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The switched reluctance synchronous motors (SRSM) have been utilised as
replacements for induction motors (IM) and permanent magnet synchronous
motors (PMSM). The SRSM is a feasible solution for electric motors
because of its robust and straightforward structure, resulting in low
maintenance, manufacturing, and operating costs. However, the SRSM has
several flaws, including low mean torque, low torque density and excessive
torque ripples. The SRSM performance can be improved by considering the
structure topology and driving system. This paper reviewed the performance
characteristic of SRSM based on the structural topology. Several literature
studies on the segmented structure topologies of SRSM were compared with
the conventional structures. The performance of the SRSM can be estimated
by using either numerical or analytical methods. The FEA and BEM are
numerical techniques extensively used to optimise electrical motor
performance. Although the numerical method can accurately estimate motor
performance, the significant drawback is quite complicated, time-
consuming, and difficult to implement the control algorithm with FEA
software. However, the analytical method, especially the MEC method, is
faster in evaluating motor performance and significantly reduces
computational complexity, either with or without solving high-dimensional
system matrices.
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1. INTRODUCTION

Several substantial research on implementing electric motors in industrial and domestic applications
have been undertaken in the last few years. For industrial electric motors and household application systems,
there are numerous options. The first candidate is an induction motor (IM) equivalent to an electric motor's
rotation type but has low power performance [1], [2]. The second option is the permanent magnet
synchronous motor (PMSM) [3], [4]. Although the PMSM is a high-performing electric motor, its main
drawback is the cogging torque, which affects the position tracking and control [5]. Furthermore, the
properties of the permanent magnet (PM) vary with temperature. If the PM is operated at temperatures higher
than the curie temperature, the magnetisation may be lost [3], [4].
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The switched reluctance synchronous motor (SRSM) is a viable option for electric motor drives and
is the best selection for industrial applications. The SRSM has a durable and uncomplicated structure
consisting of a stator or mover with concentric windings, contributing to easy maintenance, low
manufacturing costs, and capital expenditures [5]-[[9]. In addition, the absence of a PM from the SRSM
could improve the cost performance of synchronous motors (SM) [10]. With the advancement of
manufacturing technology, the efficiency of the new SRSM is comparable or even better than the PMSM
[11]. Because of these qualities, there has been substantial success in raising the awareness that SRSM can be
used as a replacement for the DC and the PM motors. Several experiments and simulations have also been
conducted and reported in the literature to increase these motors' performance as a viable contender for AC
(asynchronous and synchronous) motors [11], [12].

The SRSM, however, has a number of flaws that include low mean torque, low torque density and
excessive torque ripples. Torque ripples cause mechanical wear, vibration and acoustic noise [8]. Altering the
shape or employing an appropriate control approach can reduce or eliminate the thrust ripple, improving the
SRSM performance [12]-[14].

The literature review compares the segmented SRSM (SSRSM) with the conventional SRSM
(CSRSM) structure topology in predicting and evaluating the EM performances of the SRSMs. How the
effect of changing the topological structure of the SRSM can improve torque and torque ripple, which leads
to acoustic noise and vibration, is studied and explained in detail in section 3. The control approach is not
covered in this review.

The performance of the SRSM based on altering the shape/structure topology can be determined and
evaluated using machine modelling approaches. Several numerical methods have been devised for
calculating the SRSM performance [11], [12]. Depending on modifying the SRSM structure topology, each
method has advantages and disadvantages. The details are explained in section 2. Overall, this paper is
divided into two overview sections: modelling methods, which can be used to estimate the SRSM
performance. The second section reviews SRSM topologies, comparing segmented and conventional SSRM
topology structures.

2. MODELLING METHODS

Comprehensive modelling of the electromagnetic (EM) properties of the SRSM is the heart of
performance analysis or torque management. The key metrics to be considered are average torque, torque
ripple, loss density, and radial forces on both stators and rotors. The calculation for forecasting the
performance of an SRSM system is expressed by (1) [15].

de .

=V -—Ri (1)
Where ¢ is the flux linkage of a phase, V is the voltage applied to a phase winding, i is the phase current, R is
the stator phase resistance, and t is the time. Modelling the dynamic characteristics and hence, the
performance parameters of an SRSM necessitates predicting the variation of ¢.

The flux linkages correlate nonlinearly with the rotor position and phase current. As a result,
modelling the SRSM with first-order differential voltage leads to nonlinear effects. Furthermore, the
magnetic properties of an SRSM are more difficult to characterize than those of conventional three-phase
electric machines. The air gap is irregularly spread in the peripheral direction due to the double central poles
of the stator and rotor [16]. Thus, the dimension of the flux paths in the air gap fluctuates, resulting in a
nonlinear correlation among the flux path and the rotor position. The SRSM often operates in the magnetic
saturation area to achieve a nonlinear high torque density of the phase current. Several investigations have
been carried out to model the EM properties of the SRSMs [17]. These approaches to EM analyses are
classified into two types: numerical methods and analytical methods.

2.1. Numerical methods

Numerical techniques are extensively used to optimize electrical motors, particularly for the
SRSM [10]. The boundary element method (BEM) and finite-element analysis (FEA) are the two most
common/popular numerical techniques [12], [17]-[19]. The static and dynamic properties of the SRSM may
be determined with reliability. The magnetic field may also be computed for various rotor orientations and
excitation current strengths, predicting the SRSM magnetization properties.

2.1.1. Finite element analysis (FEA)
Without making the assumptions of analytical methodologies, the FEA is a numerical analysis tool
that is frequently used to validate EM analysis for practically any machine design. One advantage of
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implementing FEA to design SRSM is the ability to customize the element and increase the resolution
domain. So, any complicated or irregular machine geometry can be solved with FEA. Additionally, FEA can
offer a correct solution for distribution magnetic fields in subdomains [20]-[23].

In some machinery analyses, determining the variational expression is challenging. In such cases,
the entire solution region is divided by the FEA into small regions called finite elements (FE). The variation
and Galerkin techniques are the two common approaches for obtaining the FE equations and weighted
regression [1]. The Galerkin approach is more commonly used in commercial FEA solvers due to its greater
generality [17].

A significant disadvantage of FEA in optimization-based designing is the requirement for the
volume mesh to covers the whole solution space, which is a computationally expensive process. The
difficulty increases when the volume mesh is applied to a small dimension. A high level of mesh refinement
is required for specific locations in the air gap region of electric machines and results in a large number of
high-resolution elements [8], [24]. Furthermore, the accuracy of field solution is directly proportional with
the number of elements in simulations [22], [25].

