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ABSTRACT

In thisvstudy a control system. for a coupled-core one delayed“
neutron group point reactor model &ith-linear independent.temperatﬁre
reactivity feedback and a qﬁadratic'éqntroller iS»éesigned and analyzed
using a state variable feedbaék deéigp techniquelg The problem is for-
mulated in matrix notétion, theréforég:retaining the génerality of the
method. The desired system dynamics are specified in terms.éf the closed
loop transfer function. TFor the Casé in point the desired response is
characterized by second order djnamids with a damping ratio . of .7O7Iand
a zero veloéity efrof_responsefto-é'famp power demand input. Simulation
studies using a-digitalvtime respénse program based»on the 4th order
Runge-Kutta method, show that the desired éystem dynamics afe‘e%actly
" realized by feeding back all the state variables throﬁgh constént gain
elements. | |

The control system design baéed'on‘the lineariéed model was
applied to the noﬁ—lineér problem., . Simulation studies show that the
desired system dynamics are obtained for step demands in béwer up to
35% of the equilibrium value. For perturbations.up'to 50% of equilibrium
value there is only a sliéht change in the system dynamics. further, the
step response to negative inputé is moreiheavily damped than for corres-
ponding positive inputs. The step response becomes more osclllatory as
the equilibrium power is increased beyond the design value and more damped
as the power level is decréased below the design value. Parameter varia-

tion effects on the desired response is also considered.

vi



CHAPTER I

PHYSICAL REACTOR MODEL

The purpose of this work is to investigate the applicability of
state variable feedback control to the design of a control system for a
coupled core one delayed neutron group point reactor model with linear
independent temperature reactivity feedback. 1In this study the system to be
considered consists of identical reactors operating at the same power
level, with parameter values indicative of the Kiwi-type reactors being
developed for space propulsion.2

The system 1is described by the following set of generalized differ-

ential equations:

p,-B n n.,
1) gi = ( i ) ny + ey + D507 L 61 + Dy 7 =L Gi’
i (1+1) (1-1) -
0 B _
2) ¢y = () ay = Ayey,
1
) T =K T
1 11 T %1710
4) ey = ey Ty i=1,2

where
th

n, = neutron density or power in the 1 core;

th
= total reactivity in the i core;
B = total delayed neutron fraction;
2, = neutron generation time;
A, = effective delayed neutron precursor decay congtant;

th
cy = delayed neutron precursor concentration in the 1 core;



sd

and dotted

i Kronecker delta; Gi = {

= temperature in the ithcore;

= reciprocal heat capacity of the ith core;

= reciprocal time constant for heat loss from the ith core;

= temperature coefficient of reactivity for 1th core;

= coupling coefficient which gives the reactivity contribution
to core 2 due to neutron leakage from core 1;

= coupling coefficient which gives the reactivity contribu-
tion to core 1 due to neutron leakage fromcore 2;

= externally applied reactivity; Pra = 0 since only one core

is being controlled;

variables (8) indicates the time derivative (%%) of that wariable.



CHAPTER IT

LINEARIZED MODEL

Before the state varilable feedback control design technique
can be applied, the system equations must be linearized. This 1is accom-
plished by taking small perturbations about a steady state equilibrium value.

Following this procedure Eqs. 1 to 4 become

o P10 + Gpi - 8
5) Gni = ( 21 )(niO +6ni) + Ai (CiO + Gci) +
1
D.,S8 D
241 11 2
+ ——= (n + én Y + —— 8§, (n -1o * 6n . oy)
Pg+1y DO (1+1) Pego1y L (i-1) (1-1)
Q A -
6) Gci 11 (n10 + Gni) )\i(cio + dci)
o
7) STi = Ki (niO + Gni) - ay (T10 + GTi)
8) Pio + Gpi = 0400 + GQie - ui(TiO + GTi) i=1,2

where subscript O signifies the steady state value of the variable and §
denotes a small perturbation about the steady state value. In the steady

state, Eqs. 1 to 4 reduce to

1
p,n — B D,,8 D
10 211 11 2
9) 0= (~——————)n,, + A,c,, +——n + §, n
r 10 7 %4510 T ey a0 Ty gyt T -1)0
100 0=8n -ac
21 10 1710
11) 0 = KiniO - aiTiO



12) py0= P1e0 - %1740 1=1,2

Combining Eqs. 9-10 gives

1
o D ) D
10 21 4 14 .2
13) 0= —n,  +—"—=n + =6, n
21 i0 2(i+l) (1+1)0 21 i "(1-1)0

where a value for Pyo can be found.

