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A STUDY ON A THE~~L-POWER PLANT 

MODELLING AND CONTROL 

ABSTRACT 

In this study, a deterministic mathematical model of 

Anbarll. Thermal Power Plant is developed from phys~Cal laws. 

Resultant model is used to design the steady state regulator 

'. for 100. 5 MW load level using linear optimal control theory.'. 

Although the resultant model is primarily designed for steady 

state control, it can be easily adapted for other Thermal 

Power Plant configurations and control studies. 

Computer simulations are carried out to investigate 

the dynamic behaviour of the controlled system unqer distur-

bances in generation. 

The· simulation results indicate the feasibility of 

applying linear optimal control to a Thermal Power Plant 

bas~d on ~iriimization of a quadratic cost functional relat~d 
.. ' 

to state yariables ana control inputs. 
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B!H TERH!K GU<;; SANTRALININ MODELLENMES! VE KONTROLU 

UZER!NE C;ALI~MA 

QZET ;' 

Bu ~ali$mada, fiziksel kanunlar yardlmlyla Anbarll 

Terrnik Gli~ santrallnln matertlatiksel modeli ~lkarlldl. 

Elde edilen bu model, lineer optimal kontrol teorisi / 

yardlmlyla 100. S'· i''lVl ylik seviyesi i~in kararll hal reglilatorunun 

. tasarlTIl.:_nl yapmakta kullanlldl. Bu model oncelikle kararll 

hallerin kontrolli. i~in tasarlanmaslna raijmen, bu model dig-er 
\ . 

t~rrnik gti~ santrallerine ve kontrol ~all$rnalarlna kolayllkla 

uygulana.bilir. 

Uretimdeki deng~ bozucu ·etkiler altlnda kontrol 

edilen sistemin dinarnik davranl$larlnl'gozlemek arnaclyla 

bilgisayarda benZ8$irn ~all§malarl yaplldl . 

. Bu benze$irn ~all$malarl . sonunda, hal degi!?kenleri ve 

kontrol girdilerine bag-Il ,olanq~adratik de~~r ~orik~iyonunun 

miriimizasyoriuna dayanan lineer optimal kontrol 'teorisiniri 

kolayllkla bir termik gti~ santraline uygulan~bilirligi 

. ortaya ~J.,ktl. 
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I ... INTRODUCTION 

In the recent years, Hydro electric power plants.have 
;'" 

been running as load followers while Thermal Power Plants have 

been used to meet the base load. A drastic c'hange of these 

conditions is predicted in the coming years. This is mainly 

due to fact that nearly all available water power has now 

been utilized in some parts of the w.orld. However demand for 

power;· ~ontinue to rise and the. dominating role of the HYdro 

Electric Power Plants in power systems will rapidly diminish. 

·It is inevitable to use thermal power plants as load followers 

although they were not designed for this purpose. 

Dynamic model of these plants must be known 

- to be able to judge the possible contribution of 

thermal power plants to the existing grid system, 

- the indicate the limitations of tbe existing plants 

from the point of view of the new oper~ting 

requirements, 

- to. design regulators.for ·steady state and large 

load cha~ges. 

There are mainly two approaches to the model building 

i) . Physical laws, 
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ii) Process identification. 

Models in works (1,2,3) have been developed 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 models to get the improved 

model. 

Dynamic analysis of a drum type marine boiler has 

been considered in (1). This study can be considered the first 

valuable attemptto the power plant modelling although the 

boiler studied is too simple to be representative of a power 

plant. 

Both works in (2,3) represent conmplete dynamic models 

of a thermal power plant. Furthermore, step responses of 

dyna~ic models to main inputs such as to fuel flow and governor 

valve position have been studied. 

In these works, only a power plant ma'thematical model 

j.s developed. No attempt is made to study the dynamic control 

of the power plant. 

Dynamic contro~ of a thermal power plant is intended 

to minimize transient fluctuations in plan~ variables such 

as pJ;"essures and temperatures which are caused by variations 

in load demand or other disturb~nces in g~neration. As the 

operating temper~tures ~nd pressures and alre~dy high, ,it is 

essential that these transients should be kept at a minimum 
. . . 

level so as to avoid anY'plant component-damage and! shut down. 

In the existing thermal power plants; ,the dynamic 

control of Boiler-TurbiQe unit is base4 on the use of iridepen-

dent conventional controllers to maintain the plant at a set 
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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 

the6ry result. in superior performance as reported in (5) which 

compares the performance of the power plant non'linear ).11odel 

with conventional and optimal controllers related to the 

structure of the equivalent l~nearized model. The deterministic 

optimal linear controllers require 

i) Perfect process model, 

ii) Heasurable state variables and process disturbances. 

However, recent developments in optimal control theory make 

it possible to design regulators in the absence of a perfect 

model, and for the cases of unmeasurable states and d.istur-

bances. 

For the case of unmeasurable probess disturbances, 

an observer can be u~@d as ip (6), to reconstruct the stafe 

from measured outputs or the problem can be formulated as a 

stochastic control problem. 

An approach to control system design has been offered 

in (7) based on optimal linear regulator theory and which 

'includes the model inaccuracies. This 'approach has been applied 

to controller design of a Coal Fired Ther~al Power Plant of . 

which mathemat:ical ,model has bee.n developed i,n (8). This control 

system produ'c~s an integral type action which guarantees zero 

steady state error not requiring complete state feedbftck. 

In this study, as an extension of t'he earlier research~ 

a' deterministic mathematical model of Anbarl1 Thermal Power 
I • • • 

Plant is developed and the resultant model is used to design 

steady st~te controllers based on linear optima~ c6ntrol·theory~ 
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In Chapter II, the characteristics of the unit_no.3 

of Anbarl1 Thermal Power Plant and the process are described. 

In Chapter III, the describing equations of each plant 

subsection are obtained by using the physical la\-ls, state 

relations and Acceptance Test Data of the unit with the 

general assumptions made in power plant modelling literature. 

The resultant model 1's not only applicable for st:eady state 

control of Anbarl1 Thermal Power Plant but also other 

applications and different power plant configurations. 

The state variables are selected and the dynamic 
, 

nonlinear plant model is developed accordingly in ehapter IV. 

In Chapter V, energy optimal time invariant state 

regulator problem.is encountered having a deep insight of 

different power plant control s~rategies and conventionaly 

designed existing control system of unit no.3 of .Anparl1. A 

solutiori algorithm for the linear regulator problem is 

developed. 

A flexible and convenient computer program is developed 

to design and analyze Anbarl1 Thermal Power Plant cont~ols. 

Description of this computer program and the computation 

algorJthm with the system main'inputs and outputs are given 

in. Chapter VI. 

In order to investigate- the dynamic performanc~ of 

th~ controlled system d~e to changes in throttle density 
. . 

- and 'enthalpy, a series of'computer simulations are carried 

out. Th~ simulation results are presented and_discussed in 

Chapter VII. 
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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. 
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II. PLANT DESCRIPTION 

2.1 DESCRIPTION OF THE UNIT·NO.3 OF ANBARLI THERMAL 

POWER PLANT 

Oil fired Anbarll Thermal Power Plant consists of 5 

separate units with tota.l nated power o~ 630. r-M. In this 

study, unit no.3 is considered for the modelling and control 

purposes. This unit is a 110 ~~v. system wit~ r~ted steam 

conditions of 12.56 MPa, 540·C at the throttle 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 t~ndem compound, single reheat, double exhaust condensing 

type with a rated capacity of 110 MVl. at 3000 rpm. The 

following figure shows the basic components and the circuit 

diagram of the unit under considera.tion . 

. " 
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(f) Boiler ~ Gen!r.i1Icr 
@ Ji9"I presSlSe t\J'bine (H.P.T.) Corldenser 

~ 
k"*rmedolle pressu-e tutline (I.P. T.l ® Low pres~ healers 

Crt6s..o__ P4>in9 ® ~ta" 
Low pres5I.R tll"bine ( L.P'T.) @ Boiler ftd pI.rrps 

® Hig1 pn!55IR h5IIer5 

FIGURE :·2.1_ The basic pl3.nt componerts and t~ circuit. diagram of Anbarh unit no:3 

The unit. operates in the combined reheat-regenerative 

cycle. Fig (2.2) shows the ideal T-s diagram of the process. 

Since the mass of the stearn flowing through the various 

components· are not the same, T-s diagram only shows the .. 

state of the working fluid at the various point~. 

During the pro~ess, feedwater from High Pressure 

Heater I~ at state 17, is heated in the Boiler to superheated 

state 1. Stearn, at state 1, entE?rs High Pressure Turbine.and 

expands :to state 2 doing some amount of work. After expansion 

to state 2, some amount of stearn is extracted for High 

. ~re~sur~ Heater I. The amount of stearn that is not extracted 

enters again into the boiler and is reheated tci state 3. 
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8~ ______________________________ ~ 

s 

FIGLRE: 2.2_ T _s diagram of the process .. 

Reheating of the steam is necessary to decrease the moisture 

content in· the Intermediate and Low Pressure Turbine Stages. 

Steam, at sLate 3, expands to state 7 doing w~rk in both 

Intermediate 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 the High Pressure Heater II 

and for the dearator where the heating and removing of air 

fro~ feedwater t~kes place, and from two points· in the··L.P.T 

for low Pressure Heater. Steam that is not extracted is 

condensed in the Condenser to state.3 and is pumped into 

low Pressure Heater. Points 10,12, 14 and 16 on the T-s 

diagram show the state of the mixture of the condensat.e and 

extracte~ steam in low Pressure Heater, Deaerator, High 

Pressure Heater II and High P~essure Heater I respectively . 

. With this type of power cycle, the unit thermal efficiency 

is in6reased up to% 89.6. 
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.2.2 BOILER CHARACTERISTICS AND OPERATION 

Drum type natural circulation boiler consists of a 

single cylindrical steam drum, a mud drum, three superheaters 

of which two of them in the convective zone, whereas the 

other in the radiant zone and two desuperheater. At the 

normal operating conditions, the reheat desuperheater does 

not perform any control action. The simplified diagrams of 

the boiler with the main and reheat steam lines, and the 

boiler drum system are given in Fig. (2~3) and Fig. (2.4) 

respectively. 

.-
FEEOI-WER IN~ . 
fpo . 

r----l------ ----I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Icr 
I~ 
Icr 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I' 
I 
I 
I 
1_· ___ ._-

I STEAM 

I 
I 
I 
I 

MAIN STEAM 

'1 
I 

HOT RE~ 

I 
I' 
I 

-----~. 

COlD REHEAT 

.. 

ii.p.t 

FK;I..J£: ·2.3 _ n-e sinpIified diagram of the bater with the man 
and reheat· steam. liles. 

l. P. T .. 

