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Abstract: The fast-growing ﬁeld of mechanical robotization necessitates a welldesigned and controlled version of electric drives. The concept of control
concerning mechanical characteristics also requires a methodology in which the
system needs to be modeled precisely and deals with uncertainty. The proposed
method provides the enhanced performance of Switched Reluctance Motor (SRM)
by controlling its speed and minimized torque ripple. Proportional-IntegralDerivative (PID) controllers have drawn more attention in industry automation
due to their ease and robustness. The performances are further improved by using
fractional order (Non-integer) controllers. The Modiﬁed Particle Swarm Optimization (MPSO) based optimization approach is employed to acquire the FOPID
control parameters for speed and current and the selection of commutation of
angles. The performance of SRM has been investigated by considering the
Integral Square Error (ISE) of speed and current, which results in minimized
torque ripples. In this work, SRM with 8 stator poles and 6 rotor poles is modeled
as four-phase in MATLAB/SIMULINK platform. The average output torque and
speed of the proposed method are analyzed and compared with the conventional
PID controller. The results reveal that MPSO based FOPID controller gives an
extreme performance in terms of increased output torque and faster settling time
because of its consistent performing capability compared with conventional PIDbased controller. The results are validated with an FPGA-based 8/6 SRM setup
that employs the PID controller.
Keywords: Fractional order PID controller; switched reluctance motor; modiﬁed
particle swarm optimization; torque ripple coefﬁcient; FPGA controller

