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ABSTRACT

Recently an effort was made to design nuclear reactor systems
via state-variable feedback technigques. On the other hand, a great
amount of research has been concentrated on the multivariable state
feedback control methodology, for its own, and a variety of useful
results have been derived. The purpose of the paper is to apply a ge-
neral multivariable state feedback control technique to nuclear reactor
systems (e.g. multiregion reactors, coupled core reactors, etc.). Two
fundamental design tasks are considered, namely, noninteraction and
realization of desired transfer functions. This technigue requires
the system under control to be given in its phase canonical form and
provides explicit expressions for the feedback control law matrices
required. Two nuclear reactor examples are considered and fully work-

ed out.

i. INTRODUCTION

The application of the state variable feedback control technique
to nuclear reactor systems seems to be a promising approach with many
advantages over the classical and the optimal control techniques pro-
viding a kind of 1link between them. Some studies concerning the appli-
cation of this technigue to nuclear reactors are involved in D]-—[i}

In general, the objective of this technique is to realize exactly given
dynamics by feeding back some or all of the state variables through
appropriate gains. The desired system dynamics is usually described
by a given transfer function which is completely specified by its zero-
es, poles and d.c. gains.

The work described in [1}—[3] is constrained to single-input
single~output reactor systems and derives the solution (i.e. the feed-
back gains) by a direct comparison of the transfer function of the
closed-loop system with that of the desired model, and an equation of
the equal-power terms. The full theory of this method may be found in
{%}. These results were extended in [S] to reactor systems having m

inputs and m outputs through Gilbert's technigue of canonical decoupling
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Bﬂ. A similar technique is described in'[é]. A further extension of
this method tc the case where additional compensation is required to
meet the desiréd criteria was made in [ﬂ.

From the point of view of pure control theory this problem has
received independent attention and a substantial amount of results are
already available @]— 59]. Particular attention was given to two sub-
problems of the general state variable feedback control design problem,
namely the decoupling problem [?]- BO], and the eigenvalue control pro-
blem ET].

The purpose of the present paper is to investigate the applicabi-
lity to multi-input multi-output nuclear reactors of a recent state
variable feedback control technigue [rﬂ , lﬂﬂ ’ [é{} which is based on
the assumption that the system under contrel is given in, or transform-
ed into, its phase canonical form. The main problem is that of non-
interacting system design, and the method provides simultaneous input-
output and state variable decoupling. The pole and d.c. gain assign~
ment can be accomplished simultaneously with the decoupling, but to
control the zeros additional compensators are used as in Eﬂ. Decoup=—
ling {noninteraction) in an actual coupled-core reactor is obtained by
negating the neutron coupling between the cores. For comparison pur-—
poses the nuclear reactor examples studied in [s]—i}] are considered
and completely worked out by the present technique.

2. STATE EQUATIONS OF MULTIPLE-CORE REACTORS

A coupled-core reactor is a critical reactor composed by two or
more independently subcritical cores. The coupling effect is the re-
sult of mutual exchange of leakage neutrons between cores. In such
reactors in order to apply successful control to the power levels of
the cores independently, the effects of the neutron coupling must be
balanced, i.e. a decoupled or noninteracting system is to be desigmned.

Consider a multiple-core reactor in which each core is coupled
only with the neighbouring cores. BAssume for simplicity one delayed
neutron group for each core, and small neutron travel time between
cores. Then, including the negative temperature feedback, the state
equations (linearized) for a 3-core system are®

*Details of derivation together with an introduction of nuclear
reactors in state space are given in [2].
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Here x,,%,,x, are power levels in cores 1,2,3 correspondingly, Xy 1¥g ,Xg
are concentrations of delayed neutrons Ko, %g X9 are control rod rates,
and u,,u;,uy are the control inputs for cores 1,2,3 respectively. The

parameters involved have the following interpretation with i=1,2,3,

Ti prompt neutron generation time in core 1

Bi delayed neutron fraction in core i

ni steady state neutron power level in core i

Dij neutron coupling coefficient from core j to core i

Ai decay constant of the delayed neutron emitter in core i
ay reactivity-temperature proportionality constant of core i
ki temperature-power proportionality constant of core i

my heat removal coefficient of core i

e, inverse time constant of rod controller in core i

In this model the control rods are assumed to be driven by elec—
tric motors and hence each error signal produces a proportional motor
speed. Since the reactivity is proportional to control rod position
{(not to control rod speed) one must integrate the output of the control
rod driver to obtain the reactivity. A signal flow graph of this model

indicating the coupling among the cores as well as the control channels
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is given in Fig. 1.
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Fig. 1. Signal flow graph of the 3-coupled-core reactor

