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ABSTRACT

In this study, a rule-based fuzzy logic controller
for a PWR nuclear power plant has been developed in order to

regulate the power around a full power setpoint.

In this artificial intelligence application,
knowledge acquisition was performed through numerical
simulation wusing a validated linear model of the H.B.
Robinson power plant and production rules were wused for
knowledge representation. For comparison purposes broken-line
and S-shaped fuzzy sets were investigated and broken-line
fuzzy sets were preferred. The regulator was implemented on

an IBM-compatible PC using the PASCAL language.

The performance of the rule-based controller was
compared to that of an optimal controller and was found to be
better in the sense that the overshoots were less. Also, the
effect of noise in sensor data and variation in reactor
parameters were investigated and their effect on the
performance of the controller was found to be significant

implying that the designed regulator is sufficiently robust.




OZET

Bu ¢aligmada PWR tipi bir nikleer gl¢ santrali igin
tam gli¢ etrafinda regililasyon gorevi yapacak ,kural tabanli,

bulanik mantik kullanan bir denetleyici geligtirilmistir.

Bu yapay zeka uygulamasinda bilgi, H. B. Robinson gii¢g
santralinin dogrulanmis lineer bir modelinin sayisal
simlasyonu yapilarak derlenmis ve bilgi tasviri ic¢in tretim
kurallara kullaniimistir. Kargilagstirma amaciyla kirik ¢izgi
ve S-big¢imli bulanik kiumeler incelenmigs ve kairik-gizgi
tipinde olanlar tercih edilmigtir. Reglilattr, bir IBM-uyumlu

PC de PASCAL dili kullanilarak yazilmigtair.

Kural-tabanli denetleyicinin performansi bir ocptimal
denetleyicininkiyle Kkarsilastirilmis ve sapmalarin azlig:
agisindan daha ivyi oldugu tespit edilmigtir. Ayrica
algilayicilardaki gurdlty ve reaktdr parametrelerindeki
degigimlerin performans Uzerindeki etkisi de aragtirilmis ve
¢ok az oldugu gorilmis, dolayisiyla denetleyicinin yeterince

robust oldugu sonucuna varilmistair.
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. INTRODUCTION

As a means of control, the well developed analytic
technologies, which require the accurate modeling o1 the
process under control, have been used successfully for years.
However, they are not applicable to the ill-defined processes
not amenable to modeling, thus i1nstead experienced persons
are employed as operators who often pertorm satisfactorily
despite the imprecision of the available information. The
imprecision is generally due to the nonlinearity of the
process, or to the time delays between the application of the
control signal, or degraded sensors. The operator copes with
lack of structure by employing heuristics, which are the
rules of thumb that people use to solve problems when a lack
of time or understanding prevents an analysis of the paramet-
ers involved‘'’. However, automatization ot operation has its
benefits as is apparent from the operating records ot plants
with process controllers. The crucial factors here are then,
capturing the essence of expert behavior and implementing 1t
in an automaton. Rule-based tuzzy logic control technigue
originally introduced by Mamdani and assilian were applied to
ill-defined processes successtully demonstrating that this
approach is both possigie and practical‘®’. However, 1tor the
operation of - well-characterized systems the benefits of this
approach has mnot been demonstrated cleariy due to the
scarcity of applications. Actually, the rationale for this
application exists: in addition to some drawbacks such as the
requirement of accurate modelling of the process under

control, these systems are sensitive to tailures in sensors,
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always inflexible, meaning a large dritt 1in process variables
renders the controller almost useless, and 1n more dramataic
cases dangerous. The advantage ot rule-based controllers 1s
that they are generaily more robust than their analytic
counterparts but, there are no comprehensive guildelines ror
the design of rule-based controllers and such systems are
quite difficult to calibrate. Theretore, the ruile-based and
analytic technologies should be used complementarily, with
rule-based systems being employed both as backups to analytic
controllers and as a means of improving the man machine
interface by providing human operators with the rationale tor

automatic control! actions‘®’.

The nuclear industry , especially that of U.S5., had
been very reluctant in using automatic control extensively.
This is mainly due to the nuclear power plants(NPFs) being
base load type not requiring load tollowing, and also because
some safety regulations require the designer to take into
consideration the controller initiated abnormai
conditions'*’ . Recently, however, as the percentage of

electricity generated by the NPFs increased, the necessity ot

operating them in load following mode became apparent.

Existing control systems were either not capable ot
pertforming the required tasks or were cost ineffective and
clumsy. introduction of multivariable control methods with
the aim of improving the stability or interacting systems,
thus permitting higher gains and better control, were
initiated, mainly for the CANDU type NPPs‘®’ with a better

chance of implementation due to previous experience with
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digital control. For PWR type plants, the main line of
research has been directed towards load following control

l(b)

using approximate noninteractive contro y oOptimal con-

1(9)

trol*’*®’, adaptive contro . There has also been optimal

control applications for disturbance control‘'°%+?t.12.230

s
with further recent research on such interesting methods as
noniinear multivariable control based on the unknown-but-
bounded disturbance mode!‘'*’'. The “reactivity constrzined
approach"‘'®’ which was successtully applied to research
reactors is also worth mentioning as a promlising automatic
control method. The rule-based controlliers have been designed
and implemented for research reactors‘®’, and have been
designed for load following operation for a PWR''*®’, and tor

BWR recirculation flow control system‘!'7”’.

In this study, a rule-based tuzzy logic regulator for
a PWR type NFP is developed in order to show the benertiis ot
this application during normal operation, in the case o1
noise in sensor data, and dritts in process variables such as

the moderator feedback coetticient.

In chapter 2 the mathematical mode! ot the H. B.
Robinson nuclear power plant is described. Rule-based tuzzy
logic process control is reviewed in chapter 3 and 1n chapter
4, the development of the regulator constructed during this
work is described. Finally, the results of this study and the

conclusions derived are presented in chapter 5.



11. MODELING AND SIMULATION OF THE NUCLEAR POWER PLANT

In this work, a simpie, tast and validated
mathematical model of a PWK type nucliear power plant was
chosen. Since the knowledge acquisition, development and
testing stages of the knowledge-based controller necessitates
extensive simulations‘®’ due to the fact that 1ts structure
is not suited to mathematical technigques used tfor conceiving
the analytical controllers'*®’, a simple and tast model 1s
necessary. On the other hand, the diftficulty in obtaining
relevant and most of the time proprietary plant data and more
over testing its pertormance dictates the choice of a model
already proven to be valid which was derived trom the ftirst
principles and tested by using actual operating data. Thus,
the multi-input mathematical model tormulated and validated
against full power experimental results by kerlin et al.‘'"’

for predicting the dynamic response of the H.B.Robinson power

plant (HBK), during full power operation is used.

2.1 Model of the H.B. Robinson PWR Nuclear Power Pilant

The model is based on the basic conservation laws tor
neutrons, mass and energy. lt includes the representation tfor
point kinetics, core heat transter, pressurizer, pilping and

the steam generator components shown in Fig.z.1.



I Stgnal
S:ﬁ yum

Input Signal Pressurizer
Control

Stean Generator

fecduater Heaters

Q Indicates Measurement
R = peutron density
T = temperature
P = pressure

F= flow
L = lewe)

Reactor

FIGURE 2.1. Schematic of the H.B. Kkobinson nuclear plant.

2.1.1 Reactor Core

N

.1.1.1. Neutronics. The neutron population in a nuclear

reactor is & function ot time, position, energy., and direc-
tion of motion, and its most complete description is given by
the Boltzmann transport equation‘?®’. This model is extremely
clumsy to implement for simulation purposes and 1s not used
for models developed to simulate operational transients‘?®'’,.

From the Boltzmann equation the point kinetics
equations can be derived which can be used when the core 1s
tightly coupled and spatial dependencies are not

important‘?°’,



6

In the H.B.Robinson model, the reactor power was

modeled using the point kinetics equations with six groups ot
delayed neutrons and reactivity feedbacks due to changes in
fuel temperature, coolant temperature, and primary coolant

system pressure.

Since our study is concerned with a regulator design,
the time scales are of the order of seconds, hence a descraip-

tion of xenon-135 build-up and decay is not necessary.

The feedback due to changes in moderator and 1tuel
temperature and pressure of the primary coolant 1is handled
using reactivity feedback coefficients. These coetficients
give the proportionality that exists between temperature or
pressure and reactivity. As these relationships are generally
nonl inear, it is common to use the linear approximation

around an operating point which was in our case the tuijl

power.

The linearized point kinetics equations, valid for

small variations in reactivity and power, are:

diP g oy Pg o, F,
— =- Z 8P + £ 2,8C, ¥ ——— L Fyy 8Ty, * o0 &P
dt A ' A s ’
sodns
P, &, P,
+ $Proa *t —m0m— £ F., 8T, (2.1)
/\ P A zoslast
nsdes
d&C, g,
= — §P -A sC, (2.2)
dt /\

where &P is the deviation of reactor power from initial
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steady-state value, F, initial steady state power level, e,
is the delayed neutron constant tor the i'the delayed neutron
group, &C, deviation of normalized precursor concentration
from its steady state value, F, primary pressure, &, tuel
temperature coefticient of reactivity, «. coolant temperature
coefficient of reactivity, «, coolant pressure coetticient ot
reactivity, &T,, deviation ot tuel temperature in the i'th
fue! node from its initial steady state value, &T.,, deviation
of coclant temperature in the 1’th coolant node 1trom 1ts

initial steady state value, & p,,, reactivity due to control

"
rod movement, A, delayed neutron fraction tor the i’'th
delayed neutron group, ﬁ total delayed neutron traction,A
neutron generation time, Fqe, reactivity 1mportance for

temperature changes 1in the i’th tuel node, F_., reactivity

importance for temperature changes in the i'th coolant node.

Data from Tables 2.1 and <Z.Z were used to evaluate

the coefticients. For a model with one fuel node and two
coolant nodes, the resulting equations taking Fsy = 1 and
F.y = 0.5 are:
d&F
— = - 400 &P + 0.0125 &C, + (0.0305 &C, +0.111 &C4
dt o - - ' '
+ 0.301 &C, + 1.140 &Cy + 3.01 §C, - 1781 &T,
- 13700 &T.,, - 13700 &T., + 411 &P, (2.3
dsC,
= 13.125 &P - 0.0125 &£C, (z.4)
dt
dsC,
= B7.5 &P - 0.0305 &C, (2.5)




g
g]
i §

d&Cs
= 78.125 SP - 0.111 §C,
dt
dsC,
= 158.125 S§F - 0.3
dt
dECs
= 46.25 £F - 1.140
dt
dsc,
= 16,875 &P - 3.01
dt

TABLE 2.1. Reactor Design Data.

Core Thermal and Hydraulic Characteristics

Total primary heat output, HW (th)

Nominal primary system pressure, psi (NFa)

Total coolant flow rate, lb/h (kg/s)

Average coolant velocity along fuel rods, ft/sec (m/s)

Total mass of coolant in primary loop, Ib tkg)

Nominal coolant inlet temperature, °F (C)

Nominal coolant outlet temperature, °F ()

Active heat transter surface area, ft' (n*)

Average heat flux, Btus(h ft?) /e’

Fuel-to-coolant heat transfer csefficient
(includes resistance in fuel) Btusth ft*-F) (W/g2-C)

2200
2750 (15.82)
101.5 x 10° (1.279 x 10%
14.3 (4.358)
406 050 (164 3a7)
586.2 (285.66)
802.1 (316.72)
42460 {3944.7)
171600 (5.44 x 16")

176 (100.4)

Kinetic Characteristics

Doppler coefficient, Uk/k)}/°F vksk)/*C)

Moderator temperature coefficient, Bk/k)/°F (Lk/k)/°C)
Moderator pressure coefficient, Ak/kispsi (Aksk)/HPa)
Prompt neutron lifetime, sec S
Delayed neutron fraction

“1.3 3 1079 (~Z.38 x 10°%)
-2.0 x 107 (-3.6 1 107
+3.0 1 107* (8,27 x 10°Y)
A.6 1 10°% .

0.0004

(2.8

(2.9)



TABLE 2.2. Delayed Neutron Constants.

Mean Life Decay Constant

(sec) « ,, sec™ ') Fraction

80.4 0.01z4 0.00021

32.8 0.0305 0.00140
8.98 O.111 0.00125
3.32 0.301 0.00253
0.866 1.14 0.00074
0.332 3.01 0.00027

Z2.1.1.2, Core Heat Transter. The core heat transter model

includes conduction in the fuel and heat transter

coolant.

in the

Dynamic analysis of a power reactor must include

calculation of fuel element temperature in the cylindrical

rods. For this purpose the heat conduction equation must be

used‘*?)

T
c — = @ +‘7.QVT,

ot

s

where T is the temperature, Q heat generation rate,

the thermal conductivity.

(2.10)

and k 1s

- Generally,-radial conduction dominates over axial or

azimuthal conduction in a fuel rod, so that tor constant k,

Eq.(2.10) can be written as

(2.11)
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For modeling purposes, nodal approach is the most

common method. In this approach, a single node can be used to
represent the average condition in the fuel, gap, clad as-
sembly. If a better representation is desired, the fuel can
be divided 1into several sections. The c¢clad 1s otten
represented by a separate node, but the gap is usually treat-
ed as a simple resistance (no heat capacity). However, gap
conductance is very hard to determine, and depends closely on
the operating conditions. In this work, the fuel is represen-

ted by a single node.

For the core heat transfer model, a heat balance
equation for the coolant is also necessary. Assuming constant
coolant density, one need not write a mass balance equation.
Since, in neormal PWR operation the flow is constant, a momen-
tum balance is also not required. The heat balance for a

single-phase, incompressible fluid flowing in one-dimensional

slug flow is

T 2T h P, Q.
—_t+t U — = — (T, - T ) + (z2.12
ot ox  A.pc, pc,

where T is fluid temperature, U fluid velocity, x, distance

along channel, T, fuel rod surface temperature, U. volumetric
heat generation rate in the fluid, P fluid density, C, specif-
ic heat capacity of the fluid, h tilm heat +transfer coeffi-

cient, P, heated perimeter of the channel, and A, flow area

of the channel.

The nodal model for the coolant is
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dTlvl Fp:t 1
= P, + ————— (T, - T,
dt (MC_ ), R (MC,),
i
+ — (T, - Ty (2.13)
T

where, F,.; is the fraction of total power released in cooia-
nt pode i tassumed constant), M mass ot coolant in node 1, C
specific heat of coolant, R fuel-to-cooliant heat transfer
resistance, T,,, average coolant temperature in node 1, T,
outlet coolant temperature in node i, and 7T residence time
of fluid in node i. It is necessary at this stage to provide
an equation relating T,,; and T, tor the system to be com-
pletely defined. Although this relation between the node
average temperature and the node outiet temperature will vary
during a transient, the relation between these variables is

usually assumed to be constant and of the form
Tev:e = FTy., + (1 - F) T, (z.14)
where F is a weighing tfactor.

The common assumptions used for F are as follows:

a) Arithmetic average, (F = %) - e

Tevs = % Ty, + % T, (2.15)

b) Well-stirred approximation (F = O)

Tevs = Ty (2.16)
Also , sometimes a choice for F based on steady state temper-

ature distribution is made.



The algebraic relation thus obtained can be substitu-

ted into Eq.t2.13) to eliminate T, or T,.; giving

dT.vl Fp:l 1
_— = -_— Py T,
dt (MC, ), R (MC, ),
1 1
-l — 1 T,y
R (MC, ), (1 - F)
1
— T,_, (2.17)
(1 - F)

The model thus obtained has no explicit terms for nodal

outlet temperature, therefore T,_.; can only be written as

1 F
Ty = —— Ty_y = —— Ti-2 (2.18)
1-F 1-F
It can easily be seen that unless F = O the inlet temperature

in each node of the series of fluid nodes is immediately
affected by all upstream nodes. This is an unrealistic result
born out of the assumptions made in deriving the model. Also,
for F = 0, another unrealistic result , i.e., an 1nitial

decrease in outlet temperatures when inlet temperatures

undergo a step increase, is implied by the model. because ot

these deficiencies the well-mixed assumption was used widely.
However, this choice has the drawback of implying the equali-

ty of average and outlet conditions in a finite-size region.

in order to overcome this tlaw, two coolant nodes are
used for each fuel node to obtain a good approximation to the

average coolant temperature in HBR model. In the model with
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two coclant nodes for each fuel node, coolant node considera-
tions are based on a well-mixed approximation. The average
temperature of the first section is taken as the tluid tempe-

rature to determine the heat transter driving force

g= — (T, - T.v,s ) (2.19

and hatlf of this heat is transferred to each tluid section.
The outlet temperature is taken as the average ot the second
section (see Fig.z.2). Although the model accuracy is in-
creased the number of equations are also increased as a
result of using more fluid sections. The resulting

equations are:

d&T, ] Qe UA,
_ = ee——— &P - J (&£Tey - &Teygs? (2,20}
dt (MC, ), NC, ti
as&T,., Ua, P
—_— = ¢ 3 (ST,g - ST:‘1) T e (chli - ch‘n ) (2'2.1}
dt MC, ci T
ds€T,. 5, UA, 2
—_—= 8 2 (£Tyy - &Teys) - — &Teay = &Toy ) 2.22)
dt MC, ci T

‘where §T,, is the average fuel temperature, &T.,, average
coolant temperature in the i'’th fuel node, £Te 2,4 outiet
coolant temperature in the i’'th fuel node, Q,; traction of
total reactor power generated in fuel node i, (MC ), total
heat capacity for i'th fuel node, (HC,),, total heat capacity
of both coolant nodes associated with i'th fuel node, U

overall fuel-to-coolant heat transfer coefticienttincludes
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resistance in fuel as well as film resistance), A, heat
transter area, residence time(both coolant mnodes), §T,,

deviation in inlet temperature of the first coolant node froam

its initial steady state value.

