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a b s t r a c t

In this study, a fractional order proportional integral derivative (FOPID) controller is designed to create
the reference power trajectory and to conquer the uncertainties and external disturbances. A fractional
nonlinear model was utilized to describe the nuclear reactor dynamic behaviour considering thermal-
hydraulic effects. The controller parameters were tuned using optimization method in Matlab/Simu-
link. The FOPID controller was simulated using Matlab/Simulink and the controller performance was
evaluated for Hard variation of the reference power and compared with that of integer order a pro-
portional integral derivative (IOPID) controller by two models of fractional neutron point kinetic (FNPK)
and classical neutron point kinetic (CNPK). Also, the FOPID controller robustness was appraised against
the external disturbance and uncertainties. Simulation results showed that the FOPID controller has the
faster response of the control attempt signal and the smaller tracking error with respect to the IOPID in
tracking the reference power trajectory. In addition, the results demonstrated the ability of FOPID
controller in disturbance rejection and exhibited the good robustness of controller against uncertainty.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One application of research reactors is the production of ra-
dioisotopes, which are necessary to operate the reactor at dissim-
ilar power levels. Therefore, the output power of reactor must be
accurately controlled by control system. Themain goal of the power
controller in the nuclear reactors is to pursue the reference power
trajectory in order to decrease undesirable power fluctuation.
Controlling the output power is a decisive way to guarantee a stable
reactor operation. The first step in the design of the controller is the
selection of a suitable model to delineate the reactor dynamics.
Recently, the fractional calculus has been used on the nuclear
reactor to describe the reactor dynamic behaviour. In 2011, the
fractional neutron point kinetic (FNPK) model was introduced with
a group of delayed neutrons established upon non-Ficken law
suppositions to attain the best representation of a nuclear reactor
dynamics [1]. By this model, relaxation time is taken into account
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proportionate with the swift alterations in the neutron flux, which
holds a fractional order caused by the quick mutations of reactivity.
The fractional order has a connection with non-Ficken impacts
from the point of view of the neutron diffusion equation [2e5].
Lately, the analysis of the FNPK equation has been performed by
Espinosa-Paredes et al. [6] and investigated on the uncertainties
and sensitivity of the fractional diffusion coefficient in fractional
order core using Monte Carlo modeling [7]. They have shown that a
1% change in fractional order leads to fluctuations in the neutron
density of 0.17% and 0.012% for the short and long time intervals,
correspondingly. On the other hand, Labarrios et al. [8] have ana-
lysed the reactor dynamic behaviour during the start-up process of
the reactor using FNPK model. Also, the FNPK equations via the
temperature feedback impacts have been examined for the fast
insertion reactivity [9,10]. In addition to that, the numerical analysis
of the FNPK model has been carried out in response to a sinusoidal
and ramp reactivity input [11]. Consequently, short-term reactivity
mutations were observed in the start-up, and the FNPK model
predicted the neutron density in a larger way than the classical
neutron point kinetic (CNPK) model.

Furthermore, the different integer order controller on the basis
of the CNPKmodel has been designed for the nuclear reactor power
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control [12e19]. An adaptive fuzzy controller in a TRIGA-type
research reactor has been proposed by Ramirez at al [12]. For
control of the reactor power level, a novel nonlinear state-feedback
controller has been reported on asymptotic closed-loop stability
[13]. Moreover, the control of the core power distribution has been
recently performed using the state-feedback controller established
upon the linear quadratic regulator (LQR) method [14] on both
linearized and nonlinear models. In addition to that, Eliasi et al. [15]
have designed a model-based predictive control (MPC) for a PWR
nuclear power plant throughout the load following that it was
based on some restrictions on the input and output variables and
may be reserved within satisfactory constraints. Another control
technique has been projected on the basis of the combination of the
linear quadratic Gaussian (LQG), the PID controller and the
improved adaptive genetic algorithm (IAGA) by Li et al. [16]. They
used a linear multi-scheme instead of the nonlinear scheme for
simulation of core dynamic. Also, Coban R [17]. has suggested a
power trajectory controller based on the multi feedback layer
neural network method and optimized the particle swarm besides
the CNPK model to scrutinize the reactor dynamics. What's more,
Munje et al., 2013 [18] has designed a sliding mode control (SMC)
for spatial oscillation test of the advanced heavy water reactor
(AHWR). Ansarifar et al. [19] have developed a sliding mode
observation that was created using a two-point nuclear reactor
scheme to determine the xenon concentration and the delayed
neutron precursor density of the PWR by reactor power measure-
ment. Also, Ansarifar and Rafiei [20] have projected a higher-order
sliding mode control to conquer the disadvantage of chattering
phenomenon of SMC established upon the point kinetics equations
and three delayed neutron groups by taking temperature feedbacks
and xenon concentration into account in their controller design.

