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This paper introduces a fuzzy proportional-integral-derivative (fuzzy-PID) control strategy, and applies it
to the nuclear reactor power control system. At the fuzzy-PID control strategy, the fuzzy logic controller
(FLC) is exploited to extend the finite sets of PID gains to the possible combinations of PID gains in stable
region and the genetic algorithm to improve the ‘extending’ precision through quadratic optimization

for the membership function (MF) of the FLC. Thus the FLC tunes the gains of PID controller to adapt the
model changing with the power. The fuzzy-PID has been designed and simulated to control the reactor
power. The simulation results show the favorable performance of the fuzzy-PID controller.
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1. Introduction

Nuclear reactors are in nature nonlinear and their parameters
vary with time as a function of power level. These characteris-
tics must be considered if large power variations occur in power
plant working regimes, such as in load following conditions. Reac-
tor power control has been used in base-load operating conditions
traditionally. But with the increasing share of power plants in elec-
tricity generation, it seems that the load-follow operation of nuclear
reactors will be inevitable in the future. It is hard to get the satisfy-
ing performance with the classic control strategy to control nuclear
reactor power. Multi-model control is a kind of relatively effective
nonlinear time-dependent control strategy (Ciprian et al., 2008;
Kolavennu et al., 2001), but it often brings unacceptable error and
switch trouble (Luo et al., 2008; Zou et al., 2007). Advanced intel-
ligent control gives a bright future to nonlinear time-dependent
control system. The fuzzy logic controller (FLC) is the good rep-
resentative of them (Ismael and Yu, 2006), but if it is solely used
in nuclear reactor power levels control system, it is not easy to
handle the ‘precision’ problem compared with the classic con-
troller such as PID. So incorporating fuzzy logic controller and PID
to be fuzzy proportional-integral-derivative (fuzzy-PID) has been
researched and its excellent properties proved (Rubaai et al., 2007,
2008). Appling the fuzzy-PID to nuclear reactor power control sys-
tem is the researching objective of this paper. The FLC performance
is decided by the shape and type of the membership function (MF)
when the rule base has been specified. So if the shape and type
of MF are properly selected by some optimizing algorithm, its per-
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formance can markedly be improved. The genetic algorithm is a
popular and effective optimizing method for the MF of the FLC
(Wagner and Hagras, 2007; Narvydas et al., 2007). Basing on genetic
algorithm, this paper introduces a quadratic optimizing algorithm.
Finally, the optimized fuzzy-PID controller is employed to control
the nuclear reactor power. The simulation results show satisfactory
performance.

2. Theory
2.1. Fuzzy-PID control

At the fuzzy-PID control strategy, a few sets of PID gains is firstly
designed, and then FLC is exploited to extend the finite sets of PID
gains to the possible combinations of PID gains in stable region and
the genetic algorithm to improve the ‘extending’ precision through
quadratic optimization of the FLC's MF. Thus FLC tunes PID gains
to adapt the model changing with the power levels. Its schematic
diagram is shown as Fig. 1.

In Fig. 1, FLC is the mapping function from the power levels to
the PID gains. This kind of mapping relation is constructed as fol-
lows: first, several nuclear reactor models at different power levels
should be identified (generally, the more models, the fuzzy-PID to
be designed gets the better performance). For being accessible and
representative, the selected power levels are homogeneous distri-
bution at whole power levels. Secondly, the gains of PID controllers
for these models are set according to the actual demands. Finally,
the correspondence relation between the power levels and the PID
gains is expressed by the FLC.

But this mapping relation is often rough because of the arbi-
trariness in selecting the MF for the FLC. So some works should
to be done to assure that this mapping relation is precise enough.
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Fig. 1. Fuzzy-PID control strategy for reactor power.

Therefore these identified models and the correspondent designed
PID gains need be divided into two groups. One group is used to set
up the mapping for the FLC as stated above and the other to con-
struct the objective function of the genetic algorithm for optimizing
the FLC's MF. The objective function is defined as follows:
1
o tle(t)] dt’ () ="Fr =P M

where e(t) is the error function; Py is the output of the fuzzy-PID
control system at the power levels in the second group; Pp is the
output of the multi-PID control system at the power levels in the
second group.

Here, the outputs of multi-PID control system are regarded as
desirable outputs.

2.2. Quadratic optimization by genetic algorithm

Genetic algorithm is a global search and optimization algorithm
inspired on the biological laws of genetics. It shows the excellent
performance in optimization (Marseguerra et al., 2005).

