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ABSTRACT Nuclear power can play an important role to achieve a secure clean energy transition. Output
power control is considered an important issue with respect to nuclear power plants (NPPs) especially during
load following operation mode. In this study, a scheduled fractional order proportional integral derivative
(FOPID) controller is designed in order to track the desired reference power for a nuclear reactor in a
NPP. Also, a modified manta ray foraging optimization (MMRFO) algorithm is proposed to tune the five
parameters of the FOPID controller. The performance of the proposed algorithm is compared with several
optimization techniques using 23 benchmark functions. The comparison shows that MMRFO has the best
performance. The simulation of the FOPID controller tuned by the proposedMMRFOalgorithm is performed
usingMATLAB/Simulink and its performance is comparedwith classic PID controller tuned by theMMRFO
algorithm. Two different dynamic simulations during load following operation of a nuclear reactor are carried
out. The first case study covers the short time operation of a nuclear reactor and the second case covers the
long time operation. The simulation results show an acceptable performance with high degree of accuracy
for the proposed FOPID controller tuned by the modified algorithm with very low overshoot, very low
steady state error and proper control signal. Also, the stability of the proposed controller is also tested using
Lyapunov stability criterion which indicates the stable operation for the proposed controller in the two cases.
In addition, a sensitivity analysis has been accomplished which indicates the robustness of the controller.

INDEX TERMS Fractional order controller, manta ray foraging optimization, nuclear power plant, power
level control, renewable energy resources.

NOMENCLATURE
P0 = Rated output power (MW).
nr = Neutron density relative to neutron

density at full power.
cri = ith group normalized precursor density relative

to density at full power.
X = Xenon concentration, cm−3.
I = Iodine concentration, cm−3.
λi = ith delayed neutron group decay constant, s−1.

The associate editor coordinating the review of this manuscript and

approving it for publication was Emanuele Crisostomi .

γx = Xenon yield per fission.
λx = Xenon decay constant, s−1.
γI = Iodine yield per fission.
λI = Iodine decay constant, s−1.
ff = Fraction of reactor power deposited in fuel.
6f = Macroscopic thermal neutron fission cross section.
V = Volume of the core, cm3.
σX = Microscopic thermal neutron absorption cross

section of xenon, cm−2.
µf = Heat capacity of the fuel.
µc = Heat capacity of the coolant.
� = Heat transfer coefficient between fuel and coolant.
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M = Mass flow rate times heat capacity of
the coolant.

Tf = Average reactor fuel temperature (◦ C).
Tc = Temperature of the coolant (◦ C).
Tco = Temperature of the coolant at initial

condition (◦ C).
αf = Fuel temperature coefficient.
αc = Coolant temperature coefficient.
Tf 0 = Average temperature of reactor

fuel at initial condition.
Tin = Temperature of the entering coolant (◦ C).
Tout = Temperature of the leaving coolant (◦ C).
ρ = Reactivity (1 k/k).
ρr = Reactivity due to control rod

movement (1 k/k).
zr = Control rod speed in meter / sec..
Gr = Control rod total reactivity.
3 = Neutron generation time.
β = Effective delayed neutron fraction.
βi = ith group effective delayed neutron fraction.
λ = Effective precursor radioactive decay constant.
λi = ith delayed neutron group decay constant.
Kp = Proportional gain.
Ki = Integral gain.
Kd = Differential gain.
λ = Integral order.
µ = Differential order.
x ti = The position of the ith individual at time

t in MRFO.
r = A random vector in the range of [0, 1].
γ = Weight coefficient of chain foraging in MRFO.
ω = Weight coefficient of cyclone foraging

in MRFO.
It = The current iteration in MRFO.
Itmax = The maximum number of iterations in MRFO.

I. INTRODUCTION
Global warming is one of the most severe problems that the
world is facing nowadays which happens because of the gen-
eration of greenhouse gases like CO2, methane and nitrous
oxide. Although electric energy is clean at the point of usage,
its generation leads to more than 40% of all energy-related
carbon emissions. The Paris agreement targets to limit global
warming to a value lower than 2 ◦C, nearly equal to 1.5 ◦C
by 2050, compared to pre-industrial values [1].

