendix is given below.

g Were zero throughout the time period

of interest and are not included. { The variables plotted in

The inputs Fc4 and FC

each graph appear in brackets.)

GRAPH 1: OIL FLOW RATES FOR EACH BURMER LEVEL

( F F F F F F o)

o2’ ox’ og’ o5’ o6’ )

GRAPH 2: CcoAL FLOW RATE FOR MILL E
( FCZ )

GRAPH 3: COAL FLOW RATE FOR MILL B
{ FC3 )

GRAPH 4: CoAaL FLOW RATE FOR MILL C
( ch )

GRAPH S: COAL FLOW RATE FOR MILL A
( Fc? )

GRAPH 6 SECONDARY AIR TEMPERATURE
« T )

=]

GRAPH 7: STEAM ENTHALPY FLOW RATE AT THE DIVISION
WALL INLET
( Sdo )

GRAPH B8: FLUE GAS ENTHALPY FLOW RATE AT THE EXIT
OF THE 9TH CELL
{ Qa? )

GRAFH 9! FLUE GAS ENTHALPY FLOW RATE AT THE EXIT
OF THE 7TH CELL
( Ga7 )

GRAPH 10: FLUE GAS TEMPERATURE AT THE EXIT OF THE
9TH CELL
( T9 )

GRAPH 11: FILUE GAS TEMPERATURE AT THE EXIT OF THE
7TH CELL
( T7 )

GRAPH 12: STEAM ENTHALPY FLOW RATE AT THE
EVAPORATOR EXIT
¢ 859 )

GRAPH 13! STEAM ENTHALPY FLDW RATE AT THE EXIT OF
THE 7TH CuvLL

(S )

a7

Pege K.l
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i
]
i




- = = - e
o e & < am T oz Bt A== = A VR £

THAIT HINYNL HOVE ¥OJ SHLVH MOTL TIC T EJVED

SINOH 01 8 9 14 4

co - r

.
|

T
!
o R _

R —— r 90T

ey

!

- o

- %001

NLQ e ——— e e — - - - Cme e s —

- 9001




R

THAET YENHLd HOVE WO4 SHILVY MOTI 1I0

:T HAVYD

— - —

8In0H 61 g 9 14 2
— _ r
!
o ,
2o, g
" 9907
mom - m —~
- L 90T
po r}i —
i | W
— T 9001
h
go - -
4 — - %001
C ]
90 -
d - 9001
Lo. e o . e
& 7,
- 9001
. Wv ) anh Mw
Vo 2L
4G
Nt
/
e |\ e = —— i -

 liw




¥ TIIH ¥04 FIVY KO0Td TV0D  3Z HAVHD

1 [ S S UV WD . H U . Sy, : S

: Y

INOH \noa
i YooY 838y
notd

JSE

03

PEnr

N
!
T




g TIIH ¥OJ4 XIVY K0T TVOD ¢ HIVHD

SJINOH 0% 8 9 L4

V14

o

09

Inog fuoy,
eywy
ROTZ




AT SR T

T T AR =

D TIIN YOI HIVY ROTIZL TVO2 ¥ HIVHD

9 ¥ [4
— A ) i 3 L [ U S e X I .lctlﬂyrl;ll -t
M”
1
|
i
%
1
"
~
..\\
H f
,”, *, H 5, ;
! i &h a i ~, ﬂ
T T ~ J (PR Y
S s .
b i
+ i
i !
i .fc‘(
<
L - - . — ey e

o¢

o¥

09

et T
x:
4
hﬁom\noe
838y
ROTE




S T fw‘ b a—— PR 2 = —_— T =T e T I i = pou—— _— had o
¥
3
¥ TIIR 404 FALvd ACTd "IVOD 1G HAVHD
8INOH o1 g 9 14 4 ,
—_ L i 14 1 . 1 - 1 Y S A
h. 0c
!
_ L
W W_
! w anoy /aog,
- oY o3®y
1 w ﬁ ®O0TE
H it |
- 44 -
| \H/ ’ “ f
!
N e — P N
T N “r\ Ow
¥ W\K HW«
RPN
Tl M
4

u.!u«ﬁ!:awm oY

e




JETHET TIVM NOISIAIQ SHI IV ALVY MOTS ZJTVHING WVALS 3L HAVED

N e 1 -
|

- 009
m
THOLVEIJWIEL HIV XUYENODES 19 HIVHD
BINCH 0t 8 9 ¥ z
\\\\\\ O P 1 , —_— i : ——ie
—_
\(\\\')\n\l’ L.. mQN
e cl.\\l\\.l.lir/\

60%

k - 00¢

8/K

i
)




14
¥

it g

TIED HI6 SHI 40 IIYZ ZHLI IY SIVY M0 IJTVHINT SYD |

[ERNEN S SU

et S

602

oot

8/IH




T B

] . [ st

[P P

P <
~ " T TSR IO e ¢ e
= S Tmel TEEED
e e e B M s g o T =
A =it S
= cnroomas. W nememn R
= %

L3

:
b

TT3D HI6 SHI d0 ITY® SHI IV TANLVHEIRE SV "073 107 BdVHD

e NS NS SN S S ‘Qr
i
L

TTZD BLL §HI 40 IIXY ¥HI IV HIVY ROTd XJTVEINE SVD 301d  $6 HAVYD

8Inoy 01 Q

— e R [N U R U

{ - 802
/

r 0oF

| - 009 B/r
/Q.

LY
ot
E
Ve
7 .

e
- '
i—éﬁ

et

W
LT
L]
/)T



e L )

Lo |
|
4

i

H

RO S

N at 3
et o = rma S CFameEeIT A Lol = I

R e T S S S -V

¢
#

TI30 HIL ¥HL JO LIXT ¥HI IV TUAIVHIAJWAL SVH S0Td 1T HIVESD

. 00t

“~_ e T

008

)

-

/
F002T D,




P LD L ETE - mermoo 2D = z = | F m- = - CmmeawT T - . e == - -~ e
I T T IETSNTEEFEENESE S o e e e Sl e S S - © s

)
b

4IYE HOLVYOJVAE ¥HI IV SIVY KOTI IJTVHINE WVAIS 12T BEIvED

SJITOH ot 8 9 14 4

Lo

A

“F oob

]

o [

,,\(/\/\/\\/Z,(C(sé/\/ I~ s
/\..1 *

A

|
,,)\\)\(gf_ H

\./)/\:/\/ o AR s }
m L\/\/.\/\/ WS

- 002t 8 /N




TR

FORARENLL

N h i wlnm -h
3 3
Voot e
C4NGE

Fd -

o oAl I T T trommme o v o - = SeemTE Caame T = s =L s == = < -
) e T L T e e e L L LI e A e A D T T ——— eI e LN . SeTTIESIE tEmesDmel LT T ST
- - g, E. 3

TIED HIL SE% A0 ITYY FHI LV HIVY KOTd IdTVHINT WVELS 3¢T HAVHD

8InoK o1 8 9 14 4

e —
s

C T T

i

|
|
\/\\/\/?\./ A TN e A - oog

8 /%




e o Hﬂ“ = — == = = — R = gl U - e

5
]
4
3



Author Bradford David George
Name of thesis A Simulation Model For Use In Testing A Fast-time Predictor Instrument For Benson Boiler Steam
Temperature Control. 1985

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