In recent decades, the fractional calculus has been attracted in
scientific and technical areas such as physics, control engineering
and signal processing [21,22]. The fractional calculus was used in
controller design in order to attain the most robust performance of
the systems [21]. Podulubny 1994 [22] presented a fractional PID
controller for a fractional order system. After this work, the
different fractional order controllers such as fractional order pro-
portional integral derivative (FOPID) and fractional order propor-
tional integral (FOPI) were planned for the power control and
tested on PHWR under the step-back circumstances [23e25]. In an
irregular or a “load following” circumstances, the fast drop of the
reactor power during a small finite time interval is referred to as a
step-back. The control rod props and variation in the initial power
level cause to irregular and “load following” circumstances,
respectively. A fuzzy PID controller proposes that the controller
parameters are tuned using GA optimization method, and the
nonlinear state-space model is linearized around an operating
point [23]. In addition, the PHWR reactor dynamics is fractionally
modelled by the various linearized designs around the dissimilar
operating points which are used for the closed loop controller
scheme under the step-back condition [24]. These recent outcomes
show that the fractional order controller has improved perfor-
mance than the integer order controllers. In another research car-
ried out by Saha et al., 2010 [26], a phase shaping by means of
Autoregressive Exogenous (ARX) algorithm has been designed us-
ing fractional order (FO) phase shapers that a control rod drop
scenario is modelled as a fast power drop in a 500 MWe Canadian
Deuterium Uranium (CANDU) reactor. They have demonstrated
that the fractional order phase shaper along with a PID controller
provides a better response compared to the present reactor regu-
lating system. Also, Lamba et al., 2017 [27] have presented an in-
terval fractional order proportional integral derivative (INFOPID),
which is intended for the power control of a PHWRunder step-back
circumstance. In addition to that, Bongulwar and Patre 2017 [28]
have proposed a controller of Fractional Order Proportional Integral
Derivative (PIl Dm) for global power control of a Pressurized Heavy
Water Reactor (PHWR) under the step-back situation. By their
work, the stability region of NIOPTD-I plants is obtained by using
stability boundary locus technique in (Kp, Ki, Kd) parameter space.
Their simulation results showed that the proposed PIl Dm controller
has a robust performance against the power alterations with 30%
and 50% global power drop compared to the initial 100%. Further-
more, Salehi et al., 2019 [29] have proposed a control system with
gain-scheduled fractional order PID (FOPID) for the steam gener-
ator level control system in the whole operating range, and the
stability analysis of the controller has been performed under the
operating circumstances using the Nyquist method. Their obtained
results show that the controller is robust in a wide range of oper-
ating circumstances.

In this research, a fractional nonlinear model for Tehran
Research Reactor (TRR) is studied to explain the nuclear reactor
dynamics besides a FOPID controller. Then, the obtained parame-
ters are tuned using optimization methods in Simulink of Matlab
software. This proposed controller is set up on the basis of the
tangibly gaugeable feedbacks and would be able to generate the
time-varying reference signal by conquering the disturbances and
to ensure the system stability.
2. Tehran Research Reactor (TRR) attributes

The TRR is a pool type reactor and has been constructed for the
maximum output of 5 MW. Normally, the light water is employed
as moderator and coolant and also for shielding. The solid fuel of
U3O8 is regularly utilized in the reactor, and aluminum is consid-
ered as the protective layer. The reactor core consists of Standard
Fuel Elements (SFE) plus Control Fuel Elements (CFE). By the First
Operating Core (FOC), the reactor is operated with the 14 SFE
dincluding 19 fuels platesd and 5 CFE dincluding 14 fuel pla-
tesdwhich is shown in Fig. 1. The general characteristics of TRR
have been listed in Table 1 [30]. The control of the reactor is
executed using the absorbent rods. There are two different types of
absorbent rods, Fine Regulating Rod (FRR) and Shim Safety Rod
(SSR) that are employed in a fork design.
3. Model description

In this research, the nonlinear behaviour of TRR core is designed
by FNPK nonlinear model. The effect of temperature feedback and
xenon concentration is also taken into account. The system vari-
ables have been explained in Nomenclature.

