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This paper proposes the use of two recent optimization techniques, called the Local Unimodal Sampling
(LUS) and the Spotted Hyena Optimizer (SHO), to optimally tune cascaded PID controller designed while
controlling the speed and reducing the torque ripples of the switched reluctance motor. The proposed
implementation of these algorithms has the advantage of better convergence and lower computational
efforts when compared to other optimization techniques. To demonstrate the effectiveness of the pro-
posed cascaded PID controller using LUS and SHO, they are compared to other controller designs present
in previous literature, specifically the cascaded fractional-order PID (FOPID) controller. Results show that
the PID controller is more superior to the FOPID controller and that the SHO-based cascaded PID con-
troller leads to less current and torque ripples with better speed response. The study is implemented
at different loading conditions. The results are presented in the form of a time-domain simulation con-
ducted via MATLAB/SIMULINK.

� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

In the last decade, the switched reluctance motor (SRM) has
been extensively studied by researchers due to its low cost, simple
construction, wide range of speed, high starting torque, and flexi-
ble control with fault tolerance [1,2]. The SRM performance has
been greatly improved due to advances in power converters and
control techniques [3]. Nowadays, with the rapid development of
the industry, SRM is widely applied in textile machines, electric
vehicles, robotic control applications, and aviation industries
[4–6]. However, due to the switched power supply and doubly sali-
ent nature, the SRM often suffers from some drawbacks such as
nonlinear magnetic characteristics, undesirable torque ripples,
and acoustic noise [7–9] which in turn affect the reliability and
safety of the system greatly. Moreover, since it is difficult to
achieve accurate control by only using traditional regulation,
researchers have been working on improving the SRM performance
by means of new methods of control and design [10-15].

Some complex control techniques were proposed in the litera-
ture to reduce torque ripples in SRM drives, such as torque sharing
function (TSF), direct torque control (DTC), feedback control, and
average torque control (ATC) methods [16–19]. In [16], both DTC
and TSF control strategies were implemented to suppress the tor-
que ripples of 12/8 pole SRM. The authors also discussed the
responses to changes in speed and load torque. While in [17], a
predictive DTC technique was proposed to enhance the motor
speed and torque response. It showed the effectiveness of the pre-
dictive control compared to conventional DTC methods. Another
control approach proposed in [18] was able to maintain the desired
average torque at the desired speed by using the ATC algorithm.
This technique was improved in [19] by using multi-objective opti-
mized control parameters. Furthermore, a sliding mode control
technique was introduced in [20] to compensate for low-
frequency oscillations in the torque output of the SRM. In [21],
an optimal commutation strategy for SRM was presented to
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Nomenclature

ACO Ant colony optimization
ATC Average torque control
bl
!
, bu
�!

Lower and upper boundaries of the search space
B
!
, E
!

Coefficient vectors
d
!

Initial search range
Dh
�!

Distance between the spotted hyena and prey
DTC Direct torque control
FF Fitness function
FOPID Fractional order proportional-integral-derivative
GA Genetic algorithm
H
!

Exploitation vector
i Phase current
Kd1, Kd2 Derivative gains of cascaded controller
Ki1, Ki2 Integral gains of cascaded controller
Kp1, Kp2 Proportional gains of cascaded controller
L Phase inductance
LUS Local Unimodal Sampling
N Number of spotted hyenas

P
!

Position vector of the spotted hyena
Ph
�!

Position of the first best spotted hyena
Pk
�!

Position of the other spotted hyenas
Pp
�!

Position vector of the prey
PID Proportional-integral-derivative
PSO Particle swarm optimization
q Reduction factor
R1
�!

, R2
�!

Random vectors
SHO Spotted hyena optimizer
SRM Switched reluctance motor
tsim Simulation time
Tphase Torque per phase
TSF Torque sharing function
x Current iteration
h Rotor position
k Integral order
m Derivative order
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increase the torque production capacity of the motor and greatly
reduce torque ripple. Moreover, a detailed literature survey about
classical SRM torque ripples minimization techniques was pre-
sented in [4].

