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ABSTRACT

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

reguiate the power azround a full power setpoint.

in this artificial intelligence application.
knowledge acquisition was performed through numerical
simuiation wusing a validated linear model of the H.E.

]

Robinson power plant and production rules were used fcr
knowledge representation. For comparison purposes broken-line
and S-shaped fuzzy <sets were investigated and broken-line
fuzzy sets were preferred. The regulator was impiemented on

an [BM-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
betiter in the sense that the cvershoots were less. Alsoc, the

effect of noise in sensor data and variation in reactiocr

m

parameters were investigated and their effect cn ihe
performance of the controller was found to be significant

implying that the designed regulator is sufficiently robust.



Bu ¢alismada FPWR tipi bir nukleer gl¢ santrezli igin
tam gu¢ etrafindas regilasyon gorevi yapacak , kural tabanii,

bulanik manti:1k kullanan bir denetleyici geligtiriimigszir.

Bu yapay zeka uygulamasinda bilgi, H. B. Robinson glg
santralinin dogrulanmig lineer bir modelinin Sayisal
cimUlasyonu yapirlarak derlenmis ve bilgi tasviri ig¢in Uretim
kurallar: kullanilmigtir. Kargilastirma amaciyla kir:k ¢izgi
ve S-bigimli bulanik kiUmeler incelenmisg ve KkKirik-¢izgi
tivinde olanliar tercih edilmistir. Regilatdr, bir I[IBH-uyumlu

PC de FPASCAL dili kullaniiarak yazilmigtir.

Kural-tabanli denetleyicinin performan51rbir optimal
denetleyicininkiyle kargitazgtirilmis ve sapmalarin azlig:
agisindan daha iyi cldugu tespit edilmistir. Ayrica
algilayicilardaki gurdltua ve reaktdr parametrelerindeki
degigsimlerin pertormans Uzerindeki etkisi de arasgstirilmis ve

cok az oldugu gorilmus, dolayisiyla denetieyicinin yeterince

robust oldufgu sonucuna varilmigtair.
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I. INTRODUCTION

As a means ot control, the well developed analytic
technologies, which require the accurate modeling o1 the
process under control. have been used successfully tor years.
However, they are not applicable to the ill-ocetined processes

not amenable to modeling, thus 1nstead experience

[

SErSONns

are employed &as operators who often pertorm satistactorily
despite the imprecision of the availaole i1ntormation. The
imprecision 11s generally due to the nonlinearity of the
process, o©r to the time delays between the appliication of the
control signal, -or degraded sensors. The operator copes with
lack ot structure by employing heuristics, which are the
rules of thumb that people use to solve problems when & lack
of time or understanding prevents an analysis of the paramet-
ers invoived''’. However, =mutomatization of operation has 1ts
benefits &g 1s apparent Trom the operating records ot plants
with process controllers. The crucial factors here &are then,
capturing the essence ot expert behaviocr and impiementing 1t
in &an automaton. Kule-based tuzzy Jogic controil technigue
originally introduced by HMHamdani and Assilian were applied to
itl-derined proccesses successtulily demonstrating that this

1'%’ . However, Tor the

approach is both possible and practicae
cperation or well-characterized systems the benetfits of this
approach has not been demonstrated clearly due Lo the
scarcity ©of applications. Actually, the rationaie for this
application exists: in addition to some drawbacks such &s the

requirement of accurate modelling of the process under

controil, these systems are sensitive toc ftaillures 17T Sensors,



always inflexible, meaning & large dritt in process veriables

e dramatic

O

renders the controller simost useiess, arnd 1n m
cases dangerous. The advantage o0 rule-psseda controllers 1is
that they are generaily more robust tThan their analytico
counterparits but, there a&are no comprehensive guldeliines 101
the design of rule-based controllers and such systems are
gquite ditticult to calibrate. Tnererore, the rule-baezsed and
analytic technologies shouid be used complementarily, wiin
rule-based systems being employed botn as backups to anaiytic
controllers and as a means oI IMProving the man machine
interface by providing human operators with the raztionzie tor

automatic control actions ®'.

The nuclear industry , especially that or U.5., hacd
been very rTeluctant in using &automatlic control extensively.
This is mainly due to the nuclear power piants(iNPPs: being

base load itype not reguiring load roliowing, and also becazuse

+

take intoc

some safety regulations reguire the designer to 1
consideration the controlier initiated abrniorma |
conditions'*’. FKecently, however, as the percentzge o1

electricity generated by the WNFFs increased, the necessity ot
operating them in load tollowing mode became apparent.
Existing control systems were e:tner not capable of
performing the required tasks or were cost ineftective and
ciumsy. Introduction of multivariabie control methods with
the aim o©f improving the stability ot interacting systems,
thus permitting higher gains and better control, were
initiated, mainly for the CaNDU type NPFs‘®’ Wwith & better

chance of implementation due 1o previous experience with



3
digital control. For PWKR type piants, the main line of

research has been directed towards load following contrci

w

&)

using approximate noninteractive control optimal con-

1y €7, B

trol , adaptive control”’

There has alsoc been optlimal
contrecl applications for disturbance controlt!®-tt.-32.330
with turther recent research on such interesting methods as
nonlinear muitivariabie contro!l based on the unknown-but-
bounaced disturbance modeli‘'*’. The ‘“reactivity constrezined
which was successtully applied to research
reactiors is &also worth mentioning as a promising auilomatic
contrcl methoc. The rule-based controllers have been designed
and implemented for research reactors'®’, and have been
designed tor load tollowing cperztion tor & FWEK''®’, and tor

BWR Tecirculation flow control system‘'7’.

In this study, a rule-based tuzzy logic regulaztcr Ifor

z FWKE type NFF is developed in orocer to show the beneiriis o1

this &application during normal operation, in the case o1
noise in sensor data, and driftts in process variables such as

ztor teedback coerficilient.

[l
ey

the mod

n chapter 2 the mathematical model ot ihe H. k.
Kobinson nucliear power plant i1g described. Fule-basea tuzzy

logic process control is reviewed 1In chapter & and 1n chapter

4, the development of the regulator constructed during this
work is described. Finally, the resulits of this study and the

derived are presented in chapter 5.

0
o
n
s
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o
w
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Il. MODELING AND SIMULATIOK OF THE NUCLEAR FOWEER FLANT

in this work, a simpile, Tast and validated
mathematical model of a PWk 1ype nuclear powers plant was
chosen. Since the knowledge acquisition, deveicpment and
testing stages of the knowledge-based controlier necessitales

I

extensive simulations’ due to the fact that 1its structure

is not suited to mathematical techniques used Tor conceiving
the analytica controllers‘'®’, a3 simple and tast wodel 1s
necessary. Un the other hand, the ditticuity in obtaining
relevant and most of the time proprietary plant data and more
over testing i1ts performance dictates the choice of a modgel
already proven to be valid which was derived trom the 11rst
principles and tested by using actuzl cperating data. Thus,

the multi-input mathematical model tormuliated and velidsted

foy

zgainst tull power experimental results by kerlin et al.'

tor predicting the dynamic response of the H.B.Kobinson power

plant (HBR», during full power cperation is used.

2.1 Hode! of the H.E. EKobinson FWEk Nuclear Fower Filant

The meodel 1s based on the basic conservaticon laws 107
neutrons, mass and energy. It includes the representation for
point kinetics, core heat t{ranster, pressurizer, plping and

the steam generator components shown in Fig.z.1.
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N = neutron density
Raactor S\ T = temperature
P = pressure
F= fiow
L= leve)

FIGURE 2.1. Schemztic of the H.B. kobinson nuciesr piant.
Z.1.1 Kkeactor Core

2. 1. 4., Neutronics. The neutron popuiation in a nuciear

reactor 1s & tunction ot time, position, energy, &and direc-
tion o1 motion, and 1its mosi complete description 1is given by
‘the Boltzmann transport eguatiorn'?®’ . This model is extremely

lumsy to implement tor simulation purpcses and 1

n

ol used
for models dsveloped to simuizte operaticnal transients'?!’.

From the Boitzmann eguation the Foint kinetics
eguations can me derived which can be ussd whern Lhe core 1s
tightly coupied and spatizl depencencies are not

important‘?°’.



&

in the H.B.Robinson model, the reactocr power was
modeled using the point kinetics equations with six groups or1
delayed mneutitrons and reacitivity ieedbacks due to changes in
fuel! temperature, conlant temperature, and primary cociant

system pressure.

Since our study is concerned with a regulator gesign,

the time scales are of the order of seconds, hence & desc

"
-

1p-

tion ot xenon-135%5 build-up and decay is not necessary.

The feedback due to changes in moderator and Tuel

4]

temperature and pressure of the primary cooclant 1z handleg
using reactivity feedback coefificients. These cgoetficients
give the proportionality that exists between tempsgrature or
pressure and reactivity. As these relationships are generally
nonlinear, it iz common to use the linear approximation
around an operating voint which was in our czece the Tull

power.

The linearized point kinetics eguations, valld for

small variatione in reactivity and power, are:

d&P - o, Fo o Fo
=~ . EP + § 2,80, + Z F,, 8Ty, + £F,
dt A ‘ / tee /
scdes
F, o FPo
+ £fros + —— L F., &T., (z.1)
;i‘l\_ ! £ coelant
sefes
dsl, =¥
= 8P -2, 8¢, (Z.2)
dt

where &F is the deviation of reactor power from initisl



steady-state value,

is the delayed neutron

F

group, &C, deviation of
trom its steady state value,
temperature coetticient ol rsa
coefticient or reactivity, o

reactivity, &T,,

deviation ot

fuel node from its init:zl ste
ot coolant temperature in t
initis!l
(e
rod movement, Ay delayed n
N . o +
delayed mneutron group, §£ to
i

neutron generation time, Fq

temperature changes

importance for

in the i

temperatlure changes

Data rrom  Tables 2.4
the cocefticients. For & mode
coolant nodes, the resulting
F.;y = ¢.5 are:

daF
= - 400 &F 4+ 0.0125 £C
¢t
+ 0.301 £C, + 1.14¢
- 13700 &T., - 137¢0
de,
= 13.12%
dt
dei,
= 87.5 &P

o initial

constant ror

steady

the

F, primary

ctivity, o,

coolant pressure coefricilent

Tuel

ady

he 1’th

steady state value, & P'”‘ reactivity

eutron
tal
*th ftuel

in the

and L. Were
1 with

eguations

.+ O,
+

o
3

2T, 2

£F - 0.0125

state value,

coolant

reactivity

node,

i 3

normalized precursor

temperature

&

T

traction

LMpOr tance

Fe

th

used

one Tuel

taking

state power

i’the cgelayed

-

teveli,

i

nevtron

concentration

pressure,

In
Te,

Goe

Tor

delayed neutron

oy Tue|

coclant temperazture

ot

the 1'1Hh

due to control

the 17th

N Lo 7’
fraciion. .

Tor

s reactivity

to
node

F*!

coclant node.

evaiuate
anid LWo
= and
&y
&7,
(2.3
(2.4
(Z.5



diCy
= 7TB.125 &F - ©

dt

diC,
= 155,128 &F -

dt

daC,
= 45,28 &F - 1.

dt

dai,
= 16.875 &F - 3

dt
TABLE 2Z.1. Keactocr De

111 8C,

C

w

(]

[

)
»

140 £<54

sign Data.

