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ABSTRACT This work addresses the application of the Genetic Algorithm (GA) technique to opti-
mize the commutation angles of a 2 kW 8/6 switched reluctance machine (SRM). The primary goal is
to reduce the well-known drawback of SRMs: the torque ripple. Firstly, the machine was modeled in
Matlab/Simulink@®) using lookup tables obtained via finite element method (FEM) simulations. Subse-
quently, the model was used to perform the GA routine aiming to find the optimal phase commutation
angles that minimize the torque ripple factor. Notably, the torque performance of the SRM was significantly
affected by the commutation angles during the search for the optimal solution. Afterwards, the GA results for
four different operation points were verified experimentally through a developed drive platform with digital
signal processor-based (DSP) control and an asymmetric bridge converter. As showed by the experiments,
the proposed approach was suitable to reduce the torque ripple by more than 50% for one of the evaluated
operating points. Furthermore, it was confirmed that the torque ripple mitigation led to acoustic noise

improvement.

INDEX TERMS Switched reluctance motor, genetic algorithm, optimization, torque ripple.

I. INTRODUCTION

The research on Switched Reluctance Motors (SRM) has
been recently intensified with such a motor being designed
and tested for several applications, including industrial,
domestic, space, and mobility [1]. The characteristics of the
SRMs such as robustness, high power density, wide speed
range, low cost, and high efficiency, stands-out when com-
pared to their counterparts, making them attractive candidates
for certain applications. Despite the advantages of the SRM,
the inherent torque pulsation and high audible noise can be
considered limiting factors for the widespread use of this type
of motor [2], [3]. Therefore, to take the most advantage of

The associate editor coordinating the review of this manuscript and

approving it for publication was Christian Pilato

the SRM features in general applications and to enable its
use in cases where the load is sensitive to torque pulsation,
the SRM design or its drive system, or both, must undergo an
optimization process [4].

The optimization can be accomplished either by modi-
fying the machine geometry to guarantee that its structure
contributes to the expected performance, or by optimizing
the motor drive by means of control techniques to com-
ply with the requirements imposed by the load [5]. Albeit
there are several SRM design insights in the literature, this
approach is suitable for early design stages and becomes
more complex as different aspects are added to the pack-
age of constraints, requiring multiphysics and multi-objective
optimization [6], [7]. Thus, optimization via advanced con-
trol to improve the SRM performance becomes desirable
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in some cases, especially when a target machine is already
built.

The torque ripple in SRMs has its origin in the sequential
phase excitation pattern and the non-linear inductance vari-
ation concerning the rotor position. Hence, many techniques
have been reported to decrease torque ripple through direct
and indirect methods [8], [9], [10].

In addition, authors in [11] used Particle Swarm Opti-
mization (PSO) to define the appropriate switching angles.
Although the results are suitable, the PSO does not present
evolutionary operators, increasing the number of iterations
to obtain a satisfactory result. In [12], a modified Hybrid
Whale Optimization Algorithm (mWOA) is compared with
Whale Optimization Algorithm (WOA) for control of speed
along with ripple reduction in output torque of a 75 kW SRM
drive. Another metaheuristic technique that can be applied to
solve problems concerning electric machines is the Genetic
Algorithm (GA). Accordingly, in [13], the GA was used to
compare different designs of a 24/16 SRM. In this case, the
best-performing design had its optimal angles defined from a
multi-objective optimization to maximize the average torque
and minimize the torque ripple throughout the operating
speed range. In more recent works, such as [14], GA is used to
seek the optimal value of the weight parameter related to the
excitation current, thus printing a small ripple within a routine
that includes the Torque Sharing Function (TSF) technique.
Similarly, GA was used in [15] to achieve an improved TSF
with lower current tracking error for torque ripple reduction
in SRMS. Targeting to minimize the torque ripple, authors
in [16] developed specific optimization objectives for con-
duction angle control during generating mode.