For core 1, i=1, Eq. 13 becomes

P,A D
14) 0 = 1010 + 21 n
21 22 20

and for core 2 , i=2, Eq. 13 reduces to

Paom20  P12710
. T g
2 1

15) 0 =

Since both cores are identical and operating at the same power level,
Eqs. 14 and 15 reduce to

16) pyq = ~D = -Dj, = =Dy,

Substituting the relationships derived in Eqs. 9 and 16 into Eq. 5

and neglecting the nonlinear term ( GDiéni), Eq. 5 becomes

D
17) 63, = - L8 o0 4 xse, + —2t— sl s +
i Qi i i 71 Q(i+1) i (i+1)

D1y 0

8§, &n + —
2(1_1) i (1-1) 21

+ §p

i

and in the same manner using Eqs. 10 to 13, Eqs., 6 to 8 become

0 B _
18) Gci zi Gni Ai 6ci

0
19) GTi = K,8n, =~ aiGT

i1 i



20) Gpi = Gpie - ai(STi i=1,2

Equations 17 through 20 represent the linearized coupled core
one delayed neutron group point reactor model with linear independent
temperature reactivity feedback.

In order to complete the linear model, the controller dynamics must
be included. External reactivity, Pa> is applied to the system by the
controller through control rod movement and/or reflector rotatfon. In this
investigation it is assumed that the controller transfer function is of

the form

%e(s) K 32

u(s) SZ + ZEwns + wn2 s2 + 8s + 32

21)

where
K is the gain,
E is the damping ratio (.707) of servo system,
fn = wn/Zv is the undamped natural resonant frequency (.9) of
servo system, cycles/sec.

u is the control

s 18 the Laplace transform variable

A quadratic controller was chosen because it is a good approx-
imation to some of the practical servo systems now employed in reactor
control systems. Further a quadratic form of this type will in general
closely approximate the behavior of most physical equipment (electric
motor, hydraulic system, etc.) which might be utilized to drive a control

rod or rotate a reflector.



In order to apply the state variable feedback concept, Eq. 21
must be written as a set of first-order differential equations. This can
easily be accomplished by writing Eq. 21 in differential equation form

0o 0
22) 608 + 869e + 32 6pe- 32 u,

Using phase variable notation, Eq. 22 is put in the form

0
23) Gpe = x8
and
o
24) Xg = - 32 Gpe - 8 Xg + 32 u.



CHAPTER ITIL

STATE VARIABLE FEEDBACK CONTROL

In applying the state variable concept to the design of a linear
control system, the differential equations of the system are represented
by a set of first-order vector-matrix differential equations of the form
(t) = A x (t) + bu ()

26) y (t) = c'x(t)

|%o

25)

where

(t) 1is an n-dimensional state vector

B

>

is an n by n system matrix

is an n dimensional control vector

|o

n is the order of the system

¢ is the vector output

y(t) is the scalar system output
The superscript T denotes the transpose of the column vector and the
dotted varilables signify the time derivative of that variable.

When all the state variables are fed back through constant gain
frequency independent elements, hi’ the control function, u, becomes

27)  u(t) = r(t) + h x(t)
where i

u(t) is the scalar control,

h 1s an n-dimensional vector which has as its elements the state

variable feedback coefficients,

r(t) is an input variable.



Taking the Laplace transform of Eqs. 25 to 27,

28) sx(s) = A x(s) + b u(s),
29) y(s) =c! x(s),
30) u(s) =h' x(s) + r(s)

and substituting Eqs. 29-30 into Eq. 28, the closed-loop system

transfer function is specified in terms of h,

3 LT er-a-200"0

where I 1s the identity matrix and the superscript, -1, indicates the
inverse of the matrix.

Eq. 31 is written in more compact form by letting

32) (sL-A-bh")=F

and [ T
- Fiyl
w7 - s

where
Fij are the cofactors of ﬁhe elements, f
det F 1is the determinant of ¥,

, of the matrix, F

13

The closed-loop system transfer function now becomes

34) y(s) _ E?IFijl?h
r(s) det F

Eq. 31 provides a link to the classical design techniques since

it is equivalent to

y(s) G(s)
33) ¥y T TFals) Hog ()

where

G(s) 1s the open-loop transfer function,



36) G(s) = yu_(L:_L = g_T [s I~ A]'lh,

and Heq(s) is an equivalent feedback element,

u(s) _ h'[s 1 - A]Mn
v Tig 1 - a1y,

37) Heq(s) =

From the above equations it can be observed

a) The zeros of the open loop are also the zeros of the closed
loop transfer function.

b) The location of the zeros in the closed loop transfer function
is independent of the feedback coefficients and can only be altered by
using a series compensator, or can be cancelled by a corresponding pole in
y(8)/r(s).

c) The poles of Heq(s) are the zeros of G(s).

d) The closed-loop response or the desired system dynamics isg
a function of the feedback coefficients.