Core Therma! and Hydraulic Characteristiss

Tetal primary heat output, M¥ (thi

Neminal prigary system pressure, psi (KFPa)

Tetal coclaat flow rate, 1b/h (kgrs)

Average cociant velocity along fuel rods, ftrssec igss)

Total mass of coolant in primary ifocp, ib (kg

Neginal ceolant inlet temperature, °F (C)

Neminal coolant outiet temperature, °F (O

hotive heat transier surface ares, ft? (8)

tverage heat flux, Btu/th ft*s (Wigh)

Fuzl-to-cooiant heat transfer coefficient
(includes resistance in fuels Btusth £t8-F) (Wiei-{s

14.3 {4,358
406 05U (185 347}
hab.Z 285.80)

602.1 (316,724
42550 (3944.7)
171600 (5,85 x 104

2200
2250 (18,82
101.5 % 10% (1,278 ¢ 104

Kinetic Characteristics

Doppler coeificient, Wk/kI/F°F (k/k)/*0)

Mcderator temperature coeificient, Gk/k)/°F (Lkkyi®C)
Mcderator pressure cosfficient, Cksk)spsi (Lk/kistPa)
Progpt neutron lifetime, sec

Delayed neutron fraction

-&1

4

)

-1 1 107% (Rruae v 10
-z 0 107 38y 1D
+5.0 1 107% 4,27 ¥ 10
1.9 1 167°

0. 006e

8

(8]
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TABLE 2.2, Delayed Heutron Constants.

Mean Life becay fonstant

(sec) { ., sec™ 'y Fraction

8O. 4 0.0124 0.00021

32Z.8 0. 0305 G.0ulal
6.88 O. 111 0.00125
3.32 0.301 U.0uzh3
.88 1.1z O.00074
0.332 3.01 UL O0oe7

Z.1.1.2. Core Heat Transtfer. The core heat transter model

includes conduction in the fuel and heat transrer in the

coolant.

Dynamic analysis o©of & power reactor must include
calculation of fuel element temperature in the cylindrical
rods. For this purpose the heat conduction equation must be

;e 22

used }

e 2 q T,

o
oo
C

where T is +the temperature, O heat generation rate, and kK 1¢

the thermal conductivity.

Generally, radial conduction dominates over axial or

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

£g.(2.10) can be written as

oT 2T 127
[ .
c— = G + k ¢ S — 2.117
> A 2 h}
& cr T Ot
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Fer modeling purposes, nodal approach 1s the most

common method. In this approach, a single node can be used to
represent the average condition in the fuel, gap, claoc as-
sembly. If a better representation is desired, the Tuel can
be divided into several sections. The clad 1s otten
represented by a separate node, but the gzp is usually treat-
ed as a <simple resistance (no heat capacity’. However, gap
conductance is very hard to determing, and depends ciosely on
the operating conditione. in this work, the fuel 1s 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 densily, one need not write a mass balance equation.
Since, in normal PWR operation the ftlow is constant, a momen-
tum balance 1s ailso not required. The heat balance tor =a
single-phase, incompressible fluid tlowing in one-dimensional
slug tlow is

o7 h P, Qe

= (T, - T ) + CZ.129
Jx A:/}Cp pc,

:

where T is 1tiuid temperature, U tluid velocity, x, distance
along channel, T, fuei rod sﬁrréce température, . volumetric
hezt generation rate in ithe fiuid,Ffluid density, (_, specif-
ic heat capacity of the fluid, h film heat transier coefti-
cient, F, heated perimeter of the channel, and A, tiow ares

of the channel.

The nodal meodel for the coolant is
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dT, ., | 1
_  F — Py ot — (T, - T
gt (MC, ), R (MC, ),
1
+ - (T, ., - T, (Z.13)
T

where, F, .y is the fraction of tota!l power released in coola-
nt node 1 \assgmed constant), M mass ot ccolant in node 1, U
specific heat or coolant, R fuel-to-coolant heat transter
resistance, T,., average coolant temperature 1n node 1, T,
outlet coolant temperature in node i, and T residence time
ot fluid in node i. It is necessary at this stage to provide
an eguation relating T,,, and T, ftor the sysitem toc be com-
pletely defined. Although this relation between the node
average temperaturs and the node outiet temperature will vary
during a transient, the reliation between these variabies 1s
usually assumed to be constant and of the rorm

Tavy = FT,_., + (1 - F) T, L. i

where F is a welghing tactor.

The common assumptions used for F are as I1oilows:

&) Aritnmetltic aversge, (F = %)
Tavsy = &% T, + % T, (Z.15)
b) Well-stirred approximation (F = )
Tavs = T4 (2.165)

Also , sometimes a choice for F based on steady stlate temper-

ature distribution is made.
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The algebraic reiation thus obtained can be substitu-

ted into Egq.(Z.13) to eliminate Ty, or T,., giving

dT, . Foos 1
- Fe # ————— 1,
dt (MC, 4, R (MC, 0y
1 1
-l —r — 1 T,
kK (MC_ ), (1 - Fo
1
+ — Ty, (2.173
(1 - Fo

The model thus obtained has no explicit terms Ior nodal

outlet temperature, thersfore T,., can only be written as

It can easily be seen that unless F = O the iniet temperature
1in each node of the series ot tiuld nodes is immediately

affected by all upstream nodes. This is an unrealistic resuilt

born out of the assumpticns made in deriving the model. Alsco,

for F = O, ancther unrealistic result , l.e€., an 1nitisl

M
n

decrease in outlet temperatures when iInlet temperatur

I}

undergo a step incresse, is impiied by the model. because
these deficiencies the well-mixed assumplion was used widely.
However, this choice has the drawback or implying the eguali-

ty ot average and outlet conditions in a rinite-size region,

in order toc overcome this 1law, two coolantl nodes are

used for each fuel node to obitain & good approximation to the

average coolant temperature in HER model. in the model with
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two coolant nodes for each fuel node, coolant node considers-
tions are based on & well-mixed approximation. The average
temperature of the Iirst section is taken as the tluig tempe-

rature to determine the heat iransfer driving rorce

1"

— T, =T, e, 12

and halt of this heat is transrerred to each tiluid seclion.
The outlet temperature is taken as the average of ithe second
section (see Fig.z2.27. Although the model accuracy 18 in-
creazsed the number of eguations are also increased &as &
result of using more fluid sections. The resulting

eguations are:

dng i Qf 1 Uhf

= &F -« 3 (eTyy - T2,y lZ. 2o

dt MCp 0y, MC, ri

d&T. UA, <
= < 4 (Tey = &8Teys ) = = (T - Ty 2,210

dt MC, ci 1

d&T, ., UA, Z
= s 2 CETyy - &Toyy 0 - = (&To2y — 2To,y ) tao2a)

dt FMC, oi ¢
where &7, is the average tfue] temperature, &T_.,;;, average

coclant temperature in the i’th fuel! node, £T. 2, outlet
coolant temperature in the i'th fusl node, U, rraction of
total reactor pewer generated in fuel node i, (Mg, total
heat caspacity for i’th fuel node. (MC,J),, toital heat capacitly

of both coolant nodes associaied with i'th ftuel node, U

cverall fuel-to-cooiant heat transier coerricilienttincludes
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resistance in fuel as well as film resistance), A, hezt
transfer ares, residence time(both coolant nodes), &7,

deviation in inlet tewmperature of the first coolant node from

its initial steady state value.

AS was shown Dy keriin et , & simpliitied core
heat transfer model with 3 hezat transter nodes (1 for tue
and Z for coolant) has a behavior similar to ithat o1 & more

detailed one, therefcre i1t was used for the core i the

complete system model.

Driving Force for
Heat Transfer

Heat Transfer ; Heat Transfer

Primary et 1 . 2 —
Coolant in a ce

FIGUERE Z.Z. Schematic of tusi-to-ccolant heat transrer
mode 1

Evaluaticon of the coerficients yields

daTe
= 0.0756 £F - O.1i6ab6 &T, + (.1646o T., QENEICH
dt
deT, _ o
= GL0BTFOTF T, - Z.4403 T.,; + 2.3832 T, (2,241
dt
dsT, ,
= 0.05707 T, + 2.3262 T., - 2.28B3Z 8T, (2,25
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zZ.l.2. Fressurizer

Although the pressurizer is a rather gimple device
consisting of a heated tank containing steam and water,
tformulation of a dynamic model can be quite complicated if
detailed pertormance znslysis 1s reguired. Especially 1or the
analysis oI smail breazk LOCA’sSs and similar accidents, reli-
able physical models tor all of the components i1n  the loops
are necessary so that computer experimentis can be run and the
best strategies be adopted for handling accidents, zz.z24 -
Such modeis require multiple region models where the pres-
surizer mode! 1is divided inte regions according to phass
condition 3and energy, and nonequilibrium conditions are
assumed to prevail. However, 1or normal operation, and espe-

cially for cur case where only small deviations trom an

v

operating point are considered, pressurizer model based on
mM&ss, energy, and volume balances with the assumption that
saturation conditions always apply for the steam water mix-
ture in the pressurizer, can describe the rphysical procesess
adeguately., And some authors negiect the pressurizer dynamics
completely by assuming that the size ot the pressurizer ie
large encugh to accommodate the steam generatér primary
volume surges. MHNevertheiess, in this study, a model ot the

pressurizer, however crude, was considered necessary, and

therefcre incorporated.

The basic eguations for the pressurizer model are:



to

1. Water mass balance

ai,
—_— W, T W, Ly it )

dt

2. olean mass balance

arl,

= W, Ve ()
dt

J. Water enerygy balance

dg.,, .
- = oW,y hy,, - oWoh, - Py, + g (s 2
dt

4. Volume balance

V, T v, = \, Cmy =td )

5. Compressibillity-corrected perrect gas law

Fovy, = HMHyRT, [ O

where 1, 15 the mass ot water 1n the pressurter, L, wass ot
steam 1n the pressurizer, W,; mass tlow oI waler 1nto Ltor out
o1) pressurizer, W, tlashing ratelor condensing rate) 1 Lhe

pressuri1zer, bk, itnternal energy or water 1n the pressurizer,

I, enthalpy ol water entering the pressurizer, h, enthalpy
ol sleam 1N the pressurlzer, P, pressure 1 the pressurizer,

g rate ol heat addition to  the pressurizZer with electric
heater, Kk gas constant, T, saturation temperature, v, VOl ume

of water 1n the pressurlzer.
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The eguations are linearized and manipulated to
obtain
dsfF,
= kB, &F, + B, &W, + By &9 (.31
dt
The values or E,. E,, and B, for the H.B. Robinson hucilear
plant caiculated by using the data given in Table 2.3 are:
B, = -1.913 x 10°*% (sec™ ',
B, = 7.021 x 10°% «(psi/liby
By = 2.1726 x 107* [psi/ikW secil .
TAELE Z.3 VFressurizer Design Data.
Water volume, full power, ft® @) TEO (2Zz.09) I
Steam volume, full power, ft° (m*) 520 (14.7Z2) !
Electric hezter capacity, kW (total) 1300 }
N |
The change in mass In the pressurizer 1s cobtained by

summing
the water

lows:

or

where V,

siope of

the contribution due 1o

in each ccocolant nocde imn

~

is the volume of the i’

the ceolant density versu

eXxpansion or

the primary
i éTc 3

deTe,
i

dt
th coolant n
& temperature

contraction ot

foop as 1ol -

[
o
o

DSE,Ys s the

curve,



the temperazture of the i’th cooclant node.