FEM is computationally extensive, yet it provides good precision and consistency. Even with a fast-
processing engine, the process cannot be completed within the simulation time step to meet real-time
simulation significant and severe execution time constraints [22], [25]. Formalized paraphrase FEM is
computationally extensive while providing good precision and correctness [22]. FEM, on the other hand, is
more significant for final validations.

The T-Q (electric vector potential-magnetic scalar potential) formulation can enhance FEA
speed [15], [14], [23], [26]. In addition, the domain decomposition method (DDM) is utilized to improve the
efficiency of electrical machines [20], [24]. Thus, parallel computing technologies that utilize
several processors to significantly reduce total simulation time are used to solve subdomain problems
concurrently [16], [20].

2.1.2. Boundary element method (BEM)

The BEM [19] is another numerical method used in the study of SRSM. Integral equations are used
to represent the boundary value problem and given basis functions are used to approximate the boundary
conditions. The unknowns are resolved throughout the entire space. Integral equations are post-processed to
construct numerical solutions at any point within the solution domain [20], [22]. The advantage of BEM over
FEA is that it only requires a surface mesh along the boundaries. Because the volume meshes are defined
across the entire space, the problem of mesh generation for the air gap is eliminated. As a result, the
dimensionality of the structure matrix is reduced as well as the overall computation time [22].

However, there are two shortcomings of BEM. First, the BEM system matrix is dense, with no
symmetry or diagonal dominance [16]. The BEM system matrix requires O(N2) memory storage, and the
computational complexity is O(N2), whereas the FEA only requires O(N) [16], [17]. The multilevel rapid
multipole technique, for example, can minimize the operational and storage complexity of the system matrix
to O(NlogN) [27]. The next drawback of the BEM is the critical impediment in the design of electric
machines. As a result, there is a lack of precise treatment of the effect of inhomogeneous substantial features,
such as stator/rotor steel nonlinear permeability [16].

By merging BEM and FEA, it is possible to address the problem solution. The hybridization of the
methodologies accomplished of nonlinear analysis, for example the FEA, is the solution for the SRSM EM
analysis [7], [20], [25]. Figure 1 depicts an example of FEA and BEM mesh assignment hybridization in the
solution domain [20]. The illustration shows how the homogeneous airgap ring is handled using the BEM
approach, whereas the quadrangular FEA components for the heterogeneous stator and rotor areas are
defined separately. The BEM implemented to the airgap area also gets rid of mesh formation issues. The
stator and rotor's system matrices are reduced due to the decoupling of the FEA solutions, which also
enhances the nonlinear analysis, thus, computing effort can be reduced at the expense of accuracy.

2.2. Analytical methods

The analytical method is another alternative proposed by researchers to study motor performance.
The analytical methods can review the motor's operating characteristics and quickly evaluate the
performances of various control algorithms. The analytical techniques can be categorized as curve-fitting
methods (CFM), magnetic equivalent circuits (MEC) and maxwell's-equation approaches (MEA).

2.2.1. Curve-fitting methods (CFM)

Curve-fitting techniques utilize closed-form analytical purposes, interpolation approach or
computational intelligent patterns to estimate the fluctuation of the phase inductance or flux linkage shape in
terms of both phase current and rotor position. Curve-fitting algorithms for SRSM design optimization
benefit from the ability to calculate the flux linkage profile or any magnetic properties of the SRSM using a
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small amount of data gathered via FEASs or experiments. As a result, when compared to numerical technique
investigations that need an entire collection of data. As a result, lower processing efforts. The field
reconstruction method (FRM) is an innovative curve-fitting technique. Instead of simulating the flux linkage
or inductance of the SRSM, the FRM try to determine the magnetic field at specific points in the SRSM by
using closed-form analytical purposes based on numerical analysis data [28], [29].

_- Stator

_ Rotor
~

Figure 1. Finite component and boundary component mesh in the SRSM [21]

A Fourier series approach is a closed-form function used to distinguish the nonlinearity of the
SRSM flux linkage [30], [31]. Based on the observed DC voltage and phase current waveforms, the flux
linkages at different rotor angles are approximately determined. The Fourier series of second-order flux
linkage approach derives the coefficients [32]. A similar method was used to get the SRSM's static torque
characteristics [33]. On the other hand, the Fourier series coefficients with flexible terms are derived from
machine geometry-dependent flux linkage at the aligned and unaligned positions. This approach is suited for
real-time controller implementation [31], [34]. The Kriging model explains flux linkage and torque features
based on the Fourier series. Combining the benefits of the Fourier series and the Kriging model may
significantly enhance the exactness of the standards used for torque balancing. The Fourier series has the
most significant advantage, in which the torque model may be determined mathematically from the flux
linkage model. The flux linkage model can be expressed using the Fourier series as (2) [24], [34].

@(i,0) = Xi=o hn(i)cos (nN,, 0) )

Where h,, (i) is the Fourier series coefficients and N, is the number of rotor poles. In (3) represents the flux
linkage of an SRSM modelled using a simplified second-order Fourier series [18]:

@(i,0) = hy(i1) + hy(i)co s(N,,8) + h,(i)cos (2N,, 0) (©))

Table 1 shows the measured time of flux linkage between the suggested approach, the experiment,
and the FEM by [35]. Each FEM model takes roughly four minutes to compute under a given current level,
and since there are 24 current levels spread across the range of 0 to 120 A, the entire computation time is
around 96 minutes. The experimental approach requires 216 minutes to complete 72 sets of measurements in
one period. While only the data from five places are used in the suggested method, taking the flux linkage
measurement takes roughly 15 minutes. Additionally, the Fourier series and Kriging model computation
times are 0.03 s and 4.87 s, respectively. The proposed approach, which takes just 15.6% and 7% as long as
the FEM and experiment methods do in one cycle, is shown to be the least time-consuming of the three [35].

The main concept underlying the interpolation types is to estimate the nonlinear flux linkage or
inductance using suitable piecewise interpolation roles based on recorded magnetic data. The flux linkage
connected to the phase current is incorporated using a quadratic interpolation approach. On the other hand, a
linear function expresses the flux linkage relationship between the current and the rotor position [26].
Quadratic interpolation is also utilized to derive the flux linkage and rotor position relationship for a given set
of current values [35].

The coefficients of computationally intelligent systems innovative models express the nonlinear
nature of the flux connection. The accuracy of an approach is extremely dependent on the quantity of data.
For example, an artificial neural network (ANN) is determined by focusing it on a more extensive set of
given magnetic data obtained via experiments or computer methodologies. The structure of an ANN is
defined by the number of neurons in its hidden layer [35]. Online and real-time training of a 2-D B-spline
neural network is used to understand the nonlinear flux linkage properties of an SRSM [36], [37].
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Evolutionary neural networks were used to develop the SRSMs model [32]. The features of the flux linkage
are determined by applying a support vector machine using a few measured data. A backpropagation neural
network is utilized to explain the reconstructed flux linkage and computed static torque parameters.