As was shown by Kerlin et al‘*?%’,

a simplitied core
heat transfer model with 3 heat transfer nodes (1 for fuel
and Z for coolant) has a behavior similar to that or a2 more

detailed one, therefore it was used for the core in the

complete system model.

priving Force for
Heat Transfer

Heat Transfer, Heat Transfer

Primary c——t T
Coolant Ian

cl ——‘—* Tcz P

FIGURE 2.2. Schematic of fuel-to-coolant heat transter
mode ]

Evaluation of the coefficients yields

dsT,
= 0.0756 &P - 0.16466 8T, + 0.16466 T., (2.23)

dt :

d&T,,

—— = 0.05707 T, - 2.4403 T., + 2.3832 &T,, (2.24)
dt

dsT, .,

—— = 0.05707 T, + 2.3262 T., - 2.3832 8T, (2.25)

dt
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2.1.2. FPressurizer

Although the pressurizer is a rather simple device
consisting of a heated tank containing steam and water,
formulation of &a dynamic model can be quite complicated it
detailed performance analysis 1s required. Especially tor the
analysis of small break LOCA’s and similar accidents, reli-
able physical models for all ot the components in the loops
are necessary so that computer experiments can be run and the
best strategies be adopted for handling accidents zs,z24)-
Such models réquire multiple region models where the pres-
surizer model is divided 1into regions according to phase
condition and energy, and nonequilibrium conditions are
assumed to prevail. However, for mormal operation, and espe-
cially for our case where only small deviations trom an
operating point are considered, a pressurizer model based on
mass, energy, and volume balances with the assumpition that
saturation conditions always apply for the steam water mix-
ture in the pressurizer, can describe the physical procesess
adeguately. And some authors neglect the pressurizer dynamics
completely by assuming that the size qf the pressurizer 1is
 accommodate therréfééﬁ Wgenéfator primary
volume surges. Nevertheless, in this study, a model of the
pressurizer, however crude, was considered necessary, and

therefore incorporated.

The basic equations for the pressurizer model are:



1. Water mass balance

dbl,
— W”, - W. \J...?.b)
at

<, Steam mass balance

drl,

= W, (WD

dt

J. Water energy balance

dE., . |
ez & U_‘ h..‘ =z W, h., = PV“ + g (2. 218)
Gt
4, Volume balance
V, t+ v, = VvV, (WY
5. Compressibility-corrected perfect gas law
Py V, = M.RT, BENGENR VY

where M, 18 the mass of water 1n the pressurizer, i, mass ot

steam 1n the pressurizer, W,, mass tlow ol water 1nto tor out

or) pressurizer, W, tlashing ratelor condensing rate) in the
: |

pressurizer, E, internal energy or water 1in the pressurizer,

Ny 4 enthalpy or water entering the pressurizer, h, enthalpy
\

of steam in the pressurizer, F, pressure in the pressurizer,

q rate or heat addition to the pressurizer with électric

heater, Kk gas constant, 1, saturation temperature, Ve vVolume

i

ot water 1n the pressurizer.
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The equations &are linearized and manipulaled to

obtain

= E, &F, + B, SW, + B; &q (2.31)

e

The values ot B,, B, and B, tor the H.BE. kobinson huclear

plant calculated by using the data given in Table z.3 are:

B, = -1.913 «x 10°* «(sec™ ')
B, = 7.021 x 103 (psi/lb)
By = 2.1726 x 10™* Ilpsis (kW secsi .

TABLE 2.3 Fressurizer Design Data.

Water volume, full power, ft*> (m®) 780 (22.09)
Steam volume, full power, ft* (m®) 520 (14.72
Electric heater capacity, kW (total) 1300

The change in mass in the pressurizer is obtained by
summing the contribution due to expansion or contraction of
the water in each coolant node in the primary loop as tol-

lows:

or dsT.,

where V, is the volume of the i'th coolant node,Y, is the

slope of the coolant density versus temperature curve, T., is
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the temperature of the i’th coolant node.

Evaluation of the coefficients for the H.B.Kobinson

NPP gives
d&T, p d&T, , daT.
gW, = 85.33 ——— + 25.83 —— + 25.83
dt dt dt
d&T,, d&Ty d&T, s
+ 187.5 + 38.2 + 39.54
dt dt dt
dfT, d8Te s d&Te,
+ 171.55 —— ¢+ 38.54 ——— + 27,44 ———  (Z.34)
dt dt gt

where &T,_,, is the reactor lower plenum temperature, §T.,
coolant temperature in node 1, £T., coolant temperature in
node 2, §T,, reactor upper plenum tempearture, &T,_, hot leg
temperature, &T;, temperature of primary coolant 1n the steam
generator, &T, temperature of primary coolant node in the
steam generator, §£T,, temperature of primary cooilant in the

steam generator outlet plenum, &Te, cold leg temperature.

In order to avoid discrepancies between theory an
experiment a pressurizer control system is added. The con-
troller parameters used belong to Sequoyah, a later-genera-
tion Westinghouse PWR and this was necessiated by the always

recurring problem of lack of sufficent data.

The pressurizer controller uses a heater to compen-
sate for steady state heat losses. [t is also used for pres-
sure control against normal pressure variations so that heat

input increases for low pressure and decreases tor high
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pressure. When the pressure goes above the control range,
spray flow is used to decrease the pressure. The mode! used
in this work includes a heater operating under normal condi-

tions only.

The block diagram for the pressure controller is
shown in Fig.2.3. The transter functions are used to r1ormu-
late differential equations for inclusion in the state vari-

able model. The resulting equations are:

dsP,

= 0.0207 §T, - 0.0207 &T,, + 0.0103 &T.,
dt

+
[ad]
N
&
C
o
1

c

L]

I

0.130 £T,, - 0.509 &7,

-+
<
[ep}
(6%}
B

€T, - 0.116 £Ty, + 0.121 £T.,

I
<
[\
~[
«
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where T, is the steam generator tube metal temperature and X
-is. -the integral contirol action variable. Note that the
inclusion of the pressurizer controller affects the matrix by
modifying the coefficients in the difterential equation for
pressurizer pressure and requiring an additional eguation to

provide for the 1ntegral action.
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Pressurizer &P
Dynamics

&q

(1 *-;:?+ 'rzs) PTSE— |

K = -50 kW/psi

t|-%0uc
T, " 2 sec

FIGURE 2.3. Pressurizer control system.

2.1.3. Steam Generator

The steam generator provides a dynamic link between
the reactor core and the turbine generator in PWR type NFPs
and therefore plays an important role in the sate and reli-
able operation of these plants. Next to the reactor, the
steam generators -are the -most important components with

respect to transient phenomena.

The physical processes that determine the thermal
performance and operational behavior of the steam generator
under steady-state and transient conditions include coupled
two-phase flow, natural circulation, and heat transter pheno-

mena. A good understanding of, and the capability of predict-
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ing the normal and off-normal behavior of a steam generator
are essential for evaluating the load following mechanism,
the operational and accident conditions i1in PWRs. It 1s there-
fore generally necessary to model the steady-state and tran-
sient two-phase rlow &and wvoid distribution in the steam
generator to accurately predict the FWk plant

response'®®: 26,270

The behavior of steam generators is essentially
nonlinear because of the nonlinear coupling between energy
transport governed by heat transfer coefficients, and mass
transport as determined by velocities. Although linearization
is out of the question for investigating the large distruban-
ces that are characteristic ot satety assesment studies, 1t
is acceptable tor studying the control system design under

normal operating conditions‘?7’.

The steam generator model used in this work 1s a
simpiified one. It uses only three regions to represent the
whole steam generator: primary fluid, tube metal, and secon-
dary fluid. The model includes no control action. This 1s
equivalent to assuming that the model applies only tor smail
upsets in which the <controller dead bands or long time con-

stants prevent significant changes in the feedwater 1low.

The eguations are:
1. Primary water energy balance
dsT, 1 thA), . 1

§Typ = —— (8T, - &T.) - ST,
dt T e M, C, T,

N
w
~|




2. Metal energy balance

d&T, thA), .
= (8T, - &T.»
at M. C.
(hA)DI BTII‘
= e L &§Te - & ——— s EP1 (2.38)
M-C. aPI
3. Secondary watertliquid phase) mass balance
d&M,,
= sWpy, — 8W, t2.39)
dt
4, Secondary water (steam) mass balance
d&mM,
= sW, - &, (2.40)
dt

5. secondary fluid (steam and liquid phase) energy

balance
diE 0Tgus
— = (hA),. L &§T, - ¢ —— &F,]
at 2P,
BTI. t
+ N; prrn L &T1 Fu - L o— EP.J
<P,
N (VR S o . (Z.41)
6. equation of state
P,vs = KM, T, (2.42)
7. volume balance
Ve, + V., = V,; (2.43)

where ¢ is the residence time of coolant temperature in the
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steam generator, h,. is the hesat transter coetrtricent tor
primary coolant to metaitincludes a portion of the metal
resistance as well as the 1i1lm resistancer. hg, enthalp ot
steam, a heat transter @1ea, Leegw 18 Lhe specitic heat o1
teedwater, h,, 15 the hesat transier coetricent 1or metltal to
secondary coolant t(includes a portion of the metal resistance
as well as the t1lm resistance’, M, mass or tube metal, C,
specific heat of tube metal, BT,_,/BP, steam pressure, 1,
mass ot water in the steam generator, W, is the teedwatef
flow rate, M, is the mass of steam in the steam generator,
W,.o. is the steam flow rate to the turbine, ¥ internal energy

.0f secondary coolant, V, steam volume, T, steam temperature,

vV, water volume.

Atter Jinearization and appropriate algebraic sub-

stitutions the following equations are obtained:

dST, 1 (hA},,, 1
= STX P - ———————— (STP - ST. ) - STP (20 4.4 )
dt €8 N,C, T s e
dsT, thay,,
= teT, - &7,
dt M, C,
(hA),, aT,,.
- L &8T, - € —————3 &F_.} (Z2.45)
M, C. OF,
dsP,
= D8P, + D&T, + Dy&Tpy + Do&Wey + Dy, (2.46)
dt

where D, are the coefficients obtained from aljgebraic sub-

stitutions.



Numerical values for the

using the H.B. Robinson Nuclear Flant design
Table 2.4. The resulting equations for the
are :
d&T,
= 0.2238 8T, O.76b4z &T, + 0.5
dt
dsT,
= 3.07017 8T, - 5.3657 &T, + 0.3
dt
d&b,
= 1.349 &T, - 0.2034 &F, + 0.053
dt
- 0.03843 sWey - 0.04425 EWg,
TABLE 2.4. Steam Generator Data (for e

coefficien

24
ts are obtained
data given 1in

steam generator

3819 &T, (.47
3272z &F, (2.485)
28 STF [

(2.49)
ach unit)

Steam Gemerator

Nunber of U-tubes

U-tube diaseter, In. (cm)

Average tube wall thickness, in. (cm)
Mass of U-tube metal, Ib (kg)

Total heat tramster area, ft (a2)

3260

0.875 (2.22)
0.050 10.13)

91 800 (a1 677)
44 830 (4127.7)

Steam Conditions at Full Load

Steae tlow, lb/h (kg/s)
Stean temperature, F (C)
Steam pressure, psig (MPa)

3.169x 10* (400
516 (268.89)
710 (5.3)

Primary Side Coolant

Reactor coolant flow, lb/h (kg/s)
Reactor coolant vater volume. ft* (%)

33.93x 10* (4279)
828 (26.28)

Secondary Side Fluid

Feedvater temperature, F (C)
Secondary side water voluse, full power, ft' ')
Secondary side steam voluse, full pover, ft* (8*)

435 (223.88)
1526 (43.21)
3203 (80.70)




Z.1.4., Fiping and plenums
All piping sections and plenums are modelled as well-

mixed volumes:

&T te. 50

o1

where T is the temperature of fluid in the sectiontequal to
outlet temperature), T,, 1s the fluid temperature at entrance
and T is the fluid residence time.There are two piping
sections; hot-leg and cold-leg and four plenums; reactor
upper, reactor lower, steam generator inlet, &and steam

generator outlet plenums in the model.

Substitution of numerical values ftor each one of

these equations yields:

d&Ty,
— = 0.33645 8T., - 0.33645 £T,, (ZoB1)
dt
d&Th .
—_— = 2.5 &Tys - 2.5 &T,. (2.52)
dt
dST' F
— = 1.45 8T.. - 1.45 &T,, (2.53)
dt
d&To,
— = 1.45 &T, - 1.45 &£Tg, (2.54)
dt
d8Te .
= 1.48 §£Tge - 1.48 &£Tc. (2.559
dt
dST. s
= 0.516 §Tc, - 0.516 S§T,, (2.5617
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2.1.5. Overall System

The nodal structure tor the complete system 1s shown

in Fig.<.4.

The finear model obtained by assuming negligible
change in feed water temperature and tfeed tlow rrom the
steady-state values 1is one or a two input one :

1) The reactivity due to control rod movement,
z) The deviation 1in the steam tflow rate trom i1ts steady

state value W,..

Pressurizer

Lt Heater Input

Hot Leg
T
I HL
‘ Steam
Reacter 7 Generator
Upper T - Tie ] Intet
Plenum Plenum
rp.ri.m.r;-.‘i-----.';---- e - - -.}
] []
Tc2 ] 7? 1.( [ .
Kuclesr ha:tor : ‘ :
t . i
Power  smem——on ’f Coolan L..----il------------------.l
Tl T ) 226& antum
< nerator erator
vel 0P foutiet
l Plenum
Reactor
Lower Tl.l’ v
Plignum
L :

old Leg

FIGURE 2.4. Nodal structure for complete model.

The model can be represented 1in the standard state-

space form as

pes
n

b2

|
.
o
[=

(2.57)
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where x is the (21 x 1) state vector given by

T = (&P, &C,, &C,, &C;, &C,, &Cq, &C,, &T¢, aT.,,

%

§T.,, SF,, &X, &T,, &Te, &P., &Tue. &Tur, &Tys,
E€Tors &Ter, 8T e (2.58)

Z.1.6 Simplitied Model

In order to compare the results of this work with
previously designed analytical controliers the tollowing

{10

simplified mode | used by other authors 18 also

considered.

The six groups of delayed neutrons are reduced to one
group by evaluating a single decay constant trom the weighted

harmonic mean of the six group decay constants:

The other assumption 1s that the size or the pres-
surizer is large enough to &accommodate the steam generator
\

primary volume surges, thus inclusion or pressurizer dynamics

in the system model can be avolded.

This model! too, can be represented in the state space
torm of Eg.(2.57) this time x being the (l1axl) state vector
given by

x' = (&P, &C, &T,, &T.y, &T.2, &T,, &T., &P,, &8Tye, &Tur

£Ty ey &Toes &Ter s &ETipe ) (2.60)
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and hence will be called as the 14 variable model. The system

distribution matrix A 1s given 1n Fig.o.5.

Ll LR O = TR I o

<

-400  0.0T686 -1781  -13768  -13T00 ¢ o 0 0 R R
a0 -0.07688 0 0 0 0 0 o v ¢ 000
0.0 0 -U.16460 0.18466 O 0 0 0 v ¢ 0 00
¢ 0 0.05767 -2.44030 0 0 v ¢ 0 o 0 0 0
o0 0.05807 Z.32820 -2.38320 0 0 0 0 R R T
00 0 0 0 -0.76bez 0.5319  © 0 voou.Zi30 0 0
¢ 0 0 0 0 307017 -5.36570 0.337. 0 R R
0 0 0 0 0 0 Ly -u.0380 0 v v 00
00 0 0 0.33645 U 0 0 03345 0 0 0 0
v 0 0 0 0 0 v T - S R R
0 0 0 0 0 0 0 0 0 t.e5-ia5 ¢ 0
0 0 0 0 0 1.5 0 0 0 v 0 -Le D
0 0 0 0 0 0 0 0 0 6 0 L8 -las 0
00 0 0 0 0 0 o 0 U0 0 0,516 -0.51

FIGURE 2.5 System distribution matryix A for la-varlable
model.

.2 Numerical Simulation ot the WNFF

The reactor kinetics equations have the prope: iy ot
stittness arising rrom the differences in orders of magnitude
between the prompt and delayed neutrorn genertzion times which
puts & restrictive upperbound on the time steps to be used
for the numerical solutions'?®’. Variocus methods have been
devised to overcome stiriness tor the general nonlinear ordi-
nary differential eguations with varying degrees of succ-
essg'?®-%°%-3*1  However, the linearized rorm or the the mathe-
matical model of the NPP given by Eq.t2.57) allows the use ot

the method suggested by kerlin et al. ',

This method uses a matrix-exponential type or soiu-

tion. The output at time, t+At, 1s given by



t+ t
xtt+ltr=explaltixct) +J explA(t-t’)l.[buttsl dt’ (2.61)
t
since butty can be assumed to be piecewlise constant, the

integral in Eg.(2.01) can be evaluated and

JA'butts (2.6

J=1=

x(t+htr=explAdtoxcty + LlexptAAty -

can be obtained as the solution. The terms involving matrix

exponentials can be evaluated as follows:

1 1
exp(AAt)= I + AAt + — (AALY® + — (AAE)® + ... (2.B3
2! 3!
1 1
lexpltAAt) - 11A "= tl]l + — AAt + — (AAL)® + ...} (2.64)
2! S

where | is the identity matrix.

