International Journal of Power Electronics and Drive System (IJPEDS)
Vol. 17, No. 3, September 2026, pp. 1659~1674
ISSN: 2088-8694, DOI: 10.11591/ijpeds.v17.i3.pp1659-1674 O 1659

Novel improvised satin bowerbird algorithm for speed control
and torque ripple minimization for switched reluctance motor

M. Upanya, S. Rashmi

Department of Electrical and Electronics Engineering, Vidyavardhaka College of Engineering, Mysuru, India,
affiliated with Visvesvaraya Technological University, Belagavi, India

Article Info

ABSTRACT

Article history:

Received Apr 25, 2026
Revised Jul 17, 2026
Accepted Aug 14, 2026

Keywords:

Satin bowerbird algorithm
Speed control

Switched reluctance motor
Torque ripple

Torque sharing function

Switched reluctance motors (SRMs) have gained a lot of popularity for
adjustable speed drive systems, cost-effectiveness, and simplicity. Currently,
SRMs are widely used in electric vehicles, compressors, and machine tools.
In the proposed work, the satin bowerbird (SBB) algorithm is improvised
and implemented to determine the optimal turn-off angle (8off), along with
gain parameters for the proportional integral (PI) controller, to regulate the
speed and to enhance the torque profile of the SRM. The performance of the
SRM drive is tested for 4 different control schemes with different load
torque and reference speed. The control schemes are a PI controller with
hysteresis current control (HCC), implemented with conventional SBB and
improvised SBB (ISBB). The other control scheme is a PI controller with an
improved torque sharing function (TSF) and HCC, implemented with
conventional SBB and improvised SBB. The TSF used in the control scheme
has been improvised with adaptive smoothing and adaptive boosting
functions. For the different control schemes tested, ISBB with a PI controller
and improvised TSF with HCC has resulted in better speed regulation and a
50% reduction in total harmonic distortion (THD) when compared to the
control scheme constituting the conventional SBB algorithm with a Pl
controller and HCC. The proposed work is extended with the computation of
torque rising time (Tr) and torque settling time (Ts).
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1. INTRODUCTION

Switched reluctance motors (SRMS) are gaining more attention in current motor drive applications.
The reason being these motors do not make use of permanent magnets. Permanent magnet synchronous
motors are widely used for electric and hybrid electric vehicle applications, and these motors provide higher
power density, but with respect to the constructional aspect, permanent magnets are required, which demands
rare earth metals. SRMs have the advantage of adjustable speed drive [1]. SRMs have the inherent capability
to adapt to variable speed [2]. When the performance of SRMs is compared with that of permanent magnet
motors for a common switching frequency, SRMs produce less switching loss compared to permanent
magnet motors [3]. SRMs have gained scientific popularity due to numerous advantages, as they produce
better efficiency when compared to induction motors for the same rating [4]. As there is advancement in the
field of power switching devices, SRMs have become suitable for many motor drive applications [5].
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Since SRMs are gaining a lot of popularity, there is a need to improve speed control, torque ripple
minimization, and efficiency [6]. The challenges in SRMs are high torque ripples, acoustic noise production,
and nonlinear behavior [7]-[9]. The proposed work focuses on improving the speed profile and current
profile. Improving the current profile improves the torque profile as well. Improving the speed profile of the
SRM enhances its application in various directions. The speed control of SRM is achieved by many adaptive
controllers through which the effectiveness of the SRM can be demonstrated [10]. Commonly used
controllers for SRM are Pl controllers. The proportional integral derivative (PID) controller is effective in
mitigating ripples of torque, provides dynamic response to disturbance, and ensures accurate motor speed
control [11]. A PI-tuned converter can provide more power density, better proficiency, and a smaller motor
drive structure [12].

The major aspect that contributes to enhancing the speed and torque profile of SRM is the turn-on
and turn-off angles. Appropriate turn-on and turn-off angles combined with the controller enhance the
performance of the SRM. Implementation of metaheuristic algorithms to determine the turn-on and turn-off
angles helps in aligning the rotor and stator position of the SRM; the right alignment improves the current
profile, therefore enhancing the torque profile of the SRM. Metaheuristic techniques such as satin bowerbird
(SBB) have gained importance recently; mainly, its chaotic selection aspect provides benefit in enhancing the
performance of the system [13]. Metaheuristic algorithms such as particle swarm optimization (PSO) have
been implemented along with a PI controller to enhance the speed regulation of SRM [14]. Computation of
optimal parameters can be obtained by the implementation of genetic algorithm (GA) [15], whale
optimization algorithm (WOA) [16], gravitational search optimization (GSO) [17], and ant colony
optimization (ACO) [18]. Grey wolf optimization mimics the leadership, hierarchy, and social dynamics of
real grey wolves. The aspects of hunting, prey search and prey encircle and prey attacking can be
implemented to determine the optimal parameters of the SRM [19].