The disadvantages of CFM are primarily empirical and heuristic in nature. No rigorous
demonstration proves that they are universal for any SRSM topology or geometry. Instead of analyzing the
heart of the magnetic field in an SRSM, CFM fits the flux linkage or inductance curves. Additionally, CFM
requires the data acquired from FEAs. As a result, curve-fitting methods have a more significant
computational complexity than other analytical approaches [19].

Table 1. Time comparison [34]

FEM Experiment Proposed Method [34]
Torque-balanced  Fourier series  Kringing model
96 min 216 min 15 min 0.03s 4.87s

2.2.2. Magnetic equivalent circuit (MEC)

The MEC method is a well-known and influential instrument intended for analyzing EM and
designing various electric machine types [38]. The application of this method in the dynamic modelling of
the electric machine is less challenging. The MEC model can assess machine function correctly and quickly
in various scenarios. Additionally, the MEC can optimize machine performance in multiple applications with
high accuracy and precision [30].

MECs are equivalent to electrical circuits. Moreover, magneto-motive force (mmf) sources are used
instead of voltage sources generated by phase winding currents in the SRSM. In addition, permeances of flux
paths replace the admittances, and fluxes in permeance components substitute for currents [33]. Figure 2
shows the physical arrangement and schematic diagram of the MEC of the SRSM when the exciting stator
and rotor poles are slightly overlapping. The permeability and the permeance function represent each
machine zone in the MEC. For the MEC of the SRSM, the yoke permeances and reluctances are often non-
ideal and are allowed to saturate before being assigned individually to denote the rotor and stator for poles
and yokes.

R. R.
Stator yokes (Ry,) e e
Stator pole tip (Rs) Stator pole (Rsp) 2R,
Rig oc(T) 3SR
Air gap (Rg)
Stator slot
(Rss) Rotor pole e
tip (Rr) *
Rotor pole Ren g 2Rs 2R
(Rrp)
2R
Air gap >
fringing (R
ging (Reg) SR,
Rotor yokes (R,,) W
Y Rryl RryZ
(a) (b)

Figure 2. Physical structure and sample of SRSM MEC model (a) Physical structure of the magnetic circuit
of an SRSM and (b) MEC of the SRSM when the stator and rotor poles are partially aligned [33]

The air permeances are regarded as ideal [38]. They are caused by leakage, fringing, and
overlapping fluxes between the excited stator poles and the rotor poles. The flux tube analysis produces the
air-region permeances and it is necessary to make assumptions regarding the geometry of the flux paths [31],
[33]. Typically, the architecture of a MEC of SRSM varies with rotor angle. One method of solving a MEC is
by solving the flux flow in every single component, which is equivalent to solving an electric circuit using
Kirchhoff's voltage law. A more efficient and common way is to solve the magnetic scalar potential at each
point/nodal in the MEC. The flux through each element is calculated using its element and mmf drop, which
is equivalent to solving an electric circuit similar to Kirchhoff's current. Iterative approaches are necessary to
revise the permeances and flux densities in the stator and rotor components due to the nonlinear effects of
yoke [39].
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Processing numerical approaches are faster using MEC methods since the elements, and size of the
system matrix is smaller in a MEC. On the other hand, the MEC construction of an SRSM is practical and
specific expectations regarding magnetic flux patterns are made. The regions and segments of fringing
reluctance are parametrically nonlinear in the air region. The magnetic flux is chosen at various rotor
positions based on previous FEA results, limiting their accuracy and generality when analyzing SRSMs with
random geometries [19].

The air gap reluctance and magnetic saturation models are also crucial to accurate computation.
Modelling is challenging when MEC is used on a double salient machine like the SRSM since the reluctance
and magnetic saturation quantities change significantly with rotor position. The following are improvements:
The issue of whether poles are aligned [1] affects how the reluctance is calculated using a direct technique
[19]. As an alternative, an approach that works well regardless of the position of the rotor is suggested in
[20], [21]. An FE-assisted lookup methodology [22], [24] or a direct measurement method [25] are reported
concerning magnetic saturation. On the other hand, MEC frequently lacks harmonic analysis and experiences
individuality issues if the machine structure changes.

2.2.3. Maxwell's-equation approaches (MEA)

The MEA approaches allow for a detailed investigation of magnetic fields in the SRSM Maxwell’s
equations. Maxwell’s equations are typically expressed in magnetic scalar or vector potentials [18]. As a
result, the solution for the unknown distributions is distinctive, allowing the development of boundary
conditions. In nonconductive locations, the Laplace equation for the magnetic scalar potential simplifies the
analysis.

The method for calculating the magnetic field in the air region and the phase inductance of the
SRSM in the unaligned position is presented by [36], [40]. This method can be generalized to analyses the
magnetic field at any rotor angle by allocating adaptable limit requirements to the air gap, rotor slot, and
stator slot sub-regions that vary with rotor position. To simplify the analysis in cartesian coordinates, the
stator and rotor slots are restructured into quadrangular proportions. To enable in the solution of the magnetic
vector potential, the boundary circumstances of the tangential flux at the ends of stator/rotor slots are defined
independently. To reduce the error caused by the reshaping of the stator and rotor slots, the formulation is
based on polar coordinates [41]. This method is further developed by employing individual conformal
mappings in the stator/rotor slots to eliminate the error introduced by misrepresenting the geometry [42].

For the air sub-region connecting the stator and rotor slots within a pole pitch, conformal mapping is
used. To simplify the analysis, the hypothesis of reliable tangential field intensity at the stator and rotor slot
boundaries is made [36]. The pole-pitch region’s peripheral borders are subjected to a periodic boundary
condition [36], [43]. The significant complexity of this method is due to the need to solve a set of high-order
transcendental equations associated with a larger number of vertices in the Schwarz-Christoffel transformation.

The crucial issue in solving the Maxwell’s equation-based approach is involving nonlinear property
of the yoke. Generally, it is nearly impossible to acquire an accurate solution for a partial differential
equation with an undetermined heterogeneous factor related with nonlinear permeability. As a result, a
solution using the Maxwell’s equation is only feasible in the air region [20], [43], [44]. The magnetic field in
the air region is substituted into a MEC, which contains the effects of nonlinear yoke [36], [40], [45]. The
saturation in the stator and rotor poles is considered in the subdomain harmonic modelling through an
iterative process. The stator and rotor yoke permeability are supposed to be boundless, and the non-uniform
circumferential dispersal of yoke permeability in the poles is not modelled [29].

