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ABSTRACT

A major concern in the d7sign of control systems fa; nuclear

r
power reactors is where and how many controllers and detectors are to

be deployed in the reactor to satisfy design criteria. In order to

answer tHis concern, we have developed an analytical method in which

emphasis is placed on the linear regulator theory and the least square

estimation theory.

•
,

This work has four areas: realization of the mea£ure 0f the
'.',. .

...; .- .
optimality of the controller locations in terms of fe~dbaEk gain in,
spatial control; calculation of the static set-point~ to compensate the

excess reactivity of tIre: reference state r eI1uation 0t dynamic

of controllers for regulati~g neutron fluxe
/
, and estim~ion of

responses counteracting bun.jp/fuelling indu ed random external

disturbances.

range

additional

I

The deviations of neutron, iodine and xenon distributions from

the reference states w.ere expanded with the referenced A'7modes.· The

order of amplitude vector space was reduced by assumption of the dominant

mode concept. 'Performance indices were formed with reduced state vectors

. and 'separated control functions'. Pontryagin's maximum principle was

applied to deterministic components and the square-root filtering to

stochastic'components.
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Problems were finally narrowed to solve a series o~ "the
.~ ~ . .

,(algebraiC mat~ix Lyapunov and Riccati equations'whose solutions imply

a linear transformation of adjoints to state ve~ors.

,
A computer code ODzcA was/~eloped for designing CANDU zone

control systems using the above theories. Analysis of the existing 600

MWe CANDUzone control compartments in terms of their locati~ns and

numbers led to the"following conclusions. The effective region for both

spatial and bulk control was very limited and, hence, the current vertical ~

, u
compartments occupied the'region most effectively: also the range of

spatial control assigned, to individual compartments was coincident with

"."~oo,",, ." ••" •• "","" ''""' '" ". ".".

',Alternatively we propose a horizontal zone control system

that has comparable performance with better predictability.

·i,.. ,.
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1. BACKGROUND AND CONCEPTS

1.1 Introduction

of the neutron population varying over both time and space.

.~

A nuclear power reactor is directly controlled by adjustments

The neutron
(.

population distribution is governed by the local/global multiplication

factor changes, partly due to tnebuild-up of fission products, such as

135
Xe , partly because of refuelling and fuel burnup' and partly as a

result of temperature changes. All these changes have to be compensated

by a reliable and accurate mechanism with certain predictable performance

to maintain proper control of ,neutron distribution.

-The most common and effective means for controlli';;9j criticality

is the insertion or extraction of a specific neu~on abso!bing, material
-,

from the reactor core. The types of control mech~ism are us~all~.
divided into tWQ categories; one is injection or extraction of liquid

, type absorber solution, the other method is inse~tion or withdrawal of

solid type rods in specific locations.

reactions betweenThecomplexity'of phenomena in nuclear

neutfons and matter raises several ~ifficu~ies, in defining the function.. .
'"---/

of cont,,~llers. The aspects of ~aactor physics consideredY control

design are briefly discussed as in the following,

- 1 - ( •
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(1) Delayed neutron production

Because the neutron life-time in conventional thermal reactors is in

the 10-
4

to 10-
3

second range, no mechanical devices can sufficiently

respond in-this time domain. Thus th~ reactor control mechanism relies

on the small fraction (for example, 0.0065 for u235 fission), of delayed

neutrons born,from certain fission products, commonly called'
, .

'precursors' (1)-(3). The production time constants of delayed neutrons

are spread over 0.1 to 10 seconds.

(2) Xenon redistribution

xe
135

is a high neutron-absorbing fission product (

barns for 0.025 ev neutrons) decaying with a 9.2 hours half-life.' Even

when,the reactor is ,controlled in the global sense, the localized

\

v~iation of xenon

distributipn. For

may induce oscillations in the neutron population. .. , ...

235'· ' ,
U fuelled reactors, "oscillations are nbt possible

/

•
"

, 11 2 (4)-(6)
for neutron fluxes below, 3 x 10 neutron/em -sec" .