The state-variable feedback design technique consists of:

a) Specifying the desired dynamics of the system in terms of the
closed-loop transfer function.

b) Formulating the closed-loop response in terms of h, (Eq. 31),
with h unspecified.

¢) Solving a set of simultaneous linear algebraic equations 1in
h which are generated by equating coefficients of powers of s of the
denominator of Eq. 31 to coefficients of like powers of the desired
closed-loop transfer function, the resulting values of h are the values

of the feedback coefficients which will realize the desired system dynamics.
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A digital eoﬁputer program,‘oesed on the matrix formdlation has
be_enldeveloped3 for the design aﬁdreeaiysis of state varieble'feedback
systems. :This progrem is desigﬁed to reduce the computational load
: which, although elgebraic, becomes quite tedious for third—order systems
or greater. |

The program operates in the following mahner: :

a) Suppiyrng the equarions;of"tﬁe plant to be controlleo in

| matrix notation (Aﬁ h?,.éf), the open-looo transfer function,

Eq. 36

ORGSR

is. calculated.

b) Knowing that the zerosﬁOEJthe open-loop ere-also the zeros of

the closed-loop, unwanted Zeros are removed by plac1ng a corres-—
‘ponding pole in the deSLred transfer functlon which has- already

been specified.

~¢) Adding the poles of the’de51red ‘transfer functlon to the
previous input informatlon9 the program performs the calcula— -
tions indicated in b) and. c) onvpage9u
This program can also obtaiorroot 1oeos-information and perform-
feedback seﬁsitivity studies. .Beceese,the program is based onje matrix
approach, 1£ maintains its‘generelirf; 'Another edvantage of using
the matrix approach is that all the trensfer functions from the intermnal.
state variables to the input can be foend by assigning appr0pr1ate values

to the elements»in the output vector E,



CHAPTER IV

STATE VARIABLE FEEDBACK DESIGN OF REACTOR CONTROL SYSTEM

In order to illustrate the state variable feedback design technique,
a control system is designed for a linearized coupled-core reactor.
Performing the indicated subscripted operations on Eqs. 5-to 8

and letting

Gnl = X ‘ an =X, Gpe = x7
6cl = X, 602 = x5
GTl = x3 5T2 = x6

the equations describing the linearized coupled nuclear system with

controller are written as

a.n

-]
__(p+8) ~%1M0 D_ 10
38) xl T X + Alxz I %3 + . X, + 2 %
1 1 2 1
° B__ _
39) Xy = X klxz
1
40) x. = K
) Xy = Kyx) - agxg
sy ¢ _@En o, 22020
%" " L. 4 2%s L. %6
1 2 2
o 8
42) X5 = 22 X, = AZXS
o
43) X = sz4 - ayx,
44) X
) %, = xg

(-]
45) Xg = -32 Xy - 8 Xg + 32 u,
It 18 noted from the equations above that control is accomplished by

perturbing core 1.

11
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Eqs. 38 through 45 are put in the form of Eq. 25 where

nlO n
- @—%B—l A —012 D/t, O 0 7[59 0

1 1 1
B/L, Ay 0 o 0o o0 0 o0
K 0 a o 0 0 0 o0

a nzo
46) /% 0 o LB, 220,
1 b, 27 g,
A =

0 0 0 B/, A, O 0 0
0 0 0 K, 0 a, 0 0
0 0 0 0 o o0 o0 1
0 0 0 0 0O 0 -32 -8

47) b =0 0 _0 O O 6 0 32|

Since the total incremental power is the output variable of
interest, Eq. 26 becomes
48) y = cT Xx=x + X

= 1 4

where

49) 41 0 0 1 0o o o o

The feedback vector is given by

50) bl

-Ihl hy hy h, hge h. h, hsl

If the cores are identical and operating at the same steady
state power level, then the parameters in core 1 (subscript 1) are equal
to the corresponding parameters in core 2 (subscript 2). Assuming identical

cores, consider a system having the following parameters:
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n, = 320 megawatts; D = 0.00064
°R
B = 0.0064; K=1.0
-5 Megawatt-sec
£ = 3.2 x 10 seconds; a=1.0 gsec1
A o= 0.1 seconds-l; o = 0.8 x 107°/°R