The present study comprehends the optimization of the
phase turn-on and turn-off angles of a 2 kW 8/6 SRM based on
the application of the Genetic Algorithm, aiming to smooth
the torque profile for the machine operating below the base
speed. The main contribution of this work is the development
of a methodology that can be applied, with few adjustments,
to any SRM demonstrating the potential for improving the
performance of this type of motor, if a proper drive sys-
tem is used. The adopted approach is easily deployed and
combines the use of the Finite Element Method (FEM) to
obtain the electromagnetic signature of the target motor with
acceptable accuracy, and the GA as the optimization search
technique. The effectiveness of the proposed method was
evaluated through simulation and experimental results, and
it was observed an improvement up to 50% for one of the
operation points.

Il. TORQUE RIPPLE ORIGIN AND EFFECT OF THE
COMMUTATION ANGLES

The switched reluctance motor features a doubly salient
structure with a particular rotor, free of windings and per-
manent magnets. The working principle of the SRM is estab-
lished on the alignment tendency between the rotor and stator
poles when the concentrated stator phase winding is excited.
Accordingly, the continuous movement in motor mode occurs
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with the sequential excitation of the stator phases, leading the
generated torque to be the sum of the torque produced by indi-
vidual phases. Nonetheless, this switched operation leads to a
torque droop that occurs in the commutation region between
two phases as a result of two factors: i) if the upcoming phase
is not turned on in a proper instant, the torque produced by
the respective phase will take some time to arise, affecting
the overall torque profile; ii) the generated torque T is propor-
tional to the slope of the inductance L (1) [4], which presents
a non-linear relationship with respect to the rotor position 6,
thus, the torque value decreases as the poles approach com-
plete alignment (point of constant inductance). These two
factors combined give rise to the torque ripple Tyjppie, calcu-
lated by (2), where Tiuax, Tinin, and Ty stand for maximum,
minimum and average torque, respectively.

To minimize the torque pulsation by means of control
strategies, one method is to simultaneously excite two adja-
cent phases [17]. This overlapped operation has a great
impact on torque generation; however, it is not always benefi-
cial, i.e., it can adversely affect the average torque. Therefore,
defining the dwell angle for each phase (turn-on and turn-off
angles) becomes an optimization problem. Furthermore, the
optimal angles may vary from one operation point to another.

;o 12dL®.D)
2 dr
Tonax — T

Trippte = ———-"" x 100% 2)

avg

ey

Figure 1(a) presents three theoretical excitation profiles that
show the effects of commutation angles (6) on torque gener-
ation in Fig. 1(b) and Fig.1(c). As depicted, profile 1 com-
prehends a short excitation period () — 63), which despite
presenting a lower magnitude for both RMS current and
ohmic losses, gives rise to a low-quality overall torque once
its average value is reduced and high torque pulsation is
noticed. The reason is the large interval until the next phase
gets excited. In profiles 2 and 3, the phase conduction period
is longer, improving the quality of the generated torque.
Another visible effect in the last two profiles is the generation
of negative torque, given the delay in turning off the excitation
of outgoing phase. This effect is caused by the presence of
electric current during the negative derivative of the phase
inductance that takes place after the complete alignment of
the poles. It is noteworthy that some negative phase torque
can be tolerated for the benefit of the total torque generated
on the shaft, however, the amount of negative torque must be
carefully controlled through the turn-off angle.

The power electronics-based drive controls the motor
phase excitation, and the asymmetric bridge converter is a
commonly used topology due to its flexibility. As shown
in Figure 2, this converter presents two switches and two
diodes per phase and allow independent control of all phases.
Besides controlling the commutation angles, the amplitude of
the electric current may or may not be controlled, depending
on the speed of the SRM. At low speeds, the slope of the
electric current is steep, which implies the need to limit its
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FIGURE 1. Effects of angle changing in SRM current torque [18].

amplitude, using, for example, the hysteresis current con-
trol. Conversely, during motor operation at high speeds, the
back-emf becomes dominant and helps to prevent the electric
current from reaching high values, as shown in Figure 3.
In this work, the methodology is focused on operating points
below the nominal speed.
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FIGURE 3. Current shape patterns.

Ill. MODELING AND OPTIMIZATION PROCESS

As previously mentioned, the phase commutation angles
affect the average output torque, efficiency, and torque ripple
factor of the SRM. Searching for the optimal values for these
control parameters can be time-consuming if done exhaus-
tively or lead to non-optimum values if done by trial and
error. Therefore, optimizing techniques such as GA can be
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employed to speed up the process. As shown in Figure 4,
Oon and Oy are the angles at which each phase is energized
and de-energized, respectively. The operating point is defined
by the speed (wyer) and the reference electrical current (/yer ).