This sets the platform for the research to integrate three metaheuristic algorithms along with the
controller. The inherent nature of SRMs makes achieving the best performance with these nonlinear
characteristics a challenge. Choosing the metaheuristic algorithm to determine the best switching angle
enhances the overall performance of the machine [20]. Optimized conduction angle with control strategy
expands the operating region and overall performance of the machine [21]. An adaptive turn-on angle
function along with a control strategy improves the overall efficiency of the SRM, along with the ability to
adapt to changes in speed and load torque [22]. Traditional controllers are used to achieve the rated or
reference speed; using a metaheuristic algorithm gives a better dimension to this objective [23].

The heart of SRM operation is energizing the stator poles, which creates magnetic flux; the flux
pulls the nearest unmagnetized rotor pole. Energizing the stator poles paves the way for the implementation
of a power electronic converter. For an SRM drive, the power converter, which performs DC-DC conversion,
plays an important role in providing unipolar current for each winding [24]. The other important nonlinear
aspect of SRM is the torque profile. The inherent nature of torque ripple limits the application of SRM [25];
henceforth, the focus shifts to improving the torque profile and better speed regulation of the SRM. In
consideration of the literature, improvement in the speed profile, current profile, and torque profile with the
implementation of a metaheuristic technique sets the stage for a research hotspot in SRM.

The proposed work aims to develop an improvised torque sharing function (TSF) to improve the
torque profile, enabling the SRM for expanded application. The heart of the proposed work is the improvised
SBB (ISBB) metaheuristic technique to compute the multi-objective parameters, namely, torque ripple, THD,
and speed error. ISBB is implemented to determine the Oon, Oofr, and controller gains for Pl to compute the
multiobjective function at different load torque and speed conditions.

This proposed work aims to develop an ISBB algorithm to determine the 0o, gain parameters of Pl
controller for speed regulation and torque ripple minimization for SRM, along with determining the torque
rising time (Ty) and torque settling time (Ts). The design methodology is presented for 4 different control
strategies, namely the SBB with PI controller and hysteresis current control (HCC), ISBB with PI controller
and HCC, SBB with PI, TSF and HCC, ISBB with PI, TSF and HCC.

2. METHODOLOGY

6/4 SRM is considered for the proposed work. SRM works on the principle of variable reluctance;
the rotor poles try constantly to align in the lowest reluctance path. For an SRM, 0o, and 0o angles are
basically the rotor positions for which phase windings get energized or de-energized, respectively. The Oon is
basically where the current starts to flow in the phase winding and 6. is basically where the current is
stopped also called the maximum inductance region. As per the 6/4 SRM generic model of MATLAB, based
on the magnetization characteristics of the machine, inductance rises between 10° to 45° of the rotor position.
For the proposed strategy, 0on is fixed and 6ot is computed by the SBB algorithm. The reason for manually
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setting the Oon is so that it lies in the positive d0/dL region. If the 6on is too early, current starts to develop in
the low inductance region, practically leading to copper loss; if the 8o, is chosen too late leads to insufficient
torque development. Hence, to avoid the above-mentioned two conditions, 6on is Set manually, and B is
computed through the algorithm. The following equations are used to calculate the parameters of the SRM.
The equivalent voltage of SRM per phase is given in (1).

. a4,6)
Vie = Rsl + LT (1)

V4. IS the terminal voltage, R, is the resistance, A is the flux linkage, L is the inductance, and 0 is the rotor
position. The torque equation for SRM is given in (2).

_1.,du)
T, = St 2
Positive torque occurs when GO 0, this is the first criterion to compute the 0o using the algorithm.

de
The (3) is used to calculate the electrical angle between the two aligned positions. The equation is given as (3).

__360°
=

6c @)

N, is the number of rotor poles, hence 6. = 90° for N, = 4, since it is a 6/4 SRM. With this calculation Bajigned IS
90° this is second criteria to compute the Oof USing the algorithm, so current stops before 90°. Current decay
is calculated using (4).

di  Rs.

a1t ®
The (5) and (6) is used to compute the rotor speed and current decay with rotor position respectively.
Integrating (6) leads to (7).

0 =ot 5)

d(i,0) =2 6

L0) =i (6)
_ oL, ipeak

Hoff - Haligned - glnm (7)

2.1. Optimization technique: ISBB algorithm

SBB algorithm is based on the life of the satin bowerbird. Attractive bowers are created by the male
satin bowerbirds to attract the female satin bowerbirds. SBB algorithms are versatile, and their improved
versions are proven to fetch more accurate results [26], [27]. In the proposed work, the conventional SBB
is improvised by incorporating chaotic initialization, adaptive exploration, and elite preservation. The stages
of the ISBB are as follows.

i) Chaotic initialization: In this phase, the algorithm begins with the formation of an initial set of bowers
within the specified search space, where every bower’s position represents a candidate solution. Chaotic
population initialization helps in having a uniform distribution for the search space for every bower;
diversity of the initial population is maximized and reduces trapping in local minima. Decision vectors
are defined as 8o, Kp, and K; gain values of PI controller. Decision variable bounds are represented as in
(8)-(10). Upper bounds (ub) and lower bounds (Ib) are initialized for the bower creation. The (11) and
(12) are used to compute the initial bowers.