, . -"-
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slightly subcooled feedwater from the High Pressure Heater I 

flows through the economizer and enters the Steam Drum where 

thes~turated conditions exist.-

fccdwatu flow 
~ 

j riSCr 
tubes 

mud drum 

stum flow 
~ 

I dOWfltomer 
-l- tubr:s 

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

Water at saturated conditions flows from the Steam Drum to 

Mud Drum thrau~h the unheated downcomer tubes. The water 

in the Riser tubes, on its'return to the, steam Drum, absorbs 

heat and becomes a mixture of water and vapour. The density 

of the mixture is less than the density of the wat~r in the 

downcomer tubes. The, difference in the dens~ties s~ts up.a 

constant natural ci~culation that discharges water-v~por, 

mixture into the steam Drum where, the saturated steam is' 

separa~edfrom the water. Satuiated steam from the steam 

Diu~ ab~brbs h~at, first in the Primary superh~at~r then in 

the Seco~dary Superheater which are placed in the convective 

zone of' the Boiler, and leaves the Boiler at a temperat~re 



11 

of about 540·C. Between the two superheaters, there exists 

a desuperheater which controls the secondary superheater 

inlet temperature by spraying water in to steam in order 

to avoid the overheating of the overheating of the secondary 

superheater tubes and High Pressure Turbine front stages. 

The flow of steam from secondary superheater passes 

through normally open throttle valves and governing valves 

and enters the H.P.T. In the H.P.T, steam is 'expanded to 

a certain intermedipte pressure and fed again in to the 

Boiler where it absorbs heat while passing through the 

reheater plac~d in the radiant zone of the Boiler. From the 

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

for final expansio~. 

2.3 TURBINE CHARACTERISTICS 

The unit is a 110. ~'\1, tandem compound,. two casing 

reheat, double flow exhaust condensing turbine directly 

connected to a main generator rotating a~ 3000 rpm. The 

Turbine unit has been designed to ,operate with 12.56 mPa-

540'C throttle steam wit~ single reheat to 540'C and exhaustj 

at 1.5"Hg. Abs. 

The unit consists of a High pressure turbine, an 

Intermediate Pressure Turbine and a doulJle flow' low pressure 

T~rbine' ~perat~ng on a regener~tive cycle with five stages 

/of feedwater heating. The High Pressure Turbine'ls'of a 

impulse ~ype turbine whereas the Intermediate and low 
, " 

Pressure Turbines are of reaction type turbines. 

In the next chapter, each plant section is considerec 

in detail. 
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III. MATHE~ffiTICAL MODEL BUILDING 

, 3.1 GENERAL REMARKS ON MODEL ~UILDING 

In this study, the mathem~tical model of unit no.3 of 
\ 

Anbarll Thermal Power Plant is developed. The model is primaril 

designed for steady 'state control of Boiler-Turbine group. 

However the mode~,can be conve~iently adapted to 'o~her 

'applications and·to different power plant configuration~. For 

. the wide range of applicability of the resultant model and 

for the convenience 0f the analysis, the unit is divided into 

9 subsections. For each subsection, the laws governing the 
., 

tran~fer of energy, momentum, mass and heat transfer equations 

are applied with the properly selected state relations for the 

required thermal variables. 

The unit Acceptance Test Data (A.T.D) (9) is taken 

into ,account during the modelling whenever a model parameter 

can not, be determined' from the physical laws. 

The plant subsections are; 

1) Boiler 

i) powncomer .. 
ii) Riser 
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iii) Steam drum ' i 

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; 

/ 

i) Flue gas dynamics is negledted. Becaus~ the time 

constants involved are shorter than the other 

process lags, 

ii) The economizer and the feedwater heaters dynamics 

are neglected in.order to have low order model 

and to avoid computational difficulties, 

iii) The properties of the working fluid is assumed to 

be variable only in the axial direction. This 

.assumption ~educes the P.D.E's of motion to 

O. D·. E' s and simplifies the· numerical analysis of 

the system, 

iv} Steam flow is considered to be incompressible,: 
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v) Dynamics of actuators and sensors are neglected. 

3 • 2 THE Dm1NCOMERS 

The component under consideration is shown in Fig (3.1) 

and the variables used are indicated. 

Pmd. __ " 

mud drum 

hw 

mw 
Tw 

j'dw 

FIGLRE~ 3. L . The simplified diagram ot the downcomer tubes.' 

The downcomers are several p'arallel coupled tubes 

located on the exterior of the furnace walls and can be treated 

as one tube. 

The following assumptions are made; 

i) No heat'is supplied to the.downcomers, 

ii) Liquid temperature is the same as the drum liquid 

temperature, T , w 
iii) the downcomer flow .is incompressible. 

Assumptions (i) and (iii) lead us to apply only the 

. morn.e·p.tum. equation' wi th friction losses due to pipe, bends and 

-mud dr.um entrance .. 
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That is; "-": ". 

3.3 RISER 

In figure (3.2), the component under consideration is 

shown and the variables used are indicated. 

mo I 
----+ Ln 

ho 

Lr 9~ 
fo 

~ Xo Pmd 
mw 
hw 

FK;URE: 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 a,lways saturation state' in the risers', 

ii) Steam quality" xo ' ,and the ,density of the water-

vapour mixture, . Po' are assumed to be constant 

within the riser tubes, 

iii) There is no velocity difference between the ·vapou! 
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and liquid phases in the risers, 

iv) Drum system circulation is natural. 

Thus, the following equations may be v1ri tten; 

continuity equation: 

whera Po' mixture density, is 

~ = __ -----.:5'd=:...-w~f>s~ __ 

( f>o'w - fs ) Xo + S's 

given by ,. 

Energy equation applied to the f19w in the risers yield~: 

where ho' mixture enthalpy, is given by 

(3.2 ) 

(3.3 ) 

ana 9 r which is the heat transfer rate from risers walls to 

2- phase flow, is given by the following empirical rE=lation (10)· 

(3.6 ) 

And the .energy equation applied to the riser tubes yields: . 

(3.7) 
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where 8g1 i's the heat abso.rbed by the riser tubes due to 

convection and radiation. It can be taken as proportional to 

the heat supplied to the boiler. Therefore 

(3.8) 

Applying the momentum equation and adding the friction losses 

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

(3.9) 

The proportional constants k 1 'Y1 will be obtained from steady/ 

state values of 8
y 

and 8g1 respectively. 

3.4 THE STEk~ DRUM 

Fig (3.3) illustrates the simplified diagram of the 

drum and indicates the variables used. 

mSI hs 

~ 
-7 

ho. r "9 0 mw 
.Xo hw 

. mo 

FiGURE: 3. 3~ The simplified diagram of the steam drum. 
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Saturated liquid leaves the drum and enters the 

downcomers while a saturated liquid-vapor 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 

to be equal to the saturation temperature, T , corresponding 
l3 

to the drum pressure, Pd' Whereas Tw' the temperature of the 

liquid phase in the drum, is determined by the coming feedwater 

temperature accordingly. The feedwater temperatu~e can be 

assumed to be constant. 

Since the water in the drum exists in two phases, 

namely vapor and liquid, both the energy and continuity 

equa~ions are applie4 to the liquid phase and only the continuit 

equation is applied to the vapour phase. 
/ 

It was pos~ible to define the cbntrol volume to be 

consisting of .the whole steam drum, but the resultant model 

would be far from to represent evaporation and condensation 

mechanisms in the drum which considerably affec~ the drum 

steam outlet flow. 

Continuity equation for the liquid phase; 

(3.10) 

Energy equat~on for the liquid phase·; 

(3.11 ) 
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And continuity equation for the vapor phase yields ' 

(3.12) 

The steam drum contains both saturated vapor and 

subcooled liquid with changing vapor pressure and saturation 

temperature. Evaporation and cOndensation will take place at 
, . 

the drum liquid phase to maintair. a temperature balance at 

the liquid surface. m represents ~his evaporation or conden­e 

sation rate in the drum and it can be taken as proportional 

to the temperature difference between the liquid temperature 

and the saturation temperature (5), Thus; 

(3.13) 
/ 

Proportional constant, ke, will be found from the steady state 

valves of me: 

The state of the steam-water mixture in the riser 

and of the vapour phase in the drum, is the saturation state. 

Therefore only one indepent variable is sufficient to define 

any thermal property. Choosing saturated steam, density, ~, 

as independentvariable, the drum pressure, Pd' saturat{on 

temperature, T , saturated vapor enthalpy, h , saturated s s 

liquid en~halpy, hW8 and saturated liquid density, Pdw can be 

obtained from the following state relationsin'the 'forms of; 

Ts = f(fs) 

hs:=' f ( ~s)' 

. h~.s= f( S's) 

(3. '14) 

(3.15) i 

(3.16) 
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Pd = f( fs) 
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(3.17 ) 

(3.18 ) 

The l~quid phase in the drum is slightl~ undercooled. 

Neglecting the pressure dependence of the enthalpy, the liquid 

phase enthalFi' can be expressed as a function of the drum 

liquid temperature. Hence 

(3. 19) 

3.5 PRIMARY SUPERHEATER 

This convection type superheater can be assumed to 

be a cross flmv heat e><change,r. The tubes are represented by 

one ,tube with constant dimensions throughout the whole length. 

The following figure shows the component and indicates the 

variables used. 

COMBUSTION CAS FLOW 

9g2 

Tm2, Cps, Mps 

9ps , , 

,'_ ~ STEAM FL,OW , 
!Tlp5L,/ :". 
hps , 

fps 

'FK:;u::£: :i.4_ One tube representation of the primary supemeater. -~.'~ . :., .. 
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The simplifying assumptions considered here are;. 

i) There is no heat transportation in the axial 

directron 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: 

(3.2.0) 

continuity equation: 

(3.21 ) 

Energy e~uation for the "steam side: 

(3.22) 

And energy equat'ion for" the tube material: 

" (3.23) 
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where e is the turbulent heat transfer rate from the tube ps 

material to flowing stearn in the primary superheater, expressed 

by (3) 

(3.24) 

anq eg2 is the heat transfer rate £rom the combustion products 

to the 'tube material. It can be related to the heat .input to 

the boiler as follows, 

992 =0'2 cFmF 
(3.25) 

The constants f 2 ,k2 '"Y2 \>1ill be obtci1ned from eqn's (3.20), 

(3.24) and (3.25) at the specified steady state 9perating 

conditions. The p~rpose of defining such const~nts is to 

avoid themodelcomplexity and to represent the real process 

at steady state .. 

