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Switched reluctance motors (SRMs) are gaining popularity in industrial and
automotive applications due to their robust design, fault tolerance, and high
torque density, particularly in wide-speed-range operations. However, SRM
performance is often limited by torque ripple, speed oscillations, and
inefficiencies, which can lead to mechanical stress, vibration, and acoustic
noise. Addressing these challenges requires the effective optimization of
control strategies. This study aims to enhance the performance of SRM drives
by employing an ant colony optimization (ACO) algorithm to optimize the
torque sharing function (TSF). The proposed method iteratively tunes TSF
parameters to minimize torque ripple and improve speed stability under
varying operating conditions. Simulation results demonstrate significant
improvements: torque ripple is reduced from a range of —20 Nm to 10 Nm
without optimization to below 10 Nm with ACO-based optimization.
Similarly, current peaks decrease from 60 A to 5.5 A, ensuring smoother
motor operation and enhanced efficiency. Comparative analysis confirms that

the ACO-based TSF provides superior tracking of speed set points, reduced
mechanical stress, and improved reliability, making it well-suited for high-
performance applications in both industrial and automotive sectors.
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1. INTRODUCTION

Due to their superior design, robustness, and capacity to operate in challenging environments,
switched reluctance motors (SRMs) have emerged as a competitive choice for modern industrial and
automotive applications. They are ideal for applications requiring extended working ranges because of their
inherent advantages, which include fault tolerance and high torque density. On the other hand, their torque
generation is non-linear, which makes it difficult to provide effective and seamless control across a wide range
of speeds. Torque ripple is a common problem in SRMs that requires modern management techniques for
efficient mitigation since it can result in mechanical stress, vibration, and auditory noise. There have been
several management solutions proposed to decrease the torque ripple in SRMs. Even though the torque sharing
functions (TSFs) is frequently only applied at low to medium speeds, it is one of the most popular and
successful techniques for lowering torque ripple. This study proposes an enhanced TSF to improve torque
characteristics of SRMs over a wider speed range. The suggested method also improves motor efficiency by
lowering the phase current's root mean square (RMS) value. Torque ripple reduction is an important area of
research for SRMs because of its effects on the performance of motors, efficiency, and reliability. Many
techniques have been put forth to enhance TSFs, each with unique approaches and drawbacks.
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A genetic algorithm-based technique for altering commutation angles was presented in [1], which
decreased torque ripple and Cu losses. The study also removes negative torque effects, which lower the average
torque. Nevertheless, its application in quickly changing settings may be limited due to its reliance on GA
parameters for convergence. A new TSF technique in [2] improves performance at high speeds by redefining
TSF parameters to incorporate negative torque zones. The torque-speed characteristics and current dynamics
are successfully enhanced by the technique.

Traditional TSFs for SRMs are designed to reduce torque ripple by shaping the phase current profile.
However, conventional approaches such as linear, sinusoidal, and exponential TSFs do not account for real-
time current dynamics and induced electromotive force (EMF), limiting their effectiveness in achieving precise
torque control [3]. To enhance SRM performance, an online TSF method was introduced in [4], which
dynamically adjusts the current reference based on real-time measurements. The current reference is updated
using the fading phase current following the turn-off angle. The method ensures accurate torque production
while minimizing copper losses. Several methods have been explored in [5] to reduce copper loss and torque
ripple in motors with switching reluctance, particularly during commutation. Predictive torque control
techniques have been widely studied for optimizing phase torque transitions and improving motor efficiency.
Prior research has focused on refining cost functions and weight parameters to enhance control performance.
However, existing methods still face challenges in achieving a balance between torque ripple suppression and
copper loss reduction. Although this method significantly reduces torque ripple and improves operating
efficiency, it may be less flexible in dynamic situations due to its reliance on static assessment indices.