Evaluation or the coefficients for the H.E.ERobinson

NFF gives

deT, diT,, del, 2
SW., = B83.33 + 25,83 + 25.83
daTyy daTy. deT,,
+ 187.5 + 39, - + 39.54
at dt dt
daT, d&Tge daTe
+ 171.55 —_  + 35.5s4 + 27,44 Il 34
dt dt dt

where §&T,, is the reactor lower plenum temperature, &T_,

n

coolant temperature in node 1, £T., coolant temperature in
node 2z, &T,, reactor upper plenum tempearture, T,  hot leg
temperature, &T;, temperature 01 primary coolant 1n the steam
generator, a&T, temperature of primary coolant node 1in the

steam generator, T, temperature of primary cooiant in the

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

In order to avold discrepancies between theory an
experiment a pressurizer control system 1is adced. The con-
trolier parameters wused belong to Sequoyah,' a2 later-genera-
tion Westinghouse FWE and this was necessiated by the always

recurring problem ot lack of suftficent data.

The pressurizer controller uses & heatler to compen-

cate for steady state heat losses. it is also used for pres-

sy

-4

e control against normal pressure variations so that heat

input increases for iow pressure and decreasas tor high
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o

prescure. When the precssure goes above the control range,
spray tlow is used toc decrease the pressure. The modei used
in this work includes & heater operating under normal condi-

tions only.

The block diagram for thé pressure controlier s
shown in Fig.z.3. The transter tunctions zre used to Tormu-
late differentisl equations for inclusion in the state vari-

able mcdel. Thne result:ing equations are:

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

!
<
o
<
[\
—
(%
o
el
™
[€X]
i

asX

1
C:.
n
n
(1
o
i

where 1, 1s ire steam generator tube metz! temperature and X
15 the integral control aciion variabls. Note that the

incliusion of ithe pressurizer controller arrects i1he matrix oy

modiIying the coerticients in  the dirrerential equation for
pressurizer pressure and regquiring an additionzl eguastion 1o
providge for the integrail action.
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éHw
] Pressurizer 6P
Dynamics P
6q
K{1 + -—1—- + 1,%) .
* TS 2 '

K = -50 kW/psi
7 = 900 sec
T, = 2 sec

FIGURE Z.3. Fressurizer control! system.

s team Generastior

%
[
(6%}
te

The steam generator provides 2 dynamic link between

ithe reactor core and the turbine generator in PWR type WFFe

and theretore plays an important role in the sate and reji-
able operation of these piante. Next to the reactor, the

steam generators are the most important components with

respect to iransient phencmensa.

The physical processes that determine the thermal
periormance and operationzl behavior of the steam generator
under steady-state and transient conditions inciude coupled
two-phase fiow, naturai circulation, and heat transter pheno-

mena. A good understanding of, and the capability ©f predict-



ing the normal and oft-normal behavior of a steam generator
are essential for evaluating the load tollowing mechanism,
the operational and accident conditions in FWRs. !t 1s there-
rore generzlly necessary to mode! the steady-state and tran-
sient two-phase tlow and veig distribution in the steam
generator to accurately gpredict the PWE plant

response' % 260270

The behavior ot steam generators is essentially

noniinear because o0f the nonlinear coupling between ernergy

n

transport governed by hezat transrer coerficients, and mas
transport as determined by velocities. Although linearization
is ocut or the question for investigating the large distruban-
ces that are characteristic ot csatety assesment studies, 1t
is acceptable for studying the control system des:ign under

normal operating conditicns‘®7’.

The stesm generator model used 1in this work 1gs &
simplified one. [t uses only three regions to represent the
whoile steam generator: primary tluid, tube metat, and secon-
dary fluid. The model includes no control aclion. irits 18
egquivalent to assuming that the mode! applies only tor small
upsets in which the controller desed bands or long Lime con-

stants prevent signitficant changes in the feedwater 1low.

The egustions are:

v

ter energy baiance

-~
)
g
™

I mEryY W




Z. Metazl energy balance

dst, Chay, .
= (8T, - £T.
dt M. Co
ChAd, ngat
- L £T, - s LR
M, C. ¢F,

3. Secondary watert(liguid phases mass balance

d&M,
= alWey W,
dt
4, bSbecondary water t(steam) mass balance
d&m,
= sl - gl
dt
5. secondary fluid (steam and liguid phase)
balance
dakE ;;E‘Tsat
= (hAd L&T, - PR S
p}
dt cF.
}T‘!lt
t WewCrew L 2T ¢0 - & - RS
¢ P,
- h,, &W., .
€. egquation otf state
Feve = RM.T,
7. wvolume balance
Vo v V.= v,
where gz, 1s ths residence time o1 coolant temperature

S

e 39

energy

in

r
"
“

the



steam generator, hnh,, 1s the heat transtex coellicentl 107¥

Frlmary cooiant to metalltinsliugdes a portion Ol the melsd
resistance as well as 1he Il1im 1esistance’, hg, enthaljp o1
steam, & heat tiaznsie: aireé&, Cerpw 1S Lhe Spec111a hest o1

tegcdwater, h,, 18 tne neat tianster coetiricent 1ol metez 1o

secondary coolant (inciudes a portion cr the meatal resistance

jas |

as well as the film resistance’, M, mass ot tube metai, C,

y ~ .
leae/cF. sieam pressure, i,

o7

specitic heazt ot tube metal,
mass of water in the steam generator, W.,, is the teedwater
flow rate, Mg 1s the mase of steam in the steam generastor,
Weg.. 15 the steam flow rate to the turbine, E internal energy

of secondary coolant, V, steam volume, T, steam temperature.

V., water volume.

After linearizatlicn and appropriate algebraic sul-

stitutions the toliowing eguations are obtained:

csT, 1 (hAs, . i
= &Tie = & T, - &T, 5 - — T, (L. a4
dt €8 M, Cp L se
dsT, ChAas, .
= tel, - &7,
dt M. Ca
\NAles a‘Tsat
- e— [ &T, - U ———3 & Le, 45
Pia Co OF,
debP,
= D, EF, + LoeT, + D,8Tpy + DeeWey + Dsal, (.40
ot

where D, are the coetfficients obtained irom algebraic sub-

stitutions.



Numerical vaiues tor the coetticients are obtzined
using the H.B. Kobinscon HNuciear Flant design data given 1in
Table Z.4. The resulting eguaticns tor the steam generator

deT,
T UL L2338 8T, - CL.T0CsC T, + O.53819 &1, [APSIRPTarRY
dt

asT,

= 3.07017 &7, - 5.3657 &T, + 0.33.272 &F, .45
dz

dsF,

= 1.348 &7, - L.ZiuZe &F, + 0.055Zo 8T,y
gt
- 0.03843 &wWpy 0004425 SWgq (Z2.49)
TABLE Z.<4. Steam Generator Data (for each unit;
Stesm Generator
humber of UY-tubes 3460

U-tube dizmeter, In. (cm)
Average tebe wall thickness, in. tes)
Kzss of U-tube metal, lb (kg)

Total heat transier ares, {7 (sl

U875 12,220
G050 10.13)
81 800 141 671)
4z 430 izl T

Stear Conditions ai Fuii Lezd

N
Steap fiow, lb/h tkg/s) s.168x 10° 1400)
Steae temperature, F ({0 Sl6 (238.68)
Steaw pressure, psig (HFa) T0ES

Frigary Side (colant

Reactor conlant flow, lbsh (kgisi

i ; .
cexctor coplani water volume., ft° (87}

Fesdwater tepperature, F (D)

~ . . i 3
Secondary zide water voluse, wer, Tt
~ : . s . N T 2l
Secondary side steag voiums, fuli power, it

43.21)
(30,700




Z.l,4a. Fiping and plenums

&1l piping sectic

mixed voiumes:

where T is the temperatu

outlet temperature’,
and T is the Tlu
sections; hot-leg

upper, reactor low

o
[

,.i._

i

id

and

er,

n

generator outlet plenums

Substitution

these equations yiel

deTh .

dt

ot

ds:

(o
.

[

Car

on

wn

pose

[

n

o

(%0

)

C

N

1

L

{Ts

rnd plenums are modellec as well-

&

)

— T, - T Loy DU

b

s

cr rt:iuid in the sectiocntegual to

m

11y
(-“
s
i1l

1luid temperature at entrance
sigence time.There are two plping
old-leg and 1Tour plenums; rezctor
team generator inlet, and steam

. the model.

numerical values ftor each one of

2% T, - 0.33645 Ty (.51
Tue - 2.5 &Tyh, {z.5z1
STy, - 1.45 &T,, (.52
T, - 1.45 &Tg¢ (2,54
ETge — loat 2T¢, (=.55
£Tc¢. - 0.516 =T« {z.567




Z2.1.5. Overall System

The nodal stiructure 1or the complete sycstem 15 shown
F

in Fig.<.4.

The linear mode | obtained by assuming negligible
change in teed water tempersture and tfeed 7Tlow J1om the
steady-state values is one o1 & two iInput one

1 The rezctivity due to conirol 1rod movement,

2} The deviation in the steam tiow rate from 1ts steady

state value W, ..

Pressyrizer

et HE3tET TRput

Hot Leg
[ The
Steam
Reactor 7. |eenerator
Upper Tup “ e fintet
Plenum Plenum
g rP.ri-na-r;- i trt bt T irdeieg '
1 [}
Tcz ] Tp Tn t
1 Reactor : :
Kuclezr Ccolant
Power = Tf Lecocrdrcacccneccnaanananed
1 Steam Steam
= cl Top | Benerator Senerator
usl Yooties
[ Plenum
Reactor 1
Lower LP
Fignum
L ;

Coid Leg

FIGURE Z.4. Nodal structure for complete model.

The model can be reprecsented in the standaird state-

P
"
1
4
4
o
[
M
”
~I



where ¥ is the (Z1 x 1) state vectocr given by

xT = (s&F, &C,. &C., &Cy, £C., &Cg. &C., 8Ty, 21., .
£T.., &F, ., &X, &T,. &T,, &F,, &Tys, £Tu.., £T,¢,
£Tors 8Ter s &T e (.58

Z.1.6 BSimpliried Hodel

in order to compare the resuits or this work wiin
previocusiy designed analytical controllers the 1ol lowing
10

simpliried mode | used by other authors ig aiso

congideared.

The si1x groups of delayed neutrons are reduced to one
group by evaluating a single decay constant ifrom the welghied

harmonic mean of the six group decsy constantes:

The other assumption is that the sizce ©r the B

m
]
|

(.
[
"

surizer 1is large enocugh to accommcdate the steam geneiat

(B
in

pPrimary volume sSUrges, thus 1nNciuslion oOor pressurlizer dynamic

in the system model can be avolded.