In matrix form this 3-core reactor system (as any multiple core

reactor system) can be written as:

ax(t)

3T = Ax{t)+Bu(t), yl{t}) = Cx(t) (2}

T T
where x(t) = [x1,x2,...,x15] is the ;tate vector, u(t)= [u1,u2,u3]
is the input vector, y(t) = [y1,y2,y3] is the output vector, and the
matrices A,B,C have obvious definitions. It is the state-space model

{2) which will be utilized in the present paper.

3. THE STATE-VARIABLE FEEDBACK CONTROL PROBLEM

3.1 Statement of the problem

In general u(t) is an m-dimensional and y(t} is a p-dimensional

vector. Introducing the linear state feedback control law
u(t) = Kx(t) + Nw(t) (3)

where w(t) is a new input vector of dimensionality m', and X;N are
matrix-valued gains of appropriate dimensions, yields the closed-loop
system

dxc/dt = (A+BK)xC + BNw, y = Cx (4)

(o]
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Here it is assumed that p=m’=m. The problem under consideration is to
calculate the numerical values of the gain matrices K and N which cause
the system to be input-output and state variable decoupled, and to pos-
sess required dynamic performance.

Mathematically, input-output decoupling (or noninteraction) impl-
ies that the input-output transfer matrix is diagonal, whereas state
variable decoupling implies that in state space the system is composed
by m noninteracting subsystems each one having one input-output pair.
The transfer matrix of the closed-loop system (4) is egqual to
Hc(s) = C(SI—A—BK)”1BN. It is well known that Hc(s) is invariant under
a nonsingular similarity transformation xé = ?x In fact, the transfor—

med closed-loop system is dx! /dt = Q(A+BK)Q X +QBNw, y= CQ x' and has
the transfer matrix H {(s)= CQ‘1 ESI O(A+BXK) O~ ] 1QBN = H, {s). It is
assumed here that the system (2) is transformed in its 1nput-Luenberger
canonical form prior to the application of the state feedback control
law. In this canonical form the matrices A,B have the form A = [%ii}

B - B; , where the blocks A,. and Bi are

i i3
g, =1
& 1 ™
i LY %
EREENS Reth
Ay = ial oy = . — T
L ii"'aii ii 0 5 -1 "B*
*® o.‘)' _____
i B, = | ——emmme—— = o
i g*
0...1...0 i
ith position (5)
r W %
E 0 o,~1 s
A = | ——— AL - —xd
370 %3 - ALY
ij"'aij i

and the matrix C is not required to have any special form.
By using a new similarity transformation XC=M2 to the closed-loop

system (4) yields the system

4% = A% + Bw, y=C% (6
where

A=wl(aBK)M, B = M_'1BN, C=cM (7)
Clearly, a Luenberger canonlcal system with matrices = diag Ai"'*’

m] LB1,..., T] { ,...,Cm], where o, are defined in Dﬁ]
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and -
N 0 1T \ - 0 “
Ai = | e e e e o,~1 s Bi |- T " 4 C] (8)
[« 8 Q.. 0...1...0
i1 iqg / /

ith position

is input-output decoupled and consists of m decoupled (noninteracting)
single input single-output subsystems.

Hence, the combined input-output and state variable decoupling
problem under consideration here is reduced to that of selectlng K,N,
and M so as to satisfy the conditions in (7), with A B ,C having the
form (8). The control of the system poles is accomplished by suitably

choosing the parameters &, j:1,2,...,ci, i=1,2,...,m, whereas the d.c.

jl
gains are controlled by suitably selecting &jk' Of course it must be
noted here that not all of ejk are free to be selected arbitrarily,
since they are constrained by the zeros of the system under control,

i.e. by the structure of system (2).