Restrictions
IRMS  Orange

]

Oon 0——»{ SRM Model in Simulink ]

Objective

+ Min (Tripple)
Ooff \ Genetic Algorithm Control

!

Tref wref

Operation point definition

FIGURE 4. Optimization problem definition.

The maximum allowed RMS electrical current (Igyss) and
the angle search region (6,4,g.) are constraints to the opti-
mization process, which has as objective the minimization
of torque ripple (T}ippie). For each desired operating point,
values of 6,, and 6, are evaluated using a model in Mat-
lab/Simulink. From the results, the GA operators update these
angles toward optimal values.

A. FEM RESULTS AND SIMULINK MODEL

The model implemented in Simulink incorporates both the
torque and flux look-up tables to represent the SRM under
study, as well as the analytics equations that describe the
drive model, which makes it computationally less expen-
sive, a desirable feature for an iterative search algorithm.
The torque and flux data were obtained through the FEMM
software covering different values of current and rotor posi-
tion. These profiles are commonly used to model the SRM
since the high nonlinearity of the parameters prevents an
accurate model from being developed based only on linear
equations. A picture and specifications of the prototype used
in this study are shown in Figure 5 and Table 1, respectively.
The results obtained for flux and torque profiles are shown
in Figure 6 (a) and (b), respectively.

FIGURE 5. 2kW SRM under study.

B. FIRING ANGLES OPTIMIZATION VIA GA

It is clear from the SRM operating profiles that, to maxi-
mize the torque performance, 6,, must be allocated close
to the minimum inductance so the electric current reaches
an amplitude that takes advantage of the beginning of the

97333



IEEE Access

R. R. C. Reis et al.: GA-Based Commutation Angle Control for Torque Ripple Mitigation in SRM Drives

TABLE 1. SRM parameters.

Symbol Quantity Value
P Power Level 2 kW
n Base speed 3,500 rpm
Vv Voltage 180V
Irms RMS current 6A
- Lamination material E185
g Airgap 0.3mm
Dy Stator outer diameter 160 mm
D, Rotor outer diameter 90.5mm
L Stack length 81 mm
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FIGURE 6. FEM profiles as function of current and rotor position. (a) Flux.
(b) Static torque.
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FIGURE 7. GA Search region for a given phase current.

positive derivative of the inductance for torque generation.
Bofr » on the other hand, must be near the maximum inductance
point, so the electric current has enough time to decay without
causing an excessive negative torque generation.

The objective function (3) addressed in this paper is to
minimize the torque oscillation (7}ipp.) for a given operating
point, which is defined by the speed (w,.r) and the maximum
RMS electric current (Z,,,5). The search region is established
in a range of possible commutation angle values, as shown
in Fig. 7, 0,pp and 0}, are the upper and lower limits of the
search region.

Lims < max(Lyys)

Oon_tow = Oon = Oon_upp 3)
Ooff _tow = Ooff =< Ooff_upp

Wref =

F= min(Tripple)a

The optimization process was developed using a co-
simulation based on a Simulink SRM customized model and
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FIGURE 9. SRM model coupled with GA in Matlab/Simulink.

the Global Optimization Toolbox. As per the GA optimiza-
tion process, a population of angles is created, and the values
are applied to the SRM model generating the respective
torque responses. These results are evaluated calculating the
fitness function from which a new generation of individuals
(pair of angles) is obtained through the algorithm operators.
In this study, the GA characteristics were defined as fol-
lows: Population size equal to 5 individuals, max number
of generations equal to 10, selection method: roulette, Fit-
ness function: torque ripple (equation 2), and search region:
Oon from O to 60 degrees and 6,5 from 90 to 180 degrees,
as shown in Figure 7. Figure 8 presents the flowchart of
the implemented method. Given that at each iteration it is
necessary to evaluate the fitness function of each individual,
the population size and the maximum number of generations
were defined based on preliminary tests, selecting values
that returned good convergence with low computational cost.
To confirm that a larger population was not required to solve
this problem, the angles generated in each iteration had their
values increased by an increment (+A#), resulting in no
significant variations that justify a greater number of individ-
uals to improve the coverage of the search region. Figure 9
illustrates a block diagram of the model implemented
in Simulink.