Using these values, Eq. 46 becomes

(220 .1 -8 20 o o 10 o
200 -.1 0 0 o 0 0 0
1 0 -1 0 o o0 0 0
20 O 0 -220 .1 -80 0 0
49 0 0 0 2000 -.1 0 0O 0
0 0 0 1 0 -1 o0 0
.:A‘a
' 0 o 0 0 o o0 o 1
0 0 0 0 0 o0 -32 -8
L |
From the above equations, Eq. 32,
F=(sL-A-bh],
can be formulated;
(s+220) -1 &8 -20 o o -107 o |
~200 (s+.1) 0 0 o 0 0 0
-1 0 (s+1) 0 o 0 0 0
20 0 0 (s+220) -.1 80 0 0
50) 0 0 0 ~200 (s+.1) 0 0 0
£° 0 0 0 10 (sHl) 0 0
0 0 0 0o 0 0 s -1
~32h, -32h, -32h,  -3%h, -32h, -32h; =-37h_(s+8-32h]
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Eq 34, the closed~loop sys em transfer function specifled in

terms of h, now becomes

51y ¥€e) | 2 * Fgp)

r(s) det F

The only limitation of_this;aesign technique, aside from the usual
problem of physical realization,:iSlthet the pole~zero-excess of the
desired eystem cannot be 1ess’tnanutﬁat of the uncontrolled'??stemo The
coupled-core reactor has 5 zeros enafS‘poles in the open—looplsystem;
therefore, any synthesized Systen:ﬁnet{have a pole-zero exceséeof’et
least 3. | |

In specifylng the performence.of the-reactor control s&stem, the 7
following- characteristics were con51dered

| a) a stable transient and-steady-state.response,_n{ 

b) a. short settling time, that 1s, the time. required for the

osc1llation to die down to the spec1fied absolute percentage

of the final value endfthereafter remaln less than this value,
¢) good steady~state,Sensitivity; that is, defined3limits within

which the control syste ,will permit the reactor or its

components to drift before correctlve action occurs,:

d) a fast response, and
‘e) - the maximum amount of onerehoot in the power lenel ehould)
last for only a maximnnféreécribed time, o -
Considering these characterls’ticsi essentially second-order
&ynamics_with:a damping ratio.of .707 and a feet response time Qas'speci—
fled Ey olacing a pair of dominant poles at s =10 + j 10 and another pole

further out at s =-200. Because of its location, the pole at «200 has

little effect on the system dynamice° However, it is necessary to satisfy
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the pole-Zero excess condition. The aamping ratio of .707 ﬁfbvides a
step response with little overshoot and a very short'settling time,
The system was further constréined by specifying a zero velocity
error condition. A system with zerxo velocity error is one whose response

to a ramp input follows the ramp input in the steady-state with no. time

lag. This condition was imposed by sgfiéfying the following relationship:4
52) > i . > ;" .
C.L. C.L.
where
Z denotes summation -

PC L refers to.cloéed loop poles
ZC L refers to cldsed loop zeros

Since no zerés were specified in the desired transfér functioﬁ,
l:zero velocity error can be achieved ﬁy either retaining one of tﬂe inher—
:ent systém Zeros of by using series cpmpensation° Because series compen-
éatioﬁ would incregse the:order of the syste.n}y one of the SystemAéefoé
was retained.

From the state variabié feedback programs the numerator of the

open~loop transfer function was found to be

84)
det F

Retaining the zero at s = 4.0386 and cancelling the others, the denomiﬁétor

32(F81+F

53) = 3.2 x 10°(s+.099) (s+1) (s+.0386) (s+1.313) (s+239.75)

of the desired transfer function bedomes

54) det F = (e+.099) (s+1) (s+L. 313) (54239, 75) (s4200) (s°+208+200)

(S+PC,L,)
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where P is the location of the pole which satisfies the zero vel-

C.L.

ocity error condition, Eq. 52,
From Eqs. 53 and 54, the desired system transfer function

becomes

55) [ 1)) 32(Fgy¥Fgy) 3.2 x 10% (s+.0386)

t(s)’y detF (s+200)(52+205+200)(s+PC )

L.
Substituting the zero and pole locations into Eq. 52 yields

56) = ,036

Pe.L.