Li et al. [6] presented an offline TSF method that makes use of TSF-based static flux linkage
properties, showing little copper loss and a broad speed range. Even it works well in simulations, its offline
nature makes it less flexible when operating circumstances change in real life. Ye et al. [7] presented a new
extended-speed, low-ripple torque control method for SRM drives was proposed with an online TSF. The
absolute values of the flux linkage rate change between the arriving and leaving phases determine the two
operational modes. A proportional integral (Pl) compensator is added to the torque reference to account for
torque errors caused by insufficient current monitoring. Unlike traditional TSFs, our approach guarantees that
the phase with the lowest absolute rate of change of flux linkage (ARCFL) determines the total torque. The
system's superiority over traditional TSFs is confirmed by simulations testing using a 2.3 kW, 6000 rpm,
3-phase 12/8 SRM. This method significantly reduces ripples in torque and advances maximum torque-ripple-
free speed by more than 10 times. The method relies on precise control of ARCFL, which may be challenging
to implement in real-time under dynamic operating conditions. Increased computational requirements for
implementing the Pl compensator in real-time applications [8]. Addresses the major disadvantage of SRMs,
high torque ripples, & by exploring an optimized torque control strategy based on TSFs. An improved
conventional TSF and its associated online TSF are presented together with a changed current control method.
This method greatly enhances torque-speed performance and torque ripple reduction. The optimization process
is limited by its heavy reliance on system-specific factors.

Bober and Ferkova [9] presented a TSF-based control of SRMs with the firing angle modulation
(FAM) approach was presented. An off-the-shelf SRM-specific offline optimization process is presented,
emphasizing integral square error, torque ripple, and motor efficiency. The FAM approach, which uses a finite
element model (FEM), creates noticeably more torque ripple but is just as efficient as TSF. Ye et al. [10]
presented using a Tikhonov factor, a torque ripple reduction offline TSF across a broad range of speeds is
suggested to balance torque-speed performance with Cu loss. Its maximum torque-ripple-free speed is seven
times faster than that of conventional TSFs. The method's offline nature limits its capacity to adjust to changes
in real-time operations. Makwana et al. [11] presented an artificial neural network (ANN)-based procedure for
SRMs. The method uses MATLAB Simulink to design and simulate the ANN, achieving satisfactory results.
A novel approach to reduce the number of neurons for mapping magnetic characteristics is introduced,
decreasing computational complexity without significantly affecting performance. The ANN design requires
extensive training and accurate magnetic characteristic data, which might not be readily available [12].
Investigated mathematical modelling methods for SRMs, such as creating a MATLAB embedded function to
map magnetic nonlinearity. As stated in [13], a hybrid TSF technique effectively addresses the issue of torque
ripple in SRMs at high-speed re-profiling the increasing part of the entering phase torque to take into
consideration for errors in outgoing phases. Additionally, by reducing the discrepancy between the requested
and actual value of torque during high-speed operations, the overlap angle controller improves real-time torque
monitoring capabilities. Simulation results validate that the hybrid TSF achieves significant torque ripple
suppression compared to conventional TSFs. However, the method’s reliance on real-time adaptation and
computational resources could pose challenges in the implementation for resource-constrained systems.

Quraan et al. [14] presented an ITC strategy using a TSF to reduce ripple in torque in SRMs, especially
at intermediate and high speeds. During the demagnetizing period, the suggested method predicts the outgoing
phase torque and modifies the incoming phase torque appropriately to compensate for torque-tracking
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inaccuracies. The method demonstrates a torque ripple reduction ranging from 10% to 45% and enhances
efficiency through reduced copper losses, validated using finite element analysis. A limitation is the increased
computational complexity associated with predictive control algorithms, which might impact real-time
operation [15]. Focuses on enhancing the TSF method for SRMs to achieve higher operating speeds by
minimizing the flux linkage change rate using genetic algorithm (GA) optimization. By refining known
parameters and introducing a new optimization objective, the study demonstrates significant improvements in
speed performance. Simulation outcomes authenticate the effectiveness of the approach. However, this
research primarily emphasizes speed improvements, with limited attention to the potential impact on torque
ripple or efficiency, making the analysis less comprehensive.

