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Abstract

For automatic power control of KMRR, a new method, Reactivity Constraint Method, is
applied for time optimal control. This method limits the net reactivity to the amount that can
be offset by instantaneous control rod action. The reactivity to be constrained for the constant
reactor period should be obtained by the dynamic period equation. A new formulation of the
dynamic period equation for 2—point kinetics model is presented. A methematical controller
model was applied to the plant simulator, KMRSIM to test this control law. The performance
test showed that reactivity constraint approach is also a reliable means for reactor power

change control.
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I. INTRODUCTION

Automatic power control option has not been
accepted in nuclear industry because of safety
issues even though coming situation might need
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its various benefits. However, existing computer
and control technology raised the level of confi-
dence in automatic‘control. In Korea, nuclear
reactor power control has been chosen for
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KMRR(Korea Multi-Purpose Research Reactor)[1]
, [2]. This reactor was designed to be controlled
by a P-1-D control limiting a reactor period to the
minimum limit. Optimal control gains were ap-
plied to both the lograte of power change and the
power level difference from the target power in
order to find the control rod movement speed.

A new control method using the reactivity con-
straint approach was introduced by the M.LT.
group and showed good performance in a few
research reactors [3], [4], [5]. This method
calculated a control rod speed required for the
desired reactor period using a mathematical mod-
el so called dynamic period equations. The per-
formance of this control method was shown to be
excellent. Automatic power level control was done
fast without overshoot {8], [9]. However, reactor
power change should be limited within a certain
limit because of reactor safety. It is required,
therefore, to design a controller which keeps the
maximum allowed change-rate using the reactivity
constraint approach. The purpose of this work
was to apply this reactivity constraint approach for
KMRR, to verify the controllability and to extend
the applied scope of that.

IIl. KMRR and KMRSIM

KMRR is the name of the open—tank—in—pool
type reactor of 30 MWth for material test and
radio~isotope production. Reactor was designed
to be fueled by 20% enriched uranium-—alumi-
num-silicon fuel which is cooled by ordinary wa-
ter. The primary coolant system consists of main
coolant path flow and additional by—pass flow for
safety concern. Figure 1 shows the brief scheme
of KMRR primary coolant system. A large amount
of D50 reflector wrapping the compact core was
designed to increase the neutron economy. There-
fore, the photoneutron effect occurring in reflector
should not be ignored for power level monitoring,

Since this reactor has been under construction, a
computer program KMRSIM was developed as a
simulator [2].
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Figure 1. KMRR Primary Coolant Pathes

KMRSIM adopted 2-point kinetics model for
monitoring the neutron flux at both core and re-
flector. Also, KMRSIM includes fuel and coolant
temperature feedback mode! and xenon reactivity
model. Lumped parameter model was used for
heat transfer calculation for primary coolant sys-
tem. Detailed description for KMRSIM is founded
in reference [6]. Total 35 non-linear differential
equations including 9 neutron kinetics equations,
2 xenon & iodine decay equations, one fuel to
coolant heat transfer equation and the other ener-
gy transfer equations for coolant system were
solved by Runge-Kutta Method. In this work,
numerical schemes are revised for the fast simula-
tion capability by replacing with theta—weighting
scheme. Figure 2. showed the same calculation
results of two method. For this 100 second tran-
sient, it took 423 seconds for Runge-Kutta
method to simulate using a time step size of 0.2
second. However, theta—weighting method spent
only 44 seconds under the same condition. This
improvement provide the capability of real time
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control for KMRR.
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Figure 2. Comparison of Calculation Results using

2 Kinds of Numerical Schemes

Table 1. Kinetics Parameters Used in KMRSIM
{Calculated by HEXKIN Code)

LNeutron Generation Time(sec) L1.40504E—4 I

Group | Yield Fraction | Decay Constant(sec.)
1 2.4757E-4 0.012708
2 1.4133E-3 0.031677
3 1.2484E-3 0.11585
4 2.6898E-3 0.31248
5 8.6412E-4 1.4012
6 1.8127E-4 3.8823
Yield Fraction | Decay Constant(sec.)
lodine 0.056 2.87E-5
Xenon 0.003 2.09E-5
Photoneutron 8.525E4 0.1829
Reactivity Feedback Coefficient
ay ~0.01223E—3(Fue! Temp.)
a. —0.0932E — 3(Moderator Temp.)
a, —0.03435(Xenon Density}
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One out of four control rods was designed to
be chosen automatically to maneuver one by one
responding the rod movement signal. All kinetics
parameters for 2—point kinetics model were calcu-
lated by HEXKIN code [6]. Calculation result was
tabled below.

In order to ensure safety of KMRR, following
operational requirements should be applied.
*The neutron power should not be overshoot

during power increase.

* The lograte never becomes higher than 5%sec
of the present power.