This mode! too, can be represented in the state space
torm of Eg.12.%7) this time x being the tl4axiy cstate vectaor

given DYy



and

=

hence will be czlied as the 14 variabie model. The svstem
distribution matrix & 1s given 10 Filg.l.9.
S40%¢ G.07oBs -176d ¢ 0 0 T O G ¢ O {
400 -0, 07658 v v v ¢ ¢ U 0 v v L U ¢
VRVEET I -U. 10400 UL 1BsEE U g ¢ G Y U U 4 U \
u U 00576 -Zisauss o ¢ U U Q G 0 ¢ U X
J 0 G.05767 2.¢ PRIEE JL VY ¢ 0 U v U U U {
0 Y O U ¢ w.hasty w v U 4edodbu U ; ¢
0 U U v U 301017 -5.36570 0. 3347L v C C U U <
v 0 ] U v U L343 -ulZussl v u v v U ¢
¢ 0 G U ; ¢ U Y -(.33045 ¢ v u ¢ ¢
U Y 0 ¢ v v U U .5 “ils U U ¢ ¢
U ] G U ¢ 0 U U U 1.85 -1.45 U ¢ {
0 0 0 0 ¢ 1.45 0 0 iy Y ¢ -i.eb 0 ¢
Y 0 0 v O y U 0 ] v v 1,48 -1.49 g
¢ 0 0 0 O ) g il v U Y U 0,516 -0.5
FIGURE 2.5 Svystem distribution matiix A o1 la-variaple
moded.
Z.2  Humerical Simulation of the HEF
The reactor kinetics egquations have the piLpEr L sk
Ssti1rIiness arising Irom the dilfterences 1n Orders ¢TI mainilude
between the prompt and delayedu neulron generislon Times Which
puts =z restirictive uppertbound on the time steys Lo ke ueed
for ihe numericz!  soluticns f7 . various methods neave  been
devised to overcome stiriness 101 Lhe genelsl ncnlinea: OSrdi-
narssy ditterentizl sguations with VAETY1INngE degyees o1 succ-
esest?2% %0210 | Heowever, the linsarized rtorm o1 tne the mathe-
matical model of the RFF given by Eg.12.857) allows the use o1
i o 5 - <13
1he method suggestiec by herlin et =1, .
This method uses & matrix-exponentiatl type o©1 solu-
ti1on. The output at time, t*Lt. 1s given by
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t+ t

£\t+ét)=expk2Lt)5\t) +{ explatt-tryl.lbuctsy ] dt’ (2.6l
J
t

since buitt) can be assumed to be piecewlse constant, the

integral in Eg.(Z.£1) can be evaiuated ana

Xit+lty=explhdtox ity + lexpiality - LIA 'butty (Z.oz)

L

cari be obtained as the solution. The terms involving matrix

exponenritials can be evaluated as follows:

1 1
eXplALLY= | = ALt + — (ALt + — (ALt)® + ... (Z.63
2zt 31
1 1
lexpuealty = 11a7 0= t0]l + — AZt + — (Adt1? + ...) (Z.64)
! 31

where | is the identity matrix.

The reatures 0or this method that make it suitable for
numerical simulations on microcomputers are as 10l lows:
(a) Expansion 1n Eq.(Z.64) avolds the need ftor a matrix
inversion which is an operation with well-known pitralis;
tb) The matrices in Egs.(2.63) and (Z.54; meea to be computed
only once, at the begining ot the simulation, and the ocutput
at any t can be obtazined by simple matrix-vector multiplica-
tions; (¢! Any number of terms in the expansion can be taken
which wili alliow the user to have & compromise on accuracy
and simulation time. However, the time step can be changed
oniy by calculating the matrices in Egs.(z.04) ancg (zZ.65)

with the new value of 1. Nevertheless, even this is not a



severe restriction because other methods reguire caliculation
ot the Jacoblan meirix at every time step and 2a matirix

inversicn as well‘?%3¢. 31



111, RULE-BASED FUZZY LOGIL FRUC
Imsustriai process control 1s
analytical methods ceveliopea using ¢
deslgning a controlier. The level or te
&aT lngisputsule evidence o1 1hie sUCCess
iet, ithere are several assumptions that
to justity Dul nonetneless wmade 1N uUs
methods. The 1irst assumpticn 1§ that &

controlied can

0

the process 1o be

riherent 1n controci theory 1s ump

mode | I the COrrective RIoOCes 18 aval

orf the 1ndusirial processes , those

relati1ons beiween the systie and 1h

do not permit the required precise mathematical
other sssumption 1s that 1t 15 zlwevs pos
varietions 1n the condliions 1nvolved

Ancther tuncamental but not weil T ounae
the concept can be 1mpiemented zs 1t 1s
this 1s not the case: to oblain say & g
18 &180 NECEESET) 10 congsiden op
operational 1sswues like swWwiltching smoothly
sutomatic operation, transients ague 10 ra
erfects or noniinear actuators. wWind-ugp o
etlc. An operaticnal industrial FID  regu
implementation @i Lthe basic Conirol faw
that takss czre ot the s&sbove enumersled
during sitartup testing and COMEBLISESION1INgG,

Y

o8
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Lbased on errecrLive

ontroi itnheory 101

ChMology achi
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il

precicse mathematic

be 1Tormulazted. Atso
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that have nonlinear
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d assumplion

designed, Howewvsr,
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erasvor lniteir laces,

between maznual and
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r the integral term

lator consi1sts o1 an

ana heuristic logilic

Similariy,

necessary to
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tune the regulzator parameters or NFF control systenis whizch

b= 3

1s & time consuming and tedious work taking about lo days to

Complete while the piant Ungey goes abowut LJU TOrCced
disturbences having bolh sSzliely and economicsi 1mpacts 77 .
Complex industrial processes aie successrul i
controlled cgesp1ile thne alorementioned shoi LtCcomings of the
control theory. They are controileg ©y humasn OFET&T0rs wWho

&re azble to cope wiith the IMPIreclsion 1nvolved by developing
Nnew skills or heuristics in Time. Unta! recently &
theoretical spproach 1oward a consicderation ot the heuristic
tactors inherent 1n the implementation was ot made even
though their strong iniluence on the operation o1 the
controlier was well appreciated. Instead they were hidden 1n

practica!l designs. Due to both the ditrticulty 1t theoretical

analysis and indiirerence 1n this Irespect or many
researchers > 7, Ifhe 1dea or making the 1mplicit use or
heuristics explicit nas led to the spplicezlion ©1 exjpert

Lol
1]
[\

system technology to the contrcl & . The key 1dea behind

these developments 1s that 1t shoula be possible 1o 1mplemernt
fuzzy logic control within the domzin 11 which the process
can be contiolled successtully by & numan operatcr. Howeverl,
the value Of this technology to the operation or1 well-
charcterized sysiems nhas not been clesr iy deumornstrated and

sue to be addressed by the nuclear

n

this remains the 1

z a4

community "’ .

In genera! the same steps are used 1o0r designing an

znalytical contreolier and & tuzZy, Tule bDased one hamely, the
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plani process is identiried, and a control methodology 1

m

geveloped. However, there 1s a marked di1rrerence between the

o

details ot the two approsches‘ ™’

In the design of an anatytical controller, the piant
design engineers construct & suilteble mathematicsl mode |

which 15 used together with the performance specaitfications by

Jt
0
s
-+
0
Q
o

the control speciz! the szctusali desiyn. Howevery,

uch mathematical mode!l 1n the case ofr

n

since there 1S nNo
rule-based controllers, situztionsaction rutes are used which
necessitates the control designer Lo be intimately ramiliar
with the plant’s operation. Theretore, the plant engineen
must also pertorm this duty by tearning the rule-based

methodology himselt.

Also due to lack of a mathematical model suitable tor
design, rnew methods tor scguliiing the necessar, knowledge
must be empioyed. Intormation on opersting rules are obtained
trom two sources: by observing plant cperetion &end the
operators themselves. Acguiring knowledge 1n this way 18 &
tedicous and orten trustretling oicocess  becsuse O1ten the
gperatcr himselr is not aware 9fF his actions or can not
commuriicatie them etiectively 101 SCme reason Of olher . &lso,
distinguirshing between the relevant and irrelevant

task. When no expert i1s

[

intormation 18 & very dgemandlin
avaitable,. the primary wWay oI acgulrling knowiledge becomes
simulstion o i1he process Where 115 behavior undei normal and

transient operating conditions 15 observed as 1s the case 1n

this study.
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I the controllers &are expected to satisty Some
perrormance criteria which 1nrtuence the design and
implementation process. The most important ones among these

are that the plant shouid respond in minimum time, theretore

P

he maximum siress levels will be observed during transients,
and that 1t should be stable etc. Iin the case 01 ruie-based
controlliers there is no direct way toc use these criteria. The
ucted and then tested toc determine

controller must b const

m

-5

its pertormance. However, this process, by no means
exhaustive, 1s never satistactory, 1i.e., 1t 15 not possible
to establish with certainty that =&11 the possibie
contingencies have been anticipated and an appropriate

corrective action has been implemented.

As already mentioned beifore, all!l the controllers must
be tuned before they are used. Unlike analytical controliers
there ig no standard technigque for calibration oI rule-based
controllers and instead they require tedious iterative
closed-loop trials, to determine the membersnip Iunctions and

the effectiveness of rules.

Despite these disadvantages tnere are cases where the

ntroliers are supgrior due 1 ihell

W
n
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Q
O
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m
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rule-b

znd ropustness. These tactors are especially imporiant  when

el
m

the modcel is inaccurate, signals are noisy, or some
marametere mssumed to be constant are really a function of

course when no model ot the process is available

(=N

time. U

then they are the only automatic controllers available.
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The historicai gevelopment G1 the YUz logarc
controllers used 1 industrial processes starting with the

pironeering WOTK Gt Miamdani and Assilian 1S reviewed 1n
rererence -. Although the concept ot Tuzzy loglc control was
devieed nearly ten years ago, mainly due to the reluctsnce of
the nuclear industry to use digital control methods. Tuzoy

togic control appiicalions are very recent and 1n theilr ear |y

m

stages‘®*’ .
Kule-Based controllers tREC) are a subset ot
knowledge-based systems (kBSy, rules being a2 kKnowledge

representation method.

A knowliegge-baseo system 1s an artirticial
intetlligencel(Al) program whose pertormance depends wmore orn
the explicit presence oI a large body of knowledge than G
the possession ©! 1ngenlous computationsl proceduies. cxpert
systems which are a subset oI knowledge-based gystems ssek L
model the knowledge and procedures used Dy & humsth expsirt 1n
solving probliems within a wejl-detined domain. Howeves., 1071

many Al spplications there are No unigueiy Guztilired humiai

serte‘®%’ zZs 15 the case 1n this study due to the tact that

m
>

the process to be controlled 1s too 1ast 101y & numen being.

in KeBss,. computaticonsl steps are separate rrom the
control flow as copposed to the conventional computer programs

where the inrtormation 1s scatilered throughout the code. The

;ledge such 2s Tacts and rules o1 other
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domain specitlc kKn

the basics Toer
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the 1nferenc
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the general problem-solving knowiliedge called

¥y

ine contains an i1nterpreter that decides the

order in
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ihe rules should be applied. Aan sdditional

Il
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=] user inteirlace 15 also necessary TGy

explanatory purposes' ¢’ . ‘lhe oigenization

knowiedge base

IinTerence
Engline

I
!

User
interiace
*x

il

N
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L

i A~ block diagram of an expesrt system.

e mode! o1 1h& process 1s iepiresented Ly

~

ner than mathemsatical equations. However., as
tem  application kBLs &re 1sthex simple

to the tact that theilr knowiledge base 18

can  be grouped allowing the use o1 ratlher

e mechanisms. in the case 0O1I tuzoy fogic

z chalning 1S sultticient, and 1n general

ot
)

on strategles are 1nherent 1n fuzzy logic as
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will be explained below.

Since ijules aie used [os Knowledge fepresentation:
only an empir:ical repiesentation 15 possible. Because one o1
the main reasons 1or using this kind or control 1s the itack
0f avallabilitly ot deep representations or hardness thereot,

this 1s entirely appropriate.