The nonlinear dynamic model fractionally normalized regard to
the equilibrium condition is given by Eqs. (1) and (2) [31].

tkDkþ1Pr þ tk
�
1
l
þð1� btÞ

L

�
DkPr þDPr ¼ rðtÞ � bt

L
Pr þ lCr

þ tklDkCr (1)

where, dk=dtk ¼ Dk and k is anomalous diffusion coefficient (frac-
tional order) by 0 < k < 1.

DCr ¼ bt
L
Pr � lCr (2)

The thermal-hydraulic equations of the reactor core are char-
acterized by:



Fig. 1. First low-enriched-uranium operating core of the TRR.

Table 1
General attributes of TRR.

parameters values

Thermal Power (Initial) 10�9 Watt
Thermal Power 5 MW
Fuel MTR type of low enriched 235U plus Al

clad
Number of Plate for each Fuel

Element
19 for SFE;
14 for CFE

Core dimensions (FOC) 40.5 � 38.54 � 89.7 cm3

Flow of Coolant 500 m3/h
Moderator Light water
Inlet temperature of Coolant at:
Cold and clean (at 10�9W) 20�c
Full power (at 5 MW) 37.8�c
Outlet temperature of Coolant at:
Cold and clean (at 10�9W) 20�c
Full power (at 5 MW) 46�c
Control rods by:
Regulating rods 1 stainless steel
Shim safety rods 4 AgeIn-Gd
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The variation of iodine (DI) and xenon (DX) densities are ob-
tained from Eqs. (5) and (6).

DI¼ gIP0
gf NVfSf

nr � lI IðtÞ (5)

DX¼ P0gX
gf NVfSf

Pr þ lI IðtÞ �
 
lX þ

sXa P0
gf NVfSf

Pr

!
XðtÞ (6)

The total reactivity (r) is obtained by the alteration of control
rod reactivity and the feedback reactivity by virtue of fuel, coolant
temperature variations, xenon concentration dissimilarity and
coolant density alteration as demonstrated in Eq. (7).

rðtÞ¼ drex þaf

h
Tf ðtÞ� Tf0

i
þac½TcðtÞ� Tc0� � sXa ðXðtÞ�X0Þ

(7)

The control rod reactivity alteration (rex) is obtained by Eq. (8),
Ddrex ¼GrZr or rex ¼ Gr

ðt
0

Zrdt (8)

where the reactor power P(t) may be described as:
PðtÞ ¼ P0nr ¼ P0Pr ¼ gfSffNVf .

Eqs. (1)e(8) were simulated inMatlab/Simulink software. In this
simulation of TRR, the toolbox of Nid-block/Ninteger was employed
for fractional derivative and integral by fractional nonlinear
modeling. This toolbox has been developed by Valerio and Costa
2005 [32] that the Crone approximation in order 10 is fractionally
used for simulation.
4. Design of fractional PID controller

The classic PID controller is frequently used in process control
industries because of simplicity of the design and fairly good per-
formance. In general, the good performance indexes are the low
percentage of overshoot and the short settling time. The IOPID
controllers are special cases of fractional controllers.

In 1994, Podulbny [22] has introduced a fractional PID controller
for a fractional order system. The transfer function of FPID is given
by;

CðsÞ¼UðsÞ
eðsÞ ¼ KP þ KIs

�a þ Kds
b (9)

UðtÞ¼KPeðtÞ þ KID
�aeðtÞ þ KdD

beðtÞ (10)

where ratio of control signal U(s) to error signal e(s) determines the
controller output C(s). Also, this ratio can be given by combining
three different K parameters, proportional constant gain KP, inte-
gration constant gain KI, derivative constant gain Kd in the direction
of differentiator order b beside order of integration a. As shown in
Fig. 2, the PID controller jumps between fixed points in the plane
while the FOPID moves continuously in this plane [29]. It is worth
noting that fractional PID controller has some features compared to
conventional PID controller [31], such as: the most robust perfor-
mance, less sensitivity to variations of parameters, better creation
of higher order systems and a system with a long time delay, cre-
ation of more robust stability, the ability to steer the system with
nonlinearities, achieving a better response to a minimum phase
system, capability to control the nonlinearity system without
requiring linearization of the system.

There are five parameters in the design of FPID controller to be
tuned. So far, diverse tuning techniques such as Ziegler-Nichols
scheme, self-tuning, auto-tuning, and based on the optimization
method have been used to derive the controller parameters [31,33].