* the reactivity increase rate of the controller nev-
er becomes higher than 0.33mksec

From the third condition, the maximum control
rod steps could be calculated by the rod worth
table. The time—optimal control law in this study is
very different from traditional Pontryagin
approaches. The physical condition. i.e. rod
movement steps are solved to follow the optimal
trajectory that corresponds to the system along the
most limiting constraint, i.e. the minimum 20

second reactor period[4].
Hl. CONTROL THEORY
3.1 Control logic of KMRSIM

The controller developed in KAERI [1] used
typical P-I-D control law. It employed the differ-
ence between a detected lograte and a present
power change demand to obtain the error signal
for calculating the control rod steps. Principal con-
cept is summarized below;

P
¥,=[G1 log Ry 1 dN“’]il (1)

*1 —sz)— at
where P, is a target power level
N(t) is a power level at time t
Y; is an error signal corresponding to
rod movement step numbers
G;, Gy are control gains
First term in Eq(1) represents the deviation of
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power level from the target value, and the second
term shows the stiffness of power change rate. At
initial stage of power transient, first term is domi-
nant whereas second term is quite small, and
therefore control rod is withdrawn in the max-
imum speed. As time goes on, first term starts to
decrease, however second term increases more
and more. In the mid stage, both terms offset each
other. So Y; almost nearly zero. In later stage,
second term is prevailed for rod movement signal
so that the rate of power change should be
slowegi down as control rod was inserted into
reactor core. Figure 3 shows power change from
0.1 to 1.0 by KAERI's control method.
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Figure 3. Power Change by KAERI's Control

3.2 Reactivity Constraint Method

A reactor period can be derived from the point
kinetics equation

r )= g—eQ
P+ Ae P+ Bi(Ai— Aell)

This equation was derived by J.A. Bernard and

2

AF. Henry(3] and named as dynamic period
equation. A (t) is the effective decay constant
which is weighted with delayed neutron precursor
concentraions.

s A5G
Al=T536

A%(t) £(t) has an effect of total delayed neut-
ron concentration and = Bi(Ai-A.(t) has an

3)

effect of precursor concentration distribution
among delayed neutron groups. Because delayed
neutron population is not a function of reactivity
but a function of power history and also it is not
observable £ (t) and £ (t) are the only active para-
meters to be measured.

In a reactor power control, a rapid reactivity
insertion(either in positive or negative) is needed
for an initial period of transient. As power level
changes in a certain fashion, control rod is not
required to move that much. The most significant
key action is to reverse the reactivity insertion to
compensate delayed reactivity response and final-
ly to level off the power change near the target
power level. This unobservable reactivity com-
pensation can be predicted by the dynamic period
equation by making the denominator of Eq.(2)
zero. If the maximum available reactivity change
rate from control rod is greater than the other
terms in the denominator, control mechanism
could offset the reactivity induced from delayed
neutrons. That is. the following condition should

be met;
[0 =0+ A,0P M+ BA— A,/ W) @)

where /;f is the reactivity change rate that comes
from thermal hydraulic feedback effects and the
symbol | £.| denotes the maximum available rate
of reactivity change that could be obtained by
reversing the control rod movement. This con-
straint limiting the control rod movement is called
Absolute Reactivity Constraint. Physical meaning
for this condition is that it should be possible to
level reactor power at any time during a transient.
This constraint is quite conservative because the
net reactivity in core satistying this constraint con-
dition is rather small. Therefore it takes long to
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reach to the desired power.

In case of power rise, although there exists
reactivity beyond the amount specified by the
absolute constraint we may have enough time to
remove this excess reactivity before the overshoot.
The available time before reaching to the target
power level can be calculated by the following
definition.

Tuw= 7@ n [ 5] ©)

where P(t) is the power level at time f,
P, is the desired power level and,
T (t) is the dynamic period.

If there were enough available time, ramp rate
can be raised by insertion of more reactivity
beyond absolute reactivity. However, we should
have capability to tum the present reactivity back
to the absolute reactivity constraint. The time in-
terval required to restore the absolute constraint is
defined as the required time.
P redlTPalt)

| el
-where £ .t} is reactivity present in core at
time t, and P ,(t) is the reactivity satisfying the
absolute reactivity constraint. If the required time

Treq= 6)

is greater than the available time, there is no
enough time to compensate the power rise speed
with the control rod movement. Therefore it is
necessary to control with net reactivity lest T,.q
should exceed T,y
Treg. < Taval v
By keeping this constraint; T,y could be kept
longer than the time interval to be spent, that is,
net reactivity is guaranteed to be eliminated dur-
ing transient before overshoot or undershoot. This
reactivity constraint condition is called Sufficient
Reactivity Constraint. Once a power level reaches
to the target level, available time becomes to zero.
At the moment of reaching to the target power,
therefore, the reactivity due to the delayed neut-
rons is always kept less than the available max-
imum reactivity attainable by control rod
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mechanism.
IV. CONTROL SYSTEM STRUCTURE