1 Introduction
In the recent development of the control and power electronics ﬁeld, SRM has drawn a signiﬁcant role in
industries. SRM drive has many beneﬁcial characteristics when comparing to those conservative sinusoidal
machines. For industry automation, SRM drives play a vital role, acting as a prominent electrical drive [1].
As SRM has no rotor winding and a permanent magnet, its structure becomes simple. It has many distinct
characteristics such as minimized cost, robustness, high fault-tolerant capability, and operating under any
This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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sensitive environment [2]. Electromagnetic torque is produced based on the theory of variable reluctance.
Nevertheless, the primary setback is the higher torque ripple, which leads to severe acoustic noise and
vibrations [3]. Therefore, the strategy of reducing the torque ripple in SRM becomes the most
contributive research in the ﬁeld of industry [4].
In the modern era, there are two emerging technologies to improve the average torque of the motor. One
method is to renovate the stator and rotor arrangement by developing the mechanical consideration, whereas
the next one is to employ the robust control mechanism [5]. Some researchers are proﬁcient in decreasing the
torque vibrations by reconstructing the motor design using some speciﬁc software platform, leading to the
cost expenditure once it comes into operation [6]. The other strategies are based on obtaining a suitable
grouping of the operational constraint, which contains input voltage, turn on and turn off angles,
excitation current, and the load. A proper current modulation technique for the inverter is usually taken
care of to minimize torque ripple [7]. A simple current modiﬁcation scheme for the inverter is generally
employed for reducing the torque ripples in SRM. Adequate commutation instant setting and tuning
under various operating conditions are required for achieving a good stator winding current and smooth
torque for a switched-reluctance motor (SRM) drive. Dynamic commutation shift controller (DCSC)
based on DC-link current ripple minimization for SRM drives are also proposed to minimize the ripples
[8]. Torque Sharing Function (TSF) has been used to obtain the static ﬂux linkage characteristics which
describe the machine dynamics to determine optimal current proﬁles to achieve torque ripple reduction
with minimal copper losses. [9]. Overlapping regions between the phases being controlled such that direct
instantaneous torque control (DITC) and current control (CC) have been implemented simultaneously on
different phases [10]. The Lagrange optimization method is used to solve calculating optimal currents in
the d–q frame. A neural control scheme is then proposed as an adaptive solution to derive the optimal
stator currents giving a constant electromagnetic torque and minimizing the ohmic losses [11]. The
performance of the precise speed controller is evaluated and compared with PI and fuzzy logic (FLC)
speed controllers. This comparison is based on the values of the rise time, settling time, overshoot,
undershoot, speed error in the steady-state, and torque ripples percentage of the three-speed controllers
[12]. The mean torque vs. current capability and the torque ripple are investigated, and optimum
commutation angles are evaluated in static conditions. The test results conﬁrm the performance analysis
computed by the ﬁnite element model and shown that the machine could operate in severe faulty mode
conditions. However, the limitations of the power electronics allowed the testing of the prototype at only
1/3 of the rated power [13].
2 SRM Drive Description
2.1 Mathematical Modeling Of SRM Drive
SRM is a kind of stepper motor, which is working under the principle of variable reluctance at airgap.
Contrasting with the ordinary DC motor, energy is distributed to stator windings rather than the rotor. The
mechanical design has been signiﬁcantly simpliﬁed as power does not have to be delivered to the moving
part. In electrical design, a speciﬁc switching system is needed to excite the proper stator winding for
smooth operation. With modern electronic devices, SRM is a perfect candidate for industrial applications
which require high reliability, high efﬁciency, and high speed. Unlike standard traditional motors, which
use a troublesome mechanical commutator to switch the winding current, SRM exploits the electronic
position sensor to ﬁnd out the rotor shaft position and make the solid-state electronics to energize the
stator windings to produce the rotational torque. This could provide the chance of dynamic control for
pulses and waveshaping. Asymmetric bridge converter is the most appropriate device for powering an
SRM [14]. In an asymmetric bridge converter, there are 4 phases corresponding to the stator windings of
the SRM drive. In this process, the corresponding phase will be energized only if both the power
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switches on either side of the phase are switched on. Once the current has reached the reference value, the
device is turned off. Hence, the energy developed in the motor is used to maintain the stator current in the
same direction until the energy gets exhausted.
In SRM, when the stator phase is getting energized, a low reluctance results in the magnetic circuit.
Hence, the rotor pole tends to move towards the low reluctance path, and the rotor pole gets aligned with
the stator pole; thereby, torque is developed. The generated torque is also independent of the direction of
the stator current. The SRM drive rotates the magnetic ﬁeld by regularly and successively switching on
and off stator windings. Meanwhile, the rotor rotates and trailing the current to stay aligned with the
magnetic ﬁeld to reduce the reluctance of the magnetic ﬂux path. A rotor position sensor will determine
the rotor position and provides the information on when and which of the stator phase is to be energized.
The rotor position sensor will decide the turn on and turn off instants of the power semiconductor
switches used in converters. The position of the rotor has been continuously monitored by sensing the
speed feedback. Here, the unaligned rotor position is taken as zero degrees. The rotor movement towards
the minimum reluctance position is the cause of the torque production mechanism. No torque will be
produced when the ﬁeld lines are at a right angle to the surface. By energizing the stator phase, the rotor
will get attracted; thereby, reducing the reluctance of the magnetic circuit and thus, torque will be
produced. By energizing the successive phases of the stator continuously, constant torque is developed
[15]. The torque depends on the current and rate of change of inductance with respect to the rotor
position [16].
The total torque developed in the SRM is represented as,
X
1 2 dLðu; iÞ
i
Ttotal ðh; iÞ ¼
phases 2
du

(1)

The mathematical equation governing the system is written as,
Ttotal  Tl ¼ J

dvm
þ Bvm
dt

(2)

where Tl is load torque and xm is angular velocity
Using the mathematical Eq. (2) that governs the system, the active model of a linear 8/6 SRM, 4 phase
with negligible mutual inductance is created in the MATLAB/SIMULINK environment [17]. The parameters
used for modeling the SRM in the simulation environment are tabulated in Tab. 1. The value of winding
inductance is proportional to the magnetic ﬂux. When ﬂux increases towards saturation, the value of the
inductance will also increase. Saturated inductance in Tab. 1 represents the maximum inductance that a
particular SRM drive can attain. The manufacturer usually speciﬁes it. At the same time, the stator
winding current decides the aligned and unaligned inductance. Hence this value is lower than the
saturated inductance value. The pattern of the inductance of 4 phase SRM is as shown in Fig. 1. For
motoring action, the stator windings are excited when the slope of inductance ∂L/∂θ is positive. One of
the performance measures of SRM is the torque ripple coefﬁcient (Ti ) which is expressed as follows,
Ti ¼

Tmax  Tmin
Tmean

where Tmax ; Tmin and Tmean are the highest, lowest, and mean values of the output torque.