The features of this method that make i1t suitable for
numerical simulations on microcomputers are as 1collouws:
(a) Expansion in Eq.(Z.64) avoids the need for a matrix
inversion which is an operation with weli-known pittalis;
(b) The matrices in Egs.t2.63) and (Z.04) need to be computed
only once, at the begining ot the simulation, and the output
at any t can be obtained by simple matrix-vector mulitiplica-
tions; (c¢) Any number of terms in the expansion can be taken
which will allow the user to have a compromise on accuracy
and simulation time. However, the time step can be changed
only by <calculating the matrices in Eqgqs.(z.64) and (2.65)

with the new value of t. Nevertheless, even this i1s not a
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severe restriction because octher methods require calculation

ot the Jacobian matrix at every time step and a matrix

inversion as welt'?7-3%¢-31



1tl. RULE-BASED FUZZY LOGIC FRUCESS CUNTROL

industrial process controil 1s based on erftectaive
analytical methodas developed usi1ng control theory tor
designing =2 controlier. The levet or technotiogy achieved 1s
an 1ndisputable evidence ot the success 01 these methods.
et there are several assumptions that are orten cirricuilt
to Justirty but nonetheless made 1in using the anatyticsal
methods. The rirst assumption 1s t1hat & precise mathematical
model ot the process to be controlied can be tormulated. Also
inherent in controil theory 1s the assumption that a precise
mode | ot the corrective process 18 avallable. However, most
ot the 1ndustrial processes ,1.e., those that have nonlinear
relations between the system state and the contiol variables
do not permit the required precise mathematical modeling. The
other assumption 1s that 11 1s aziwzays possibie to measure the
variations 1n the conditions 1nvoived 1i1n the process‘?’.
Ancother tundamental but not wei! tounded assumption 1s that
the concept can bg implementea as 1t 1s designed. However,
this 1s not the case: to obtain say a good FIDU regulator 1t
is also necessary to conside: operato: 1ntertaces,
operational 1ssues ti1ke switching smoothly between manual and
automatic operation, itransients due to parameter changes, the
etfects o1 nonlinear actuators, wind-up ot the 1ntegral term
etc. An operational industrial FILU regulator consists ot an
implementation ot the basic control law and heuristic logic
that takes care ot the above enumersted 1ssues. Simiiariy,

during startup testing and commissioning, 1t 1s necessary to
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tune the regulator parameters of NPF control systems, which

is a time consuming and tedious work taking about leo days to

complete while the piant unaer goes avbout vuu  torceg
disturbances having bolh salety and economicsl 1mpacts ® %7,
Complex 1ndustrial processes are successrully

controlled despite the atorementioned shoitcomings o1 the
control theory. They are controlled by human operators who
are able to cope with the imprecilision invoived by developling
new skills or heuristics in time. Untald recently a
theoretical approach toward a consideration 0ot the heuristic
tactors inherent i1n the implementation was not made even
though their strong intluence on the operation o1 the
controller was well appreciated. Instead they were hidden 1n
practical designs. Due to both the ditticulty in theoretical
analysis and indirrerence in this respect o1t many
researchers‘®*®’. 1The 1dea or making the 1mplicit use oOr
heuristics explicit nas led to the application ot expert
system technology to the control area. The key 1dea behind
these developments 1s that 1t should be possibie to 1mplement
ftuzzy logic control within the domain 1 which the process
.can be controlled successtully by a numan operstor. However,
the yalue ot this technology to the operation ofr well-
charcterized systems has not been clearly demonsirated and
this remains the issue to be addressed by the nuclear

community*'3*’.

in general the same steps are used tor designing an

analytical controlier and a tuzzy, rule based one namely, the
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plant process is identitied, and a control methodology 18
developed. However, there 1s a marked ditterence between the

details ot the two approaches'®’,

in the design of an analytical controller, the pliant
desi1gn engineers construct & suitable mathematlicsi mode }
which 1s used together with the pertormance specitrications by
the control specialist to do the actusal design. However,
since there 1s no such mathematical model 1n the case of
rule-based controllers, situationsaction rules are used which
necessitates the control designer to be intimately tamiliar
with the plant's operation. Theretore, the plant engineer
must also perform this duty by {earning the ruile-based

methodology himseltr.

Also due to lack or a mathematical model suitable tor
design, new methods tor acguiring the necessary, knowledge
must be employed. Intormation on operating rules are obtained
trom two sources: by observing plant operation and the
operators themselves. Acquiring knowledge 1n this way 18 a
tedious and otten frustrating process because otten the
operator himseltr 15 not aware of hls actions or can not
commuriicate them-ettectively 1o0r some reason or- other, also,
distinguishing between the relevant and irrelevant
intormation 1s a very demanding task. When no expert 1s
available, the primary way of acquiring knowledge becomes
simulation ot the process where 1ts behavior under normal and
transient operating conditions 15 observed as is the case in

this study.
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All the controllers are expected to satlisty some
pertormance criteria which 1nrluence ‘the design and
implementation process. The most 1mportant ones among these
are that the plant should respond 1in minimum time, theretore
the maximum stress levels wil! be observed during transients,
and that it shoulid be stable etc. in the case 01 rule-based
controlliers there is no direct way to use these criteria. The
controller must be constructed and then tested to determine
its pertormance. However, this process, by no means
exhaustive, is never satisfactory, i.e., 1t 18 not possible
to establish with certainty that all the possible
contingencies have been anticipated and an appropriate

corrective action has been implemented.

As already mentioned before, all the controllers must
be tuned before they are used. Unlike analytical controllers
there is no standard technique for calibration of rule-based
controllers and instead they require tedious iterative
closed~loop trials, to determine the membership tunctions and

the effectiveness of rules.

Despite these disadvantages there are cases where the
rule-based controilers are superior due to thelr rtdexibility
and robustness. These factors are especially i1mportant when
the model is inaccurate, signals are noisy, or some
parameters assumed to be constant are really a function of
time. 0f course when no model of the process is available

then they are the only automatic controlilers available.



The historical development o1 the tuzzy logic
controliers used 1n 1ndustrial processes starting with the
pioneering work of Mamdani and assilian 1s reviewed 1in
rererence Z. Although the concept ot tuzzy logic control was
devised nearly ten years ago, mainly due to the reluctance ot
the nuclear industry to use digital control methods, tuzzy

logic control applications are very recent and 1n their early

stages'3*’,
Ruile-Based controllers (REC) are a subset ot
knowledge-based systems (KBS, rules being a knowledge

representation method.

A knowledge-based system 18 an artiricial
intelligence(Al) program whose pertormance depends more on
the explicit presence ot a large body or knowledge than on
the possession or ingenlous computational procedures. Ekxpert
systems which are a subset or knowledge-based systems seek to
model the knowledge and procedures used by & human experl 1in
solving problems within & well-derined domain. However, f1oOT
many Al applications there are no unigquely dualilliled human

experts‘®®’ as 1s the case 1n this study due to the tact that

the process to be controlled 1s too tast tor & human being.

In KBSs, computational steps are separate trom the
control flow as opposed to the conventiional computer programs
where the i1ntormation 1s scattered throughout the code. The
domain specitic knowledge such as tacts and rules or other
representations that |use those tacts as the basis for

decision making, resides 1n the part called the knowledge
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base, whereas the general problem-solving knowledge <called

the i1nterence engine contains an interpreter that decides the

order 1n which the rules should be applied. An sdditional

taci1lity called the user i1ntertace 18 also necessary tor

moditication and explanatory purposes‘®®’. 'The oi1ganization

ot a kKES 1s shown 1n Fig.3.1.

knowledge Base

Interence
Engine

User
Iintertace

FIGURE 3.1 A block diagram of an expert system.

In kbCs, the wmodel ot the process 18 1epresenled by

uélgg rules rather thar mathematical equations. However, as
an expert system application RBCs &are iather simple
constructs, due to the tact that their knowledge base 18
limited and rules can be grouped allowing the use ot rather
simple intference mechanisms. in the case o1 fuzzy logic
control, torward chaining 1s sutticient, and in general

conflict resolution strategies are i1nherent in tuzzy logic as
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will be explained below.

Si1uce rules are used Ior khowledge representation:
only an empirical representation 1s possibie. Because one o1
the main reasons ror using this kind ot control 1s the lack
ot availlability ot deep representations or hardness thereot,

this 1s entirely appropriate.

3.1 knowledge kepresentstion

The success or an Al program depends on errective
knowledge representation and integrating ditterent kinds of
knowledge 1nto a coherent knowledge base to support the
system’'s activities‘®’’ (see Fi1g.3.2). A representation 1in
this context c¢can be detined as a set o0t syntactic and
semantic conventions which tell a computer how to i1nterpret
symbol structures. The syntax specities the symbols that may
be used and the ways to arrange them whereas. the semantics
specifaies how meaning 1s embodied 1n the symbols and Lhe

symbol arrangements allowed by the syntax‘¥%’.

Early attempts at building 1ntelligent systems used
tirst-order-predicate calculus as their representation
language. I'he logical approach has the intuiltive appeal ftor
knowledge representation because 1t has & very general
expressive power and mathematical deduction can be wused to
derive new knowledge trom old. Although logic 1s unmatched
tor the problems 1t 1s suited tor, there are cases where the
tollowing weaknesses must be weilighed against other available

methods: Since theorem proving programs require search,
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solution may take too long to be round. Some knowledge can
not be represented as axioms, tormuiation of the problem 1n
fogic may regulre unmecessary ettort while solwving the
problem formulated in another way may be simple. Also, logic

does not allow the expression ot some obviocus heuristic

knowledge*38+ 3%
Uncertain
tacts
Behavior Typical
description Situation Processes
Vocabulary ‘
definitions
> KNOWLEDGE
constraints
Ubjects F_r-——_aa BASE
and i
relationships Heuristics
Decision Hypothesis Disjunctive
rules tacts

FIGURE 3.2 The kinds ot knowiedge that can go into a
knowledge base.

Psychological research suggests that humans do not
exhibit the kinds ot reasoning behavior that 1s associated
with theorem proving systems, rather people prerer reasoning
from situations to actions. The most popular and effective
representational form for declarative descriptions ot domain

dependent behavioral knowledge in a knowledge-based system
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theretore has been patternsaction aecision rules, caliled
(38, 39

production rules . Each rule consists ot an 1f part and

a then part, 1.e.

It antecedent then conseguent.

Given the antecedent as a tact 1t 1s concluded by the system
that the consequent 1s true and 1s added to the knowledge
base as a new tact. Production rules are, in this sense,
eftectively a subset or the predicate calculus with an added
prescriptive component indicating how the intormation in the
rules is to be used during reasoning. The ditference lies 1n
the fact that the connection between the antecedent and the
consequent is rather empirical, 1.e., it is orten not
possible to prove that certain actions are logical

t49)  Production rules can

consequences of certain situations
easily be understood by domain experts and have sufticient
expressive power to represent a usetul range ot domain-
dependent 1inftference rules and behavior specitications.
However, their expressive power 15 1nadequate 1tor defining
terms and tor describing domain objects and static

relationships among objects. In this respect they aliow only

_.a surrace representation.

However, a rule-based system can easily explain the
why and how of its interence processes which is a very
important asset due to the tact that sometimes the wuser may
doubt the conclusions reached and may want to check the line
of interence so that he may use the resuit or reject it. Such

a gquery may help to improve the rule base; the necessity of
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adding new rules, modifying or even deletion of some existing

ones may become apparent.

Semantic nets and frames are also used for knowledge

representationt3é+ 3738397

A semantic net consists of nodes which stand for
concepts or objects or events and are connected by arcs
describing the relations between the nodes. It is a useful
way to represent knowledge in domains that use well-

established taxonomies to simplify problem solving.

A frame is a structured representation of an object
or a class of objects. Like a semantic net it is a network of
nodes and relations organized in a hierarchy, where the
topmost nodes represent general concepts and the lower nodes
more specific instances of these concepts. The difference
lies in the fact that in &a frame system the concept at each
node is defined by a collection of attributes and values for
those attributes that are called glots. Each siot can have
procedures attached to it which are executed when the

information in the slot is changed.

The control strategy in RBCs is represented as
production rules which model! the operator actions. The
antecedent generally consists of +the deviation of the
observed variables from the setpoint and their rates of
change. The consequent part of the rule applies to the
manipulated process variables which can be stated in terms of

the change to the level of input, or the absolute level of
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1nput. The tollowing 1s an example 1ule:

It pressure error 1is negative small and change 1n pressure

error 1s negative smali, then heat change 1s positive medium.

A closer look at this rule will reveal! the i1mportant reatures
concerning the similarities and dirterences between the
conventional and rule-based controllers. Firstly, the term
“pressure error" means that this rule 1s 1ormulated with
respect to a pressure setpoint at which the pressure should
be held. Also, the antecedent of the ruile has not only the
deviation trom the setpoint but 1ts rate and direction ot

change. In this respect there 15 @ very detinite similarity

between the proportional and derivative terms ot a
conventional PID controller'****?*’, Finally, the rules are
expressed uUsing linguistic varliables such as Tpressure

error", "“change 1in pressure error"™ and “heat change" which
can take the tuzzy values "negative smalil®, “"positive baig"
etc. Although these are the terms human beings can
comrortably work with 1t is ditticult to 1mpliement them on
digital computers. When trying to control highly nonlinear
and 1ll-understood processes, this can be as precise a model

o1 how to control the plant as 1s available.

3.1.1 Eepresenting lnexact knowledge

One ot the difticulties ot impiementing KBSs 1s that
a complete understanding ot the complex domain encountered in
a real world situation 1is generally not available. Much human

knowledge 1is vague and 1mprecilse. Human thinking and
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reasoning trequently involve imexact intormation.
Nevertheless, the experts have heuristics that are rormed 1n
time trom experience oOr some abstract mental models that
allow them to perrorm erricienttiy in thear particular

domains.

It an expert system 1s to exhibit expert behavior
then 1t must have knowledge iepresentation schemes that can
encode uncertain knowledge rrom the possible sources: ta
inherent human tuzzy concepts; (b)) unreliabie 1ntormation;
tc) matching ot similar rather than 1dentical experiences;
(dy incomplete 1ntormation; and (e dirttering texperty

opinions.

In classical logic all the propositions are eilther
true(T) or talsetFj. In order to express uncertain knowledge,
a scheme which allows a proposition to have a truth value
other T or F is necessary. Une approsch 1s to consiger &
range of truth values extending tftrom derinite truth to
detinite talsity with values allowed 1in this 1nterval. lhis
new truth value can either be a numerical value between U and
i, representing 8 degree; or & gualitative label, such as
Malmost true", which 1s _derined as . a partition or the truth

space‘®®’ .

The usual approaches to 1nexact knowledge 1n expert
systems are: ta) Bayesian approach; (b) certainty tactors;

(c) Dempster-Shater theory ot evidence; (d) tuzzy logic.
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.1.1.1 Bayesian Approach. Based on probability theory,., the

(¢4

Bayesian approach can deal only with uncertainty. Uncertainty
in a proposition 1s represented &s & probability obetween O

and 1. Bayes' theorem states that, 31t E = tE,,E;,...,E,} 15 a

setl o1 n plreces ot evidence and H tHy Hz, .. ,H,} 15 & set
o1 m mutually exclusive hypotheses that are under
consideration, then
F E; |Hy )
PwH, |E;) = ———— F(H;
P(E;)
with

PtEy» = PLE; {H; JF(H, )

where F(H, ) 1s the probability ot the hypothesis prior to the
knowledge or evidence, P E, jHy ) 1s the conditional
probability or the evaidence E, given the hypothesis H,, and
FitH, |E,? 15 the posterior probabitity or the hypothesis arter

E, 1s observed.

This rormula can be used as a rule ot i1nference 1n an
expert system. 11 the knowledge base contains the rule 11 E;
then H,' and E, 1s true then the Bayes theorem updates the
belier 1n H, trom P(Hy;)» to F(H; |E;J, provided that FlE; H,)

and P(E; ) are known.