There are many researches in optimizing the shape of MF (Jose
et al., 2008; Mohammad and Hadavi, 2008). In fact, when different
types of MF are optimized by genetic algorithm for the same FLC,
the optimum fitness values of objective function are often differ-
ent. So this paper presents a kind of optimizing method: first, the
typical three kinds of MF, namely triangle-type MF, trapezoid-type
MF and gauss-type MF are optimized, respectively, by the genetic
algorithm. Then compare three optimum fitness values and select
out the maximum which stands for the minimal output error. The
MF of this maximum is the optimal MF. Because both the shape
and type of the MF are optimized at the same time, this method is
entitled as quadratic optimization.

3. Designing
3.1. Fuzzy-PID controller

These nuclear reactor models at power levels 20%, 40%, 60%, 80%
and 100% are identified as G1, G5, G3, G4 and Gs. Following the actual
control demands, the controllers of PID1, PID2, PID3, PID4 and PID5
are designed independently for each model. The gains of PID1, PID3
and PID5 at the power levels 20%, 60% and 100% are employed to
design the fuzzy-PID as follows.

The power levels are taken as the FLC input variable P and the
PID parameters Kp, K; and Kp as output variables. The fuzzy sets of
P are defined as PS, PM and PB. Fig. 2 shows the triangle-type MFs
of input variable P. The three fuzzy sets can be symbolized by A;,
where i=1, 2, 3. Their corresponding membership grades can be
formularized by p4,(P). Egs. (2)-(4) give the expressions of 4, (P):

B 1 (0 <P <20%)
Ha, (P) = {—2.5P+1.5 (20% < P < 60%) (2)

2.5P-0.5

- (20% < P < 60%)
My (P) = {2.5P+2.5

(60% < P < 100%) 3)

4 PS PM PB
1
>
0 20% 60% 100% P
Fig. 2. The MFs of input variable P.
pay(P)=2.5P —1.5 (60% < P < 100%) (4)

In the same way, the fuzzy sets of Kp, K; and Kp are, respectively,
defined as PS, PM and PB. Fig. 3 shows the triangle-type MFs of
outputvariables Kp, K; and Kp. The nine fuzzy sets can be symbolized
by B;, C; and D;, where i=1, 2, 3. Their corresponding membership
grades can be formularized by g, (Kp), ic,(Ki) and pp,(Kp). Egs.
(5)-(13) give expressions of wp,(Kp), pc,(Ki) and up,(Kp):

Kp — Kp,
s, (Kp) = m +1 (Kp, <Kp <Kp,) (5)
Kp — K|
P (K, < Kp < Kp,)
(ko) = § K K (6)
p —Kp,
—+1 (K] K K
KP3*KP5+ (Kp, < Kp < Kpy)
Kp — Kp
Kp)= ——3 (K K K 7
By (Kp) Ko, Ko, (Kp; < Kp < Kp) (7)
Ki - Ki,
e, (Kp) = m +1 (K, <K <Kjp) (8)
K; — K]
S (K, <K< Ky)
) K-k,
MCZ(KI) = K - Ki, (9)
—+1 (K] K <K
K137K15+ (K, < K < Kj,)
K —K;
K)=—>3 (K K; <K 10
ey (Ki) K, —Ki (Ki; < Kj < Ki,) (10)
Kp —Kp
Kp)= ——1 +1 (K K K 11
i, (Kp) Ko, — o, +1 (Kp, <Kp <Kp,) (11)
Kp — K;
- (Ko, =Kp <Kp,)
1D, (Kp) = 3 o P g ! (12)
73-‘,-1 (KD <Kp <Kp )
KD3 7KD5 3= -
Kp — Kp
Kp)= —2= (K K K 13
py(Kp) Ko, — Ko, (Kp, < Kp < Kpy) (13)

where Kp,, Ki, and Kp, are the gains of PID;.
The rule base consists of three rules:

e R!: If the Pis Aq, then the Kp is By, K; is C; and Kp is D;.
e R2: If the Pis Ay, then the Kp is By, K; is C; and Kp is D-.
e R3: If the P is A3, then the Kp is B3, K is C3 and Kp is Ds.

Once the aggregated fuzzy set representing the fuzzy output
variable has been determined, an actual crisp control decision must
be made. The process of decoding the output to produce an actual
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Fig. 3. The MFs of output variables Kp, K; and Kp.

value for the control signal is referred to as defuzzification. Here,
a fuzzy logic controller-based center-average defuzzifier is imple-
mented (Rubaai et al., 2008). The three outputs of FLC are given by
Eqgs. (14)-(16):

3
Kp(P) = w (14)
Zi:]lJ’Ai
Z'g Mc A
Ki(P) = =5—— (15)
Zi:llu“l“i
3
Kp(P) = 21Dl (16)
i=1MA4;

The composed output of fuzzy-PID was derived as Eq. (17):

t .
u(t) = Kp(P)e(t) + / Ki(P)e(t)dT + Kp(P)e(t) (17)
0

3.2. Quadratic optimization by genetic algorithm

The output error e(t) between the fuzzy-PID and 5-PID control
systems at the power levels 40% and 80% is written as Eq. (18). It is
used to set up the objective function for the genetic algorithm:

e(t)=y1+y2 —(¥3+Ya) (18)

where y; and y, denote the outputs at power levels 40% and 80%
while taking fuzzy-PID as controller. y3 and y4 denote the outputs
at power 40% and 80% while taking PID2 and PID4 as controller.