In this section, a PID controller is designed established upon the
on fractional calculus. The control system is comprised of a plant
and a FOPID controller in a feedback loop. Fig. 3 depicts the inclu-
sive structure of a closed loop system. The FOPID controller is
simulated using Nipid block/Ninteger toolbox in Matlab/Simulink
[32].

There are several approximation methods, namely: Crone,
Carlson, and Matsuda for a class of MIMO fractional order systems
in this toolbox. In this work, the Crone approximation by order 10 is
utilized to design the fractional order PID controller. This controller
has five remarkable parameters (Kp, KI, Kd, a and b), which is tuned
using an optimization block by the Matlab/Simulink software.
There are the following stages for optimization of controller pa-
rameters in Matlab/Simulink software:



Fig. 2. Working domain of FOPID controller [33].

Fig. 3. Diagram block of FOPID controller FNPK model.

Fig. 5. Block diagram of (a) Input disturbance (disturbance inserted in input of reactor
system), (b) output disturbance (disturbance inserted in output of reactor system).
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A . In the first step, the block “Check Step Response Properties”
added in Fig. 3, is shown in Fig. 4.

B. In stage 2, the Parameters of the Check Step Response Block
including rise time, settling time, overshoot, initial value, and
final value are specified.

C. In stage 3, Five parameters of controller Kp, KI, Kd, a and b are
selected for optimization.

D. Finally, the optimization method is determined. In this simula-
tion, the Gradient descent method was selected.

Furthermore, Fig. 5a and b shows the disturbance input and
output schemes in the reactor system.

5. Simulation results and discussion

Here, the performance of FOPID controller is evaluated on the
TRR. The dynamic behaviour of TRR is described by FNPK nonlinear
model. The FOPID controller was simulated using Nipid/Ninteger
toolbox in MATLAB Simulink. The Nid block/Ninteger toolbox is
regularly used for simulation the fractional derivative and integral
in FNPK model. There are various approximations in Ninteger
toolbox. The Crone approximation by order 10 was used for
Fig. 4. Diagram Block of FOPID Controller with block “Check step response
characteristicˮ.
simulation of FOPID controller and fractional order derivative and
integral in FNPK nonlinear model. Three cases were simulated to
evaluate the ability of FOPID controller in tracking control problem
of nuclear reactor power for the desired trajectory. The perfor-
mance indexes in this method were the control input, overshoot,
settling time and rise time. In first simulation, the performance of
FOPID controller was tested for the hard reference power trajectory.
A comparative study between FOPID and IOPID controller were
carried out for two FNPK and CNPKmodels. In the second and third
simulation, the controller robustness was simulated and evaluated
against the external disturbance and uncertainty. The simulation
results have been depicted in Figs. 6e9 for diverse cases. In each
case, the reference power trajectory, the error signal tracking, and
also the speed of the control rod were separately evaluated and
discussed. The TRR was used for numerical simulation, and general
characteristics of the TRR were given in Table 1. The dynamic pa-
rameters amounts of TRR are given in Table 2.

Case 1. Hard alteration of the reference power

By Case 1, it was believed that the reactor operates at 100%
nominal power and after that the reactor was kept at 10% low po-
wer level for about 60s. Then, the power rise from 10% to 100% was
performed. The simulation results and the reference power
tracking are illustrated in Fig. 6a for both controllers. Now, it is seen
that the reference power trajectory by the FOPID controller
alongside FNPK model properly followed without any significant
overshoot or oscillation. The reactor output relative power was
zoomed in time interval 50e120s in Fig. 6b. Moreover, the tracking
error signal of FOPID was much smaller than that of IOPID
controller, as shown in Fig. 6c. Similarly, the FOPID controller with
FNPK model revealed a much less error than other cases. Fig. 6d
shows the control rod speed of FOPID and IOPID controllers, and the
outcomes revealed that the FOPID controller provides a faster
response than that of IOPID controller.

Case 2. Disturbance Analysis

In this case, the robustness of the FOPID controller is appraised
by an external disturbance in input and output of the reactor sys-
tem that have been shown in Fig. 5. It was believed that the reactor
is operating at 100% of its nominal power and then step reactivity of



Fig. 6. Simulation outcomes of FOPID and IOPID controllers in the output power tra-
jectory tracking for Case 1: (a) relative power of the reactor output, (b) the relative
power zoomed in time interval 50e120s, (c) power tracking error, (d) speed of the
control rod.