4.1 Derivation of Dynamic Period Equation
based on 2-Point Kinetics

In order to predict the reactor period of KMRR,
it is required to use the dynamic period equation
based on the two point kinetics. Therefore, new
formulation including photo—neutron effect in re-
flector was derived. It started from 2—point kinetics
equations, one for core and the other for reflector
and then they were normalized with steady state
values. Detailed derivation procedure can be
found in reference [8].

d._ PH—B—7
+3 A G+ ZEN (= T o) .®
Ht—ci(t)_ A Nl ACH =1, .., 9
d _ Y ta
+ A DI+ =N 7 ) (10)
9 D=L N0— AdD® 1
dt A
where
Nt : normalized neutron density at the
core to the stady state value
Cit) : normalized i-th group delayed neut-
ron precursor density °®
N,(t) : normalized neutron density at the re-
flector
Di(t) : normalized photo—neutron precursor
density
A : prompt neutron life time
A kg : decay constant of precursors for de-
layed neutron and photoneutron
B, 7 : yield fraction of precursors for each

@, @, :cross coupling coefficients between
core and reflector
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Teeleo : time lag for neutron transfer between
two region
9} : steady state neutron density ratio of

reflector to core
Differentiating Eq. (8),

@ ()N() + w2 (N(H)
= NALEZT N
+2 2 GO+ Nit— 7o) (12)

where @ (t) is the inverse period at time t. Substi-
tuting Eq.(9) into this,

& [N+ @ 2N =N

pP—B—7 N,
+ e (N + 5 3,8,
— 2 AZCHRENf— T ). (13)

Now, precursor concentration is eliminated by the
definition of A°.(t) in equation(3). Rearranging
Eq.(8) for = AiCi and substituting into Eq.(3),

pP—B—7
A

S A2C=A1) [@®N,— N

acf
——a Nrit— 7] (14)
Now, we can eliminate 5 A%C; in Eq.(13).

% (ONc()+ @ 2(ONc() =4,

bp—p—7 N,
t—a @ON+ 2 A 85

Aoy - , 14 ——ﬂ— 7
A Nelt— 7o) = A [@®Ne———3——
Nr(t— Tcr)] (15)

Differenting Eq.(10} and then substituting Eq.(11)
into this, we have another combining equation.

& N+ @ ZON, =5 @ {IN(t— )

7+ acr)w(t)Nr+ A d[% Nc_ A dD]
(16)

1
“aA

In Eq.(10), solving for 14D and introducing to

Eq.(16), we have
N,

N,

acrw+'ld7+/ldarc
Alo+ 0?4+ Agw]+ (7 + a,Nw+ A41/0

a7

Substituting this into Eq.(12),
T ()=

B+r—p B
P+3SBlA—Ad+relp—7)+Qaq(A.+wR

acrw+ Ad(w+ arc) (18)
(w4 A (¥ + ay)

where R=

Eq.(18) is the dynamic period equation for
2-point kinetics model. Although there exists
some extraneous terms comparing with Eq.(2), de-
noting the photo—neutron effects, they should not
have contributed very much. Therefore, Eq.(18)
also could be applied for reactivity constraint
method theory. Figure 4 shows the result of the
calculated period for two kinds of kinetics model.
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Figure 4. Detected and Calculated period using
Two Kinds of Kinetics Model(1,2-Point)

It was apparent that dynamic period equation for
2—point kinetics model could calculate more cor-

rectly.
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4.2 Observer and Control System Structure

In order to control the reactor power using
reactivity constraint method, it was required much
information for such as neutron power level,
Ae(t), P2.t), T(t) and P (t). These parameters
could be calculated from present power level and
control rod position. They could be evaluated
through the mathematical model, here named as
observer. Delayed neutron precursor concentra-
tion is dependent on the power history. Equation
(9) is integrated with an assumption that power
should change linearly for a short time step
period.

Cin+l=Cin e_“At‘*'%NrH_l

11 o aiat
’Xi AZAt (1—e )
ﬂi n 1 _ A At__l_ — AiAg
+ AN fTiz—A“t—(l e % PP 1 {19)

More detailed information is appended at refer-
ance 8. A calculation procedure in the observer is
shown in figure 5. All parameters obtained there
transferred into a controller. System structure,
schematically shown in figure 6, consisted of
plant(KMRSIM), controller and observer. In a con-
troller, the amount of reactivity to be satisfied to
the sufficient reactivity condition, “T,., should be
never excess T,..;,” was calculated. Then it would
be converted to required rod movement step
numbers.