Since the flowing stearn is in ,the superheat region, 

any intensive prop'erties of the stearn can b~ expressed by two 

independent thermal variables. The operating variables T ps 

and P can be determined from the state relations in the ps 

forms of, 

(3.26) 

Tps.= f(fps) hps ) (3.27) 

·3.6 DESUPERHEATER 

The temperature control is accomplished by varying 

the desuperheater flow which removes the energy from the 
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superheated steam 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 under considerc. tion is 

shown and the variables used are indicated. 

Steam flow 

mps 

hps 

Tps 

PPS 

---4--_. __ ._-_._-. __ ._-.--1-_._-

1 
me 
he 

Desuperheater flow 

msS. 

hds 

Pps 

FIGURE: 3.5_ A schematic diagram of the desuperheater. 

The simpl~fying assumptions, considered here, are: 

i) The de superheater have no storage volume, 

ii) The pressure loss across the desuperheater is· 

negligible, 

iii) Desuperheater flow ~emperature does ruJt vary, 

iv) The process can be considered to be adiabatic 

mixing of the two streams. 

Thus, the following equations may be written; 

continuity .equation: 

(3.28) 
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Energy equation: 

(3.29) 

'where 

mc desuperheater flow 

hc coolant water enthalpy which is assumed to.be 

constant. 

·3.7 SECONDARY SUPERHEATER 

This horizontal 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 superheater is assum~d to be a heat exchanger 

of cross fl:ow type and tubes are r.epresented .by one tube. The 

Fig. (3.6) shows t~e simplified ~iagram of the secondary 

superheater tubes and indicates the variables used. 

All assumptions used for the modeling purpbse of the 

primary superheater are also valid for this subsection. 

COMBUSTION GAS FLOW 

m.ss 

Tm3, Css, Mss 

ess .- 0 STEAM FLOW 
. mt 

hss 

FIGURE : 3.6 _ One tube representation of the secondary superheater. .~ 
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The describing equations of the secondary superheaters are; 

continuity equation: 

mss - mt = ~s sL (0 ) dt )ss 

Momentum equation: 

Enegy equation for the steam side: 

Energy equation for the tul:::e material: 

(3.30) 

'(3.31) 

(3.32) 

(3.33) 

Where 8 is the turbulent heat transfer rate from tube' ss 

material to the flowing"~team. It is expressed as (3) 

(3.34) 

and 8g3 is the heat transfer rate from the combustion products 

to the tube material. It can be related to tbe heat input to 

the boiler as follows; 

(3.35) 

The unknown operating variables ,T ,P can be obtained . ss ss 

from the state relations in the forms,of: 

Pss = f.(fss' J hs~) 

7;s ~ f (fss' hss ) 

( 3.~6) 

(3.37) 

'The'constants f 3 ,k3 and 0'3 will be determined from 

the equations (3.31), (3.34) and (3~25) at the specified 

, Dnr..1l7\(\ \n\W£P5\1£S\ l{U1\:WHi\HES\ ' 
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stea~y state operating conditions. 

3.8 THE HIGH PRESSURE TURBINE (H.P.T) 

The flow of steam from the secondary superheater 

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 contains 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 servomot9r which is positioned by the 

.turbine governor. The servomotor opens and cl~ses the ·valves 

~n a predetermined sequence. The valves are set so that No.s 1 

and 2, No.s3 and 4 are opened together. 

It is assumed that; 

- The turbine throttle valves and the turbine stages 

can be considered as a steam nozzle, 

- Sonic flow conditions exist throu.ghout the H.P.T, 

- Governor valves, 'are ideal restrictions which preserves 

the enthalpy of the flowing steam. 

The continuity and energy equations are applied to, 

the H.P.T. as stated beiow .. 

continuity equation: 

(3.38) 

Energy equa:tion: 

(3.39) 
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Turbine steam flow .rate,m
t 

' iri the existence. Of the sonic 

flow conditions may be obtained from 

(3.40) . . 

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

valve position and P k,T k represents the absolute values ss ss 

of the throttle pressure and temperature respectively. 

The output of the H.P.T, r-TI"hp' can be taken -as 

directly proportional to the steam rlow for small perturbations. 

Therefore 

The H.P.T. ex~aust pressure, Php ' may related to th~~ 

H.P.T exhaust flow, mhp ' using the A.T.D of the turbine 

group in order not to use a state relation for Ph~' 

The proportional constant Khp and the sonic valve 

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

of po~er output of H.P.T and Throttle flow respectively. 

3.9 REHEATER 

From the H.P.T, steam enters the boiler and absorb.s 

heat While passing through the reheate~ placed at the radiant . 

zone Qf the boiler. Fig (3.7) shows the component and' indicates 
/ 

the variables used. 
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COMBUSTION GAS FLOW 

Q 
TmL, J err I Mrr 

err o STEAM FLJ:JN 
mro· 
hro ' 
}ro 

FIGURE: 3.7_ One tube representaticn of the reheater. 

The mathematical model of the Reheateris similiar to that of 

primary and secondary superheater. The describing equations 

are; 

continuity equation: 

(3.43) 

Energy equation for the steam side:" . 

Energy equation for the tube material: 

(3.45) 
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Momentum equation: 

8 is the turbulent heat transfer rate from 'tube material rr 

to the flowing stearn. It is expressed as (3); 

8g4 is the heat transfer rate from the combust·ion products' 

to the tube material. It can be related to heat input rate as, 

(3.48) 

Before the Reheater, some amount of'steam is extracted 

for the High Pressure Heater I. The reheater inlet flow rate~ 

m ., can be related to the H.P.T stearn flow rate, mt . The r1. 

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

inlet stearn flow as follows, 

(3.49) 

The Reheater outlet stearn conditions, T ~nd P , can ro ro 

be obtained using the state relations -in the forms of: 

. 7,-0 = r ( fro) hro ) 

Pro ::: f (fro~ hro ) 

(3.50), 

(3.51 ) 

The proportiona~ constants f 4 ,k 4 'Y4 can be obtained 

. ~io~ 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 co~sidered as a steam nozzle, 

ii) Sonic flow condition~ exist thoughout the L.P.T, 

iii) L.P.T exhaust conditions are constant, 

iv) Dynamic of the L.P.Tmay be.neglected. 

Four steam extraction points are present in the L.P.T 

which must be aCcounted in the modelling. There are basically 

two approaches to this problem. The first requires the identi­

fication of the pressures in the L.P.T at the entrance to the 

each extraction points which is very difficult. The second 

approach to the extraction problem, adopted here, l~mps all 

of the extraction points into one. 

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

(3.52 ) 

where hex is the exhaust saturated steam enthalpy correspondinc:; 

to the condenser pressure, 1.5n~g. mlp is the average· steam 

flow to consider the four extraction points as one extr~ction 

pOint expressed as, 

.. mip == f" (mro +- mex ) (3.53) 
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mro is the inlet flow rate and can be calculated using the~ 

inlet steam conditions from the following~ equation; 

m . K Prok 
r():= lp -;:::=~ 

. VTrok \ 
(3.54) 

where Prok an4 Trok represents th~ absolute values of the 

L.P.T inlet pressure and temperature respectively. 

mex is the flow to the condenser and can be found 

as a function of the inlet steam flow, m ,using the result ,. ro 

of the A.T.D of the turbine group. Hence 

( 3.55) 

The proportional constant KIp can be obtained from 

eqn. after determining the values of Pro and Tro 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 o,utputs, 

(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 equations-of 
\ 

each subsection are obtained using physical laws, undetermined 

state relations and suggested functional relations for some 

of the plant parameters. 

In this c~apter, dynamic nonlinear plant model will 

be derived considering P ,V ,h ,h ,Tml, Q ,Tm2, P ,h ,Tm3, s wow ps ss ss 

Ph ,hh ,p ,h ,Tm4, as state variables and ITlf= ,m~ " Avand p p ro ro __ It1 _LU 

mas the contro~ inputs. 
c 

All the state variables are best process informative 

plant variables and well represent the dynamics of the 

controlled variables Vw,Pd,Tss and Power output. 

The dynamic equations for these selected s~at~ variable~ 

can be found rearrangi~g the scattered ~escribinq equations . 

o,f each subsections pr~perly. l'1hen each section i,s consid~red, 

the ~elated state rela~ions will be given. These state relations 

were obtained using data from Van '\lylen and' Sonntag steam tables 

(~l) ~or independent ~ariables. The Multivariable Regression 

?ubprogram. of the SPSS package was, used to deter,mine 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 pararreters 

Illex' mh and m . were also determined using data from A.T.D. po rl. 

They are given in the respective subsections. 

4.2 DRUM SYSTEM 

Drum system is considered t~ be consisting of downcomer 

tubes, riser tubes and steam drum. It's found that state 

variables, V ,p ,h ,h and T l' can represent the dynamic wsw 0 ·m 

of the drum system. 

In the derivation of the dynamic equations for above 

state variables, it is assumed that the accele ration terns 

in the momentum equations for dov1flcomer and riser can be 

neglected as proposed in (4). This is quite rea~onable since 

the downcomer and riser are the fastest modes of the boiler 

dynamic. 

The dynamic relations; 

E- '(V
w

) = 2~0132 Vw (moxo +me-mS)+(VD-VW)({1-Xo)mo-mw-me+Tnf'w) 

dt . . (VD - Vw ) ~qw -2.0132 f's 
(4·1) 

I 
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(4·4) 

(*.5) 

are obtained by using: 

the continuity equation for vapor phase in the 

steam drum, eq. (3.12) 

the continuity for liquid phase in the steam drum 

with the state relation for Pdw ' egn's (3.10) and 

(4.8) 

- the continuity and energy equatlons for the liquid 

phase in the steam drum, egn's (3.10) and (3.11), 

-.the continuity and energy equations for the riser 

flow, eqo's (3.2) and (3.4), 

- the energy equation applied to riser.tubes, eqn.· 

(3.7) 

respecti ve.1y. 
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The downcomer flow, m , and theriser flow, m , can w 0 

be determined from the following static ~elations; 

In both equations pressure differential (Pd-Pmd ) is 

-
an unknown. quantity. However, it can be related to a state 

'P' 

variable after the evaluation of the steady stat~ values of 

the m and m as in Appendix A. o . w. . / . 

The operating variables Pdw,Ts,hws,hs,Tw and Pd can 

be evaluated from the 'following state relations; 

Pat...,:=: -2. 0132 fs +794·4534 (kg/ma) 

Ts = o.711342fs +274·4 C'C) 

hws '= 4·72178 fs + 1159.2 

hs = -2.753 fs +2881.68 

(kJ/kg) 

(kJ/kg) 

. Pd .= 117727. 53 fs +,3720292, (kg / m 2
) 

. . 