Collecting or estimating all the prior conditional
and joint probabilities required tor this method 1s ditricult
tor domaln experts. However, 1t has been suggested that
employing conditional i1ndependence assumptions can reduce the

number of probabilities to be estimated. This approach
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depends alsc on the availability ot a complete set o1
hypotheses, hence 1ts applicability 1s restricted‘*3’ .
another major criticism or the use or subjective probability,
in this approach, 1s that 1t 18 not possible to repiesent
1gnorance. lhis means that 11 & piece or evidence partially
supports a hypothesis, 1L woulo also have to be partiazlly 1n
tavor of the negation or that hypothesis. Since peoplie orten
distinguish between supporting and 1etuting evidence this 1s
counter-intuitive. Also probabilities can only be assigned to

a singleton hypothesis and they must sum up to one‘**’'.

s.4.1.2 Certainty ractors. This approach can deal only with

uncertainty. A certainty factor CFth,e) 1s 38 numerical value
between zero and one that stands tor the degree or
contirmation ot the hypothesais h based on the evidence e.
Certainty ractors are used i1n the flycin system to handie
uncertainty 1n evidence (tacts) ang rules. For example:
rule:
IF X 15 a bird,
THEN 1t can tly. (CF=U.9)
tact:
X is a bird. - ACF=0L.8) — - S
conclusion:

It can tiy. (CF=0.98%0.8=0.72)

UOne advantage ot this approach over probability
theory 1s that it does mnot require prior probabilities and
therefore does not require a large volume ot statistical

data. fioreover, experts are more comtfortable assigning



45
certainty tactors to the tacts and rules. Certainty tactors
are widely used in expert system shells to handle

uncertainty*3**

S.d.leo Dempster-Shater Theory orf Evidence. The bempster-

Shater theory calculates beli1et tunctions-measurements 0! the
degree o1 beliet. For a set or mutually exclusive hypothesis
H = {H,,H;,...,H,} the theory allows part ot the unity belie?
to be attributed to any subset or H or any disijunction ot
Hy;s. The distribution ot the beliet over the hypothesis set
is called a basic probability assignement m, which has to

satisty the tollowing conditions:

2omiay ) = 4

A H
and
m\¢)=u
The 1nterpretation ot the basic probability 10r & given set

or elements 15 the amount ot belier that 1s committed exactly
to that set, but cannot be subdivided 1nto any subset ot
1tselt. Another property or this theory 1s that, 1t one
attributes part o1 one’'s belier to & proposition, the rest ot
the beliet does not have to be assigned to the negation or

that proposition. Disbeliet and 1gnorance ave distingulshed

in the representational rframework.

In this theory, uncertainty 1in a proposition 1s
characterized by two values: degrees or beliet which 1is a
measure ot the evidence tor the proposition and plausibility

which 1s derined as 1 - measure of evidence against
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proposition‘*®’ .

This approach, however, invoives many numerical
computations, and in the case ot a long i1nterence chain the

structure or the resuiting befi1et ftunction would be very

complex **-*3’
Jelol.a, Fuzzy logic, Fuzzy logic 1s based oOn 1uzzy set
theory. In ordinary set theory an 1tem 1s either a member ot

a set or not. However, cue to the observation that in the
real world membership 1n a set 1s mnot so c¢crisp , 1.€.,
certain sets have imprecise boundaries, fuzzy set theory was
developed. An 1tem can be a member of a tuzzy set which 1s an
1ll~specitied and not a distinct collection or objects with
unsharp boundaries to a varying degree ,1.e., transilion trom
membership to nonmembership 1s gradua! rather than abrupt.
The degree of membership 1s determined by 1ts membership

turiction'Z 4384, 435

Fuzzy logic 15 conceined with the formal principlies
o1 approximate reasoning, wWith precise reasoning viewed as &
limiting case., Unlike classical logical systems, 1t aims at
modeling 1mprecise modes o reasoning that play an essential
role 1n the human ability to make rational decisions 1n an
environment ot uncertainty and imprecision. Human beings
communicate with each other and reason using seemingly vague
concepts without much ditticulty and sdapt to unencountered
si1tuations easily. It rareiy occurs to the user that the

statement "She 1s tall" 1s essentially i1mprecise 1n the sense

that tallness 1s not & <crisp quality and has ditrerent



47
meanings to difterent people but the i1mportant tactor that 1s

to be emphasized here 1s that ditterence 1s actually a matter

ot degree. In other words, an actual measurement ot the
height ot & person may be considered as being tall to a
degree by some person and not very tall by another. In this

context, height of a person 1s a2 linguilistic variablie which

can take values as short, not short, tall, very tall, etc. A

more formal derinition ot linguistic variable 1s : “a

variable whose values are words or sentences i1n a natural or

artiticial language."'*®’

Linguistic wvarilables take on specitic linguistic
values which are expressed as tuzzy subsets ot the
corresponding universestalso called support sets’) to which

they reter.

A tuzzy subset A of X 1s represented by a membership
tunction: wu,: X -» L0,13. Here as 1n our example X ¢can be
hei1ght or people which 18 & nonfuzzy support set ot a
universe ot discourse, and A can be the linguistic vaiue such
as tall people. wiven two such linguistic values A, and A; on

the same support set X the tollowing logical combinations can

be detined‘*'’ :

.Complement of A, (NUT A,) 1s tormed by taking (i-u,)

as 1ts membership value at each eiement of the

support set.

«_ Ay UK A, (A, V A,J) 1s tormed by taking max(p,,, a2

at each element ot the support set.

«_Ay_AND A, 1A, Ay) 1s tormed by taking mintu,,, Hagz)
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at each element or the support set.

Une ot the ma lor difrerences ot tuzzy logic trom
other logics 1s 1n the nonunrique detinition o1 implication. A
class ot impiications have been detined so tar, satisrying
ditterent kinds ol properties where the selection must be
subjectively made wi1ith regard to the behavior or the

interence process‘*7’.

Given a rule or the rorm "11 X 15 A, then ¥ 1s B" the
value of implication ppgix,y? 15 retated 1o wu,tx) and pgly) by

the tollowing

Mg AX,¥J) = 1 = g AxXJs + pa UXIpp \Y)

max(l — a4 (X)), MINUK, A X, gp Y J)D)

j=
2
-~
x
-
<
~
it

it

Mg~ A X, ¥) MINtp, UXFy g LY D)

e Y Ux, Y =(1 1T g AX) g (y)

10 otherwise
HrTAX,yJ) = Maxtl — g UXJ), g ty))
e ®tx,yr =<1 1t Ha (X)) uptly)

up ty) otherwise

Using one of these together with the rule derining the
relation between the antecedéntﬁéﬂa'édaéequent one can inle:
the consequent BE' when some value A'(which may be difterent

trom AJ) 1S5 given.

Using tuzzy logic 1t 1S possible to represent
operator action 1n &a torm suitable tor interencing to
1{3,41,49-858)

generate control action with a digital computer .

in this work the a similar approach 1s taken. The control
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rules are tormulated in linguistic terms which can be deilined
on a mathematical scale using tuzzy sets Lo describe the
magnituage ot error and 1ts 1ate 0t change and the magnitude
ot the appropriate control action. I'he tactors that arrect
the number ot terms requlied are, the tineness ot control
rules and whether the application 1s process regulation or

servocontrol.

The established finguistic terms are ErrortkE; and
Change in Error(CE) which can be complemented 1in some

applications with Change in Change 1n Error(CCE}.

The most common labels used are of the torm “positive
big", "positive medium", "positive smail", "zero", "negative
small", "negative medium", and "negative large". These labels
are expected to cover the aillowable range of the linguistic
variable. These tuzzy sets each have membership 1unctions
which give the degree of the each measurement 1n these fuzzy
sets. 1t 1s 1mportant to note here that each messulement Can
be a member ofF more than one set to a varying degree.
Thererore, in thas sense membership g1 odes are not
provabilities, since there 1€ no randomness 1nvolved. in

probabilistic statements the i1mprecision 1s about Lhe outcome

ot an event whereas in a possibilistic statement the
imprecision 1is about the vagueness ot the concepts
involved‘?’,

There are no established methods tor specitying
membership tfunctions, they can be continuous, precewlse

continuous or sometimes no runctionail torm 1s used at all,
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instead a loockup table is tormed. The tactors ot 1mportance
to note are the inrerencing mechanism to be used, the
capacity 1n terms ot memol1y and speed ot the computer where
the 1mplementation wlll be realjiizced, the numbeyx ot rules,
variables and cegree o1 quantization. lost common membelrship

tunctions are the continuous S-shaped tunction shown and the

plecewlse continuous broken-line tunction shown.

The S-shaped tunction 1s given by the rormula

pix) = ti+tatx-cri® !

as shown in F1g.3.3. The desired shape ot the tuzzy set can
be adjusted by the three parameters: c alters the point ot

minimum ftuzziness (wp=1J), & the spread and b the contrast,

1.0 —

A (x)

0.0 T T T T ] T T T 1 1
0 50 A 100

FIGURE 5.3 &-shaped tuzzy set.
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The broken-line tunction i1s given by the tormula
@y Xtb, 1T C;, < X < ¢,
HUX )= . (S. 20
8,3 Xtho, 1T Ca-oy S X & G,
ag scshown 1n Fig.s.d4. This 1orm 1s 1n essence simifar to the
lookup table concepts which r1equires an 1nterpolation Scheme

in any case. 1he shape O the tunction can be adjusted by

changing the constants a;, by, and c,.

1.0 1
X 05
AN
0.0 RS B I Y N A N N S %
0] 50 X 100 |

FIGURE 3.4 Broken-line fuzzy set.

3.2 Iintference Mechanism

There are two important ways in which rules can be

used in a kBS5: (a) torward chaining; (b)) backward chaining.
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The name torward chaining comes trom the tact that in
this technique movement 1s trom condition specitying 1f parts
to action specitying then parts. When all the conditions 1n &
rule are satisried by the current situation the rule 158 said
to be traggered. When actions are pertormed, the rule 1s said
to be tired. Triggering does not always mean riring, because
the conditions ot several ruies may be satistied
simul taneousiy, triggering them all, making 1t necessary tor
a conflict resolution procedure to decide which rule actually

tires‘3®’,

lr the rule-based system hypothizes a conclusion and
uses the antecedent-conseguent rules to work backward toward
the hypothesis-supporting facts, then such a system 1s called

backward chaining or goal driven.

The purpose ot reasoning and the shape of the search
space determines the method ot chaining. It the gosl 1s to
inter one particular fract, then backward chaining must be

used.

I 1 this study, ot the two 1nterence mechanisms ontly
torward cnaining 15 used since there 18 no need lo-geneistle
and test hypotheses. In this respect KBCs are rather simple

KBSs. The block diagram ot a RBC 1s shown in Fi1g.3.5.

Another and more i1mportant simplitication 1s due to
the tact that all chains ot reasconing are one 1nlerence long
tor the conclusion ot one rule can never participate 1in the

antecedent ot another because the observed and manipulated



varlables are ditterent.

control
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B
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FlWURE 3.5 The block diagram or RBC

Interence process starts with the determination o1
the degrees of membership or E and CE in the allowable tuzzy
sets. Unce these gquantized 1nputs are obtained they are
compared with each rule in turn. Each rule’'s degree o1
tultillment(«DOF) 185 determined using the equivaients o1 the
AND and UR operations on the tuzzy sets in the antecedent

which may be written as

DOF, = mintpg, tes, plg, tceiJ 1), ..,N (3.3

where E, is a term detined on the Error scale, CE, is a term
on the Change 1n Error scale both ot which are the terms in
the antecedent ot rule 1. DOF, 15 the calculated degree of
fultiliment ot rule 1. € and ce are the scaled measurements

on the Error and Change i1n Error scales. The total number ot



5q
rules is denoted by n. The DOF ot a rule 15 a real number 1n
the range [U,1). Ir DOF ©of a rule 1s greater than zero, then
that rule is triggered. Since fuzzy rules are not mutually
exciusive all triggered rules contribute to the tinat control
action. The consequents ot all the rules are combined using
the union operation of sets, thus producing a recommendation

retlecting the advice ot all the rules.

The ocutcome of this i1nterence process 18 a 1uzZZy sel
which 1n this torm cannot be used tor control. The tuzzy set
must be reduced to a single point using a process called

detuczzitaication.

Ut the several available methods, center ot gravity
method is the widely adopted one due to the tact thst tLhe

generated control actions are smoother.

L &, butr,
5’ = (S

L DUF,

where &’ 1s the recommended, detuzzitied control acltion, a1
1s a point on the linguistic scale ot action A, where LUF, 1s

eguivalent to pgtas. The other methods are the original one

used by MMamdani and coworkers and 1ts derivatives called the

mean ©! maxima or average of maxima methods'*! %2,
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IV, DEVELOPHMENT UOF THE CONTROLLER

4.1 knowledge Acquisition

The primary task in bullding & rule-based 1uzz, logic
controller 1§ acgulsition of the knowledge necessasy tor
torming the rules that make up the knowledge base. This 1s by
no means a simple task due to the ract that the set ot rules
have to be exhaustive., non-redundsant, and erroix anag contlict
tree. Such a rule base, 11n general! can be tormed 1teratively

and a2t the expense ot a number ot compromilses,.

The usual procedure 1n knowledge acquisition 1s based
on the cooperation ot the Knowledge engineer with an
1dentitied expert in the rield or concern. wenerally, the
expert is requested to supply the rules by describing 1n as
much detail as possible hissher actions and give reasons ror
them, and the Knowledge englineer tries to clarity vague and
contlicting issues by analyzing these statements, or the
expert’s pertormance is observed while hesshe 1s working on &
case with an already known set ot outcomes. The key concepts

are thus 1dentitied, and the rule base 18 generated

accordingly.

During the development or the controller i1n this work
a different approach necessitated by the lack ot
availability of an appropriate expert was taken. Namely that
the regulation function to be pertormed by this controller is
too tast a process to be expected from a human being and

current applications rely on known automatic control methods
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as described elsewhere 1n this study. Hence the only suitable

method for knowledge acquisition was numerical simujation.

The advantage or numerical simulstion arises 1rom the
tact that 1t aliows the user comptltete control on the process
that 1s simulated: 1t can be stopped at any time, every siep
can be reversed or changed, ana every concelvable control
action can be tested including those that s1e 1mpoussible 107
the process ang in the case orf a NFF woulid have catastrophic
consequences. Nevertheless. the results obtained can be at
most as accurate as the numerical model 1tselt which 1s the

method’s inherent weakness that should always be Kkept 1n

mind,
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The regulator development process started with
testing the accuracy of the model and its implementation and
comparing the solution method with other solutions®t'®>*2.193,
[t was found that within the restrictions allowed for while
conceiving the model, the accuracy of the numerical method
described in section 2.2 was equivalent to a fourth order
Runge-Kutta method‘®®’, Bulirsch and Stoer’s method‘®¢’,
LSTIFF‘®*!'’ and GENDY'®*7’ and it was considerably faster hence
better suited for simulations that are to be run on
microcomputers. Later, the response of the NPP to wvarious
inputs were investigated some of which are given in Figs.4.1-
4.4, These tests were made possible by the interactive

software developed specifically for this study that allows

the wuser to stop the simulation and observe each and all of
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the variables as time domain plots and thus provides the
information necessary tror torming the rules and making proper
selection ot the tuzzy variables. 1he programming langusge
chosen was Turbo Pascal 4.0‘%®’ for ease i1n programming and
ampie graphical capabilities which were essential tor
simulation. The sottware was i1mplemented on an I[Bri-compatible
Olivett1 M 24 FC with a & HHz U8 CFU and © HHL 8087 FPRU
with 640 KB kaM. However, the size or the EXE 1t1le 15 apout

B8U kB thus simulations can be perrormed on machines with a

smal ler kal capacity.

4.« Formation or the knowledge Base

The i1ntormation about plant behavior thus gathered
must be structured tor the tollowing reasons: tay to
determine the manipulated and controlled variables: ‘b to
deduce the linguistic labels that can be used to describe the
measured variables and determine the range ot each label
which will form the basis o1 tuzzy sets to be used: (c) to
determine the rules that will relate the linguistic labels to
specitic controi actions. As was mentioned 1n chapter . there
are two variables in the developed mathematical model o1 H.
_B.  Robinson that can be manipulated to apply the desired
control action: rod movement and steam tlow 1ate. However, as
the control rods are generally used tor power level change,
only steam tlow was manipulated tror power regulation in

accordance with previous work‘'°-*'%',

The measurable variables that are available to the

operator are power(neutron tluxJ), hot and cold leg primary
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water temperature, primary loop pressure, feedwater flow
rate, steam pressure, éore outlet temperature, steam
generator level, steam flow rate and rod position‘'?’., Of

these, power is the variable +to be controlled. During the
simulation runs it was seen that a sufficiently effective
manual control of NPP was possible by only acting on the
deviation of power from its steady state value, it was also
determined in this process that the rate and direction of the
deviation 1is also considered by the human controller. Based
on these observations and simulation runs it was decided to
choose power error(PE) corresponding to &P in the model and
change ‘in power error(CPE) which 1is actually the time
derivative of PE as the linguistic wvariables. This choice
also follows from the decision to make the rules as simple as
possible both for purposes of implementation and development

and hence more suitable for practical applications.

The allowable.range for power variation that can be
the subject of regulation was chosen to be +/- 6 percent
since the steady state operation point is full power with
only 8 percent overshoot allowed by the safety regulations.
The 2 percent margin was arbitrarily determined upon in order
not to challenge the safety system. In order to decrease
chattering a +/- 0.25 percent band was taken as the deadband
where no control action would be applied. The ranges thus
selected were spanned with a set of eight fuzzy sets each
comprising the range of values of the linguistic variable PE,
and another two set of seven fuzzy sets for CPE and change in

steam flow rate(CSFR). The fuzzy sets are "negative large",
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"negative medium”, "negative small™, "negative zero", "“zero",
"positive =zero", "positive large", "positive medium®, and
"positive small" (see Fig. 4.5 and lables 4.1 and 4..), ‘the
shapes or these tuzzy sets ang their parameters were adjusted

through the process ot calibrataing the controller.