51 < Oopy < 05" (8)
Kmin < K, < Kmex ©)
KMin < K, < K (10)
Yerr =47 (1 — i) (11)
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Y, = Ib + v, (ub — lb) (12)

ii) Evaluation and adaptive exploration: This is a mate attraction process. In this stage, evaluation of the
attractiveness of the bower is carried out by the female birds. This stage supports the adaptability of
bowerbirds based on the environmental conditions. The adaptive exploration parameter is mathematically
formulated as follows. The (13) represents the evaluation function. The evaluation parameters are es the
speed error, THD, and torque ripple (R), calculated using (14)-(16), respectively. Adaptive exploration is
mathematically formulated as per (17).

€5 = Qref — O (14)
Tmax—Tmin
R = W (15)

[N, Ivi2
THD = Y2 X (16)

bq

iteration )2

Maxiteration

0 =0 (1 - a7

iii) Enhanced learning and better social interaction: Since the diversity aspect is considered, bowerbirds
compete with multiple individuals and learn as well. This aspect is mathematically formulated as shown
in (18).

Y ew =¥i + A(y; — yx) + oN(0,1) (18)

iv) Preservation of the elite: This stage is about preservation of the best or the elite bower. The best solution
is preserved in this stage, which is mathematically formulated as per (19).

= { Y;, , otherwise (19)

v) Selection and evolution of bower: In the selection process, it is the selection of the best bower by the
female birds. The evolution stage is related to an iteration loop; the process repeats until convergence is
met. That is, the process continues till the last iteration value. In this stage, the algorithm will provide the
optimal values of 8o, Kp, and Ki.

2.2. Control scheme 1: PI controller with HCC

Pl controller is implemented to control the speed of the SRM and reduce the transient response of
the system [28]. PI controllers, when tuned with algorithms, produce better results when compared to a
conventional PI controller [29]. Integral performance criteria of the Pl controller can be improved by using
an algorithm [30]. Selecting the adaptive gain values for the PI controller is required for quickly adjusting to
varying load conditions [31]. The (20) represents the speed control for the PI controller.

Output (t) = Kye(t) + K; f, e(t)d(t) (20)

Figure 1 represents the block diagram of control scheme 1 for SRM drive. The components of the
SRM drive are as follows. In the H-bridge converter, 6 MOSFETs along with those six diodes are
implemented for the control of a 6/4 SRM. Since it is a 6/4 SRM, there are three phases, namely phase A,
phase B, phase C. The designated switches and diodes for phase A are S1, S2, D1, D2. Similarly for phase B,
S3, S4 and D3, D4, and for phase C, the switches are S5, S6, and D5, D6. Phases are energized in a sequence.
If phase A is made to energize, the other two phases are kept idle; similarly, the same technique is applied
when phase B and phase C are energized. The actual rotor position is measured in terms of 6. The actual
speed of the rotor is measured and compared with the reference speed; the difference in speed generates an
error. The error is given as an input to the current controller; the output of the current controller and the logic
designed to energize the phase sequence are used to generate gate switching pulses. This output is fed to an
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H-bridge converter, which in turn drives the SRM motor. Commonly used control methods in SRM are
asymmetrical half-bridge converters with a hysteresis current controller [32]. HCC is known for its high
efficiency [33]. H-bridge converters are widely preferred for their availability in the market; mass production
of the converter is available, and replacement in the event of failure is easy [34]. HCC method is widely used
for stationary or rotating framework [35].

3
Reference Algorithm T 2
Speed K;and K; P act B
l v * act C
T‘ref el A .
—» L Hysteresis | | ™ = - 6/4 SRM
Controller current ref B —— — purs T 1o T Iy |
controller |1 gate logic |y [‘ § B4 B ¢
el C —» = A A -
— L IS R s
H bridge converter
Algorithm
0,n and B,
Rotor Position (8)
Actual Speed (w)

Figure 1. Block diagram of control scheme 1 for SRM drive

2.3. Control scheme 2: PI controller with TSF and HCC

Figure 2 represents the block diagram of control scheme 2, which includes a PI controller, torque
sharing function (TSF) block, torque to current converter, hysteresis block combined with gating logic, and
H-bridge converter with SRM. TSFs are control techniques implemented to minimize torque ripples in
SRMs. Key types include cubic, sinusoidal, exponential, linear, hybrid, and higher-order polynomial
functions. For the proposed control scheme, a quintic polynomial is used in TSF, which is a higher-order
polynomial function. The advantage of a quintic polynomial is that it offers a higher degree of freedom,
allowing for a smooth profile and lower torque ripple. The basic quintic polynomial is represented in (21).

f(2) =cy+ 1zt + 2% + 323 + cyz* + c52° (21)

This is a fifth-order polynomial, and six conditions are needed to determine it. The six boundary conditions
are as follows.