3.2 Solution of the problem

The pure input-—output decoupling problem has been studied by Falb
and Wolovich [}], and the canonical decoupling problem has been consi-
dered by Gilbert [9]. They show that the necessary and sufficient con-
dition for a matrix pair {K,N} to exist such that the state feedback
control (3) yields an input-output decoupled closed-loop system is the

nonsingularity of the matrix

d
mAmB

where the indexes di(i;1,2,...,m) are defined as

min { j:c.AjB Z£0,3=0,1,...,n=1
a, = i ' S (10)

n-1, if ciA3B= 0 for all 3

The present method is based on the fact that the decoupleability of
system (2} by the control law (3), as well as the indexes di are inva-
riant under a non~singular similarity transformation M. We shall con-
sider two cases: (i) the system (2) has no inherent coupling in the
sense of Gilbert 9 idi.e. |D|#0, and (ii) the system has weak inherent
coupling, i.e. |D|# 0 but |H(s)|# 0.
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No inherent coupling

Decompose the matrix M in blocks M'j M{j, and M;ﬁ, equidimensio-

nal with the corresponding blocks A, , and A*g in the Luenberger

ij’ i:i
s T
form of (2}, and write Eﬁljj and Ml

the matrices

A% = '_A*] [.B*J b* ={M;S—j :" A% A**] *% ____[B»iv*‘], D_’I**:I:M;?].‘:[

the first two conditions in (7) can be grouped as

[M*T '1\11"“‘"l .  Introducing

J iJ 13

1

“1’ é**+ E**K = %**AM~ , B*N:ﬁ*B, B**N=M* *5 11)

A*+ B¥K = M*AM
Clearly, B**=I (unity matrix), and hence the two relations in (11)
involving B** give

K = M**AM l-A*¥, N = M**B (12)
Taking into account the fact that B*=0 the other two relations in (11)
yield
a*M = MxR, mrB=0 (13)
The third condition (7) together with conditions (13) constitute the
set of equations which determine M. If this set of linear algebraic

equations has a solution matrix M with [M|#£0 then (12) provides the

desired state feedback matrix pair required.

Weak inherent coupling

In this case prior to applying the feedback law (3) with X,N

being given by (12), one uses a h—dimensional precompensator of the

type

d%/3t = EX+BT with u = F1§+F2§ {14)

and obtains an overall precompensated system with state vector x and

matrices A,B,C, where

X A ! BF BEF
RN P e e P N EREY

X g A B

. i
0f course care must be taken here to transform the matrices A and B in

the Luenberger cancnical form. Usually, one starts by using a 1-
dimensional precompensator {i.e. with n=1). If there still exists
weak inherent coupling one uses a 2-dimensional precompensator, and so

on until the resulting system has no inherent coupling.
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3.3 Control of zeros

The state variable feedback is adequate if one desires, simulta-
neously with the decoupling, to control the poles and the d.c. gains
only. To control one or more zeros one must use suitable precompensa-
torswhich implies that the state dimensionality of the overall system
is increased. However, when introducing precompensators prior to de-
coupling special care is required, since even if the uncompensated sys-
tem has not inherent coupling, the compensated one may have., A first
method of overcoming this difficulty was proposed in [}] and is summa-
rized in the following theorem. "Given a system of the type (2) having
no inherent coupling, the series compensator ¥ = Ax+Bu, u=x+Ed, where
2,B and E are diagonal matrices of dimensions mxm and B is nonsingular,
does not introduce inherent coupling if (i) E=0 or (ii) E is nonsingu-
lar”. This theorem implies that to preserve decoupling when adding
precompensators every compensator must involve both a pole and a zero
or only a pole. The drawback of this method is that there is the possi-
bility of loosing zeros. This is avoided if the system is decoupled
prior to the introduction of the precompensators, since the addition of
series precompensators to a system that is already decoupled does not
influence decoupling.

