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Abstract: In this article, a switched reluctance machine (SRM) with six phases and a misaligned
segmental rotor is proposed. The segmental rotor has an internal 15-degree misalignment, allowing
the SRM structure to be a one-layer 2D structure with a short flux path structure. The proposed
SRM produces a relatively low torque ripple by exciting two phases simultaneously. Additionally,
an optimization method is applied, allowing for the maximum torque position of one phase to be
aligned with the zero-torque position of the adjacent phase. The finite element method (FEM) is
used to analyze and design the proposed SRM and to simulate the proposed liquid cooling system.
The static torque waveforms are analyzed, and the dynamic torque waveforms are simulated with a
drive using SiC MOSFETs. Finally, a prototype is manufactured, and the experiment is performed to
validate the design and simulation results.

Keywords: switched reluctance machine; segmental rotor; torque ripple; finite element method;
multi-stack; electric vehicles

1. Introduction

The switched reluctance machine (SRM) has received increasing attention as a potential
electric machine for electric vehicle (EV) applications. It has advantages, such as structure
simplicity, high robustness, high reliability and low manufacturing costs [1,2]. The main
disadvantages of the SRM are the torque ripple and limited torque density. Numerous
research studies were conducted to introduce different approaches to reduce the torque
ripple or increase the average torque. The SRM with a segmental rotor is one of these
approaches. The study presented in [3] demonstrated an SRM with a segmental rotor. This
SRM obtained significant performance improvement compared to the conventional one.
Furthermore, in [4], an 80 kW SRM with a segmental rotor was developed. The optimization
results showed that this SRM is likely to be able to produce an equivalent performance as a
class-leading Internal Permanent Magnet (IPM) machine. Moreover, in [5], an SRM with a
segmental rotor was proposed. From the simulation results, the average torque increased
by 6.5%, and the torque ripple reduced by 2.0% compared to the reference SRM.

The multi-layer structure is another approach to reducing the torque ripple as shown
in [6], where a two-layer SRM was proposed. A multi-layer SRM was proposed by [7] to
reach a lower torque ripple. A double layer per phase SRM was presented by [8], and a
prototype was built and tested. In [9], an SRM with a multilayer structure was proposed.
The simulation results show that it is a promising SRM structure. The study [10] analyzed
a multi-layer SRM with a magnetic equivalent circuit (MEC) model. A novel shape design
method was introduced to decrease the torque ripple of a multi-layer SRM. A combination
of a multi-layer and segmental rotor was introduced by [11]. It was a two-step multi-layer
rotor from the segmental type. The SRM with a segmental and multi-layer rotor increased
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the average torque by 10% and reduced the torque ripple by 19% compared to an SRM
with a segmental rotor but without a multi-layer rotor.

The asymmetric rotor or stator is an important approach to design an SRM with
reduced torque ripple. The article [12] introduced a three-phase 12/10 asymmetric SRM.
Finite element method (FEM) simulation was used to analyze the SRM. The study [13]
presented a 6/4 asymmetric stator SRM. The air-gap length and the width of stator poles
were analyzed. A two-phase SRM with an asymmetric rotor was proposed in [14]. The
asymmetric rotor provides the SRM the capability to start from various initial rotor positions.
The research [15] proposed a control method for an asymmetric rotor SRM, by focusing on
its torque ripple performance. An asymmetric rotor SRM was presented in [16] to reduce
the torque ripple. The design method was introduced in the cited study. Compared to a
conventional SRM, the presented SRM reduced the torque ripple by 10%. An asymmetric
rotor bearingless SRM was introduced in [17] to reduce the torque ripple. The introduced
SRM has 20% lower torque ripple compared to a conventional bearingless SRM. In general,
the steps on the asymmetric rotor or stator poles increased the total reluctance between the
rotor and stator poles when the rotor pole is at the aligned position. The proposed SRM in
this paper does not have the step structure and has identical air-gap length when the rotor
pole is at the aligned position. It is an advantage to decrease the reluctance and increase
the output torque, compared to the asymmetric rotor or stator structure.

