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A STUDY ON A THERMAL. POWER PLANT

MODELLING AND CONTROL

ABSTRACT

P

In this study, a deterministic mathematical ﬁodel of
Anbarla Thermal Power Plant is developed from physidal'laws.
Resultant model is used to design the’steadyvstate.regulator
for 100.5 MW load level using linear thimal COntrol.theory..
Although the resultant model is primarily deSignedvfor steady
state control, it can bé easily adapted for othér-Thermal
Power.Plant configurationsand gontrol stﬁdies.

| Computer simulations are cafried out to investigate
-the dynamic'behaviour of the controlled system under distur-
bances in generation.' | | | |

The simulation results iﬁdicaté‘the feasibility of
applying linear optimal control to a Thermal Power Plant
baséd on ﬁihimization.of é quadratic cost functional relateéd

to state variables and control inputs.



BIR TERMIK GUC SANTRALININ MODELLENMESI VE KONTROLU

UZERINE CALISMA

OZET -~

Bu gallsmada, lelksel kanunlar yardlmlyla Anbarla
Termlk Gli¢ santralinin matematiksel modeli ¢ikarilda.

Elde edilen bu modél lineer optimal ‘kontrol teorisi ? 
yardimiyla 100.5 MW yik sev1ye51 1gln kararli hal regulatorunun
~tasaraim:n:i yapmakta kullanildi. Bu model oncellkle kararli
hallerin kontrold ic¢in tasarlanmasina radmen, bu model diger
termik gii¢ santrallerine vé.kpntrol calismalarina kolaylikla
uygulanabilir. |

| Uretimdeki dénge bozucu'étkiler altinda kontrol
‘edilen sistemin dinamik davranlslarlniigézlemek amaciyla
bilgisayarda benzesim gallgmalarl yaplldl.

Bu benzeglm gallsmalarl sonunda, hal deglgkenlerl ve
kontrol glrdllerlne bagll olan quadratlk deaer fonk51yonunun
: m}nlmlzasyonuna dayanan lineer optlmal kontrol teorlslnln
ﬁolayllkla bir térmik glic santraline uygulahabilirliéi

.ortaya gikta.



vi

TABLE OF CONTENTS

. ' Page

ACKNOWLEDGEMENTS - iii
ABSTRACT . iv
CozET B | | - v
LIST OF FIGURES E . - | iz
LIST.OF TABLES | _ o | o | xi
LIST OF SYMBOLS - . | - B i
I. INTRODUCTION - | 1
'II. PLANT DESCRIPTION - 6

2.1 Descriptiongof the Unit no.3 of Anbarli

Thermal Power Plant ‘ ' 6

2.2 Boiler CharactefiSfics and Operation / 9

2.3 Turbine Characteristics ° o ‘ . 11

I11, MATHEMATICAL MODEL BUTLDING .  ‘ i2
3.1 Geﬁeral Remarks on Model:Buildingf;"_ . L 12

3.2 Dowﬁcomer A - o o S i4

3.3 Riser | o o .15
3.4 Sﬁeam Drum N ' 17

3.S'Primary Superheater ' o : R S X6



Iv.

VI.

3.6
3.7
3.8
3.9

vii -

‘Desuperheater

Secondary Superheater -

High Pressure Turbine

Reheater‘

3.10 Low Pressure Turbine

DYNAMIC EQUATIONS OF THE PLANT

4.1
4.2

- Structure of the Nonlinear Plant Model

Drum Syétem

Primary Superheéter
Secondary Superheater
High Pressure Turbine

Reheater

Low Pressure Turbine >

Completé Nonlinear Model

THERMAL POWER PLANT CONTROL

5.1

5.2

An Overview to Thermal Power Plant Control
Existing Control Systems of Unit no.3 of
Anbarli Thermal Power Plant and Control
Objective |

Analysis of State Regulator Problem

and Its Aﬁplication to Steady State Control

‘of Unit no.3 of Anbarli Thermal Power

Plant‘

: Controlier Deéign Algorithm

DESCRIPTION OF THE. COMPUTER PROGRAMS AND

- COMPUTATTION ALGORITHM

Page
22

24

26
27

30
32
32
33

36

38

- 39

40

42

43

46

46,

47

. 54

58



viii

: ' A Page
VII. SIMULATION AND RESULTS ) N - 65
VITII. CONCLUSIONS o 72
APPENDIX A. Evaluation of the Steady State Values

of Drum System Stéte Variables and ." .

Proportionél Constants fqr 70.5 MW.

Load Level’
APPENDIX B. Steady State Operating Profiles for

70.5 MW, 100.5 MW 120 MW. Load

Levels -
APPENDIX C. Formulation of the State Regulator

Problem ' ' o 85
APPENDIX D. Diagonalization Method : 91

> _ A

APPENDIX E. . Elements of Linear Plant Model

Matrices _ _.'f' - ‘ ; _ , 93
APPENDIX f. Plént Physical Data | | R 106

BIBLIOGRAPHY , ' , : 107



FIGURE 2.

FIGURE

FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

FIGURE

"FIGURE

FIGURE

~ FIGURE .

FIGURE

ix

LIST OF FIGURES

-~

The basic Plant components and the

~Circuit Diagram of Ambarli Unit no.3

- The T-s diagram of the process

The simplified diagram of the Boiler
with the main and reheat steam lines

The simplified diagram of the Drum
System : : :

The simplified dlagram of the Downcomer
tubes '

The 81mp11f1ed diagram of the Riser
tubes

The simplified diagram of the Steam
Drum .

One tube representation of the Primary
Superheater

A schematic diagram'of the Desuperheater

One tube representation of the secondary
Superheater .

.One tube representatioh of the ‘Reheater

The solution diagram‘

The structure of the time inVariant
deterministic Control System (for
Steady State Cont.)

Page No

10
14
15
17

20
23
.24 .
28

45

55



FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

6.1

6.2

6.3

The computer program computation
sequencies.

The strucﬁure of the controller

design program.

Main program and subroutines
arrangements.

Drum liguid volume and feedwater
flow responses to change in
throttle density and enthalpy.

Power output and Governing valve
area responses to change in
throttle density and enthalpy.

Drum pressure and fuel flow

-responses to change in throttle

density and enthalpy.

Page No.

60
62

64
69
70

71



xi

LIST OF TABLES

Page

TABLE 7.1 - Eigenvalues of.open‘loop’and
.controlled systems ., 66



xii

LIST OF SYMBOLS

A Linear plant model system matrix

AgrA, Total cross sectional area of downcomer ang
riser tubes respectively-

AV Total governor valve area

A__,A_ _,A Cross sectional area of reheater tubes,
rr’' 'ps’“ss ; '
' primary superheater tubes, secondary
superheater tubes respectively

.tlm

o Y- RN - -

g Linear plant model control matrix
C : Nozzle coefficient
Cp ' ' calorific value of fuel
'Cr’cps’css’crr " Heat capacitance for riser tubes, primary
superheater tubes, secondary.superheater
tubes and reheater tubes respectively
Dd’Dr | Total diameter of downcomer and riser tubes
respectively
bp._,b__,D Diameter of primary superheater tubee,
ps’ rr'“ss :
. ' reheater tubes, secondary superheater tubes
fd’fr. , Frlctux1coeff1c1ents of downcomer and riser
tubes respectively
£,,f.,f Frictﬂx1loss factor of primary superheater,
27374
SN secondary superheater and reheater
respectlvely
'Feedback galn'matrix
c -  Spray water enthalpy
o. Mlxture enthalpy in the riser’
W -quuld phase enthalpv in the drum
ox L.P.T exhaust enthalpy
Fir Feedwater enthalpy



xiii

Vapour and liquid»enthalpy in the drum
respectively

Outlet steam enthalpy of primary superheater,-
reheater, secondary superheater respectively

H.P.T exhaust enthalpy

Desuperheater butlét steam enthalpy

Cost functional

H.P.T power outpuf proportional constant
L.P.T flow coefficient

Evaporation constant

Tube to working £luid heat transfer coefficie
for riser, primary superheater, secondary

superheater, reheater respectively

Total length of downcomer and riser tubes
respectlvely )

"Lengtheof one downcomer and riser tube

respectlvely .

Length of primary superheater'ttbes, secondérj
superheater tubes and reheater tubes

-respectlvely

Total metal mass of riser, primary super-
heater, reheater,secondary superheater

'H.P.T power output

L.P.T power Qutput

Spray mater flowrate
Evéporatioﬁ mass floﬁ‘rate
Fuel flow rate.

Floﬁ rate through'the-riséﬁ
Drum‘;team flow rate.

Steam flow through the gove:ndr'valve

. Water flow through the downcomer

L.P.T exhaust flow



d’Pmd

P__»
ps’ ss

- RO

ml’TmZ’TmB’Tm4

A AN A

ps’ “ss

eryer31Y4

PhpPro

xiv

Steam flow through primary superheater,
secondary superheater

Steam inlet flow. of reheater and L.P.T
Steam outlet flow of H.P.T

Solution of matrix Riccati dlfferentlal
equations

Pressure in the steam drum and mud drum
respectively

Pressure at the outlet of primary superheater,

' sécondary superheater, H.P.T, reheater

respectively

State penalization matrix

-

Control penalization matrix

Drum saturation and liquid temperature

Metal temperatures of riser,'primary
superheater,. secondary superheater, reheater.

respectively

Steam temperatures at the outlet of primary
superheater, secondary superheater, reheater’

Terminal time -

Control input vector

" Values of control inputs at steady state

Plent state vector -

Steam quality through the riser

Values .of state variables at steady state
Drum volume

Liquid volume in'the drum

Storage volume of riser tubes, prlmary
superheater tubes

Total power output of turblnes

 Rate of heat absorbtion of riser metal,

primary superheater metal, secondary"
superheater metal and reheater metal
respectively



6 .,6 .,8
gl' g2’ ga %4
rr

pO'pS'de

ps’pss’php’pro

XV

Heat absorbed by riser metal,primary
superheater metal,secondary superheater
metal and reheater metal

Tube to flowing steam heat transfer rate
in riser, primary superheater, secondary
superheater and reheater

Density of water-steam mixture, saturated

vapor and saturated liquid respectively

Steam density at the outlet of primary
superheater, secondary superheater, H.P.T

~and reheater respectively



I. . INTRODUCTION

In the recent years, Hydro electric power plants.have
been running as load followers while(Thermal Power Plants havé
been used to meet the base load. A.drastic change of these |
conditions is predic£ed in the coming vears. This is mainly
due to fact that nearly all-aﬁailable water power has now
been utilized in some éarts of the world. However demand for
powéf/’éontinue té rise and the,dominéting.role of the Hydro
Electric Power Plants in power systems willvrapidly diminish.
‘It is iqevitable to use thermal powerbplants as load follqwérs
although.they were not de;igned for this purpose.'

Dynamic-model of these plants must be kﬁéwn

- to be able to judge the possible contribution éf
thermal po@er plénts tb the exisﬁing gria syétem,

- the indicate the liﬁita;ions éf.the exiéting plants
from the pbint of view of ﬁhe new operating
requirements, |

—'to_design reguiafors.for;steady staté and.lafgef
‘load’changes.' | - |

There are main;y two approaches to the model building

'i)'Physicalvlaws,



ii) Procéss iQentification.

Models in works (1,2,3) have beenvdeveloped by using
the physical laws while in (4)'two different models have"
been built by using both modelling techniques-and it has been
proposed to combine the resultant ﬁodels to get the improved
modél.

Dynamic analysis of a drum typé marine boiler has:
been considered-in (1). This study can be considered the first
valuable attemptto'the power plant modélling although the
boiler studied is too simple to be répresentative of a power

plant. |
| Both works in (2,3) représent conmplete dynamic models
of a thermal power plant. Furthermore, step responses of .
dynamic models to main.inputs such as to fuel fléw and governor
valve position have been studied.

In these works, only a power plant ﬁathematiéal model
is developed. No attempt is made to‘study'the.dynamic control
qf the power plant.. |

Dynamic control of a thermal power piant is ihtended
to minimize transient.fluc£uations in plant variables sﬁch
as -pressures and temperatﬁfes which afe caused by Variations
in load demand or other disturbances‘in>géneration, As the
cperating temperatures and pressufés and already high,,it is
essential that theseitraﬁgiehtsishould be kept at a*minimum
level so_és tp avoid anyjpiant éomponént:damagé and‘shut down.

_Iﬁ-the existing thermai'éower.plénts;Athe'dynaﬁic
control of Boiler-Turbine unit is based on the use of iﬁdepen—,'ﬁ

dent conventional cohtrollers_to maintain the plant at a set



point. These regulators are inadequate for load tracking,
even for steady state control, due.to seperate time constants.
The optimally'designed regulators based on multivariable control
theory result in superior performance as reported in (5) which
compares the performance'of the pouer plant nonlinear model
with conventional and optimal cohtrollers>related't0 the
structure of the equivalent linearized model. The deterministic.
optimal linear controllers require
i) Perfect process model;

ii) Measurable state variables and process disturbances.
However, recent developments in optimal control theory make
it p0551ble to de51gn regulators in the absence of a perfect
model, and for the cases of unmeasurable states and dlstur—
bances. . |

For the'case of unmeasurable process disturbances,
an observer can be used as iu-(ﬁ)_to reconstruct the state
from measured_outputs or the problem can be formulated as a
stochastlc control problem.

An ap)roach to control system design has been offered
in (7) based on optimal linear regulator theory and which
'incluces the model inaccuracies. Thisfapproach has been applied
to controller design of a Coal FiredvThermal Power Plant of
which mathematical~model has been ceveloped in (8).»This controi
system produces an'iutegral'type action which guarantees'zero
steady'state error not'requiring complete state feedback.