/

Most of the current power reactors have neutron fluxes of the order

1013 - 10
14

n/crn
2
. sec well beyond the above threshold value. Therefore,

the controllers in reactors operating at these high flux levels must be

~apable of eliminating the xenon-induced instability or oscillations (7)-(12)

" .

G) Burnup and refuelling

Fissile depletion a~d fertile conversion are the most,slowly varying

kinematics affecting tqe c~iticality factor. Fpr reactors charged

yearly with fresh fuel, the main concern of control ~s the long term

..
criticality consideration. For CANDU reactors, the on-power fuelling'

"'
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(13)
concept requires that controllers resp~nd to daily perturbed

local and global flux levels.~

(4) Temperature Feedback
f :

Since power reactors are tied to electric generators through heat

transport loops, changes in plant operation conditions cause disturbances

"h "1 h "" f h (14) , (15) h" f "
~n t e physJ.ca c aract:erJ..st1.CS 0 t e reactor " e. g., S 1. t.lng

neu~ron energy spectrum, changing macroscopic reaction cross sections,

etc. These feedback effects act over a time scale of the order of

seconds and minutes. . .'

(5) Randomness of. material motions

Added to the statistical nature of neutron fluxes and their reactions

with matter, void formation in the coolant, vibrations of structures,

(16)-(lB)
etc. cause the neutron population to fluctuate continuously.

Control of this noise component should be eliminated from the objectives

of control function (19) .

Actually every transient occurring n nuclear ~~ac~ors is a
•

combination of the above physical phenomena and each component is not

eas~ly separable in a sufficiently accurate manner.

,
•
It appears.that the most

control system might rely would be

on which the reactor
'"

ve simultaneously all the dynamic

equations describing ~e various phenomena and finding appropriate

Control actions to eliminate undesirable disturbances.- But, even with

modern computing systems, it·is almost impossible to obtain.xhe solution

.



..

- 4 -

(
of a complex nonlinear space-time dependent equation system in which

a controller action is explicitly represented for the real-time
~

applications. The common strategy used in power reactor control is,

therefore, to minimize the neutron flux deviat~on from some pre-

determined reference shapes during any transients.

Because extreme difficulties arise' in the design of

control systems mainly due to the complexity and due to the infinite

number of possible situations which can be anticipated during operation,

the principle which is incorporated in conventional design method is to

distribute the individual controllers with geometrical regularity and

(5) ,(20)
symmetry . After a large number of simulations for various

significant situations which could occur during operation, designers

usually choose a symmetric layout pattern which satisfi~s given control

requirements and safety criteria.

Befor~deSigning t~e control system, the reactor,designers

usually set up· quantitative· criteria in terms of reactivity and pewer

such as;

(1) Limits on the total and individual reactivity worths and· rates

of controllers,

(2) Limits on the global and the local poWer and their rates of change.

Obviously the reactivity is a measure of the potential for change in

the neutron population and the associated power varies.

"
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To control the global ~~ents of reactivity or power,

it is preferrable that the controllers are distributed so as not to

create flux distortions due to their presence. But to control the

~ocal components, the controllers should be placed where those

local distortion can be effectively eliminated.

Modern nuclear power reactors have l~rge-flatpigh flux

regions. In such circumstances, weak coupling of reactor sectors

induces local criticality control problems. Therefore at least one

.,

controller must be assigned to control each'sector of the reactor.

But the deployment of as many controllers as necessary for local control

is always accompanied by supporting structural materials,proportional

. .0.
t~ the number of controllers~ which introduce paras1t1c neutron

/

absorption into the core. From a neutron economy point of view,

reduction in the amoUnt of such material is desirable, which leads

eventually to a reduction in the nurnberof controllers.

From a safety aspect, a large number of , controllers require

more complicated electrical and mechanical circuitry, which inherently

decreases ,the reliability of the system. But a system with a small
• •

number of controll~~may not have sufficient redundaney built into it

and, thus, even for a single c~ntroller failure, may possibly impact on l
reactor integrity.

These conflicting aspects acting in an inverse r~lationship to each














































































































































































































































































































































































































































































































































































