On the other hand, other researchers preferred to use a simpler
controller design approach where numerous optimization tech-
niques based PID controllers have been proposed for optimal speed
and torque response [22–25]. For example, Ant Colony Optimiza-
tion (ACO) and Genetic Algorithm (GA) techniques were intro-
duced in [22] and [23] for tuning the PID gains for 8/6 SRM
drive. By this algorithm, the SRM speed regulation was improved
in terms of tracking fast setpoint and regulatory changes. Another
optimal tuning of the PID controller for speed control of the SRM
was proposed in [24] using Particle Swarm Optimization (PSO).
The work concentrated on the design of feedback PID parameters
to achieve the minimum integral quadratic error of speed. Further-
more, an adaptive Fuzzy control was applied in [25] to regulate the
speed of SRM but the torque performance was relatively poor. In
[26], Ant Lion-based cascaded Fractional Order PID controller
(FOPID) was designed to enhance the speed and torque profile of
a 6/4 SRM drive. While Authors of [27] found the optimal design
of the SRM parameters which lead to better torque and speed per-
formance. Authors of [28] found that changing core materials by
using soft Magnetic Composite will enhance the SRM performance.

Furthermore, various control techniques have been introduced
over the years for current regulation of SRM [29]. Current chopping
control was the most popular method for current control of SRM
because of its model independence and quick dynamic response
[30]. Another intelligent controller based on iterative learning con-
trol was presented in [31,32] as an alternative to the hysteresis
controller. In addition, some researchers have introduced a linear
model of SRM to overcome the problem of nonlinearity in SRM
[33,34]. Complex control strategies were presented in the litera-
ture such as model predictive control [35,36], dead-beat control
[37,38], adaptive control [39], and sliding mode control [40,41].
The main drawbacks of the aforementioned techniques are com-
plexity, high current ripples, slow response, and sensitivity to
model uncertainties. Therefore, the main contributions of this
paper are:

� Designing an efficient cascaded PID controller for improving the
speed response of the 6/4 poles SRM drive while minimizing the
torque ripples.
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� Using two recent optimization techniques to design the optimal
gains of the cascaded PID controller, which are the Local Uni-
modal Sampling (LUS) and the Spotted hyena optimizer (SHO).
� Evaluating the effectiveness of the proposed cascaded PID con-
troller design under different load conditions.
� Comparing the results of the proposed controller by the FOPID
controller presented in the previous literature.

Moreover, the paper consists of five sections: Section 1 is an
introductory section, while Section 2 introduces the discussed case
study. This is followed by the problem formulation and a summary
of the proposed optimization techniques in Section 3. Both results
and discussions are presented in Sections 4 and 5, respectively.
And finally, Section 6 concludes the paper.

2. Case study

The case study model is shown in Fig. 1 which consists of 6/4,
three-phase SRM of rated power 60 kW [26]. The SRM is fed by a
3-phase converter with a 240 V dc source. To control the switching
frequency of phase currents, a position sensor is connected to the
rotor with turn-on and turn-off angles of 45� and 75�, respectively.
The SRM model is simulated using MATLAB/Simulink with the fol-
lowing parameters: stator pole arc = 30�, rotor pole arc = 32�, stack
length = 51 mm, stator diameter = 82.1 mm, rotor diameter = 40
mm, number of windings per pole = 72 turns, stator resistance =
0.05 O, inertia = 0.05 kg.m2 and friction = 0.02 N.m.s. Moreover,
speed control and torque ripple elimination are achieved by adding
a cascaded PID controller. The first PID controller is connected in
the outer loop to control the speed with a reference speed of
2000 rpm and whose output is limited to 250 (the SRM rated cur-
rent). While the second PID controller is connected in the inner
loop for current control thus reducing the torque ripples. The
SRM performance can be described by the following torque equa-
tion [23]:

Tphase h; ið Þ ¼ 1
2
i2
dL h; ið Þ
dh

ð1Þ

where the torque per phase Tphase depends on the variation of induc-
tance Lwith rotor position h and phase current i, while the total tor-
que produced by the three phase currents can be expressed by the
following equation [23]:



Fig. 1. Block diagram of the SRM model equipped with a cascaded PID controller.
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Ttotal h; ið Þ ¼
X
phases

1
2
i2
dL h; ið Þ
dh

ð2Þ

The variation of the three phase flux (or inductance), three
phase currents, and the magnetization curve for our case study
are shown in Fig. 2(a-c). The proposed objective function and opti-
mization algorithms will be presented in the next section.
(a) 

(c) 
Fig. 2. Variation of (a) 3 phase flux (or inductance), (b

3

3. Problem formulation

Here, the parameters of the two PID controllers (outer speed
controller and inner current controller) will be optimized using
LUS and SHO optimization techniques to improve the speed
response and minimize ripples in speed, current, and torque of
the SRM presented in Section 2. To obtain such improvement, the
(b) 