Generally, selecting the appropriate parameters to be optimized
is very important in using genetic algorithm. In order that the fuzzy
sets can cover the whole universe of discourse and the optimized
FLC is of good performance, the overlap factor «; between adjacent
two fuzzy sets is chosen as the parameter to be optimized within
the range 0.3 <; <0.7 (Chen et al., 2008). As to the trapezoid-type
MF, the other parameter to be optimized is the length of upper side
Bi. In order to increase the chromosome length, the fuzzy sets are
axial symmetrical about ;. Fig. 4(1)-(3) show the parameters to be
optimized for three kinds of MF. The fuzzy sets of three kinds of MF
can be expressed by «; and §; in MATLAB (version 6.5). For example,
the fuzzy sets of trapezoid-type MF of Kp are expressed by MATLAB
code:

¢ a=addvar(a, ‘output’, 1, ‘Kp’, [Kp,, Kps1);

¢ a=addmf(a, ‘output’, 1, ‘PS’, ‘trapmf, [Kp,, Kp,, Kp, + B1, Kp, +
((Kp, — Kp,)/2 — a1 $1)/(1 —a)]);

¢ a=addmf(a, ‘output’, 1, ‘PM’, ‘trapmf, [Kp, — ((Kp, — Kp,)/2 —
a1B1)/(1 —ay), Kp, — B1, Kpy + B2, Kp, + ((Kps — Kp;)/2 —
az2)/(1 —az)]);

* a=addmf(a, ‘output’, 1, ‘PB’, ‘trapmf, [Kp; —((Kp; — Kp,)/2 —
az62)/(1 —az), Kps — B, Kpy, Kp]);

where “a” is a fuzzy inference system in MATLAB (version 6.5)
Thus the gauss-type MF and triangle-type MF have the same 8
and the trapezoid-type MF have 16 parameters to be optimized.
The code of genetic algorithm consists of the following three
modules:

(1) Initialization: The population size, generation number, gene
length, chromosome length, crossover ratio and mutation ratio
are set.

(2) Optimization: Three kinds of MF are, respectively, optimized to
get respective optimal shape and the optimum fitness values of
the objective function.

(3) Selection: The MF of the maximal fitness values is selected as
the optimal MF.

4. Simulation

The fuzzy-PID control strategy is applied to H.B. ROBINSON
nuclear plant (Kerlin et al., 1976) reactor power control system
to analyze its performance by MATLAB (version 6.5). The reactor
power is modeled using the point kinetics equations with six groups
of delayed neutrons and two thermal feedbacks due to changes in
fuel temperature and coolant temperature. The core heat transfer
model is composed of one fuel node and two coolant nodes. The
point kinetics dynamic linearized equations are given by (19)-(22).
The heat transfer linearized equations from fuel to coolant are given
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http://www.Matlabi.ir

2314 C. Liu et al. / Nuclear Engineering and Design 239 (2009) 2311-2316

D 4 ps  pm PB

O Op

1.0 15 20
t/s

24 ps  PMm PB

Fig. 5. The 5-PID control strategy simulation results.

dAT, UA; 2
ol _ (IWCIJ)C(Mf ~ ATe) = Z(AT,, - ATy,) (25)

1
o AT, = j(Asz + ATgin) (26)

where,

e AP is the deviation of reactor power from initial steady-state
I value;

e Py is the initial steady-state power level;
A; is the delayed neutron decay constant for ith delayed neutron
group;
e AC; is the deviation of normalized precursor concentration from
[51 52 its steady-state value;
A pr is the reactivity due to control rod movement;
ay is the fuel temperature coefficient of reactivity;
o is the coolant temperature coefficient of reactivity;
Ap is the total reactivity;
ATy is the deviation of fuel temperature from its steady-state
value;
* AT, is the deviation of average coolant temperature in first
coolant node from its steady-state value;
AT, is the deviation of outlet coolant temperature in second
coolant nodefrom its steady-state value;

)4 ps  pPm PB

a2

>

Fig. 4. (1) Triangle-type MF. (2) Gauss-type MF. (3) Trapezoid-type MF.