An optimization approach is described in [16] to identify the ideal parameters for sinusoidal TSF in
SRMs, with an emphasis on start and overlap angles at different operational points. Several goal functions,
including efficiency and torque ripple, are taken into account during the optimization process, which is
conducted through simulations utilizing the finite element approach. The approach offers flexibility and
diversity by generating a set of functions that are tailored for each operating point. However, the findings'
generalizability to other SRM designs or operational settings would be limited by the study's dependence on
the accuracy of finite element models. A unique TSF approach that divides the commutation process into two
phases is presented in [17] to improve torque tracking performance in SRMs. The adaptive commutation
approach guarantees better performance at various speeds by computing partition angles [18]. Provides an
improved TSF with linear active disturbance rejection control (LADRC) and the modified coyote optimization
algorithm (MCOA\) to improve torque control in SRMs. While MCOA adjusts crucial factors, including turn-
on and conduction angles, LADRC enhances anti-disturbance performance, and the piecewise TSF reduces
torque ripple. Comparisons between simulation and experiment show that the scheme works healthier in terms
of disturbance rejection and ripple decrease than traditional TSF techniques. However, the use of sophisticated
optimization and control schemes adds complexity to the system, which may make practical implementation
more difficult. Dowlatshahi et al. [19] presented that torque ripple compensation in SRMs is achieved by
adapting standard TSFs to account for the nonlinear magnetic properties and torque pulsation mechanism. The
proposed approach aims to enhance torque control. Further evaluation is required to determine its practical
impact with greater accuracy. A TSF control technique for SRMs that maximizes torque per square ampere is
used in [20] to improve motor efficiency and decrease torque ripple. Better torque tracking is achieved by the
method by employing an online torque correction methodology and forecasting phase torque using real-time
phase currents. Significant gains in torque ripple reduction over the cosine-type TSF technique are shown by
simulation and experimental data

Hamouda et al. [21] presented a new approach for SRMs to satisfy electric vehicle (EV) specifications
like greater speed range, low torque ripple, and good efficiency was presented. Control parameters are adjusted
using the particle swarm optimization (PSO) method, and torque tracking problems are fixed using a modified
TSF. Simulation and finite element analysis validate the feasibility of the method across a broad speed range.
However, adding PSO increases the computational complexity, which might cause issues for real-time EV
applications. Two TSF-based methods for torque ripple reduction in SRMs were reported in their paper [22]-[24].
They matched the flux linkage model with a 4th-order Fourier series and computed torque error using a 6th-order
polynomial. These strategies ensure precise torque tracking and ripple reduction, validated through simulation
and digital signal processor (DSP)-based experimental implementation. While effective, the dependency on a
detailed flux linkage model may limit the generalization of the approach to SRMs with different designs or
operating conditions. A current-optimized TSF method with a quasi-proportional resonance (QPR) controller is
offered in [25] to reduce torque ripple and Cu losses in SRMs. By dividing the operating regions based on torque-
current ratios and incorporating inductance effects, the method achieves improved torque utilization and reduced
current peaks. Experimental outcomes on a 3-phase 12/8 SRM confirm enhanced torque tracking and dynamic
response. However, the complexity introduced by region-specific optimizations and QPR integration may
increase design and implementation challenges. Dowlatshahi et al. [26] presented torque ripple minimization in
SRMs by modifying conventional TSFs to account for phase inductance changes during commutation. This
technique extends the region of constant torque and lowers peak phase currents at higher speeds by adjusting
phase torque tracking errors among incoming and outgoing phases to keep constant resultant torque. Its efficacy
is confirmed by real-time and simulation data for a 4 kW, 8/6 SRM. Nonetheless, the method's reliance on precise
inductance modelling might limit its adaptability to SRMs with varying characteristics or converter limitations.
A new approach combining direct torque control (DTC) with ant colony optimization (ACO) for proportional-
integral-derivative (PID) parameter tuning is proposed to enhance the control of doubly fed induction motors
(DFIMs) and is presented in [27]. The ACO-DTC approach optimizes PID gains using a cost function such as
integral square error (ISE) to reduce torque ripple and speed overshoot. Improved system performance and
robustness are demonstrated via real-time data on the dSPACE DS1104 platform. The variable-reluctance
machine magnetization characteristics were presented in [28]. Table 1 shows the various TSF methods with their
contribution & limitations inferred from the literature review.
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Table 1. Summary of TSF-based methods with their key contribution and limitations