Uf . 8) 

(4.9) 

(4·10) 

(4.11 ) 

(4·12) 
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which are satisfactory for use in the drum system and were' 

determined for saturated steam temper~ture between 3ll'C and 

342'C using data from Van Wylen and Sonntag steam tables. 

Po' 8 r , and rca can now be evaluated using the eqn' s 3.3,3.6 

and 3.13 respectively. 

m
f

, mfw and h fw are inputs to drum system whereas the 

drum outlet flow, m , may be considered as the perturbated s 

variable, which is determined by the primary superheater flow 

conditions. 

4.3 PRIMARY SUPERHEATER 

,The state variables p , hand Tm2 represent the 
" ps ps 

dynamic of the primary superheater. 

The dynamic rela t'ion for p is obtained directly ps 

from the con tinui ty- eqn. (3. 21) 

The continuity eqn. (3.21) and the energy equation 

for steam side (3.22) are manipulated to obtain the dynamic 

relation for hps ' 

.. 
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And the energy equation applied to the primary superheater 

tube material eqn. (3.23) directly yields the dynamic ~elation 

for Tm2. 

d ( T. ) - 1 ( t:2 Cf mr - eps ) 
dt . m2 - MpsCps T 

The following state relations can be used to determine 

the operating variables Pps and Tps' 

·6' 
~~.= _6424·4 hps+955.64fps Tps-219360.8fps-f23.882xl0 (Fb.) (4.16) 

7ps = 1.09)110-lfh~s ;0. 37h;s + 5.46)( 10-
6/fos -1-441.23' ("'cj (1".17) 

where the units of hps and Pps are kJ/kg and kg/m3 respectively. 

These state relations are determined using data.from Van 

Wylen and Sonntag ~onntag steam tables and are valid in the 

range of 

The variables hs,Pd,ms ' arid eps can be obtained from 

eqn's (4.11), (4.12) ,{3.20) and (3.21) respectively. Whereas 

th'eprima~y supe'rheater outlet flow, mps ' can be determined 

f·rom eqn. ( 3 • 28) 
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4.4 SECONDARY SUPERHEATER 

The state variables are p ,h and Tm3. The dynamic 
ss ss 

relations are obtained by manipulating the describing equations 

of t~e secondary superheater in a similiar way to that of the 

primary superheater. These are; 

.!L (0 ) = _1_ (m.,s - ml: ) 
dt · )ss Vss ~. 

(1;.18) 

and 

where; 

(4.19 ) 

(4.20) 

h = secondary superheater inlet enthalpy determined . ds 

by desuperheater from eg .. (3.29) 

ffiSS = secondary superheater inlet stearn flow obtainable 

from eqnr' (3.31) 

mt = Throttle flow determined by.governing valve 
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ess = Heat transfer rate to the flowing steam 

obtainable from egn. (3.34) 

The state relations to determine the throttle conditions, 

P and T a)~e· 
ss ss ' 

Pss = - 6424·4 hss +955. 64 fss Tss -219360.8fss -1-23. 882x 10
6 

(Pa') '(4.21) 

T ~h ~ 'ss = 1.091( to ss - Q.37hss + '5.46x 10 Pss + "-41.28 (DC) . 

These state relatlons are valid in the range of 

1?4fMR::t.~ Pss~ 13.1MFb 

4.5 HIGH PRESSURE TURBINE 

The state variables are Php and hhp. The dynamic 

relation for Php is directly obtained from eqn. (3.38) 

(422) . 



40 

whereas the dynamic relation for hhp is .found by combining the 

energy eqn. (2.39) and continuity eqn. (2.l8) 

A.T.D measurements show that the pressure ratio between the 

inlet and outlet of the H.P.T is below the critical ratio. 

i. e. 

~P <0.545 
ss 

This justifies the validity of sonic .flow assumption for 

H.P.T. Then. thrott:le flow, m t , can be obtained from eqn. (3.40). 

The H.P.T exhaust flow m. ·can be obtained from following hp . 

relation which was det.ermined using data from A. T. D. 

(kg/s) 

4.6 REHEATER 

The dynamics of the reheater is well represented by 

the state variables Pro' h ro and Tro.· The dynamic· relations 

d ( .J f ) at·· Pro =. Vrr (rn ri ~ mro . (4.26 ). 



41 

(4. 2 7) 

and 

(4·28) 

are obtained considering, 

- the coritinuity eqn. (3.43) 

- the energy equation for steam side (3.44) and the 

continui ty eqn. .( 3.43) 

- the energy equation for reheater tu~e material, 

eqn. (3.45) respectively. 

The operating variables P and T can be evaluated ro ro 

. from the following state relations. 

- -P,.o = -29.88 hit) + 99336.3 5'ro+ 496.57~ro 7;.0+ 12042~(Pa.) (4·30) 

which were determtned using data from V~n Wylen and Sonntag 

steam tables and are valid in the range of 
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371 °c ~ 7;0 ~ 54-90C 

0.4-14 MFa. ~ R-()~ 276 MFb. 

e and m cari be evaluated from eqn's (3.47) and (3.54) rr ro 

respectively whereas the reheater steam inlet flow; m ., can rl 

be obtained from following relation which was determined 

using data from A.T.D. 

mri = 0.873 mt + 1.73 (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 mt , and using the valves of m . and mt at 70.5MW, , rl rl 

100.5'MI'1 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, Le. inlet st~am flow can be calculated from eqn. 

(3.54) and the L.P.T. exhaust flow, mex ' can be evaluated 

from 

me)! == 0.72 rnro + 5."-6" (kg /s) 

which was determined using the valves 'of mex and' ID.ro' at 
, ' 

(4.32) 

70.5 HW~ 100 MI'] and 120 MW load levels from A.T.D with the aid 

of the least square curve fitting method. 

' .. 
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4.S eO~1PLETE NONLINEAR MODEL ! 3 

The deterministic nonlinear plant model is described 

by a'sector differential equation 

(4,33) 

where the function f(x(t) ,U(t))contains the plant p~rameteri 

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

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

Xl drum liquid volume, Vw (m3 ) 

X2 

X3 

X4 

Xs 

X6 

X7 

Xs 

X9 

X10 

saturated 'steam density in the steam drum, p s 

drum liquid enthalpy, h (kJ/kg) w 

saturated mixtur~'enthalpy, ho (kJ/kg) 

riser tube temperature, .Tml (·e) 

.. 3 
(kg/m ) 

3 primary superheater steam outlet density, Pps (kg/m ) 

primary superheater steam outlet entha~py, hps (kJ/kg) 

primary superheater tube temperature, Tm2 ('e) 

secondary superheater steam outlet density, P (kg/m3 ) . ss 

secondary superheater steam outlet enthalpy, h (kJ/kg) ss 

X
ll 

secondary superheater tube temperature, Tm3 (·e) 

X12 

X13 

X14 

X1S 
·X

16 

. 3 
H.P.T steam exhaust dens~ty, Php (kg/m ) 

H. P. T steam, exhaust enthalpy'" hhp (kJ/kg) 

reheater steam outlet densit~, Pro (kgjm3 ) 

reheater steam outlet enthal~y, h ro (kJ/kg) 

reheater ·tube temperature~ Tm4('e) 

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

with·components; 

/ . 
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Ul feedwater flow, mfw (kg/s) 

U2 fuel flow, mfu (kg/s) 

U3 de superheater flow, mc (kg/s) 

U 4 total governing valve area, Av (m
2

) 

The nonlinear model represents the dynamics of the 

each subsection rather than the assembled plant. The purpose 

of doing so is to .save the model generality. Hence the resultant 

nonlinear model can be easily adapted for other power plant 

configurations e.g. having different drum circulation charac-
--

teristics and heat transfer mechanisms of superheaters. 

The open loop responsesof\the system defined by eqn. 

(4.34) with the specified initial conditions can be obtained 

by integrating the nonlinear model. For tJ::lis purpose, a 

nonlinear simulation program is developed in Fortran language: 

In this computer prpgram each sUbsection is represented by a 

subprogram. The following diagram illustrates the in·teraction 

between the subsections (or subprograms) with the main inputs 

and intermediate piant variables and also indicates the solution 

logic followed . 

. . 
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V. THERMAL PO~ER PLANT CONTROL 

5.1 AN OVERVImv TO THERMAL POWER PLANT CONTROL STRATEGIES 

'Generally Thermal power plants are subject to; 

- track power generation demands supplied by load 

schedule, , 

- maintain the process variables ata set point to 

maximize the plant efficiency and to avoid the 

components damage. 

Two control'str~tegi~s were developed to meet the 

above requirements. These are; 

i) Turbine following, 

ii) Boiler following. 

In the turbine following mode, An operator or an 
. ' 

automatic control system adjusts the boiler firing rate while 

the turbi~e governor valves are automat~cally adjusied £0 

maintain throttle pressur~.'There~ore Turbine ?u{put ~ollo~s 

the Boiler output. The main disadvantage of this strategy is 

the slow generation response. 
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Whereas in the Boiler following mode which is used 

in Anbar1J. Thermal Power Plant, An operator or an automatic 

control system adjusts the turbine governor valves to main,tain 

desired generation while the boiler firing rate is automatically 

adjusted. Therefore Boiler output follows the Turbine ,output. 

The main advantage of this mode is that Turbine responds 

quickly while the main disadvantage is the undesirable 

fluctuations in the throttle pressure and temperature. 

In the recent years, a coordinated control system 

which uses both Boiler and Turbine following philosophies ,.. 

has been developed. This type of control system develops 

control signals simultaneously for the boiler firing rate 

and the Turbine governor valves and includes feedforwar,d 

features which will change set points as a function of po~er 

demand input. It is proved in (12) that Coordinated control 

~ystem yields faste~ and more stable responses tha~earlier 

control strategies. 

5.2 EXISTING CONTROL SYSTEM AND CONTROL OBJECTIVE, 

The existing Anbar1~ Thermal Power Plant Control 

System consists of 5 distinct feedback control loops. These 

include; 

- Turbine speed control, 

Drum pressure control". 

- Throttle temperature control, 

- Drum liquid level control, 

- co'mbustion control. 
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The regulators act on: 

- Turbine governer valve, 

- Fuel flow, 

Desuperheater flow, 

- Feedwater flow. 

The regulators were designed to hold some important 

process variabl~s 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 torque will decrease, 

- Turbine speed will increase, 

- Turbine governer valve will be closed to decrease' 

the Turbine flow, 

The drum pressure,will increase due to less demanal 

of steam, 

- Heat input ,to the boiler will be decreased acting 

on fuel flow. 

This highly interactive system can not be controlled 

a~equately by the conventional control systems since the 

system components offer serious problems que to separate time 

constants of the independent control loo~s. 