3. STRUCTURE TOPOLOGY OF SRSMs

Constructing an accurate and efficient Multiphysics model of the motor is the foundation in the
initial design procedures of the SRSMs. The SRSM configuration has been experiencing different topologies
in recent years. In some attempts, a slight change in the SRSM configurations was done to improve its
performance, such as obtaining low torque-ripple or high torque density [46]. In some others, the motor
topology is changed significantly. Subsequently, to improve the performances of the SRSMs, including the
reduction of torque ripple and acoustic noise. Thus, the improvement of efficiency and torque density,
various topologies of the SRSMs were proposed by the researcher. This section reviews the comparison
between conventional and segmented structures of the SRSMs to improve the performance of the SRSMs.

In recent decades, a variation of segmented-structure SRSMs, specifically the C-core and E-core
stator SRSMs, was proposed for generation of wind power, fault-tolerant drive system and EV
implementations [44], [47]. Each structure has been validated to have higher torque output production, higher
performance, and less weight than conventional SRSM (CSRSM). A segmented structure of the SRSM,
called segmented SRSM (SSRSM) was proposed to solve this problem. The SSRSM had increased the
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SRSM's torque efficiency by approximately 50% compared to the conventional design of the same size and
at the same time reduced the torque ripple [7], [48].

The segmented topology's rotor is composed of several electrical steel structures connected by a
nonmagnetic holder attached to the shaft [39]. Each segment completes the magnetic circuit and produces
reluctance torque by acting as a shunt for nearby stator poles. As a result, the machine constantly intends to
minimize reluctance. Due to better air gap and iron material usage, the segmented structure was shown to
increase torque output [39]. According to [43], an SSRSM with full pitch provided 40 to 80% more torque
than a CSRSM with the same frame size, which is due to increased aligned flux. On the other hand, SSRSM
torque increases when full pitch winding is used.

The study on segmented-rotor configuration of the SRSMs was pioneered by [48]-[50]. These
studies concluded that the segmented-rotor SRSM outperformed the conventional SRSM by increasing the
motor torque capability by nearly 40%. Improved segmented-rotor SRSMs with new pole configurations
were investigated by Widmer and Mecrow [51]. The improved SRSMs provided considerable torque and
power density. The design methodology for high-performance segmented-rotor SRSM with an outer rotor
was comprehensively discussed in various aspects, including the stator slot/rotor pole combinations and
several phases [52], [53]. Similar segmented-rotor SRSMs with single-stator/single-rotor structure was
proposed by Kabir and Husain [54]. The rotor had segments in its design as compared to the conventional
SRSMs. The results showed that the proposed segmented rotor SRSM had a lower torque ripple and higher
torque than its traditional counterparts.

A novel axial-gap segmented-rotor SRSM was introduced by Madhavan and Fernandes [55]. It was
demonstrated that the novel motor had higher torque density, more compact design, and higher fault-tolerance
capability than the non-segmented-rotor SRSM. A novel double segmented rotor SRSM was proposed by
Guo et al. [56], which achieved an overall volume reduction with a significant increase in torque density.

A novel double-stator SRSM (DSSRSM) with eight rotor segments was presented by
Maharjan et al. [57], which had superior torque density, acoustic noise, and torque pulsation. The
performance comparison of SRSM for conventional and segmental type motors as shown in Figure 3, with
the same dimension. The conventional SRSM 12/8 form is quite popular and frequently utilized. The stator is
associated with the element of stator poles, namely the exciting and auxiliary poles. The construction of a
segmented rotor-type motor comprises a succession of distinct segments. The flux path of this motor is short
and there is no flux reversal in the stator.

Stator
~

Auxiliary |
Shaft pole

—

Rotor

-
-

(b)

Figure 3. The flux of (a) conventional 12/8 SRSM and (b) segmented 12/8 SRSM [8]

The auxiliary poles provide the flux return path, which is not coiled by the windings. Compared to
CSRSM, the segmental construction enhances the machine's electrical usage and saves core losses, resulting in
better efficiency [8]. The static and dynamic properties of both SRSMs were obtained using FEM to validate the
segmental structure. Both conventional and segmental 12/8 SRSM prototypes, shown in Figures 4 and 5, were
tested for characteristics comparison. Both conventional and segmental rotor types had the same dimension,
and input parameters reported that the segmental rotor had 13.1% greater average torque than the
conventional rotor. Besides that, the torque ripple can be optimized by regulating the turn-on and off angles
to lower the motor torque ripple. Table 2 shows the torque ripple comparison: the torque ripple of segmental
SRSM is higher than that of conventional one when exciting was varying from 10 A to full load 100 A.
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Figure 5. Segmental 12/8 SRSM prototype: (a) rotor and (b) stator with windings [8]

Table 2. Torque ripple comparison of the conventional and segmental type SRSMs [8]
Exciting current (A)  Conventional type (%)  Segmental type (%)

10 87 138.8
30 82 138.9
50 82 137.3
70 86.9 127.8
90 93.2 118

100 95.7 1114

Segmental rotor SRSMs have been shown to produce greater torque than toothed rotor SRSMs, by
comparing a CSRSM with the same lamination length and outer dimensions with a six-phase segmental rotor
SRSM. The segmented-rotor SRSM was explored in both fully pitched (FP) and single-tooth wound (STW)
motor designs [48]. When the same phase conduction angles were utilized, the FP winding machine produced
more torque than the single-tooth winding machine. However, it had excessively lengthy end windings. The
single-tooth, segmented-rotor SRSM was fitted with optimized conduction widths and current shapes. The
SSRSM had been proven to provide approximately 10% more rated torque with less core and copper loss
over the whole speed range than the CSRSM. The 2D FEA torque output results obtained from FP
segmented, STW and toothed rotor SRSMs are shown in Figure 6. An FP winding connection is also
depicted as an alternate connection option for the segmented-rotor SRSM. It had a maximum torque of
33.4 Nm, 48.4% higher than the single-tooth winding connection [48].

The mutually coupled SRSM (MCSRSM) with a segmented rotor, fractional slot and tooth wound
with a notched rotor design was presented in [58]. It had a shallow torque ripple compared to other machine
types in the SRSM family. The torque ripple was reduced by 3.6% without current profiling techniques or
torque sharing functions. The ripple minimization was achieved primarily through rotor segment shaping,
which strongly influenced the stator flux densities, flux linkages and torque harmonics.