The cooling system is an important aspect of SRM design as well. The research [18]
introduced a 10 kW liquid cooled SRM and its thermal model. The model was used to
optimize the cooling system. A liquid-cooled SRM with a coolant jacket structure was
proposed in [19]. A dual-flute helical heat exchanger was used for the cooling jacket.
The study [20] proposed a thermal model for an SRM for high-speed applications. An
evaporative cooling SRM and a conventional SRM were compared in [21]. The results show
that the evaporative cooling method decreases the magnitude of the radial electromagnetic
force. An improved thermal lumped parameter model was proposed and validated in [22]
for SRMs. An advanced direct coil cooling method for SRMs is modelled and tested in [23].
Compared to a standard water jacket cooling method, the cooling method proposed in [23]
indicates a 47.8% power density improvement and 52.8% thermal performance gain.

This article proposes an improved SRM with a misaligned segmental rotor. The rated
power of the proposed SRM is 2 kW, which represents a reduced scaled prototype for
experimental tests for an 80 kW full scale SRM for EV applications. The rated speed of
the proposed SRM is 3000 rpm; the rated torque is 6.5 Nm. It is a combination of a multi-
layer SRM and a segmental rotor SRM. Notably, the multi-layer structure is designed for
a 2D structure by misaligning the rotor segments with a short flux path configuration.
It simplifies the SRM structure to make it easier to analyze and manufacture. With the
adopted method where two machine phases are excited simultaneously, the power density
of the proposed SRM is increased. With the FEM optimization method, the pole shape of
the proposed SRM is designed to achieve lower torque ripple. The structure and method of
operation of the proposed SRM are introduced in Section 2. In Section 3, the electromagnetic
analysis is conducted with finite element analysis (FEA), and an optimization method is
presented. In Section 4, the liquid cooling system is analyzed and tested. In Section 5,
the SiC driver and dynamic simulation of the proposed SRM system are analyzed. The
prototype of the proposed SRM and the experimental results are presented in Section 6,
and conclusions are drawn in Section 7.

2. Structure and Operation Method of the Proposed SRM

This section presents the basic structure and the operation method of the proposed
SRM. Figure 1a shows the structure of the proposed SRM, which is a six-phase SRM with a
misaligned rotor segment. Two of the rotor segments are misaligned by 15 degrees. With
the misaligned rotor segments, the proposed SRM has two phases working simultaneously.
It means one out of three phases is working when it is running. The conventional SRM in
Figure 1b is the reference SRM, compared to the proposed SRM.
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Figure 1. The structure of the SRMs: (a) the proposed segmental SRM; (b) a conventional SRM.

The conventional SRM is a three-phase SRM. Typically, it has one out of three phases
working simultaneously. The operational phase number ratio of the conventional SRM is
the same for the proposed SRM. As a result, the conventional three-phase SRM is selected
to be the reference SRM.

The parameters of the SRMs are listed in Table 1. The proposed SRM and the conven-
tional SRM have the same volume and air-gap length. They also have the same number of
turns and the same number of stator poles.

Table 1. Parameters of the proposed SRM and the conventional SRM.

Parameter Proposed SRM Conventional SRM

Stator outer diameter (mm) 139.6 139.6
Lamination thickness (mm) 0.35 0.35

Stator pole height (mm) 23.27 19.3
Stator inner diameter (mm) 71.62 84
Rotor outer diameter (mm) 71.12 83.5

Rotor pole height (mm) 10.72 14.75
Air-gap length (mm) 0.25 0.25

Stack length (mm) 120 120
Number of phases 6 3

Number of phases working simultaneously 2 1
Copper winding length per phase (m) 37.12 32

Number of turns per phase 64 64
Number of stator poles 12 12
Number of rotor poles 4 8