) 3 phase currents, and (d) magnetization curve.
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proposed fitness function (FF) is the integral sum of squared error
of the speed and current using equation (3) as follows [22]:

MinimizeFF ¼
Z tsim

0
ðspeed errorÞ2 þ ðcurrent errorÞ2dt ð3Þ

where tsim is the simulation time in s. Furthermore, the objective
function is subject to the following constraints:

Kp1;min � Kp1 � Kp1;max

Ki1;min � Ki1 � Ki1;max

Kd1;min � Kd1 � Kd1;max

Kp2;min � Kp2 � Kp2;max

Ki2;min � Ki2 � Ki2;max

Kd2;min � Kd2 � Kd2;max

8>>>>>>>><
>>>>>>>>:

ð4Þ

where Kp1, Ki1, and Kd1 are the proportional, integral, and derivative
gains, respectively of the PID speed controller. Kp2, Ki2, and Kd2 are
the proportional, integral, and derivative gains, respectively of the
PID current controller. Moreover, a simple stability analysis based
on the Ziegler-Nichols method is applied in which the proportional
gains of speed and current controllers are increased in steps from 20
to 100. Results show that the system remains stable due to the pres-
ence of a limiter on the output of the speed controller. However, the
current ripples increase as the proportional gain increases. Based on
this, the studied controller’s gains range is taken to be between 0
and 20 for stability reasons. Moreover, the optimal gains of the
two PID controllers will be obtained using the Local unimodal sam-
pling algorithm and the Spotted hyena optimizer algorithm that
will be presented in the next subsections.
3.1. Local unimodal sampling (LUS)

The LUS optimization technique uses local sampling to reduce
the sample range during optimization by moving a single agent
throughout the search space. LUS method is one of the
optimization techniques that does not suffer from trapping in local
optimum solutions [42]. This is due to its variable sampling range
which makes it superior over several fixed range optimization
algorithms as Hill Climber and Simulated particle Annealing algo-
rithms [43]. The main steps of the LUS algorithm can be summa-
rized as follows:

1. Initialize the current position x! in the search space to a random
value.

2. Set the initial search range d
!

to cover the entire search space as
follows [42]:
d
! bu

�!� bl
! ð5Þ

where bu
�!

and bl
!

are the upper and lower boundaries of the search
space, respectively.

Repeat the following steps until the stopping criterion is
checked (fitness is reached with a certain tolerance of 0.000001
or maximum number of iterations is100).

� Select a random vector a!� Uð� d
!
; d
!Þ.

� Create the new potential position y! as follows [42]:
Fig. 3. LUS algorithm flowchart.
y!¼ x!þ a! ð6Þ
4

� If the fitness at position y! is less than the fitness at position x!,
then update the position x! y!. Otherwise, decrease the
search range as follows [42]:

dnew
��! ¼ q� d

! ð7Þ
where q is a reduction factor used to decrease the new sampling
range. The flowchart of the LUS algorithm is shown in Fig. 3. For
more details, check [42].

3.2. Spotted hyena optimizer (SHO)

SHO is a relatively new optimization technique. It is based on
the spotted hyena’s behavior of hunting. The advantage of the
SHO algorithm is that its search agents are updated by a factor that
combines all the optimal solutions from the previous iteration. The
mathematical model of the SHO algorithm can be represented by
the following equations [44]:

Dh
�! ¼ j B!: Pp

�!ðxÞ � P
!ðxÞj ð8Þ

P
!

xþ 1ð Þ ¼ Pp
�!

xð Þ � E
!
:Dh
�! ð9Þ
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where Dh
�!

represents the distance between the spotted hyena and

prey,x is the current iteration, B
!

and E
!

are coefficient vectors, P
!

denotes the position vector of spotted hyena, and Pp
�!

represents

the position vector of prey. The vectors B
!

and E
!

can be estimated
as follows [44]:

B
!¼ 2: R1

�! ð10Þ
E
!¼ 2H

!
: R2
�!� H

! ð11Þ

where R1
�!

and R2
�!

are random vectors from [0,1]. The exploitation

vector H
!

can be calculated as follows [44]:

H
!¼ 5� ðIteration� ð 5

Maxiteration
Þ ð12Þ
Dh
�! ¼ j B!: Ph

�!� Pk
�!j ð13Þ
Pk
�! ¼ Ph

�!� E
!
:Dh
�! ð14Þ
Ch
�! ¼ Pk

�!þ Pkþ1
��!þ � � � þ PkþN

��! ð15Þ

where Ph
�!

represents the position of the first best spotted hyena

and Pk
�!

indicates the position of other spotted hyenas. The number
of spotted hyenas N can be estimated as follows:

N ¼ countið Ph
�!