The study on the magnetically separated stator segments of a high-torque three-phase switching
SRSM was done by Moallem and Dawson [59]. Each element of the proposed segmented stator of the 6/22
SRSM contained a concentric winding on its center body and two opposing windings that made up the motor
phase. There were four salient poles in the stator segment. Two of the central segment bodies shared their
flux path. The rotor was composed of a robust framework with twenty-two salient poles. The motor was
evaluated using the FEA technique, and comparisons with conventional 6/4 and 6/22 SRSM designs were
made. The comparisons found that the average torque and torque density of the segmented-stator 6/22 SRSM
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were the highest. The proposed SRSM produced 58.6 and 17% higher torque than the 6/4 SRSM and 6/22
SRSM, respectively. The comparison between two conventional topologies (6/4 and 6/22) showed that the
increase in the rotor poles had no direct effect on the torque capacity. Therefore, torque production is mainly
affected by the main SRSM topology.

40 Tobthed|SRM

S — STW segmental stator SRM
A ~-—-—-— FP segmental statorSRM

30

Torque (N.m)

20

10
0 60 120 180 240 300 360

Rotor Position (Degree)

Figure 6. 2D FEA torque output comparison under multiphase excitation [44]

4. CONCLUSION

This paper presents an overview of the electrical machine modelling technique and segmented
topology types of SRSM. The characteristics of each modelling method were reviewed and evaluated in
terms of accuracy and computational complexity. Among the numerical methods, FEA is the most frequently
used. Numerical methods can accurately obtain the machine's static characteristics and dynamic performance
but are quite complicated and time-consuming. Moreover, it is difficult to implement the control algorithm
with the FEA software. This is due to the assumptions made to facilitate the analysis. Compared to numerical
approaches, analytical techniques can considerably diminish computational complexity at lower accuracy
costs, with or without a minor requirement to solve high-dimensional system matrices. Analytical methods
are commonly used to briefly study the operating characteristics of a motor and rapidly evaluate the
performance of various control algorithms.

The comparative review for predicting and evaluating the EM performance between the segmented
SRSM (SSRSM) model and the conventional SRSM (CSRSM) model. Studies have shown that the SRSM
torque performance of the segmented structure is better than that of the conventional structure. In addition,
the segmented structure has a lower thrust ripple than the conventional structure. SRSM performance of
segmented and conventional structures can be accessed via mathematical modelling using numerical methods
(FEA and BEM approach) or analytical methods (MEC, CFM and MEA).

ACKNOWLEDGEMENTS

A.Norrimah wishes to acknowledge the Universiti Teknikal Malaysia Melaka (UTeM) for giving
her the place to pursue his PhD study. Thanks to Universiti Kuala Lumpur (UniKI) for providing the full-time
study leave to pursue his PhD study, and Majlis Amanah Rakyat (MARA) of Malaysia, for giving financial
support. Furthermore, the authors would like to thank the Ministry of Education Malaysia, Universiti
Teknikal Malaysia Melaka (UTeM), for providing the research grant FRGS/2018/FKE-CERIA/F00356.

REFERENCES

[1] E. H. Abdelhameed, “Concurrent speed and position tracking of elevator driven by linear induction motor using cascade PI-PI
control system,” Eighteenth International Middle East Power Systems Conference (MEPCON), 2016, pp. 468-473, doi:
10.1109/MEPCON.2016.7836932.

[2] V. W. Nage and S. M. Shinde, “An elevator driven by Single-Sided Linear Induction Motor (SLIM),” International Conference on
Advanced Communication Control and Computing Technologies (ICACCCT), 2016, pp. 376-379, doi:
10.1109/ICACCCT.2016.7831665.

[3] T.Hirayama and S. Kawabata, “Method of Applying Force Distribution Function for Linear Switched Reluctance Motor Driven by
Current Source Inverter,” International Power Electronics Conference (IPEC-Niigata 2018 -ECCE Asia), 2018, pp. 3406-3411,
doi: 10.23919/IPEC.2018.8507686.

Modelling methods and structure topology of the switched reluctance ... (Norrimah Abdulah)



120 a ISSN: 2088-8694

[4] Y. Takahashi, K. Fujiwara, T. Iwashita and H. Nakashima, “Parallel Finite-Element Method Based on Space-Time Domain
Decomposition for Magnetic Field Analysis of Electric Machines,” IEEE Transactions on Magnetics, vol. 55, no. 6, pp. 1-4, June
2019, Art no. 7000404, doi: 10.1109/TMAG.2019.2895590.

[5] O. Safdarzadeh, A. Mahmoudi, E. Afjei and H. Torkaman, “Rotary-Linear Switched Reluctance Motor: Analytical and Finite-
Element Modeling,” IEEE Transactions on Magnetics, vol. 55, no. 5, pp. 1-10, 2019, Art no. 8200710, doi:
10.1109/TMAG.2019.2899807.

[6] D. Wang, X. Du, D. Zhang and X. Wang, “Design, Optimization, and Prototyping of Segmental-Type Linear Switched-Reluctance
Motor with a Toroidally Wound Mover for Vertical Propulsion Application,” IEEE Transactions on Industrial Electronics, vol. 65,
no. 2, pp. 1865-1874, 2018, doi: 10.1109/TIE.2017.2740824.

[7] D. Wang, Z. Feng, H. Zheng and X. Wang, “Comparative Analysis of Different Topologies of Linear Switched Reluctance Motor
with Segmented Secondary for Vertical Actuation Systems,” IEEE Transactions on Energy Conversion, vol. 36, no. 4, pp. 2634-
2645, 2021, doi: 10.1109/TEC.2021.3070563.

[8] K. Il Jeong, Z. Xu, D. H. Lee, and J. W. Ahn, “Performance Comparison of Conventional and Segmental Rotor Type Switched
Reluctance Motor,” Journal of Electrical Engineering and Technology, vol. 13, no.3, pp.1138-1146, 2018,
doi:10.5370/JEET.2018.13.3.1138.

[91 M. A. M. Aris, R. N. Firdaus, F. Azhar, N. A. M. Nasir, and M. Z. Aishah, “Design and analysis of linear switched reluctance
motor,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 24, no. 2, pp. 704-714, 2021,
doi:10.11591/ijeecs.v24.i2.

[10] A. Greifelt, G. Dajaku, D. Gerling, J. W. Gerold, A. Daiaku and W. Yang, “Series Production Challenges of High-Efficient Flux
Barrier Permanent Magnet Machines (FB-PMSM),” 9th International Electric Drives Production Conference (EDPC), 2019, pp.
8138-8143, doi: 10.1109/EDPC48408.2019.9012059.