The second method of introducing precompensators is based on exact-
ly this observation and was also proposed in l}] in the form of the
following theorem. "Suppose that the kth decoupled subsystem of a sys-
tem decoupled by state feedback, or by other means, has 2y zZeros and
ny poles, whereas the kth precompensator has zi zeros and nﬁ poles.

Then the nk+nE poles of each augmented subsystem can be controlled by
state feedback, but the zk+z§ zeros are not affected by state feedback".
In fact, by reordering the state variables, the kth precompensated sub-
system has the transfer function Fk(s) Fi(s}, where Fk(s) is the trans-
fer function of the kth subsystem of the original decoupled uncompensat-
ed system, and Fﬁ(s) is the transfer function of the kth cascade compen-
sator. Now, from single-input single-output state variable control
theory it is known that all nk+n§ poles are controlled, but the zeros
are fixed to be the zeros of Fk{s}Fi(s}. Thus, combining the results
of section 3.2 with the second method outlined here, the following con-
trol design procedure is proposed.

Step 1: Transform the system under control into its Luenberger input

canonical form.

Step 2: Specify the Luenberger canonical decoupled model by using the
desired poles and d.c¢. gains,
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Step 3: Compute the required state feedback pair {¥X,N} and the simi-
larity transformation M.

Step 4: Introduce cascade precompensators to the decoupled single

output subsystems in order to control the zeros as desired.

4. APPLICATION EXAMPLES

Example 1

As a first example consider a special case of the coupled-core
reactor model (1), namely one with identically~coupled identical cores,
in which the delayed neutrons and the control rod dynamics are neglect-
ed. By a convenient relabelling of the state variables the state equa-

tions of this system take the form

oan n
2D o D D
R T L i R B R
o n
b 2D~ o D o
5{3 - TL-_ X1 . ? X3 «-T— X4 + :L X5 + -_T:— u2, x4=kx3—mx4 (15)
x. = 2 x, + 2 b 2D o X, + fﬁ u Xz kxpe-mx
X5 = T % T T ¥3T T %5 6 T 3r FeT MHgT¥g

where D,T, m,k, and n, are the common neutron coupling coefficient,
effective generation time, heat removal coefficient, power-temperature
proportionality constant, and steady state power level, respectively.
Here Xy ¥y, Xy are the neutron power levels, and Ko 1 Xy Xg the tempera-
tures in cores 1,2,3 respectively. The parameter values are D=0.1,
t=0.1 sec, k:io_s, no=105W, a:10w3/deg and m=10"2sec” 1.

Hence, the state equations in (15) take the form

. 3 6 -5 -2
X o= 2x1v10 Xy + Kg t Xg + 10 Uy, %, = 10 x1~10 X,
3 6 s -5 -2
X3 = x,l--»2x3 - 10 L9 + Xg + 10 g, Xy = 10 Xy - 10 Xy
Xe = xq + % -2xs - 10°x, + 10%u,, % = 1077x, - 107%x
5= % 3 74¥%5 6 T 'Y HY3r Fg = 5 6
The measured outputs are yfsﬁ,y2=x3and Y3=%5- These equations can be

written in the form (2) with matrices
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| i
-2 -10° 1 1 0 1 1 0
' | e ' ]
1075 1072 | o o 1o 0 ) 10904 0 04 0
R R e B 0!'10% 0! o
1 0o -2 -10% 11 0 ° » ' o6
! \ [0 0, 0 0110 0
2=l o o ;1072 1072 o 0 "1 0 'o o 'o
——————————————————————————— ! !
i -
1 o | 1 o -2 -0 le= o o) |
i i
o o 1o 0o 11075 107 0 0 0 0 11 0]
(16}