Number of rotor pole pairs 1 4
Maximum average static torque (Nm) 23.9 6.6

From the Table 1, it can be seen that the copper-winding length per phase of the
proposed SRM is 16% longer than the conventional SRM. Furthermore, the proposed SRM
has six phases, and the conventional SRM has three phases. It means that the proposed
SRM contains considerably more copper than the conventional SRM. Due to this reason, the
total efficiency of the proposed SRM is lower than the conventional SRM. This is the main
disadvantage of the proposed SRM. On the other hand, the torque output performance of
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the proposed SRM has increased considerably due to the copper increase. With the same
maximum current 35 A, the average static torque of the proposed SRM is 23.9 Nm. It is
6.6 Nm for the conventional SRM. Figure 2 presents the windings of the two SRMs.
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Figure 2. Windings of SRMs: (a) the proposed segmental SRM; (b) the conventional SRM.

Figure 3 demonstrates the inductance of winding for the SRMs from the unaligned to
the aligned position. The proposed SRM has higher winding inductance compared to the
conventional SRM. The reason is the difference of the winding lengths of the two SRMs.
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tional SRM.

Figure 4b presents the working method of the conventional three phases SRM [24,25].
Figure 4a shows the working method of the proposed SRM and illustrates the method to
reduce the torque ripple. Where the TA, TB, TC, TD, TE, TF and Ttotal means the positive
torque of phase A, B, C, D, E, F and the total positive torque, respectively. With the 15-degree
misalignment and two phases working simultaneously, the torque of each phase can be
summed to produce the total output torque and reduce the torque ripple. Furthermore,
as there are two phases working together, the power density of the proposed SRM can be
doubled compared to the conventional six-phase SRM.
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It can be seen from Figure 4b that when the SRM is in commutation from one phase
to a different phase, both involved phases produce a low torque. It results in the low sum
torque during the commutation process. Figure 4a shows that two phases are working
simultaneously for the proposed SRM. When one phase is in commutation, there is always
another phase producing high torque. This method of operation reduces the torque ripple.
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phase SRM.

The torque curve of each phase is designed by FEM with optimization methods and
shifted 30 degrees as the stator poles pitch satisfies the equation:

α = 360◦/Ns = 360◦/12 = 30◦ (1)

where α is the stator pole pitch, and Ns is the number of stator poles.
Figure 5 presents the flux lines of the proposed SRM for phase A. In Figure 5a, phase A

is energized, when the previous phase, phase F, is aligned. During operation, the excitation
of phase A should start at this position. Figure 5b shows the flux lines when the segment is
aligned with phase A. During operation, the demagnetization of phase A should finish at
this point.
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Figure 5. Magnetic fields of the proposed SRM: (a) magnetic fields when the previous phase of phase
A is aligned; (b) magnetic fields when phase A is aligned.

Figure 6 shows the CAD model of the proposed SRM. This CAD model is used for
FEM analysis and prototype manufacture.
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Figure 6. CAD model of the stator and rotor of the proposed SRM.

3. Electromagnetic Analysis and Optimization Method of the SRM

With the 2D FEM technique, the proposed SRM is analyzed and designed. Figure 7
displays the FEM simulation results of the proposed SRM.

The stator and rotor pole shapes are designed with the optimization method, for which
the results are shown in Figure 8. It is illustrated in Figure 4 that the distance between
the peak torque position and the aligned zero torque position should be 15 degrees which
means the maximum torque should appear at a 75-degree point. Figure 8a shows that with
the optimization method, the maximum torque point is located at the 75-degree point. This
distance is designed to be 15 degrees. Figure 8b illustrates the stator and rotor pole shapes
from the optimization.

Energies 2022, 15, x FOR PEER REVIEW 7 of 17 
 

 

  
(a) (b) 

Figure 7. FEM simulation results of the proposed SRM: (a) the mesh distribution; (b) the magnitude 

of the magnetic flux density. 