I
0 50 X 100

FIGURE 4.5 Fuzzy Sets for "negative small®,

The conditional rules that were somehow
subconsciously applied by ”the ?gfﬁ?r 7qur1ngr FPﬁWiyanual
control trials were written down and i1nvestigated as to their
physical correctness and the rule base was tormed after an
iterative process in which new rules were added, previous
ones deleted or changes were made 1n the existing ones. This
process was by no means a trivial task since the manipulated

variable 1s one ot the secondary loop while the controlled
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variable 1s that ot the primary one. bue to the heat capacity
of the steam generators, any action in one otr the loops 1s
telt i1n the other atter & considerable time deilay thus
hindering the credit assignment to the appiied rules. It 1s
not easy to determine the ertectiveness ot the rules that
were used consecutively. Atter long and tedious simuiation
runs the tollowing twenty two rules were identitied. |t mus t
be added that making analogies with previous ftuzzy controller
applications sometimes gives a good set ot rules to start
with as was the case. All ot the following rules are based
on the inherent negative temperature teedback i1n FWE type
nuciear reactors: an 1ncrease in load decreases the
temperature in the primary loop which INCIreases pOwer and
each rule 1s an expert attempt at reverting the adverse
developments back to the operating level at an appiropriate
level.

Ir power erroi 1s negative big or negative medium and
change 1n power error 1s negative samall
then change i1n steam tlow rate 1s positive medium.
lf power error is negative small and
change In power error is positive small
then change 1n steam tlow rate i1s positive medium.
It power error s negative zero and

change i1n power error 1s positive big or positive medium
then change 1n steam flow rate 1s positive medium.

lt power error is negative zero and
change in power error is negative big or negative medium
then change in steam flow rate 1s negative medium.

It power error is negative zero or positive zero, and
change 1n power error 1s zeio
then change in steam tlow rate is zero.

It power error 1s positive zero, and
change 1n power error 1s negative big or negative medium
then change in steam tlow rate 1s positive medium.



It power error 1s positive zero, and
change 1n power error 1s positive big or positive medium
then change 1n steam 110w r&ate 15 negative medium,

It power error 1s positive small, and
change 1in power error 1s poesitive small o1 cero
then change 1n steam Tiow rate i1s negative medium,

It power error 1s positive bilg or positive medium, and
change 1n power errcr 1s negative small
then change 1n stesm 1i0w rate 1s negative medium.

It power error 1s negative small, and
change in powel ericr 1s zero
then change 1n steam Ilow rate 1s positive medium.

It power error 1s positive medium or positive big, and
change 1n power error 1s zero or positive small
then change 1n steam 1low rate 1s negative big.

If power error 1s negative big or negative medium, and
change 1n power error i1s zero or positive smalil
then change in steam rlow rate 1s positive baig.

It power error 1s negative big or negative medium, and
change 1n power error is positive big
then change 1n steam tlow rate 1s positive big.

It power error 1s positive big or positive medium, and
change 1h power error 1s positive big
then change in steam rlow rate i1s negative big.

It power error 1s negative small, and
change 1n power error 1s positive big or positive medium
then change 1n steam flow rate 1s positive big.

lt power error 1s positive small, and
change in power error 15 pesitive medium or positive big
then change 1n steam tlow rate 1s negative big.

It power error 1s positive small, and
change in power error 1s positive medium or positive big
then change in steam tiow rate 1s negative big. .

[f power error is negative small, and
change in power error 1s negative big or negative medium
then change 1n steam flow rate is negative small.

1t power error is positive small, and
change in power error 1s negative big or negative medium
then change in steam flow rate 1s positive smalli.

It power error 1s negative smatl, and
change 1n power error 1s negative small
then change in steam tlow rate 1s zero.

[ad]
w



lt power error 1s negative zero, and

change In power error 1s negative small
then change 1n steam tlow rate 1s negative small.
it power error 1s positive zero, and

change 1n power €rror 1s negative small
then change 1n steam Ilow rate 1s positive saall,
1 power error 1is positive small, and

change 1n power €rror 1s negative small
then change i1n steam tlow rate 1s zero.

The most 1mportant tactor that must be kept 11 mind

1s the completeness ot the rule base. This arises trom the
jimited nature ot the allowable ang conceivablie test cases.

Unanticipated transients can be overlooked and 1t 1s not

possibie to guarantee the exhaustiveness or the rules.

4,3 knowledge kepresentation

IThe rules thus selected must be expressed 1n a form
suitabie tor digital processing. lnitially lurbeo Fiolog'®®’
was chosen as the programming ianguage tor knowledge
representation since knowiedge representation and 1nlerencing
can be done separately. But this approach was later abandoned
tor the tfollowing reasons:la) the regulred inlterencing
mechanism 1is forward chaining whilie that ot Prolog 18
essentially backward chaining and this would necessitate
special programming in violation ot the separability ot
representation and inferencingj tb} the controller tests
require numerical simulation, however Prolog is not suited to
numerical calculations and thus interfacing to another
language such as € is necessary, which is generally an

awkward process with many pitfalls and which also wmeans

recoding the numerical simulation software which was already
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coded in TURBO PASCAL 4.0 since it is not possible to
interface Turbo Prolog to Turbo Pascal; (c) execution of a
compiled Prolog program is essentially slower while
regulation requires faster than one second responses and also
the number of test cases that must be run which are necessary
for forming the rule base dictates a fast response; (d) the
necessary forward chaining inferencing 1is essentially simple
because any or all rules may be fired at the same time
without resorting to any additional conflict resolution
strategy. This approach is in line with the general trend in
the industrial Al applications where there is an increasing
use of more conventional languages such as C and Pascal‘®®’,

There are also efforts to prepare methods for converting Al

programs to C‘3%’,

DOF[81:=f_AND(power_error_positive_small,
f_OR(change_in_power_error_positive_small,
change_in_power_error_zero));

ACTIONIB8):= change_in_steam_flow_rate_negative_medium(DOF(81);
FIGURE 4.6 A sample rule coded in Pascal.

A sample rule which 1is coded in Pascal is given in
FigfffS' nge f_ANpgf) and f_OR(.) are the fuzzy AND and
fuzzy OR operators implemented as functions while the
assignment "DOF(l:=" is the antecedent and "ACTIONL]l:=" |is
the consequent parts of each rule respectively and
"power_error_positive_small®™ etc. are the fuzzy sets given in

functional forms(see Tables 4.1 and 4.2).
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TABLE 4.1 Broken-Line Fuzzy Subsets Used in this Study.
Subset Range DoF Subset Range DOF
Pover Error [M¥] :
positive zere 0.0 € x (5.5 1.0 negative zera -5.5<(x <0 1.0
5.5 Cx (44 1.1 - x/55 -4 ( x € -5.5 1.1+ x/55
44 < x (66 0.9 - 3x/220 -66 ¢ x € -44 0.9 + 3x/220
otherwise 0.0 otherwise 0.0
Change in Power Error(CPE) [MW/s] :
zero 0.0<x<22 1.0 - 3x/220
22 Sy (44 1.4 - 15§
44 < x <66 0.9 - 3x1/220
-22 ¢x$90 1.0 + 3x/220
-44 (x € -22 1.1+ /55
-66 (x < -44 0.9 + 3x/220
otherwise 0.0
Power Error [Md] and Change in Power Error{(CPE) {MW/s} :
positive small 0.0 < x* (5.5 3x/55 negative small -5.5 (x <0 3x/55
55<x (22 1/6 + 4x/165 -22 ( x € -5.5 1/6 - 4x/165
2 Sx (44 0.4 + 317220 -44 ( x £ -22 0.4 - 3x/220
4 < x (66 1.6 - 3x/220 -66 ¢ x € -44 1.6 + 3x/220
66 < x (88 1.9 - /55 -88 < x € -66 1.8 + x/58
88 <x (110 1.5 - 32/220 -110¢ x < -88 1.5 + 3x/220
othervise 0.0 othervise 0.0
positive mediva 22 < x ( 44 -0.3 + 32/220 negative medius -44 ¢ x € -22  -0.3 - 3x/220
44 < x (66 -0.5 + x/55 -66 ( x € -4  -0.5 - x/55
66 < x (88 -0.2 + 3x/220 -88 ¢ x £ -66  -0.2 - 3x/220
88 <x (110 2.2 - 3x/220 -110 < x £ -68 2.2 + 3x/220
110 € x ¢ 132 2.7 - x/55 -132 ¢ x $ -110 2.7+ x/55
132 < x € 154 2.1 - 3x/220 -154 (¥ € -132 2.1 + 3x/220
othervise 0.0 otherwise 0.0
positive big 66 <x (88 -0.9 + 3x/220 negative big -44 ¢ x £-22 -0.3 - 3x/220
88 €x <110 -1.3+¢ x/55 -66 ( x € -4 -0.5 - /55
110 €x (132 -0.8+ x/220 -88 ¢ x £ -66  -0.2 - 3x/220
132 < 1.0 -110 ( x £ -8 2.2 + /220
othervise 0.0 otherwise 0.0
Change in Steas Flow Rate
positive small 0 < x (16 x/16 negative small -16 Cx €0 -x/16
otherwise 0 otherwise 0
positive mediuz 16 < x (32 -1 + /16 negative medivm -32 ( x £ -16 -1 - x/16
othervise 0 othervise 0
positive big 32 £x (4B -2 + x/16 negative big -48 (x € -32 -2 - /18
zero Vx 0
*x is either PE or CPE.



TABLE 4.2 S-Shaped Fuzzy Sets Used in this Study.

Subset Range DOF Subset Range DOF
Power Error [M¥W] :
positive zero <90 0 negative zero 0 ( x 0
0 <x (55 1 5.5 (x¢0 1
otherwise  (14(2/55(x-5.5))%)"! otherwise  (1+(-2/55(x+5.5))%)"!

Change in Power Error(CPE) [Mi/s) :
zero Vx (1+(x/33)*)°?

Power Error [MW] and Change in Power Error(CPE) {MW/s] :

positive saall * €55 0 negative small -5.5 € x -0
othervise  (1+(-4/121(x-24))*)"" otherwise  (1+(4/121¢x+44))")""

positive medium r€£55 0 negative medium -5.5¢ x 0
otherwise (14(-1/33¢x-881)%)"" otherwise  (1+#(1/33(x4B80)%)""

positive big x$55 0 negative big -5.5¢<«x 0
5.5 ¢ ¥ $ 132 (1+(-1/33x-1320)H)°! -132 € x < -5.5 (1#(1/33(x-1320)")"!

132 <x i x £ -132 1

* ¥ is either PE or CPE.

The initial functional representation for fuzzy sets
were obtained by dividing the allowable positive and negative
ranges into intervals of 2 percent of power where _small,
_medium and _large fuzzy sets have maximum membership values
at +/- 2, 4 and 6 percent of power and adjustments were made
to the membership values of intermediate values. It must be
stressed here that the selection of these functions and
ranges are highly arbitrary. The fiﬁé] fuzzy sets decided

upon after test runs are of the broken-line type.
4.4 Inferencing

The next step is the generation of +the controller
action which requires the application of an inferencing

mechanism to combine the rules. The selected process is as
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follows: At every sampling interval for which a suboptimal
value is determined as explained below S§P (PE) and 1its rate
of change(CPE) is calculated which 1is actually a simulation
of the sensor input. Later the degrees of membership of PE
and CPE in every labeled group 1is determined since a
calculated value of PE and CPE can be a member of more than
one fuzzy set. The degree of fulfillment (DOF) of each and
every rule 1is calculated as in the code piece given in
Fig.4.6. Using DOF the ACTION of each rule is calculated from
the corresponding fuzzy set for CSFR given in the consequent
part of the rule. The final control action is calculated by
weighing ACTION of each rule by its DOF as given in Eqg.(3.4).
For example, let us assume that we measure PE to be 38.5 MW
(% 1.8 FP) and calculate CPE to be -36.72 MW/s we proceed as
follows, the degree of fulfillment of the fuzzy sets are
calculated. PE is therefore classified as "positive =zero" to
degree 0.382, "positive small” to degree 0.938, and "positive
medium" to degree 0.239. CPE is "zero" to degree 0.432,
"negative small"™ to degree 0.901, "negative medium™ to degree
0.201. Degrees of membership of all other sets are zero.
Using these values all the antecedents of +the rules are
calculated. For example, rule 6 states that "If power error
is positive zero, and change in power error is negative
big or negative medium then change in steam flow rate |is
positive medium." Applying the OR operation to "negative big"
and "negative medium"™ for CPE gives us the wunion of these
sets which is the maximum of +the degrees of membership, i.e,

0.201. Since the clauses for PE and CPE are connected by AND,
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the intersection of these or the minimum of the degrees of
membership must be calculated which is 0.201 for 0.382 is
greater. Therefore the DOF of rule #6 is 0.201. The
recommended action by this rule is in this case CSFR so as to
obtain "positive medium®™ to degree 0.201. Using the inverse
function we calculate the change iIin steam flow rate that
satisfies this condition as 19.21 1lb/s (8.72 kg/s). Repeating
this process for all the rules we find that only rules 5, 6,
8, 9, 11, 18, 21, and 22 have DOFs greater than O which are
0.382, 0.201i, 0.432, 0.239, 0.239, 0.201, 0.382, and 0.901
respectively. The recommended changes in steam flow rate by
these rules are similarly calculated by wusing the inverse
functions of the fuzzy set descriptions for CSFR to be found
as O, 19.21, -22.92, -18.82, -35.82, 3.24{, 6.11, and O
respectively. The net control action 1is <calculated by
weighing the action of each rule by its DOF. Thus, using

Eq. (5.4),

CFSR®" =[(0.382)(0.0)+(0.201)(19.21)+(0.432)(-22.82)
+(0.239)(-19.82)+(0.238)(-35.82)+(0.201)(3.21>

+(0.382)(6.11)+(0.801)(0.0>1
~-[0.382+0.201+0.432+0,239+0.239+0.201+0.382+0.98011]

= -5.50
is obtained. Therefore there has to be a decrease in steam
flow rate by 5.50 1b/s (2.50 kg/s). It is evident that this
represents a compromise between differing rules. This process
is repeated until a given criterion is satisfied which is
generally the time at which a given number of consecutive
readings of a selected variable 1is less than a prescribed

value. In this work PE was the selected variable.
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4.5 Testing of the Controller

As mentioned before the only presently known method
to determine and improve the performance of a RBC is testing
and simulation. It was decided to compare the performance of
RBC with an optimal controller also developed for the H. B.
Robinson‘'?) plant, however in the past RBC’s were compared
with PID controllers‘'’*®**’ ., The selected test case is an
initial impulse disturbance of §&§T, (0)=2 F (1.1 C) reported
in previous work‘''?’'(see Figs. 4.7-4.10) where the 14-

variable model is used.

— RBC
—=-0C

Deviation in the Reactor Power (MW)

—70 | | |
0 10 20 30
Time (sec)

FIGURE 4.7 Comparison of the response &P for a 2 F
disturbance in §£T,, (0) for the optimal
controller(0C)>**?’ and the rule-based controllier

(RBC).
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Comparison of the response §£T, for a 2 F
disturbance in §T, . (0) for the optimal
controller(0C)‘*?*’ and the rule-based controller

(RBC).
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Comparison of the response SP, for a 2 F
disturbance in §T. ,(0) for the optimal

controller(DC)‘'?*’ and the rule-based controller
(RBC).
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FIGURE 4.10 Comparison of the response &T,, for a 2 F
disturbance in 8T, , (0} for the optimal
controller(DC)**?®*’ and the rule-based controller

(RBC).

4.5.1. Performance [ndex

The criterion that is to be wused for comparing the
performance of both the optimal and RBC and the wvarious
implementations of RBC is selected as ITAE(integral of time
multipiied by absolute error) since the initial large error

is not heavily weighted, whereas +the errors that persist are

more heavily weighted®'®’:

®
Pl = f t.}PE, dt (4.1)

0
which is numerically approximated in this study as:

Pl = =X t |PE| 4Lt 4.2)
3
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Initially, an ISE(integral of square of error) type

criterion was considered

©

Pl = J (PE)?* dt (4.3)

0

but it was found to be not sufficiently discriminating and

this approach was later abandoned.
4,.5.2 Determination of the Control Interval

The control interval in general is a compromise among
the following rates at which: the control action is
calculated, it 1is expected to be effective, and the
measurements can be conducted. Some of these factors are
dependent on the implementation and performance of the actual
sensors and actuators which are velocity limited. In this
study, the ideal case for both 1is considered, i.e., the
responses are instantaneous since this is also the case for
the optimal controller. This idealization does not hamper the

_worth of the RBC to the same extent as it does in the case of
the optimal controller whose actual implementation will be
radically different from the ideal case where additional
equipment such as observers for nonmeasurable states, etc.

are necessary.

The results of the simulation for different values of

control intervals are shown in Fig.4.11.
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FIGURE 4.11 Variation of Pl with control interval.

It is evident from Fig.4.11 that the minimum value of

Pl lies in the vicinity of

explained as follows: for very

control action due to

effective, but as the control

due to time delay, the

t=0.5. This behavior can be

short control intervals the

time delay has less time to become

interval is increased, again

nature of the transient changes faster

than the control action c¢can accommodate. However, it is

apparent that there
controller response.
type the practical

interval.

is not a

Therefore,

marked degradation in the

in implementing a RBC of this

necessities will determine the control
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4.5.3 Gain calibration of the controller

The gain calibration is important for the RBC as with
all other controllers since it will have a marked effect on
the overshoot, oscillation and steady state error
characteristics of the controller. The process is as follows.
After determining the suboptimal control interval, repeated
simulations are performed for different values o0of control
gain and a calibration curve as in Fig.4.12 is obtained, the
gain where Pl takes its minimum value is selected.