; Phþ1
��!

; Phþ2
��!

; � � � ; Ph
�!þM

!� �
Þ ð16Þ

where i is the number of solutions and M
!

is a random vector from
[0.5, 1]. The best solution can be updated as follows:

P
!

xþ 1ð Þ ¼ Ch
�!
N

ð17Þ

where Ch
�!

represents a group of N optimal solutions. Then, the
search agent positions are updated with new fitness calculations,
and all these steps are repeated until the best position is achieved
(reaching a certain tolerance or a maximum number of iterations
of 100). The steps of the SHO algorithm can be summarized as
shown in Fig. 4. More details are given in [44]. The simulation
results and discussions will be presented in Sections 4 and 5.
Fig. 4. SHO algorithm flowchart.
4. Simulation results and comparisons

Three loading conditions are studied and simulated: Case 1: No
load, Case 2: Static load for a torque of 100 N.m, and Case 3:
Dynamic load is simulated for a 10 s interval, where a torque of
100 N.m. is applied at t = 3 s and then removed at t = 8 s. The
LUS and SHO-based PID gains for both speed and current con-
trollers at the three previous loading conditions are presented in
Table 1. Moreover, the SRM time response with PID coefficients
optimized using LUS and SHO algorithms is validated by compar-
ing the results obtained to the results of three cascaded FOPID con-
trollers designed in previous literature which are optimized by GA
[23], PSO [24], and Ant-Lion [26]. Moreover, the optimal FOPID
gains, the integral, and the derivative orders (k, m) are presented
in Table 2 using different optimization techniques. Furthermore,
Table 3 shows the optimal fitness function using different con-
trollers for the three studied cases. It can be observed that the
SHO-PID controller has the least fitness function compared to other
controllers.
5

4.1. Case 1: no-load torque (t = 0)

The simulation results for this case are shown in Fig. 4. By
applying a reference speed of 2000 rpm, the SHO algorithm pro-
vides the best speed response compared to other techniques. As
illustrated in Fig. 5(a), the SHO and LUS techniques provide the
best transient and steady-state due to the lowest settling time (fast
response) and lowest steady-state error. The LUS algorithm has
slightly better speed performance than Ant-Lion and PSO tech-
niques. Unfortunately, the GA technique provides the low speed
performance due to high settling time. Fig. 5(b) shows the phase



Table 1
Gains of PID controllers based on LUS and SHO algorithms for different cases.

Algorithm Speed controller Current controller

Kp1 Ki1 Kd1 Kp2 Ki2 Kd2

LUS 4.9209 8.9603 0.1244 9.7779 3.6249 8.9451
SHO 12.2799 10.8923 0 18.6819 20 18.7407

Table 2
Gains and orders of FOPID controllers based on different optimization algorithms.

Algorithm Speed controller Current controller

Kp1 Ki1 Kd1 k m Kp2 Ki2 Kd2 k m

GA [23] 3.85 7.25 8.382 0.78 0.27 4.26 6.58 5.27 0.64 0.42
PSO [24] 5.38 5.79 4.89 0.4 0.24 5.24 4.39 6.17 0.28 0.71
Ant-Lion [26] 4.75 5.85 2.39 0.31 0.52 3.24 5.25 1.98 0.54 0.83

Table 3
Optimal fitness function using different controllers.

Controller CASE 1
No-load torque

CASE 2
T = 100 N.m.