Table 1
by (23)-(26): The optimum fitness values.
5 The type of the MF J
dAP Py arPo Triangle-type MF 1/0.005
T _ZAP + Z)‘fACi + ZA'OT + A Fy ATy Gauss-type MF 1/0.003
i=1 Trapezoid-type MF 1/0.009
ocP
= (Fey ATe, + Fe, ATe,) (19) : , ,
dﬁf" =%AP—A,~C,» i=1,2,...,6 (20)
dA
y tpr -Gz @21
1 1
Ap=Apr+ap ATy + §O‘CAT61 +§aCATCZ (22)
dAT, Q UA
f f
= AP — AT — AT, 23
dr ~ (MGy); (Mcp)f( ! o) (23) , ,
; 1.0 1.5 2.0
UA t/s
dATer _ (S \ (AT - ATe) = 2(AT., — AT) (24)
dt MG, ! oA
P/ Fig. 6. The fuzzy-PID control strategy simulation results.
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Fig. 7. Relative reactor power for start-up/shut-down operation 100% — 20% — 100%.

e G, is the reactivity worth of the rod per unit length;

e 7, is the control input, control rod speed;

e Qs the fraction of total reactor power generated in fuel node i;
¢ (MGp)yis the total heat capacity for ith fuel node;

® (MGCp). is the total heat capacity of both coolant nodes;

e U is the overall fuel-to-coolant heat transfer coefficient;

® Aris the heat transfer area;

e 7 is the residence time (both coolant nodes);

e ATy, is the inlet coolant temperature.

The transfer function of reactor model from Ap to AP is
expressed by (27):

_ AP(s)
~ Ap(s)

These transfer functions G1, G, G3, G4 and Gs at power levels
20%, 40%, 60%, 80% and 100% are identified as follows:

62500S3 + 8619052 + 22740S + 1683

(27)

Finally, simulation results for beginning of reactor start-down
and the end of reactor start-up operation with a ramp of £12% per
minute have been shown in Fig. 7. PID controllers switch time at
5-PID control strategy is on power levels 90%, 70%, 50%, 30% and
20%. Fig. 7 gives the desired power trajectory, 5-PID control strategy
output, FLC control strategy output and fuzzy-PID control strategy
output. In Fig. 7, there are large errors between the 5-PID con-
trol strategy output and the desired power trajectory except on the
power levels 20%, 40%, 60%, 80% and 100%. The FLC control strategy
has large error at the whole power range. The fuzzy-PID control
strategy output nearly tracks desired power track. As is stated in
Section 2, the FLC tunes the gains of PID controller to adapt the
model changing with the power, so the fuzzy-PID control strategy
has better tracking performance than the 5-PID and FLC control
strategies on the whole power levels.

5. Conclusion

G = (28)
S4 +401.4S3 + 667.852 + 392.6S + 44 The fuzzy-PID controller for nuclear reactor power control sys-
5000083 + 6985052 -+ 18980S -+ 1445 tem has begn designed and pptimized by the genetic algorithm.
2= G4, 201.45% + 675.552 £ 378.7S + 41.29 (29) Thel snpulatlon res.ulFs.show its good perfqrmance. The process of
designing and optimizing suggests that this method is simple and
Ca = 3750053 + 5250052 + 14660S + 1145 (30) practical for complex and nonlinear nuclear reactor power control
3~ $4,7401.453 1 624.152 1 297.6S + 29.64 system. cin q q
As mentioned in Section 3.1, if the more models are indenti-
Gy = 250005° + 356205 + 102905 + 827 (31) fied, the designed fuzzy-PID controller will get better performances.
§% +401.453 + 601.252 + 2445 + 21.32 So if there are future works to improve the fuzzy-PID controller
c 1250083 + 1854052 + 5640S + 413 (32) performance, the more models are supposed to be gained.
-

"~ S4.1401.4S3 + 58952 + 198S + 18

Then the 5-PID controllers are designed according to the corre-
sponding models and actual control demands. Fig. 5 shows the step
outputs at power levels 20%, 40%, 60%, 80% and 100% while taking
5-PID as controllers.

Thirdly, the variables of genetic algorithm code are defined as
follows: population size (40), chromosome (8 for triangle-type MF
and gauss-type MF, and 16 for trapezoid-type MF), gene length (8
bit/per), crossover ratio (0.9), mutation ratio (0.1). The integral time
of the objective function is from O to 2 s. Table 1 gives the optimum
fitness values of three types MF. Fig. 6 shows the step outputs at
power levels 20%, 40%, 60%, 80% and 100% while taking the opti-
mized fuzzy-PID as controller.

Table 1 suggests that the optimum fitness values of the gauss-
type MF is the maximum, so the optimal MF is the gauss-type MF.
The step outputs in Figs. 5 and 6 are almost same. A conclusion
can be drawn that the optimized fuzzy-PID controller can nearly
get same performances as 5-PID at power levels 20%, 40%, 60%, 80%
and 100%.
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