(3)
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Table 1: SRM simulation parameters
SRM Parameters

Values

Stator poles
Rotor Poles
Rated Power
Excitation Voltage
Stator Current
Flux linkage
Stator resistance
Friction Co-efﬁcient
Inertia
Unaligned inductance
Aligned Inductance
Saturated Inductance
Turn-on angle
Turn-off angle

8
6
5 kW
300 V
10A
0.486
0.05 ohm
0.0183 N.m.s
0.0013 kg.m²
8 mH
60 mH
150 H
10o
30o

Figure 1: Inductance proﬁle of the four-phase SRM
2.2 Design Of Fractional Order PID Controllers And Commutation angles
The recent research methodologies introduce the opportunity of constructing the methods of
differentiation and integration as non-integer orders. Fractional order PID controller has wider ﬂexibility
and more degree of freedom to provide appropriate dynamic properties for servo control applications. The
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following equation is written in Laplace domain, with zero initial conditions, to represent the fractional-order
PID controller (4),
C ðsÞ ¼ Kp þ

Ki
þ Kd sl
s

(4)

Nevertheless, the order of the system has played a vital role in different scientiﬁc ﬁelds, such as
automatic control system, which results in accurate modeling and more ﬂexibility in the design of the
control mechanism [18]. In the proposed method of torque ripple minimization, two FOPID controllers,
namely speed and current, are employed to extort the speed error and the reference currents for SRM
The transfer function of the speed and current FOPID controllers are generally written in a parallel form
as follows in the Eqs. (5) and (6),
Gs ðsÞ ¼ Kps þ

Kis
þ Kds sls
S s

(5)

Gi ðsÞ ¼ Kpi þ

Kii
þ Kdi S li
S i

(6)

where; Kps is the proportional gain, Kis is the integral gain, Kds is the derivative gain, s is the order of
integration, and ls is the order of differentiation for the speed controller. Whereas, Kpi is the proportional
gain, Kii is the integral gain, Kdi is the derivative gain and i is the order of integration and li is the
order of differentiation for the current controller. The FOPID parameters for both speed and current
controllers are tuned to obtain the optimal values.
The commutation angles have also been considered as a signiﬁcant parameter to evaluate the performance
of SRM. The minimized torque ripple and improved efﬁciency of SRM depend, to a greater extent, on the
optimal selection of commutation angles. The commutation angles are properly obtained that the stator
winding should not be energized at the negative slope, which yields the generating torque and zero torque,
respectively. The ﬂux should be decayed before the negative torque production. This leads to making the
commutation angles to be advanced by an angle, which is given by the following Eq. (7).
hadv ¼

xLu Iref
Vdc

(7)

where, x is the speed in rad/sec, Lu is the unaligned inductance, Vdc is the DC bus voltage and Iref is the
desired phase current. The analytical expression for determining the advancing angle, as proposed in [19].
2.3 Modiﬁed Particle Swarm Optimization
Modiﬁed Particle Swarm Optimization (MPSO) is a population-based searching method that evolves
from the social behavior of birds and ﬁsh. PSO algorithm is stochastic in nature as it does not require a
derivative of information [20]. Thus there is minimal possibility of local entrapment, but particles can
converge prematurely, majorly in the case of larger search space. In this method, particles are moving in a
multidimensional search space [21]. During movement, every particle changes its position from its
knowledge of neighboring particles, occupying the suitable position found by itself and its neighbors. The
swarm particle is described by the nearest particles neighboring and its experience.
Let Xi and Vi be the ith particle position and its velocity in the search space. The best earlier position of ith
particle is taken as Pbest . The best particle in the group is taken as Gbest . The updated velocity of individual i
is given in Eq. (8)
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ViKþ1 ¼ xk Vik þ c1 rand1 Pbestik  Xik c2 rand2 Gbestk  Xik