Nuclear power has a great potential to contribute in Paris
agreement goal since nuclear power plants (NPPs) generate
no greenhouse gases during the operation period; only low
emissions are generated through their life cycle. Beside the
environmental reasons, the usage of nuclear energy can also
decrease the imported fossil fuels [2].

According to the International Atomic Energy Agency
(IAEA) reports, there are 442 nuclear power reactors in
service in 32 countries. Also, there are 54 reactors under con-
struction in 19 countries, with four countries that are building

their first nuclear reactor [3]. The pressurized water reactor
(PWR) is considered the most commonly utilized nuclear
reactor in NPPs. NPPs were traditionally utilized in base
load operation mode. Deep penetration of renewable energy
sources – with its intermittent behavior - and increasing the
percentage of nuclear energy in the electrical energy mix to
meet the climate targets require studying and controlling the
NPPs operation during load following operation to enable the
power grid operator to generate and match different loads
requirements. As an example, a daily energy demand cycle
is shown in Figure 1. It is noted that nuclear power can
provide flexible energy source in the presence of variable
solar and wind generation without any need to fossil fuels
based electrical energy. So, the operation of nuclear power
reactors in load following operation mode must be studied
and controlled. The main aim for a nuclear reactor control
system is to determine insertion and withdrawal speed of
reactor control rods while tracking the desired (reference)
output power. The main target challenge is to obtain a smooth
control signals with proper values from the controller to
ensure safe operation for the actuators. Therefore, the main
motivation of this study is to design an automatic controller
(scheduled FOPID controller) to track the desired output
power of a nuclear reactor during load following operation by
determining the appropriate speed of reactor control rods. The
main advantage of a scheduled FOPID controller over classic
FOPID and PID controllers is that classic FOPID and PID
controllers can deal with only one operating condition for the
controlled system. On the other hand, the scheduled FOPID
controller can deal with different operating conditions for the
controlled system (different changes in the desired power for
a PWR in this research).

FIGURE 1. Daily energy demand cycle [3].

Different control strategies have been proposed to con-
trol the operation of nuclear reactors during load following
mode. In [4] an adaptive proportional-differential controller
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is presented to regulate the output power of a PWR. However,
only one delayed neutron group is used to simulate the reactor
model which is insufficient to describe the reactor dynamics.
Also, L1-adaptive-based state-feedback control method is
suggested using the linear quadratic Gaussian technique to
achieve set-point optimal tracking without studying the sta-
bility of the controller and without monitoring both fuel and
coolant temperatures [5]. An adaptive active fault-tolerant
controller is designed for the load following operation of a
modular high-temperature gas-cooled reactor (MHTGR) [6].
Unfortunately, only short time operation for the reactor is
considered without performing stability analysis. A control
strategy based on feed-forward compensation is proposed in
[7] to improve the load following performance of the nuclear
plant. A control scheme is designed for a PWR operation
by integrating the optimal linear quadratic Gaussian con-
trol with the robust integral sliding mode controller in [8].
However, no sensitivity analysis is performed in [7] and [8].
Moreover, both fuel and coolant temperatures have not been
monitoring during the load following operation of the reactor.
An extended state observer-based sliding mode controller
is presented for output power control of a PWR in a NPP
with only one delayed neutron group for reactor modeling
[9]. For the same purpose a fuzzy sliding mode controller
is proposed in [10] without performing a stability analysis
for the controller operation. A power control system based
on power observer is developed in [11]. But, only long time
operation for the reactor is studied. In [12], a chattering-free
higher order sliding mode control scheme with a high-gain
observer for the load following of a PWR is presented. How-
ever, only one delayed neutron group is used to model the
reactor. A fractional order sliding mode control strategy via
a disturbance observer is presented for load following opera-
tion of aMHTGR in [13]. Also, adaptive slidingmode control
system is designed using point reactor kinetics equations for
the load following of a NPP [14]. However, no sensitivity
analysis is performed in [13] and [14]. A decentralized fuzzy
model predictive control (DFMPC) is proposed in [15] where
a fuzzy Lyapunov function and ‘‘quasi-min-max’’ strategy
are utilized in designing the DFMPC without monitoring
the control signal (control effort) produced by the controller.
Monitoring the control signal is necessary to ensure safe
operation for the actuators. Fuzzy based PID controller is
proposed to control the output power of a nuclear reactor
in short time operation in [16]. The usage of metaheuristic
optimization techniques in the controller design has been
proposed because of the ability of these algorithms in finding
the optimum solution [17]. Different optimization techniques
are used to determine the parameters of PID controllers [18]
such as genetic algorithm in [19] and [20] for a 3000 MW
PWR with point reactor kinetics model. Also, particle swarm
optimization (PSO) is used in [21] and [22] to determine
the controller parameters for a 3000 MW rated power PWR.
The fractional order PID (FOPID) controller has been used
in different published papers to control the output power
of different types of nuclear reactors. The advantages of