Eq. 55 now becomes

v(s) - 3.2 x 108(s+.0386)
T(8)y  (s+.036) (s+200) (s2+208+200)

57 [

The values of h,'s which realize the desired system dynamics are

1
h, = -3.3993 x 107> hg = ~4.81369 x 1078
h, = -4.2877 x 1078 h, = +3.05848 x 107>
hy = +3.0239 x 107> h, = -3.37513

h, = -3.39975 x 107> hg = -.375

Using these values, the control law stated by Eq. 27 becomes

5x1-4.2877 x 10‘8x2+3.0239 x 10 7x

5

58) u = r-3.3993 x 10 3

-3.39975 x 10

-3.37513 x7-.375 Xg

The control law is realized by measuring and summing all the

x,~4.81369. x 10‘8x5+3.05848 x 107

6

state variables after each has been multiplied by the appropriate gain

constant.
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So far nothing has been said about the accessibility of the
state variables. It has been assumed that all the state variables are
available for measurement. This is not always the case. For instance,
when delayed neutrons are included 1in the reactor dynamics, the precursor
density, c, cannot be measured. These state variables can be generated
from their describing equations. For example, Eq. 39, describing pre-

cursor density, can be written in the frequency domain as

x
2 __8
59) X L(s+r)’

The state variable, X,, can be generated by using the lag network des-
cribed in Eq. 59.

Althouéh the controlled variable the total incremental power,
x1+x4, 18 responding in a desired prescribed manner, some of the internal
state variables may be behaving in an undesirable fashion. Therefore, 1t
is necessary to find the response of all the internal state variables to
an input, r(t). This is easily done by changing the elements in the
output vector, c¢. The closed-loop response has been determined for the
following state variables:

60) ony 3.2 x 10% (s+.0346) (s+1.34) (s+219.73)
(S+.0386)(S+1.31)(S+200)(8+239.75)(82+208+200)

r

bey 6.4 x 107" (s+.0339) (s+1.34) (s+219.73)

61)
r (s+.0386)(s+.0996)(s+l.31)(s+200)(s+239.75)(82+205+200)

Ty 3.2 % 10% (6+.0330) (s+1.34) (s+219.73)

(s+.0386)(s+l)(s+1.31)(s+200)(s+239.75)(sz+208+200)

62) -



63)

64)

65)

66)

18

oy o 6.4 x 10° (8+.0872) (s+.986) (s+1.013) (s+1.132)

T (s+.0386) (s+.099) (s+1) (s+1. 313) (s+200) (s+239. 75) (s °+20s+200)
%y 1.28 x 1012 (s+1)

T (s+.0386) (s+1.313) (s+200) (s+239. 75) (s +20s+200)

8Ty 6.4 x 10° (s+.099 + 6.468 x 101

r ‘(B+.0386)(s+.0996)(s+l.313)(s+200)(s+239.75)(32+203+200)

Se _ 32(s+.029) (s+199.69)

(8+.0996) (s+1) (s+200) (s2+208+200)



CHAPTER V

THE NONLINEAR PROBLEM

The purpose of this section i1s to determine the range of validity

of the design technique when the control system that was derived for the
linear model is applied to the nonlinear coupled-core system.
This 18 accomplished by selecting various equilibrium power levels and .
subjecting them to a range of step inputs of power demand. The system
behavior i1s studied using a time response digital program based on the
4th order Runge-Kutta method.

The equations describing the nonlinear coupled-core point

reactor model are

X, X
o SD‘FBZ D - 177
67) X; = - % + sz + 7 X, 2 *1%3 + ) ,
° B
68) Xp = 7 Xy = sz,
6 o
9) X, = le - axg,
e ,D__ (D8 -
70) X, T X1 ) X, + Axs T XuXes
o 8
72) x
) X, = KxA - axg,
-]
73) X, = Xg
74) x = -32 x, - 8 xg + 32u,

75) u =r+h x

19
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where all the symbols are as previously defined except

17" " M X7 7 Pe
X2=Cl x5=C2
Xy =T X = T

These equations are generated by combining Eqs. 1 to 4 (recalling that
Poa = 0 since only one core is being controlled) with the controller
dynamics and the control law derived earlier.

The first equilibrium power level analyzed is that for which the

control system was designed, namely 320 megawatts, x Using the

10°
same parameter values that were outlined for the linear model, equili-

brium values can be found for the system variables as follows from

Eqs. 67 to 75.

X X
_ (D+B) D _a 10%70
76) 0 g %0t M0 T T %40 T % Fr10%0 T T
_ B -
77) 0 = < XlO szo
78) 0 = leo - axg
D _ (D+B) _a
79) 0 =9 x4 T %40 ¥ M50 7y %40%0
B -
80) 0=5x - ax,
81) 0 = Kx40 - axgg
82) 0 = xg,
83) 0= =32 x, - Bxg, + 32 u
-5 -8
84) ug= r,~3.3993 x 1077 x - 4.2877 x 1070 x +
+ 3.0239 x 10~ -~ 3.39975 x 107> -
. X X3O - X x40
8