Table 2 lists the details of the optimization method. The objective is to minimize the 

distance between the maximum torque point and the 75-degree position. When the max-

imum torque point is fixed to the 75-degree position, the distance between the maximum 

torque point and the zero-torque point will be 15 degrees. The torque waveforms of the 

next phase are shifted by 15 degrees. As a result, the maximum torque point of the present 

phase will be in line with the zero-torque point of the next phase. Therefore, the torque 

ripple of the proposed SRM is reduced as illustrated in Figure 4. The degree-of-freedom 

is the width of the stator poles, and the constraint is to keep the slot area constant for the 

windings. The optimization algorithm used for this problem is the golden section search 

and parabolic interpolation algorithm [26,27]. 

 

Before optimization

After optimization

yoke

pole
air-gap

slot

 

(a) (b) 

Figure 8. Optimization of the proposed SRM: (a) the optimization results of the torque; (b) the opti-

mization result of the pole dimensions. 

Table 2. The details of the optimization methods. 

Objective 
Minimization of the distance between the maximum 

torque point and the 75-degree position in Figure 8a 

Variable Width of the pole in Figure 8b 

Constraint The slot area is constant in Figure 8b 

Optimization algorithm 
Golden section search and parabolic interpolation algo-

rithms 
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of the magnetic flux density.

Table 2 lists the details of the optimization method. The objective is to minimize the
distance between the maximum torque point and the 75-degree position. When the maxi-
mum torque point is fixed to the 75-degree position, the distance between the maximum
torque point and the zero-torque point will be 15 degrees. The torque waveforms of the
next phase are shifted by 15 degrees. As a result, the maximum torque point of the present
phase will be in line with the zero-torque point of the next phase. Therefore, the torque
ripple of the proposed SRM is reduced as illustrated in Figure 4. The degree-of-freedom
is the width of the stator poles, and the constraint is to keep the slot area constant for the
windings. The optimization algorithm used for this problem is the golden section search
and parabolic interpolation algorithm [26,27].
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Table 2. The details of the optimization methods.

Objective Minimization of the distance between the maximum torque point
and the 75-degree position in Figure 8a

Variable Width of the pole in Figure 8b

Constraint The slot area is constant in Figure 8b

Optimization algorithm Golden section search and parabolic interpolation algorithms

The optimization variable is the width of the stator poles in Figure 8b. Both the
thickness of the stator yoke and the thickness of the rotor segments are equal to the
thickness of the stator poles as shown in Figure 8b. The arc angle of the rotor segments is
equal to the arc angle across two stator poles. The thickness of the stator yoke, the thickness
of the rotor segments, and the arc angle of the rotor segments can be calculated from the
width of stator poles, which is the optimization variable.

The values from the optimization results are listed in Table 3. As the optimization is
performed and results obtained, the stator pole width is changed from 5 mm to 5.7 mm, the
rotor pole arc is changed from 21.9 degrees to 22.9 degrees, and the rotor inner diameter is
changed from 63.5 mm to 60.7 mm.

Table 3. SRM parameters before and after the optimization.

Parameter Before Optimization After Optimization

Stator pole width (mm) 5 5.7
Rotor pole arc (degree) 21.9 22.9

Rotor inner diameter (mm) 63.5 60.7

Figure 9 demonstrates the static profiles of the proposed SRM from the FEM simulation.
Figure 9a shows that the middle points of the torque profiles are misaligned 15 degrees.
Figure 9b presents that the middle points of the flux linkage profiles are misaligned by
15 degrees.

The torque can be expressed as:

Te = ∂Wem(θ, i)/∂θ = 1/2 × i2 × dL/dθ (2)

where Wem(θ, i) is the magnetic co-energy, i is the current, θ is the rotor position, and Te is
the torque [28]. All units are according to S.I. units.
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Figure 9. FEM simulation static torque and flux linkage profiles of the proposed SRM: (a) the static
torque profiles; (b) the static flux linkage profiles.