FOPID controllers compared to PID controllers include:
lower steady-state error, less oscillations and overshoot, bet-
ter response time, robustness to variations in parameters of
the controlled system, and insensitivity to disturbing effects
[23]. A fractional order PID controller is designed using
genetic algorithm and the objective function was the integral
of time-absolute error in [24]. Also, a FOPID controller tuned
by genetic algorithm is presented in [25] to control the oper-
ation of advanced heavy water reactor. In [26] particle swarm
optimization is used to tune FOPID parameters to control the
output power of a nuclear reactor in short time operation.
The output power is controlled in case of rapid reduction
in reactor power using PSO based frequency domain tuning
method for the FOPID controller [27].The Cuckoo Search
optimization algorithm is also presented in order to tune the
controller parameters during the load following operation of
a molten salt reactor [28]. However, the optimization tech-
niques used in these previous researches ( [19], [20], [21],
[22], [24], [25], [26], [27], and [28]) were selected without
testing their performances. A fractional order controller is
presented in [29] to control the output power of a pressurized
heavy water reactor without any discussion to control signals
values or coolant temperature changes. In [30], a fractional
order controller is designed to control the operation of a PWR
during load following operation. Only one delayed neutron
group is considered in reactor modeling. Table 1 summarizes
and compares this research with the previous researches.

The authors believe there is room to design a scheduled
FOPID controller to control the output power of a PWR in
a NPP in both short time operation and long time operation
of the reactor. A Modified Manta Ray Foraging Optimization
(MMRFO) algorithm is proposed to tune the parameters of
the controller. The research’s main contributions are:

1- Offering a scheduled FOPID controller to manage the
operation of a PWR during load following operation
instead of base load operation.

2- Offering a novel modified optimization algorithm
named MMRFO to tune the parameters of the con-
troller which is used to control the output power
which is equivalent to the neutron density in the PWR.
Before using the proposed algorithm, its performance is
compared with different optimization techniques using
23 benchmark functions.

3- Discussing the performance of the controller in both
short time operation and long time operation.

4- Monitoring fuel temperature, coolant temperature and
control signals produced by the controller.

5- Studying the stability of the controller using Lyapunov
stability criterion.

6- Providing a sensitivity analysis to validate the proposed
controller.

This study is limited to a change in reactor desired power
less than or equal to ±5% of reactor rated power per minute.
Hard change in reactor desired power (when the set point
power is changed with slope higher than ±5%/minute) has
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TABLE 1. Summary for the previous researches.

not been discussed in this paper. The authors recommend
in the future to design a FOPID controller or any other
nonlinear controller to control the reactor power in case of
hard changes in the desired power. Also, taking into account
the model of the steam turbine and model of the generator
to subsequently control the output electrical power is taken
as a future recommendation. The remainder of this paper
is organized as follows: In Section III, the detailed model
for the PWR is described. The proposed controller and the
proposed modified algorithm are presented in Section IV.
The tests and simulation results are included in Section V.
Section VI present a sensitivity analysis for the proposed
controller. Conclusions are drawn in the last section.