The first two conditions are with respect to torque level. At turn-on, torque being minimum and at
full conduction, torque being maximum is represented in (22) and (23), respectively.

f0)=0 (22)

f=1 (23)
Substituting (22), the basic quintic polynomial equation is derived as shown in (24).

f(0)=0,C, =0 (24)
Substituting (23), the basic quintic polynomial equation is derived as represented in (25).

fD=1co+ci+c+cz3+c,+es=1 (25)

For the 3 and 4™ boundary conditions, the first derivative of the quintic polynomial is represented by (26),
considered for smooth current operation where the current entry and exit are smooth.

f'(2) = ¢, + 2¢,Z + 3c32% + 4c,23 + 5cgz2* (26)
With the implementation of the first boundary condition, the coefficient C1 is obtained as per (27).
f'(©)=0¢=0 @7)

With the implementation of the second boundary condition, the first derivative (26) and (29) are obtained.
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(1) =0, (28)
2c,+3c3+4c,+5¢c5=0 (29)

As a 5™ and 6™ boundary condition, the second derivative of the quintic polynomial represented in (30) is
considered to avoid the sudden rise in acceleration of torque and for a smoother transition of torque.

f'(z) = 2cy + 6¢3z + 12¢,2% + 20c5z° (30)

With the implementation of the 1st boundary condition to the second derivative, C2 is obtained as
represented in (31). Implementation of secondary condition leads to (32).

") =0, 2¢c,=0 (31)

(1) =0, 6c3+12¢c, +20c5 =0 (32)
With Co=0, C1=0, C,=0, the remaining polynomial is represented in (33).

f(2) = c32% + c,z* + c52° (33)
From the function condition, (34) is obtained.

czt+ca+tces=1 (34)
Solving the first derivative of (33), (35) is obtained.

3c3 +4c, +5¢5 =0 (35)
Solving the second derivative of (33), (36) is obtained.

6c; +12¢, +20cs = 0 (36)
Solving (35) and (36) simultaneously, values of the coefficients are derived.

3 =§C5, cs =6, ¢, =-151¢;=10
With the substitution of all the coefficients, the basic quintic polynomial is deduced to (37).

f(z) =10z% — 15z* + 62° (37)

6—6on

z= —goff - (38)

In the proposed work, algorithm provides the 6o, quintic polynomial serves as a best choice as it
basically works for position based which are basically 600 and 8osr. TSF blocks receive the 0on and o5 from the
algorithm; based on the conduction region of the phases, TSF provides the enabling function to the respective
torque-to-current controller. The torque-to-current controller blocks receive the reference torque from the Pl
controller and the enabling function from the TSF block. As per (39) mentioned, torque is converted to current.
The raw reference current is not directly used as it causes sudden current transitions, more current ripple, and
poor commutation behavior, causing more stress on the converter. Hence, adaptive smoothing is implemented
in the torque-to-current converter block along with small adaptive boosting as per the equations, respectively.

i, = x(0)i, + (1 - x(@))pre (39)
- [ 10
i ﬁ (40)
x(0) =1 +5f,(0) (41)
y =iy +h*f(60) (42)

The (41) and (42) contribute to adaptive smoothing; r and s are the scaling aspects considered for
adaptive smoothing. At the beginning and end of commutation, the TSF region will be small, as it is the stage
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where torque starts to develop; the enabling function will be approximately zero, and there exists only the r
scaling aspect, leading to smoother current build-up and stronger filtering, leading to soft commutation. Soft
commutation reduces the stress on the converter. During the high TSF region, the enabling function and
scaling aspect will be maximum, leading to quicker torque response, faster torque establishment, and
adaptive smoothing. During commutation in the SRM, there is a sudden change in inductance causing the
current to lag and dip in torque; the boosting term compensates the lag in transients. As per (40), boosting is
proportional to TSF; compensation automatically adapts to torque demand. During the low torque region,
boosting becomes negligible, avoiding unnecessary current injection. During the high torque region, boosting
is maximum, leading to quick torque buildup.

. act A
I B
Reference Algorithm - 1
Speed K, and K; < act €
I A i
¢ v T i ref A 6/4 SRM
T —» /
®_. PI L ¢ 5| Hysteresis e 5
A Control Torque to current [ p 13 ¢
E current Iref c| controller I J A '_J ™ i,
2| controller [ "~ With gate
l—p s
i 1 —» < L i

Torque ) ogic 6 i

Sharing e P

Function § f

c H bridge converter
t Algorithm
- O,zand 0, iti
FLER Rotor Position (9)
A4
Actual Speed (W)