"How~ver, the plant ,responses become quicker and more 

stable with the optimally desig~ed regulators using the same 

6ontrol inputs asconvention~l controllers and variations in 

state variables or controlled outputs. 

,Control"objective considered here, is the design of 

the controller which is driven' by the observed' deviations' o·f 
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the state variables from their steady state valves and generates 

the control correction signals such that"the deviation of the 

actual state variables from their ideal values vanish in a 

tolerable time interval without using the excessive control 

energy expenditure. This is so called energy optimal linear 

state regulator problem. 

5.3 ANALYSIS OF THE STATE REGULATOR PROBLEM AND ITS 

APPLICATION TO STEADY STATE CONTROL OF ANBARLI 

THERMAL POldER PLANT 

The nonlinear plant mod~l has been described by a 

vector differential equation 

~ = £(~(t),U (0) 
/ 

(5· 1') 

where, 

X 16 - dimensional plant state ~ector, 

U 4 - dimensional control input vector. 

Defining the deviation of state variables from their steady 

state v.al\l~s 

(~tate perturbation vector) 

and the deviation of.control inputs from their steady state 

values 
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Su(t).: u(t)- Uss (control correction vector) 

the relationship between 6~(t) and SUet) is determined by thE' 

linear perturbation model 

which is obtained by expanding (3.1) about the steady state 
,-

values of state variables, Xss and control inputs, Uss . Where; 

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

evaluating the elements of the jacobian matrix af along the 
a~ 

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

A = .af 
= a~. Uss 

(5.8) 

Xss 

and B is a(4x16) time invariant matrix which is obtained by 

evaluating the plements of the jacobian matrix af a19ng the 
'. 8lJ 

pre-computed steady state valves of !(t) and ~(t). 

oJ:!. 

The elements of' A.. and B matricEs were found as a function 
= 

of steady state values of the state variables and contr61 

inputs to ~ake the advantage of applicability of linear model 

to any sp'ecified steady state profile. The nonzero elements 



51 

of A and l? m~trices are 'given in Appendix (E).,; 

The steady state values of the sfate variables, control 

inputs and proportional constants defined in model development 

are given for 70.5M1v, 100.5 MH and 120 MW. load levels in 

?\ppendix (B). These values, mostly, were picked up from A.T.D. 

for the unit. The steady state values of some state variables 

defining the drum system and all proportional constants were 

calculated. The steady state values of the stafe variables 

and proportional constants of the drum system·were determined 

by solving the nonlinear simultaneous algebraic equations 

obtained by setting the derivative terms to zero in the 

describing equations of the drum system. In Appendix (A) the 

calculation of the steady state values of drum system. state .. . ~ 

variables and proportional constants are given for 70.5 !-11'7. 

Load level. 

control objective is to bring the plant, approximated 

byeqn. (5.2), frGXffi an initial state O!5..(to )=x(io ) to a 

terminal state oX (tf )=Q.using acceptable levels of control 

6~(t) and no~ exceeding acceptable levels .of state on the 

way without using the excessive c9ntrol energy expenditure. 

This cari be achieved by minimizing the quadratic cost 

functional 

.~. . . 

~ = ! (8~T(t)Q515.(t)+6_U_T(t~Ro!d~t))dt (5.5) 
to . 

where; 
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g. is a l.6xl.6 dimensional symmetric, at least- posi.tive 

semi de~inite matrix. 

R is a 4x4 dimensional symmetric positive definite 

matrix. 

t f is the terminal taken to be infinite or for the 

computation purpose, much larger than the .largest 

system time constant. 

Under these conditions, the value of the cost· functional is 

never negative. 
;' 9 and'B matrices are specified by the designer. By a 

proper selection of the weighting matrices £ and ~ , any 

d~sired response can be obtained either f~r all of the state 

variables or for only one or more of select~d variables and 

also state'and'control constraints may be indirectly included 

to the model. 

The uniqueness and the existence of the time invariant 

state regulator problem is guarantedunder the condition of 

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

if the augmented mat'rix 

(8 lAB ,: . . : . .: An
- f 8) 

have n linearly independent column vector. 

If the system is both' uncontrollable and unstable. 

then the cost functiofi~l will be· infinite for all controls '. . 
s inc'e the control interval is inf ini te. As a result some or 

all of the state variables will not reach to the steady state •. 
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Assuming the system defined by eqn. (5.2) is controllabll 

the optimal control correction vector 6U(t) can be found a~ 

a linear function of the actual state perturbation vector, 

o~ (t) 

6u(t) = - G6x(t) - == - (5.6) 

where G is constant 4xl~ dimensional feedback ~ain matrix 
= 

(5.7) 

and E is a constant symmetric posit~ve definite l6xl6 dimen­

sional matrix which is the steady state solutio~,",of the Riccati 

Matrix Differential Equation (MRE) 

. ·(5.8) 

subject .to the boundary condition at the terminal time tf, 

(5.9) 

The optimal trajectory is the solution of the homogenous 

equation 

X(t) =Kx{t) _. =:;- (5·10) 

where., . 

(5.11) . 
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If all the eigenvalues of the matrix 

have negative real parts then optimal system is stable. In 

other words 1f the controlled system is unstable, the optimal 

system can be stable. These results, are proved in Appendix (C). 

There ar~ 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 method, 

iv) Newton Raphson method. 

The first·two methods are usefull when a complete 

solution is required. However long computing times may result 
/ 

and symmetric characteristic' of tpe solution may be destroyed 

by the accumulatio'n of round-off and chopping errors. 

The last two methods give only the steady state 

solution. 1n this study, diagonalization method given in (13) 

will be used to compute steady state solution of the time 

invariant MRE. A brief explaination of this method is given 

in Appendix D. 

5,.4 CONTROLLER DESIGN ALGORITHt-1 

The solution of the time invariant state ~~grila~or' 

problem provides us with a deterministic feedback design 

that att~.mpts to vanish deviations of the true state x (t) , 

frOm its steady state response, Xss . Fig. (5.1) shows the 
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structure of the time invariant deterministic control 

system 

iDEAL CONSTANT 
INPUT 
Uss 

TRUE INPUT 

!:!. (t) 

C(MlUTER .~MOR'I 
CONTAINS 

STEADY SlATE 
-INPUT Uss 
_STATE Xss 

r----------, 
NONLlNE~R 

PLANT 

GAIN COOTROLLER . 
(LINEAR) 

iDEAL 
STATE 
!ss 

JRUE STATE 

!(t) 

+ 

FIGURE: 5.L The structure of the time invariant cletermins.tic control system 

fa- steady state control. 

The st~ps that must be followed to arrive the solution 

of the time invariant state regulator problem are; 

1) Modelling 

Step 1: Derivation of the nonlinear deterrninist{6 

pl~nt model, 

X(t)= f (X(tt U(t)) - --

Step 2: Specification of the desired, steady state 
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operating profile. This can be done with 

the aid of the simula:tion program or by 

evaluation of the system's dynamic equations 

as described in Appendix A. 

Step 3: Selection of the weight~ng matrices £ and 

R in the quadratic 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 ~omputations: 

Step 4: Determination of the linearized perturpation' 

model. Th~t ~s computation of system 

matrices ~ and ~ according to eqn's (5.3) 

atid'(5.4) respectively. 

Step 5: The matrices ~, ~, £ anp ~ are the 

coefficients of the Matrix Riccati diffe~ 

rential eqn. (5.8). Matrix Riccati with 

the initial ~ondition ~(tf)=Q has to be 

solved for tt'(to,t ). ,Then steady state 
f ' , 

,solution is used ineqn. (5.7) to, determine 

the feedback gain matrix G. 

3) On-line Computations: 

Step"6: Computation of the state perturbation vector 
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This 

step requires the determination of the 

true states. Since Xss is precomputed in 

Step 2. The true states can be obtained 

by integrating the nonlinear plant model 

(S.l). An alternative way of obtaining 

state perturbation vector ~(t) is to 

integrate the linear plant model (S.2) 

Step 7: Determination of the control correction 

vector, 6Q.(t) from eqn. (S. 6) 

Step 8: Computation of the true c0pDtrol input, 

Q (t) , by u (t) ::. ~ss + 5u (t) 

A digitial computer program is developed unqer the 

light of above controller design algorithm to design and 

analyze Aribarll Thermal Power Plant Controls. Next. section 

descr-ibes 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 90mputer is developed in 

Fortran language to simulate Anbarll Thermal Power Plant 

at any predescribed steady state profile with optimally 

designed state regulator. During the development of the 

computer program, it'is desired that the resultant p~ogram 

. is applicable not only for Anbarll Therma~ Power Plant 
'. . 

~ase but also for.any rhermal Power Plant simulation and 

steady state control studies. 

The computer program includes; 

- main program, 

- l.inear plant model generation subprogram, 

- controller design program, 

- nonl~near plant model simulation program, 

- linear plant model simulation subprogram, 

-. Runge-Kutta IV integration subprogram. 

With the 'main inputs; 

ASS vector containing the steady state values of 

the state variables, 

- yss vector containing the steady state values of 



-AI 

59 

the control inputs; feedwater flow, fuel 

flow, governing valve area, d~superheater 

flow, 

vector containing the perturbated state 

variables 

- Q R' Penalization matrices e::' .. ' 

- HFW,HEXH,HC : Feedwater enthalpy,L.P.T exhaust 

enthalpy and desuperheater flow enthalpy 

respectively. 

ho : Integration step' size 

- steady state val'Jres of the proportional constants, 

kl, a"l,fl 

- plant physical data (in Appendi~ F.) 

and the main outputs; 

- the optimal trajectories of the state variables 

- the valu'es of the controlled variables 

Drum pressure, Pd 

Throttle temperature, Tss 

Drum liquid volume, Vw 

Active power output, wt 

The following qiagram illustrates the computer 

computation steps 'in sequence .with the main inputs and 

outputs' of each step . 

. . 
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FIGURE: 6 .1 _ The computer program computation sequencies. 

In the following paragraphs, the structure of the 

subprograms and their functions are stated under the light of 

Fig (6.1). 

'Main program'is written mainly for input-output 

routines but it also cOI\lputes the constan~ co~ffi9ients of 

dynamic. equations of the nonlinear plan-t model. 

The linear plant model is obtained by the evaluation 

o~ th~ system matrices A and B with the aid of the subprogram 
::::;0 ::::;0 

MATRI. This subprogram is enable t.o ·generate line,ar system 

matrices for any specified steady state profile ~inc~'iE' 
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contains the elements of the system matrices as a' function 

of the steady state values of the state variables, control 

inputs, proportional constants ant the operat.ing variables. 