II. PWR MODEL DESCRIPTION
The first step for designing a control system for a reactor
power is to select a reactor model. There are two types of
mathematical models to simulate nuclear reactors dynamics.
The first type is based on the distributed model resulting from
partial differential equations and the second type obtained
from ordinary differential equations which is named lump
model. Although the distributed model is more accurate, the
lumped model showed better overall performance in control
system synthesis than distributed model. In this study, a 9th

order nonlinear pressurized water reactor (PWR) model with
three delayed neutron groups and reactivity feedbacks with
xenon concentration, control rod movement, lumped coolant
temperature and fuel temperature changes is used as in [20]
and [31]. The neutron kinetics model with three groups of
delayed neutron precursors is descripted in Eqs. (1) and
(2). The atomic concentration of both xenon and iodine is
descripted in Eqs. (3) and (4) [31].

dnr
dt

=
δρ − β

3
nr +

∑3

i=1

βi

3
cri (1)

dcri
dt

= λinr − λicri i = 1, 2, 3 (2)

dX
dt

=

(
γX6f − σXX

)
P0

G6f V
nr − λXX + λI I (3)

dI
dt

=
γI6f P0
G6f V

nr − λI I (4)

The PWR core must be cooled to eliminate the excess heat.
The energy conservation for fuel and coolant must be investi-
gated to describe the heat transfer as shown in Eqs. (5) and (6).
Eq. (7) shows the control rod reactivity and Eq. (8) represents
the total reactivity which results from xenon concentration,
control rod movement, lumped coolant temperature and fuel
temperature changes. The subscript (0) indicates the parame-
ter value at nominal power [20].

dTf
dt

=
ff P0
µf

nr −
�

µf
Tf +

�

2µf
Tin +

�

2µf
Tout (5)

dTout
dt

=

(
1 − ff

)
P0

µc
nr +

�

µc
Tf −

2M + �

2µc
Tout

+
2M − �

2µc
Tin (6)

dρr

dt
= Grzr (7)

ρ = δρr + αf
(
Tf − Tf 0

)
+ αc (Tc − Tc0)

−
σX

6f
(X − X0) (8)

Moreover, as a function of initial equilibrium power nro the
values of αc, αf , �,M and µc are as follows [32]:

αf (nro) = (nro − 4.24) × 10−5 (9)

αc (nro) = (−4nro − 17.3) × 10−5 (10)

µc (nro) =

(
16
9
nro + 54.022

)
(11)

� (nro) =

(
5
3
nro + 4.9333

)
(12)

M (nro) = (28nro + 74) (13)

The values of the PWR parameters are listed in Table 2 [32]
in the middle of the fuel cycle at 100% of reactor rated power.

III. PROPOSED CONTROL STRATEGY
A. FOPID CONTROLLER
Fractional calculation has attracted great attention since it
can give better control performance compared to classic PID
controller due to the two added parameters which give more
flexibility and better closed loop performance [33]. The frac-
tional order approach converts a point-based control strategy
to amodified plane-based strategy as shown in Figure 2where
the integer order controllers are represented as isolated points
on the plane. The transfer function of the FOPID controller is
as follows [20]:

G (s) = K p +
Ki
sλ

+ Kd sµ (14)

B. MANTA RAY FORAGING OPTIMIZATION (MRFO)
Manta Ray Foraging Optimization (MRFO) is a new meta-
heuristic algorithm that simulates the foraging behaviors of
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TABLE 2. PWR parameters.

FIGURE 2. FOPID vs. PID controllers in a plane representation [23].

marine creatures calledmanta rays.Manta rays have three for-
aging strategies which are chain foraging, cyclone foraging
and somersault foraging [34]. These foraging strategies are
unique in nature which inspire this optimization technique.