Ref Method Key contributions Limitations
1  GA-based commutation angle Reduced torque ripple and Cu Limited in dynamic environments due to GA
adjustment losses convergence dependency
2 New TSF technique Improved performance at high Complexity due to negative torque zone handling
speeds
5  TSF static flux linkage offline Low Cu loss, wide speed range Offline nature limits real-time flexibility
6  Online TSF with ARCFL High torque ripple reduction High computational requirements for Pl compensator
7  Optimized online TSF Enhanced torque-speed and ripple  System-specific dependency limits generalizability
reduction
8  TSF vs FAM approach FAM is efficient but has more Offline optimization ignores real-world dynamics
torque ripple
9  Offline TSF with Tikhonov Wide speed range, torque ripple Offline limits adaptability
factor reduction
12 Hybrid TSF approach High-speed ripple suppression High computational load in real-time
13 ITC strategy with TSF 10-45% ripple reduction Complex predictive algorithm
14  GA-optimized TSF High-speed performance Less focus on ripple and efficiency
improvement
15  Sinusoidal TSF optimization Flexible for different operational Depends on accurate FEM
points
16  Two-phase TSF commutation Better performance at various Implementation complexity
speeds
17  TSF with LADRC and MCOA Superior ripple and disturbance Complex control methods
control
18  Adaptive TSFs with nonlinearity ~ Improved torque control Incomplete details, unclear impact
21 Fourier + polynomial TSF Precise tracking and ripple Design-specific, limited generalization
models reduction
22 Current-optimized TSF + QPR Improved torque and dynamic Design complexity
response
23 TSF with phase inductance Extended constant torque region Needs precise inductance modeling
adjustment

The literature states that existing TSFs and optimization methods for SRMs have a number of
shortcomings, including an inability to respond in real time, an excessive amount of computer complexity, and an
inability to properly eliminate torque ripple at high speeds. Current approaches frequently fail to manage dynamic
torque control under changing load, speed conditions, and leading to suboptimal performance. Furthermore, their
impact on lowering acoustic noise and vibration has not been well studied, and many methods fall short in
effectively optimizing current profiles, which increases copper losses. Moreover, most methods are system-
specific and do not scale or generalize to other SRM configurations. To resolve the issues, this paper offers an
optimum TSF approach based on the ACO algorithm. The TSF is fundamental for effectively dispersing torque
across the motor phases, which lowers ripple and enhances overall performance. By using the ACO algorithm,
the proposed method ensures optimal TSF parameter tuning, expanding the motor's speed range, and improving
dynamic responsiveness. Simulation findings show that the ACO-based TSF approach is successful in increasing
the reliability and efficiency of SRM drives for high-performance applications.

Contribution of the paper: Develop an optimized TSF strategy for minimizing torque ripple in SRM
drives across a wide speed range; implement the ACO algorithm for fine-tuning TSF parameters, for current
control ensuring improved torque production and dynamic performance; validate the effectiveness of the
proposed ACO-based TSF strategy through simulation, comparing its performance in terms of torque ripple
reduction, extended speed capability, and motor performance.

Organization of the paper, the paper is divided into the following sections: i) Section 2 introduces the
SRM torque characteristics and sinusoidal TSF; ii) Section 3 details the proposed 6/4 SRM; iii) Section 4
explains how to tune the PI controller using MGO in the speed controller; iv) Section 5 explains how to
implement ACO control for TSF to reduce torque ripples and achieve effective speed control; v) Section 6
displays the results and discussion of the suggested scheme; and vi) Section 7 concludes and outlines the future
scope of the work.

2. TORQUE SHARING FUNCTIONS
2.1. Switched reluctance motor torque characteristics

The rotor position and current cause a nonlinear change in the SRM flux characteristic. The phase
voltage is given by:

d2;(i,6) i
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where, v; is the Terminal voltage, R; is Resistance, i; is phase current, 4;(i, 8) is the Flux linkage of j-th phase
winding, 0(t) is the Rotor position as a function of time, and m is the total number of stator phases. Depending
on the partial derivative of the co-energy, the instantaneous torque is expressed by (2).

. _ awf(i,e)
Tj(i,0) = — (2

Here i is Constant, where W (i, 8) is provided by (3).

WE@,0) = [, 2 (i, 0)di; 3)
The total phase torques equal the total instantaneous torque in this case, where 6 is constant.