Figure 2. Block diagram of control scheme 2 for SRM drive

3. RESULTS AND DISCUSSION

A simulation model of the 6/4 SRM is built in MATLAB/Simulink to analyze the performance of
the SRM with respect to speed and torque ripple minimization for the different control schemes proposed.
The different control schemes, along with the algorithm, are implemented for 4 different cases. The SBB and
ISBB algorithms compute the 8o, kp, ki for the given reference speed and load torque (TL) value. Figure 3
represents the MATLAB/Simulink model of the proposed work. The algorithm is incorporated into the
Simulink model to compute the parameters of the controller and 6, for the given reference speed and load
torque. The algorithm is carried out for a population size of 10; the iteration count is 10. To verify the
performance, 4 different conditions are considered, namely different rotor speeds (1500 rpm and 1000 rpm)
and different load torques (2 Nm and 3 Nm). The ISBB is compared with existing algorithms, namely PSO,
GA, WOA, GSO, and ACO.

3.1. Casel

TL =2 Nm and reference speed 1500 rpm. Table 1 represents the results of different control strategies
for case 1. For the control scheme SBB with Pl and HCC, the achieved torque ripple is 1.65, and the speed
initially has a small dip at 0.2 s. The control scheme with ISBB, PI, and HCC has achieved a torque ripple of
1.55. In this control scheme, the speed faces a small dip. For the control scheme with SBB, PI, TSF, and HCC,
the torque ripple is 1.39. In the ISBB control scheme with PI, TSF, and HCC, the gain parameter values are
comparatively less compared to other schemes. The torque ripple is 1.29, and the speed error is less compared
to the other 3 schemes. Figure 4(a) represents the speed comparison plot for all the 4 control schemes of case
1. Figure 4(b) represents the torque profile comparison for all the 4 control schemes of case 1. It is very
evident that implementation of adaptive TSF has resulted in a better torque profile with less sharp spikes as
compared to control schemes with Pl and HCC, due to the implementation of adaptive smoothing and adaptive
boosting. Figure 4(c) represents the current and flux profile with the Pl and HCC control scheme. Figure 4(d)
represents the current and flux profile for the control scheme with PI, improvised TSF, and HCC.

The flux and current profile with improvised TSF are more uniform, and the shaping of the current
profile has improved as compared to the current and flux profile of the Pl and HCC control scheme. Hence, the
torque profile is more efficient with the TSF scheme, leading to 50% lower THD. The existing algorithms are
compared with ISBB for the proposed TSF. The ISBB strikes the perfect balance in finding the 0o, kp, and K
to compute the minimum speed error and THD. The features of ISBB are chaotic initialization, which provides
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better global search. The existing algorithms work on random initialization, leading to local minima trapping.
A differential search mechanism employed with differential learning and Gaussian mutation leads to better
search diversity and adaptive exploration. The elite mechanism of ISBB avoids the loss of the best solution.
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Figure 3. Block diagram of control scheme 2 for SRM drive
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Figure 4. SRM parameters representation for case 1: (a) speed comparison of different control scheme for
case 1, (b) Torque profile of different control scheme for case 1, (c) current and flux profile with Pl and HCC
for case 1, and (d) current and flux profile with PI, HCC and Improvised TSF for case 1

Table 1. Simulation results for TL = 2 Nm and reference speed of 1000 rpm

Control scheme Ootr Kp Ki Speed error (rpm)  Max torque (Nm)  Min torque (Nm)  THD
SBB with Pl and HCC 79.78 4.10 35 0.06 6.93 0.007 0.47
ISBB with Pl and HCC 79.46 324 33.87 0.05 6.97 0.004 0.45
SBB with PI, TSF, and HCC 783 315 295 0.05 7.04 0.005 0.257
ISBB with PI, TSF,and HCC 7543 235 274 0.043 7.25 0.006 0.23
WOA with PI, TSF, and HCC 78.80 3.93 27.75 0.4 6.64 1.69 0.25
ACO with PI, TSF,and HCC 7876 3.1 20.75 1.117 6.60 1.68 0.25
GSO with PI, TSF, and HCC 7855 4.09 38.72 7.32 6.603 1.62 0.26
GA with PI, TSF, and HCC 7865 49 11.03 6.62 6.56 1.65 0.26
PSO with PI, TSF, and HCC 78.8 3 31.11 3.02 6.64 1.73 0.25

3.2. Case 2

SRM s tested for TL=2 Nm and reference speed of 1500 rpm. Table 2 represents the simulation
results of all the four control strategies for case 2. When the SRM is tested for case 2, the control scheme
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SBB with Pl and HCC resulted torque ripple of 1.51. For the control scheme, ISBB with PI, TSF and HCC,
the torque ripple of 1.49. Figure 5(a) represents the speed comparison plot for all the four control schemes for
case 2. Figure 5(b) represents the torque ripple comparison of four control schemes. In terms of torque ripple
comparison, for the control scheme with Pl and HCC, the ripples are sharp and uneven, but the control
scheme with the implementation of TSF with adaptive sharing and small adaptive boosting, the torque ripples
are less. Implementation of quintic polynomial and the usage of six boundary conditions have enhanced the
speed regulation and torque profile.