(8)

where,
Vik

Velocity of ith particle at kth iteration

xk

Weight at kth iteration

c1 ; c2

Acceleration factors

rand1 rand2

Random numbers from 0 and 1

Xik

Position of ith individual at kth iteration

Pbestik

Best position of ith individual at kth iteration

Gbest k

Best position of the group until kth iteration

The inertia weight is modiﬁed at each iteration that makes this algorithm as Modiﬁed Particle Swarm
Optimization [22]. The velocity adjusted for each move of particles, which is shown in Eq. (9).
Xikþ1 ¼ Xik þ Vikþ1

(9)

In the conventional PSO algorithm, for every evolution step, the positions for each particle are updated
by dynamically tracking its corresponding historical optimal position and the optimal position of the swarm
population. In this method, the maximum velocity Vmax decides the range of ﬁtness region to be searched
between the present position and target position. If Vmax is too large, the particle will get better solution.
If Vmax is too small, the convergence becomes slower. From experience gained, Vmax has the value of
10% to 25% of the dynamic range. The acceleration constants C1 and C2 of MPSO for the proposed
method are considered as 1.
3 Proposed System For Torque Ripple Minimization
A new methodology proposed is shown in Fig. 2, which allows the speed and current regulation and
commutation angles using the MPSO algorithm with minimized torque ripple. Here the FOPID controller
structures are incorporated for the proposed controllers. The optimum combination of the twelve
parameters such as proportional, integral, and derivative gains (Kp ,Ki ; Kd ) as well as the order of
differentiation and integration ðm and Þ for both speed and current controllers along with turn on and
turn off angles (hOn ,hOff ) are acquired to enhance the operating performance of the SRM drive. The
suitable selection of commutation angles and the amplitude of the phase currents decide the crucial
characteristics of the SRM drive. "Iact" means the actual instantaneous current value of each phase, "Iact"
has been ﬂuctuated by the excitation angle control. The Iact value is compared with Iref to produce an
error signal and is fed to FOPID based current controller. This ﬂuctuation in the current has been
controlled by this controller.
4 Design Of FOPID Controllers And Commutation Angles
In this work, the control mechanism is used to obtain the twelve optimal values of parameters such as
proportional, integral, and derivative gains, non-integer order of integration, and differentiation of both speed
and current FOPID controllers along with commutation angles by MPSO. The objective of the proposed
method is to minimize the torque ripples along with the speed control by considering the Integral Square
Error (ISE) of speed and current.
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Figure 2: Proposed system
4.1 Design Of Speed And Current Controllers
The initial values for all the particles are assigned within the search space, bounded by their lower and
upper preset values of all FOPID control parameters as given in the following Eqs. (10) and (11).
Kps e ½0; 30; Kis e ½0; 1 and Kds e½0; 1

(10)

Kpi e ½0; 30; Kii e ½0; 1 and Kdi e½0; 1

(11)

Similarly, the order of integration and order of differentiation also have upper and lower limits as follows
in Eqs. (12) and (13).
lis e ½0; 1 and ds e ½0; 1

(12)

lii e ½0; 1 and di e ½0; 1

(13)

The preset values from Eqs. (10)–(13) have been chosen by the trial and error method.
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4.2 Design Of Commutation Angles
For the 8/6 four-phase machine, the positive slope of the inductance proﬁle starts at 10o and ends at 30o.
The turn-on and turn-off angles in Tab. 1 are ideal values. The commutation angles are chosen earlier than
advancing angles since the current pulses are not ideal due to the inductive nature of motor winding.
In this work, the minimum and maximum limits of commutations angles are taken into account as wide
search space and narrow search space. For wide search space, the minimum and maximum limits of
commutations angles are selected as in Eq. (14),
hon e½00 ð0radÞ; 100 ð0:1745radÞ and hoff e ½100 ð0:1745radÞ; 300 ð0:5236radÞ

(14)