T,(i,0) = I, T, 0) (@)
The entire instantaneous torque is integrated to determine the average torque.

Tapg = el [ T,d6 (5)

The following is how the RSM current affects the copper losses:

1 r6
I = |[= ("2
RMS o, fo ide (6)

As a proportion of the average torque at steady-state operation, the torque ripple is the difference
between the maximum (Ti,stmax) @Nd minimum instantaneous torque (Tipnsemin)-

Tinstmax—Tinstmin X 100% (7)

Torque ripple = P
avg

The quantity of torque ripple during operation is influenced by the SRM's torque—current—position properties.
In this work, the static DC test was used to experimentally determine A(i, 6). The SRM's stator phase current
was raised during the DC test trials. After that, analytical calculations were used to determine W (i, 8) and

T,(i, 6).

2.2. Torque sharing function
2.2.1. Sinusoidal TSF

The following is a model of the sinusoidal TSF. The three angles that make up the TSFs are turn on,
overlap, and turn off. Figure 1 shows the sinusoidal TSF profile. The torque regard of T; is specified as follows
during the commutation:

Tj*' r€§5' (gon) = 9]- < (Qon + Qov)

T* = T*' (Qon + Qov) < 9]- < (Qoff) (8)
LT S (Bopp) < 6 < (Bon + 650)

0, otherwise

where, T} is the desired torque for phase j at rotor position 0j. T* is the total reference torque required from the
motor, T;" is the maximum torque contribution from phase j, f5; & fa is the rising & falling position of
TSF.00n.0,5r & 8,y are the turn on, turn off & overlap angle. Where the turn on, turn off, and overlapping angles
are denoted by 6,,,, 0,55, and 8,,,, respectively. The rising TSF, or incoming phasef, . , is defined as (9).

(6 — 6on) (©)

f 1 1COS (71:
rise — 57 5 Oop

The lowering TSF contradicts the outgoing phase fq,.

1 1
fran =5 =305 (7= 6 = oy (10)
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Figure 1. Representation of sinusoidal TSF [1]

3. PROPOSED MODEL PARAMETERS
The geometrical dimensions and turn details of the selected 60 kW, 6/4 SRM are provided in Table 2.
Table 3 summarizes the model parameters of the SRM. The magnetization characteristics of the SRM are

shown in Figure 2.

Table 2. Geometry and turn details of SRM

Table 3. Model parameters

Parameter Value Parameter Value
Shaft radius 0.0143 Position where rotor and stator reach maximum overlap ~ 6.5°
Rotor radius (back iron) 0.034 (rad)

Radius behind rotor poles  0.041 Position between 01 & 62 12.83°
Rotor pole base width 0.032 Position where the rotor and stator reach zero 28.5°
Rotor radius at airgap 0.055 overlap (rad)
Airgap thickness G 0.0002 Rotor gap arc length to stator pole dimension 1.40
Stator radius at airgap R,  0.0552 Rotor pole undercut to the gap between rotor poles 0.486
Stator pole tip radius 0.082 factor for third dimension correction 1.125
Outer radius Ro 0.1 Inductance Lmax 23.62 mH
Effective axial length d 0.3 Inductance Lcorner 1.19mH
Rotor pole angle 45 Inductance Lmin 0.67 mH
Stator pole angle 32 Magnetic coefficient (al) 439.6 mWb
Total rotor poles N, 4 Magnetic coefficient (a2) 43.96 mWb
Coil turns per pole 13 Magnetic coefficient (a3) 117.7 yH
05 ¢ Generic model - Magnetization characteristics
0 deg.
0.45 - —
___—T75deg.
0.4
15 deg. /
0.35 /
a B =
> 03 5 deg. e
g =T
8025 =
£ 30 deg.
X 02
- 37.5deg
0.15 deg.
0.1
0.05
0 . L L . L . L ) )
0 50 100 150 200 250 300 350 400 450
Current , A