[11] N. Ozcelik, U. Dogru, M. Imeryuz, and L. T. Ergene, “Synchronous Reluctance Motor vs. Induction Motor at Low-Power
Industrial Applications: Design and Comparison,” Energies, vol. 12, no. 11, pp. 1-20, 2019, doi: 10.3390/en12112190.

[12] G. Davarpanah and J. Faiz, “A Novel Structure of Switched Reluctance Machine with Higher Mean Torque and Lower Torque
Ripple,” IEEE Transactions on Energy Conversion, vol. 35, no. 4, pp. 1859-1867, 2020, doi: 10.1109/TEC.2020.2990914.

[13] V. Pushparajesh, B. M. Nandish, and H. B. Marulasiddappa, “Hybrid intelligent controller based torque ripple minimization in
switched reluctance motor drive,” Bulletin of Electrical Engineering and Informatics, vol. 10, no. 3, pp. 1193-1203, 2021, doi:
10.11591/eei.v10i3.3039.

[14] C. Mama, B. Noureddine, and B. Benaissa, “Control of variable reluctance machine (8/6) by artificiel intelligence techniques,”
International Journal of Electrical and Computer Engineering, vol. 10, no. 2, pp. 1893-1904, 2020, doi:
10.11591/ijece.v10i2.pp1893-1904.

[15] G. Bramerdorfer, S. Silber, G. Weidenholzer and W. Amrhein, “Comprehensive cost optimization study of high-efficiency
brushless synchronous machines,” International Electric Machines & Drives Conference, 2013, pp. 1126-1131, doi:
10.1109/IEMDC.2013.6556291.

[16] A. D. Brovont, “Exploring the boundary element method for optimization-based machine design,” IEEE International Electric
Machines and Drives Conference (IEMDC), 2017, pp. 1-7, doi: 10.1109/[EMDC.2017.8002382.

[17] S. Li, S. Zhang, T. G. Habetler and R. G. Harley, “A survey of electromagnetic — Thermal modeling and design optimization of
switched reluctance machines,” IEEE International Electric Machines and Drives Conference (IEMDC), 2017, pp. 1-7, doi:
10.1109/IEMDC.2017.8002370.

[18] S. Li, S. Zhang, T. G. Habetler and R. G. Harley, “Modeling, Design Optimization, and Applications of Switched Reluctance
Machines—A Review,” IEEE Transactions on Industry Applications, vol. 55, no. 3, pp. 2660-2681, 2019, doi:
10.1109/T1A.2019.2897965.

[19] Y. Tang, “Characterization, numerical analysis, and design of switched reluctance motors,” IEEE Transactions on Industry
Applications, vol. 33, no. 6, pp. 1544-1552, 1997, doi: 10.1109/28.649967.

[20] K. Koibuchi, T. Ohno and K. Sawa, “A basic study for optimal design of switched reluctance motor by finite element method,”
IEEE Transactions on Magnetics, vol. 33, no. 2, pp. 2077-2080, 1997, doi: 10.1109/20.582726.

[21] D. Marcsa and M. Kuczmann, “Finite Element Analysis of Switched Reluctance Motor with Rotor Position Based Control,”
Pollack Periodica, An International Journal for Engineering and Information Sciences, vol. 11, no. 3, pp. 153-164, 2016,
doi:10.1556/606.2016.11.3.14.

[22] M. EI-Nemr, M. Afifi, H. Rezk, and M. Ibrahim, “Finite Element Based Overall Optimisation of Switched Reluctance Motor Using
Multi-Objective Genetic Algorithm (NSGA-I11),” Mathematics, vol. 9, no. 5, pp. 1-20, 2021, doi:10.3390/math9050576.

[23] R. Chehda, N. Benouzza, A. Bendiabdellah, and N. K. Belghitri, “A combined variable reluctance network-finite element VR
machine modeling for stator inter-turn short-circuit diagnosis,” International Journal of Electrical and Computer Engineering, vol.
10, no. 1, pp. 105-116, 2020, doi:10.11591/ijece.v10i1.pp105-116.

[24] Y. Hao, X. Wang, R. Cui, X. Fang, W. Zhang, Y. Li and D. Chang, “Torque Analytical Model of Switched Reluctance Motor
Considering Magnetic Saturation,” IET Electric Power Applications, vol. 14, no. 7, pp. 1148-1153, 2020, doi:10.1049/iet-
epa.2019.0987.

[25] A. M. Omekanda, C. Broche and M. Renglet, “Calculation of the electromagnetic parameters of a switched reluctance motor using
an improved FEM-BIEM-application to different models for the torque calculation,” IEEE Transactions on Industry Applications,
vol. 33, no. 4, pp. 914-918, 1997, doi: 10.1109/28.605732.

[26] J. Kim and W. Doh, “Electromagnetic torque calculation of 12/10 outer rotor type switched reluctance motor using finite element
method,” 3rd International Conference on Systems and Informatics (ICSAI), 2016, pp. 150-154, doi:
10.1109/ICSAI.2016.7810946.

[27] W. J. Song, and C. C. Lu, “Multilevel fast multipole algorithm for elastic wave scattering by large three-dimensional objects,”
Journal of Computational Physics, vol. 228, no. 3, pp. 921-932, 2009, doi: 10.1016/j.jcp.2008.10.003.

[28] T. C. O'Connell and P. T. Krein, “A Schwarz—Christoffel-Based Analytical Method for Electric Machine Field Analysis,” IEEE
Transactions on Energy Conversion, vol. 24, no. 3, pp. 565-577, 2009, doi: 10.1109/TEC.2009.2025412.

[29] Z. Djelloul-Khedda, K. Boughrara, R. Ibtiouen and F. Dubas, “NonLinear analytical calculation of magnetic field and torque of
switched reluctance machines,” International Conference on Electrical Sciences and Technologies in Maghreb (CISTEM), 2016,
pp. 1-8, doi: 10.1109/CISTEM.2016.8066773.

[30] V. Naeini, “A detailed Magnetic Equivalent Circuit Modelling for Torque Ripples Minimizing of a Switched Reluctance Motor,”
International Transactions on Electrical Energy Systems, vol. 29, no. 10, pp. 1-14, 2019, doi: 10.1002/2050-7038.12067.

[31] P. Azer, B. Bilgin and A. Emadi, “Mutually Coupled Switched Reluctance Motor: Fundamentals, Control, Modeling, State of the
Art Review and Future Trends,” IEEE Access, vol. 7, pp. 100099-100112, 2019, doi: 10.1109/ACCESS.2019.2930895.