The minimum and maximum limits of commutations angles for narrow search space are deﬁned by
incorporating the advancing angle as 3o (0.0524rad) using the Eq. (7). Hence the minimum and
maximum limits of commutations angles are selected as in Eq. (15).
hon e½70 ð0:1222radÞ; 100 ð0:1745radÞ and hoff e ½270 ð0:4712radÞ; 300 ð0:5236radÞ

(15)

For the 8/6 four-phase machine, the positive slope of the inductance proﬁle starts at 10o and ends at 30o.
Hence the theta-on and theta-off should be carefully chosen during the positive slope of inductance to
produce positive torque. For wide search space and narrow search space, the upper limit is only set as
30o, and there is no possibility of negative torque.
4.3 Performance Index
The Integral square error of FOPID controllers for speed and current are evaluated by the following Eqs.
(16) and (17)
ISE speed ¼ ðxref  xÞ2 dt

(16)

ISE current ¼ ðIref  Iphase Þ2 dt

(17)

where xref x Inare the reference speed and actual speed, respectively. In a similar way, Iref Iphase are the
reference current and actual phase current, respectively.
To obtain optimum speed tracking and torque ripple minimization, in this method, reduction of
combined integral square error of speed, current, and torque ripple is taken as objective. The normalized
sum of the combined integral square error of controllers is formulated as a performance index (J) given in
Eq. (18).
J¼

ISE Speed
ISE Current
ISE Torqueripple
þ
þ
ISE Speed max ISE Current max ISE Torqueripple max

(18)

For convenience ISE Speed max, ISE Current max and ISE Torqueripple max have been considered
as 500, 10 and 10 respectively.
5 Results
In this paper, a four-phase 8/6 SRM motor is modeled in simulation by Matlab/Simulink environment.
The load torque is taken as 3 Nm, and the speed of SRM is 2000 RPM. The source voltage of the converter is
300V, PWM switching frequency is 10 kHz, and the calculation step time is 1e-4 second. Hence the
switching frequency of the converter is 10 kHz. In this work, the appropriate constraints such as the
population size is chosen as 60, and the stopping criteria, as well as the number of functional evaluations,
are set as 6000. The optimum values of proportional, derivative, and integral gains and the fractional
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non-integer order of integration and differentiation for both speed and current controller along with the turn-on
and turn-off angles, are listed in Tab. 2. In general, the optimal range for population size is between 50 – 100,
and functional evaluation is 5000-10000. Most of the researchers are using between these ranges irrespective of
the problems they are handling. In our problem, the population size and the number of functional evaluations
are set as 60 and 6000, respectively. These values are taken on a trial and error basis. These optimal values are
obtained by minimizing the Integral Square Error (ISE) of speed and current along with torque ripple as
objectives. To acquire a constructive conclusion, many trials with independent populations should be made
because of the uncertainty of the MPSO. In this work, 20 independent trials are carried out. The statistical
performance such as minimum, the maximum, mean, and standard deviation of the performance measure,
ISE for speed, current, and torque ripple coefﬁcient are reported.
Table 2: Optimum parameters of FOPID, PID Controllers and turn-on and turn-off angles
Method

Best optimal parameters
Kps

Kis

Kds

ks

ls

Kpi

Kii

Kdi

ki

li

hon

hoff

Best
J

Mean
J

Std
J

MPSO_FOPID_Narrow 9.2163

0.2316 0.5775 0.7262 0.9410 25.4518 0.7937 0.7435 0.3416 0.5601 0.1938 0.7245

0.9042 0.9266 0.0135

MPSO_FOPID_Wide

7.6530

0.5045 0.4521 0.6521 0.8720 27.1723 0.0149 0.7456 0.7031 0.6800 0.1871 0.7340

0.8279 0.8569 0.0146

MPSO_PID_Narrow

9.1511

0.3676 0.7165 0.5046 0.7134 21.0537 0.6188 0.2356 0.2345 0.8677 0.1758 0.7162

0.9087 0.9282 0.0155

MPSO_PID_Wide

11.0412 0.1400 0.8125 0.1566 0.6877 19.8577 0.3942 0.4246 0.4375 0.7415 0.1384 0.7465