;n‘this study, as an extension of thebearlier research,
a-deterministic matbematical model‘ovanbarll Thermal Power
Plathis deveioped and the resultant model is used to design

steady state controllers based on linear optimal control-theory;



In Chapter II, the characteristics of the unit no.3.
of Anbarli Thermal Power Plant and the process are-described;

In Chapter III, the describing equations of each plant
subsection are obtained by using the physical laws, state
relations and Acceptance Test Data of'the unit with the
generai assumptions made in power plant modelling literature.
The resultant model is not only applicable for steady state
control of Anbarl;'Thermal Power Plant but also other
applications and différent power plant configurations.
| The state variables are selected and the dynamic
nonlinear plant model is developed accordingly in Chapter iV.

In Chapter\(,energy optimal time invariant state
regulator problem.is encountered’haﬁing a deep insight of o
different power piant cnntrol strategies énd conﬁentiOnaly
désigned existing cnntrol sysfem of unit no.3 nf Anbarli. A
éblution aléorithm'fbr the linear regulator problem is
developed.

| A flexible and convenient computer‘prngram is developed

to design and analyze Anbarli Thermal Power'élant confrols.
Deécription of this computer program and the computation
algo:ithm with the syétem main'inpuﬁs and nutputs are given
in‘éhapter VI. | |

in order to investigate~thé dynamic performanceé of
£hé.controlléd éystem due fo changes in throttle densiny
«andfenthalpy,’alseries of‘éoméuter simulations are carried:
outz/The'simulation results are'presentea and discussed in

Chapter VII.



Chapter VIII, concluding this study, resumes the
basic results and gives recommendations for further studies

to improve the modelling and control of Thermal Power Plants.



ITI. PLANT. DESCRIPTION

2.1  DESCRIPTION OF THE UNIT'NO.B OF ANBARLI THERMAL

~

POWER PLANT

0il fired Anbarli Thermal Power Plant consists of 5
separate units with total nated power ow 630. MW..in'this
study, unit no.3 is conéidered fof the modelling and controi
‘pu¥p§ses. This unit is a 110 MW éystem with rated steam
conditions of>12.56'MPa, 540°C at the throttie and'540’C
reheat. The Boiler is rated at 362,000 kg of steam per hour.
and is of the natural circulation drum type. The turbine is
a tandem compound, single reheat, double exhaust condensing
type with a rated capacity of 110 MW. at 3000 rpm. The
féllowing figure shows the basic components énd the circuit

diagram of the unit under consideration.



I
¢

RN

C) Boiler .
(2 Hgh pressue tubne (HPT) .
lermediate pressure turbine (LPT)
% Cross_over ppng

Low pressure tubine (LPT)

OB

FIGURE : 2.1 The basic plant  componerts and'the’_' circuit. dhgrem of Anbarlt unit po:3

The uﬁit operatee in thevcombined reheat—regenerativef
cycle. Fig (2.2) ehows_the ideal T-s diagram of the process.
Since the ﬁess of the steem flowing thfouéh the various
cqmponents‘are noE ﬁhe'same, T-s diagram only shows the
state of the working fluid at the various p01nts.

Durlng the process, feedwater from High Pressure
Heater I, at stete 17 1s heated in the Boiler to superheafedﬁ
.state'l. Steam, a£ state 1, enters High ?ressure Turb;ne_end
ekpandéjto>state 2 doing'some'amounf of work. After expaesioe;
£o state 2, sbme amoent of steam is ektracted_for High ‘
Pressure ﬁeater I. The amount ef steam that is not extracted.

- enters again into the boiler and is reheated to state 3.
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12 . . 5

FIGURE : 22_ T.s diagram of the process. .

Reheating of the steam is neéessary to dec:eaéé the moisture
content in the Intermediate and Low Pressure Turbine Stages./
Steam, at‘state.é, expands to state 7 doing wérk iﬁ both
Intermédiate and Low. Pressure Turbines. During the final
expansion from state 3 to state 7, steam is extracted from
two points in the I.P.T. for tﬁe High Pressure Heater II
‘and fof thé dearator whére the_ﬁeating,and removing §f air

- from feedwater takes piace, ana from two pointslin £hefL.P.T
for low Pressure Heater. Steam_that ié not extracted is

. condensed in the Cohdehser to state.8 and is pumped into

low Pressure Heater. Points 10,12, 14 ana‘lG on the T-s’
diagram show the staté.of the mixture of the condensaté and
extracted steam in low Pressure Heater; Deéerator,’High
Pressure Heater ITI and High Pressuré Heatef I. respectively.
: Witﬁ this type of power cycle, the unit thermal efficiency

" is increased up to % 89.6.



2.2 BOILER CHARACTERISTICS AND OPERATION

Drum'type natural circulatidn béiler consisﬁs of a
single cylindrical steam drum, a mud drum, three superheaters
of which two of them in thé convective zohe, whereas the
other in the radiant zone and_two aesuperheater. At the
normal operating conditioﬁs, the reheat desuperheatef éoes
not perform any’control action. The simplified diagrams of
the boiler with the main and reheat steam lines, and the

boiler drum systém are given in Fig. (2.3) and Fig. (2.4)

respectively.

)

FKSLRE23_Thesmphhed diagamdthebdlerwithhm'n . R
: and reheat- steam. lines. ~ ‘
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slightly subcooled feedwater from the High Pressure Heater I
flows through the economizer and enters the Steam Drum where

the ‘saturated conditions exist.

feedwaler flow steam flow

heat “flow [ |
N

downcomer

- Triser
—_ tubes tubes
-

mud drurﬁ

FIGURE:- 2.4_ The simplified diagram of the drum system.

Water at saturated conditibns flows from the Stéam Drum to
Mud Drum.through the unheated downcomer tubes. The.wafer |
in the Risef tubes, on it§~return to the steam ﬁrum, absorbs
heét and becomes a mixture of water and vapour. The density
of the mixture is leéé than the density of the water in the
downcomer tﬁbes. The. difference in tﬁe densities sets up.a
constant natural circulation that dis?hé:ges wate;—vapor ,
mixture.into the'steam Drum wherelﬁhe saturated steam is;
separ%ted erm the wéter, SatufatedISteam from thé sfeam
,brum absorbs heat, first in the Primary éﬁperheaﬁér’then in
the Secondary Superheater Which-aré placed in the convective

zone of the Boiler, and leaves the Boiler at a temperature
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of about 540°C. Between the two snperhéaters, there exists
a desuperheater which controls the secondary superheater
inlet temperature by spraying water in to steam in order
to avoid fhe overheating of the overheéting‘of thé secondary
superheater tubes and High Pressure Turbine front stagés;
The flow of steam from secondary superhéater passes
through normally open throttle valves énd govefning valves
and enters thevH.P.T. In the H.P.T, steam is expanded to
a certain intermediate pressure and fed again in to the
Boiler where it absorbs heat whiie passing through the
reheater placed in the radiant zone of the Boiler. From the

Reheater, steam enters the I.P.T and L.P.T turbine group

for final expansion.
2.3 TURBINE CHARACTERISTICS

The unit is a 110. Mw, téndém compound, two casing N
reheat, double flow exhaust condensing turbine directlf |
connected.to a main generator rotating at 3000 rpm.'The -

Turbine unif has béen designed to[operafe with 12.56 mPa-
540°C throttle steam Qith single reheat to_540;C and exhaust]
-~ at 1.5"Hg. Abs. \ '
‘The unif cdnsists of a High preésure turbine, an - -
Intermeaiaﬁe Pressure Tu:bine and a déublé'flowflow pressure
Turbiné'qperatingﬂon’a regénérétive‘pycle-winh five_gtagés>_‘
of feedwater heating. The High Pressure Turbiné‘is“of a
impulse type‘turbine whereas the Intermediate and lqw
'Préssnre Turbineé are of reaction type turbines;
In the neXt chapter, each plant section is considere

in detail.
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ITI. MATHEMATICAL MODEL BUILDING

- 3.1 GENERAL REMARKS ON MODEL BUILDING

.In this study, the mathematical model of unlt no.3 of
Anbarli Thermal Power Plant is developed.?The model is primaril
_designed for steady state cottrol of Boiler-TUrbine group.
However the model can be conveniently adapted to'otﬁer' ;o
'applications and»te different power plant configurations.. For
the wide range of appllcabllltv of the resultant model and
for the convenlence of the analysis, the unit is lelded 1nto
| 9 subsectlons. For each.subsectlon, the laws governlng the
transfer of energy, momentum, mass andlheat4transfef equatioas
are applied With the properly selected state relations for the
required'thermal variables. . k

The unit'Acceptanee Test Data (A.T.D) (9)115 taken
into.account.auring the modelling whenever a quel’parameter'
can not beidetermihed-from the'physieal laws. .

| The plant subsectlons are;
l) B01ler

1) Downcomer’

'ii) Riser
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iii) Steam drum | .

iv) Primary superheater

v) Desuperheater

vi) Secondary superheater

vii) Reheater

'~ 2) High Pressure.Turbine.(H.P.T.)

3) Intermediate and Low Pressure Turbine (L.P.T)

~

During the modelling, the following general assumptions

are made in addition to the specific assumptions corresponding

to each individual subsections,_expreSsed in the related

subsections;

1)

ii)

(iif)

iv)

: . ;o
Flue gas dynamics is neglected. Because the time
constants involved are shorter than the other
process lags,
The economizer and the feedwater heaters dynamics
are neglected in order to have low order model

and to avoid computational difficulties,

The properties of the working fluid is assumed to

‘be variable only in the axial direction. This

;assumption reduces the P.D.E's of motion to

0.D.E's and simplifies the.numerical analysis of

the ‘system,

Steam flow is considered to be incompressible,® -
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v) Dynamics of actuators and sensors are neglected.

3.2 THE DOWNCOMERS

The component under consideration is shown in Fig (3.1)

and the variables used are indicated.

mud drum |

FIGURE: 3.1 The simplified diagram of the downcomer tubes.’

The downcémers are several parallel coupled tubes
locatéd on the exterior of the furnace walls and can be treated
as one tube. |

The followin§ assumptions are made;

i) No heat'is supplied to the.ddwncomers,
ii) Liquid'temperatufé is the same as.the drum liquid
temperaturé,>Tw,i |

iii) thé downcomer flow .is incompressible.

Assumptions (i) and (iii) lead us to apply only the -
‘.momeptum.equation'with friction losses due to pipe, bends and

-mud drum entrance. ..
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That'is;

Ml Lardmy (5

7 L,
L (Py=Prg)=(fy 1) o—gi—
3(01 o) (dDd+£,.+£2+ ) 7o -0, Lyr+ e

3.3 RISER

In figure (3.2), the component under consideration is

~ shown and the variables used are indicated.

Ln

FIGURE : 3.2 The simplified diagram of the riser tubes.

Again the parallel tubes which create the furnace walls
are treated as one tube. The following assumptions are made;

i) There is always saturation state in the risers,

11) Steam quallty, Xor and the den51ty of the water—
_vapour mlxture,-po; are assumed to be constant

within the riser tubes,

iii) There is no velocity difference between the .vapouzr
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and liquid phases in the risers,

iv) Drum system circulation is natural.
Thus, the following eqﬁations may be written;

continuity eguation:

: dJ .
My =My =V = (90) , - (3.2)
where_oo, mixture density, is given by

Saw £

¢
, ?dwhps)xo"'?s
Energy equation applied to the flow in the risers yields: y
8. +m - =\v. 9 ¢ A .
r w hy, "T’oho--\/r-dlf '(Poho) | (3.4)
“where ho; mixturé enthalpy, is givén by
A, =hw5 +Xo(hs'/"ws) ’ ; ' (35)

and er whiéh is the heat transfef rate from risers walls to

2- phase flow, is given by the following empirical relation (10)

O =ky (Trs =T5 ) (3.6

And the.ehérgy eqhation appiied’to the riser tubes yields:

%

991 'Qr =Mrcr &dT( Trni) K _ B - (37) :
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' whefe(%l is the heat absorbed by the riser tubes due to

convection and radiation. It can be taken as proportional to

the heat supplied to the boiler. Therefore

931 =X1 Cf‘mf'

(3.8)

Applying the momentum equation and adding the friction losses

due to the pipe, bends, entrance and exit; one can obtain

. 2 2
(Pog=B) = (F Lz 1) /Mo T g T
) r

2290, 2gM%0  S2gA%e,

1
g

2 ‘

my, lr] dmg
v, Lo, +—CL

23‘4 Pd‘w 90 ! gA,- dt

(3.9)

. R . :
The proportional constants kl,yl will be obtained from steady, -

stéte values of Qr and egl'respectively.

3.4 THE STEAM DRUM

Fig (3.3) illustrates the simplified diagram of the

drum and indicates the variables used.

FIGURE : 3.3. The simplified diagram of the steam drum.
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Saturated liquid leaves the drum and enters the
downcomers whilé a saturated liquid—vapof mixture enters the
drum from the risers. Saturated steam leaves the drum and
enters the primary superheater. .

The temperature ou the steam in the drum is assumed
tovbe equal fo the saturation temperature, Ts' corresponding
to the drum pressure, Pd’ Whereas Tw’ the temperature of the
liguid phase in the drum, is determined by thevcoming feedwater
temperature accordingly. Thé feedwater temperature can be
‘assumed to be constant.

Since the water in the drum exists in two phases,
namely vapor and liquia, both the energy and continuity
equations aré applied to the‘liquid phase and only the gontinuif
equation is applied to the vapéur phase. !

It was pos§ibie to -define the cOntroi volume to be
Consisting of,thé whole steam drum, but the résultant model
would be far from to represent évaporation and condensation
mechanisms in the drum which considerably affects the drum

-

steam outlet flow.