S.1 hnowledge kepresentstion

The success o¢r an Al program depends on errective
kricwlecge representation and integrating ditrerent Kinds of
knowiedge into a coherent knowledge base to support the
system's activities'®”’ 1see Fi1g.3..3. A representation 1in
this context carni  be detined a&as & set 0ot syntactic and

semantic conventionsg which tell a computer how Lo i1nteryrpret

symbol! structures. The syntax specities the symbols tnat may

be used and the ways to arrange them whereas. the semantics
SpecilTies how mesnlng 1s embodied 1vn  the sywmbols and the
symboi arrvangements aliowed by the syntax"e’.

Ezrly attempts at buirlding 1wntelligent syvsteme uveed
rirst-order-predicastes calocutus as Lthetirs feEpieselital 100
tanguage. Ihe logicsl approach has the 1ntultive appeat Tor0

knowledge representation because 11 h&as & veiy geney ol
eXPressive power and mathematica! deduction can be used to
derive new knowiedge 1rom old, Although loglc 15 unmatched

1t 1s sulted TOi, there are cases where ths

1]

tor the probtilem

tollowing weazknesses pust be weilighed sgasinst other availiasbile

methods: Since theorem proving pPrograms require gSezrch,

g



csolution may take too jong 1o be round. Some Knowiledge can
not be represented as axioms, fTormuiation of the piobilem n
fogic may regquii e unnecessary er1tort while solving the
problem tormulated in another way may be simple. Also, logic

does not allow the expression o©F some obvious heuristic

knowiedge 3837
Uncertain
T tacts
Eehavior Typical
aescription  EEE— Situation — Frocesses
T f
| !
| f
gocabu?ary  — F ] !
gerinitions 5 ” h———————
S KNOWLEDGE

] vonstrainis
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reiationships Heuristics
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| |
becision ————J Hypothiesis

ruies

Disjunctive
tacts

pam e e mramsms e e W

FIGURE 3.2 The Kinds o1 Knowledge that can go i1nto a
kriowiedge bacse.

Fsychological research suggests that humans do not
exhibit the kinds of reasoning behavior that 1S associated
with thecrem proving systems, rather pecplie prefer reasconing
from situations to actiocns. The most popular and efftective
representational torm Tor declarative descriptions of domaimn

dependent behavioral knowiedge 1n & Knowleage-based system



theretore has beernn patternsaction decision rules, called

- e - . . - 38, X5 — _ . .
production rules . kach fule consists o1 an 11 part and

a then part, i1.e.

1T antecedent then conseguent.

Given the antecedent as a fact 1t 1s concluded by the system
that the conseguent 15 true znd 1s adaed toc the knowledge
base as 2 new tact. Production rules are, in this sense,
erftectively a subset of the precicate calcuius with an added
prescriptive component indicating how the intormation in the
rules 1s Lo be used during reasoning. The dirference lies 1In

the fact that tihe connecticn between the antecedent andg the

conseguent is rather empirical, 1.e., 1t is orten not
possibile tec prove that certain actlions &are logical
consequences of certain situations‘*®’., Froduction ruies can

easily be understood by domain experts and have sutricient

expresgsive power to represent & usetu!l range o©f domain-

o3

dependent 1nierence rTules and behavior specirications.
However, thelr expressive Fpower 1s i1nadegquate 1or defining
terms and ror describing domain obiects and static

relationships among objectis. In inis respect they aliow only

&.surtface representation.

However, a rule-based system can easily explain the
why and how of its inference processes which 1s a very
imporiani asseit due to the fact that somestimes the wuser may
doubt the conclusions reached ang may wWant to check the line

of interence so that he may use the result or reject i1t. Such

a2 guery 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 alsc used for knowledge

representation!3* 373839

A semaniic net consists of nodes which stand for
concepts o©r objecls or events and are connected bLy arcs
describing the relations between the ncdes. It is a usetul
way to represent knowledge in domains +that use well-

established taxonomies to simplify problem solving.

A {frame is a structured representation of an objiect
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 &t each
node is defined by & collection of attributes and values for
those attributes that are <called slots. Each slot can have
procedures attached to it which are executed when the

informaztion in the slot is changed.

The contirol 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 18 su example 1uie:

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

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

# closer look &t this rule will reveal the 1mportant tTeatures
CONcCerning the similarities and ditierences petween the
conventiional and ruie-pased controllers. Firstly, the term
“"pressure error' means that this rule 1s Tormulated with
respect to & pressure setpoint at which the pressure should
be held. Also., the antecedent of the rule has not onty the
deviation trom the setpoint but 1ts rate and direcition oO7F

change. In this respect t

oy
{0

iIeTe 15 & very detinite similarity

between the proportional and derivative terms or a
conventional FilL controller'*'*?’ . Finally., the ruies are
expressed US1Tig linguistic vartitables such a5 ‘“pressure
error®, Ychange 1n pressure error” and "heat change” which
can ilake the tuzzy values "negative smallih, Yposi1tive Dig
etc. Although these are the terms human beings  can
comtortaebly work with 1t 15 diftticult to 1mpiement Lhem o
digitasl computers. Whnen trying to control highiy nonlinearx
snd 1ii~understiood processes, this can be as precise & model

of how to control the plant as 1s avallable.
3.1.1 kepresenting lnexact knowiedge

Une or the difticulitries of 1mplementing kBsSs 15 that
a complete understianding o1 the complex domsin encountered 1In
a real world situation 1s generally noit avairlabie. Much human

knowledge 15 vague and 1mprecise. Human thinking  and



e
reasoning treguentily involve 1nexsct imiormation.
Nevertheiess, the experts have heuristics that are Tormed 1n
time irom experience or some abstract menta i models Lhat

allow them to peErrorm erricrently in their particul

1)

T

gomalnis.

It an expert system 15 to exhibit expert behavior
then 1t must have krnowledge 1epresentation schemes that can
encode uncertain knowledge 1rom the possible scurces: (W=
inherent hhuman tuzzy conceptss (b unrellable 1ntormaition;
(tc) matching of similar rather than identical experiences:
(d) incomplete intormations and Le dilttlering texperty

oplniions.

in classical fogic all the propositions zre elther
truetTy or talsetk). In order to express uncertain kKnowledge,

& scheme which allows & proposition to have 3 truth valueg

-y

other 1 b 15 Niecessasry. Une appioach 1s 1o counsioers =
range Gt truth values extending tiom derinite truth to

detinite taisity with vaiues aliowed 1 this initsivel. (his

new truth value can ei1ther be 2 numerical value betwesen v and

1. representing a degree; oI & gqualitative lasbel, SUCi &€
"almost true’, which 1s . detined as a partition of the truth
space‘®"’ .

The usuzl apprcaches to 1nexact knowliedge 1N expert

) bazyesian eapproach; (b certalnly taclors:

o

systems are:

{c) Lempster-Shater theory 0@ evidence; td} tuzzy logic.
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2.1.308 bavesian approcach. bBasea on plobab theory. the

[
-t

Bayesian approach can dea!l only wiih unrc

(¢4
“t
o

(L Uy . UrncEy tainiy

in & proposition 1s represented =5 & o

BIrobaoy ity Cetwesn U

and 1. bBayes' theorem states that, 11 £ = p, & E. .t 18 &
P AT R RP I = < =

set ©f I pleces o1 evigence and H = i M, .....H. ] 18 & £€1

ot m mutuaity EXClUSs1ivVe nypothesec iha

[BERRUE

s
\
m

FoEy (Hy
Fady jEy ) 50— F(H,
FCE,
wilh

Fobky = FCE, yH, JFUH;

where F(H, s 12 the probability ot ithe hypothesis priocr to thne
knowiedge of evigence, Foky (Hy 18 the conditional
probabiiity of the evidence kE; given the hypothesis H,, anoc

he osteri1or probabltlity or the hypcthesis arte:

—+

FeH, 1E; 7 18

T

E, 18 observed.

This 1tormula can be used as & rule 01 1nlference 1nm an

3

expert system. It the knowledge base contsins the jule 1

-
s

then H,' and E, 1s true then the baves theorem updates 1ihe

belier 1n Hy tyom FUHy 3 to POH, (B, 0, provided that Pk, (H, )
and FiE,» are Kknown.

Coliecting or estimating all the prior condiltionsl

and jioint probabiiities reguired tor this methoo 1s diTticuitl

tor gomain exXxperts. However, 1t has been suggested that
empicying conditicnal independence assumplions can reduce the

ted. ihis approach

0

nunber of pirobabitities to be estim
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Cepernas ziso on the svailability ot = compiete set o1
hyvpoineses, hence 1ts applicebillity 18 restriciled *®’ .
Anoihsy mzlor <riticism of the use of sublective probability,
1n tr1s spprocach, 1s that 1t 15 not possibbie 1o 1epiesent
1gncrance. thilis means that 11 & pilrece of evidence partially
SURFCIls & nypothesis, 1t wouid sisoc have to be psrtisliiy in
ravoc:ry ©I the negation or that hypothesis. Since people crien
gistingulsh between supporting and 1etuting evidence this 1s
counter-intuitive. Also probabilities can only pDe assigned to
a simgiston hypothesis and they must sum up to one **’,
S.4.1.. vertainty fFactors. This approach can deal onily with
uncerizinty. A Ccertainty tactor CFih,e) 18 a numeri1cal vaius
Getwsern zero and one that stands tor the degree ot
conrirmation Ot the nypothesis h based on the evidence e.
certainty ractors are used 1n the hyecin system Lo handie
unceriziniy 1n evidence (1actss ang rules. For exsinple:
rulet
IF X 18 &2 bird,
THERN 1t can 1ly. CF=0.8)
rzcte
¥ is & bird. (CF=0. 3
Conciusion:
it can rly. (CF=0.9%0.86=0. 72
me  advantage oI this sappioach over Frobazibyiaty
theory 1s thatit 1t does noi reguire prior propabiiities and
thererocre goes not requlre & large wvoiume ot statistical
dzta. Moreover, experts are more comtortable agssigning
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certainty tactecrs to the tactsg and rules. cCertainty laclors

are wide iy ueed in expert system shells to handle
uncertainty (Y00
S.l.i.3 Lempstier-sharer lheory orf Evidence. Ihe vempster -

Sherer theory czliculates belie? 1Tunclions-measuremenis ol tLhe

degree ©! beiier. For a set ot mutusliy exclusive hypothesis

H = iH, ,H; ... K.} the theory zl!ows part 01 Lhe unity belied
to be atiributea to any subset or H or any d1sjunction or
H;s. The distr:pution otf the beliet over ithe nypothesis cset

bt
()]
O
ar
o
w
o
n
0

ic probability assignement n, which has 1o
satisty the 1ciiowing conditions:

ZamiAy 2 = 1

Ay H

and ,
mp) =0

J

seti

b
“

aid
-

The interpretz: 01 the basic probabiiity 10y & g

[al

o1 elements 1= Tne amount of belietr that 15 committed exactiy
to that set, oDul cannoctl ve subdivided 1nito sty subiset o1
ttselt. Antothery property or this theory 18 that, 11 one

attributes pari o1 one’'s beli1er to & propositicn, the vTesL O3

the pelie: does mot have to be assigned to the negstion or
that propcsiticrn. Disbelier and i1gnoresnce &ie distinguished
i1 thne represe:zatlonaf Iramework.