Figure 10 presents the static performance from the FEM simulation of the proposed
SRM. The FEM simulation is performed with the maximum current 35 A. The dashed line
in Figure 10 shows the sum of the positive torques of each phase. It explains the method
of the proposed SRM to reduce the torque ripple. Once the phases work in the sequence
displayed in Figure 4, the output torque ripple will be reduced. Figure 11 displays the FEM
simulation results of the conventional SRM with 35 A current. The average value of the
static torque for the proposed SRM and the conventional SRM are 23.9 Nm and 6.6 Nm,
respectively, as listed in Table 1. The difference is from the inductance difference of the
two SRMs.
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4. Cooling System Design

A water liquid cooling system with an aluminum machine cooling jacket is designed
for the proposed SRM. It is used to prevent the SRM from overheating. The FEM method is
used to analyze the cooling system. Figure 12 shows the schematic of the liquid cooling
system. Figure 13a shows the CAD model of the liquid cooling jacket. Figure 13b shows the
mesh distribution of the liquid cooling jacket and the SRM. The cooling jacket is directly
connected to the stator yoke. The liquid cooling channel is made directly inside the jacket.
Table 4 lists the parameters for the thermal analysis. When the phase current is 20 A, the
copper losses are 528 W, and the maximum temperature reaches 29.9 ◦C. The temperature
is in a safe range.
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Figure 13. Cooling jacket and the FEM analysis: (a) the CAD model of the cooling jacket and SRM;
(b) the mesh distribution for the FEM simulation.

Figure 14 shows the FEM simulation results of the cooling system for the proposed
SRM. It illustrates that the highest temperature areas are at the two end-windings zones.

Figure 15a presents the setup of the cooling system. Figure 15b illustrates the measured
thermal results. From a hole for the cable terminal on the water jacket, the temperature of
the stator can be observed. It is 26.4 ◦C as shown in Figure 15b.

Table 4. The loss parameters for the thermal analysis.

Phase Current (A) Copper Losses (W) Maximum Temperature (◦C)

20 528 29.946
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5. Simulation and Analysis

The dynamic simulations are performed to validate the proposed SRM. MATLAB/
Simscape™ is used to simulate the SRM systems.

Figure 16 shows the drive and control system for the conventional SRM and the
proposed SRM. SiC MOSFETs are used to create the driver as shown in Figure 16a. A
dual-loop control system is used in the simulation and experiment. The current controller
in Figure 16b is the hysteresis current controller. The speed controller is a PID controller.
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Figure 17 illustrates the simulated current waveforms and the torque waveform.
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6. Prototype and Experimental Results

To verify the simulation results, a prototype of the proposed SRM is manufactured.
A SiC MOSFET driver with a digital signal processor (DSP) controller is used to build the
SRM drive system. A DC motor is used as the load machine. The field winding of the DC
machine is connected to a DC voltage supply.

Figure 18 presents the prototype and setup of the proposed SRM. The torque sensor is
used to measure the static and dynamic torque of the SRM.

Figure 19 illustrates the FEM results and measured static torque and the measured
flux linkage for the proposed SRM. The measured results reach a good agreement with the
FEM simulation results. The flux calculation is based on the measured torque.
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The following equations present the relation between flux and torque [29].

Wem(θ0, i0) =
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Figure 18. Prototype and setup of the proposed SRM: (a) the prototype of the proposed SRM; (b) 

the setup of the SRM system for the experiment. 

The following equations present the relation between flux and torque [29]. 

Wem(ϴ0, i0) = ⎰T(ϴ, i0)dϴ + L0 × i02/2 (3) 

ψ(ϴ0, i0) = 𝜕Wem(ϴ0, i0)/𝜕i (4) 

T(θ, i0)dθ + L0 × i02/2 (3)
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ψ(θ0, i0) = ∂Wem(θ0, i0)/∂i (4)

where T(θ, i0) is the torque, L0 is the unaligned inductance of the SRM, which is measured
to be 5.3 mH, i0 is the phase current, Wem(θ0, i0) is the magnetic co-energy, and ψ(θ0, i0) is
the flux linkage.
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Figure 20 presents the torque-speed specification for the 80 kW full-scale SRM and the
2 kW small-scale proposed SRM. For both SRMs, the rated speeds are 3000 rpm, and the
maximum speeds are 6000 rpm. For the full-scale SRM, the rated torque is 254 Nm. The
rated torque is 6.5 Nm for the small-scale SRM. In Figure 20, the tested points for this paper
are marked.
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Figure 20. Torque speed specification for the full-scale SRM and the small-scale proposed SRM.