Continuity equatioh for the liquid phase;

(3.10)

-_ (1—Xo)mo+mf‘w"vmw.- e =d‘%‘ (Y de-)

Enérgy equation for the liquid'pﬁése}‘

(1=Xo) Mo hyys + gy, My, = Py My = P e = 5’? (Voy h,)  (311)



19

And continuity equation for the vapor phase yields

- o (3.12)
XM, + M, - Mg =§Lt- (Vs 0s)

The steam drum'contains both éaturated va?or and
subc¢ooled liquid with changing vapor'pfessure and satu;ation
temperaﬁure. Evaporation and condensation will‘take place at
the drum liquid phase to maintain a temperature balance at
the liquid surféce. m, répreseﬁts this evaporation or conden-
sation rate in the drum and it can be £aken as pr0portionél
to £he temperature difference‘bépween the liguid temperature

and the saturation temperature (5), Thus;

me=ke(T,-%) | (3.13)
’ Proportional cdnstant, ke, will.be‘found from the steady'staﬁe
valves of nél
The state of the steam-water mixture in the riser
'énd Qf>the vapouf phase in the drum, is the saturation state.
Therefore only one indepent variable is sufficient to défine'
any thermal p£opefty. Choosing saturated steam,denéity, Pg 7
as'independentvariable, the arum pressure, pd, saturation
temperature, Ts’ satﬁrated vapor éﬁthalpy, hs} saturated
liguid enthalpy, hws and saturated liqpid density,_pdw can be

obtained from the fdllowing ététe felations~in'the'forms.of;

Ty =f(gs) | o - T (314)
Chg=f(gy) - . (3.15)
= 1(5s) . | - (3.76)
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0 =F(g) - (3.17)

" The l:quid phase in the drum is slightly undercooled.
Neglecting the pressure dependénce of the enthalpy, the liquid
phase enthalpy can be expressed as a function of the drum

liguid temperature. Hence

A, = f(Tw) . - (3.19)
3.5 PRIMARY SUPERHEATER
This convection type superheater'can'be assumed to /-

' be a cross flow héat exchaﬁger. Thé tubes are represented by

' one~tgbe with constapt'dimensions throughout the whble length.
The following figure shows the component and indicates the
‘Variab;eé used; |

COMBUSTION GAS FLOW

! N
i | . 8g2 v
IO e, cps. s
IR _‘__?ps E>STEAM FLOW
hps : ) .

TINTOTDTTEE e

ooms
he

'FIGURE : 3.4_ One tube representation of the primary superheater. © < ¢ .. O
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The simplifying assumptions considered here are;.

i) There is no heat transportation in the axial

direction neither in the tube nor in the steam,

ii) Heat conductivity of the tube material is infinite;

iii) The pressure drop takes place before the heat

transfer section.

-~

The following equations may be written under these

assumptions;

momentum equation:

S

continuity equation:

m —INbs-Lﬁs (f}s)

. Energy equation for the steam side:

ePS +Mshs —-mpshps = VPS-J{ (9ps ps)

And enhergy equation for the tube material:

o . d '

(3.20)

(3.21)

(3.22)

| (3' 23)
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where eps is the turbulent heat transfer rate‘fromzthe tube

material to flowing steam in the primary superheater, expressed

by (3)
0.8 ' ' ‘ :
Ops =k (Mg) ™ (T, ~Tps) : ' - - (3.24)

and eg2 is the heat transfgr rate from¥the combustiop products
to the tube material. It can be related to the heat input to
the boiler as follows, .
992 - bAz CpMe (3.25)
The constants fz,kz,y2 will be obtained from eqn's (3.20),
(3.24) and (3.25) at the specified steady staté pperating
conditions. The purpose of definiﬁg such constants is to
avoid themodel compleiity and td'represent thévreal process
at steady state. . |

| n Since the flowing steam is in .the suéeiheat region, /
any intensive properties of.the steam can bé expressed by two
independent thermal variables. The operating variables Tps
and Pps can be determined frOmbfhe state relations in the

forms of,

Ts=f(fsihps) @27

3.6 DESUPERHEATER

Thé,temperature control is accomplished by varying

the desuperheater flow which removes the enérgy from the
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superheated stéam to avoid the overheating of the secondary
superheater tubes and High Pressure Turbine front stages.
Water supplied to the desuperheater is taken from the outlet
of the deareator. |

In Fig (3.5) the component undér considerztion is

shown and the variables used are indicated.

NN NNRNNN
Steam flow |
m =T
;‘:: SO INNANAN :}: :
Pps.
he /,

Desuperheater flow
FIGURE: 3.5. A schematic diagram of the desuperheater.

The simplifying assumptiohs, considered here, are:
. 1) The desuperheater have no storage volume,
ii) The pressure loss across the desuperheater is-
negligible,
- i1ii) Desuperheater flow temperature does not vary,
iv) The process can be considered to be adiabatic
mixing of the two streams.
Thus, the following eqﬁations may be written;

continuity equation:

MpstmMe=Mes IR
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Energy equation:

°where‘
m, desuperheater flow
hC : coolant water enthalpy which is assumed to ke

constant.
3.7 SECONDARY SUPERHEATER

This ho:izontal type superheater, placed at the
conVective zone of the boiler, is treated in a similiar'way
to the modeling of the primary superheater.. |

Again, the suéerheater is assumed to‘be.a.heat exchanger
of cross flow type and tubeg are représented by one tube. The /
'Fig. (3.6) shows the simplified diagram of the secondary
superheater tubes and indicates the variables uSéd.

| All éssumptions used for the modéling purpbse'of the

primary superheater are also valid for this subsection.

COMBUSTION GAS FLOW

893

DTN s s, wes
LA -9%-.5 E:>STEAM FLOW
' ‘ '.:‘sts .

?ss

v O,,O,O,s,, h(_

FIGURE : 3.6 One tube repfesentation of the secondary superheater. =~ = .5 1
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The describing equations of the secondary superheaters are;”

continuity equation:
Mes =My =Vos - () o (630

Momentum équation:
5 mz . ' o .
ps = Fos = ;- Dss | (331)
7 Ps , | |

Enegy equation fof the steam side:
ess + Mg hds -y hss = vss&%— (Pss hss) . | (3.32)

- Energy equation for the tube material:

9.93 - QSS = Css Mssg? (Tms) . | - | (3.33)

Where es is the turbulent heat transfer rate from tube

S

material to the flowing 'steam. It is expressed as (3)

Oss =k (Mes)"” (Trmg = Tos) | 33w

and eg3 is the heat transfer rate from the combustion products
to the tube material. It can be related to the heat input to

the'boiler as follows;

- | - | - (3.35)
6g3 =85 CpMp - .
The unknown operating variables.Tss,PSS can be obtained
from the state relations in the forms. of:
Rs=f(gs.hg) S - (3.36)
To=f(fehe) S @

" 'The constants f,,k5 and 5; will be determined from
the equations (3.31), (3.34) and (3.35) at the speéified

o et FINIVERSITES! THPHARESY
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steady state operating conditions.
3.8 THE HIGH PRESSURE TURBINE (H.P.T)

The flow of steam from the secondary supérheater
bifurcates and each half after passing through the normally
‘'open throttle valve enters a steam chest on either side of
the H.P.T which éontains 6 impulse stages and a curtis stage.
Each steam chest contains two governing valves that"are opened
Sequentially to.control the flow of steam to H.P.T.

The valves are of the single seated plug type and are
operated by a hydraulic servomotor which is positiénéd by the
turbine governor. The servomotor opens and clgseé tﬁe'valves 
in a predetermined sequence. The valvesbare set so that No.s 1
and. 2, ﬁo.éB and 4 are opened togethe:. : .

It is assﬁﬁed that;‘
- The turbine ﬁhrottle valves and the turbine stages
can be considered as a steam nozzle,
- Sonic flow conditions exist throughout the-H.P.T,
- Governor valvesfarebideal restrictions which preserves
the enthalpy of the flowing steam. |
The céntinuity aﬁd energy equafions are appliedvtq,
. the H.P.T. as statéd below. - | |
confinuity eq@atioﬁ: | A
mt"-mhﬁW’Pa'c{f"(PfP)" S (3:38)
Energy equation:

mt"’ 'mhphhp MM’P"V/’P (?hphhp B §3'3f.9).
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Turbine steam flow rate,m in the existence.o6f the sonic

t 14
~flow conditions may be obtained from

my = CA, Dok _ . " (3.40)

ssk

where Av, the total flow area, is controlled by the governor

valve position and P Kk represents the absolute values

ssk’Tss

of the throttle pressure andvtemperature.respectively.

The output of the H.P.T, MW, , can be taken as

hp
directly proportional to the steam ¥low for small perturbations.
Therefore

The H.P.T. exhaust pressure, P, , may related to the;

hp
, using the A.T.D of the turbine

hp

H.P.T exhaust flow, m

group in order not tokﬁse a state relation for php.
My, = F (Frp) . - o (3.42)

The proportional constant K and the sonic valve

hp
coefficient, C, can be obtained from the steady state values

of power output of H.P.T and Throttle flow respectively.
3.9 REHEATER

From the H.P.T, steam enters the boiler and absorbs
heat while_passing through the reheater placed at the radiant °
‘zone of the boiler. Fig (3.7) 'shows the cOmponent’and'indicates‘

the wvariables used.

a
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COMBUSTION GAS FLOW

L ] g

nnk Ny T
L1 S— 1 L l —_ l 1 o
hhp

o DM s

Crr,

FIGURE:37- One tube representation of the reheater.

Mrr

STEAM FLOW

Mro -
hro [N

5%0

The mathematical model of the Reheater is similiar to that of

primary and secondary'superheater.'The deScribing equations

are;
continuity equation:

dfre

Mypj = Mpp = Yer o

Energy equation for the steam side:’

dt

é,-',- +.mr'ihhp"'mr0h V,-,-__. (9m ro)'

Enérgy eguation for the tube material:

9\94 rr—MrrCr'r—'— (Tmli)

(3.43)

(3.44)

(3.45)
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Momentum equation:

2 o “ o .
P -R ~f M ' ‘ - (3.46)
hp
err is the turbulent heat transfer rate from tube material

to the flowing steam. It is expressed as (3);
k D‘S(T T : : (3 47)
O =K, (M) (Trny = Tro) . :

eg4 is the heat transfer rate from the combustion products-

to the tube material. It can be related to heat input rate as,
- | | o (3.48

Before the Reheater, some amount of steam is extracted
for the High Pressure Heater I. The reheater inlet flow rate; -

mri’ can be related to the H.P.T eteam flow rate, m The

£
A.T.D of the unit may be then used to determine the reheater

inlet steam flow as follows,

my; =1 (my) | . , (3.49)
The Reheater outlet steam conditions, Tro end Pro' can.

be obtained using’the state relatiohs\in the forms of:

Trg =.F(.§>"0’_hro) : v C | e (350)

The proportional,constants f4,k4,y4 can be obtained

. ‘from the equations (3.46), (3.47) and(3.48) at the specified
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steady state operating conditions.
3.10 : THE LOW PRESSURE TURBINE (L.P.T)

The reaction type Low Pressure and Intermediate
Pressure Turbines are considered as the low Pressure Turbine.

'The following assumptions are made;

i) L.P.T can be corisidered as a steam nozzle,
ii) Sonic flow conditions exist thoughout the L.P.T,
iii) L.P.T exhaust conditions are constant,

iv) Dynamic of the L.P.T may be neglected.

Four steam extraction points are presént‘in the L.P.T
hwhich mus£ be accounted in the quelling. There are baéiéally"
two approaches to this'problem. The first requires the identi-
fication of the preééureS‘in the L.P.T at the entrance to the
each extraction points‘which is very difficult. The second
approach to the extractioﬁ problém; adopted here, lumps all
of the extraction points into one. | A

The power output of the L.P.T is given by

MW, = my, (A -Pey) o - (352)

where hex is the exhaust saturated»steam enthalpy>corfés§oﬁding
tQ'thé conaenser pfesSure, 1.5"Hg. mlp is the average steam
flow td‘coﬁsider the four extraction points as one extraction
boint éxpressed.aé,

'm[P=.é_'(mm+mex) | | 4‘ (353)



31

m_ is the inlet flow rate and can be calculated using the . -:

inlet steam conditions from the following equation;

Prok ' : (3.54)

no-th

where»Prok and Trok represents the absolute values of the
L.P.T inlet pressure and temperature respactively.

M. is the flow to the condenser and can be found
as a function of the inlet steam flow, M. using the result

~

of the A.T.D of the turbine group. Hence
Mgy =1 (Mpp) | - (355)

The proportional constant’Klp can be obtained from

eqn. after determining the values of P and‘T from A.T.D. /

The total power of the Turbine group is then equal to

the sum of the L. P T and H.P. T outputs,

Wt_MW,P+MM/, o o (3.56)
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IV. DYNAMIC EQUATIONS OF THE PLANT

4.1 STRUCTURE OF THE NONLINEAR PLANT

In the previous chapter, the describing eéuationsjof
each subsection are ébtained using physical laws,‘undetermined
state relations and suggested_funqtional relations for some
of the plant parameters. . |

In this chapter, dynamic nénlinear plant moael will
be derived considering pS,Vw,hq,hw,Tm;, %S,TmZ,;gs,hss,TmB,

h . h O,Tm4, as state variablesland H%w’n%u” Av and

'php' hp’Pro’M'r
mcfas the controliinputs. |

All the state variables are best process informative
‘plant variables and well represent ﬁhe dynamics of the |
controlled variabies Vw,Pd,Tss and Powe; output.