i this theoly, sncertitainty iTi & pr05051t10n 18
chiarscisriced Dy two values: degrees oOfF pbelier which is a
measure of the svidence tor the proposition and plausibility
which 15 der:ned ag 1 - measure OfF evidence against
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this approsch, howevei, Involves many NUmer 1Cca i
computations, and 1n the case or & iong 1nterence chaln Lhe

structure crf the resulting betier rtunctaion wWould bg veyry

Sel.lod, Fuzsy logic. Fuzzy leoszi1c 15 based oNn TUZZV Set
theory. In ordinary set theory an 1tem 1s elther & membei ol
a set or not. However, due to the Ccbservation that it the
real world memboership in & s&t 18 not so crisp 1.e.,

certzin sets have imprecise boundaries, Tuzzy set theory was
deveioped. An 1tem casn be & member of a8 TUzZZy setl wnich 18 an

1il-specitied

Qi
jor}
i
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o
cr
o
Q
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b
ot}
i
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collection o1 objects with

unshearp boundaries tou & varyin gegree ,i1.e., tiansition i1rom

N

membership Lo nonmembership 1

m

gradual rather than abrupt.

thn
-
et

The degiree ot mempbership 1s cetermined by 11s mempe:

TuncLion 2 A A8

Tormal princirples
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0T &pproximate reasoning, wWith RreECcl1se Yeasonlng viewed 5% &
Jaimrirng case. Unlike classica!l logical systems, 1t aims at
modeling 1mprecise modes 01 reasoning that pilay sz essentizal

role 1n the human azbility teo make rational decisions 1n an

—

environment 951 unceitainty and IMEIECIE1I0H. HUman beinugs
communicate with each other and reason Using seemingly vague
concepts without much di1tticully and asdapt 10 unencountered
s1tuztLi0ons eas1iy. it rareiy occurs to the user that the

statement Y"She 15 tall® 15 essentizlily 1mprecise 1n iLhe sense

that tallness 1s 1ot a ¢crisgp gqual:ty and has ditrerent



meanings to difrerent people but the i1mportant tactor that i1s
te be emphasized here 1s that difterence 1s actuaily & matiter
or gegree. In other words, an sctual measulrement of the
herght or & person may be consi1dered as being tail to a

degree by some persocin and not very tall by asriotner. in this

Context, heilght O & person 18 & fanguistic wvaristle which
Can tzke vailues as short, not short, tall, very izlil, eitc. A
more Tormal derinition o1 iinguistic varizbie is : Ta

variablie whose values are words or csentences 11 & natura!l or
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Linguistic variables take on  specitic finguistic

values which are expressed as Tuzzy subsetls ot the
Correspondling universestitalsc cailed support sets) Lo whilcrh

they rTetfer.

o
o
o

A TuzZzy subset A oI A 18 represented by & member

Tunction: g X -, {u, 11, Hei e &s 11  Oul example i cetnr De

o+
n
i
Iz
T
[y
]

heizght o1 people which 1s & nonfuzZy  SUpEor

i
[
o
o

course, and A& can be the linguistic vaius

c
ju
bt
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n
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as tail uwiven two such linguistic values A, &1.d A; oOnN

@
.

il
(U}

the same support set X the toliowing logica!l combinations can

pe cetined o

lomntement of A, ANUID Ay 18 rormed by taking vi-p,2

membership vaius at each element o1 the

as 1ts
support s=t.

. Ay, UK A, UA, ¥V A3 13 formed by Laklng maxlp,;, H,p )

at ezch element ot the support set.

gy AHD AL LA, Ay 15 toimed Ly Laklng MINils,, Hag )




&1 each element or the suppoit set.

Une ot the Ba 101 dir:erences ot TuZzy logi1c rrom
ciher 1logics 1s 1n the rnonunigue detinition of i1mplication. &
class ot rmplications have been derined so Iz, €alisiviiig
ditterent kKinds oI properties where the seieclion must Le
subleciivetly made with regara to the behavior oF the
interence rrocess‘*’’

Given a rule or the torm "1t X 15 A. then 1 1s BY the
value of 1pplicalion uwpgix.y) 15 related Lo uwaix) &nd upptlys D
the rollowing

Mr i AX, ¥/ = b - g ANt i AR pp Y

Hr P U,y = maxil - u.ix., MINU U, UXJ oy kg WY DD)

Br o iX,¥J = MINCHg VX ), ip ty )

be CUx, o =1 11 pp UXJ b Cy s

U othervwise
_uﬁs'\x,;v) T omayt L v o, VX, pe by )
He U,y =l 1T g VX)) Mg (Y
iug ty ) otheirwise
Using e ol thecse toagether with the rule derinting Lhe
relation between the zntecedent and consedquenti one CTaeli 1Nl e
the conseguent &' when some vaiue A’ twhich ass be dirrerent
Trom A 18 ELVET.

Us:ing TUIDy icgic 1t 15 possitie Lo represent
crerator eaction inn & torm  sullable 101 imielencing to
generate control action witn 2 digitsd computey fT 1T EL
in this worik the =3 simllar sappiozch 1S taken. The contryro;
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rules are rcrmulated in lingulistic terms which can be delined
on a mathematica | sCale using Tuzzy sets to describe the
magnituge o1 error and 1ts 1ate 61 change and the mzsznltude
C1 the appropriste control action. lhe tactors that arrect
the number o1 terms iegulied are, the lineness o1 coritrol
fules and Wwhether the application 1s process regulation of

servocontrotl.

m
U]
I

1he estazblisnhed finguistic terms are Erivo
Change in Error«CE) which c¢can be complemented 1N SoIhe

appiilcations with Change 1n Change 1n ErrortCCEy.

The most common labels used zre o1 the 1orm “"positive
big", "positive medium"”, "positive small', "zero', "negative

e

M

small”™, "negasitive medium”, and '"negative large®. These lab

(8]

are expected to cover the zillowabis range of the linguist:

variabie. These tuzzy sets ezch have membersihap tunctions
which giwve tne degree o1 the each measurement 1n Lhese vy
sets. 11 g mpoirtant to note neye that each nliezsulement Lot
e a membier orf more thasn one set to & VETY1Ing degree.
Thereicie, in thas seinise mempership grages sl NoL
Frovabillities, gi1nce there 18 no randomness 1nvolved. in

probabilistic statements the impiecision 18 sbout Lhe oulcoms
Gt &1 event whzrezs in & possaitlilstic statement the
Imprecisicn 1S about ithe vagueness ot the concepts
1nvoived ?l .

fhere ore no established methods Tor Specilying
membership Iunctions, they <can De conltainuous, plecewise
contlinuous orF sometimes NG rTuncticonal torm 18 used at =ali.
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1mplementation
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table is tormed. The factors ot 1mporlsnce
iTiterencing mechauism to be us e, the
o1 memc: y sni speed 0! Lhe Compuler Wwhere
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I'he S-shaped function 1s given by the rormuls
MUXI = tltiatx-cui)® 7! (3.1
as snown 1in Fi1g.3.3. The desired shape o1 the tuzZzZy se: Can
be adiusted by the thiee pa:zmeters: c alters the point ot
minimum fuzziness (p=1l), 2 tne spread end b the contrast.
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ine broken-line Tunction 1s given by the 1oimuls

Fay Xt b, 1 C; s XA o
BAX )= < . (SR
.
V8o Xth L B U SN v
as Showh 1n Flg.o.4. This form 1s 1N o essence similar o tLhe

lookup taeble cowncepts which fequUlrTes an INilerpolation scheme

110 any case. Ine shape OI the tuncilion 0o obe adiusted oy

il

“

i+ by oand o, .

3.L Inisrence riechanism
There zrie 1vo 1mportent ways iowhich rules can be
used 1in a kkso: (e Icrward chaining: (by backward chaining.



The neme ftorward chalning comes from the I1act that 1n
thirs technigue movement 1s rrom conqlt1on Speciising 11 partis
to action spec:lylng then parts. when aill the conditilons in &
rule are satisrtied by the current si1tuation the ruie 18 szi1d
to be triggered. when actions azre perytormed, ithe tule 1s sa1d
to be r1red. Iriggering does NOol always mean 1i1ring, because
the conaitions ot severs ! rules may e sztlistied

simultaneousiy, triggering them all,. making 11 necessar

,.
-
0
=

a contlict resoiution procedure to decide which rule actualily

tires' %",

ir the rule-based system hypothizes & concliusion and
uses the antecszdent-conseguent rules Lo work backward itoward
the hypothesis-supporting tactis, then such & system 15 callec

backward chaining or goal driven.

ihe purpose of reasoning and the shape o1 ithe search

space determines the method ol chaining. It ithe gozi 1% To
inrer one particular tact, then backward chaining must be
used.

I this study, of the two 1nterence machanisms Onity

rorward chaining 1s used since there 1s no need 1o genciste
and test hypotheses. In ihis respect fiEus are rather simple

KESe. The block diagram ol a RBC 185 shown in Fig.s.

Another and more 1mpostent simplirication 1s gue to

i chains or reasonlhng sre one inlerence long

W

the tact that

on ofr one rule can never participsatle in the

ot

tor the concius

antecedent or another because the observed &and manipulzledg
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interence proc
the degrees oI membership of E and CE in the allowable rtuzzoy

sets. Unce these guantized 1nputs are obitained the:y B1 €&

compared with each rule in turn. Each rule’s degree or
tultilliment DOF) 18 determined using the eguivalentis o} the

AlD ang UF operations on the tuzzy sets 1n the antececent

which may be writlen zs
DUF, = minvge, (e, wlg, toey 1=1,...1n 15,30
wnere £, 15 a term derined on the Error scate. CE, is a term

o the Uhange 1n Errcr scale bothh of which a2re the terms in

nt of rule 1. DLUF, 1§ the calculated degree ot

14}

the anteced
tuirzliment of rule 1. e and ce are the sCaled mezmsurements

on the Error and Change 1n Error scales. The total number or
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rules 1s denoted by n. The I0OF ot a rule 18 & reaz: number i

s
i

he range Lu,13). 1t DOFf of a rule 1s greater than zero, then
thatl rule is triggeregd. Sirce fuzzy ruies are not mutualis
exclusive &l) triggered rules contribute to the tinal control
zction. The conseguents o1 &ll the rules are compined US1iyg

the unlion ocperation ot sets, thus progucilng a recommendation

reltlecting the zdvice ot all the rules.

the outcome or this i1nlerence process 18 & I[UZZIY St
which 1n this torm cannot be used ftor control. The 1uzZZy set
must be reduced to & singie point using & process called

detuzzitlication.

Ut the several available methods, center of giavity

method is the widely =zdopted one due 1o the 1&5¢t thet 1lhe

generated control actions are smoothers.,

L &y bub,

3

ar
!

{
v

L DUk

where 27 18 the recommended, detuzzitied control &ction, &t
15 a point on the linguistic scale of action a, where LUF, 1s

egquivalent to pgta). The otner melhods are 1the Criglinel one

[}
t
-
<
M
m
¢l
[\l
ful
[}
o+
s
fid]

used by IMHamdani: and cowdrkers andg 11sg dexriv

: ' «C4 1. 82
mean of maxXxima ol average ol maxllia mettiods .