0.8336 0.8646 0.0131

Optimum FOPID parameters for speed, current controllers along with turn-on and turn-off angles, and
the statistical performances of performance index J for the 20 independent trials using MPSO are reported in
Tab. 2. When comparing performance index J, the FOPID based MPSO with narrow search gives robust
performance compared to the traditional PID controller. While considering the performances of all
possibilities for wide search space, MPSO gives the consistent performance capability among all other
controllers. The standard deviation is also lesser for MPSO based controllers.
Fig. 3 shows the convergence characteristics of various controllers such as MPSO based FOPID and MPSO
based PID with narrow search space and wide search space for speed tracking of SRM with torque ripple
minimization. When considering Fig. 3, the convergence characteristics in wide search, the MPSO based PID
algorithm exhibits many variations in the initial period. If the algorithm is converged at a minimal number of
generations, the computation time will be reduced, and the condition will be used for further processing in
order to design the gains and parameters for other drives; the drive speciﬁcations should be known.
The convergence characteristics of MPSO based FOPID with both wide and narrow search are smooth
compared when it is compared with PID-based MPSO. Among these controllers, MPSO based FOPID with
narrow search takes fewer generations to get optimum value and yields better results than the others. The
well-designed model is made to run for 0.35 seconds. But in the ﬁgure, only the drive speed is shown for
0.35 seconds. For better visualization, the remaining parameters like four-phase currents are shown for
0.3 to 0.35 seconds.
Fig. 4 depicts the output results of four-phase currents of the SRM drive. Figs. 5 and 6 the speed and
torque characteristics for the 8/6 SRM drive for MPSO based FOPID and PID controller with narrow and
wide search spaces. By the suitable selection of proportional, integral, derivative gains, and fractional
orders for both speed and current controller along with commutation angles, the torque ripple is
decreased as compared with other controllers. The settling time is also enhanced using MPSO based
FOPID controllers. From the speed characteristics shown in Fig. 5, it is indicated that the speed can be
settled without any variation when the drive is controlled by MPSO based FOPID controller in a narrow
search. Because in narrow search space, it has the freedom to ﬁnd the commutation angles in advance to
generate the motoring torque in the positive slope of the inductance.
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Figure 3: Convergence characteristics of MPSO for different controllers

Figure 4: Four Phase currents of SRM drive
The comparison between the current waveform of four different controllers has been carried out through
the torque comparison shown in Fig. 6. As torque values are proportional to i2, the comparison between them
reﬂects the current waveform comparison. From the torque characteristics of the 8/6 SRM drive, it is
explicitly inferred that the narrow search MPSO based FOPID controller provides a minimized torque
ripple when compared to conventional MPSO based PID controller. The motor torque should always be
greater than the load torque, which (the difference) is only making the machine run. The range for speed
is 0-2000 rpm, and torque is only between 0-6. Hence the ripples present in speed are not visible. The

IASC, 2021, vol.29, no.2

461

ripples should be present in speed also which is proportionate to torque ripples. The motor is simulated for
0.35 seconds. But for clarity, only the portion between 0.325-0.35 second is only shown in Fig. 6. The torque
ripples are different for different algorithms, which are listed in Tab. 3.

Figure 5: Speed Characteristics of SRM drive for MPSO based Controllers

Figure 6: Generated Torque of 8/6 SRM drive
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Table 3: Statistical Analysis of SRM with proposed controllers
Method