Theldynamic equations foxr these selected stéte variables
can be founa rearrangiﬁgithelscattered déscfibing equations -
of each subsections prépérly. When each section ié considered, =
. the related state relafionsywill-be given.,ThéseISt;te relationé
were obtained using data from Van Wylen andeonnfagfsteam tables

(11) for ihdependent variables. The Multivariable Regression

subpfograﬁ.of the SPSS package was .used to determine the
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state relations. The application range of these relations
were chosen according to temperature and pressure measurement
results in A.T.D.
The functional relations defining.the plant parameters
. m ! . . !
Moy s mhpo and ri were also determined using data from A.T.D.

They are given in the respective subsections.
4.2 DRUM SYSTEM

Drum system is considered to be consisting of downcomer
tubes, riser tubes and steam drum. It's found that state

variables, VW’ps’hw’ho and Tml’

‘can represent the dynamic
of the drum system. |

In the derivation of the dynamic equatiOns.for above
state variables, it is assuﬁed that'tﬁe acceleration terns - a
‘in the mbmentum equations for downcomer ahd riser can be

neglected as proposed in (4). This is quite reasonable since

the downcomer and riser are the fastest modes of the boiler

* dynamic.

The dynamic relations;

Jd 20132 Vw(moxo+me'ms)+(vo vw)((f-xo)mo-mw Fre+mt)
“‘(V&) : (41)
o't - . (v -Viv ) Qow -2 073295 |

(fg)‘

(vp vw> Mgtmodorme-my - 62)
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adz- (hw) = ! - ((1"'Xo)mo (hws'hw)+ mfw (hfw'hw )"me (hs'hw)) (43)

J 1 '- | .
a—t‘.(ho)= Vr ?o (ar'f'mw (hw‘ho)), . B ' | : (44)
5{(%1)=-M%—E;(ncfmf—9r) . | - (4—5)

are obtained by using:

-~

- the contiﬁuity equation for vapor phase in the

steam drum, eq. (3.12)

- the continuity for licguid phase in the stéam drum
with the state relation for P gy eqn's (3.10) and
(4.8)

- the continuity and energy equations for the liguid
phase in the steam drum, ean’'s (3.10) and (3;11),

- .the continuity and energy equations for the riser .
flow, egn's (3.2) and (3.4),

_‘— the energy equation applied to riser.tubes, eqn.’

(3.7)

.:espectiyély.
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The downcomer flow, mw, and theriser flow, mo, can

be determined from the following static relations;

2
Ad (R - Pmd)=-g/4d§’dw+(fd—-+£ +Ez+ )—-—--——— -~ (4.6) ;-
Ly , dlAds)dw -

| 2 2
Ar (BB, ) =-gAre —(flrsg s1)g, —Tw o A (4,.7)
Loy (d md g r‘?o (rDr‘ 3 42Arl-rl% 424.31_”%”

In both equations pressure differential (Pd—Pmd) is

an unkno%n.quantity. However, it can be related to a state
& . . . :

variable after the evaluation of the steady state valuess of °

the m_ and m as in Appendisx A. | . L
"The operating variables pg. T s/, ,/h ,T and Py can
be evaluated from theffollowipg state relations;
Qi =-2-0132Q, +794.4534 (kg/m3) - (4.8)
= 0._77134295 +274.4 - (°c) |  {4.9)
hys = 4.72178 & +1159.2 (kJ/'/«g) S | } (4.10)
s =-2.753 5’5 }2887.’68 (kI/kg) . _— (4._7'1)

Ry = 1177275393+3720292 (kg/me)- EEE ‘ (4.}2)
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whichlare éatisfactory for use in the drum system'and were
determined for saturated steam temperature between 311°C and
342°C ﬁsing,data from Van Wylen and Sonntag steam tables.
por8y.r and m, can now be evaluated using the eqn's 3.3,3.6
and 3.13 reépectively. |

and h

mff fw

d;um outlet flow, m;, may be considered as the perturbated

m £y 2Ye inputs to drum system whereas the

variable, which is determined by the primary superheater flow

conditions.
4.3 PRIMARY SUPERHEATER

. The state variables , _, h__ and Tm2 represent the
_ ps! “'ps

dynamic of the primary superheater.

f,‘

The dynamic relation for pps 1S obtained directly

from the continuity egn. (3.21)

' | o (4.13

The continuity egn. (3.21) and the energy equation
for steam side (3.22) are manipulated to obtain ﬁhe dynamic

relation fo? hps’

(h D=t
Voo Ges

(9p5+m (hg hPs)) | , o (414)
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And the energy equation applied to the primary superheater

tube material egn. (3.23) directly yields #he dynamic relation

for Tm2.
d . =__’_._. crmg-6 | | (4.15)
57 (Tmz) Moo Con (82 Cr M - Bps) | | |

The following state relations can be used to determine

the operating variables P os and Tps"

~

F,’,s -6424 .4k +955. 64 s Tps -2/3360.83,5 +23.882x10° (Pa) (4.16)
Tps = 109410 “hpS -0. 37hps +5.46x10°Bs + 44123 (°C) (4.17)

where the units of hps and Ppg 2¥E kJ/kq.and-kg/m3 réspectively.
These state relations are deterﬁined using data from Van
Wylen and Sonntag sonntag steam tables and are valid in the

range of

394 C< 7;)5 570(:

2.4 MRy < F},s 137MPa

, The varlables h Pd,m ’ and e can.be obtained from
egn' s (4. ll),(4 12),(3 20) and (3.21) respectively. Whefeae
‘the primary superheater outlet flow, mps’ can be determined

from eqﬁ. (3.28) o ’ | L oo ‘qﬂ'
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4.4 SECONDARY SUPERHEATER

The state variables are p __,h_ . and Tm3. The dynamic
relations are obtained by manipulating the describing ‘equations
- of the secondary superheater in a similiar way to that of the

primary superheater. These are;

= %S)-Vs_(mss-mt) | | (4.'78)
hSS}?" (’nss (hds "hss)‘*ess) (4.19)
§5 35S . ,
and
where;
-hds = secéndary Supefheater inlet enthalpy determined

by desuperheater from eq;\(3.29)

'més = secondary Superheater inlet steam flow obtainable

from egn. (3.31)

= Throttle flow determined by governing valve
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6o = Heat transfer rate to the flowing steam

obtainable from.eqn. (3.34)

The state relations to determine the throttle conditions,

P and T are;
ss ss

Rs = - 6424 .4 1y, +955.64 ¢, Toe - 219360.8 €.+ 23.882x10° (Pa) (4.21)
. ?SS SS SS

Tos = 1.09410 'hes -0.37h, + 5.46x10°Rs + 44128  (°C)  (422)

-

These state relations are valid in the range of

394°CL T, <570C

1241 MR P < 131 MP | o -

4.5 HIGH PRESSURE TURBINE

The state variables are ohp'and hh The dynamic

- . b’ _
relation for Php is directly obtained from egn. (3.38)

d ey L (meem) - T 423y
St Spdm g (M) @A)
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whereas the dynamic relation for h is .found by coﬁbining the

hp
energy eqn. (2.39) and continuity egn. (2.38)

d_ =
Eﬁ;(IWWD)"V

(T’t (h "hhp) MWpp) (4.24)
b Shp | '

A.T.D measurements show that the pressure ratio between the
inlet and outlet cf the H.P.T is below the critical ratio.

i.e.
By

A, <0545

This justifies the validity of sonic flow assumption for

H.P.T. -Then thrbttle flowlrn can be obtained from edn. (5,40).

tl
The H.P.T exhaust Flow mh ‘can be obtained From following

relation which was determined using data from A.T.D. : /o
1T, = 3.000948 10 Py + 0.76  (kg/s) (4.25)

4.6 REHEATER

Thebdynamics of the reheater is well represented by

the state variables'pr’o,.hro and Tro. The dynamic 'relaﬁioﬁs
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L (Aro)= ! (Grr + My (_hhp - Farod) ‘ A (4"_27)
ot rr $ro : : ' ' ‘
and

| (4.28)

9 (T )= (Y. Crrnp - EGpp)
L Ty M”C”,( WG - Cr

are obtained considering,

- the continuity eqn. (3.43) '

- the énergy equafion for steam side (3.44) and the
continuity eqn. (3;43)' |

- the energy eqﬁation for‘reheater tube ﬁaterigl,

egn. (3.45)'respectively.'

The operating variables Pro and Tio can be evaluated

-from fhe following state relations.
. 'T,Q’ - (0.474 Ao +4.01 §p =1153.) /(1+4-3x 70’?9,0 ) (cc) (4.29)

- Flo= 2988 Py +99336.3 6,y + 4196.57 1, Trp +120427 (Pa)  (4.30)

which were determined using data from Van Wylen and Sonntag

steam tables and are valid in the range of
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371°C < T < 549°C
0.L14 MR1S Ro< 276 MPh.

6.0 and m__ can be evaluated from egn's (3.47) and (3.54)
respectiﬁely whereas the reheater steam inlet flow, m ., can
be obtained from folloWiﬁg relation which was determined

using data from A.T.D.

My = 0873y +173  (kg/s) (4.31)
This relation was determined with the aid of the least
square curve fitting method assuming a linear relation between

m_. and m and using the valves of m_; and m, ét 70.5MW,

ri t’!
100.5 MW and 120 MW load levels from A.T.D.

4.7 ' LOW PRESSURE TURBINE (L.P.T)

A.T.D.shows that sonic flow conditions exist across
the L.P.T, i.e.inlet steam flow can be calculated from eqn.
(3.54) and the L.P.T. exhaust flow, m,,.s can be evaluated

from
Moy =072 My + 546 (kg/s) ~— o (4.32)

which was determined ﬁsing'theAValves'of May and'miorat
70.5 MW, 100 MW and 120 MW load levels from A.T.D with the aid

of the least square curve fitting method.
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COMPLETE NONLINEAR MODEL Loy

The deterministic nonlinear plant model is described

by a sector differential equation

X(E) = FlxCo,ut)  (433)

where the function f£(x(t),U(t))contains the plant parameters

which are obtainable from 37 nonlinear equations, x(t) is

the plant state vector, l6-dimensional vector with components.

10

MM M M

12

13

Moo M

16

and

11 |

14

15

drum liquid volﬁme, w (m3)

séturated}Steam density in the steam drum, 0q (kq/mB)!_
drum liquid enthalpy, h& (kJ/kg)

saturated mixture'enthalpy,_ho (kJ/kg)

riser tube temperaﬁure,,Tml ("C)

érimary éuperheater steam dutlet dénéity, Pps (kg/m3)

primary superheater steam outlet enthalpy, h__ (kJ/kg)

Ps

primary superheater tube temperature, Tm2 (°C)

secondary superheater‘éteam outlet density, (kg/m3)

Pss

secondary superheater steam outlet enthalpy, hss (kJ/kq)
secondary superheater'tube temperature, Tm3 ("C) . |
H.P.T steam exhaust density, php (kg/m3)

H.P.T steam exhauét enthalpy}-h (kJ/kg)

hp
reheater steamfoutlet density, pfo-(kg/m3)

reheater steam outlet enthalpy, h (KJ/kgj

Xo

reheater -tube temperature, Tmd ("C)

U(t) is the plant control vector, 4 dimensional vector

,'with~éomponents;
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Uy feedwater flow,'mfw (kg/s)
9 fuel flow,‘mfu (kg/s)
U, desuperheater flow, m, (kg/s)

U4 total governing valve area, Av (m2)

The nonlinear model represents the dynamics of the
each subsection rather than the assembled plant. The purpose
of dding éo is to .save the model generality. Hence the resultant |
nonlinear model can be easily .adapted for other éower plant
configurations e.g. having differenp/drum circulation charac-
teristics and heat transfer mechanisms of superheaters.
| ‘The open loop resﬁonseSvof;the system defined by edqn.
(4.34) with the specified initial éonditions can be obtained
by integrating the nonlinear model. For this purpose,. a
nonlinear éimulation pfogram is-developed’ih Fortran langdage;/ 
‘In this computer program each sﬁbéection is represented by é |
subprogram. Tﬁe following diagram illus£rates the interaction
betWeen the subsectiohs (or subprogramé) with the main inputs
and intermediate.piant variableéland‘also indicates £he solution -

logic followed.
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V. THERMAL POWER PLANT CONTROL

5.1 AN OVERVIEW TO THERMAL POWER PLANT CONTROL STRATEGIES

‘Generally Thermal power élants aré subject to;
- track power géneration demands supplied by load
schedule, . ‘

- maintain fhe process variables at-a se£ point to
maximize the'plant‘efficiency and to avoid the
components damage. ‘

Two contrél'strategiés were develdped to meet.the

above requirements. These are;

i) Turbine following,

ii) Boiler following.

In the turbine following mode,”An operator or an
automatic cont#ol system<adjusté fhé.boiler firin§ rate while
the turbine governor valves are aﬁtomatically adjusted to
maintain'throttle~pressure.-Theréfore Turbineiéuépﬁ£'foiIOWS
thg Bé;ler oﬁtput. The main disadvantage of this.strategyAis

the slow generation response.
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Whereas in the ﬁoiler following mode which is used
in Anbarli Thermal Power Plant, An operator or an automatic
control‘system adjusts the turbine governor Qalves to maintain
desired generation whilé the boiler firing rate is automatiéally
. adjusted. Therefore Boiler output follows the Turbine output. |
The main advantage of this mode is that Turbine responds
guickly while the main disadvantage is the undesirable
fluctuatioﬁs in the throttle.pressure and temperature.