Prior to applying the control techniques the decoupleability of the sys-

tem is checked. Since

c1B 0 0

6
D = CZB =10 1 0
c3B 0 1

0

for which |DI#0, there is no inherent coupling, and so the system is
directly decoupleable without the need to introduce any precompensator.
To find the similarity matrix Q which transforms the system in the
Luenberger form (5), we construct a matrix

o491 - o -1
L = [bol, Bgboqre--iBy| BogiBygrenssBo® byyr... Bom bOKJ

consisting of n linearity independent columns of the controllability

matrix P = [BO,AOBO,...,A2"1BO]. Here O,=0,=03=2, and so
10%  -—2x10® o 10® o 106
0 10 0 0 0 0
0 105 10% -2%10% o 108
L=l 0 0 10 0 0
0 10 ¢ 108 10%  -2x10°
0 0 0 0 0 10
N i i
Setting so:O, €= z o {(k=1,2,...,m), and letting Yk be the Ekth
iz
row of L‘j, the matrix Q is given by
A8 1
Yoo -1
1
Qo = Yle
Y2
o_~1
YmAo™
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In the present case SO=G,81:01:2, €2=01,+02=4, e3=cl+02+03=6, and

Hence

A=A Q

B~-OB

o O © O - O

2x10”"

1071

-1071
0

-10"
0

1

10”7

10

10
0 0
108 2x10
0 107
0o -10
0 0
0 1
107°  -10
0 0
0 0
0 0
0 0
108 10°
1 0

0 0

0 0

0 0

0 0

-10~1

0
-10"
0
2107
10~1

1

- O 0D O O

1

4-elth row

4-—82th row

{m—83th row

0 0
0 0
0 0
0 0
0 1
1072 -1072

i . ‘
0 100 0 0
-3x1072  -2.0011 1072 1 1072 1
0 0 ; 0 1o 0
1072 1 '-3x107% -2.001) 1072 1
0 o 1 0 0, 0 1
i 1
1072 1 1072 1 1-3x107%  -2.001
- ey
- t '
o lo 10 0% 10 0 jo o0
—1 !
§ ¢ - -
1o 0, C=C0 = 0 o '10% 10° 10 o
+0 10 : :
' l
P10 0 o 1o o 110 10°
[}
010
10 1_
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The above suggest that the canonical decoupled model appropriate in

the present case has the matrices

_ l | .
4] 1 [ t
a. a..1 O b0
B R €11 %2 O O
- 5T N e DR
A = o , L, c=l o 18y Cpp | O (18)
18 & | —— e LT LT 4 oo
, 21 22 0 I0 e, &
R e - ! 1831 B3
o | e} [ . ~
; P %31 B3 B=B

The canonical decoupling conditions are A*M=M*A, M*B=0 and CMz=C where

M =|}ﬁj] is a 6x6 matrix, and

0 0 90 Byityp-ebig ]
é* = 0 0 4] 1 0 0 ’ M* '{J,311J.32 - .U.36
0

HgiMgpe . -Hgg

28128957
(i=1,2,3). The

Solving these conditions for M(|M|)#£0) one obtains M=10_6diagE%

622,632,&321 subject to the constrains ai2=1026i1

. R -1 -1 [ =1 =1 -1 =1 -1 .1
inverse matrix M equal to M =10 diag €ior Tqpr 622, Cyos c32,c32 .
The required feedback gain matrices are given by K:g**AM_1~§** and
NzM**B, where
31072 -2.001 1074 1 1072 1
axx = | 1072 1 -3x1072  -—2.001 1072 1
1072 1 1072 1 =3x107%  -2.001
Hoq---Hoe iy 0 612 0 0 0
kK= £ &
M Hgp---Hyg 10 0 0 0 Cyo
Bg1---Heg 0 00 0 2y
Hence
| -
011 G2, 0 0 L %2 s ©
PO S I | e e = 6 1 > ™
s Ak x o Ve
K L 0 _: 8yy 0Oy, L 0 A**, N=10 \\022 S (19)
Ty Ve A ~ s
oy O 83 8y 0 N0 8y