CASE 3 Dynamic
load torque

GA-FOPID [23] 0.0199 0.4528 0.7443
PSO-FOPID [24] 0.0081 0.4334 0.1997
Ant-Lion-FOPID [26] 0.0081 0.4352 0.7249
LUS-PID (proposed) 0.0099 0.0165 0.0201
SHO-PID (proposed) 0.0075 0.0161 0.0183
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current ripples of the no-load case. It can be observed that the low-
est current ripples can be achieved based on the SHO and LUS algo-
rithms. However, the Ant-Lion and PSO algorithms show higher
current ripples, and the GA exhibits the highest ripples of current.
Fig. 5(c) shows that all optimization techniques have the same tor-
que ripples behavior for the no-load condition.
4.2. Case 2: Static load torque (t = 100n.m)

The simulation results for this case are shown in Fig. 6. Similar
to the no-load case, the speed response of the SRM is greatly
improved using the SHO algorithm as shown in Fig. 6(a). The
SHO-based PID controller provides a very fast speed response with
fewer speed ripples and zero steady-state error. However, the PSO
and Ant-lion algorithms show slightly less settling time than the
LUS algorithm, but they have higher speed ripples and steady-
state error than the LUS. The GA provides the lowest speed
response in terms of high settling time, high-speed ripples, and
high steady-state error of the speed which accounts for 8.5%.
Fig. 6(b) shows the current ripples of phase current during the sta-
tic load torque. Both SHO and LUS algorithms provide the lowest
current ripples which cannot exceed 100 A. But the Ant-lion, GA,
and PSO algorithms exhibit high current ripples of no more than
200A. In addition, the reduction of torque ripples during load can
be achieved through the SHO and LUS algorithms as shown in
Fig. 6(c). The other optimization algorithms exhibit very high tor-
que ripples unacceptable for the SRM performance.
4.3. Case 3: Dynamic load torque

In this case, a load torque of 100 N.m. is applied to the SRM
drive at t = 3 s, then removed at t = 8 s. The time-domain simula-
tion of the dynamic disturbance is shown in Fig. 7. Similar to the
previous cases, the SHO algorithm provides the best speed
response as shown in Fig. 7(a). It can be observed that the speed
is not affected by the disturbance torque at t = 3 and 8 s which is
6

a great feature of the SHO algorithm. Although the LUS algorithm
provides a fast-speed response and is not affected by disturbance,
it exhibits some allowable overshoot. Also, the PSO and Ant-lion
algorithms exhibit a slightly lower speed response with some
steady-state error. It can be seen that the GA exhibits the lowest
speed response and is highly affected by the disturbance torque
at 3 s and 8 s.

Fig. 7(b) shows the phase current profile under the disturbance
load from 0 to 10 s. The lowest current ripples can be achieved
with the SHO algorithm while the GA algorithm shows the highest
current ripples. More details about the current ripples before and
during the disturbance torque are shown in Fig. 7(c) and 6(d)
respectively. The lowest current ripples can be achieved by the
SHO algorithm while the GA shows the highest current ripples.
All algorithms give the same minimized torque ripples at intervals
from 0 to 3 s and from 8 to 10 s as shown in Fig. 7(e) and (f). More-
over, the control action (output) signals of both speed and current
controllers are shown in Figs. 8 and 9, respectively using different
controllers. It can be seen that by using SHO algorithm, the speed
controller produces low ripples that act as the required reference
current, while the current controller produces suitable required
high frequency pulses after passing through the hysteresis band
to achieve the low current ripples mentioned above.

4.4. Comparison between PID and FOPID controllers using LUS and
SHO algorithms

This section aims to compare the performance of the proposed
PID controllers with the FOPID controllers using LUS and SHO algo-
rithms. The convergence curve of the fitness function using LUS
and SHO algorithms is shown in Fig. 10 for 50 iterations. It can
be seen that the SHO is faster than LUS and has better convergence.
Moreover, the optimal gains of the LUS and SHO based FOPID con-
trollers are given in Table 4. Results show that the SHO-PID con-
trollers provide lower current ripples compared to other
controllers as shown in Fig. 11. However, the speed response and
torque ripples are almost the same for all cases.

5. Discussions

5.1. Case 1: no-load torque (t = 0)

In Fig. 5(a), the speed response settling time is about 2.5, 1, 1,
0.7, and 0.1 s using GA-FOPID, PSO-FOPID, Ant-FOPID, LUS-PID,
and SHO-PID, respectively. Therefore, the SHO-PID has the fastest
speed response. In Fig. 5(b), the current ripple accounts for 29,
11, 11, 6, and 4 A using GA-FOPID, PSO-FOPID, Ant-FOPID, LUS-
PID, and SHO-PID, respectively. Therefore, the SHO-PID produces



(a) 

(b) 

(c) 

Fig. 5. Time response of (a) speed, (b) phase current and (c) total torque for
different controller structure and optimization algorithms at no-load.