In the recent years, a éoordinated controi system
which uses both Boiler and Turbine fo}lowing philosophies
has beeh developed. This type of control system develops
control signals simultaneously_for the boiler.firing rate
»aﬁd the Turbihe governor valves and includes feedforward
features which will changé set points as a functién'of power
demand input. It is proved in (12) that Cbordinated ponfrol
éYstem vields féster.and mbre’stable fesponses than earlier

control strategies.
5;2 " EXISTING CONTROL SYSTEM AND CONTROL OBJECTIVE

The existing Anbarli Thermal Power Plant'Contrgl'
Syétém consists of 5 distinct.feedback coptrol loops. These
include;
| - iurbine speed cohtrbi,
.~ Drum pressufe éontrolhi
- Thibttle témpérature conérol,
- Drum liguid level control,

- Combustion control.
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‘The iegulators act on:
= Turbine governer valVe,
- Fuel flow,

~ Desuperheater flow,

Feedwater flow.

The fegulators were designed to hold some important
process variables at a fixed desired level. In order to show
the main weakness of the existing control system, consider the
decrease in the power demand consequently.

- Resistive torqﬁe-will decrease,

- Turbiﬁe speed will increase,

- Turbine governer valve will be closed to decrease’
the Tuibiﬁe flow, | |

- The drum'pressﬁfe-will increase due to less demand,
of'steam, |

- Heat input to the boiler will be‘decfeased acting
on fuel flow. .

;This‘highly interactive system'cah not be controlled
a@equately by the conventional control sysfems since the
system components offer serious ?roblems due to separate time
constants of ££e'independent cénfrOl loops.

"Howévér;.the plant_responses.become quiqker.aﬁd‘mofé ,
étébie with theloptimally_desigped regulators using the same
éontrol,iﬁputs as éoﬁventiona1 controllers and Variations in
/state Qariableé or controlled outputs. | .

_Cbntrol“dbjecﬁivé considered here, is.the design of

the controller which is driven by the observed' deviations of
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the state variables from their stéady state valves and generafes
the control correction sighals such that the deviation of the
actual state variables from their ideal values vanish in a
tolérable'time interval without using the excéssive control
energy expenditure. This is so célled energy optimal linear

state regulator problem.

5.3 ANALYSIS OF THE STATE REGULATOR PROBLEM AND ITS
APPLICATION TO STEADY STATE CONTROL OF ANBARLI

-

THERMAL POWER PLANT

' The nonlinear plant model has been described by a

vector differential equation

X =£(x(8),u(t) PR (5.1

where,

1>

: 16 - dimensional plant state vector,

U: 4- dimensional control input vector.

Defininé the deviation of state variables from their steady

state values
55(ﬁ)#§¥f);§g§ ‘ (state peftﬁrbation vector)

and the deviation of.control inputs from their steady.state'

values
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SUlt)=u(t)- Uss (control correction vector)

the relaf_ionship between O&X(f)and SU(¢) is determined by the

linear perturbation model
EX() =AEX(t)+ BSU(E)  5.2)

which is obtained by expanding (3.1) about the steady state
values of state variables, Xss and control inputs, Uss . Where;

é is a (16x16.) time ivariant matrix which is obtained by

of

evaluating the elements of the jacobian matrix X along the

—-—

pre-computed steady state Valves of X(t). and U(t).

A= %. o A (5.3)
: X |lu : g
X |

and B is a(4xl6) time invariant matrix which is obtained by
evaluating the plementé of the jacobian matrix {?ﬁ along the

pre-computed steady state valves of X(t) and U(t).

B-2f . |  (5.4)
Uy |
Xss

The eiements‘bf'éu'and B matrices were found as a function
of steady state values of the state variables and control
inputs to take the advantage of applicability of-lineér model

“to any.specified steady state perile. The nonzero elements
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of A and B matrices are given in Appendix (E).

The steady state velues.of the state variables, control
inputs and proportional constants defined in model development
are given fof 70.5MwW, 100.5 MW and 120 MW. load levels in
Appendix (B). These valuee( mostly, were picked up from A;T.D.
.for the unit. The steady state values of eome state variables
defining the drum system and all proportional constantsiwere
calculated. Thevsteady state values of the stete variables
and proportional constants of the drum system.were determined
by solving the nonlinear simultane;us algebraic equations |
obfained by setting‘the derivative terms to zero in the
déecribingequations of the drum system. In Appendix (n) the'
célculation of the s?eady_state values of drum.systembstate.
variables and proportional constants are given for 70.5 MW.
Loed level. |

Control'ogjective is to bring the‘piant, approximeted
by egn. (5.2), frem an initial state 5§(f°)=_&(t°) ‘to a
. terminal state '55(tf)=gtusing acceptable levels ef control
&U(t) and not ekceeding acceptable levels'of state on the
‘'way without u51ng the excessive control energy expendlture

This can be achleved by mlnlmlzlng the quadratlc cost

functional

J = [(6x"16)Q6x(t)+6UTIR S u(t)) ot  (55)

where;
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Q ~is a 16x16 dimensional symmetric, at least positive
semi definite matrix,
R is a 4x4 dimensional symmetric positive definite

matrix.
te is the terminal taken to be infinite or for the
computation purpose, much larger than the largest
system time constant.
Under these conditions, the Qalue of the cost-functional is'
never negative.

2 and.g'matrices are speci%ied by the designer. By a
proper gelection of the Weightiﬁg matrices g and 5 , any
désired response can be obtained either far all‘of'the state
‘vériables or for only one or more of selected variables and
also state ‘and -control constraihts may be indirectly inclpded
to the model. | | g

The uniqﬁehess and the existeﬁce of thg time invariant
state regulator problem is uuaranted under the condition of

. controllability of the system. An n-order system is controllabl

if the augmented matrix

have n linearly'independent coiﬁmn vector.

if:the systeﬁ is.both'uncontrollable and.unstable.'
then‘the cost funétibnal_will,b§~infipite for all'controls
'giﬁc? the écntrql interval‘is'infinite. As a result some of

all of the state variables will not reach to the steady state.f
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_Assuming the system defined by egn. (5.2) is controllabl
the optimal control correction vector 6g(t)_can be found as
a linear function of the actual state perturbation vector,

SX(t)

Su(t) =-GEX(L) tE (b tr) (5.6)

where G is constant 4x16 dimensicnal feedback gain matrix -

D
n
X
(To )y

r -~ :

£ , (5.7)
and P is a constant symmetric positive definite 16x16 dimen-
sional matrix which is theé steady state solutioqvof the Riccati

Matrix Differential Equation (MRE)

.. -(5.8)

[y
I
oo™
“
=

E%:- (P(t)=-P(OA-ATB()-Q+E (£)

subject to the boundary condition at the terminal time tf,

The optimal trajeétofy is the solution of the homogenous
equatibn' o | ) . : '

X(¢)=Kx(t) - | (5.0
‘where,..' - o . o ' '

-1

X
[
AN
ity
I
o

P | | | - (5.11).
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If all the eigenvalues of the matrix 5=é—g§"§’g
Vhave negative real parts then optimal system is stable. In
other werds 1f the controlled system is unstable, the optimal
system cah be stable., These results.are proved in Appendix (C).
- There are mainly four numerical methods to compute
the steady state solution of time invariant Matrix Riccati
Differential Equation. These are;
i) Direct Integration,
ii) The Kalman-Englar method,
iii) Diagonalization methad,

iv) Newton Raphson method.

The first two methods are usefull when a complete
solution is required. However long computing fimes may result
and symmetrlc characterlstlc of the solution may be destrofed
by the accumulatlon of round-off and chopplng errors.

The last two methods give only the steady state
solution. in this study, diagonalization'method.given in (13)
will be used to:compute steady state eolution of ﬁhe time |
invariant MRE. A brief explaination of this ﬁefhod is given

in Appendix D.
5.4 CONTROLLER DESIGN ALGORITHM

The solution of the time invariant state regulator
problem provides us wifh a detefministic’feedback design
that attempts to vanish dev1at10ns of the true state x(t),

from 1ts steady state response, Xss . Fig. (5.1) shows the
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structure of the time invariant deterministic control

system

COMPUTER MEMORY
CONTAINS
STEADY STATE
-~ INPUT Uss
iDEAL CONSTANT —STATE Xss iDEAL
INPUT STATE
Uss Xss
TRUE INPUT , NONLINEAR FRUE STATE
PLANT - E:
X(t)
+
Sut) = - GSX(t) Sxt)
CONTROL CORRECTION *Q STATE PERTURBATION

GAIN CONTROLLER |
(LINEAR)

FIGURE: 5.1~ The structure of the time invariant deterministic control system
for steady state control.

The steps that must be folloWed to arrive the solution
of the time.invariant étate regulator problem arej;
1) Modelling
Step l: Derivation of fhe nOnlinear.deterministié

plant model,

| é_%(t)': Flxe), ult))

Step 2: Specification of the desired. steady state
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operating profile. This can be done with
the aid of the simulation program or by
evaluation of the system's dynamicAequations

as described. in Appendix A.

Seiection of the weighting matrices 2 and
5 in the quédratic cost functional (5.5).
Weighing is done according to the relative
importance of individual state errors and

constraints both on the states and control.

inputs.

"2) Off-line Computations:

Step 4:

Step 5:

model. That is computation of system

Determination of the linearized perturbation:
P

matrices A and B according to éqn's (5.3)

and  (5.4) respectively.

The matrices A, B,

o

and 5 are the
coefficients of the Matrix Riccati diffe-
rential eqgn. (5.8). Mafrix Riccati with
the initial qbnditién Blt)=0 has to be

sélved for té(to,tf).,Then1steady_statév

' solution is used in egn. (5.7) to. determine

3) On-line

Step'G:

the feedback gain matrix G.

Computations: -

Computation ©f the state perturbation vectorl
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éX(t) from EX(8)=X(t)-X - This
step requires the dééerm;nation of the
true'states. Since Xss is preéomputed in
Step 2. The true states can be obtained
by integrating the nonlinear plant modél
(5.1). An alternative way of obtainihg
state perturbation vector X(t) is to
integrate the linear plant-model (5.2):
Step 7: Determination of the control correctioh

vector, &U(t) from egn. (5.6)

Step 8: Cbmputation of the true cgpntrol input,

u(t)

, by U(t) = Uss + 8U (t)

A digitial computer program is developed under the
light of above controller design.algorithm to design and
analyze Arnbarli Thermal Power Plant Controls. Next section

describes the structure of this computer program in detail.
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VI. DESCRIPTION OF THE COMPUTER PROGRAMS AND

.COMPUTATION ALGORITHM

A flexible and convenient computer is developed in
" Fortran language to simulate Anbarla Thermal Power Plant
'at any predescribed steady state profile with optimally
'desigﬁed state regulator. Dpring the dévelopment of the
'computei program, it ‘is desired that the resultant p:ogrém
'is applicable not only for Anbarll Thermal Power Plant
case but also'for,any Thermal Power Plantlsimulétion aﬁd
steady state control studies. |
_The computef program includes;

- main pfogram,

- linear plant model generation subprogram,

- controller designAprog:am,

- nonlinear plaﬁt model simulation.program,

- linear plant model simulation subprogram,

-. Runge-Kutta IV integration subprogram.

‘With the ‘main inputs;
- Xss @ vector containing the steady state values of
‘the state variables,

. - Uss : vector containing the steady state values of
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the control inputs; feedwater flow, fuel
flow, governing valve areé, desuperheater
flow, |

- XI : vector containing the perturbated state
variables

- Q/R: Pénalizatioh matrices

- HFW,HEXI:I,HC : Feedwater enthalpy,L.P.T exhaust
enthalpyand desuperheater flow énthalpy
respectively. )

- ho : Integration step size

- steady state valwes of the proportional constants,'

k1, 81,f1 | |

- Plant physical data (in Appendix F.)

and the mgin outputs;‘.

- the optimal trajectories of the state variables

- the values of the’controllea variables

Drum pressure, P3
Throttle temperature, Tss
Drum liquid volume, Vw.

Active power output, Wt

: TheAfolIowing diagram illustrates the computer
computation steps in seguence,wiih the maih‘inputs and

‘ outpﬁtS‘bf each step.
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PLANT | DETERMINATION OF THE EVALUTION OF THE STEADY [€—Xss

—® CCEFFCENTS OF THE SWTE VALUES OF THE  ([&—FW.FUMCAv

NONUNEAR DYNAMC MOCEL OPERATNG VARIABLES STEADY STATE \ALLES OF
' THE PROPORTIONAL CONSTANTS

DETERMINATION OF THE
y LINEAR PLANT MODEL

8x(t)= ABx(t) s BEU(Y)

A 8

Ai EIGENVALLE
ANALYSIS

N i
=
. . SUN .

DETERMNATION  AND
MEMORIZATON OF THE
FEEDBACK GAN MATRK, G

J

i

8|

COMPUTATION OF THE —
OPTMAL TRAXECTORES
B —— 40 covouen wasaes —FWFUMC A

ey

Al ®s vw POWER QUTRUT

FIGURE : 6.1 - The computer program computation sequencies.

In the foliowing paragraphs} the strocture ofpthe'
subprograms aod their functions are stated under the light of
Fig (6.1).

Maln program 1s written malnly for input- outout
routlnes but 1t also computes the constant coefflclents of
dynamic.equations of the nonllnear plant model.

' The linear.plent ﬁodel is‘obtainedlby the‘epaluation
of, the system matrioes'é and B with.the aid of the/subprogram
VﬁATRi. This sﬁbprogram is enable to'generate'linear.system

matrices for any specified steady_state profile since-it’
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contains the elements of the system matrices as a function
of the steady state values of_the_state Véfiables, contrdl
inputs, proportional constants ant the oéerating variables.
Only the steady state values of some ope:ating variables  are
not a priori known. These valves are 6btained by -one step
numerical inﬁegration of the nonlinear plant model with
the method of Runge-Kutta IV.

| With the linear plant model simulation pfogram,
the optimal trajectories of the staEe variables and control
inputs can beeasily computed,ASubprogram LINEAR contains
thg linear planfvmodel which consist éf 16 first order
simultaneous differential equations of which ali the
coefficients are preccomputed by subprogram MATRI.