Table 2. Simulation results for TL =2 Nm and reference speed of 1500 rpm

Control scheme 0o Ko Ki Speed error  Max torque  Mintorque THD
(rpm) (Nm) (Nm)

SBB with Pl and HCC 79.04 444 39.18 3 8.18 0.006 0.38
ISBB with Pl and HCC 79.03 471 35.79 1 8.3 0.006 0.38
SBB with PI, TSF, and HCC 79.02 3 40 2 8.45 0.005 0.28
ISBB with PI, TSF, and HCC  78.86 4.5 31.3 0.05 8.75 0.004 0.29
WOA with PI, TSF, and HCC  78.65 4.46 40 2.25 8.49 2.79 0.27
ACO with PI, TSF,and HCC  78.85 4.7 21.73 9.41 8.49 2.93 0.23
GSO with PI, TSF,and HCC ~ 78.86 3.9 37.8 9.65 8.49 2.93 0.23
GA with PI, TSF, and HCC 78.16 3.58 15.94 93.30 9.009 2.84 0.25
PSO with PI, TSF, and HCC 76.43 4.75 35.04 14 9.01 2.16 0.30
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Figure 5. SRM parameters representation for case 2: (a) speed response of different control scheme for
case 2 and (b) torque profile of different control scheme for case 2

3.3. Case 3

The simulation of SRM model is carried out for load torque of 3 Nm and reference speed of 1500
rpm. Table 3 represents the simulation values of case 3, TL = 3 Nm and reference speed 1500 rpm. With the
increase in the load torque and reference speed, the maximum torque value has been increased for all the
control schemes. Figure 6(a) represents the comparison of speed for all the four schemes. Figure 6(b)
represents the torque ripple comparison of control schemes for Pl with HCC and PI with TSF and HCC. For
the control scheme, SBB with Pl and HCC, the torque ripple is 1.53, for the control scheme ISBB with PI and
HCC the torque ripple is 1.52. The torque ripple for control scheme with TSF is 0.89 and 0.88 for SBB and
ISBB, respectively. For case 3, the improvised TSF is effective in improving the torque profile hence forth
the torque profile.

Table 3. Simulation results for TL =3 Nm and reference speed of 1500 rpm

Control scheme 0ot kp Ki Speed error  Max torque  Mintorque  THD
(rpm) (Nm) (Nm)

SBB with Pl and HCC 79.9 49 1824 0.042 9.89 0.49 0.45
ISBB with Pl and HCC 79.23 42 28 0.040 9.87 0.5 0.44
SBB with PI, TSF, and HCC 78.45 469  29.99 0.003 9.8 3.014 0.25
ISBB with PI, TSF,and HCC  78.45 3.65 22.28 0.002 9.85 3.106 0.24
WOA with PI, TSF, and HCC 80 4.24 40 7.53 9.6 3.68 0.20
ACO with PI, TSF,and HCC  79.74 3.86 16.01 3.26 9.6 3.55 0.21
GSO with PI, TSF,and HCC ~ 79.66 4.6 11.81 10.43 9.6 3.48 0.21
GA with PI, TSF, and HCC 79.40 3 36.51 0.48 9.68 3.46 0.22
PSO with PI, TSF, and HCC 79.96 5 40 18 9.68 3.68 0.21
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Figure 6. SRM parameters representation for case 3: (a) speed response of different control scheme for case 3
and (b) torque profile of different control scheme for case 3

3.4. Case 4

The SRM model is tested for load torque of 3 Nm and reference speed of 1000 rpm. Table 4
represents the simulation results of case 4. The SBB and ISBB algorithms compute the turn off angle and
gain values for the PI controller based on the load torque on the reference speed values. For the control
scheme, SBB with Pl and HCC, the THD is 0.47 and the torque ripple is 1.64. For the control scheme, ISBB
with Pl and HCC, the THD is 0.46 and the torque ripple is 1.56. Figure 7(a) represents the speed plot for all
the four schemes of case 4. Figure 7(b) represents the torque profile for all the four schemes of case 4.
Figure 7(c) represents the current and flux profile for the control scheme of TSF with Pl and HCC.
Figure 7(d) represents the current and flux profile for the control scheme with Pl and HCC. The torque ripple
for control scheme with improvised TSF is 0.96 and 0.94 for SBB and ISBB implemented control scheme.
Adaptive TSF is effective in enhancing the torque profile as compared with the Pl and HCC control scheme
The systems parameters for the proposed work are, stator poles = 6, rotor poles = 6, stator resistance = 0.012-
ohm, inertia = 0.01 kg.m.m, friction= 0.03 N.m.s.