Int J Pow Elec & Dri Syst, Vol. 14, No. 1, March 2023: 111-122



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 121

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]
[48]

[49]

[50]

[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

A. Anuchin, M. Lashkevich, D. Aliamkin and F. Briz, “Achieving maximum torque for switched reluctance motor drive over its
entire speed range,” International Symposium on Power Electronics (Ee), 2017, pp. 1-6, doi: 10.1109/PEE.2017.8171676.
J. M. Kokernak and D. A. Torrey, “Magnetic circuit model for the mutually coupled switched-reluctance machine,” IEEE
Transactions on Magnetics, vol. 36, no. 2, pp. 500-507, 2000, doi: 10.1109/20.825824.
X. Sun, K. Diao, G. Lei, Y. Guo and J. Zhu, “Direct Torque Control Based on a Fast-Modeling Method for a Segmented-Rotor
Switched Reluctance Motor in HEV Application,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 9, no.
1, pp. 232-241, 2021, doi: 10.1109/JESTPE.2019.2950085.
X. D. Xue, K. W. E. Cheng and S. L. Ho, “Simulation of switched reluctance motor drives using two-dimensional bicubic spline,”
IEEE Transactions on Energy Conversion, vol. 17, no. 4, pp. 471-477, 2002, doi: 10.1109/TEC.2002.805226.
S. -H. Mao, D. Dorrell and M. -C. Tsai, “Fast Analytical Determination of Aligned and Unaligned Flux Linkage in Switched
Reluctance Motors Based on a Magnetic Circuit Model,” IEEE Transactions on Magnetics, vol. 45, no. 7, pp. 2935-2942, 2009,
doi: 10.1109/TMAG.2009.2016087.
D. W. J. Pulle, “New Database for Switched Reluctance Drive Simulation,” IEE Proceedings B: Electric Power Applications, vol.
138, no. 6, pp. 331-337, 1991, doi:10.1049/ip-b.1991.0040.
W. Uddin and Y. Sozer, “Analytical Modeling of Mutually Coupled Switched Reluctance Machines Under Saturation Based on
Design Geometry,” I|EEE Transactions on Industry Applications, vol. 53, no. 5, pp. 4431-4440, 2017, doi:
10.1109/TIA.2017.2714627.
R. F. L. Santos and L. A. R. Tria, “Evaluation of a Modular Stator, Segmented Rotor Switched Reluctance Motor,” IEEE PES
Asia-Pacific Power and Energy Engineering Conference (APPEEC), 2019, pp. 1-6, doi: 10.1109/APPEEC45492.2019.8994354.
A. Radun, “Analytically computing the flux linked by a switched reluctance motor phase when the stator and rotor poles overlap,”
IEEE Transactions on Magnetics, vol. 36, no. 4, pp. 1996-2003, 2000, doi: 10.1109/20.875277.
S. Li, S. Zhang, J. Dang, T. G. Habetler and R. G. Harley, “Calculating the unsaturated inductance of 4/2 switched reluctance
motors at arbitrary rotor positions based on partial differential equations of magnetic potentials,” North American Power
Symposium (NAPS), 2015, pp. 1-8, doi: 10.1109/NAPS.2015.7335234.
S. Li, S. Zhang, T. G. Habetler and R. G. Harley, “Fast and accurate analytical calculation of the unsaturated phase inductance
profile of 6/4 switched reluctance machines,” IEEE Energy Conversion Congress and Exposition (ECCE), 2016, pp. 1-8, doi:
10.1109/ECCE.2016.7855107.
R. Chandrudu, K. Ravi, T. N. Jyothi, P. Y. Babu and G. V. P. Anjaneyulu, “Design, Modelling& Simulation of Double-Sided
Linear Segmented Switched Reluctance Motor,” IOSR Journal of Electrical and Electronics Engineering, vol. 7, no. 1, pp. 95-100,
2013, doi:10.9790/1676-07195100.
L. Szabo and M. Ruba, “Segmental Stator Switched Reluctance Machine for Safety-Critical Applications,” IEEE Transactions on
Industry Applications, vol. 48, no. 6, pp. 2223-2229, 2012, doi: 10.1109/T1A.2012.2226857.
E. Tlhan, M. F. J. Kremers, E. T. Motoasca, J. J. H. Paulides and E. A. Lomonova, “Spatial Discretization Methods for Air Gap
Permeance Calculations in Double Salient Traction Motors,” IEEE Transactions on Industry Applications, vol. 48, no. 6, pp. 2165-
2172, 2012, doi: 10.1109/T1A.2012.2226692.
S. M. Aghdam, M. Feyzi, and N. Bianchi, “Analysis and Comparison Study of Novel Stator-Segmented Switched Reluctance
Motor,” Iranian Journal of Electrical and Electronic Engineering, vol. 13, no. 1, pp. 68-76, 2017, doi:10.22068/1JEEE.13.1.7.
A. Labak and N. C. Kar, “Novel Approaches Towards Leakage Flux Reduction in Axial Flux Switched Reluctance Machines,”
IEEE Transactions on Magnetics, vol. 49, no. 8, pp. 4738-4741, 2013, doi: 10.1109/TMAG.2013.2261287.
X. Deng and B. Mecrow, “A comparison of conventional and segmental rotor 12/10 switched reluctance motors,” IEEE
International Electric Machines & Drives Conference (IEMDC), 2019, pp. 1508-1513, doi: 10.1109/IEMDC.2019.8785221.
R. Hall, A. G. Jack, B. C. Mecrow and A. J. Mitcham, “Design and initial testing of an outer rotating segmented rotor switched
reluctance machine for an aero-engine shaft-line-embedded starter/generator,” IEEE International Conference on Electric
Machines and Drives, 2005, pp. 1870-1877, doi: 10.1109/IEMDC.2005.195975.
B. C. Mecrow, E. A. El-Kharashi, J. W. Finch and A. G. Jack, “Preliminary performance evaluation of switched reluctance motors
with segmental rotors,” |EEE Transactions on Energy Conversion, vol. 19, no. 4, pp. 679-686, 2004, doi:
10.1109/TEC.2004.837290.
J. D. Widmer and B. C. Mecrow, “Optimized Segmental Rotor Switched Reluctance Machines With a Greater Number of Rotor
Segments Than Stator Slots,” IEEE Transactions on Industry Applications, vol. 49, no. 4, pp. 1491-1498, 2013, doi:
10.1109/T1A.2013.2255574.
V. R and B. G. Fernandes, “Design Methodology for High-Performance Segmented Rotor Switched Reluctance Motors,” IEEE
Transactions on Energy Conversion, vol. 30, no. 1, pp. 11-21, 2015, doi: 10.1109/TEC.2014.2336861.
V. Rallabandi and B. G. Fernandes, “Design Procedure of Segmented Rotor Switched Reluctance Motor for Direct Drive
Applications,” IET Electric Power Applications, vol. 8, no. 3, pp. 77-88, 2014, doi:10.1049/iet-epa.2013.0154.
M. A. Kabir and 1. Husain, “Concentrated winding segmented rotor switched reluctance machine (SRM) using three-phase
standard inverters,” |EEE Energy Conversion Congress and Exposition (ECCE), 2015, pp. 5567-5572, doi:
10.1109/ECCE.2015.7310443.
R. Madhavan and B. G. Fernandes, “Performance Improvement in the Axial Flux-Segmented Rotor-Switched Reluctance Motor,”
IEEE Transactions on Energy Conversion, vol. 29, no. 3, pp. 641-651, 2014, doi: 10.1109/TEC.2014.2314657.
T. Guo, N. Schofield and A. Emadi, “Double Segmented Rotor Switched Reluctance Machine with Shared Stator Back-Iron for
Magnetic Flux Passage,” |EEE Transactions on Energy Conversion, vol. 31, no. 4, pp. 1278-1286, 2016, doi:
10.1109/TEC.2016.2600178.
L. Maharjan et al., “Comprehensive Report on Design and Development of a 100-kW DSSRM,” |IEEE Transactions on
Transportation Electrification, vol. 4, no. 4, pp. 835-856, 2018, doi: 10.1109/TTE.2018.2865665.
S. Mehta, M. A. Kabir, P. Pramod and 1. Husain, “Segmented Rotor Mutually Coupled Switched Reluctance Machine for Low
Torque Ripple Applications,” |EEE Transactions on Industry Applications, vol. 57, no. 4, pp. 3582-3594, 2021, doi:
10.1109/T1A.2021.3073384.
M. Moallem and G. E. Dawson, “An improved magnetic equivalent circuit method for predicting the characteristics of highly
saturated electromagnetic devices,” IEEE Transactions on Magnetics, vol. 34, no. 5, pp. 3632-3635, 1998, doi:
10.1109/20.717858.