Figure 2. Magnetization characteristics of the SRM

4. PICONTROLLER TUNING USING MGO IN SRM
The speed controller is a critical component in the simulation that ensures the SRM operates at the
desired speed by adjusting its torque output. Input to the speed controller is reference (Nref), which represents
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the target speed at which the motor is expected to run. The actual rotor speed, measured in real time (Nr), is
fed back into the controller to compare with the reference speed. The output of the controller is a speed error
signal, which indicates the variation between the reference and actual speeds. This closed-loop feedback
mechanism ensures the system adapts to disturbances or variations in load to maintain the desired speed. The
PI controller processes the speed error information and then outputs the torque reference signal (Tref), which
is needed to operate the motor. The proportional gain of the controller reacts to the magnitude of the speed
error and quickly corrects errors. On the other hand, the integral gain treats any steady-state errors that could
be missed by the proportional term by accumulating the error over time. Together, these components decrease
speed errors and ensure the SRM runs smoothly. The PI controller is fine-tuned using the mountain gazelle
optimizer (MGO) technique. MGO is a natural optimization method that efficiently determines the optimal
values of Kp and Ki by mimicking the strategic movements and energy-efficient behaviors of mountain
gazelles. MGO ensures that the speed controller achieves better tracking accuracy and dynamic response while
minimizing overshoot, settling time, and steady-state error through the optimization of the controller gains.
This improved PI-MGO controller not only improves the motor's speed regulation capabilities across a range
of operating conditions, but it also reduces torque ripple and increases system efficiency. The PI-MGO
controller generates the output torque reference signal (Tref), which is sent to the TSF module.

5. ACO CONTROL FOR TSF

The speed w* and the commanded reference torque T* are the inputs. By using a TSF block to
intelligently divide the input torque between motor phases, the phase torque signal T, is produced. Every
phase torque signal is then translated into its subsequent reference current profile i*, and by accurately tracking
this current using a hysteresis controller, the torque is indirectly controlled. After counting the remaining
portion of the rotor position (-30 to 0), the model uses the torque and current lookup tables. The current lookup
table i(, 0) is produced by inverting the pole flux data in Figure 3. The waveforms for phase current (iph) and
total electromagnetic torque (Te) are the model's outputs. The sinusoidal TSF, one of the most widely utilized
TSF kinds, is employed in this method because it provides the lowest rate of flux linkage change with the least
amount of current. Figure 3 shows how to use ACO Control to control 6/4 SRM.

0,(0<6<8,,)

C- %*coselw(e —8,,), (Bon < 6 < 6,)
TSF(H) = T, (eon + eov <6< Hoff) (11)
T" | T

+ 505 5= (0 = O7f), (8o < 6 < 65)

PR
0, (Bofr + 0oy <0 <0y)
Where 6,,,, Oo¢¢, 0,0, 0, are the switch-on, switch-off, overlap, and rotor pitch angles. The overlap angle is
subjected to (12).

[
Oov <L — oy (12)

By carefully choosing the overlap angle and switch-on angle, the TSF displayed in the above figure
may be maximized. In this investigation, ACO was used. To minimize the ripple of the torque and the RMS
value of the phase current while maintaining a reasonable average out torque, the optimum values for control
variables are selected using the proposed ACO [26].

5.1. Formulation of objective function
The optimization issue is stated (13)-(15):

F =wi(Tnax — Tmin) + Wa(lrms) (13)

Topwe = 0T (14)
6

O < - - Qoff (15)

where Tpax » Tmin and T, are the output torque (Te) waveform's highest, minimum, and average values,
respectively; wl and w2 are weighting factors; Iims is the phase current's RMS value; and o is a scaling factor
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that defines the lowest permitted T,.,. as a percentage of the requested torque T*. In this study, o falls between
0.85 and 0.95, while w1 and w2 are set to 0.1812 and 0.3791, respectively.

i(.,0)

Current ¥ Current
I's >

Controller Control

1

T(-.0)

TSF |—| i)

Oon & Oy

Ant Colony
OPtimization

Rotor Position, 0

( ) Positioning & Torque
Phase sequence "] Control .

Figure 3. Control of 6/4 SRM using ACO control

5.2. Step-by-step algorithm for ACO

The ACO algorithm was implemented in MATLAB, where each ant represents a potential solution
(a set of parameter values), and the pheromone matrix guides the search towards promising regions of the solution
space. The number of nodes for each parameter was set to 1000 to ensure fine resolution in the parameter search
space. The algorithm uses pheromone trail updating and evaporation to balance exploration and exploitation.