- 4.81369 x 10°° x_ .+ 3.05848 x 10 °x, . -

50 60

- 3.37513 Xg9 375 Xg0
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From Eq. 77, it can be seen that

8 5
85) %50 = T2 *10 © 6.4 x 10 megawatts
Also, Eq. 78 yields
86) x., = ~x . = 320 °R
30 a 10
The relationship of Xcq and Xe0 with X, can be determined from
Eqs. 80 and 81.
B_
87) %50 = %2 %40
and
K
88) %0 = 3 %40

Substituting these relationships into Eq. 79, gives

D D aK
89) 0 =9 %5 "7 %40 " ag X402

Rearranging, Eq. 89 becomes
aD abD -

90) %402 * ok *40 " ok *10 = ©

Since X0 is a constant, X,o can be determined as follows:

//?aD 2 ab
ZaK 2aK ak “10

is the incremental power in core 2, therefore, x

91) x,. = - (=

40

X cannot be

40 40

negative. Since all the parameters in Eq. 91 are positive, the correct

relitionship for x40 is

92) x4 = ZaK /(3—_) X

is found to be 124,92 Megawatts,

Substituting numerical values, X0

Now, Xgq and Xco can easily be determined from Eqs. 87 and 88. These

values are
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Xen = 249.84 x lO3 Megawatts

50

and

- -]
Xe0 124.92 °R

Eq. 82 tells us that

Xgo = O

From Eq. 76, X205 can be found in terms of the other system variables.
%40
93) %X,. =D - D — 4 ax
70 X10 30

Since X100 ¥30? and X0 are known, X, can be evaluated.

Xo = 2,95 x 1073

70 '

All that remains to be done is to determine ro, the initial condition
for the step input variable.
From Eq. 83, it is noted that

94) x = u

70 0
Since the equilibrium value of all the system variables have been
determined, Eq. 84 yields the result

T, = .054,

The other equilibrium power levels examined are 640 Megawatts
and zero power (100 watts). The value of the system variables for
equilibrium operation are determined from the same relationships derived

on the preceding pages. Table 1 shows the value of the system variables

for various equilibrium power levels.



TABLE I.

State Variable
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EQUILIBRIUM STATE VARIABLES FOR POWER LEVELS INVESTIGATED

Zero Power

Linear Design Power

10
10

10

20

20

20

peO

peO

‘where MW

10‘4 MW

.2 MW

1074 °p

1074 W

2 MW

320 MW

6.4 x 105 MW

320 °R
124.92 MW

2.4984 x 10° MW

124,92 °R

2.95 x 1073

0

.054

denotes megawatts and °R, degrees Rankine.

Twice Linear
Design Power

640 MW

1.28 x 106 MW

640 °R
189.78 MW

3.7956 x 10° MW

189.78 °R

5.57 x 103

0

.100



CHAPTER VI

SIMULATION STUDIES OF THE LINEAR AND NONLINEAR SYNTHESIZED SYSTEM

In this chapter, the simuletion studies of the linear and
nonlinear syn;hesized system are discussed.

The system to be controlled.eonsists-of two identical reactors,
some finite distahce apart, operatiﬁgfef 320 Megewatts. 'Wﬁen_a step
demand in power is placed in the eyéeem theeeowef starts tovriee quickly
in core 1. The rate of production of delayed néuﬁrons catcﬁes'up_to the |
initial power change and slows,it downﬂ Finally, the tempe:atufe reac-
tivity feedback levels the power'off et a new steady state value. Corres-
pondingly an increase in power level in core 2 is caused by the coupling
between the cores. Fig. 1 shows the incremental power fesponserf the iin—
ear system to a step demand in pewer."It is exactly the response ehatA
was specified.

Fig. 2.shows‘the amount of externa;ly induced reaetivity, x7;
(37¢) that is required to almost'double the initial steady—etete power
level and the temperature response‘of”eaeh core in the lineeflsystem tQA
a step demand of'poWer. Fig. 3 repreeents‘the short—~time tempefature
response to a step demand in power,‘ The temperatures are pfoportional
to-their eorresponding power levels.'t

Fig. 4 shows the response of fhe individual cores, as the cores are
moved together. This correspoedé to increasing the coupling eoefficient,