IV. SIMULATION RESULTS
The steps shown in the flowchart of Fig. 8 were performed for
4 defined operating points, i.e., 160, 200, 360 and 600 rpm.
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FIGURE 10. GA convergence for a given speed.

TABLE 2. Optimization results.

Speed Optimized 6,, Optimized 0,5 ¢
160 rpm 15 120
200 rpm 9 117
360 rpm 6 98
600 rpm 7.5 104

Figure 10 shows the convergence process and the evolution
of the individuals (6,, and 6,) during the search for optimal
angles when the speed was 160 rpm. One can notice that as
the evolutionary process goes, the individuals (1 to 5) get
concentrated around 15° electrical degrees for 6,,, and around
120° for 6,4, indicating that the combination of those two
angles is to be used in order to operate the SRM with minimal
torque ripple. Table 2 presents the best results obtained via
GA for all the operating points tested. The algorithm was
performed several times to avoid local minima and the total
execution time averages 130 seconds on an Intel i5 3317U
@1.7GHz processor.

To verify the improvement achieved, the simulation results
of conventional and optimized switching angles were com-
pared. According to [19], conventional switching refers to
maintaining the phase current during 1 torque production
cycle, which in the case of an 8/6 machine represents
15 mechanical degrees. Figure 11 (a) illustrates the compar-
ison between the torque generated with the non-optimized
commutation angles and those obtained by the optimization
process, which lead to some overlapping between phase cur-
rents. For that specific case, a 48% reduction in the ripple fac-
tor was observed. The comparative results for the other points
shown in Table 2 are illustrated in Figures 11 (b), (c), and (d).
One can observe that the proposed optimization success-
fully reduced the torque oscillation for all the tested con-
ditions, reaching up to more than 50% when operating
at 200 rpm.
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FIGURE 11. Simulation results comparing optimized angles and
conventional angles. (a) @160 rpm with 48% of torque ripple reduction
(b) @200 rpm with 53% of torque ripple reduction. (c) @360 rpm

with 22% of torque ripple reduction. (d) @600 rpm with 23% of torque
ripple reduction.

V. EXPERIMENTAL RESULTS

The optimal angles found with the GA method were assessed
experimentally for the target SRM coupled with a DC
machine acting as load. To measure the instantaneous torque,
a torque meter was connected in between the two machines.
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DSP Converter SRM

Torque meter DC machine

FIGURE 13. Details of the experimental setup. (a) Load connection (torque meter in between). (b) Converter and
control boards.

All the experimental tests were conducted in the setup shown
in Fig. 12. The load connection and the converter built are
shown in Fig. 13 (a) and (b). The hysterics current con-
trol was implemented on a F28379-D DSP with the opti-
mal firing angles stored in a lookup table. To obtain the
rotor position and current measurements, a 10 bits absolute
encoder EPM50S8-1013-B-S-24 and current sensors model
ACS 712 were used. The 4-phase asymmetric bridge con-
verter was designed and implemented for this application
using gate drives model DRO100D25.

During the tests, the speed was kept constant based on the
reference current, adjusted right after the firing angles were
commanded. Furthermore, the resistive load connected to the
DC generator remained unchanged, making the load torque
dependent on the speed. Due to the resistive load power
ratings, the tests were conducted at limited power. Figure 13
presents the achieved results for different speeds.

The experimental results confirmed that the overall torque
profile was improved by reducing the ripple while maintain-
ing the average torque.

Moreover, by comparing the current profiles one can notice
that such torque improvement was obtained after shifting both
commutation angles (on and off), compared to the conven-
tional ones, and that they are different for each speed.
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The RMS value of the electrical current required when
operating under optimized angles is smaller than that required
by the conventional excitation. The analysis of the RMS
electrical current is quite relevant to account for the losses.
The effect of reducing the RMS current can be understood
using (4). It is noted that the value of the electric current
depends on the switching angles, which define the conduction

period.
1 O
Irms = | ———— / 1(6)~do 4
eoﬁ” - Qon Bon

Thus, each angle setting will generate a different RMS elec-
trical current profile. This effect occurs due to the different
regions of torque generation in SRM, which are dictated by
the non-linearity present in the SRM. For example, if the
phase is excited in a region capable of generating high torque,
an electric current of smaller amplitude is expected. Table 3
presents the summary of average torque and RMS current for
each case tested.