.The steady state solutidn of Matrix Riccati Differentiél
'.Equatiops with the.diagonaliéa£ion method and constant |
feedback gain matrix are computed with the éid bfrthé‘
controller design program. Following diagram illustrates
_lthe structure of ﬁhis program with the related subprograms

and their functions.
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'

Steady state values of operating variables

l

| SUBROUTINE MATRI
. Determines  linear modet
Sxv = abx0. gdun
= — —_— - _———
'1 A R !
]
! SUBROUTINE  CANM
1
| Forms the canonical matrix
1 T <«———— Q
1 A -BA' B
! 2= ¢ -A < R
: .
1 T
! H B
i i
SUBROUTINE EISGRY
Oelermines  the  egenvalues -~ 1
and  egenvectors of  Z :
{A ubrary subprogram ) :
! [
AU
I' SUBROUTINE INTER
: Forms  2nx 2n  dagonalization
I matrix . W
w
-
SUBROUTINE PART
forms nxn  submatrices
. of dagoralization = matrix, W,
Al Wn] '
x-[
=L wy Wy .
Wiz W2
SUBROUTNE  MINV2
verts  submatrx Yo
i A e |
1 . |
| Wi H
! SUBROUTINE _ GMPRD
l " Determines the .s(udy
state soluton of M, R, E
tfrom _P: Wn w;;
: i .
. ]
B | X
—a £ !
- i
SUBROUTINE GMPRD | :
“Calculates  the ™ feedback -~ :
gan matnx  from I
k= R 8" P !
. 1
el _——— . —f——— e ———— Jd

-FIGURE-:S.Z_' The structure of theb controller design program.
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With the aid of the nonlinear plant simulation‘program,*‘i
the optimal'trajectories and the values of the controlled
variables, pd, Vw, TSS and Active Power can also be determined
frdm’thevintegration of the dynamie equations.of the nonlinear
plant model using the XI, initial state vector, as imposed
initial conditions and precomputed optimal feedback gain
matrix by'subprogram GAIN.

Subprogram RKV performs thevintegration using the
Runge-Kutta IV method with a properly selected integration
step size, ho. i |

Nonlinear nlant simulation program is intentionally
represented by 8 subprograms whieh of each represents the
"dynamics of~one Oor more than one plant subsection defined in
modelling step, rather than one very complex subprogram
Thefore any power plant configuration different than Anbarli
Thermal Power Plant can be eas1lv Simulated using the slightly.
modified version of the existing subpragrams.

The figure'(4.l) illustrates the interaction_between
the subprograms and solution rpﬁtines.for nonlinear simulation
program. |

| The following figure'shows\the Qverall.structure of.the
computer progfam written to design and analyze Anbarli Thermal
Power Plant controls w1th nonlinear plant simulation subprograms

~and related subsections
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( START ) .
- Subprograms of nonlinear plant model

- 1

SUBROUTINE DRUM

Read sysiem
Parameters Contains  drum
ty By elge e I system

SUBROUTINE PRIMAR

Read simulation
Parameters

. Contains  primary .
Yss, s, ho. 1. Q R, ..

superheater

SUBROUTINE' DESUPE

Contains desuperheater Subpfograms  containing

[ 8t ' state relations .

i
SUBROUTINE SECOND I

Contains  secondary , -
SUBROUTINE  RKY superheater B SUBROUTINE  STAT

Integrates  nonlinear

plant mode! with -~
Runge - Kutta X SUBROUTINE H.P.T.
SUBROUTINE MATRI Contains high pressure
X : turbine :
Linear model
generating  subprogram State perturbation veclor ’
] Bz A X v SUBROUTINE  VALVE '
T
) * Contains governor |
81 valve
SUBROUTINE GAIN .
Controller  design oK Control  generation
rogram z : :
prog bu=gK . bx SUBROUTINE REHEAT
Sy Contains - reheater

. True control

: Ust o U .
Us Use - 38 SUBROUTINE ‘L P.T.

. Contains low pressure
turbine

Print the optimal . . ] ’ .
trajectonies.

-
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VII. SIMULATION AND RESULTS

-~

In order to investigaté the dynamié perforﬁance of
the controlled system, a series of computer simulation were
carried out .with the.aid of the nonlinear plant simulation
prégram. S . -

The open loop characterisfics of the system were
determined by eigenﬁalue analysis. Eigenvaiue analjéis was
Aperforméd by using the subproéﬁam EISGR1 from Cern library.
The eigenvalues of the4open—loop system;.givén in table 7.1,
were found to be ali real and distinct. 14 of 16 eigenvalﬁes
have negative real parts whgreas thelremaining 2 eigenvalues
have-positive real parts. Furthérmore, there exist a zero ;
eigeﬁvalue which corresponds to the drum -liquid volume.

| Eigenvalue aﬁalysis indicatega
- - the open loop system is unstable,
- drum liquid volume can be'affectédbe evefy mode

of'thé system and has to’be.tightly regulated.
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Open loop. system Controlled system

0. - 4.90
- 4.91 - 1.65
- 1.65 - = 0.90
- .91 - 0.49
.- .51 " - 0.366
- .37 » - 0.26
- .27522 - 0.28 . | o : .
- .20131 . -0.19331
.27782 _, - 0.695x10 iy
3.66x10_ 5 - 0.446x10"
- 7.75%10_% - 0.545%107L
- 6.25x10_2 - 0.336x10"1
- 4.16x10° 7, - - 0.80x1072
- 3.601x10 - 0.44x10-2
- 8.1x1073_, . - 0.104x10-3
- 7.254x10 - 7.46x10-4  °

TABLE 7.1 Eigenvalues of ooen loop and controlled

systems

The weighting matfices:g andegzwere selected after
successive runs. The first case study was made with all
weightings, both on states and control inputs, set to unity
and the weightings were then‘adjusted taking into account the
constraints on state variahles and control inputs. All weightings
on-state variables were'setAto 10—'5 ekce?t the weighting
corresponding to drum liquid volume which .was set to 10. for

8 108 108) were selected

the tight regulation. The values (104,10
as dlagonal elements of the R matrlx accordlngly

The closed 1oop elgenvalues were found to be all real
dlstlnct and negatlve. This 1nd1cates that although the open
loop system is unstable, the controlled system is. asymptotlcally

stable. However one of the elgenvalues of the controlled

system was very close to origin. Aftér intrdducing‘a degree
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of stability, a= 0.008 (Change in statement of the problem
and the role of predescribed degree of stability is briefly
given in Appendix C ) this eigenvalue was moved considerably
to the left of the origin. As a result; closed loop system: -
responses became quicker. The eigenvalues of the controlled
given in Table. 7.1. ‘

After the determination of the weighting faCtors,’the.
optimal trajectories and the values of controlled variables '
were determined from the integration of the nonlinear model
using the precomputed feedback gain ﬁatrix,‘Integration is
1n1+1ated from a perturbated state with integration step size
A hy = 0. 02 which was determlned con51der1ng the fastest mode
of the system.‘The perturbated state vector was taken to be
corresponding to that of 100.5 MW load level with change in
Pes and hss' The values at 70.5 MW load level were assignedu
for Poe and hSS |

During the first simulation run, it was observed that
nonlinear system behaviour diverged from the steady state
profile. Hand solution used for determinlng the proportional
constants was found to be unsuitable for nonlinear model
integration routine. Compnter solutions of steady.state
‘algebraic equations for the nonlinear model were then.used to
determine the proportional constants e.g. the frlctionv
coeff1c1ents f2,f3 and heat transfer coeff1c1ents kl,kz.etc.

Slmulatlon results are 1llustrated in flgures (7.1)—(7}3)‘
vlt,is observed that the controlled varlables,..Pd-,Vw,TSS and
Power.output_reach the steady state in a real time period and

" the fluctuations die out approximately at'the same time.
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That is coordinated control of Boiler-Turbine group. is.
achieved. This coordinatioﬁvis inherent in- the selection
of the weighting matrix 2: Another interesting result of
this simulation is the tight regulation of the throttle
temperature, Tssf without significiant change in control
action. This can be considered as a good coordination of
fuel flow and desuperheater flow. |

A second simulation run was carried oﬁt to investigate:
the contrdlled system responses to .a change in weighting
factor éorresponding to that of druﬁiliquid volume. For this
purpose, -weighting matrix Q was rearrenged taking 101 as
the weighting faétor for the drﬁm liguid volume and 10”2 for
bthe rest. While the weighting ﬁatrix.z was taken to be
corresponding to that gf ﬁirst simulation run. This change
produced unsatisfactory results from the éoinf-of view of |
'dynamic control of a Thermal Powér Plant. Aithough gooa
control of Power output and Throttle temperaturé were
achieved. Drum liquid volume énd drum pfessure éould not be
cbntrolled. However stable trend in these variables_foWard
the ofigin was observed in a simulation timé interval of

1700 sec. These results are important in order to show

- the interaction between the drum liquid volume and the
drum préssure or supe;iofity of the optimalAcontrollers.
over_the cohventiohal,controllers,

- essence of tight regulationvof drum liquid'voluﬁe.
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FIGURE : 7.1.  Drum iqud wlume and feeldwater, flow responses to changes in'
: throttle density and ethalpy.
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FIGURE 7. 2- Power output and gwernlng valve responses to changes in
throttle density and enthalpy.
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VITII. CONCLUSIONS

”~

Alﬁhough the model’is based on a particular Boiler-
Turbine unit, the model is a representative of a large power
plant, As a result of deterministic model development; all
éarémeters.are Physical.quantitieé which are easilyvobtq;nable.
from design data or unit acceptanée test data. Thus the model
is conveniently adépﬁed to other power plant qonfigurations.
The following important.assuméfions of.model buildiné’.
have been verified and can be recommended as an initial set
of approximation
- One tube representation of superhaters is sufficient,
- Treating.the H.P.T as a steamAnozzle is particuiarlyl
good fof control analysis. | |
However, thé’mathematical.ﬁodel dén.be significantly
._impr0ved by; |
- Iﬁcludiﬁg the ?lpe gas.dynamicS‘to improve the'steaﬁ
,teméeraﬁure response% té‘fﬁel flow pérturbatiohé}
" - Modelling the.gOVernof valve oveflap fo'increése the
model sensitivity for governor valve pertﬁrbafions.
_Furfhormore,-the study indicates the feasibilty of

aéﬁlying'lihear optimél control leading coordinatéed ' control -
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of Boiler-Turbine group basedvon minimisation of a cost
functional related to state variables and control inputs.
To handle easily steady state control of a thermal
power plané;
—- System local observability and controllability has
to be stﬁdied, '
- Constraints have to be directly included to the
model. This is especially important in design of

regulators for large load changes.

-~
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APPENDIX A

Evaluation of the steady state valuwes of drum system
state variables and propoftioﬁal_constants for 70.5 MW load
level. Drum system is considered to be consisting '0of downcomer,
riser énd steam drum. |

i) Calculaﬁién of heat_trénsfer coefficient, kj;

ki can be obtained form eqn. (2.6) after determiniﬁé
the steady state valyes of Tp1,Tg and 9r~.Tml and
Ty are known from A.T.D. fhe sfeady étate value

of'er, heat transfer rate from riser walls to

2~ phase flow, is,obtained by éonsidering the heat

balance for the boiler.

Uséfull energy added to the boiler =Z:Hea# absorbed
| ‘ by.fhe‘each

: qompénehts:of'
the.Boiler

or
' .9 =6 +E55 + 6, +6,+6, ~ (1) -

The following figures arebcalculéted dsing the
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steady state valdes of the operating variables in

A.T.D. Usefull energy added to the boiler,

=7 mpc=173x10° kI/s €2)

Heat absorbed by;

primary‘ superheater, Gps =Tps (/-,ps_/-,s)=3_o7x70’f kT/s
Secondary superheater,.'e = M5 (Rys- 55):2375:(704/\‘-7/5
reheater, 9,,:/77,.0 (hhp‘hrzﬁ)=223"704 kJT/s

economizer, Beco=Mlco (Faco-Flocs )% : 1.93x10% kJI/5

Consequently heat absorbed by the riser tubes is

found from (1) as

6= 7.7x 1o" kI/s

I,nsertlng m,-—4—5OC, 75=329 C and Gp= 77x 70 kJ/s 1ntc

egn. (2.6), one obtains,
K,=0.0418785 kJ/5(C)’

-Sindlarly - other heat transfer coefficients are

calculated using the steady state values of aps,
. :

0
. 'ss agd_ rr’

ii) Steady state values of the m ,mw,x, and ho.

o

‘consider the follow1ng descrlblng equatlons ‘of

the drum system;
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The physical plant data and the'steady state
.values of the operating variables hws, hs, fs,
Pdw and hw are obtained from A.T.D for the boiler

unit. The values of these operating variables arej

Q. 1767 ( Ifg/m3)
Q,, :639.96 (kg /rm3)
h, 15215 (kJ/s)
hy :2670.4 (kJ/s) .
h, :1470.00 (k3/s)

Inserting these numerical values ihto ean's (5)

and (6), one obtains

87196
§2 =

- Sr196 (7)
(XofO. 1363)
h, =1521.5+1148.9X, - | (8)

At steaay state bperating conditions,-all:derivativé
terﬁs in eqn's (1y, (2), (3{ and (4) will drop.'
Combining,new~forms df'the eqn's'(3), (4f and
inserting egn: K8),with the steady vaiue.pf 6