Figure 21a shows the proposed SRM experimental results of the current waveforms
for phase A, B and C at a speed of 1500 rpm with load. Figure 21b shows the proposed
SRM experimental current waveforms for phases D, E and F at 1500 rpm with load.
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Figure 21. The proposed SRM experiment results of the phase current waveforms at 1500 rpm with
load: (a) phase A, B and C current; (b) phase D, E and F current.

Figure 22 presents the reference SRM experiment results of the current waveforms
at the speed of 1500 rpm with load. The current waveforms are used to reconstruct the
accurate torque waveforms.
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Figure 22. The reference SRM experiment results of the phase current waveforms at 1500 rpm
with load.

The (3) expresses the definition of torque ripple:

Tr = (Tmax − Tmin)/Tavg (5)

where Tr is the torque ripple, Tmax is the maximum torque, Tmin is the minimum torque,
and Tavg is the average torque.

Figure 23a shows the experimental result of the torque waveforms measured from
the sensor on the shaft. It illustrates that the proposed SRM reduces the torque ripple
by 45% at 1500 rpm compared to the conventional SRM. Figure 23b displays the torque
ripple comparison from the sensor on the shaft for different speed values. It shows that
the proposed SRM obtains lower torque ripple measured from the sensor on the shaft at
different speeds compared to the conventional SRM.
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Figure 23. The experimental results from the sensor on the shaft: (a) torque waveforms at 1500 rpm;
(b) torque ripple comparison at different speeds.

However, the torque waveforms measured from the sensor on the shaft are smoothed
by the rotor. It should be reconstructed with the experiment current waveforms [30].

A simulink simulation is used to reconstruct the torque waveforms with the current
waveforms from Figures 21 and 22. Figure 24 presents the reconstruction results with the
1500 rpm speed and 2.76 Nm torque load. Figure 24a displays the torque waveform and
phase A current waveform for the proposed SRM. Figure 24b shows the torque waveform
comparison. The torque ripple of the proposed SRM is reduced by 14.86%, compared to
the reference SRM. Figure 24c displays the torque and phase A current waveforms for the
reference SRM.
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Moreover, the mechanical size of the proposed SRM is the same as the conventional
SRM as shown in Table 1.The rated power and torque of the proposed SRM are designed to
be the same as the conventional SRM, which are 2 kW and 6.5 Nm, respectively.

7. Conclusions and Future Work

A six-phase SRM with a segmental rotor with a 15-degree misalignment is proposed in
this paper for EV applications. With this misalignment, the proposed SRM torque ripple is
reduced. At 1500 rpm, the torque ripple is reduced by 54.9%, compared to the conventional
SRM. The FEM simulation is used to analyze and design the dimension of the proposed
SRM, and an optimization method is used to determine the pole shapes of the stator and
rotor, resulting in the 15-degree misalignment. A liquid cooling system is designed and
analyzed using FEM software, which is subsequently tested with experiments. The dynamic
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simulation of the SRM system is performed using a drive system with SiC MOSFETs. A
dual-loop control system is built with a DSP. The prototype of the proposed SRM was
manufactured and built, and experiments were performed to validate the torque ripple
improvement of the proposed SRM. The experiment results show that the torque ripple of
the proposed SRM is reduced for different speed ranges compared to the conventional SRM.

In the future, an advanced high-quality current controller will be further designed
to generate smooth current waveforms. As a result, the torque ripple of the SRM will be
further reduced. In addition, the electromagnetic interference (EMI) problem will also be
limited. Furthermore, the efficiency and converter cost of the proposed SRMs compared
to the interior permanent magnet machine should be analyzed comprehensively in future
work. Finally, the copper length of the proposed SRM is long. It may increase copper losses
and decrease SRM efficiency. It should be analyzed and updated in the future.
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