1) CHAIN FORAGING
The manta rays arrange the foraging chain as a line via con-
necting their heads and tails. MRFO counts that the optimum
solution has the higher concentration of plankton which is the
desired food for manta rays. This represents the exploration
of the algorithm. The mathematical model of chain foraging
is as follows [35]:

x t+1
i =


x ti + r ∗

(
x tbest − x ti

)
+ γ ∗

(
x tbest − x ti

)
,

i = 1
x ti + r ∗

(
x ti−1 − x ti

)
+ γ ∗

(
x tbest − x ti

)
,

i = 2, 3, . . .NP

(15)

γ = 2 ∗ r ∗
√

|log (r)| (16)

2) CYCLONE FORAGING
When the concentration of plankton is very high, manta rays
not only form long foraging chains and then move toward
food but also move towards the food along a spiral path. This
represents the exploitation of the algorithm. The mathemati-
cal model of cyclone foraging is as follows [36]:

x t+1
i =


x tbest + r ∗

(
x tbest − x ti

)
+ ω ∗

(
x tbest − x ti

)
,

i = 1
x tbest + r ∗

(
x ti−1 − x ti

)
+ ω ∗

(
x tbest − x ti

)
,

i = 2, 3, . . .NP

(17)

ω = 2 ∗ exp
(
r ∗

Itmax − It + 1
Itmax

)
∗ sin (2πr) (18)

3) SOMERSAULT FORAGING
For this strategy, the food position is considered as a pivot
location. Each individual turns around this pivot and then
looks for the next position [37]. The mathematical model of
somersault foraging is shown in Eq. (19) [37]:

x t+1
i = x ti + S ∗

(
r2 ∗ x tbest − r3 ∗ x ti

)
, i = 1, 2, ..NP

(19)

where S is the somersault factor.

C. MODIFIED MRFO (MMRFO)
1) MODIFIED CONTROL PARAMETER
MRFO manages the search process between chain foraging
and cyclone foraging using a linearly increasing variable
(Coef ) which equals to (It/Itmax). This variable does not
reflect the nonlinear search process. In this paper, a proposed
S-Shaped control parameter is suggested as follows:

Coef = sin
2.5 cos

(
It

Itmax

)3 (
0.5π

(
It

Itmax

))
(20)

The proposed S-Shaped strategy gives more probability for
exploration in the first iterations to prevent the algorithm from
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falling in local optimum. In last iterations, it gives higher
probability for exploitation to accelerate the convergence.
The difference between the linear control parameter in orig-
inal MRFO and the proposed nonlinear control parameter is
shown in Figure 3.

FIGURE 3. Linear vs. S-shaped control parameter.

2) MODIFIED SOMERSAULT PARAMETER
MRFO uses a constant value of somersault parameter (S =

2), but in the early iterations, the algorithm performs more
exploratory behavior, so higher value for S is required to
discover more space. In last iterations, the algorithm should
give higher focus on exploitation, therefore, large value for
S will weaken algorithm’s exploitation ability. Therefore,
a negative slope linear modified somersault parameter is
suggested which equals to 2.2 at the first iteration and equals
to 1.8 at the last iteration as follows

S =
1.8 − 2.2
Itmax

× It + 2.2 (21)

A flowchart for the proposedMMRFO algorithm is presented
in Figure 4.