400 —

390 —

Performance [ndex
& W O
> J o™
o o o
] | L

350 T | T T l | |
5 6 7 8 9 10 11 12

Gain
FIGURE 4.12 Controller gain calibration curve.

4.5.4 Determination of the Effect of Measurement Noise

The success of the actual implementation of any
controller dépends on the dynamical performance. of the
sensors that supply the necessary feedback information.
Unfortunately, most of the +time, either the sensors fail or
their signal 1is smeared with noise. The controller is

expected to perform even under these degraded conditions or
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at least degrade gracefully without causing dangerous
oscillatory or divergent behavior in the system. In order to
investigate the behavior of RBC under noisy conditions the

following noise model is used‘®!’:

P, ()=8P(t)[1 + b.r(t)) (4.4)

where §P,(t) is the variation in power with noise, 8SP(t) the
true variation in power, b half-width of noise band, r(t)
random number between -1 and 1. The result of the simulations
are shown in Fig.4.13 . Apparently, RBC is extremely robust
under such conditions, the degradation in its performance is
negligible.

360 —

Performance Index
[}
(5,]
(3,
|

350 T T T T T T T T
C.00 0.05 0.10

holf—width of noise band

FIGURE 4.13 Effect of noise on controller performance.

4.5.5 Effect of the Variation in Reactor Parameters

Generally it 1is assumed that the process to be
controlled is time invariant. Although this assumption |is
valid during the interval the controller is effective, this
is not the case for the life time of the plant where drifts

or changes will occur in the process parameters thus



77
decreasing the validity of the model. This is generally
compensated for by tuning the controllers, as this effect

becomes noticeable.

In the case of an NPP with a PWR core, with burnup,
the moderator coefficient of reactivity becomes more negative
primarily as a result of boric acid dilution but also to a
significant extent from the effects of the buildup of

te2)  |In this work a moderator

plutonium and fission products
temperature coefficient of reactivity parameter variation of
2% from its nominal value is considered‘''®’. The results ot
the simulation runs are presented in Figs. 4.14 - 4.17 . The
variation in performance 1is almost unnoticeable as is
reflected in the small variation in Pl which is 360.52 for

the case of off-nominal operation while that of nominal is

357.7.
10—

|
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FIGURE 4.14 [EResponse &P for a 2 F disturbance in &T ., (0) for
the case of 2 percent variation in «..
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Deviation in the Fuel Temperature (F)
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FIGURE 4.15 Response &T, for a 2 F disturbance in §T_, (0) for
the case of 2 percent variation in «..
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FIGURE 4.16 Response &P, for a 2 F disturbance in &T_,(0) fas
the case of 2 percent variation in «..
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V. DISCUSSION AND CONCLUSIONS

Although the analogue controllers in existing NPPs
are satisfactory for base load operations, the power plants
where digital control is applied, especially CANDU type
plants have outstanding operational records. The reliability
and strength of digital control techniques become clearer
when it is recalled that complicated continuous fuel
management schemes are alsoc handled by these technigues in
the case of CANDU type reactors. Recently, the nuclear
industry has begun to replace analog equipment to benefit
from the flexibility and fault tolerance of digital systems
in dealing with the problems of equipment obsolescence, low
reliability as well as for reductions in scram frequency‘®®’.
However, in most of the cases the initial steps are rather
conservative, beginning with an emulation of the original
analog control strategies. This reluctance is mainly due to a

desire to avoid extensive retraining of operators, and major

layout changes.

In any case, the control strategies are designed
using the gna}y@ical approaches ot classical and modern
control theory. However, the implementations of the designed
controllers have no such mathematically sound basis and is in
general governed by heuristics. In the case of complex
nonlinear processes where no adequate models are available,
the analytical approach fails whereas experienced opsrators

are able to control such processes efficiently. Inspired from

this success, knowledge-based controllers for such processes



81
were conceived. This was made possible by the developments in
Al such as the kno@ledge representation techniques and in
particular by the ability to represent vagueness in human

thinking using fuzzy sets which is essential to this success.

In this work a rule-based fuzzy logic controller was
developed for a validated model of PWR type H.B. Robinson
nuclear power plant and its performance is compared with that
of an analytical controller. The main design criteria were

simplicity, ease of implementation and robustness.

Although, the usual approach in developing such a
knowledge-based controller starts with knowledge acquisition
through interaction with an identified expert in the field,
in this work knowledge acquisition was accomplished through
numerical simulation, analogy with similar systems and an
examination of the mathematical model of the power plant.
This somewhat inferior technique is necessitated by the lack
of an appropriate human expert because +the time scales
involved in the implementation of the controller are far
beyond the limits of human response based on observation.
Such a knowledge acquisition process, though long and tedious
with inherent pitfalls, proved to be successful and can be
resorted to in similar cases. The knowledge thus acquired is
represented as production rules that are expressed in terms
of two linguistic variables which are the deviation of power
from its steady state value and its time rate of change whose
values can be represented by using the fuzzy sets such as

"negative small"™, "positive big", etc.
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The structure of the controller is determined by its

rule base whereas its performance can be tuned by adjusting
the fuzzy sets. There are different functional forms for the
fuzzy sets that can be used for this purpose. In this work
two of them, the broken-line and the s~shaped fuzzy sets were
considered. After tests, the broken-line fuzzy set was
decided wupon, which can easily be modified and is
computationally inexpensive. The persistent residual behavior
of the s-shaped fuzzy sets in the neighborhood of 0O degree of
membership is one of the fundamental factors that influence

the tuning process and is intuitively hard to account for.

Instead of an Al programming language such as PROLOG
which was initially considered, the rule-base and the
inferencing scheme was coded in PASCAL mainly due to problems
in interfacing to simulation software. Although, in this case
changes in rules requires some major changes in coding, the
final impiementation is considerably faster, this is also
facilitated by the fact that inferencing is data driven or
forward chaining only. This will help in actual
implementations, for the control interval in this work |is

less than a second, and the decision process _must _take

considerably less time.

"A  performance index was used in order to compare
different controllers and the different implementations of
rule-based controllers alike. 0f the two indices considered,
the ITAE(integral of time multiplied with absolute éerror)

type was found to be more discriminating than the
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ISE(integral of square of error) type. This is mainly due to
the considerable time delay between the manipulated and the
controlled variable which reside in the secondary and primary
loops respectively. The ISE type punishes the initial errors
severely, where the possible latter fluctuations are shadowed

by this effect.

The control interval was determined through
calibration process at the end of which the value giving the
minimum performance index was taken. Time delay was observed

to be the main factor influencing the control interval.

It was alsoc possible to tune +the gain of the
controller by varying the gain, constructing a calibration
curve and taking the value corresponding to the minimum value
of the performance index. It was noted that this process
requires almost no iteration, because interaction of the gain
and control interval was weak for the range of values

considered.

The performance of the developed controller was

t12) for the case of a

compared to that of optimal controller
§T, » (0)=2 F. The performance index of the optimal controller
is 474.24 while that of rule-based controller turns out to
be 353.80. An examination of Fig.4.7 reveals that the
overshoot of the rule-based controller is about 2 MW less
than that of optimal controller which is a considerable
amount. Also from Fig.4.9, the decrease in steam pressure is

less. In these respects, it can be concluded that the

performance of rule-based controller is better than that of
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optimal controller. The reason for this is as stated by
Kiszka et al‘®?’ : ™ the linguistic algorithm of control
comprises all 'metaphysical' skills of the operator, such as
intuition, experience, intelligence and so on, which cannot

be dealt with by modern mathematics."

Also investigated were the behavior of the rule-based
controller wunder noisy operation conditions and drift in
process variables. Using the noise model of MacDonald et
al‘®'’ it was observed that up to 10 percent noise the effect
is negligible. For the case of 2 percent variation in
moderator temperature reactivity coefficient‘*®’ the
degradation is also negligible. Thus it can be concluded that
rule-based controller 1is robust which is an extremely

important asset for nuclear power plant operation.

In summary, a robust, simple and easily
understandable knowledge-based regulator for a PWR type
nuclear pbwer plant has been developed thus showing that (a)
simulation can be used for knowledge acquisition; (b) rule-
based controllers can succesfully be applied to well

characterized processes to compete with analytical

controllers.

For further work, besides generalization of the
present linear system model to a nonlinear one with the
intention of full range control, the development of a more
realistic controller whose representation includes the sensor
and actuator dynamics can be considered. In order to ease the

knowledge acquisition process and to build a more
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comprehensive rule-base the conception of a controller with a
learning capability is a necessity. The next step can be a
multivariable controller which will encompass all of the
control loops and that will lead the way to fully automated
nuclear power plants. Each and all of these possible
developments do not seem to be daunting tasks, however the
power plant data necessary for implementation is either

presently or widely not available in a self consistent form.
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{&B+T {Bonlean complete evaluation oni
{$5-3 {Stack checking onl
{gi+3 {170 checking onz
LER+ {numeric coprocessors
(M 653000, 16384, 65535600
{ER—3
program EnowledoelBssedPWRControlliers
{Uses steam tlow rate for control, broken line Tuzzy setsd
Uses
Crt,
Pos,
Graph,Grefikibraws the curvess;
const
n=14;
cont=Z;

1a=10;
io=27%3

ipmax=500;

type
real=extended:
strngB=stringlB8l;
strnobO=stringlS0l;
arrk=arrayll..nl of real;
arrkk=arrayll..ng,l..nl of reals

var
vil.month,gun,hafgun,saat,dakika,sanive,saliseiwords
commentrstringl3ols
chelhars

okcomment,dtchanged, break,oldu, time, inttconds. inttplots, simul
tbooleany

lsav, Iprt, Icont,ContB8tep,step, ip, iy, NPi. i, J.NEr,nppsinteger;

SFRmult,.deltaT, I8E, ITRAE,,period, dtdisev,diprev, . tman. Grevio: b
ecl;
nam: arravil..nl of strngbs
namesarrayll..iad of strogd
namusarrayli..contl of strn
titlesstringlBOG1s
np:arrayii..nl of integer;
yzsarrayll..iol of realj
pdrawsarrayfl..ia,l..ipmaxd of realj
fmin, fmaxzarraylli..ial of reals
f.ysYisyvin,integ:arrks
expa, intexpararrkhk;
wsarrayli..contl of real;
chosentarrayli..nl of booleany
outfilstexts

al=H

procedure Reversetexts
begin
textcolor (G
textbackground (15) 3



ends;

procedure NormalTeuxst:
begin
textcolor(iS) s
textbackgroundg (G
ends

procedure reversein,yyintegerijmessistrngso);

begin
gotoxy (R.v) s
reversetextiwritelnimess: Z0) snormaltext:
aends

procedure normal (v.y:integerymessistrnoSo) g
begin

gotoxy (. v

normaltextiwritelnimess: 300 ¢
ends

procedure beeps;

begin
sound (5007 3
daelay (400) 3
nosounds

ends

procedure InithNames:
begin
{¥¥%#¥% system varisbles ®x#Ex)
namllls=" (ks
naml&de
namL=1:
nami47s
namlSle=
namlé&l:
naml77e
naml&8l:
namEFlr="
namC10d: H
namlfiids=" H
namliZhr="—EL£Top{t: 3
naml13de=" £Tcl it} "3
namlfid4ls=" ETip(t) 3
e
H
3
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1%%%¥ control variables #%%x#)
namullls=" Vrodi{ti’
namulZl:=" EWsoc{(t}’

ends

Function Getkeyivar Functionkey: Booleanl: charg
var ch: charg
BEGIN
ch:=readkey;
IT (Ch = #0) Then { it must be a function key
BEGIN
chi=readkey;
Functionkey := true:

3.

&



END
else Functionkey =
Getkey 1= Chy
ENDs
procedure InitFiles
begin
endsy
procedure Initconds
const
maxlin=cont;
Va

chizcharyg

i, line,prevliine: integsr;

procedure reversebis, yv:
begin
gotoxy (. v1)s

reversetextiwritelnimess:g, =

end:

procedure normal8(x,v:
begin
gotoxy{xyy¥ls

normaltextiwritelnimess:8, =

end;

begin
lines=lspreviine:=man
reverssi11,1, "

integersmesszstrn

CONTROL

integerimess:strngbva

Tyvaluelinor

]
13
X
s

B

fin}

Tavaluel

ling
VARIABLES INITIAL

reverseB (1,5, namal 11, ul13;

for i:=2 to maxlin do
normalB(l,2¥xi+l,neamulil, ulildis;
repeat
repeat
chr:=readkey:
it (ch #27) and (oh #12) and (ch
chr:=readiesyv:
until eh in [HIZ HET,HT2, #8073,
previine:r=lines
case ch of
~ #13:begin o ) o
gotoxytl,15);
wiriteln{ Flease enter new

;namullinel);
readlin{ulli

nell:

1§
Bames
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i
LE ]
T
g
i
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se

maltenxts

1ZATION FENL

thien

=HO)

valilue

reverseB(l,2%linet+l,namullinel,ullinel);
gotoxy(l,13rsclvreonls
gotoxytlyle)sclreols

end:

#72: begin

line:=line—-13

it line

1 then

line:s=maxling

k|

Tor
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normal8(l, Zepreviinetl,namulpreviinel,ulpreviinel:;
reverseb(l,zZ«#linetl,namullinel,ullinels;
end:
#80G: begin
lines=line+1ly
it line » maxlin then
lines=1:

normal il Z¥previinetl.namuiprevlineliulpreviinelr;
reversebBiil,S¢linetl.namullinel,ullineds;
ends
ends

until (ch=#Z7);

ClrBor;

initconds:=true;
ends

procedure Controls
var

izintegsrs

procedure FuzzyControliers

const
numrules=EEs
var

irintegers

DOF,ACTION: arrayvll. .numrules] ot reals

FE, CFE ., sumfChOF , sumDOF

powatr _error _positive_big,power_error_positive_mediilm,
powet_error _negative_zero, pOWer_error_positive_IZero,
power_error_negative_small,powser_error_negative__mediumb,
pomer ereor negstive hilog, powetr _error_positive_small,

change_in_power_error_negative_small,change__in_power _error_[po
sitive_smalil,
change_in_power_error_positive_biag,

change_in_power_ervotr_negstive_big.,change_in_power _error_posid
tive_medium,

change_in_power_ertor_negative_medium, change_1Nn_power _grror_z
erarreals
function f_AND(ri,rZireallireals
begin
1f ri < ri then
T_AND:=r1
else
f_AND:=rZ
ends

function f_OR(rl,erZireallzreals

begin
if rl > rZ then
f_DRe=ri
else

f_DORe=pri



ends

procesure CalculatefFuzzvbets;

furnction psiFErreaslssreals
begin
1T (FE V.Y o (FE = &56.01 then
e =i,

FE »= 0,0 anda (FE < S.5) then

(FE »= 5.5 ang (FE + 44.0) then
priTi.i-FE/SS.0

eles
17 WFE s= 4400 ang (FE <+ oe.ws then

Pre=0. Y- 0FE/ZRO, Oy
ends

function psiFErreallireals
begin
it (PE < 0.0 or (FPE »= 110.07 then

else
it (FE = 0.0 and ((FE < 5.5 then
pei=l¥FE/ 5.0
sles
if (FE = 5.5) and (FPE « ZZ.0}) then
psr=1.0/6.0+4,  O2FE/1&5. 0
el=e
if (PE = 2200 and (PR 44007 then
ps:=0.4+5, QFFE/ 220, 0
glse
it (FE »= 44,0 and (FE +« &6.0) then
per=1l.0-3.0%FE/ 2200
elee
it (FE = &£&.0) and (FE < BB.O! then
ps:=1l.%-FE/SS. G
elee
it (FE = BE.O) and (FE <110.0) then
ps:=1.9-2,. 0%FE/ 220, 0
ends; a N

function pmiPE:real):ireals
begin
it (PE < 22.0) or (FE »>= 1594,0) then
pme=0,.0
else
if (FE = 22.¢) and (FE < 44.0) then
pme=—0,Z+Z, OFPE/220.0
else
1T (PE »= 44.,0) and (FPE < 6&.0) then
pm:=—0,3+FE/S5. 0
else
if (FE »= &&.0) and (FE < 88.0) then
pms=—0, 243 OXFE/ 220, 0



(FE »= 12Z.0) and

end;

function pbFE:realisreal;s

begin
if (FE . oo

phe=o0. 0

else

if

then

(FE = &&.0) and (FE < 8. 0!
phe=—0, +32, 0%FE/ 22000
else
if SR E)]

(FE = BE.O0} and (FE
phr=—1.32+FESS5.0
else

1T (FE »= 11i0.0) and (FE
phe=—0, 843, O%FPE/Z20.0

else
it

22007

iFE »=
phr=1.03%

then
endy
nziFEerealls

function

~&&. )

it (FE ol oy AFE L=
nze=0, 0
else
i (FE == Q.03 and (FE > ~5.5)
nzs=1.0C
elce
it (FE 4= =B,.5@ and (FE
ror=1. i4+FE/SE. O