1V. DEVELUFMENT OF

4.1 knowledge Acguisition

on
iy

The primery task 1n bullding a rule-based 1uzz, lcglc
contioller 1s acguisition of the knowigdge necessary 10f
torming the ruies that make up the knowledie base. nie 18 by
No means & simple task due Lo Lne ract that the set oI ruiles
nhave to be exhaustive, non-reduncgsnt, and 1101 aT G COnl f1at

tree. such & rule base, 1n genera! can be rormed

and at the expense ©! & number 0 COMPIrOmMisSes.

usua i

=
1]

procedure 1n Knowledge

on the <¢coperation of the kKnowledge enginee

1dentifled expert in the Tield or concern,

expert is requested 1o supply the rules by

much detai1i as pussible his her actions and gilve

1

ithem, and thne kKnowleage engineger tries 10 Glar:

3]

conitliciing 1ssues by anasiyzing these

expert’'s pertormance 1$ observed while hesshe 1s
case with &n already known set of cutcomes.
are thius identitiied, and i he rule tase 1

pPuring the development or the controlier
a2 difrtersnt approach necessitated by th

ot an expert was taken.

appropriate

the regulation tunction to be pertormed by this

tast rocess Lo be expected rfrom a

m
an

current spplications rely on kKnown zutomatlic

1teratively

acQquisition

I

Lenera

gesci 1Ly
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1y

statements.
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as gescribed elsewhere in this study. Hence the only sultasuie

metrod IOr knowledge acyuisition was numerical simuilatiorn.

The zavantege O numerics! eimuistion a&rises 110m Lhe
ract that 1t allows the user compliete controdl on the proGcCess
that 1s si1mulated: 1l cean be stopped at any time. every slep
can ©0Eg reversed or changed, and every conceivable control
acticn can  be tested 1nclucding those thatl are 1mpossibie 1G6i
the rrocess and 1n the case o1 a NFF would have Ccatasiropnic
conseguences. Nevertheless, the results cbtained can be at

most as accurate as the numerical model 1tiself which 15 the

methcd's inhierent weakness that shioulid always De Kept 1n

ming.
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FIGURE 4.4 Response §P, to -1 percent step change in steamn
flow rate
The regulator development process started with
testing the accuracy of the model and its implementation and
comparing the solution method with other solutions®*®- 12177,
It 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 various
inputs were invéstigated 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 user to stop the simulation and observe each and all of



the

information

selection ot the tuzzy The PIrogrammlng
chosern was Turbo Fascal 4.0'%®’ 1or ease 1n
ampie graphical Capabiiities which were

simulation.
Ulivett: I
with 640 KE

oy kb thus

smaller Kkah

T he

must be

determineg the

deduce the

measured

variables as

time domain plots and thus

necessary 107

variables.

The

essential

ig

5

provides ihe

torming the rules and making propers

langusge

PIOEIEaMmMITIE &N

tor

sctfiware wazs 1mplemented on an IBri-compatibie
<4 FC with a & Hrz &08o  CFU ana © MHZ 80w ? FPRu
KAM. However. ine size ©i the EXE 111e 18 about

simuiations

Can Le

capacity.

4,. Form the knowledge Lbase

100 oFf

W
t

itermine the ranvige (o

n
&
C
a

perrormed on machines

wi1th &

information &ocut plant behavior thus gathered
structured tor the Tollowing reascns: Lal to
manipulated and controlled vaiiables: “DJ Lo
linguistic labels that can be used to describe the

which will form the basis ©I tuzzy sels to be ussd: () Lo
determine the rules that wiii relate the linguistic labels 1o
speciric controi actions. As was mentioned 1n chapler Z there
are two variables in the geveloped mathewmsticsi model oI b
E. Eobinson that can e manlpulated to apply the desired
control action: 10d movement and stesm 110w 1&le. HowWeveT, &8
the control rods are generzily used for power level change,
only steam flow was manipulated 101 power regulation 11
zccordance with previous work ‘% tE.

The measurable variables that are availlable to the

operator are

hot and coid

poOWEr(neuLron Tiuxs,

leg primary
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water temperature, primary loop pressure, feedwater flow
rate, steam pressure, core 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 1its 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 fhat 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",



"megative medium”, "negative small", "negative zerc”. “"Zei o

"positive zero”. "positive 1

v}l
-
™
1]
-

"positive medium', and
"pogi1tive smeil’ tsee Fig. 4.% arndg lables 4.1 and 4a4..:. Ine

shapes or these Tuzzy sets ano thelr parameters were adjusted

through the process o©oif czlibrating the controller.

FIGURE 4.5 Fuzzy Sets tor "negative small®.

The conditional rutes that werye somehow
subconsciousiy applred by the avthor during the manua i
contiol trials were writtern down and i1nvestigated as to thesr
physical correciness and the rule base was tormed arter an
iterative process 1in which new rules were added, previous
ones deleted of changes were made 1 the existing ones. This

Process wWas by no means & trivial task since the manipulated

variable is one o1 the secondary lcop while the controlled



variable 1s that ot the primary one. bue to the heat capacit)
oif the steam generaiocrs, any action 1N one or the focops 1s
telt 1n the otlher stter & considersble 1time deiay thus
hindering the credit assignment to the applied rules. It 1s
net easy to determine ithe ertectiveness ot the 1ules that

were used consecuilively. Atrtter tong and tedious sSimulation

runs the 1ollowing twenty two rules were 1dentitied. i WSt
be added that making anziogles with previous tuzzy controller

applications sometimes grves & good set ot Tules 1o start
with as was the case. aAll or the toliowing rules are based
or: the inherent negative temperature ieedback i BFWH type
nuclear reactors: an 1nNcrease in toad decreases the
temperature 1in the primary loop which ITICIE&SES POWET and

ezch rule 18 an expert attempt st reverting the adverse

developments back to the operating level av an eppiopriate

I power error 1s negaltive bi1g or negative medium and
change 1n power error 1s negative small
then change 1n steam 1low rate 15 positive medium.

it power error is negative small and
change in poOwer error 1s positive smald
then change 1n steam 1low rate 1s positive medium.

I power errcr 18 negatlve zero and
cheaTge. 1n power error 1s positive blg or positive medium
then change in sieam tlow rate 1s positive mediudm.

i1 power error 1s negative zero and
change 1n power error is negative big or negative medium
then change in steam ifiow rate 1s negative medium.

{1 powar error 1is ne
change in power e

gative zero or positive zero, and
ITor 1s z
then change 1n steam 1low ratle

T
EIOQD
1

mn

ZEYG.

It powsr error 1s pesilive Zero, and
chavige in pPOWEr error 1s negative blg or negative medium
then change 1n steam tiow rate 1s positive medium,



{1 power error 1s positive zero, and
Change 1n power error 1s positive big or positlve medium
then chaenge 10 Steam 110w 15te 15 negative medlum.

it power error 1s positive smatl. and
Change 1T POWEI €eITOr 1s positive smell or zZero
then change 1n steam Ilow rate 1s negative medium.
I1 power error 1s positive Dlyg 6 positive MEClul, &N
changeé 1n poOWer error 1s hnegatilve smal |
then Change 1N Sl€am 110w rale 15 Regative mesium.

It power error 1s negative small, and
ghange 1h pOWET €I1101 1S Z&£10
then change 1n steam Tiow rate 18 positive medium.

It power error 1s positive medium or positive oDig
change 1n POWEr error 1s Zero ¢r poesitive smal
then change 1n steam tlow rate 1s negative big.

It power error i5 negative bi
change 1n power error 1s =z
then change 1n steam rlow rate

Or negative medium, and
0 or positive smail
1§ positive Dig.

g
er

It power error 1s negative big or negastive medium, and
change 1n power error is positive big
then change i1n steam tlow 18te 15 positive Gig.

it power error 1S positive bilg or positive medium, and
change 1n power error 1s positive big
then change 1in steam Ilow rate 18 negative big.

It power error 18 negstive smali, and
change 1n power errol 1s positive big or positive medium
then change 1n steam 1low rate 1s positive big.

{t power error 1s positive small, and
change in pOwer error 1s positive medium or positive big
then change 1n steam rlow rate 1s negative big.

i1 power error 1s positive smali, and
chznge 1n power error 15 positive medium or positive big
then change 1n steam 110w Tale 18 negative Dig.

it power error 1s negative small, and
change in power error 1§ negative big or negative medium
then change 1n steam Ilow rate is negative smatil.

if power error 1s positive small, and
change 1n power error is negative Dlg or negative medium

then change in steam Tiow rale 1¢ positive small.

i1 power error 1s negative small, and
change in power error 1s negative small
then change 1n steam ilow rate 1s zZero.

G

a.



It power erIcl 1s negstive zero, and

change 1T POWEr €ir0r 18 negative small

r
then change i1n steam 110w rate 1s negalive smell.

1 power errcr 15 pos

csi1tive zero., and
Change 1h pOwWEl €IT0r 1§ negatlve smali
T

then change in steah Ilow rate 1s positive small.

l1 power ericy 1s positive small, and

change 11 pOWel EIIor 1S negsilive small
then change i steam tlow rate 1s ze:io.

i

The most important tactors that mus: be kept 1n  mind
18 the completeness ©0f the rule bpase. 1This zii1ses 1iom the
fimi1ted nature of the allowable and conceivable test cases.
Unanticipated translents can be coverlooked and 1t is not

possibie 1o guarantee the exhaustiveness or the rules.
4,23 knowledge kepresentation

I'he rules thus selected must be expressed 1n & torm
sultzbtle 1tor digital processing. initially luirbo bPiolog ™Y’
wag chosen &as the pFrogramming fanguage toOI knowledge
rEpIresentation since xnowlegge representaticon and 1nlerencing
can be dons separately. But this approach was later apandoned
tor the Tollowlng reasons: tal the reguli ed INielenciiig
mechanism 1S forward chaining while that o1 Frolog 18
essentléliy backward chalnlng and this would necessitate
special programming 1n violatlion oOf the separability ot
representation and 1nterencing; (S o) the contyoller tests
regquire numerical simulation, however Frolog is not suited to
numerical calculations and thus interfacing to another

language such as C is necessary, which 1is generally an

awkward process with many pitfalis and which also means

recoding the num slready

rical simulation safivwasre which wa

m
m
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coded in TURBO PASCAL 4.0 since it 1is not possible to
interface Turbo Prolog to Turbo Pascal; (c) execution of a
compiled Frolog program is Vessentially slower while
reguiation requires faster than one second responses and also
the number o©f test cases that must be run which are necessary
for forming the rule base dictates a fast response; (d) the
necessary forward chaining inferencing is essentially simple
because any or all rules may be fired at the <same time
without resorting to any additional confliict 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_zeroll;

ACTIONI81:= change_in_steam_flow_rate_negative_medium(DOFIB1);
FIGURE 4.6 A sample rule cocded in Pascal.