The selection of ACO parameters in this study includes the number of ants (NA = 10), pheromone
evaporation rate (p = 0.7), and weighting factors (a = 0.8, p = 0.2) were guided by empirical tuning and
supported by existing literature. These values were chosen after conducting preliminary experiments to balance
solution quality and computational efficiency. A moderate number of ants ensured sufficient search diversity
without incurring excessive computational overhead. The evaporation rate was set at 0.7 to retain useful
solution information while allowing exploration of new paths. The weighting parameters were set to emphasize
pheromone influence (o) over heuristic information (f), aligning with the nature of the control problem where
prior solution feedback is more critical than direct heuristics.

5.2.1. Implementation
This section presents the step-by-step implementation of the ACO algorithm, starting from parameter
initialization and ending with the final system performance evaluation:
a) Initialize ACO parameters
— Specify a number of iterations, the number of ants, and other parameters related to the method,
including the evaporation rate, alpha (a), beta (), number of variables, lower and upper bounds, and
number of nodes.
— Initialize the pheromone matrix (T) with a small positive value (eps) and create placeholders for
various variables such as ant positions, costs, and probabilities.
b) Generate nodes
— Divide the parameter search space into discrete nodes, equally spaced between the lower and upper
bounds for each parameter. These nodes represent potential solutions to be explored by the ants.
c) Start iteration loop
— For each iteration, calculate the probability of selecting each node for each parameter based on the
pheromone levels and heuristic values (inversely proportional to the nodes' values).
d)  Tour construction by ants
— For each ant, determine its path (i.e., parameter values) by selecting nodes probabilistically:
— Generate a random number to simulate a roulette wheel selection.
— Accumulate probabilities for each node until the sum exceeds to choose the corresponding node index.
e) Evaluate cost function
— Use the selected parameter values to compute the cost for each ant. This step involves running a cost
function that evaluates the excellence of chosen parameters created on a specific system, indicating
performance, such as errors in speed and current.
f)  Update the best solution
— Identify the ant with the minimum cost and its corresponding parameters. If the current best solution
is worse than the previous iteration's best, retain the previous best solution (elitism).

Int J Pow Elec & Dri Syst, Vol. 16, No. 3, September 2025: 1537-1551



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1545

g) Pheromone update
— Calculate the change in pheromone levels (dT) for each node based on the costs of the ants:
— Nodes visited by better-performing ants receive higher pheromone increments.
— Update the pheromone matrix (T) by combining the current levels and the newly calculated changes,
scaled by the evaporation rate (roh).
h)  Iterative optimization
— Store the best cost and parameter values for the current iteration.
— Plot the convergence of the cost over iterations for visualization.
i)  Simulation and system evaluation
— Extract the optimized parameters (ke, kce) from the best-performing ant.
— Assign these parameters to the simulation environment (e.g., a Simulink model) to simulate the
system’s performance over a defined time period.
— Compute performance metrics (e.g., speed and current errors) based on simulation results.
j)  Compute final fitness value
— Calculate the fitness value as a weighted sum of the performance metrics (e.g., speed and current
errors).
— This value determines the quality of the selected parameters and provides feedback to guide the
algorithm in subsequent iterations.
k)  End the algorithm
— After completing the target value of epochs, return the optimized parameters and the corresponding
fitness value.
Following these procedures, the ACO algorithm iteratively improves the system's performance by
optimizing the parameters through collective ant behavior, probabilistic decision-making, and pheromone
reinforcement mechanisms. Figure 4 presents the flow diagram for the suggested system using the ACO method.
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Figure 4. Flow diagram for the suggested system utilizing the ACO method

6. RESULTS & DISCUSSION
The suggested method's outcomes are examined both with and without optimization as follows:
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6.1. Without optimization
6.1.1. Constant speed

During this operation, the system is operated at a constant speed; Figure 5 represents the torque &
speed obtained during constant speed. The torque varies between -20 Nm and 10 Nm, while the speed exhibits
oscillations with significant ripple content. Figure 6 represents the current without optimization during constant
speed conditions; here, the maximum current is around 60 A.