The control scheme consisting of improved TSF and ISBB is used for comparing with the existing
algorithm. The iteration count considered is 10 with population size of 10. All the algorithms are tested for these
iteration and population size. As per the results tabulated in Table 1, proposed ISBB performs better compared
to the other algorithms. As per the results tabulated in Table 2, the ACO and GSO algorithms have computed
better THD values, but the speed error recorded is considerably high. The proposed ISBB has demonstrated the
balance in providing minimum error and acceptable THD. As per the results computed in Table 3, the
algorithms GSO, WOA, ACO, GA, and PSO have computed better THD but with significant speed errors.
ISBB has demonstrated reasonably minimum THD with the least speed error as compared to other algorithms.
As per the results stated in Table 4, ISBB has demonstrated better results of THD and speed error as compared
to other algorithms. Figures 8(a) and 8(b) represent the speed comparison graphs for TL = 3, 1500 rpm, and TL
= 2 1500 rpm, respectively. The comparative analysis all the algorithms discussed in the proposed work is
represented in Table 7. The proposed ISBB and TSF are implemented to compute the T, and Ts.

Based on the rotor position and commutation, SRMs phase inductance changes, perfect timing must
be maintained when the current is switching from one phase to another phase. With the knowledge of rising
and settling time of torque, ensure the incoming phase generates positive torque before the outgoing phase
enters the negative torque region. The work stated in [36], explains the importance of Modulation in current
waveform leads to reduction in the torque ripples of the SRM.

Table 4. Simulation results for TL = 3 Nm and reference speed of 1000 rpm

Control scheme 0o kp Ki Speed error  Max torque  Mintorque THD
(rpm) (Nm) (Nm)

SBB with Pl and HCC 7829 438 18.38 0.012 8.455 0.049 0.45
ISBB with Pl and HCC 79.23 4.9 39.9 0.012 8.455 0.049 0.44
SBB with PI, TSF, and HCC 78.45 3.56 19 0.004 8.44 2.42 0.25
ISBB with PI, TSF,and HCC  78.45 3.65 17.31 0.002 8.85 2.56 0.24
WOA with PI, TSF, and HCC 78.58 4.2 38.93 2.22 7.84 1.99 0.26
ACO with PI, TSF,and HCC 7854 3.66 31.7 1.01 7.85 1.95 0.26
GSO with PI, TSF,and HCC ~ 78.21 4.65 20.14 1.33 7.93 1.86 0.28
GA with PI, TSF, and HCC 78.22 4.18 20.65 1.68 7.93 1.86 0.27
PSO with PI, TSF, and HCC 78.21 4.2 78.21 1.19 7.93 1.86 0.27
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Figure 7. SRM parameters representation for case 4

1.745

Table 5 represents the torque rising and settling time for different reference speed and TL. The
proposed ISBB has computed better Tr and Ts at all conditions, due to the enhanced feature of 1ISBB and
improved TSF. Table 6 represents the simulation results for different firing angle demonstrating the
robustness of ISBB. Table 7 represents the statistical performance analysis of ISBB and SBB under different
reference speed and load torque condition. The SBB and ISBB was tested for 30 runs of simulation for each
condition to compute the mean, variance standard deviation (STD) and confident interval. The tabulation of
ISBB and SBB demonstrates the better performance of ISBB over SBB. Table 8 represents the comparative
analysis of proposed ISBB with existing algorithms.

Table 5. Torque rising and settling time for different reference speed and TL

Parameter ~ Algorithm 1000 (rpm) 1500 (rpm) 1500 (rpm) 1000 (rpm)
TL=2 TL=3 TL=2 TL=3
Tr (sec) 1ISBB 0.018 0.003 0.0021 0.002
WOA 0.0017 0.0031 0.0021 0.0026
ACO 0.0021 0.0034 0.0021 0.0027
GSO 0.0015 0.0027 0.0027 0.0021
GA 0.0026 0.0042 0.0026 0.0024
PSO 0.0023 0.0025 0.0016 0.0027
Ts (sec) 1ISBB 0.0022 0.0046 0.0021 0.0034
WOA 0.0021 0.0038 0.0021 0.0032
ACO 0.0024 0.0042 0.0026 0.0027
GSO 0.0020 0.0035 0.0035 0.0028
GA 0.0033 0.0051 0.0033 0.0030
PSO 0.0028 0.0032 0.0021 0.0033

Table 6. Simulation results for different firing angle

Oon Oon Speed error (rpm)
42 75.82 0.05
43 76.31 0.01
44 70.40 0.01
46 78.60 0.01
47  71.006 0.01
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Table 7. Statistical performance analysis of ISBB and SBB under different reference speed
and load torque condition