The presence of high levels of audible noise is another
characteristic of SRMs that ends up hindering its use in
some applications. Accordingly, a decibel meter was placed
near the drive system and the sound level was measured
during the tests. The graphics illustrated in Figure 15 show
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FIGURE 14. Phase current and torque measured experimentally. (a) @160 rpm. (b) @200 rpm. (c) @360 rpm.

(d) @600 rpm.

TABLE 3. Comparative results.

Speed Parameter Conventional Optimized
T, 167 N 167 N
160 rpm avg 0.167 Nm 0.167 Nm
Lams 3444 3204
T, 0.18 Nm 0.17 Nm
200 e
rem Iams 3334 3.16 A
T, . .
360 rpm avg 0.334 Nm 0.331 Nm
Ipms 438 A 4024
T, 75 N 0.71 N
600 rpm avg 0.75 Nm 71 Nm
Lems 5214 4984

the results before and after optimizing the commutation
angles. Although the main cause of acoustic noise in SRMs
is the vibration due to stator deformation caused by radial
forces, the results showed some improvement concerning
noise, after mitigating the torque ripple by controlling the
angles, similarly to the results in [20]. This can be explained
observing that the optimized commutation angles give rise
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FIGURE 15. Audible noise vs. Torque ripple. (a) Conventional drive.
(b) Optimized drive.

to phase-overlapped excitation. In addition, improving the
torque pulsation on the shaft helps to prevent mechanical
vibration.

Analyzing the collected data, it was also possible to notice
the tendency of higher acoustic noise with the increase of
speed, which can have electrical origins (higher switch-
ing frequency given the greater speed) and aerodynamics,
given the movement of the air inside the SRM housing.

97337



IEEE Access

R. R. C. Reis et al.: GA-Based Commutation Angle Control for Torque Ripple Mitigation in SRM Drives

Aerodynamic noise can be subdivided into categories, such
as exhaust noise, intake noise, cavities, and rotating pressure
fields. All types are directly linked to the movement of air
through the interior of the machine structure. In this case,
the emitted frequency is a function of the air velocity, since
it is generated by the rotor poles given the peculiar geom-
etry of the rotating part, which ends up working as a blade
fan [21]. Despite these factors, the measured audible noise
was reduced by 3.5% for the highest tested speed.

VI. CONCLUSION

This paper presented a comprehensive application of Genetic
Algorithms as an optimization method for improving the per-
formance of an 8/6 SRM focused on reducing torque ripple.
The approach offers a straightforward yet effective means of
determining commutation angles that result in lower torque
ripple while maintaining average torque levels.

Simulation and experimental analysis have demonstrated
the effectiveness of GA-based optimization across four dif-
ferent operating points, outperforming the conventional exci-
tation. The most significant result was observed at low
speed, given the setup limitations. In this case, the reduc-
tion of 57.9% in torque ripple represents a considerable
improvement, in addition to the implications for the overall
efficiency of the drive system. By operating under these
optimized angles, the SRM required less RMS electrical
current, resulting in lower power losses. Therefore, this opti-
mization strategy presents an opportunity for energy savings
and enhanced system performance in real-world applications.
Moreover, it was noted that the benefits of enhancing the
torque profile extend to a reduction in acoustic noise emis-
sions, addressing another key shortcoming associated with
SRMs, and contributing to a more attractive option for noise-
sensitive applications.

The achieved reduction in torque ripple, accompanied by
lower RMS electrical currents and reduced acoustic noise
emissions, points to an overall enhancement in the motor’s
efficiency, reliability, and acoustic performance. As indicated
by the results, the optimal commutation angles vary depend-
ing on the desired speed. To extend these results across the
entire speed range, a future investigation involves imple-
menting a neural network-based control system, allowing for
the generalization and estimation of the optimal angles for
different speeds. This approach may enhance the motor’s
performance and efficiency across all operational ranges.
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