The feedback matrix gains for the original system (16) are N.,=N, and
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B H t T [ H 7
T 1 ¥ ¥ H
___5 ) _2 1 1 1 1
10 Togplegymi0 Taypy 0 b O A B
K_=KQ=10"1 0 o t10%a ‘e 102t o + o
o : : 221%21 22} : 0
______ - e
L] ) ) ) 1
| 9 0 oo 0 110 T0354057710 Tag,
ot _at - - ]
2.001x107%10.99x10731  -—107% 1 g 1 1078 0
T L e it i e B et
- ' ' N _
S T 12.001x107% 10.99x1073] -107® oo
——————— T T T L Ty RIS ——
_ 1] 1 - [ ¥ - -
~107% 0 o_1076 0 1 2.001 x107°10.99x1073
J : ; : H
The closed-loop transfer function is found to be
-1 -1
H_(s) = C(sI-A-BK) 'BN = C_(sI-A_-B K_) ™ 'B_N_
[2,,(s+1078)  2,,(s+107%) 25, (s+107%)
g dlag 7 ’ ) ’ 7 (20)
§7-8yp8=0yq S-Gyps-Gyq  ST703,8704,

L
We observe that the resulting closed-loop system is composed by three

noninteracting second-order systems. Clearly, we can control the poles

and the d.c. gains of each subsystem by selecting the parameters

aij, i=1,2,3, j=1,2, and 612, i=1,2,3 of the canonically decoupled mo-
del (18). The zeros however are fixed at s:—’lo_2 and cannot be control-
led by the state feedback {19).. The most important advantage of this

canonically decoupled system achieved is that besides the input-output
decoupling one also has decoupling between states belonging to different
subsystems (cores). This implies that the three subsystems composing
the whole system are completely noninteracting and so one can control
the outout (power level) as well as the state responses of each sub-
system independently.

Now, let us examine the problem of controlling the zeros. Suppo-
se for example that each subsystem in the cancnically decoupled model
must have two poles at s, 2:{—3+j¥§)/2, a zero at s=0, and a d.c. gain
equal to 106/3. This meags that the desired transfer function of each
subsystem is 106/(52+35+3). The denominator implies that each subsystem
has an undamped natural frequency wn:/§ and a damping ratio §=3/2mn =
V372. Now, since the zero at s=-10"2 of each subsystem cannot be con-
trolled by state feedback, a cascade precompensator must be added to
each subsystem with a pole at s:—10_2 and a zero at the desired position
s=0. Hence, one obtains the equality

A -2
&, (s+10° %) 6
1 5 [ i2 :]: 10 (i=1,2,3)

s+10” s’-5, . s-4, c%+3s43
i2 i1
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from which it follows that a12=106 and a @,,=a,,=-3 (i=1,2,3). In sta-

te space form each subsystem has the equations

%, | o 1 X 4] X
a L - L w, v.=| & ,10%,, ||
a3t -1 ~ i i i1 i1 «
X214 %1 %2 (1 ®2, 1 ¥2 |,
di i
and each cascade precompensator the equations ii = -10_2§i+ﬁi, ui=§i’

Hence the state equations of each precompensated canonically decoupled

subsystem are

o~ 0 14 0 0 X
i S N 5. %+ 5, % = xi]
dt ~ i1 i2! 1 i 0 ir 7i - 241
T _2 —
0 0 ;-10 1 X,
i
= ]
2, ™
¥; = Ci1, 10 ci1E 0 Xy

It is easy to verify that the transfer function of the preceding sub-

system is yi(s)/Gi(s)zéi2/(sz—aizs—ai1) as desired.

Example 2

The second example is a two coupled-core reactor system with

control rod dynamics:

an n
. D [o] D [e) . -
Xy = -7 Xqm 1 Xt T %37t < X5 xzzkx1-mx2, x5:-~®x5+uu1
D D on N 21
¥3 =7 XT3 X3 7 3 Xt g Xy ¥y o= kxgmmxy, Xe=-Oxgtuu,

where =10 sec ; u=1 and the remaining parameters have the same va-
lues as in example 1. Introducing the parameter values one finds that

the matrices A, /B, and €, of the state space description are

1 210 1 o 1% o s [0 00 0o 10
BT -
1073 —1072 o o 0 0 °© 1o 0o 0 0 o0 1
A= 1 0 -1 -10° o 10° (22)
0 0 1072 1072 9 0
10 0 0 0 0
0 0 0 0 -10 0|, c
0o 0 1 0 0 0
| o o 0 0o o -10] :
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The system has no inherent coupling since

r T
S el R 1 OJ, ol# o
ic AB 0 1

L 2 o)