A samplie rule which 1is coded in Pascal is given in
Fig.4.6. Here f_AND(.) and f_OR(.) are the fuzzy AND and
fuzzy OR operators implemented as functions while the
assignment "DOF{1:=" is the antecedent and "ACTIONL3I:=" is
the conseguent parts of each rule respectively and
"power_error_positive_small"™ etec. are the fuzzy sets given in

functionz! forms(see Tables 4.1 and 4.2).
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TABLE 4.1 Eroken-Line Fuzzy Subsets Used in this Study.
Subset Range DOF Subset Range DOF
Power Error {Md] :
positive zero 0.0 <x (5.5 1.0 negative zero -5.5<x <90 1.0
5.5 <x (44 101 - /%% -44 € x € -5.5 1.1+ x/55
44 <x (66 0.9 - 3x/220 -66 ( x € -4¢ 0.9 + 3x/2z7
othersise 6.0 otherwise 6.0
Change in Power Error({PE) {MW/sl :
zero 0.0<x (22 £.0 - /220
22 $£x < 4¢ 1ot - x/8%
44 <y <66 0.9 - 3x/220
-22 (x40 1.0 + 3x/220
-4t (y €22 i+ x/85
-66 (x € -45 0.8 + 3x/220
othervise 0.0
Power Error [M¥] and Change in Power Error(CPE) [MW/s) :
positive small 0.0 <x* <55 3x/85 negative small -5.5 ¢ x €0 3x/55
5.5<x (22 1/6 + 4x/165 =22 { x £ -5.% 176 - ax/{€s
22 <y 44 0.4 + 3x/220 -a4 (y £ -22 0.4 - 3x/22¢
44 Ly (66 1.6 - 3x/220 -66 < x £ -44 1.6 + 3x/22¢
66 <x (88 1.9 - w55 -83 ( x £ -68 1.8 + x/55
88 <x (110 1.5 - 51/220 -110< x € -85 1.5 + 3x/220
othergise 0.0 otherwvise 0.9
positive gedivn 22 <x 44 -0.3 + 3x/220 negative mediue -44 < x € -22 0.3 - 3x/Zzs
44 <x (68 -0.5 + x/55 -86 ( x € -44 -0.5 - x/5%
66 <x (88 -0.2 + 3x/220 -88 < x £ -66  -0.2 - 3y/220
88 <x C 110 2.2 - /220 -110 < x < -88 2.2 + 3%/22¢
110 < (132 2.7 - x/55 -132 ¢ x $ -0 2.7+ x/55
132 <x < 156 2.1 - 3x/220 -154 (x € -132 2.1 ¢+ 3x/2ZC
otheruise 0.0 otherkise 0.0
positive big 66 <x (88 -0.9 ¢+ 3x/220 negative big -4 ¢ x £-22 -0.3 - dw/jzzl
88 <» (110 -1.3+ /55 -66 ( x £ -84 -0.5 - /55
110 €= (132 -0.8+ x/220 -88 < x £ -686  -0.Z - 3x/ZZZ
132 <x 1.0 110 < x £ -88 2.2 + 3x/22C
othereise 0.0 otherwise 0.0
Change in Steam Flow Rate
positive sgail 0 S (16 x/16 negative seall -16 Cx £ ¢ -x/i6
othervise 0 otherwise 0
positive mediuz 16 < <32 -1+ ¥/16 negative pedive -32 ( x £ -16 -1 - w/i6
othersise 0 otherwise ]
positive big 32 £ (48 -2 + /1€ negative big -48 (x £-32 -2 - ¥/ 1€
Zero Vx G
* x is either PE or CPE.



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

Subset Range DoF Subset Range DoF
Fower Error [¥¥] :
positive zero x <0 0 negative zero 0 ( x 0
0 <x (55 S5 (x<0 1
otherwise  (1+(2/55(x-5.5))%)"" otherwise  (1+(-2/55x#5.51)")"

Change in Power Error(CPE) [My/s] :
zero Vx (/3347

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

positive small ¥ <58 § negative small -5.5 < x 0

othervise  (1+(-4/121(x-84)3")""! otherwise  (1+{4/1Z1{x+s4))%)""
positive mediug r<55 0 negative medive -5.5¢ x 0

otherwise (14(-1/33(x-88)3%) ! otherwise  (1+(1/33(x+880)%)""

positive big x$88% 0 negative big -5.5 £ x ¢
5.5 x €132 (1+{-1/33(x-1321%)7! -132 ¢ x € -5.5 {1+(1/33(x-132007)7°
132 < x i x € -132 |

* % is either PE or CPE.

The initial functionazl! representation for fuzzy sets
were obtzined 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. 1t must be
stressed here that the selection of these functions and
ranges are highly arbitrary. The final fuzzy sets decided

upon after test runes azre of the broken-line type.

n

4.4 Inferencing

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

mechaznism 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 SP (PE) and its rate
of change(CPE) is calculated which is 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.4.86. Using DOF the ACTION of each rule is calculated from
the corresponding fuzzy set for CSFR given in the consegquent
part of the rule. The final control action is calculated by
weighing ACTION of each rule by its DOF as given in Eq. (3.4).
For example, let us assume that we measure PE to be 39.5 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 0.9838, and "positive
medium™ to degree 0.239. CPE is "zero" tfo degree 0.432Z,
"negative small" to degree 0.801, "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 posgitive =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 tao "negative big"
and "negative medium™ for CPE gives us the union 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 ©0.38Z is
greater. Therefore the DOF of rule #6 is ©.2z01. The
recommended action by this rule is in this case CSFR so as to
obtain "positive medium" to degree 0.Z01. Using the inverse
function we calculate the change in steam flow rate that
satisfies this condition as 18.21 1b/s (&.72 kg/s). Repeating
this process for all the rules we find that only rules 5, 6,
g, &, i1, 18, 21, and 22 have DOFs grezter than 0 which are
6.38z, €.201, 0.432, 0.23%8, 0.238, 0.z¢1, 0.38Z, and 0.801
respectively. The recommended changes in steam flow rate by
these rules are similarly calculated by wusing the inverse
functicons of the fuzzy set descriptions for CSFR to be found
as O, 18.21, -22.8%Z, -19.82, -35.82, 3.21, 6.11, and O
respectively. The net control action 1s calculated by

weighing the action of each rule by its DOF. Thus, using

-~
wm

L4,

Eq.

CFSR® =0(0.382)(0.0)+(0.201)(19.21)+10.432)(-22.892)
+(0.238)(-18.8212+(0.238)(-35.82>+(0.201)(3.21>
+(0.382)(6.11)+(0.8013(0.0) 1
-[0.382+0.201+40.432+0.238+0.239+0.201+0.382+0.5011

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

=<

value. In this work PE was the selected variable.



4.5 Testing of the Controller

As mentioned before the only presently known method
tc determine and improve ithe 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.

(12) -

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.
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FIGURE 4.7 Comparison of the response &P for g 2 F
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controller(0C)''?’ and the rule-based controcller

{RBC).
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4.5.1. Performance Index

The criterion that is 1o be used for comparing the
performance of both the optimal and RBC and the wvarious
implementations of RBC is selected as ITAE(integral of time
multiplied by absolute error) since the initial large error
iz not heavily weighted, whereas the errors that persist are

more heavily weighted‘'®’:

Lo
Pl = j t.&FEg dt (4.1)

0

which is numerically approximated in this study as:



Initially, an ISE(integral of sguare oI error) type

criterion was considered

o
Pl = J (PE)? dt (4.3

@

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
measuremenis 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 tnis
study, the ideal case for both 1s considered, i.e., T he
responses are instantaneous since this is also the case Ieor
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 impiementation will be

radically different from the ideal case where additicnal

equipment such as observers for nonmeasurable states, etc.

are nNnecescsary.

The results of the simulation for different vaiues of

control intervais are shown in Fig.4.11.
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It is evident from Fig.4.11 that the minimum value of
Pl ties in the vicinity of t=0.5. This behavior can be
explained as follows: for very short control intervals the
control action due to time delay has less time to become
effective, but as the control interval is increased, again
due to time delay, the nature of the transient changes faster
than the control action can accommodate. However, it is
apparent that there 1is mnot a marked degradation in the
controjler response. Therefcre, in implementing a RBC of this
type the practical necessities will determine the control

interval.



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
t he overshoot, oscillation and steady state error
characteristics of the controller. The process is as follows.
After determining +the suboptimal control interval, repeazated
simulations are performed for different values of control
gain and a calibration curve as in Fig.4.12 is obtained, the
gain where Pl takes its minimum value is selected.
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FIGURE 4.1Z Controller gain calibration curve.

4.5.4 Determination ©of the Effect of Measurement Noise

The success of the actual implementation of any
ccntroller depends on the dynamical performance of the
sensore that supply the necessary feedback informaticn.
Unfortunately, most of the time, either the sensors iail or
their signal is smeared with noise. The contrelier 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

tollowing noise model is used‘®!':
EF, (L)=8P(t)[1 + b.r(t)) (4.4

where &F,(t) is the variation in power with noise, §P(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 extremel!y robust
under such conditions, the degradation in its performance is
negligible,.
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FIGURE 4.13 Effect of nocise on controller performance.

4.5.5 Effect of the Varistion in Reactor Farameters

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

or changes wiil ocecur in the process parameters thus
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decreasing the validity of the model. This i generally
compensated for by tuning the contrcllers, as this effect

becomes noticeakle.

In the case of an NPP with a PWE core, with burnup,
the moderator coefficient of reactivity becomes more negative
primarily as a result of boric acid dilution but also to &
significant extent from +the effects of the buildup of
piutonium and fission products‘®*?®’ ., In this work & moderator
temperature coefficient of reactivity parameter variation of

2% from its nominal value is considered‘'®’. The results of

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.
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V. DISCUSSION AND CONCLUSIONS

Although the analcgue controllers 1in existing NPPs
are satisfactory for base load operations, the power plants
where digital control 1is zpplied, especially CANDU type
plants have outstanding operational records. The reliability
ard strength of digital control techniques become clearer
when it is recalled that complicated continuocus fuel
management schemes are also handled by these technigues in
the case of CANDU +{ype 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 obsoclescence, low
reliability as well as for reductions in scram freguency‘*®’.
However, in most of the cases the initial steps are rather
coenservative, ©beginning with an emulation of the original
analog contro! 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 analytical approaches of 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
nenlinear processes where no adequate models are available,
the analytical approach fails whereas experienced cperators
are able to control such processes efficiently. Inspired ftrom

this success, knowledge-based controllers for such processes
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were conceived. This was made possible by the developments in
Al such as the knowledge 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
nuciear power plant and its performance is compared with that
of an analytical contiroller. 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 controliler 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 upon, which can easily Dbe modified and is
computationally inexpensive. The persistent residual behavior
of the s-shapzd fuzzy sets in the neighborhood of ©O degree of
membership 1is 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 ruiles requires some major changes In coding, the
final impiementation is considerably faster, this is alsc

facilitated &ty 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 & second, and the decision process must take

considerably less time.

A performance index was used in order {0 compare
different controllers and the different implementations of
rule-based controllers alike. UOf the two indices considered,
the ITAE(integral of time multiplied with &absoclute error)

type was found to be more discriminating than the
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I1SECintegral 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 1initial errors

severely, where the possible latter fluctuations are shadowed

by this effect.

The control interval was determined througt.
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 also possible to tune the gain of the
controller by varying the gain, constructing a calibration
curve and taking the value corresponding tc 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 valuess

considered.

"

The performance of the developed controller wa

(229 <+

for the case of

W

compared tc 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
overchoot of the rule-based <controller is about 2 MW less
than +that of optimal contreller which is a considerable
amourt. Alsc from Fig.4.S, 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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optimai controller. The reason for this is as stated by
Kiszka et al‘®?’ : " +the |inguistic algorithm of control
comprises all ’'metaphysical’ skills of the ocperator, such as

intuition, experience, intelligence and so on, which caanot

be dealt with by modern mathematice."

Alsc investigated were the behavior of the rule-based
controller wunder noisy operation conditions and drift in
process variables. Using the noise model of HMacDonaid et
al‘®'’ it was observed that up to 10 percent noise the efiect
is negiigible. 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 controlier is robust which is an extremely

important asset for nuclear power plant operation.

In summary, =1 robust, simple and eacsily
understandable knowledge-based reguliator for a PWUR 1i1ype
nuclear power plant has been developed thus showing that (a)
simulation can be used for knowledge acguisition; (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 contrecller 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 caontrolier with a
learning capability is & necessity. The next step can be a
rultivariable controlier which will encompass all ot the
control loops and that will lead the way to fully automated
nucliear power Fplants. Each and all of these possibile
developments do not seem to be daunting tasks, however the
power plant data necessary for implementation 1is either

presently or widely not available in a self consistent form.
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