(a) 

(b) 

(c) 

Fig. 6. Time response of (a) speed, (b) phase current and (c) total torque based on
different controller structures and optimization algorithms with static load
(T = 100).
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the lowest current ripple. In Fig. 5(c), the torque ripple is approxi-
mately the same using all techniques which accounts for 8 Nm.

5.2. Case 2: Static load torque (t = 100 nm)

In Fig. 6(a), the speed response settling time is about 3.5, 2, 2,
1.5, and 0.1 s using GA-FOPID, PSO-FOPID, Ant-FOPID, LUS-PID,
and SHO-PID, respectively. Therefore, the SHO-PID has the fastest
speed response. In Fig. 6(b), the current ripple accounts for 190,
175, 175, 50, and 55 A using GA-FOPID, PSO-FOPID, Ant-FOPID,
LUS-PID, and SHO-PID, respectively. Therefore, the suggested con-
trollers produce the lowest current ripple. In Fig. 6(c), the torque
ripple accounts for 520, 510, 510, 100, and 100 Nm using
7

GA-FOPID, PSO-FOPID, Ant-FOPID, LUS-PID, and SHO-PID, respec-
tively. Therefore, the suggested controllers produce the lowest tor-
que ripple.
5.3. Case 3: Dynamic load torque

In Fig. 7(a), at the no load interval, Although the SHO and LUS
based PID controllers have a smaller settling time compared to
the fractional controllers, the LUS exhibits some allowable over-
shoot. Once 100 Nm torque is applied, the speed response of FOPID
controllers shows some steady-state error. While Fig. 7(b-f) show



(a) (d) 

(b) (e) 

(c) (f) 

Fig. 7. Time response of (a) speed, (b) phase current profile, (c) zoomed phase current when T = 0, (d) zoomed phase current when T = 100 N.m, (c) torque profile, and (f)
zoomed torque at no load.
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(a) 

(b) 

(c) 

Fig. 8. Speed control action signal for (a) dynamic load, (b) no load torque, and (c)
static load torque of 100 N.m.

(a) 

(b) 

(c) 

Fig. 9. Current control action signal for (a) no load torque, (b) static load torque of
100 N.m zoomed after 4 s, and (c) static load torque of 100 N.m zoomed after 5 s.
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Fig. 10. Convergence curve of LUS and SHO algorithms. (a) 
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that the current and torque ripples are almost the same as in case 1
and case 2.
(b) 

(c)  

Fig. 11. Time response of (a) phase current, (b) speed and (c) total torque using
different controllers at no-load.
6. Conclusions

In this paper, a cascaded PID controller using Local unimodal
sampling algorithm and Spotted hyena optimizer is proposed to
control the speed of a switched reluctance motor as well as reduce
the torque ripples. The Spotted hyena optimizer technique leads to
a PI-PID structure while the Local unimodal sampling algorithm
leads to a full PID-PID structure. Moreover, comparisons with
existing optimization techniques based on cascaded Fractional-
order PID controllers such as Ant-Lion, Particle swarm optimiza-
tion, and Genetic Algorithm show that a cascaded PID controller
leads to better speed, current, and torque responses with no speed
steady-state error and less current and torque ripples whether the
load was static or dynamic. But when it comes to comparing the
two proposed cascaded PID controllers, the SHO-PID controller
has successfully proven the best speed response with the lowest
torque ripples in all cases because the merit of the Spotted hyena
optimizer algorithm in updating its search agents by a factor that
combines all optimal solutions from the previous iteration. While
the Local unimodal sampling algorithm comes in second place with
slightly lower performance than the Spotted hyena optimizer algo-
rithm. Moreover, the fractional-order PID controller using Ant-Lion
and Particle swarm optimization produces higher current and tor-
que ripples and slower speed response than SHO and LUS based
PID. Finally, GA-FOPID produces the highest current and torque
ripples with the lowest speed performance. For future studies,
the improved switched reluctance motor can be applied to electric
vehicles, pumps, and other industrial applications.
Table 4
Optimal gains of FOPID controllers using LUS and SHO algorithms.

Algorithm Kp Ki Kd k m

LUS-FOPID Speed controller 4.69 7.83 16.42 0.13 0.11
Current controller 3.33 13.11 14.63 0.45 0.61

SHO-FOPID Speed controller 8.68 2.68 0 0.1 0.9
Current controller 5.56 5.54 15.68 0.1 0.1
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