6.1.2. Varying speed

During this condition, the system is operated at variable speed, and the torque & the current are denoted
in Figure 7. In this condition, the oscillation is more in torque & speed; the speed is subjected to oscillations &
torque has higher ripple content. The current during varying speed without oscillation is represented in
Figure 8. Here are more current ripples. The maximum peak current appears in different instances.
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Figure 7. Varying speed and torque without Figure 8. Current without optimization
optimization during varying speeds

6.2. With ACO Optimization
6.2.1. Constant speed

During this condition, ACO is implemented to tune the control variables; thereby, the torque ripple &
the oscillation in the speed are minimized. Figure 9 represents the constant speed & torque with optimization.
The torque is below 10 Nm, and the ripples are very low. The current obtained during constant speed with
optimization is presented in Figure 10, the maximum current obtained is 5.5 A.
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6.2.2. Varying speed

During this condition, the speed varied; the torque and speed are represented in Figures 11 and 12.
The torque obtained is 10 Nm. The current is around 5.5 A.
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Figure 11. Varying speed and torque Figure 12. Current with optimization
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7. COMPARATIVE ANALYSIS

The comparison of speed with and without oscillations is represented in Figure 13. The speed without
optimization is subjected to more ripple with 15 V, whereas the speed after optimization is smooth and tracks
the set-point value effectively using ACO. The comparison of varying speed with and without oscillations is
demonstrated in Figure 14. The speed without optimization is subjected to more ripple with 20 V, whereas the
speed after optimization is smooth and tracks the set-point value effectively using ACO.

Figure 15 shows the comparison of torque during constant speed; here, the comparative analysis
clearly depicts that the torque ripple is more without optimization. Here, the ripple is from -10 to 20 Nm,
whereas the torque with optimization has very few ripples & improves the performance of the motor operation.
In Figure 16, the peak torque is obtained without optimization from -15 to 40 Nm, whereas the torque with
optimization has very few ripples & improves the performance of the motor operation. Table 4 shows the
comparison between the suggested ACO and GA & PSO.

Table 4 compares the effectiveness of GA, PSO, and ACO methods in reducing torque ripple in SRMs
under both constant and variable speed conditions. Among the three, ACO demonstrates the best performance
with the lowest torque ripple, 0.41% at constant speed and 0.86% under variable speed, indicating superior
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smoothness and control. PSO also performs well, showing moderate ripple values of 1.84% and 2.68%, while
GA records the highest ripple at 2.11% and 2.94%. This comparison highlights ACO as the most effective
technique for minimizing torque ripple across varying operating conditions.
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Table 4. Comparison of GA, PSO, and ACO methods

Method % Torque ripple
Constant speed  Variable speed
GA 211 2.94
PSO 1.84 2.68
ACO 0.41 0.86
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8. CONCLUSION

The study demonstrates the effectiveness of an optimized TSF strategy utilizing the ACO algorithm
to enhance the performance of SRM drives across extended speed ranges. The results reveal that the ACO-
based optimization significantly reduces torque ripple and minimizes speed oscillations during both constant
and varying speed operations. Without optimization, the torque and speed profiles exhibit substantial
oscillations, with torque fluctuating between -20 Nm and 10 Nm, and current peaking at approximately 60 A.
Conversely, the implementation of the ACO algorithm achieves smoother torque and speed characteristics,
reducing torque ripple below 10 Nm and current peaks to just 5.5 A. This marked improvement translates to
enhanced motor efficiency and reduced mechanical stress, vibration, and acoustic noise. Comparative analysis
further highlights that the optimized approach ensures better tracking of set speed points and minimizes the
variation in torque, providing a more reliable and stable motor operation. These findings affirm the potential
of the ACO-based TSF in advancing SRM drive applications, making them suitable for high-performance
requirements in industrial and automotive sectors.

Future research could focus on implementing real-time ACO-based TSF optimization for SRM drives
to adapt dynamically to varying operational conditions. Exploring hybrid optimization techniques combining
ACO with other algorithms may yield further improvements in performance. Additionally, extending the study
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to experimental setups with hardware-in-the-loop (HIL) systems could validate proposed method's applicability
in practical scenarios, ensuring robust and adaptive control for diverse industrial and automotive applications.
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