Fig. 7. Simulation outcomes of FOPID controller when dealing with input disordered
signal for Case 2: (a) the disordered signal by 0.1$ step reactivity, (b) relative power of
reactor output, (c) power tracking error, (d) speed of the control rod.
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Fig. 8. Simulation outcomes of FOPID controller when dealing with output disturbance
signal for Case 2: (a) the disturbance signal as relative power with amplitude 0.1
(500 kW), (b) the reactor output relative power, (c) the power tracking error, (d) the
control rod speed.

Table 2
Amounts of TRR parameters.

Symbol Quantity Symbol Quantity

b 0.00813 lP 3.55 � 10�6 (s�1)
L 45 (ms) sSa 4 � 10�20 (Cm2)

ff 0.95 sXa 2.65 � 10�18 (Cm2)

P0 5 (MW) ac �6 � 10�5(Dk=k=�C)
l 0.17 (s�1) af �2 � 10�5 (Dk=k=�C)
gI 0.06386 Tmin 37.8 (�C)
gX 0.00228 M 0.583 (MW=�C)
gP 0.0113 mf 0.209 (MWs=�C)
lI 2.875 � 10�5(s�1) mc 0.235 (MWs=�C)
lX 2.0916 � 10�5 (s�1) m 0.315 (MW=�C)
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0.1 $ in an external disturbance was inserted at time 50s. In
simulation of the external disturbance in output of reactor system,
a disturbance signal as the relative power with amplitude 0.1
(500 kW) was inserted. The relative power increased up to 1.1, the
rod was inserted to the reactor core in order to decline the relative
power to 1 again. The trajectory of the reference power, the error of
signal tracking, and the speed of the control rod for FOPID
controller have been demonstrated in Figs. 7 and 8 for both input
and output disturbances. The simulation outcomes demonstrate
that the controller is robust to an external disorder and the relative
power does not go over 1.1.

Case 3. Uncertainty Analysis

Remarkably, the robustness of the FOPID controller against the
unstructured uncertainties (non-modelled dynamics) was simu-
lated and investigated. The equations for alteration of promethium
and samarium (Pm and Sm) concentrations were assumed to be an
unstructured uncertainty. The pertinent equations are given by:

dSm
dt

¼ lPmPm� sSma fSm (11)

dPm
dt

¼gPmSff� lPmPm (12)

Eqs. (11) and (12) are subjoined to the reactor dynamic system
which are described with Eqs. (1)e(8) to simulate the non-
modelled dynamics. The FOPID controller performance is evalu-
ated in face to this uncertainty.

In simulation by 10% per-minute reduction ratio, the TRR reactor
was firstly considered at 100% operation of the nominal power
throughout 25 s, and subsequently arrived at 90%. A comparison
between two cases, namely dynamic system with these new
equations including Pm and Sm concentrations alterations (i.e.
uncertainty) and system with Eqs. (1)e(8), was performed and the
relevant outcomes are shown in Fig. 9. In Fig. 9a, the findings show
a satisfactory performance of FOPID controller in pursuing the
reference power against uncertainty. As seen the stable reactor
relative power at 1 for the 0e25 s time interval and it declines to 0.9
Pr upon from 25 s to at about 80 s at which it reached the value 0.9
Pr. The signals of control attempt and error are displayed in Fig. 9b
and c, respectively.
6. Conclusion

The reactor power control is the most important issues in the
nuclear reactor assessment. In this paper, a FOPID controller was
designed for power level control of TRR. A nonlinear FNPK model
was used to describe the reactor dynamic behaviour and simulated
using Nipid/Ninteger toolbox in MATLAB software. The parameters
of FOPID controller were tuned using optimization block in Simu-
link/MATLAB, and Nid/Nintger block was utilized for simulation of
fractional order integral and derivative impacts.

The FOPID controller performance was examined for a hard
alteration of the reference power and the obtained outcomes were
compared with those of IOPID controller. Our findings revealed that
the FOPID controller with FNPK nonlinear model properly tracked



Fig. 9. Simulation outcomes of FOPID controller in the face with unstructured un-
certainty for Case 3: (a) relative power of reactor productivity, (b) power tracking error,
(c) speed of the control rod.

N. Zare et al. / Nuclear Engineering and Technology 52 (2020) 2017e2024 2023
the reference power trajectory without any significant overshoot or
oscillation. The robustness of FOPID controller engaging in external
disturbance was investigated in input and output of the reactor
system by the step reactivity. According to these results, it was
shown that the FOPID controller is robust enough against the
external disturbance and uncertainty. Future work will address the
other methods such as Carlson andMatsuda to evaluate the domain
frequency in comparison.
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