Torque in Nm
Maximum Minimum Average Std
Value
Value
Value
ðrT Þ

Ripple
Coefﬁcient
of Torque
ð Ti Þ

Setting Output
Power
Time
ðts Þ
KW
Sec

Efﬁciency
%

MPSO_FOPID_Narrow 6.6657

3.8184

5.8323

0.5046

0.4867

0.018

1.22

81.77

MPSO_FOPID_Wide

6.6062

3.9290

5.8189

0.4608

0.4601

0.024

1.21

81.09

MPSO_PID_Narrow

6.5699

3.4792

5.5468

0.5663

0.5572

0.030

1.16

77.74

MPSO_PID_Wide

6.6717

3.9284

5.4892

0.4821

0.4997

0.035

1.14

76.40

Without Controller

11.7254

1.9481

4.2698

1.94

2.2897

–

0.89

59.65

In Tab. 3, the parameters such as minimum, maximum, average values of output torque, and torque
ripple co-efﬁcient for MPSO based FOPID and PID controllers are tabulated from statistical analysis. It
also depicts the standard deviation of output torque, settling time, output power, and efﬁciency of the
proposed methodologies. The results clearly reported that the average output torque is increased. The
torque ripple coefﬁcient and standard deviation of output torque are reduced for MPSO based FOPID
controller compared with the PID controller. The increased output torque yields improved output power,
which will make the machine more efﬁcient. MPSO based controller gives a better and consistent
performance. The drive speed is also superior for MPSO based FOPID controller with narrow search space.
6 Experimental Results
Fig. 7 shows the hardware model of four-phase SRM in order to employ the real-time prototype with
minimized torque ripple. The well-designed setup is constituted with a four-phase SRM attached to a
loading machine with an IGBT power converter module and an FPGA Spartan-6 XC6SLX9 processorbased controller along with an absolute shaft encoder interfaced to the processor with a speed of 20 MHz.
The stator windings in the setup are constructed in such a way that there is no mutual coupling between
each phase due to its low-level cross slot leakage ﬂux. In this regard, the mutual coupling effect could be
neglected. The experimental conditions are almost similar to simulation conditions. The source voltage is
300V, PWM switching frequency is 10 kHz, and the calculation step time is 1e-4 second.

Figure 7: The hardware setup of the 8/6 SRM drive
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The optimal parameters obtained in the simulation results of the MPSO based PID controller with narrow
search space are set as the controller parameters. The current waveforms shown in Figs. 8a and 8b are fourphase currents obtained in the setup (indicated every two-phase). The results that the ripples in the current
waveforms are drastically reduced, resulting in lesser torque ripples. The optimal parameters arrived in the
simulation results are given as inputs to the hardware. The results are better than the simulation results. This
may be due to the reliability, precision of the driver setup. In Fig. 8, the four-phase currents are separately
given. But in Fig. 4, all are merged and presented in a single plot. In SRM, each phase is excited
separately. Hence the inﬂuence of the commutation period is much more inﬂuencing than current ripples.
So that only, therefore this work also considered the commutation angles (turn on and turn off) as design
parameters. As torque values are proportional to i2, the comparison between them reﬂects the same as the
current waveform comparison. In the conventional PSO algorithm, for every evolution step, each particle's
position is updated by dynamically tracking its corresponding historical optimal position and the optimal
position of the swarm population. The computation time for narrow search space is lower than wider search
space. The narrow search demands prior knowledge but results better.

Figure 8: Four phase current of SRM drive
7 Conclusion
In this work, novel controlling techniques employed for torque ripple minimization along with speed
tracking of switched reluctance motor using FOPID based a controller which was tuned by Modiﬁed
Particle Swarm Optimization (MPSO). This control methodology gives suitable values for twelve
operating parameters such as proportional, derivative, integral gains, and non-integer fractional orders for
both speed and current controller, along with an optimal selection of commutation angles. The results
reveal that the MPSO algorithm gives consistent performance by means of lesser performance index,
lesser ISE of speed, current, and minimized torque ripple and standard deviation compared with FOPOID
based MPSO and PID based MPSO. Between these controllers, MPSO based FOPID gives better results
since the performance of the PID controller is not consistent. It is also observed that torque ripple
coefﬁcient and standard deviation are reduced, and mean torque is increased by MPSO based FOPID
controllers as compared with PID controller and without controllers. The speed tracking capability is also
superior for the MPSO based FOPID controllers. From that, MPSO based controller gives a better and
consistent performance than the traditional PID controller. The results are validated with FPGA based 8/
6 SRM setup, which employs a PID controller.
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