D. MMRFO TESTING
In order to examine the proposed MMRFO, its performance
is compared with several recent optimization techniques such
as Linearized Biogeography Based Optimization (LBBO)
[38], GrayWolf Optimization (GWO) [39], Whale Optimiza-
tion Algorithm (WOA) [40] and Atom Search Optimization
(ASO) [41] using 23 benchmark functions that were pre-
viously discussed and approved in the Congress of Evolu-
tionary Computation (CEC) [42]. The definitions of these
function are listed in Table 3 [42]. More details for these

FIGURE 4. MMRFO flowchart.

functions including name, dimension, range and graphical
representation can be found in [29] and [43]. To ensure fair
comparison, the maximum number of iterations for each
algorithm is set to be 300. The performance of each opti-
mization technique is shown in Table 4. The number inside
the rounded parentheses represents the algorithm rank for this
function. The rank for each algorithm for a given benchmark
function depends on how this algorithm returns a global
optimum value near to the value determined by the CEC.
The number next to the rounded parentheses represents the
average value of the global optimum values obtained after
10 simulation runs. The last column indicates the global
optimal value for this benchmark function that has been given
by the CEC and the last row indicates the average rank for
each algorithm over the 23 benchmark functions. It is noted
that MMRFO has the best average rank.

E. MMRFO BASED CONTROLLER
The proposed MMRFO is used to determine the parameters
of the scheduled FOPID controller and the parameters of a
scheduled PID controller to compare the performances of
both controllers. The maximum number of iterations is set to
be 300 in order to obtain higher accuracy. The integral square
error (ISE) is chosen to be the fitness (objective) function that
will be minimized as follows:

ISE =

∞∫
0

e2 (t) dt (22)
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TABLE 3. Benchmark functions.

where e(t) is the error signal. Figure 5 shows a block diagram
for the proposed closed loop control strategy.

IV. TESTS, RESULTS AND DISCUSSION
In this section the performance of the proposed FOPID con-
troller is tested and compared with a PID controller in case of
short time operation and long time operation during the load
following operation of the PWR. The simulation of the closed
loop control system is performed using MATLAB software.

A. RESPONSE DUE TO SHORT TIME OPERATION
In this case (case 1) the reactor is delivering 80% of its
rated power and the set point (desired response) power is
increased to 90% of reactor rated power in 2 minutes (slope
equals to +5%/min.) and then the set point is decreased to
82% of reactor rated power in 2 minutes (slope equals to
−4%/min.). The operation of the PWR in this case is divided
into four time periods. In each period, the parameters of the
FOPID controller and the PID controller are optimized and

134388 VOLUME 11, 2023



T. A. Boghdady et al.: Power Level Control of NPPs During Load Following Operation

TABLE 4. Optimization techniques comparison.

FIGURE 5. Diagram for the MMRFO based controller.

scheduled using the proposed MMRFO algorithm. Figures
6-7 show the convergence curves for the fitness function

during the tuning of both controllers in each period. Figure 8
presents the relative output power in per-unit (PU) which is
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FIGURE 6. The change in fitness function for FOPID controller in case 1 at a)period 1, b)period 2, c)period 3 and d)period 4.

TABLE 5. Simulation results for the FOPID controller in case 1.

equivalent to the relative neutron density. Simulation results
and parameters of the scheduled FOPID and PID controllers
are listed in Table 5 and Table 6.

It is noted from Figures 6, 7, 8, Table 5 and Table 6 that
the scheduled FOPID controller has the best (least) fitness
function value in each period. Also, the steady state error
in case of the scheduled FOPID controller is lower than

steady state error for the scheduled PID controller. More-
over, the FOPID-MMRFO controller has very fast response
without overshoot. Therefore, the performance of the FOPID
controller is better than performance of the PID controller.
Figures 9-11 illustrate control rod speed, fuel temperature and
coolant temperature resulting from applying the scheduled
FOPID controller to the PWR. Table 7 lists the overshoot
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FIGURE 7. The change in fitness function for PID controller in case 1 at a)period 1, b)period 2, c)period 3 and d)period 4.

TABLE 6. Simulation results for the PID controller in case 1.

and maximum control rod speed in each zone for the FOPID
controller.

It is concluded fromFigure 9 and Table 7 that the amplitude
of the control rod speed (control effort) is accepted for the
FOPID controller which means that there is no problem in the
operation of the control actuators. Figures 10-11 illustrate that
both fuel and coolant temperatures have the same trajectory
as the reactor output power.