' calqulated préviouély, one:get-an'expression»for

mo and mW}

m, = rry — 67
(00521+X,)

(9).
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Equating'the new forms of the egn's (1) and (2}

one gets

| 2 2 2
-(@-L—“i-i-f +E,4+7)—1Dw _o =~ (% L"+7) Mo, Mw
Dy " T E 29A% €4 Saw s "Dr 29A£¢, 2949 S
2 2
-€ °___£€ Ty
329459, AT
oL, (10)

Inserting physical plant data, the values of the
friétioﬁ,loss factors, numerical value of'ﬁhe ® Gw
eqn. (7) for p_ and eqn. (9) for mw and mo into
eqgn. (lO),‘one obtain an expression ig“terms of
steam quality, xo,

4033.7435X2 -9 186 X5 - 70.22554 X0 4. 7547512=0 ' (11)

Egn. (11) is solved for steam quality’x It is

o*
found that 2 roots of the above équation'is
complex and the oﬁher is real. i.e the steam

quality at the outlet of the riser tubes is

. X,=0.1588

now one can determipe the circulation~mass flow

rate from eqn. (9) as

m,, =m, =3176861 (kg/s)
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- momentum equation for downcomer tubes,

2 - Lgydm
. m§, d! w
£ Ly 1 Lo
— (/- md) ( d “'51" &2+ )2 A2 20, gdw dt.,}« gAd dt

- momentum equation for riser tubes,

(BB = (F L 41) S0 iy r
— + O S
g ™" O~ #2g5, 29 e, 3‘29Aﬁ €
g lr] dmo ’
v —w Lol +-—2L (2)
* 2947 Q4w Yoo gAr dt

- continuity equation for riser tubes,
My mo-V <s>a S (3)

- heat transfer equation for steam side in the

riser tubes,

th.ci.' ¢
+m m,n, = r}jt (fsz)' ﬂ4)»

where mixture density, Po is

2,.* b (5)}.’_.,
(?dw"‘f’s)xof?s_, o

and mixture enthalpy, ho is

ho:hw5+Xo(hs"5WS) ' - ‘\ (6)
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and the mixture enthalpy, ho, from egn. (8) as
ho=1703.44 (kJ/kg)

The pressure differential can be calculated from
eqn. (1) dropping the accelaration term. Inserting
the plant physical data, the numerical values of

friction losses, pdw) mw, one gets

Ry - Py = 201006.08 kg/m"

‘Tt is better to think (Pd-Pmd) as a function of

Ps rather than consant. The following relation

can be used:
Py - Prg =1855.4 9, + 56631 (kg /m?®)

Steady ‘state values of the evaporation mass
flow, m,. consider'descr;bing equations of the

steam drum,

(1=Xo) Mo + Mg, =M, 1M, ---<V Ot ) (1)

(1-xo)'rjno'hws;h,;wmﬁ;?hwm h m, ~_. e, h, )

XMy +Me =M =S (Ys9s) - = (3)

. Using the above equétions with time derivatives

set equal to zero with the expression for

- evaporation mass flow
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e =ke (Ty-T) T e

give the evaporation constant ke,

ky = L7 0o (Pros= P )~ (Frus =P )) (5)
( hs "hfw) (7;" TW)

Since all the steady state values of the variables

in egn. (5) are known, ke 1is easily found as

~

ko =-0.525 (kg/s°C)

-then steady state value of the evaporation mass

flow is evaluated from egn. (4) as

Me=4.861 - (kg/s)



constants at 70.5 MW load level:

2%

0O %

Tm2

SS

SS

Tm3

..

APPENDIX B

317.907 (kg/s)
317.214 (kg/s)

(m>)

6.92

3
76.74 (kg/m )
1470.00 (kj/kg)
1703.44 (kj/kg)
450°C

3
42.16 (kg/m”)
3251.7 (kj/kqg)
600°C

36.22 (kg/m>)

3459.68 (kj/kg)

700°C

7.08 (k:,g/m?)'

. '3094.26 -(kj/kq)

5..005 (kg/m3'

3530.115 (k3j/kg)
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Tmd

< = = =
(} ¥k Wk, %k %

=
2l
O%

650°C

4.5 ®kg/s)
4.527389 (kg/s)
53.8 (kg/s)

1275.606 (kj/kg)

632.17 (k3/kg)

2406.48 (kj/kqg)

1.57x1072 m°

3985.0726 (s/m°)

Steady state values of the operating variables and

1057.7098 (s/m>)
185.07358 (s/m>) .-
0.3821553

0.158914

0.1227788

0.1167458 |
8.3728x107° (K }<2i2
8.059x10"% 1/("x)1/?
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365.4195 k3j/s kg

0.0418785
9.7631282
5.9511408

7.9872948

ki/s (‘C)3
xi/ (kg) 8¢
xj/(kq) 2 & c)

xj/ (xa) 2 8 0)

values were calculated
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Steady state values of the opérating variables and’™

constants at 100.5MW load level.

. - | , o
m : 332.141 - (kg/s) f;' : 4059.126 (s/m3)
mb . ¢ 331.754 (kg/s) £3 . 1279.0331 (s/m>)
v, ¢ 6.92 (m°) £2 @ 149.99272 (s/m°)
3 | -
Py 2 79.557 (kg/m”) & 0.3966733
h : 1470.3 (kj/k9) 5 : 0.1621778
h, : 1789.55  (kj/kq) ‘& :0.124947
Tml : 470. °C v 2 0.1182666
| 3, | _
Pos 7 43.7 (kg/m7) c* : 7.9894x107> (") /2 /m?
hog ¢ 3223.48 (ki/kg) K1 : 7.969x10"% 1/(w2.
| . «
Tm2 : 625 °C Khp - : 330.7230 kj/kg.s
. ae 51 3 1c* . -2 ey 3
pes % 36.516 (kg/m’) 1 :3.94762x107° kg/s (°C)
hoe :o3453.4 (ki/kg) T Ky i 8.091134 kj/ (k) °cC
‘3 ¢ o725, ‘¢ K3 @ 5.3051268 k3/ (k) °*%'c
. 3 K* . , . 0.8.
Php : 9.94 (kg/m )  kg : 7.8912559 kj/(kg) C
hpp ¢ 3122.677 (kj/kg)
oro ¢ 7.166 (kg/m’)
hro : 3549.223 (kj/kg) % These values were calculated
Tmd | : §75. °C | -
m. ot 6.1944. (kg/s)
h, :.684.7744 (k3j/kg)
m. . : 77.7 (kg/s)
fw o -
h. - . 1292.557 (kj/kg) .
fw,
‘m . . 5.63716 (kg/s)
o : .
A . 2.355x1072 m°
_V_, ' _ . .
h . 2400.1994 (k3j/kg)



Steady state values of the
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constants at 120 MW load level.

Tm2;

Tm3

1] (X}

X3
.

332.573 (kg/s)
331.99763 (kg/s)
6.92 (m3)

82.017 (kg/m>)
1494.75 (kj/kg)
1882.29 (kj/kg)
490°C

48.84 (kg/m>)

3131.47 (kj/kg)

. 650°C

38.19 (kg/m’)
3442.2 (k3/kq)
750°C

12.04 (kg/m>)
3147.837 (k3/kq)

8.787 (kg/m°)

3554.586 (k3j/kg)

700°C

7.444 (kg/s)

687.66524 (kj/kg)

9823 (kg/s)

'1338.9379 (kj/kg)

4.1 (kg/s)

3.14x10—2 m2

2400.69 (kj/kg)

¥*
£5

L3
£3

operating variables and :

1393.6888 (s/m°)
551.40243 (s/m°)
144.3814 (s/m°)

0.401214 |
0.1446353

0.1299698

:- 0.1147262

7.0596x10" 3 (*K) /2 /m?

4 l/('K)l/z

7.925x10
294.3632 kj/kg.s"
3.314lx10_§ kj/s('c)3

0.8 ¢y -

5.4551018 kj/ (kg)
"4.9210281 kj/(kg)o‘s('b)

6.5547812 k3/(k9) 8 ("0)

% These values were calculated




85

APPENDIX C.

FORMULATION OF THE STATE REGULATOR PROBLEM

~

Consider the time invariant control system described

by

X(£)=Ax(£)+Bu(t) o (1)

with the initial condition

X.(fo) :_)-(o E

wherej; :
X 1is an n-dimensional state peiturbation vector,
U is an m;dimensional control correction vector,
A  is an nxn dimensional coﬁétant systém maﬁrix,
E' is an nxm dimensional constant control matrix.

It is desired to bring the.plant defined by egn.. (1)

from an initial state §(to) =Xo to 'terminal state §(tf)=Q.'

using acceptable levels.of control U(t) and not exéeedingr

acceptable levels of state on the'&ay..This can_be'achiévedA

by/the"miﬁimization of the cost functional made up of a

quadratic form in the terminal state plus an integral of

- quadratic forms in state and the control.
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tr — , |
1 7 £ I : -
J =g XUt)Spx(tr)+ L [ (XIQXE+UTRUR)SE - - (2)-
- fo -

where, 'gf is an nxn dimensional positive semidefinite matrix,
g is an nxn dimensional positivq semidefinite matrix,
R is an mxm dimensional positive definite matrix,
t

f 1is the terminal time which will be taken larger

than the largest time constant of the system or

infinite.

In the steady state control problem, gﬁ'is always
choosen as zérQ matrix ‘'since theAcontriﬂzfion of'fhé terminal
state to cost functional is zero.

Applying the variational method, Hamiltonian of the
cost functional'can be obtained as

He L(X8)Qx(0)+ UTORU(E) + N (AX +Bu) (3)

L
2
where ﬂf is the co-state vector. The co-state vector AT

the solution of the vector differential eguation -

;\(f)_-.?_H_;' e S
| ax(t) . . . |

whiéh éan'be determined from (3) as,

;\(t)—-gx(t)-éfmt)” . sy
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Suppose that x(t) and A (t), the solutions of the canonical

equatiohs (11) , are related by the equation,
AE)=P(IX(E) telt,, el - (12)
By differentiating (12), with respect to~time,"weihave

A(E) POIXOPOX® . (13)
substitution of (10) into (13) yieléé,

Alt) = PIX(E)+ P(t)[Ax(f)—BR BTAm]

F— — R — S

or

At = P()x(t)+ LO[Ax(£)-BRB'RMIX(®)] (1)
Replacing éa(f) in egn.(14) with (9) we finally have,

-Qx(t)-AB( z‘)x(é) P(t)x(t)+P(E)[Ax(E)-BR P(t)x(t)]

—POX)[POA-BRIBR BEE
+Q+AP(t)]x(t).

or
Bt - QA -LOBE BR8P+ (1)

Equation (15)ris so-called Riccati Matrix differential

equation (M.R.E)
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Along the optimal trajectory

aH ' ‘
= 5 . (6
du(t) | - )

which implies that

gH

—

du(t)

by

U(t)+BN(#H) =0 ~ (7)

From egqn. (7), it is deduced that control vector along the

optimal trajectéry_is given by;
U(t)=-F B'A(t) - )

The assumption that 5 is posi'i:ive definite for ¢€ (to,tf) a
'quafanteés the existence of the grl‘and U(t) for t E(to,tf)

Substituting (8) into (1) and considering with (5),

one get reduced canonical equations;

-A(¢) = QX(£) + ATA(E) | (9)
X)) =AX(¢)-BEBTA(E) (o)

or in matrix form;

xe)) [A ..-BR'"B_’] X(8)

A e AT | A
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The boundary :condition of (15) can be obtained considering

the final time condition of the co-state

_d T, 4 o : ;

with (12). It is deduced that P (tf) -can be choosen arbitrarily
or simply . :
P(t)=0. | (17)
M.R.E can be then solved for g(t),*téfba,tf] , using (17) as
the baundary condition. Thus if is possible to determine the
co-state vector - A(t) for tE[to,tf] from (12).

| The optimal'control cdrrectiqn vector éan be rewritten
inserting vaiue of A(t), in (8) as,

U =-GOIX(E) - 18)

—_— —
— =

where the feeédback gain matrix, g(t), is

(¢) =R BPME . (19).

o)

The optimal trajectories may be determined from (11)

using the initial conditions,

a—

X(to) =Xo
-aﬁd 2

_A__(to)-’:g(fo)_)_(.(to)
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Consider the linear regulator problem with quadratic -
cost functional _ |
. w . .
— / éo(t T 7 .- / )
T=4 /) € lsxt01@sxt)rSUTOR Sut) It (20)
rather than (2) . :
In order to have bounded value for J (JX'/{)QJXA‘) +JU7:‘)§<SU/1‘))

term should decrease as fast as %or S§X#)and SYUMH) should decrease
"as fast ‘as CfYti.e all of the eigenvaluee of the controlled
‘system should be at the left of the vertical line'at —°<.
in the complex plane(absolute damping condition er p;edescribed
degree of stability), B |
Letting 52(1‘):5%_}5({-)and 5__3/%):6‘*%_4//{')', the system aefined by
(l) becomes : .,
586y = (A+xI)sE +B80E) | (21)

and quadratic cost functional (20) reduces to.

I=% /[J}??ﬂgék/é)+JUW)§£_Q/1‘))o’t - @22) -

“The optlmal COntrol law for the linear redulator problem

~defined by (21) and (22) is given by

s0@) =-R*87AsKt) | (23)
Whereéo is the steadv state solutlon of - y '
L=(arx])PrPlA+])-PEEEP+ - (24)

‘Hence the optimal control law for the linear optimal
pro]Slem defined by: (1) and (20) is given by

L SyY)=-R" Bng(f) - - | (25)

ThlS is the control correctlon vector of a control system

with predescrlbed degree of stablllty, o<. :
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APPENDIX D.