Onl~r the steady state values of some operating variables are 

not a priori known. These valves are obtained by one step 

numerical integration of the nonlinear plant model with 

the method of Runge-Kutta IV. 

With the linear plant model simulation program, 

the optimal trajectories of the state variables and control 

inputs can beeasily computed, Subprogram LINEAR contains 

the linear plant model which consist of 16 first order 

simultaneous di~ferential equations of which all the 

coefficient.s are pre~omputed by subprogram MATRI. 

The steady state solution of Matrix Riccati Differential 

Equatio~s with the.diagonalization method and constant 

feeeback gaih matrix are computed with the aid of the 

controller design program. Following diagram illustrates 

the structure of this program with the related subprograms 

and their functions. 

. .. 
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With the aid of the nonlinear plant simulation 'program,' . 

th~ optimal trajectories and the values of the controlled 

variables, Pd' Vw ' Tss and Active Power can also be determined 

from the integration of the dynamic 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 the integration using the 

Runge-Kutta IV method with a 'properly selected integration 

step size, ho. 

Nonlinear plant simulation program is intentionally 

represented by 8 subprograms which of each represents the 

dynamics of, one or mor~ than one plant subsection defin€d in 

modelling step, rather than one very complex subprogram. 

Thefore any power plant configur~tion different than Anbarll 

Thermal Power Plant can be easily simulated using the slightly. 

modified version of the existing subpragrams. 

The figure '(4.1) illustrates the interaction between 

the subprograms and solution rpUtines for nonlinear simulation 

program. 

The following figure'shows the overall str~cture of the 
. . 

computer program written to.desigD and analyze Anbarll Thermal 

Power Plant controls with nonlinear plant s'imulation subprograms 

and related subsections, 
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VII. SIMULATION AND RESULTS 

In order to investigate the dynamic performance of 

the controlled system, a- series of computer simulation were 

carried out _with the aid of the nonlinear plant simulation 

program. 

The open loop characteristics of the system were 

determined by eigenv.alue analysis. Eiogenvalue analysis was 

performed by using the subprog~am EISGRl from Cern library. 

The eigenvalues of the open-loop system, given in ta~le 7.1, 

were found to be all real and distinct. 14 of 16 eigenvalues 

have negative real parts whereas the remaining 2 eigenvalues 

have -positive real parts. Furthermore, there exist a zero 

eigenvalue which corresponds to the drum-liquid volume. 

Eigenvalue analysis indica-tes; ° 

~ t~e open loop system is uns~able, 

-odrumoliquid v.o+.ume can be aff~ctedby ev~ry mode 

of ° the system and has to be tightly regulated . 

. . 

° / 



Open loop. system 

O. 
- 4.91 
- 1.65 
- .91 

.51· 
- .37 
- .27522 
- .20131 

.27782 -2 
3.66xlO_ 2 7.75xlO_ 2 6.25xlO_ 2 
4.16xlO -3 

- 3.601xlO 
- 8.1xlO-3_

3 7.254xlO 
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Controlled system 

- 4.90 
- 1.65 
- 0.90 
- 0.49 

0.366 
- 0.26 
- 0.28 
- 0.19331 -1 

0.695xlO_
l - 0.446xlO_
l

, 
0.545xlO 

- 0.336xlO- l 
0.80xlO-? 

- 0.44xl.e- 2 
- 0.104xlO- 3 

7.46xlO- 4 

TABLE 7.1 Eigenvalues of open loop and controlled 

systems 

Th~ weighting matrices Q and R were 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 varfables and control inputs. All weightings 

on·state variables were set to 10-5 except the weighting 

corresponding to drum liquid vol~me whidh-was set to 10. for 

th~ tight regulation. -The 'values (10 4 ,i0 8 ,10 8 ,10 8 ) were selected 

as diagonal 'elements of the Rm~trix accordingly." , 
.=. • ' -

The closed loop eigenvalues were found to be all real, 
~ . . . 

" , 

distinct and negative. This ind,icates that although the open 

loop system is unstable, the controlled system is asymptotically 

s'tabl~" How~ver one of the eigenvalues of the controlled 

system was very close to origin. After introducing a degree 
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of stability, D= 0.008 (Change in statement of theprbble~ 

and the role of predescribed degree of stabllity is briefly 

given in Appendix C ) this eigenvalue was moved considerably 

to the left of the origin. As a ~esult, 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 matrix~ Integration is 

initiated from a perturbated state with lntegration step size 

ho = 0.02 which was determined considering the fastest mode 

of the system. The per~urbated state vector was taken to be 

corresponding to that of 100.5 MW load level with change in 

Pss and h ss · The values at 70 . .5 MW load level were assigned 

for Pss and hss 

During the first simulation run, it was observed that 

nonlinear system behaviour diverged from the steady state 

profile. Hand solution used fo~ determin~ng ~he proportional 

constants was found to be unsuitable for nonlinear model 

integration routine. Computer solutions of steady state 

algebraic equations for the nonli~ear model were then used to 

determine the prop'ortional constants. e. g. the 'fr iction 

coefficients f2,f3 and heat transfer'coefflcients k1 ,k2 etc. 

Simulatio~ results are ill~strate~ iri £igure~ (7.1)-(7.3), 
. ". 

It /i5 observed ·tha:t the controlled variables, P d' Vw,Tss and 

Power.outpu~ reach the steady state in a reaL time period and 
. 

. the fluctuations die out approximate,ly at the same time. 
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That is coordinated ~ontro1 of Boiler-Turbine ~roup is. 

achieved. This coordination is inherent in~the selection 

of the weighting matrix Q. Another interesting result of 
= 

this simulation is the tight regulation 6f the throttle 

temperature, Tss" wi th9ut significiant change in control 

action. This can be considered as a good coordination of 

fuel flow and de superheater flow. 

A second simulation run was carried out to investigate' 

the controlled system responses to.a change in. weighting 

factor corresponding to that of drum liquid volume. For this 

purpose"weighting matrix 9 was rearrenged taking 10-1 as 

the weighting factor for the drum liquid volume and 10- 5 for 

the rest. While the weighting matrix ~ was taken to be 

corresponding to that of first simulation run. This change 

produced unsatisfactory results ~rom the point. of view of 

dynamic control of a Thermal Power Plant. Although good 

control of Power output and Throttle temperature were 

achieved. Drum liquid volume ahd drum pressure could not be 

controlled. However stable trend in these variab1es.toward 

the origin was observed in a simulation time interval of 

170Q sec. These results are important in order to sh'ow 

- the interaction between the. drum liquid volume and the 

drum pre~sure or superiority of the optimal controllers 

over the cohventionai.contro11ers, 

- essence of tight reg.u1ation of drum liquid volume. 
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01 
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Time (sec!. 

FIGURE : 7.1_ Drum liquid 'wOlune and feedwater. flow re5!XffieS to cha.rges In 
throttle density and ethalpy. 
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FIGURE: 7. 2- . Power output and governing valve re5j:X)I1S€'S to cffinges in 
throttle density and entffilpy. 
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. TIme (-sec) 

FIGURE: 7.3- Drum pressure and fuel flow responses to C~ in 

tIYottle density and enthalpy. 
- . 
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VIII. CONCLUSIONS 

Although the model is based on a particular Boiler-

Turbine unit, the mode,l is a representative of a large power 

plant, As a result of deterministic model development, all 

parameters ,are Physical,quantities which are easily obt~nable 

from design data or unit acceptance test data. Thus the model 

is conveniently adapted to other power plant configurations. 

The following important. assumptions of model building. 

have been verified and can be recommended as an initial set 

of approximation 

- One tube ~epresentation of superha~ers is sufficient, 

- Treating the H.P.T as a stearn nozzle is particularly' 

good for control analysis. 

However, the mathematical model can.be significantly 

improved by; 

- Including the flue gas dynamics to i,mprove the steam 

temperature responses to ··fuel flow perturbations', 

"-'Modelling the governor valve overlap to increase the 

model sensitivity for gove~nor valve perturbations. 

F.ur·thormore, the study indicates thefeasibil ty of 

applying liriear optim~l control leading coordinatad'control 

/ 
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of Boiler-Turbine group based on minimisation of a cost 

functional related to state variables and control inputs. 

To handle easily steady state control of a thermal 

power plant; 

- System local obEervability and controllability has 

to be studied, 

- 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 s..tate valu'es of drum system 

state variables and proportional constants for 70.5 MW load 

level. Drum system ~s considered to be consisting bf downcomer, 

riser and stearn drum. 

i) Calculati6n of heat transfe~ coefficient, kl~' 

kl can be obtained form eqn. (2.6) ~fter determining 

the steady state values of Tml,'Ts and 6 r . Tml and 

~s are known from A.T.D. The steady state value 

ofer , heat transfer rate from riser walls to 

2- phase flow, is obtained by considering the heat 

balari~e for the boiler. 

Usefull energy added to the boiler =2:Heat absorbed 
i 

by the each 

components of 

the· Boiler 

or 

(1) 

The following figures are calculated using the 
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steady state valqes of the operating variables in 

A.T.D. Usefull energy added to ih~ boiler, 

C2) 

Heat absorbed by; 

primary superhe~ter, (Jps=mps(hps-hs)=3.07xI0" kJ/s 

Secondary superheater, Bss::: mss (hds-hss ) = 2375~10* kJ/s 

rehea ter, err = m ro (hhp -hr6J == 223)C 101f. kJ/s 

economi z er, eeco = lI"bo (heeD - heel) ~ 1.93.oc 10" kJ/s 

\ 

Consequently heat absorbed by the riser tubes is 

-\l> found from (1) as 

8r = 7. 7)1 10~ kJ/s 

eqn. (2.6), one obtains, 

Similarly other heat transfer coefficien-tr.s are 

calculated using the steady state v'alues of eps ' 

e and e 
s's rr· 

ii) Steady state . .va,lu.es of the mo,mw'x, and ho. 

consider the following describing equations of 

the drum system; 
, . 

• I 
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The physical plant data and the steady state 

,values of the operating variables hws, hs, Ps , 

Pdw and hw are obtained from A.T.D for the boiler 

unit. The values of these operating variables are; 

S's : 76.74 (kg/m3) 

9aw:639.96 (kg/m3) 

hws : 15215 (kJ/s) 

hs ; 2670.4 (kJ/s) 

hw : 1470.00 (kJ/s) 

Inserting these numerical values into eqn's (5) 

.?"nd (6), one obtains 

~ =' . 87.196 
o (Xo +0.1363) 

(7) 

(8) 

At steady state operating conditions, all derivative 

terms in eqn's (1), (2), (3). and (4) will drop. 