4.3 Time—Optimal Control Law

As mentained in chapter I, control objective in
this study is to follow the most limiting constraint
of minimum reactor period limitation, 20 sec. By
keeping this constnat period, reactor power can
be raised as fast as possible. The dynamic period
equation derived in (18) gives the reactivity
change rate for any dynamic period.
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Pl=w(B+7 —0)=B(A,— %)
— A (e —7)
acrw+/{dw+kdarc

(0 + Ad) (7 + ) 20)

_Qacr(",e‘i_w)

where @ is the inverse period to be kept up.
When power level change is required. control rod
starts to move to make reactor period decrease.
At this time, controller in the mathematical plant
model calculates the optimal reactivity change rate
to make reactor period to be allowed minimum
value. In early stage of transient, however, control
rod speed was limited by the mechanical speed
limit ; therefore, rod is removed at its full speed.
Thereafter, required rod speed for the minimum
period was continuously calculated and reactor
power would increase with the constant period.
As the power increase, T,,, would decrease but
Treq would increase. Once the T,., met with T, .
.’"(t) should be constrained by the sufficient reac-
tivity constraint lest T,.q should exceed T,... After
reaching to the target power, reactivity compensa-
tion would be kept to offset the delayed neutron

by using absolute reactivity constraint.
V. CONTROL RESULTS

Figure 7. shows results of power control from
0.001 to 1.0 of rated power by using three control
logics as following : reactivity constraint approach,
KAERTI’s control logic, and time optimal control. In
case of reactivity constraint approach(RCA),
approaching speed was much faster than the
other control logics; however, this control logic
ignored the operational safety limit of minimum
reactor period. Therefore this method enabled the
power change rate as fast as possible even though
it might not be practical. Time optimal control
under the RCA had almost the same performance
with the P-I-D control because reactor period
limitation is fairly large for KMRR.

However, new method had more robust capa-

bility to prevent transient from overshooting. Fi-
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Figure 7. Power Change Control from 0.001 to 1.0
by Using Three Control Logics
3.0 3
~~ E N
N A
1 2.0 E i \‘ e 0 )
L 3 ! Vet I sii-tete))
9 E /I \ = = = pthrelt)
% 104, \
~ E \
o i ~ e L
® 00 I T
n 3,
3—"0_5 %
0 -2.0
o 3
b 3
m 3
23.0 FrrrrrrrrrreTTTT T
0.0 50.0 100.0 150.0 200.0 250.0

Time (SEC.)

Figure 8. Component Terms of Dynamic Period Eq.
for Fig. 7 Reactivity Constraint Approach

gure 8 showed the change mode of three terms in
the denominator of equation (2). As the sum of
three came back to zero ; that is, period became
infinite again, power rise due to delayed neutrons
could be terminated by control rod reactivity com-
pensation.

Figure 9 through 11 showed the power change
transient from 0.01 of rated power to 1.0 under
the time optimal control law. Allowed minimum
period for KMRR was successfully kept constant
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for a long period of time. Control performance
was very reliable without sluggishness and owver-
shoot. As shown in Figure 10, reactivity insertion
rate was slowed down after 22 second because it
was subjected to the minimum reactor period
limit. Thereafter, as shown in Figure 11, T,.q be-
came almost constant becaiise no more reactivity
insertion was given. As time went on, while T,
remained constant, T,..; decreased. They met with
each other at about 145 second. Then was re-
quired to control with net reactivity which lest T,.q
should exceed T, so that reverse motion of the
control rod should be commenced.

Figure 12 through 14 showed results of power
change control from 0.1 of rated power to 1.0
where thermal-hydraulic feedback was not neg-
ligible.

VI. CONCLUSION

A new dynamic period equation based on the
2-point kinetics was derived and applied success-
fully for time optimal control. A simulation code
KMRSIM was improved in its calculation speed by
utilizing theta—weighting numerical scheme. There-
fore reactor power control was done in a real time
even though it might be done only in software.

The mathematical model which monitors the
reactor kinetic parameters was shown to work for
the control using reactivity constraint approach.
This model can be easily implemented as a com-
puter controller which would process a power
level signal and a rod position signal.

Although the performance results was quite
similar between a KAERI's control method and a
reactivity constraint approach, they differ each
other in signal processing demand. In KAERI's
control, one of the major signals used for rod
maneuvering control is the detected lograte of
neutron flux which could cause signal noise prob-
lem. The noise may be serious when time deriva-
tive is changing due to cormrective control action.

In time—optimal—control based on reactivity con-
straint method, dynamic period could be calcu-
lated in real-time from the only measured signal,
the power level. Extending this merit, power pro-
jection in several seconds can be predicted, and it
is possible to adjust the power level at any time,
because the instantaneous reactor period can be
regulated as a function of reactivity. This charac-
teristic would give strong advantage for reactors
which has very short reactor period limit, such as
space reactors.
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