B. RESPONSE DUE TO LONG TIME OPERATION
In this case (case 2) the reactor is delivering 80% of its rated
power and the set point power is increased to 90% of reactor
rated power in 10 minutes (slope equals to +1%/min.) and
then the set point is decreased to 82% of reactor rated power
in 10 minutes (slope equals to−0.8%/min.). The operation of
the PWR in this case is divided into four time periods. Like
the previous case, the parameters of the FOPID controller
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FIGURE 8. Relative output power in case one.

FIGURE 9. Control rod speed for the FOPID controller in case one.

and the PID controller are optimized and scheduled using
the proposed MMRFO algorithm. Figures 12-13 show the
convergence curves for the fitness function during the tuning
of both controllers in each period. Figure 14 illustrates the
relative output power in this case. Simulation results and

parameters of the scheduled FOPID and PID controllers are
listed in Table 8 and Table 9.

It is noted from Figures 12, 13, 14, Table 8 and
Table 9 that the scheduled FOPID controller has least
(best) fitness function value in each period with the
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FIGURE 10. Fuel temperature for the FOPID controller in case one.

FIGURE 11. Coolant temperature for the FOPID controller in case one.

TABLE 7. Overshoot/undershoot and max. control rod speed for the FOPID controller in case 1.

minimum steady state error. Figures 15-17 present con-
trol rod speed, fuel temperature and coolant tempera-

ture resulting from applying the scheduled FOPID con-
troller to the PWR. Table 10 presents the overshoot and
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FIGURE 12. The change in fitness function for FOPID controller in case 2 at a)period 1, b)period 2, c)period 3 and d)period 4.

TABLE 8. Simulation results for the FOPID controller in case 2.

maximum control rod speed in each period for the FOPID
controller.

Figure 14 indicates that the FOPID-MMRFO controller
has very high tracking capability while tracking the desired
output power. It can be concluded from Figure 15 and
Table 10 that the control rod speed (control effort) has also
accepted values during the load following operation of the

PWR in this case. Both fuel and coolant temperatures have
the same trajectories like the reactor power level as shown in
Figure 16 and Figure 17.
In general, the proposed FOPID controller showed up high

accuracy in tracking the desired output power in both short
and long duration operation since for the short time operation
the highest (worst) fitness function value is 3.58 × 10-4
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FIGURE 13. The change in fitness function for PID controller in case 2 at a)period 1, b)period 2, c)period 3 and d)period 4.

FIGURE 14. Relative output power in case two.
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TABLE 9. Simulation results for the PID controller in case 2.

FIGURE 15. Control rod speed for the FOPID controller in case two.

TABLE 10. Overshoot/undershoot and max. control rod speed for the FOPID controller in case 2.

in zone (C). Also, the maximum overshoot (worst value) is
7.31 × 10-3%, maximum steady state error is 3.9 × 10-5 and
maximum control rod speed 0.095 cm/sec. For the long time
operation the highest (worst) fitness function value is 6.36 ×

10-4 in zone (D). Also, the maximum overshoot (worst value)
is 1.3 × 10-3%, maximum steady state error is 8.2 × 10-5
and maximum control rod speed 0.019 cm/sec. Moreover, the
coolant temperature is varying from 309.6◦C to 312.05◦C in
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FIGURE 16. Fuel temperature for the FOPID controller in case two.

FIGURE 17. Coolant temperature for the FOPID controller in case two.

both cases and the fuel temperature is varying from 576◦C
to 612◦C and the variation trajectory is similar to the reactor
output power trajectory.