Combining new 'forms of the eqn's (3), (4) and 

inserting eqn~ (8) with the steady value of e 
, "r 

calculated pr~viously, one 'get an expression for 

I'(I and Inw, 
o 

m -m 67. w- 0 
(a0521+Xo) 

(9) 
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Equating the new forms of the eqn's (1) and (2f 

one gets 

(10) 

Inserting physical plant data, the values of the 

friction loss factors, numerical value of the Pdw 

eqn. (7) for P and eqn. o· 
(9) for mw and mo into 

eqn. (10), ~one obtain an expression it terms of 

steam quality, xo, 

Eqn. (11) is solved for steam quality xo; It is 

fbund that 2 roots of the above equation' is 

complex and the other is real. i.e the steam 

quality at the outlet of the .riser tubes is 

Xo ·:::O.1588 

now one· can det~rmine the circulation·mass flow 

rate from eqn. (9) as 

- .. : 
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- momentum equation for downcomer tubes, 

(I) 

- momentum equation for riser tubes, 

continuity equation for riser tubes, 

(3) 

- heat transfer equation for stearn side in the 

riser tubes, 

where mixture density, Po is 

(5) ,. 

"and mixture enthalpy, ho is 

(6) . 
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and the mixture enthalpy, ho, from eqn. (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 
1 ' 

'It is better to think (Pd-Pffid) as a function of 

Ps rather than consant. The following relation 

can be . uS'ed: 

iii) Steady state values of the evaporation mass 

flow, me. consider describing equations of the 

stearn drum, 

(3) 

. Using the above equations with time derivatives 

set equal tp zero with the expression for 

evaporation mass flow 
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give the evaporation constant ke, 

= mo (xo(hws-hrw)- (hws-hw) 

( hs - hfw ) CTs- Tw) 
(5) 

Since all the steady state values of the variables 

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

th~n steady state value of the e~aporation mass 

flow is evaluated from eqn. (4) as 
/ 

(kg/s) 
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APPENDIX B 

steady state values of the operating variables and ,. 

constants at 70.5 r.n\1 load level: 

. m* 317.907 (kg/s) Tm4 650'C 
w 

m* 317.214 
( 

(kg/s) mf 
4.5 'f{'kg/s) 

0 

V 6.92 (m3 ) m 4.527389 (kg/s) 
w c 

76.74 
3 53.8 (kg/s) Ps 

(kg/m ) mf . w· 

h w 
1470.00 (kj/kg) h fw 

1275.606 (kj /kg) 

h 1703.44 (kj/kg) h 632.17 (kj /kg) 
0 c 

Tml 450'C h 2406.48 (kj /kg) 
ex 

42.16 
3 -2 2 

Pps 
.. (kg/m ) . A 1.57x·lQ m 

v 

3251.7 (kj/kg") f~ 3985.0726 
. 3 

h (s/m ) 
ps 2 

Tm2 . 600'C f¥l 1057.7098 
3 

3 
(s/m ) 

36.22 
3 f* 185.07358 

3 
Pss 

(kg/m ) 4 
. (s/m ) . 

h : 3459.68 (kj/kg) Y! 0.3821553 
ss 

Tm3 700'C ff 0.158914 Y2 

Php 7·Q8 (kg/m
3

) .. .0.1227788 
Y3 

h / 3 0 9 4 . 26 . (k j /k g) Y~ 0.1167458 
hp 

(kg/m3 . C" 
-3 ('K) 1/2ii/ 

Pro 5.·005 8.3728xl0 . 

3530.115 (kj/kg) Kl~ 
-4 1/! 'K) 1/2 

h 
. 8.059xl0 . . . . 

ro 
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~ 
Khp 365.4195 kj/s kg 

k'" 1 0.0418785 kj/s ( . C) 3 

kif 
2 9.7631282 kj/(kg)0.8(·C) 

k* 
3 

5.9511408 kj/(kg)0.8(·C) 

k-
4 

7.9872948 kj/(kg)0.8(·C) 

* These .values were calculated 

/ 
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steady state values of the operating variables and' 

constants at 100.5MW load level. 

:it 
332.141' (kg/s) f· 4059.126 

~ 3 
mw 2 

(s/m ) 

m"*" 331.754 (kg/s) f· 1279.0331 
. 3 
(s/m.) 

0 3 

6.92 (m3 ) fO 149.99272 3 
Vw 4 

.( s/m ) 

79.557 3 
Ps 

(kg/m ) y. 0.3966733 1 

h 1470.3 (kj/kg) y. 0.1621778 w 2 

h 1789.55 (kj /kg) yfl 0.124947 0 3 

Tm1 470. ·c y. 
,. 

: 0.1182666 4 
P 43.7 

3 C· -3 ( . K) 1/2 /m2 
ps (kg/m ) 7.9894xlO 

'h 3223.48 (kj /kg) KIp -4 1/(·K)1/2. . ps 7.969x10 

Tm2 625 ·c Khp 330.7230 kj/kg.s· 

Pss 36.516 (kg/m3) k* 
1 3.94762x10- 2 kg/s(~C) 3 

'. 

h 3453.4 (kj/kg) k'lt 8.091134 kj/(kg)0.8· c ss 2 

Tm3 725. ·C k* 
3 5.3051268 kj/(kg) 0.8· c 

9.94 3 k* 7.8912559 kj/(kg)0.8· c Php (kg/m ) 4 

hhp 3122.677 (kj/kg) 

Pro 7.166 (kg/ill3 ) 

h ro 3549.223 (kj /kg) *" These values were calculated 

Tm4 675. ·C 

mf 6.1944. (kg/s) 

he ·.684.7744 (kj/kg) 

m· 77'.7 (kg/s) 
fw 

h . 1292.557 (kj/kg) 
fw. 

m :. 5.63716 (kg/s) 
c 

-2 2 
A 2.355x10 m 

v . 
. h' 2400.1994 (kj /kg) , 

ex 
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steady state values of the operating variab1ei and 

constants at 120 M1;'l load level. 

m*" w 

m'*" 
o 

h w 

P 
ps 

h ps 

Tm2 

Pss 

Pro 

332.573 (kg/s) 

331. 9Q703 (kg/s) 

6.92 (m3 ) 

82.017 (kg/m3 ) 

1494.75 (kj/kg) 

1882.29 (kj/kg) 

490"C 

48.84 (kg/m3 ) 

3131. 47 (kj /kg) 

650'C 

.. 38.19 (kg/m3 ) 

3442.2 (kj/kg) 

750'C 

12.04 (kg/m3 ) 

3147 . 837 (k j /k g) 

8.787 (kg/m3 ) 

h ro 3554.586 (kj/kg) 

Tm4 700'C 

m
f 

7.444 (kg/s) 

h c 6 87 . 6 6 524, (k j /k g) 

m 98:-3 (kg/s) 
fw 

hfw' : '1338.9379 (kj/kg)-

m' 4.1 (kg/s) c / 

A 
v 

-2 2 
3.14x10 m 

. h' .• 2 4 00 . 69 (k j /k g) 
ex 

yilt 
4 

C* 

K1l> 

Kh'P 

k* 
1 

k~ 
·k* 

3 

. 1393.6888 (s/m3 ) 

551.40243 (s/m3 ) 

144.3814 (s/m3 ) 

0.401214 

0.1446353 

0.1299698 

: .... 0.1147262 

7.0596x10- 3 (·K)l/2/m2 

7.925x10- 4 1/('K)1/2 

294.3632 kj/kg.s' 

3.3141xio~~ kj/s('C)3 

5.4551018 kj/(kg)0.8(·C)/ 

4.9210281 kj/Ckg)O.8(·C) 

* These values were calculated 

.. 
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APPENDIX C. 

FORMULATION OF THE STATE REGULATOR PROBLEH 

Consider the time invariant control system described 

by 

. 
X(t) =Ax(t)+Bu(t) 
- .=:- =- (1) 

with the initial condition 

where; 

X is an n-dimensional state perturbation vector, 

U is an m-dimensional control correction vector, 

A is an nxn dimensional constant sy-stem matrix, -
B is an nxm dimensional constant control matrix. -

It is desired to bring the plant define~ by eqn. (1) 

from an initial state ~(to) =-~o to 'terminal state X(tf)=-Q. 

us~ng acce~table levels,?f control ~(t) and not exceeding 

acceptable levels of state on the 'way •. This can be achieved 

by the "minimization of the cost functional made up of a 

quadratic form in the terminal state plu~ an int~gral of 

quadratic forms in state and the control. 



86 

iF - . 
J = f ~T(tf)~f~(tf)+ t ! (Xr(t)Q~Jt)+·U1(t)RY.(t))dt '(2) , 

. to 

where, §.f is an nxn dimensional positive semidefinite matrix, 

is an nxn dimensional positive semidefinite matrix, • 
Q 
=, 
R is an mxm = dimensional positive definite matrix, 

tf is the terminal time which will be taken larger 

than the largest time constant of the system or 

infinite. 

In the steady state control problem, Sf is always 
<= 

-II" 

choosen as zero matrix 'since the contribution of the terminal 

state to cost functional is zero. 

Applying thevariatidnal method, Ha~iltonian of the 

cost functional can be obtained as 

H = i (X T( t ) 9 ~ (t ) + u'( t) R u ( t )) + ')t ~ ~ ~ + B u ) (3) 

where ?t is the co-state vector. The 'co-state vector ')t is 

the solution of the vector differential equation 

/ 
which can be determined from (3) as, 

, . 
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Suppose that. x(t) and ~(t), the solutions of-the candnical 

equations (11), are related by the equation, 

,)dt):::P(t)X(t) 
- = -

(12) 

By differentiating (12), with respect to time,we have 

(13 ) 

,. 
substitution of (10) into (13) yields, 

or 

Replacing ~(t) in eqn. (14) with (9) we finally have, 

-Q X(t)-d TpCf )X(t)=E(t )X(t)+ pet )[Ax(t)-§RE(t)x{t)] 

. -f(tjX(t)=[e(l:)A-.P(t )B'S.-EPrt) 
+g+ATp(t)]x(t) 

or 

tquation (15) is so-called Riccati Matrix differential 
// .... 

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

(6) 

which implies that 

(7) 

From eqn. (7), it is deduced that cOhtrol vector along the 

optimal trajectory is given by; 

~ . 

(8) 

The assumption that R is positive definite for t€ (to,tf) 
:: 

-1 . 
quaiante~s the exi~tence of the i and y(t) for t E(to,tf ) 

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

one get reduced canonical equations; 

-;i (t) = Q X ( t ) + AT A ( t ) - -- - ~ - -
X(t) =AX(t)-BR-~TA(t) 
- 0= = . =-= = -

or in matrix form; 

[
X(f)] . rA 

. ~(t) . =l~Q 

.. 