Modelling methods and structure topology of the switched reluctance ... (Norrimah Abdulah)



122 a ISSN: 2088-8694

BIOGRAPHIES OF AUTHORS

Norrimah Abdullah © E4 2 is a lecturer in Electrical Engineering Department at the
Universiti Kuala Lumpur — Malaysia France Institute (UniKI-MFI), Kuala Lumpur, Malaysia.
She received her B.Eng. degree in Electrical Engineering from Universiti Malaya in 2001,
while for M. Sc in Instrumentation Engineering from Universiti Putra Malaysia in 2008.
Currently, she is pursuing a PhD at UTeM. Her research interests include electrical machines,
motor drives, industrial measurement and instrumentation, and magnetic sensors. She can be
contacted at email: norrimah@unikl.edu.my.

Fairul Azhar Abdul Shukor Bd 12 has been a lecturer in Electrical Engineering
Department, Universiti Teknikal Melaka Malaysia (UTeM), since 2006, and he has been a
senior lecturer since 2014. He received his B.Eng. degree in electrical engineering and the
M.Eng. degree in electrical power, both from Universiti Putra Malaysia, Serdang, Malaysia, in
2002 and 20009, respectively; and his Ph.D. degree in Electrical Machine Design from Shinshu
University Nagano, Japan, in 2015. He is also a member and auditor of the Board of Engineers
Malaysia and the Malaysia Board of Technologists. Currently, he is an Academic Deputy
Dean at the Faculty of Electrical Engineering Department, Universiti Teknikal Melaka
Malaysia (UTeM). His research interests include the field of electrical machine design, motor
drives, power electronics, and magnetic sensors. He can be contacted at email:
fairul.azhar@utem.edu.my.

Raja Nor Firdaus Kashfi Raja Othman g 12 is the Associate Professor at the
Faculty of Electrical Engineering, Universiti Teknikal Melaka Malaysia (UTeM), since 2014.
He received the B.Eng., M.Sc., and PhD in Electrical Power Engineering from Universiti
Putra Malaysia, Serdang, Malaysia, in 2006, 2009 and 2013, respectively. His research interest
includes the field of applied magnetics, electrical machines, magnetic sensor and drives. He
can be contacted at email: norfirdaus@utem.edu.my.

Suhairi Rizuan Che Ahmad g P is a senior lecturer in Electrical Technology
Section, Universiti Kuala Lumpur — British Malaysian Institute (UniKL — BMI), Selangor,
Malaysia. He received the B. Eng. in Industrial Electronics from Universiti Malaysia Perlis,
Malaysia in 2009, M. Sc. in Electrical Power Engineering from Universiti Putra Malaysia,
Malaysia in 2012, respectively; and PhD degree in Electrical Power Engineering from
Universiti Teknikal Malaysia Melaka in 2019. He is currently Head of Section in Electrical
Techcnology Department in UniKL — BMI. His research interests are electrical machine
design, electric machine simulation, electric drives, energy conversion, and renewable energy.
He can be contacted at email: suhairir@unikl.edu.my.

Nur Ashikin Mohd Nasir @ EJ B 2 js currently a PhD candidate in electrical engineering
at the Universiti Teknikal Malaysia Melaka (UTeM). She received her B. Eng. Degree in
Electrical Engineering (Power Electronics and Drives) and M. Eng. degree in Electrical
Engineering from UTeM in 2016 and 2019, respectively. The field of her research interests are
power electronics, motor drives, and electrical machine designs. She can be contacted at
email: nurashikinmohdnasir@gmail.com.

Int J Pow Elec & Dri Syst, Vol. 14, No. 1, March 2023: 111-122


https://orcid.org/0000-0002-9484-3994
https://scholar.google.com/citations?hl=en&user=UnEuqkYAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=24466742800
https://www.webofscience.com/wos/author/record/GZG-8558-2022
https://orcid.org/0000-0003-1810-3801
https://scholar.google.com/citations?hl=en&user=SAle0QUAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=36709184000
https://www.webofscience.com/wos/author/record/2307992
https://orcid.org/0000-0002-4193-0963
https://scholar.google.com/citations?hl=en&user=Ed4LnZ8AAAAJ
https://www.scopus.com/authid/detail.uri?authorId=24448057100
https://www.webofscience.com/wos/author/record/120070
https://orcid.org/0000-0003-3011-8504
https://scholar.google.com/citations?hl=en&user=fmw2JlIAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57024039300
https://www.webofscience.com/wos/author/record/CAG-3119-2022
https://orcid.org/0000-0001-7538-0480
https://scholar.google.com/citations?hl=en&user=AoVdH44AAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57195589331
https://www.webofscience.com/wos/author/record/GZG-6505-2022