D, between the two cores. It can be seen that the power in the controlled

24
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cpre; core 1, decreases, and the powe;Jin the other core intﬁégses;%hile
the total response remains the same;’:Fiﬁally, at D = °0384,'té1er§};is alﬁoét
an equal sharing of power. For coqpliqg coefficients greater than D = ,0384 ',f
" the power in both coresBlowsup;‘ Infeffect this'corresponds:to,a éhysical |
situation where the cores qoaleécg.énd‘indicates that the limité of the
validity of the equations describiﬁglphe system have been éxceedéd,4
Fig. 5 shows ﬁhe senéitiVif&bgé X, thé effective delayed neutron
precursor decay consﬁant, on the'ﬁGégall'system response. Tbé dasheé,line
represents the deéired responsg; "Inﬁorder to maintain the dééired iesponse
A can'f be varied moré than + 10%. '
A root locus piot of the synthésizéd linear system as'é»iunction
" of cqntrollér gain is given in Fig.f6; It ié clear that th¢ systéﬁ’will
not go unstable for ahy value Qf"tqﬁﬁ%olie? gain. | |
Fig. 7 shows the depenéén@eké%5the systemvtransfer;f;ﬁ§tidﬁ*qn
the equilibrium power level, Nye’ F?;#?Fig. 7, it éan be seéﬁzéha;;i
increases in the;steady—sfate powgf‘ié&el, n0; decrease thé‘dampinévof the
systém responsé. The steady~stateﬁ§q?er level can bg raisgd'to appfox—‘
imately 960 Megawatts before.the_syégeﬁ starts to oscillate éﬁd becomes
unstable. Decreasing'no results in'é;more heavily damped system rééppﬁse..
Fig. 8 shows the responsé of?the linear system to a ramp input.
The power ramp lagé the input rampfbj}approximately 0.16 secs.
Variations in .the feedback_dbéfficieﬁts (h4; h5 and h6) assOciéted
with the power, precursor concentration, and temperature of the unconﬁrolled
core respectively, have very 1itt1é-affeqt onithe system dyﬁamics and

neglecting them only slightly éhanges'the system response., This is as
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expected since the state variaBlésxﬁhe& are feeding back arédvefyf5:'
smallgcompéred to their respective quantities in the controlled c_o-fe°

The system response is very sensitive to changes in h_ and h8’ corres—

7
ponding to comntrol rod position and nelocity respectively;*becansefthey
are quite large. The final steady—state power level is affected by
variations in the power feedback coefflcients,.hlrand h4, The power

level increases for decreasing ValueS”pf h. This affect is-hore readily

seen in variations of h, since"%ﬁe“pcwer in core 1 is a lotclargerjthen

2 3%

the poner in theAuncontrolled COref'?ihe feedback coefficients; hVﬁand h
corresponding to the precursor concentratlon and temperature of the
controlled core can be varled + lSA w1thout apprec1ably-chang1ng the
system response.'

Fig. 9 shows the response of tne non—-linear system, operatlng at
the designed 320 MW, to various step demands in power. The deslred system
responge 1s obtained for step demandsfln power up to 35% of the’eqnili—
brium value. There is only a sllght change in the system dynamics for'
- step demands of power up to 50% of the steady—state power level. 'The.
step response for negative 1npurs;;sﬁnpre heav1ly damped tnsn the'f
responses for‘corresponding pOSLtrvedinpurs.'

The next equilibrium'point»enemined was 640 MW. Figiilo shcws
that-system response for step demands in power up to 40% of the equlll—
brium show only a slight change in the system‘dynamicsa The\systemv

_osc1llates sooner than for the de31gned 320 MW operating 1evel;, Once
again, the regponses to negative:inputs are more heavily damped-than for

their corresponding positive inputs.
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The final éteady state 1evéi;studied was that of éero.pbwer. For
this coﬁdition.the magnitude of all the state variable should be zero.
However, since there is an equilibrihm point at the origin, a small finite
power (100 watts) was assumed in order to get a response from the system.
Fig. 11 shoﬁs that the larger the‘step demands in power,_the less damped
the system becomes. For step demands in power larger than the ones shown,
the response becomes osgillatoryu

The sensitivity of the‘s?stem'response to parameter ﬁariatidns was
examined at eachbof,the non-zero steady state power levelso.'The results

were essentially identical with those reported for the linearized system.