DIAGONALIZATION METHOD

-~

This method gives the steady state solution of Matrix

Riccati Equation as

=22 212

wows | - )

g

- where W22 and W12 are the nxn submatrices of the 2n x 2n
matrix W which diagonalizes the canonical matrix, (refer

to Appendix C. egn. 11)

1 A ' -lBF?%?T o o ' S
2 = : ' ' (2)
-Q -AT

Diagonalization method of obtaining P includes;
;—'Formation'of 2nx2n canonical matrix, 2,
-'Evaluation of the all eigenvalues of -the Z. The eigenvalues

. may be pure real or’ complex and if A is an eigenvalue of Z,
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-Aalso is an eigenvalue. Eigenvalues with negative real parts
are of the controlled system.

- Evaluation of the eigenvectors corresponding to only eigen-
values with negative real parts, |

- Formation of a 2nxn matrix, Wi, from these n eigenvecths
as follows. If e is a real characteristic vector, let e be
one of the columns of Wl. If e and ¢ form a éomplex conjugate
pair, let Re(g) be one column of Wl and Im(g). another.

- Partitioning of 2nxn matrix W1, into two (nxn) submatrices,

-~

- Cohputation of P from eqn. (1).
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APPENDIX E.

The nonzero elements of A matrix:

-~

| . | ,
A(1,2)= ! _0.71ke (3.0132X,-Vy ) - 1006XiXe Aps ¢
( Vi S = 794-45X;) _ | 2f2Ms

_VsAD2Gyw Cpo +mo(30132x, léf)c,,+(20132xoxf ,(1—Xo))
QCQ/de . '

AR28,Css _enx (S-X0)C
l.2Cdrmo((§’dw-X2)xo+X2)2( HE

(St - 21325 ) (( Ghw=2p Kot Xe )+ S X +1.013285 2%, )

AR.??o (EADZ C,p+ BOIB2E- Ml RALRC4)]}
ZQ/,-mo ow ‘

A(1,3)-_te (3.032%-V4)

| A(, 4_)_1 My (3.0132X,- Vd) (20732)(0)(1-Vs(7~Xo))AR29°
Gy (hss - hys) - 2y ra,
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(_gA,..,_ Cdr mo : (?dw"‘xz)gdw)@ ) o |
SEAR2 (hs- hws)((fdw—xg)xo+x2 )2

A(1,6)= _ 7.006X]X2A[235 CQ
o 2 MsCyy e

A(1.7)= _ 1.006 X1 XpAbs C,
fzmscm

_ 1 Xp Az
A(26)= - (A(1.6) X, + X22PS, Cs)

. ) 2 |
A(27)= 1 (A(1,7)x, 4+ XAPs
- Vs ( 2 25 2) "

L A(32)-_1 { 2(1-Xo) (hws=X3)Colr 710 (G £:402

Cio

] |
. 2073.593 E-Tw /?ALRq) +0.711 ke (s - X3 ) = Xp (Ayys -X3)Cyy
dw ’ '

+472/77,_,(7—Xo)+.?753me}

wl

4(33>-—.—- (1K) = 1y 4 e - S (hs-x;)} --

. A(3,4)= _ ) (hws'XB)(f-Xo)AlQ??; . (9dwl"x22 9dw Cig"'mo}
. 2 (hS - th )S)dwxf Cd/fmo '((9dw"X2 )Xo+x2 ) ’
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A(4,2)= 1 [AD2 X ¢ _ 2CdrMe y (e, E-AD2
Wl 2¢w mw 2T TaR2S, 4( B Cad

4 20’35235”7” _pALRC4)_2734k1 (x5-7;)2}
aw '

A (4.:3)= m
- Vré

A4.4)= L { 10 - AR2 So Xy Suw Xo (Srw=X2) }
W% 2Cyy Mo (hs‘hw§>((9dw ~X2 )Xo +X2)

A(4,5)= Skt (Xs-T5)°
C Vf?o

A(5.2). 2154026 ks (x5-T )"
Cr _Mr '

A(5,5)= - Skyi(Xs-T7s)
: CrMy

A(6,2)= 1 XzAPSc
' Ver | 2 .

» A(66)_ . ' XéAf:s '3 AssXs C /7755 ‘
Zfz.ms '. 27(_:’3/775'3 2X6

' i 2
A(6,7)= - C‘2 Xz2Aps Z‘iﬁ__
2@/775 2’%”755

Ciz - ’
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2
Ver 24 s

2
- A6,10)=_1__AssXe
V57 2’5’775;

A(Z2)=

2.753ms Aps X>C,C
{ +2f"/7232’5}

, sfxe 2

\0B L )
A(76)=__1 { ke(ms) (1786 21x10°%, +568710°X2)

VerXe | (1-5.218x1073x¢
X2 APS C '
" 2fprms

A(77)=
| Va1 Xe

. . . . 08 . B )
- 22750 (578,107, -0.4025)
(7-6.2/18x107Xs) -

_AEs xcc
26 225}

' _ \0.8
A(78)= Ko(rnis)

Vs1X%
| 2
" A(8,2)=—- X?Aps 08/\’2 (XBO;TDS) C)

o
A8E)= 1 { ke (ms)
Cpshps |- (1- 5218610 %)

(1.786-2.1x10 %, +5.687:10 X7 )

. A}ngz 08 ko (X -Tps) C3}
2fms (mg)%2
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A(8,7)= 1 { ke (ms)°® (218,10, -0%0957) '
Cos Mps | (1-5.218x107xs) ' -

‘szb?s
F04 D22 Xy (Xg-Tp )c},
Bimy? T

’ ‘ a8
A(8,8)= . K2 (M) "
CosMps

2 2
A(96) = AssXe { fsmis el
2FmssVse | ASs ng

AQ7)=_1 A?g Xe
| V2 2/3 M

. B | 2 * - ‘ | | . |
A(99)= 7 ]_ AssXe C CAy C » _ e
, Vsz { 213 mes 7 . (735/()12 3 ’ o ‘

A(910)= -1 [ AsXe ¢ cdy Ca
- Vez | 2 mss —  (Tssk)??

A(106)-_C1o_ (C2AssXe | Mss )
’ V5~2X9 27%/7753 Xe

A(107)= 1 AL Xé’cé '
(10.7)= — =2 2C0+17] s}
' Vs2Xg {Zf’gmss o P

A(10,9)= - ‘7 [ AssXe CrCro# - K3 (ms_s) , (1.786‘,-2/,:/0“8)(,0
Vs2Xg | 2F3m%s (7-5.218x10°xg)? = ,

+568710°%E )} |
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‘ ‘ 8 R 'S -

Vs2Xg (7-5.218410xg) 3 Mss

Alro.11) = 1 _ka(mss )8
Vo ~ Xg

A (116)- _ 0BAZsks  Xe(Xuy~Tis) { f s +c~3}
| ‘?CssMssfé (M2 | AZ XE

A(117)=- 08/‘_155/(3 Xe (X1~ ES)C‘,
2f3CssMss (miss)™®

A(11,9)= %3 { (e "B (1786-21x10 K10+ 566701075

CosMss (7-5.218x10%%5 )%

A Xg 08(Xﬂ ss)c}
2#/7735 [mSS')02

0875 1877 ' 2, «
A11,10)= (mis) 2 (278510 X1o-%40257) 404 Ass (Xar 7§;h)Xe c
Css Mss (1-5.218x1073Xg ) #3 (mss)™
A(14L11)= - ks (s )O8

Csshss

A(129)_-___.; cAv ¢, C9
Vhp (Fsk)

A )
A (12 70)_ CAv__ Cus-Cg
Vhp ssk) 2z
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Ati212) 1_ 300010 i B

Al1214)= 3.007x10°° { 496.57 Troy+99336.38
~ Vi |

+ 49657 %y, (-2.047x10 X5+ 8.967 }
(7+4.3036x10"3%y, )?

-5 -3
A(1215)- _ 3007210 _ 29884 204710 )GfJS.%Z)
| Vo (1+4.3036x10"%,, )

: ) ) |
A(13,9). (X10-X13-Khp) cAv
Vho /\12 (7;5/()1/2

| A
A(I&‘IO)..-___ m£+(x,o-x,3-K,,p)(7‘j V) e }
/;o 2 L.

A(1373)= . |
XfZ%p

A
Al1L.9)= 08728 CAy
(4 Virr (&k)%’ I

) 4
A (74 70)_, 08728 CAy
Vrr ( Esk)?/f

.A/(fﬂ’h e Ko { 204110 X5 +8.97 (496 57)(74__2___ )

W (rot) 2 | (7+4.3036x107Ky, )2

+496.57 Trok +99336. 38}
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Al14,15)= - Klp_ { L _(2355Xy-023712

Vor (Trok )72 | (144 .3036x1073Xy,)

._29.88} |

A(159)-__0_8__7_2_8_x X+ 0Bky (Xie-Tro )y cAy
Vir X ( (rm ,-,)02' )(755/()’/2

A(15,10)= 98728 (x.._x.. 0.8/(rr(xfs~77'o)) cAy
Vrr X1y (me)% (%s k)”z

A(1512). T
Ver X

A5 ke mri)®® [-204x10"X54897 }
Vir Xy | (144:3036x10°%%;, )

A(7575).__ {m 0474 ky (mp; P8 }

VrXig (1+4. 3036):10'3)(,4)

A (15, 16)- _Ka (rori )o8
| Vrr X14

A(16.9)- _ 0-696 ky (Xie-Tro) . CAy
Cre Mrr ( m,_{_)‘a_z ( E;k)w ‘

Altai0)= - 0696 krr (Xt Tro) CAy _ c
- Cor Mpr () )?2 (s )

'Drb v ) -

Trok”
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B(8,2)=_Y2¢F
Cps Mps

B(9.4)=._C _Bsk
Voo (Bsi )2

B(10,3)= {(hc=X7)
Vo Xg

B(11,2)= Y3CF
CssMss

B (12,4)= C’SC Pss
Vhp (Esk) g

'B(134)- (x,o_x,3 Kpp) LBsh CRsh

Vip Xy -
B(14.4)= 0.8728C _ Fsh
Vrr (7§§k)’/2 _

'B(75,4) _OQZSLO(, _x,s 03k4(X/6"

Vir X

B(e 2): YaCr.
: ' C/‘r Mrr

ra))
(mp;)°8 (7' k)1/2

ky (X16-Tr0) Rsk

B(164)= - 0.696 C

CrrMrr

(i) %2 (k)
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Al )= K (mri)®8 1 2.041:10%%45+8.967
: Crr Mrr - 7+4.3036 107Xy

A(1615)- 04742 ky (2ri) 28 7
| Cre Mer - (144.3036x10°%%,)

A16,16)= . Kulrei P8
Crr Mrr

The nonzero elements of B matrix:

P

B8(1,1):= Vs
Ciq
B(21)= X2
Cuy

B (3,1)< (1w Xs)
. Sow Xq

B(5.2)=_d1Cr
CrMr

B(63)=-_1_
. V;,
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Where:

Ve =¥ -X
ADZ:_?Ld;Ad ,
AR2 =2Lrs A
: L
Cad =14 =2 + & +E41
Dq

Car=7frLr s &,+1

£ - Ar y
2741’&%
RALD = Ad
Lagr .
RALR = Ar.
‘ Lrt
. ' ) m2
C, = 17772'/-" 534-]% S
S 2 42
X?/%Ds

. __4 . .
Cp=955.6375x5 L18x10 ~040257) p1n, 436
(7-5.218x107%X;) .
o - 955.6375 X (1.786-21x10" %7 +568x10" x5
| (71-5.2/8:10%z)%

| $955.6375 Tpis ~219360.82 -
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C,=-63.175%245777.8 \ O

C =hs-)é7+ 0.8 kz (Xg;ﬁ?s)
(rms)

Co=-6424.436 + 955638 X0(2118x10"X10-04025)
| © (1-5.218+1073Xg)

C, = 955:63X9(1.7869-21x10 *X10+5.6873x1070)
(1-5.2718x1073xg )%

-~

+355.638 7'5'5

-279360.82

Co = £1611x10 "X10-0.4025 (955.638X 1 Bk 6424 436
d (7-5.278x70'3X3) o -7 2'(7§Sk)72>

=k

: N g . 2 '
Cy = L-78E6+2.1x10 X410 +5.687x10 " Xi0, (955635, L B
2 Tssk

(1-5.218x1073Xg )?

 +955.638 Tesk - 219360

C,é = h.S‘Z -X,.o + 08k3 (Xﬂ-Es) -me (hc"x7)
‘ (ms.s)o_'z Mss-

C, .= =4-728 (Hs~Pws )+fz'475 (Xy—hFws)
‘ (/75 - ows )2 .

C,,=-20/32g9A4,- 2.0732Cddmw + RALDC,
72 . 15237 o2 AD2 4
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8= 9 ARZ 532

C"f = ‘QE{W‘794-45X1

' X12 -



V-
ps .

C
Ps

Aoy

. by

X3 . Y e Y3 [X3 Y .

15.2 m

. 1.29x%10

- Physical data:

131.6 m
0.62 m.

32.9 m
0.30175 m?

19350 m
1.08187 m

47 mv'

0.91876 m2

22.373 m>

141525 kg

0.47 kJ/kg-°C

43.143 m>

11726 m

4.064x10 %m
67072 kg
-

0.47 kJ/kg-"C

-3 2
m
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APPENDIX F.

SS

SS

i

rr

(v

rr

< R

rr

rr

< ¥

rr .

(X3

3

1.17x103

5170 m

5.59x10" 2

m

m

25000 kg -
| .

15.503 m

2.453x10°

3

1.7 m

3

2

m

2
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