C. STABILITY ANALYSIS
In this section, a stability analysis for the performance
of the proposed FOPID-MMRFO controller is performed
using Lyapunov stability criterion. The Lyapunov function is
defined as follows [44]:

V =
1
2
e2 (23)

where V : The Lyapunov function and e : The tracking error

The Lyapunov stability criterion states that when the
derivative of Lyapunov function is lower than or equal to zero,
then the stability condition is satisfied [44] as follows:

V̇ = e.ė ≤ 0 (24)

where
V̇ : The derivative of Lyapunov function (Lyapunov stabil-

ity criterion)
ė : The derivative of the tracking error
Figure 18 and Figure 19 present the change of the deriva-

tive of Lyapunov functionwith time in zoneA, zone B, zone C
and zone Dwhich are the transition periods shown in Figure 8
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FIGURE 18. The derivative of the Lyapunov function with time for the FOPID controller in short time operation (case 1).

TABLE 11. Stabilization time in each case.

and Figure 14 for both short time operation and long time
operation respectively.

It is noted that stability condition is well satisfied in all
zones according to the Lyapunov stability analysis and the

stabilization is established in a short time according to Eq.
(24) and maintained until the end of each zone in case 1 and
case 2 as shown in Table 11 which lists the stabilization
time in seconds in each zone for the two cases. Table 11
illustrates that the stabilization time does not exceed 0.3 sec-
onds in any zone. Therefore, the operation of the proposed
FOPID-MMRFO controller is stable in both short and long
duration operation.

V. SENSITIVITY ANALYSIS
In order to validate the proposed FOPID-MMRFO controller
and to check its robustness, a sensitivity analysis is per-
formed. The delayed neutron effective fractions (β), coolant
temperature coefficient (αc) and fuel temperature coefficient
(αf ) are reduced by 5% from their nominal values to conduct
the sensitivity analysis and the relative output power, coolant
temperature and fuel temperature are monitored in case one
and case two.

It is noted that from figures 20-23 that the relative output
power in both cases is well controlled like the two base
cases. Also, the robustness of the controller is shown in the
variation behavior of both fuel temperature in Figures 21-24
and coolant temperature as presented in Figures 22-25.
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FIGURE 19. The derivative of the Lyapunov function with time for the FOPID controller in long time operation (case 2).

FIGURE 20. Output power in case 1 in the sensitivity analysis.
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FIGURE 21. Fuel temperature in case 1 in the sensitivity analysis.

FIGURE 22. Coolant temperature in case 1 in the sensitivity analysis.

FIGURE 23. Output power in case 2 in the sensitivity analysis.
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FIGURE 24. Fuel temperature in case 2 in the sensitivity analysis.

FIGURE 25. Coolant temperature in case 2 in the sensitivity analysis.

VI. CONCLUSION
In this paper, the operation of the PWRs in nuclear power
plants is studied during load following operation instead of
base load operation. A scheduled fractional order PID con-
troller is designed to track the desired power output of a PWR
during load following operation mode. A modified version
of manta ray foraging optimization (MMRFO) algorithm is
suggested to tune the controller parameters and the integral
square error is considered to be the objective function. The
proposed controller performance is tested and compared with
the performance of a PID controller tuned by the MMRFO in
both short and long duration operation of the PWR. The sim-
ulation results show that the FOPID controller has excellent
accuracy in tracking the desired trajectory of the PWR output
power with stable operation based on Lyapunov stability
criterion. It is also noted that the control signal produced by

the controller is accepted and will not cause any problem
to control actuators that manage the operation of the reactor
control rods as follows:

• For the short time operation the maximum overshoot
(worst value) is 7.31 × 10−3%, maximum steady state
error is 3.9 × 10−5 and maximum control rod speed is
0.095 cm/sec.

• For the long time operation the maximum overshoot
is 1.3 × 10−3%, maximum steady state error (worst
value) is 8.2 × 10−5 and maximum control rod speed
is 0.019 cm/sec.

Also, to validate the proposed controller, a sensitivity analysis
is performed which confirms the robustness of the controller.
As a future recommendation, the authors suggest designing a
scheduled FOPID controller or any other nonlinear controller
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such as H-infinity controller to control the nuclear reactor
output power in case of hard change in the desired output
power. Also, the authors suggest taking into account both
steam turbine and generator models to subsequently control
the output electrical power of the plant.
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