1T (FE u= —-44.0) ang (FE
nze =0, 9+Ec0sPE/ Z20, 0y
ends:

function nsifFE:real)ireals

begin
1if (FPE (FE «<= —110.0)
ner=0.0

else

1T

Q.0) or

(FPE <= O.0) and (FE » -5.5397

nst=—I¥FE/S5, O
else
it

(PE <= -5.5) and =
ns:=1.0/6.0-4.0=FE/165.0

elees
it (FE <= —-2Z.¢) and (FPE

11o.0)

— i, )

b L)

(FE » -2Z.07

~4d . ()

Tiw. 0

(FE -« 135,00

(FPE «~1i54.07)

then

then

122,07 then

then

then

then

then

then

then

then

then

then

then



5 =0 4T URPESZ20. O

(FE «= -44.Q) and (FE » —&&.0r then
ne:=l.o0+5. O0¥FE/ 2200
elee

11t (FPE <= —-6&6.0! and (FE » —-88.0: then
is:=1,.5+FE/S5. 0

-

=
=3

T (F = —-BE.Q) and (FE - ~1lu.u) then
nS:=1.5+0, OsFE/ 220, O

=

Pt
il

m

ends

Tunction nmFE:realiireal:
begin
17 FE » —2EL0Y or (FE iz —154.03 then
nme =0, O
else
it (FE <= -ZZ.0) and (FE » —-44.0Q) then
nm:=—0, 33, 0xFE/220.0
elsa
iT (FE 2= —-44.0) and (FE » ~64.0) then
nme=—Q, S~FE/S5. 0
elee
it (FE <= —-&&.0) and (FE » —88&.0) then
nme=—Q, 23, O$PE/ 220, 0
else
it (FE
Mme =i,
else
i7T (PE == —110.0) and (FE » —-1322.0) then

1=, FHPE/SEL O

= —88.0) and (FE » —-i10.0) then
ZHELOERFES 22000

:1
=

T

el
i

—h

(FE «= —~12Z.0) and (FE > —-1%4.0r then
MM =c. 1+3. ORFES 220,02
ends

Tunction nb(FE:ireallireals
begin
FE » —&&.0) then

(=]
T FE i’*“‘b.ﬁ) and {FE +» —-BE.u) then
nbe=—0, %5, QxFE/ 220, 0

ifT (FE <= —-88.0) and (FE > —110.2) then
nb:=—1.3-FE/S55.0
else
if (FPE <= —110.0) and (FE > —13Z2.0) then
nbe=—0,.8-3Z.0%#FE/220.0
else
if (FE €= -132.0) then
nb:=1.0
ends

function cpez:real
begirn

3



it (CFE <= —66.0) or {(CFPE »= &&.0) then
cpes:=Q,.0

elee
1T (CFE »= $,0!) and (CPE « ZX.ur then
cpes:=1.0-3. 0%CPE/ 2200
elee
17 ({CFE = 2Z.0) and (CFE « 44.0) then
cpezi=1.1-CPRE/ASES. O
else
it (CFE = 44,0 anag (LCFE < &&.9) then
Cpez:=0.5-3,0%PE/220, 0
else
1 (CFE == Q.0) and (CFE » —22.0) then
cperi=l.Q+5, Q¥lFE/ 22000
else
it (CFE = -ZZ.ur and (CFE > ~44.uv) then
cpez:=i.1+CPE/SE.0
else
it (CPE <= —-44,.0) and (CFE & —&&8.0) then
cpes: =0, F+3. O¥FE/ 220, Of
erids
begin

FEs=yL11g

CPREs={(yL1lJ—prevps/dt;
power_srror_positive_bigi=pb(FE);
power_error_positive_medium:=pmiFE) s
power_error_negative_ zero:=nz {FE)
power_error_positive cseror=pz(FE)
power_error_negative_smalli=ns(FE)g
power_error_negative medium:=nmFEd g
power_etrror_negative_big:=nkb (FE g
povwer_error_positive_smalli=ps(FEij
change_in_power_error_negative_smalli=ns (LFE)
change_in_powesr_error_positive_smalli=ps(CFE)
change_in_power _error_positive_bigs=pb(CFE);
change_in_power_error_negative_big:=nb (CFE};
change_in_power_error_positive_medium:=pm(CFEs
change_in_power_error_negative_mediuwm: =nm (CFE:
change_in_power_error_erciTCopes;

TR L]

e ae

ends

function steam_Tflow_rate_negative_big(DOF:ireallireals
begin

steam_flow_rate_negative_big:=5FRmul t* (—4-2#DOF)
ends

function steam_Tlow_rate_negative_medium(DOF:reall:ireal;
begin

steam_flow_rate_negative_medium:=5FRmult* (-2-2%D0OF}
ends

function steam_flow_rate_negative_small(DOF:reallireals;
begin

steam_flow_rate_negative_small:=5FRmults (—-2%D0OF)
end;
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functiorn steam_flow_rate_zero:treal;
begin

steam_Tlow_rate_reyro:=0.0;
end:

tfunction steam_Tlow_rate_positive_small (DOF:irealiireals
begin

steam_Tflow_trate_positive_small:=5FiRmul t# v oxldb:
end;

function steam_Tlow_rate positive_medium\DDOFirealiireals
beglin

steam_flow_rate_positive medium:=SFRmults (Z+oxDOF
ends

function steam_flow_rate_positive_big(DOFiresllireals
begin

steam_flow_trate_positive_big:=SFRmult® (4+2*DOF )
end;

begin

gotoxy (i, 1)jwritei ' C7 )

CalCulateFuzzySetss
DOFLil:=F_AND(f_ORi{power_error_negative_big,power_srror_negat
ive_medium),

change_in_power_sriror_negative_smalllg
ACTIONI11:= steam_flow_rate_positive _medium(DOFL11)g
DOFLZ1:=F AND(power error_negative_small,change_in_power erro
r_positive_Smallig .
AUTIONIZ):= steam Tiogw _trate positive_medium DOFLED03

L

DOFLZ1:=f_AND (power_egrror_negative_zero,
f_ORi(change in_power_errotr_positive _big,
change_in_power_errogr_posttive_medium! ;g
ACTIONIZ1:= steam_flow_rate_positive_medium (DOFLZ1) 3

DOFLAl:=f_AMND(power_ertror_negatlve_zZero,
f_ORt(change_in_power_error_negative_Dig,
change_in_powetr_error_negative_mediums ig
ACTIONIAd:= steam_flow_tate_negative_medium(DOFL41) 3

DOFLSI:=F_AND{f_UR (power_error_negative_zero,power_error _posi
tive_zero),

change_in_power_grrotr_Zero)s
ACTIONILS:= steanm_flow_rate_zeroas

DOFL&T:=T_AND (power_error_positive_zero,
f_OR(change_in_power_error_negative_big,
change_in_power_error_negative_medium) )i
ACTIONIGl:= steam_flow_rate_positive_mediumi{DOFL61) s

DOFL7]1:=1f_AND{power_error_positive_zero,
f_DOR{change_in_power_ertror_positive_big,
change_in_powetr_error_positive medium)
GCTIDNL71:= steam_Tlow_rate_negative_medium(DOFL71)35
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DOFEEls=T_AND (power_errotr_positive_small,
T_ORichange_in_power_error_positive_small,
chenge_in_power_eror_Iero! )
ACTIONCE1:= steam_Tlow_rate_negative_mediumi{DOFL8I)
DOFLF1s=7_AND (¥_0OR (power_ervor_positive_big, power_srrotr_pos:it
1ve_medium)
change__1n_powsr_error negative_small)s
AUTIONLS 1= steam_flow_rate_negative _medium{DOFLS1);

DOFE1ode=7_AND (power_error_negative_small,change_in_power _err
or_sero;
ACTI0RHLIGl:= steam_Tlow_rate_positive mediumDOFL103);

DOFLildea=f_ARND (T _ORt(powsr_error_positive _medium, pOoWwer _error_o
csitive_bigl,
T_ORichange_in_power_eprror_Zero,
change_in_power _etrror_positive_smallsi:
ACTIONL11d:= steam_Tflow_rate_negative_big(DOFL113);

DOFLiZde=f_AND(f_OR(power_error_negative_big,power_error_negs
tive_mediumd .
f_OR{change_in_powsr_error _zero,
change_in_power_ertor positive_smally)g
ACTIONLIZI:= steam_flow_rate_positive big(DOFL121) g

DOFL13le=T_AND(f_OR (power_error_negative_big, power_srror_negs
tive_medium?,

change_in_power_ervor_positive_big!
ACTIONLIZI:s= gteam_flow_rate_positive big(DOFLIZED)

-zn .mn

DOFL14le=7_aML{T_ORipower_error_positive _big,powsr _error _posi
tive_medium?

change_in_power_error_positive_big:
AETIONLI4):= steanm_flow _rate_negative_big(DOFL140:

[T TS

DOFELISde=f_AND (power_error_negative_small,
f_ORcchange_in_power_error_posibtive big,
change_in_power_error_positive_medium) b
GETIONLIS1:= steam_flow _rate_positive big(DOFL1Sd: g

DOFE1&l:=1_AND (power_error_positive_small, o o
T _ORt(change_in_power_error_positive_medium,
change_in_power_error_positive_bigl;
ACTIONL1LI:= steam_flow_rate_negative_big(DOFL1&ads;

DOFLi71:=1_AND (power_error_negative_small,
f_OR(change_in_power_error_negative_big,
change_in_power_error_negative_medium) g
AUTIONL173:= steam_flow_rate_negative_smal L(DOFL171:;

DOFLiBl:=f_AND{(power_error_positive_small,
f_OR(change_in_power_esrror_negative_big,
change_in_power_error_negative_medium) }g
ACTIONLIGl:= steam_flow_reate_positive_small(DOFLiB1);
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DOFLiSl:s=f_AND(power_error_negative_small,change_in_power_ert
or_negative_small)s
ACTIGHL 1G9 3= steam_Tlow_rate_zero;

_AND (power_error_negative _fero,change 1n_power_ereo
smalllre
= steam_Tlow_rate_negative_small (DOFLZ03)

=f_AND(power_error_positive_zero, Chanase_1N_powsr _erro
steam Tlow_rate _positive_smeall (DOFLZ1I):
DOFLZZl:=1_aND(power_ertror_positive_small,change_in_power_sir

cr_negative_small);
ACTIONLZZdr= steam_Tlow_tate_sero:

sumbDOF =G, O

sumACDROF =0, 08

for i:=1 to numrules do
begin

sumDOF s =eumDOF+DOFL 1 3
sum&CDOF : =sumACDOF+ACTIONL 1 IxDOFE 1 g

ernds;

ulZ2J:=sumACDOF /sumDOF §
gotoxy (i, {iswritel 7))

ends

begin

lconti=lcont+lg
it lecont = ConmtStep then
begin
Fuzzylontrollers
Icomte=i:
ends
fLlEls=—0.04425%ul2]s

begin
integlils=G.03
for j:=1 to n do
becin
integlil:=integlil+intexpali, J3#fLils
ends e
ends;
ends

procedure MatrixExponential;
label ExitLoops
var
1,l.kzinteger:
pmax, fac, Tacs, topereals
a.al,aliarrkk;
turn:bocleans

procedure Costficients
var
i, dsinteger:



begin

for I:=1 to N do
for J:=1 to N do
beain
bl Jle=0.0:
expali, j3s=0.03%
intesgpali, 13:=0.03
engs:
for i1:=1 to n do
begin
cxpali,ide=1.0Q8
intexpalisilr=at;
ends
ali,1de=—a02.0;
all,2l:=0,076B84;
ali,2de=—1781.0:
all, d4da=—15D70.10¢
all ,S5l:=—150070. Q3

alz,11:=400.03
alZ2,21:=-0.076884;

alZ, 11:=0.,07563
alZ,3lz=—0.16446;
alZ,41:=0. 164863

ald,Zle=0,05707
ald,4z=-2.4403;
ald, 14i:=2.3834;

05, 31:=0. 05707
al®,4):=5.3267;

albh, Sls=—. 36832

aLc,b] *O.,bc4w
ale,71:=0.3281%;
aLé,ili.—u.ZZJb“

al7,el:=3,G7017¢
al7,7li=—5.3&657:
al7,81:=0,23272

]

=1.349;

’i_~u;;qu,

i
RERE ]

Wi
i
-
B Lend

a[?,532=0.33645:
al?,F1:=—0.33645

all0,73:=52.5;
alio, 10l:=-2.5

-no

a[ll,l&]:—i.#ﬁ;
al1l1,11i3:=-1.45;

allZ2,oiz=1.45;
aliz,1231=—1.45y



alld,1331:=0.5163%
alid, 143:=‘U.q1a.
end; sCDE ficientss

procedure matmultivar a,b,ciarrki):
var

1., sk intecer;

topsreals

begin
for 1:=1 to n do
for j:=1 to n do
begin

top:=0.03%
for k=1 to n do
top:=top+tali,kixblk, 31;
cli,ddz=top:
ends
ends

procedure addit{var ek:arrkl)g
var
i,d,1il, Jizintegers
dum: reals
begin
pmaxi=1i.02-10%
for i:=1 to n do
for Jj:=1 to n do

begin
dum:=ek[i,;]*fac,
expali,il:=expali, Jl+dumg
if abs(dum) * pmax then
begin
1izg=1g%
Jiz=23
pmax:=abs (dum}
end;
ntexpali, jds=intexpali, jl+ekli, jistacss
end,
ends

begin {MatrizExponentiall
ditchanged:=Talse;
Cosfficientss
fac:=dts
fac2s=dt*di*0,5;
addit(als
turn:=true;
matmulila,a,adldy
facs=facxdt#0. 53
facZr=facl#dt/3.03
addit(al)s

b -——’T\-

whlle (pmay * l.0e-%) do



begin
ks=k+1lg
Taci=Tacxdt kg

facZr=facZedt/ (k+1):

1T turn then
beain

matmult(al, a,a)

additizlls
end
elee
begin

matmulitiai,a,al)s

additials;
ernds;
TUrnI=not (Turnd g
ends

ExitLoop:
Controls

ends

procedure printouts
var

i, Jd,npisinteger:
begin

ipe=ip+ig

pdrawll,ipls=tg

pdrawlZ, ipJjs=ulils
pdrawl3, ipli=0. 5% (yL10I+yL 13}

beoin
ripis=nplils

for 1:=1 to npe do

porawli+3,iple=svinpilds

erids;
iprts=os
end:

procedure BExtremsas
var
iz jenplzintegers
rrartraylli..isadl of
begin
rLidz=t;
PLEYe=ul2]s

reals

PLE1e=0.5%(yLi0I+y[i31) 3

for i:=1 to npr do

begin
npit=nplil;
rLi+Zde=vinpils
end;

for J:=1 to npp do

begin
ifirl3l

1F¢rlid =« FTminl

i
fmaxlile=rL[ il
J

fminljie=rL[Jd

then

then

100
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procedure Displays

begin
gotoryv (10, D) swriteln( ISE= ~,I8E:8B:4!);
gotoxv (10,80 swriteln (" ITAE= ~,1TARE:10G:4)
gotoxry (45, 1rjwritelnt t= " ,t:8r4di:
C v (S, diswritelin(namlills &, = yybLildsiwesliiz
gotauy(;,q'-wrlreln(nqm[1 d: 5, = GvwL133si:3Zr,
gotoxy (30,3 swrateln(namiiol:s, = ,viiodsisis:
gotory{du, 11iswriteln(nami8l:8, = .ylelslusl;
ogotoxyv (40,3 swriteln( Ferioo=s 18, = ,petiods 10rLg
endy

procedure Simulates
var
lsdtintegers
begin
controls
tr=t+dtg
Tor i1:=1 toc n do
begin
yLile=0. 03
for d:=1 fto n do
viile=vlildrexpali, jd#xyil idy
ylhide=yvlil+integlils
ends;
ISE:=18E+sgr (vl 13rsdt:
ITARE: =1ITAE+t#abs(yL11) %dt;
it vL1l1l = w1011 %then
pericd: =1. 0+
elze
periods=(2178.0+y[1 1) #dt/(yl13—-yiLl1d})g
vzllls=1;
iprtr=iprt+ls
1f {iprt = isavi and (ip < ipmax—1) then printout;
Displays
Extremas
prevpe=y1i[11s
for i:=1 to n do
«1[1] =v[ils
end;

procedure SimulateFWR;
var
inkey:Char;
begin
if (time) and (initconds) and (initplots) and {(okcomment)
then
begin
gettime(saat,dakika,saniye,salise);
gethate{yil,month,gun,hafgunl;
gotory (14,22)swriteln(’ SIMULATION IM FROGREES FLEASE
WAIT !t.oa2s
Icont:=0;3 . oR

qmekbé”en M )
pokimantasy



ISk:=i,. 03
1TaE:s =0, 0
fminlili=0. Gy
Tmaxllle=u. 03
for i:=X to npp do
begn
fminlilse=i..0el0;
fmexlilde=—1.ueli;
end;:
for 1:=1 to n do
begin
yilade=yvainlil;
viide=yvinlils
flije=i, 0Og
imteglils=0.03
ends
prevp:=yiLllls
for i:=1 to cont do
ulilde=0, 0y
if dichanged then
MatrixExponentials
ipe=0;
tr=0,03
Iprtr=0;
Extremas
printouts
breski=false;
repeat
it EeyFressed then
begin
ch:=upcase (readliey}
case ch of
#IZ7 ¢ breski=trues
‘C7 @ begin
Closebraphs
InitConas
ends;
ends
ends
Simulate; ;
until (t r=tmax) or (Bresak!;
readlng
closegraph; ) o
clrscry
gotoxy (10,14}
simul:=trues
if break then
writeln(’ SIMULATION INTERRUFTED ")
else
begin
writeln( SIMULATION COMFLETED ‘... )3
printout;
break:=false;
okcomment:=false;
ends;
beepssdelay (1000) 3
end
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else
begin
gotony il 1S stentcolor(lars textbackaround (21 g
Wi tel i’Flea:e do the initialization Tirst!.. )i