(9) 

(10) 

(tl) . 
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The bOtuldarycondition of (15) can be obtained considering 

the final time condition of the co-state _ 

A(T) :::2-<X(tr) x.T(tf ) Sf> =0 oX ' , ~ (f6)-

with (12). It is deduced that P (tf) 'can be choosen arbitrarily 
'"'" 

or simply 

(17) 

M.R.E can be then solved for I;(t) , -tE(to,tf] , using (17) as 

the buqndary condition. Thus it is possible to determine the 

co-state vector A(t) for tE[to,tf] from (12). 

The optimal control correction vector can be rewritten 

i~serting value of ~(t)~ in (8) as, 

u(t) =-6(f-)x(t) = -
(18) 

where the fe~dback gain matrix, ~(t), is 

(19) , 

The optimal trajectories may be determined from (11) 

using the initial conditi6ns, 

'and 
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Consider the linear regulator 'problem with quadratic. 

cost functional 

J=f/~~O(t(O)(~tJQd)«(t) rdU7(t) R iu{t)) dt (tEO) . 

rather than (2). 

In order to have bounded value for J ,(J~~(i)G£~/f) +£Y.rt)~~!1(t)) 

term should decrease as fast' as e~ or &l/f) and &11.(.1) should decrease 

. f -~t . . as ast 'as e l.e all of the elgenvalues of the controlled 

system should be at the left of the vertical line at -~ 

in the complex plane(absolute damping condition or predescrlbed 

degree of stability). 
..-

.... o(t ... t>(t:. . 
Letting 8~N)=e b~{r)and £Qff)=e ~'y(f-J,the system defined by 

(1) becomes 
• 

6 X(t) = (~+0(1.)6 k -r~6~(t) 
and qu~dratic cost funct~onal (20) reduces to 

tP 

(21) 

J = 'f 1(6ktl) fjlg (f) +JRT(tJ B &~(t)) dt" (22) /" 
o , 

The optimal contro~ lavl for the linear reguJator problem 

defined,by (21) and (22) is given bv 

& 0 (ioJ ~ - R-.1 B r P ~ k. (t) (2.3) 
Where P is the ste~dv state solution of = - , 

-j=(~ +(>(J)i+j>(~ +o(J)-P§B-'~J:+Q (24) 

Hence the optimal control law for the linear, optimal 

problem defined by: (1) and (20) is given by 

" &jJfiJ= -~-.IBTpbX.{~) 
'This is the control correction vector of' a control syst~m 

,with predescrlbed degree of stability, 0('. 

, " 

. I 
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APPENDIX D. 

DIAGONALIZATION METHOD 

This method gives the steady state solution of Matrix 

Riccati Equation as 

P -1 
= ::: ~2!ft2 

where W22 and W12 are the nxn submatrices of the 2n x 2n 

matrix W which diagonalizes the canonical matrix, (refer 

to Appendix C. eqn. 11) 

A -BR-ii T 

(1) 

, Z - (2) 

_Q _A r 

Diago~alizati~n method of obtaining P includes; 

-Formationof 2nx2n canonical matrix, Z, 

-/Evaiu~tion of the all eigenvalues of ,the Z'. Th~ eigenvalues 

may be pure real or' complex and' if A is an eigenvalue of Z,' 
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-~also is an- eigenvalue. Eigenvalues with negat~ve real parts -

are of the controlled system. 

- Evaluation of the eigenvectors corresponding to only eigen-

values with negative real parts, 

- Formgtion of a 2nxn matrix, WI, from these n eigenvectors 

as follows. If ~ is a real characteristic vector, let ~ be 

one of the columns of WI. If ~ and ~*form a complex conjugate 

pair, let Re (e) be one column of vll and 1m (g) _ another. 
~ 

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

(3) 

computation of P from eqr'?,o (1) ° 
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. APPENDIX E. 

The nonzero elements of A matrix: 

'",. . 

- ~A D2 fdw Cf2 + mo (3.0;32 Xt - \{,t )C11 + (20132 XoX1 - YsC f- Xo)) 
2Cddmw . . ". .. / 

. , 

A (t~4)~..!- { m o{3.0f32X,-VcJ) + (20f32XoX,-Vs (1-Xo)AR2-§'o 
Cf4 ( hss - hws) . 2CCJr roo . 
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.i 

+ 2. 0132 f·m~ + RALRC" ) + O. 711 ke (hs -Xs ) - X2 ( hws -X3 )C11 
. ~w . 

, 
, I 
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. '...... "i,' .. ' 

c1 ·3 

. .. 

'/ 

." . ~, . 



A (8,. 8):: _ k2 (ms )G8 

Cpsfo~Ds 

97 

A (9..10)= ~__ -- SS 6 C6 - 8 1 {" A 
2 

X c Av c} 
VS2· 2~ mss (Tssk){l2 

i _ 

/ 
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A(11~9)= k3 {(mSS)QB (t786-21xI0-3X10+5.6~!)(I~-1xio) 
CssMss. (1-5.2t8x10- X,,9) 

/ 

"A() 1 k'( )0.8 11,,11 = - 3 mSS . 
, CSS~S . 

A ( 1\' 1 CAy C 'c' 1~9/=- 15' 9 
.Vhp (Tssk) 
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A (IZ 14) = _ 3.001)( i"0-5 {496. 577;0/<+ 99336.38 
. Vhp 

A (1~15)= - 3.001)(10-
5 

{- 29."88+ (-2. 041x 10-
3
XIs +8$7) J 

Vhp (1 + 4.3036x10-3X-f/l. )2 

A (13.19)= (Xto-X13 -khp) cAv C
9 

. Vip X12 tTSs.k )1/2 

A(f~13)= _ mt 
X'2~p . 

A (14 g)= 0.8728 CAy C 
. .. Vrr (Tssk y7/2 9 

A -( ~ I) 0.8728 cAy C 14 .. ,0/= - 8 
Yrr (Tssk)"l/2' 

;-

I 

A/(f4 .. 14)~- Kie · {-2041)tl0-
3
Xf5+8.97 (496.57X . _ A-o ) 

. l!r(7;cw)V2 (1+4.3036xI0-3X14)2 _ 1L;. 2Trok 

+496.577iook +99336.38 J 

-.-
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_29.88 }. 

A (1li12)= mri 
Vrr X1'f 

A (1'i14)='- k4 (mri)O.8 f-Z04J<1O-3XI5+8.97 } 
. Vrr Xf#: (1+43036x10-3Xt/l.)2 

A(15Jb)~ k4 (mri )0.8 

Vrr X1", 

A (1~9)=' ~ 0.696 k4 (Xf6~ Tro) . CAy Cg 
err Mrr (mri )a~ (Tssk) 112 

A (16.10)= _ 0.696 krr (Xf6 -Tro) cAv C 
CrrMrr (mri)o.2 (Tssk)~2 8 .. 



B (8;2)= t2 cf 
CpsMps 

8(10;3)= (hC~X7) 
Y.s2 X9 

B(1t2 )= 't3 Cf' 
CssMss 
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B (13 .. ,,-)= (X10 -X13 - Khp) C Rsh 
VhpX1iI . 

8(14 .. 4)= 0.8728C Pssh 
. Vrr CTssk /12 

'8 (1~4)= _ O.696C 
'CrrMrr 

k.lj (XIG-Tro) Rsk 
( mri ) 0.2 (Tssk yl2 . 

.', ;" . ,-
! /. ~ "if.. 

/ 
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A(E .. 11;.)= k4 (mri)ae (-2.041x10-3X15+8.967) 
err Mrr 1 +4. 3036x fO-9Xf/J. 

A(f6..15)= D.47/,1.2kq(rnr;)o.s 1 
err Mrr (1f4.3036xtO-3XI/j.) 

A (t~t6)= _ k4(rTlr;p·8 

CrrMrr 

The nonzero elements of B matrix: 

. X2 
8(2 .. 1)= -

CUI 

B ( 3 .. 1 ) = (hfw -X~ ) 
. 5'o'w X1 

,.." 

, . , .;. i " __ _ :, 

/ 



Where: 

.~ = Vat-X1 

AD2=2LdIA d 

AR2=2Lrl~lr 

E _ Ar 
- 2 

2LrrAd 

RALD: Aa~ 
Lett 

RALR = AI: 
Lr/ 
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C
3 

= 955. 6375X
6 

(1. 786-21x10-3X7+5.68)ffO-~~) 
( 1- 5.218 II fO-sX6 .)2. '. 

+ 955.6375 Tps -21936~).82· 

/ 
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C.y = -63. 175X2 + 5777. 8 

c - h _ X -L 0. 8 kz (X8 - res ) 
5 - S 7. 0.2 

(ms ) 

C6=-6424.436~ 955.638X9(2.118xI0-~Xto-O.4025) 
. . (f-5.218JtfO-3Xg) 

c
7

:: 955.63X9 (1.7869-2. Ix 10-3
XfO + 5. 6873; 10-7Xro) +955.638Tss 

(1-5.218x10-SXg)2 . . . 

-218360.82 

c = 1. 786+'2.1)(10-
3
X1O+5.687xfO-

7X;o (955.638X _1- Pssk) 
9 (1- 5.218xI0-3XS)2 9 2 Tssk 

+ 9~5. 638 Tssk.- 219360 

C h X + 0.8 k3 (X'1-Tss) m. (he-X?) 
10= 'S2- 10· - C ----
. (mss)~·2 ,mss' 

. ~ . 

. C =-2.oi32aAc/- 2.0132Cddm w +RALDC 
12 . v D2 AD2 -9 

:rr::lw 
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C
'3 

=-9Ar + Car m: 
AR2 fb2 

.C15 = (1- 5:238x10-
5 f4 rnri ) 

. Xt2 . 

S>. 
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APPENDIX F . 

. Physical data: 

,-

1d 131.6 m Vss 9.7 3 m 

0.62 A -3 2 
Dd m. 1.17x10 m ss 

Ld1 32.9 m 
'II' 

L rr 5170 m 

0.30175 m 2 -2 
Ad :\ D 5.59x10 m rr 

.. 
L . 1935.0 m M 25000 kg r ... . rr 

D 1.08187 V 15.503 m 3 m r rr 

Lr1 47 
. -3 2 m A 2.453x19 m rr 

A 0.91876 2 V . 3 m 107m r . hp 

V· 22.373 3 
d m 

M r 141525 kg 

Cr 0.47 kJ/kg-·C 

V r 43.143 m 3 

L ps 11726 m 

·D -2 
ps 4.064xlO m 

1-1 67072 kg ps 

V· 15.2 3 
ps m 

C 0.47 kJ/kg-·C ps 

A 
. . -3 2 

. p""s 1~29x10 m 
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