The similarity matrix Q and its inverse are found to be
1

B 0 10 0 0 o o]
10™6 -1073 0 0 0
0 =1-1.01x10"% - 0.99x1073 1076 1
0 0 0 1071 0
0 0 1070 -1073 0 0
1070 0 ~1.01x107% ~0.99x107% 0 1]
- 1
104 108 0 0 0 0
10 0 0 0 0 0
4 6
- 0 10 10 0
0. 0 0
0 0 0 10 0 0
2x1072 1.01 1 1072 -1 0
| -1072 -1 0 2x1072 1001 1

and the input-Luenberger form of (22) is found to be

0 1 9 7 o 0 o
|
0 0 110 0 0
- I -
I T 10012 -11.01 L 10 1 10.01 1
A=0p" '
QR = 0 0 0 : 0 1 0
0 0 o 1 o 0 1
| -
1071 10.01 1 1 -2x10”t -10.12 1101
e ! e
. c o o 110 o o _, [ro* 1% 010 0 @
B'=(0B,) = | ! , C2CQ = oo e e o
[o 0o o070 o0 1 0 0 0410° 100
(23)

The matrices (23) suggest the following canonically decoupled Luenber-
ger model
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i ] |
o1 . 18, 0%, 010 o 0
o o 1| 0 c= |2 ; .
0 o o le,, 10%,, ©
N ay; 055 Gy3 ! | ~21 21
- 10 - 2, 2.
o : 0 B=B, @12:10 Cyq 622:10 €51
I
K 1031 %22 93

cas . -4..
In the present case the decoupling conditions give Mg10 dlag]§11,&11,
511,621,621,621]and the decoupling matrix gain pairi{X,N}is found to be

- '
e itz %) 000 °

| 00 0 13y, &)y O3

i -1 ] -1

-2x107!, -10.12, -11.04 107, 10.01, 1

1074, 10.01, 1 l2x107! -10.12, -11.01
e 0
N = 10 4 "
0 &

Finally, the closed-loop transfer matrix function is

2 2

1 612(s+10 )

- ) 622(s+10—
Hc(s):C(sI—A—BK) BN= diag

I

- 2 . ~ 3 . 2 . -
s —8438 -a12§—a11 87-8,48 =4,,8-G,,

which can be treated for pole, d.c. gain, and zero control as in
Example 1. )

5. CONCLUSIONS

The technique presented in this paper is applicable toc coupled
nuclear reactor systems which, owing to the large number of states of
each core and the large number of cores possible, belong to the class
of large multivariable systems. Spatially-distributed-core reactors
can be treated using this technique by subdividing the core into a num-
ber of coupled subcores. Actually, the results of this paper constitute
the first part of a work aiming to apply the state feedback approach to
complete power reactor systems [?Q]. This will first require an exten-
sion of the method to systems with time delays in the state and/or the
control variables. An extension of the method for treating the inputs
and outputs in groups is also under investigation. When the system

involves some states which are not accessible to direct measurements one
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must use output feedback or generate the unknown state from the measu-
red states upon which they are dependent. This problem is essentially
open. A general FORTRAN program which will provide the solution for
systems with large matrices is being developed. The method is general
and can be used not only in reactor systems but in all cases where si-
multanecus input-output and state variable decoupling, pole control,
d.c. gain control, and zero control is desired.

It is noted that one may reverse the order of steps 3 and 4 in
the algorithm of sec. 3.3, i.e. introduce the precompensator prior to
decoupling, by defining the matrices of the precompensated input-
Luenberger canonical system under control as

A 0 B ! 0 c !
A!: JUENITG R B|= [T, S—— C‘= PN
o g 0 o Tl oA )
117 21 22

where the elements of C ', ¢, C°°, except of the requirement to be
selected such that the system has not inherent coupling, are otherwise
arbitrary. Of course in this case there is again the possibility of
loosing or introducing undesired zeros, and so the algorithm must be

preferred in the order step 1, step 2, step 3, step 4.
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