O
Z|Z

INCREMENTAL POWER

1.99 —

.66 —

.33 —

1.00

0.2

| | I I
04 0.6 0.8 1.0

TIME (SECONDS)

1.2

Fig. 1: Incremental Power Response of Linear System to a Step Demand in Power

1.4

8¢



?R)

REACTIVITY (DOLLARS)

INCREMENTAL TEMPERATURE (

1.2 —
1.09
6 X7 ‘\
37
0 T T T T 1 T T
10 20 - 30 40 50 60 70
TIME (SFCONDS)
300
X3 —\
200 —
100 —
Xg \
T i | | | T 1
0 10 20 30 40 50 60 70
TIME (SECONDS) -
Fig. 2: State Variable Response of Linear System to a S&ep Demand in Power

67



INCREMENTAL TEMPERATURE (°R)

300

200 J

100 —

I I I I
1.0 2.0
TIME (SECONDS)

Fig. 3: Temperature Response to a Step Demand in Power

0t



N
N

INCREMENTAL POWER

.99 - X|+Xgq
X
D=.00064
1.66 ~_~\\“‘---_~______7 X,
, D=.0032
— X) D:=.0384
X 4 D=.0384
1.33 ” D=.0032
- //— 4
D =.00064
.00 4———y — s 7 T B e R
0 10 20 30 40 50 60

TIME (SECONDS)

Fig. 4: 1Incremental Power Response of Linear System to a Step Demand in Power for
Various Coupling Coefficients, D

T€



INCREMENTAL POWER

TOTAL

N|+N2
N

o)

2.8

A=.1(DESIGN VALUE)

. % I - -l T T 1
.0 2.0 3.0 4.0 5.0 6.0

TIME (SECONDS)

Fig. 5: Response of Linear System to a Step Demand in Power for Various Decay
Constants, A

[43



Fig. 6:

DAMPING FACTOR .707

X =OPEN LOOP POLES
O =ZEROS OF H
® = CLOSED LOOP POLES

eq

Root Locus of Synthesized System

jw

j10.0

i5.0

-i5.0

-jl0.0

- €t



N, +Np
No

INCREMENTAL POWER

TOTAL

4.0

9600 MEGAWATTS
3200 MEGAWATTS

—— 1600 MEGAWATTS

960 MEGAWATTS

1.0 v .
05 10

TIME (SECONDS)

Fig. 7: Response of Linear System to a Step Demand in Power For Various Steady-State
Power Levels, Noi

e



TOTAL POWER (WATTS x 10'0)

.010

008

.006

004

.002

[}

INPUT RAMP

RAMP (Xl +X4)

T T T T
0.2 0.4 0.6 0.8

TIME (SECONDS)

Fig. 8: Response of Linear System to a Ramp Demand in Power

GE



N

INCREMENTAL POWER —
Not

TOTAL

N02 =124.92 MEGAWATTS

Fig. 9:

I T T [ I T T
1.0 2.0 30

TIME (SECONDS)

Response of Coupled Core Reactor to a Step Demand in Power

9¢



N

INCREMENTAL POWER —1T
NoT

TOTAL

No| = 640 MEGAWATTS
No2 = 189.78 MEGAWATTS

NOT = NOI +N02 = 829.78 MEGAWATTS

Fig. 10:

I | [ I ] I
1.0 2.0 30

TIME (SECONDS)

Response of Coupled Core Reactor to a Step Demand in Power

LE



TOTAL POWER (X +X4) MEGAWATTS

300 4"

200

100

T T T T T T
0 1.0 2.0

TIME (MINUTES)

Fig. 11: Response of Zero-Power Coupled-Core Reactor to Step Demand in Power

BE



CHAPTER VII

 CONCLUSIONS

The simulation studieé show that:

a) An-effective.control system for a coupled-core féactor cén
be designed using state va&iable feedback techniquesé

b) The desired system dynémics,‘specified iﬁ terms of-a-closed-
loob ;ransfér fﬁnctioﬁ, are éxactly realized by feeding‘baCk'all tﬁe
state variables through constant,gaiﬁ e}ements ‘(feedback coefficients).
As a consequence, almost ény deéired’response cag'be impésed upon the sys-—
tem mgrely by determining the proper féedbéck coeffiéienfs; |

c) Inacceésible gtate variables are‘not‘a problem; They cén _
be generated from ;heir describing equations énd fed back through
frequency.depeﬁéent eleménts;
. d) Conventional control specifications.such as zer6 velocity
error, damping ratio, overshoot, etc., can be.employed'in the design
ﬁethqd. They Ean be realized With of‘ﬁithout series compensétion;

e) ThHe control law derived‘fof the linear system is”épplicable
to the mon-linear problem. The‘sfeédy—state power-level can élﬁoSt be
tripled'before the system starts”fo oééillate;

£) The effective &elayed neutron precuréor decay coﬁstant,,k;
cannot be varied more than + 10% without distorting the desired respoqsé.

| ~Finally, being formulated in matrix notation, the method=maintainst

its generality. Another advaﬁtage of using the ﬁatrix approach is th;t ali
the interna; state variable transfer functions can be determined mefély

39



40
by changing elements in the dutput-vécfor‘g. This is very important
because one cannot design an effective control system without knowing

how all the system variables are performing.
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