¢
r
testcolor(iS) stextbhbackoround (O) ¢
delay (1600

0
hn
.;:

messsrr=arraylblli., .maxlind of strn

chichiesr:

i,iine,previine: integers
value:ar-avil.. .maxwlind of reals
P IMESSSrtg

prevdt:reals

procedure reverseiIl(d,yiintegerimessistrngiuyvalueiresall s
begin

gotouy (!

reverset HE§- WPltElﬁ mess: S, = “,value)inormaltext:
ends
procedurs normal 3ok, veintegersmessistrngioivalueireal )
begin

5
swriteln(mess: 30, =  ,valuely

begin

valueiZld
VEIUE‘%_:=G lta?
line:=1: pre¢11ne.=maxlin;
arrlili= Step length dt
arrlzii=" Etopping time tmax
arrlIir=" &tep length for data storage’
arrldéie Control interval delta T
clrscry
reversetl, i, " TIME INITIALIZATION MENU");
revetrsel J(i‘ carr[1d,valuelild)
for 1:=Z te manlln dD

nermal30il, Zxi+larrlild,valuelid) g

]

"

-an .am 8% .ap

repest
reEpeS
ch:=reaﬁ19\- iread the keystrokel
if dch <% #1323 and (ch =#0) then

ch:=readkey:
until ch n [HIZ HE7,H#72, #8013



previine:r=lines
case ch of
#li:tbegin
gotoxy (1,15}

104

wrritelnl( Flease enter new value for ,arrllineldl:

readinivalusllinel’;

reverseiu(l, 25 line+i,arrliinel, valueilined)

gotoxyi{l. 1Sriclreol:
goioxy il latsclreols
erd:
#72: becin
line:r=line—13}
if lime += 1 then
liner=manxling

nornall0{l,S¥previine+tl,, arripreviinel, valuelpreviineis;
reverselO{l,Z%line+i,arrllined, valueliinelss

end;
#80: begin
lines=line+i;
it line » maxlin then
line:=i:

rnormal00l, Z¥previinetl,arrlpreviinel,valuelpreviinel)
reverseiC(l,24linet+l,arrllinel,.valuellinel)s

ends
end;
until (ch=#271:
dte=valuslll;
tmari=valuslZly
dtsave=valueilZl;
deltali=valusidl;
it prevdt <: dt then
dtchanged:=trues

ContStepe=strunc (deltaT/dt+0.5)
IBav:=trunc (dtsav/dt+0.5) 3
time:=true;

end: {InitTimer

procedure InitSyvs:
const - - e
maxlin=73;
vatr
chechars
i,col,prevcol,line;previine: integers;

procedure reverseBlx,v:integerimess:strngBsvaluesreal)
begin

gotoxy (x,v) s

reversetextjwritelnimess: 8, = ,value)inormaltextys
ends

procedure normal8(x, y:rintegeriymess:istrngBsvalueireall;
begin
gotoxy (M,¥)3



normaltextiwritelnimess: b, '= Jvaluelg

ends;

procedure checklines
begin

it line < 2 then

begin
line:=maxliin+l;
colei=1:

end

eles
1f line maxiin+l then

it linme=maxlin then

k3

col:=1g3

erids

procedure checkcols
begin

it line=maxlin then
col:=
eles
if col < 1 then
col:=1
else
it col » 2 then
col:=gs

ends

function pos(col, line:integer)integer;

begin
posi=I¥linetcol—4;

ends

begin

lines=Z:ipreviine:r=2icol:=l:prevcols=l;
cliscrs
reversetl, 1, SYSTEM VARIABLES IHNITIALIZATION HERU 72
reversef(l,2,namlil, yvinliinormalB (40, Z.naml&dvinliad:
for i:=% to maxlin+l do

begin
e —mormalBil i namlposil, iy d.yvintlposalai-di g

normal 40, 1, nanlpos(Z, 12 I, yinlpos (L, 12 443

ends
{normal8(l,maxlin,naminl,yintlnl) s’
repeat
repeat
ch:=readkey; {read the keystrokel

if (ch <> #27) and (ch <> #13) and (ch =#U) then
ch:=readkey;

until ch in L#13,#27 472, #75, #77,#B801;
previines=line;
prevcali=caol;
case ch of

#1Z:begin

gotoxy (1,20)g

[T 1Y

163



writeln( Flease enter new valus for
‘ynamlposiwcol,lines 1)
readintvinipostcol, liner 1y

reverseB (3F%col-38, line,namipos(col,linell,vinlposicol,lines
3

=

gotouy (1,20 sclirenls
agotoxy (L, 21)sclirenls

ends
#72: begin up arrowr

liner=line—1i;
checklines

normal B{(Z5%col -3, previine.namblpos (prevool . previine! 1, vintpos
(prevocol,prevline) 1y

reversel (3Fecol-28, line,namliposwcol liner J,vinlposwcol. linges

s
ends;
#80: begin {down areows

linsr=line+is
checklines

i

normal8 (E9%col -8, previine, namlpos wprevool ,previiner l,vinipo
(prevool,previinel 1);

L

reverseB (AF%col-3E,; line, namlpostcol, line) l,viniposwol, line’

#7548 :'begin ileft arrowi
je=

L—-coly

normal B 129sprevool —38, prev]iine, namlpos(prevool.prevliaine!l i, vin
[posiprevcol,previine? 1)

reversel (3%scol -8, line,namlpozsicol, line) J,vinlposicol,line! ]
1y
ends:
ends;

wntil (ch=HI71;

Clr&Cr;

initcondsi=trues
end} T T s s s e

procedure Initplot;
const
maxlin=7;
var
ch:chars
i,col,prevcol,line,previine: integer;

procedure reverseB(x,v:integerjmess:strngBsmark:boolean)
begin
gotoxy(x,y)s
reversetexts
if mark then
writeln (' ', mess:10)



else
writelnimesss: 112
normaltext;
ends;

procedure normalB i,y

begin
gotomy (Mavis
notrmaltests
iT mark then

writelni A messg 103

else
wWrriteln(messslil
ends

procedurs checklines

begin
if lime < 2 then
begin
lines=maxlin+lis
cole=1:
end
glse

if line » maxlintl then

lines=2;

cole=1ls2
ends

procedurs checkcols
begin

1T linmne=maxlin then

cole=1
else 3
if col 1 then
col:=1
else
it col » 2 then
cols=Z;

ends

function pos(col,linezrinteger):integer;

begin
pos:=c¥linetcol—4;
ends

procedure selects
hegin

if noti{chosenipost(col,line’ 1)

begin
it npr
begin
npr:=npr+lis;

ta then

-an

o
9

< if line=maxlin then

integer;me

szistrngBimarktiboolisan:

then

chosenlpost(col,line) li=trues

end
end
else

107



1ug

begin
npr:=nptr—1z
chosenlpos(col. linel li=talses
ends:
ends {select>

begin
liner=Xipreviine:=Zicol:=liprevecli=lg
clrecrs

reverseii, 1, FLOT VARI&ELES SELECTION MERMU )5

reverseb(l. 2, namlil,chosenill; ormalB 40, S, namlZl, chosentsds
§
for i1:=2 to maxlin+l do
begin
normal@{l, i, namlposvl.as J.chosenlpos i, i 01
normelB8 (40,1, namlpos (2,1 d.chosenlpos (&, 10 3

i

ends
tnormali8{l.maxlin,namini,chnosentinil;’
repeat
repeat
che=readkeay: iread the kevstrokel

it (ch <> #27) and (chh <r $#13) and (ch =#0) then
ch:=readkey;

until ch in CHIE,HE27 72, w75, 877, 8801
previine:=1line;
prevooli=cols
case ch of

#ilzbegin

zelects

reverseB(35®col -38, line,namiposwcol, tine) J,chosenlposwcol. lin
D IR
end s
#72: begin up areows
limnes=line-1;
checklines

normaliiZFxcol =38, prev]ine,.namtpos (prevool s previine) J,crhiosenl
paa(pvevcolgpﬂevllne)]!;

reverseB (3¥scol-38, line,namipos ol line) J,chosenlposwcol, lin
e ls T B
ends;
#B0O: begin {down artows
line:=line+is
checklineg

normal8 (3Fscol-28,previine,namlpos (preveol ., previine) l,chosentl
pos{prevcol,prevliine) 1)

reverseS{(EF¥col-38, line,nemlpos(col,line) J,chosenlposicol, lin
e)dr;
ends:
#75,877: begin tileft arrows
col:=3%—cols



10%

normal8(Z2%9%prevecol-38,previine,namlpos (preveol,previine: l.cho

senlposiprevcol ,previine) 1)

reverseB (Z%+col 36, Line, namiposcol, line) l.chosenlposicoly Lin

eirll:
ends
end;
urntil (ch=#3Z7):
ClrECrs
npr:=ous
for i1i:=1 toc n do
it cheosen{il then
begin
nptr:=npr+ls
nplinprli=1ij
ends
npp:=npr+i;
for i1:=4 to npp do
namelildr=naminpli-3211;
namelil1:=" i g
namel2ii=namulls
namel3di=" Tav
initplots:=true;
ernds

1

procedure GetComment:
beain
Clirscrs
writeln( Comment: «COMMENRTI g
readlin(comment) ;
Clrsor:
okcommenti=truas
ernds

procedure Initializes
const
maxlin=&s
tyvpe
messarr=arrayll..maxlinl of strngdog
var
chechars;
i1, line,previine: integers
artrimESE&NT]

begin
line:=liprevliines=maxling
arrlils=" 1 ¢ Initializse Time
arrl2l:s= 2 35 Imitialize Control Variables
arrlils="’ 3 ¢ Initialize System Variables
arrid4le=" 4 ¢ Select plot variables
arrl3l:="’ 5 2 Specify Comment
arrlele=" 4 ¢ Exit initiaslization step

clrscr;

reverse(l,i,’

reverse(l,Z,arecllil):

for i:=2 to maxlin do
rnormal(l,2®i+l,arrlil)s

INITIALIZATION MENU

PCTINEE LA TR LI T 2 §

il



repest
repeat
che=readkeys; itread the kevstrokges

1T (ch <x #1353 and (chh =80 then
chi:=readkey;

until ch 1n [HIZ, 872, #B01;
previinez=line;
case ch of

#l13:begin

case line of

IrmitTims
begin ClrscrilnitCend; endgs
InitSves
Initplot:
Setlomment:

LLENET T I LI T

i
g
5
ey
CirsCrg
rEver
for i:=1 to maxlin do
normal (1, 2¥i+1,arrlil);
reverse(l,2¢%line+l,arrllinel);
ernd ;
#75: begin
line:=line—1:;
iT line -+~ 1 then
liner=maxlin:

normal (1, Z¥previineti.arrlprevliineld’;

reversel(l,2xlinetl.arrilingldss
emnd s
#BO: begin
lines=line+is
it tine » maxlin thean
line:=1l:

normal (1, E¥previinet+tl,arriprevliineds;

reverse(l,2¢line+tlarrilinel)
end g
ends
until (linse=manxlind and (ch=#1371;
ClrSotg
end; {Initializel

_procedure Restart;
var
irinteger:
begin
1t (break) then
begin

gotoxy {14, 22)swriteln(’” SIMULATION RESTARTED

S
for i:=1 to n do
begin
yilide=vyLils
ends
breaki=falses
repeat
i1t kKeyvPressed then

ad=1= O U S ITHITIALIZATION MERNU

FLEASE

WARIT



begin
Thiz
caze ch of

R
£F08

‘C :

=upcace(readkey):

breatis=truss
begin

CloseGrapnhs
Imytlond:

end;
ends

ends

Simulateq
wntil
printouts
closegraphs
clrscyrs
gotony (1(‘
1T break

writeln ('
elee
begin

wrriteln(’

tr=0. 0

break:
ends

14
then

alses

tabsit—tman:

SIHULATION

SIFULATION

1.0e-8) or

simulis=trues

COMFLETED

besps;delay (1000)

end:
ends

procedure Report:
var
fileadisstringll4
i, dintegers
begin
if simul then
begin
Clrecrs
wiritelnd
readin(fileadi’;

"FPlease enter

s

assignioutfil, Tileadili;

fgl-3
wiriteln(outfil,
wrltelnaoutTll.

TSIMULATION Ty

rewrite{outtil?
1,

{gl+5g

H.E

writeln{outfil,comment;

wrritelntoutfil,
Time: " ,saat:d, @
writeln{outftil);
writeln{outfil,
writelni{outfil, ’

writein{outfil, "’

writelntoutftil)

writelnloutvil,”’

for iz=1
CLHRAMLLIT, =, yinlil:

writeln(outfil)s

writeln(outftil,

‘Date:
Tydakikardly

NO OF VARIABLES

DELTA-T
TOTAL TIME

HO VARIAEBLE
to n do
1Z)s

INITIAL VALUES

report file name

‘xEx¥ PROGRAM STHMULATE OQUTFUTswss®
ROBINSON

TsguntE, /7

1i1

\bBreak s

INTERRUFTED "3

taswe 23

r3

b
FMODEL )

FUWR CREDUDEL

smonth:d, 7 ,vilzd,’
- E

,dt 1&;;

5 tmdn = l

INIT VALUE "33

wrritelnf{outfil,l:z4,"

UF CONTROL VARIAEBELES g



for 1:=1 to cont do
shamulid, = ,ul13:13):
writeln(outfilyg
wiritelnioutfil,

writelnioutfil.le

THMINIFUF,

%
Ty THARXIMUN 2
for 1:=1 to npp do writeln(outtil,namelil
yTminLide iS5, Cafmaxlida15) s
writelnioutfilis
wirritelntoutfil, ISE= L1858k, ITAaE=  1ThRE::

writelnioutfils

Tor 1:=1 to npp do writeltouttil,nametbil: 10,

writelntoutiillg
For i1:=: to 1ip do
begin
writeint
for Ji=1
=late
writelnicuttiil;
close(outTille
enrd ' '
elae
begin

outTilig

EL

1 L g

to npp do writeloutTil.porawila, 1dsdids 7

T

gotoxvil,15)1textoolorils) s textbackground (31 s
writeln( Flease do the simulation first!.. 13

textcolor(liBlitestbackground () g
beepsidelay (1000)
ends
encs

procedureg main_ment;
type
messarr=arravlii.. ol of strnghog
-1
cheschars
i line,previineg: integers;
arrimessart;

i
s

begin

line:=lsprevline:r=o;
arellls=" 1 @ Initialize 3
arrl2le=" £ s Simulate 3
agrrl3dr=’ %Z: plot variables 3

__arrfd4li:=" 4 ¢ Restart Simulation s
arrldle= 5 : Report T
arrlais=" 6 ¢ Exit program 3
cltrecr;
reverse(l, 1, MAIN MERU )
reverse{l,3,arcli1);
for i:=2 to 6 do

normal (1,Z%i+l,arrfid)s
repeat

repeat

ch:=readkey; i{read the keystrokel

if (ch <> #13) and {(ch =#0) then
ch:=readkey;
until ch in L#HIZ#72,#B0O1;
prevline:=line;



case ch of
#ll:zbecin

case line of

1 ¢ Initialize;

2 ¢ SimulateFWR;:

Z o Gratikg

4 : Restart:

5 1 Reports
endsy
ClrBScrs
reverse(l, 1, ’ Ml MENU

Tor

1:=1 to & do

normal (L, 2%i+l,arrlildl:
reversel(l,Zxline+l,arrllineld);

engs;
#¥75: begin

lines=line—1
if lipe < 1 then
line:=b:s
normal (1, 2%previine+l, arripreviinell;
reverse(l,2xline+l,arcrllinell;

endsy
#BO: begin

line:r=line+l;
it linge. » & then
line:=1;
normal (1, 2¢previinet+ti,arripreviineld);
reversetl, 2¥line+larrilinelds s

ends
ends;
until (line=a&l
[=3aTa B

angd (ch=#13);

begin { main programi

time:=talses
pghocommenti=fal

1

583

it

initconds:=fals
initplots:=false:

!

simulz=false:

B

€3

-

gdtchanged: =trueyg

dtprev:=0. 0y
gte=0.01z

tmas =30,0:
disave=0.02;
deltaT:=0.5¢

periods=1,0e+iB;

step:=0;

ContStep:=trunc(deltaT/dt+0.35) 3
Isavi=trunc (dtsav/dt+0.3) 3

Inithames:
ImitFile:s
SFRmultz=8.03
comments=""3

for i:=1 to n do

begin
y{ile=0.03

vinlil:z=0.0;

an

115



end:

for 1:=1 to cont
oo ulils=G,0;

nprs =is

for i1:=1 to n do
chosenlili=tal
Main_menus

end.

[y

S
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