Performance Metrics Mean STD deviation Variance Confidence interval
condition ISBO SBO ISBO SBO ISBO SBO ISBO SBO
TL=2, Speed error 0.06 0.08 0.03 0.05 0.005 0.007 0.06+0.07 0.08+0.08
1000 rpm (rpm)
Torque 0.06 0.075 0.08 0.066 0.006 0.056 0.06+0.09 0.075%0.09
ripple (%)
THD 0.27 0.46 0.003 0.045 0.00001 0.008 0.27+0.003 0.46+0.02
TL=2, Speed error 0.05 0.07 0.04 0.048 0.0043 0.005 0.05+0.0086 0.07+0.02
1500 rpm (rpm)
Torque 0.056 0.065 0.076 0.086 0.07 0.008 0.056+0.089 0.06%0.08
ripple (%)
THD 0.26 0.38 0.004 0.06 0.00001 0.0002 0.26+0.004  0.38+0.003
TL=3, Speed error  0.045 0.060 0.053 0.72 0.288 0.0035 0.045+0.003 0.06+0.037
1000 rpm (rpm)
Torque 0.07 0.057 0.002 0.0035 0.0006 0.0065 0.07+0.0023 0.05+0.08
ripple (%)
THD 0.23 0.38 0.0001 0.0020 0.00 0.001 0.23+0.007 0.38+0.04
TL=3, Speed error  0.004 0.055 0.046 0.056 0.0037 0.0048 0.04+0.003  0.05+0.037
1500 rpm (rpm)
Torque 0.065 0.07 0.002 0.0036 0.00 0.001  0.065+0.003 0.07+0.037
ripple (%)
THD 0.25 0.39 0.003  0.0056 0.00 0.0001  0.25+0.003  0.39+0.008

Table 8. Comparative analysis of proposed 1SBB with existing algorithms

Algorithm Advantage Limitation
GA Strong global search Slower convergence
PSO Fast convergence Premature convergence
WOA Better exploitation capability Premature convergence
GSO Good global search Susceptible to local minimum
ACO Effective combinatorial optimization ~ Can get stuck in local minimum
ISBB Adaptive and stable Simulation stage

3.5. Comparison with other existing methods

The proposed work is compared with other existing works as shown in Table 9. It is observed that
proposed method provides the best results in terms of angle computation, gain value computation, torque
profile and control response. Convergence graph is plotted for best fitness and iteration value for both SBB
and ISBB. Figure 8(a) represents the convergence graph for the condition TL = 3 and reference speed of
1000 rpm. Figure 8(b) represents the convergence graph for the condition TL = 3 and reference speed 1500
rpm. Figure 8(c) represents the convergence graph for the condition TL = 2, 1500 rpm. Figure 8(d) represents
the convergence graph for the condition TL = 2, 1000 rpm. Figure 9(a) and 9(b) speed error comparison at
reference speed 1500 rpm and 1000 rpm, respectively. Figures 10(a) and 10(b) represents the comparison
graph of Tr and Ts respectively at TL = 2 Nm and reference speed of 1000 rpm.

Table 9. Comparison of proposed methods with existing methods

Parameters Proposed Reference Reference Reference  Reference  Reference Reference Reference
[37] [38] [39] [40] [41] [42] [43]
Angle computation Adaptively — Adaptively ~ Adaptively  Adaptively  Manual Manual Adaptively  Adaptively
Gain values Adaptively - - - - - - -
computation
Torque profile Torque ripple: ripple: Average Initial Overshoot in Torque Torque
ripple: low  low medium torque overshoot in torque ripple ripple: ripple:
attained is torque medium medium
low, ripple:  profile
low
Control response  Fast Fast Fast Fast Fast Minor Fast Fast
overshoot in
initial speed
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4. CONCLUSION

In this work, a 6/4 SRM is considered. Two control schemes have been designed and implemented.
The first control scheme consists of Pl and HCC, and the second control scheme consists of Pl with HCC and
improvised TSF. ISBB is proposed and implemented to validate the performance of SRM under the two
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control schemes. The proposed work compares the performance of SRM drive for different control schemes
namely, SBB with Pl and HCC, ISBB with Pl and HCC, SBB with PI, TSF and HCC and ISBB with PI,
TSF, and HCC. The ISBB leads to better performance of SRM drive as it determines the best 8o, Ky, Ki, Tr,
and T; to regulate speed and improve the torque profile. The performance of ISBB has been compared with
the existing algorithms, the ISBB has provided the best trade in computing the parameters for SRM. The
robustness of the ISBB is tested for different firing angle, which resulted in less speed error by computing
better turn off angle. PI controllers are underrated but with the implementation of appropriate control scheme
and metaheuristic algorithm such as ISBB, it can perform better. Currently, the work is limited to simulation
validation, conforming the robustness of improvised TSF and ISBB. As a part of continued work, real time
implementation confirms the robustness of improvised TSF and ISBB leading to enhanced performance of
SRM. For all the four cases considered, the control scheme of ISBB with PI, TSF, and HCC has resulted in
50% reduction in THD as compared to conventional SBB with Pl and HCC. It is evident that TSF majorly
contributes to the reduction of THD and improving the torque profile of SRM by demonstrating lower T, and
Ts. The reduced torque and less T, and Ts makes it suitable for energy efficient and high-performance drive
applications. This shows the suitability of Pl controllers with improved TSF and HCC along with the ISBB
for speed regulation and torque ripple minimization for SRM drive.
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