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Abstract: In this paper, the optimization and characteristics analysis of a three-phase 12/8 switched
reluctance motor (SRM) based on a Grey Wolf Optimizer (GWO) for electric vehicles (EVs) application
is presented. This research aims to enhance the output torque density of the proposed SRM. Finite
element method (FEM) was used to analyze the characteristics and optimization process of the
proposed motor. The proposed metaheuristic GWO combines numerous objective functions and
design constraints with different weight factors. Maximum flux density, current density, and motor
volume are selected as the optimization constraints, which play a significant role in the optimization
process. GWO performs optimization for each iteration and sends it to FEM software to analyze the
performance before starting another iteration until the optimized value is found. Simulations are
employed to understand the characteristics of the proposed motor. Finally, the optimized prototype
motor is manufactured and performance is verified by experiment. It is shown that the torque can be
increased by 120% for the same outer volume, by using the proposed method.

Keywords: Grey Wolf Optimization (GWO); high torque density; switched reluctance motor (SRM);
electric vehicles (EVs); finite element method (FEM)

1. Introduction

Electric vehicle (EV) has been in operation for over a century. Due to the energy crisis
and environmental issues, EVs are going through a resurgence in interest to substitute the
usual fossil fuel vehicles. EVs are quiet, require minimum maintenance, and do not emit
air pollutants compared to fossil fuel vehicles [1,2]. It is desired that the electric motors
for traction have a high average torque, low torque ripple, higher torque density, and
higher efficiency to meet the requirements of traction performance of EVs applications [3].
There have been studies on the “best” traction motor drives for EVs applications. The
permanent magnet (PM) motors usually come with better results [4,5]. Permanent magnet
implementation, depending on its core materials, can significantly increase the efficiency
and power density of an electric motor. Rare earth material (REM)-based PMs are the
best-known option. However, there are a few concerns regarding the availability of rare
earth material [6,7]. Moreover, considering the availability and cost of the rare earth
material-based PMs, the motors are expensive to manufacture. In consideration of the cost
of PMs, the development of high performance rare-earth free motors for EVs applications
has gained a multitude of attentions. In several studies, researchers stated switched
reluctance motor (SRM) as an alternative drive for electric vehicles and it is becoming a
strong competitor to the other drives. Switched reluctance motor (SRM) is a doubly salient,
singly excited machine that is well-known for its simple structure. The stator windings are
concentrated and both rotor and stator are merely made up of core lamination stacks with
no PMs. This simplicity leads to high robustness and low manufacturing costs compared
to other AC machines, which is the main attractive point of SRMs.
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However, the operation of SRM is heavily dependent on reluctance torque, SRMs
inherently gives lower power and torque density and efficiency compared to PM motors.
These problems have to be solved in order to utilize SRM as a traction drive for EVs.
So, the first challenging problem of this paper is torque density improvement of the
proposed SRM through an optimization process. Generally, the main objective of any
optimization method is to make the best use of the benefits of the SRM and minimize its
drawbacks. Several types of research have been done on SRMs optimization [8–13]. In [8],
the optimization process was carried out using a combination of the Seeker Optimization
Algorithm (SOA) and finite element method (FEM). The aim of the algorithm was to find
the maximum torque at the minimum mass of the entire construction by changing the
geometric parameters. A conventional optimization was discussed to optimize the physical
dimensions of the SRM [10]. For maximizing the average torque and minimizing torque
ripple, Balaji and Kamaraj used the particle swarm optimization method and the stator and
rotor pole arc, selected as design variables [11]. Gao et al. introduced a design optimization
technique to optimize average torque and reduction in torque ripple by using particle
swarm optimization (PSO). The suggested approach led to the development of optimal
design parameters such as pole arc, the core length, air gap, etc. [12]. In [13], Ma and
Qu proposed a framework for multi-objective optimization based on a hybrid method of
design experiments and PSO method.

The optimization algorithms categorized into two types: nature-inspired evolution-
ary and physics-inspired algorithms. Genetic algorithm (GA), PSO, differential evolu-
tion (DE), ant colony optimization (ACO), and cuckoo search (CS) are the most common
nature-inspired evolutionary algorithms. The simulated annealing (SA) and center force
optimization (CFO) are physics-inspired methods proven in solving global optimization
problems [14]. In recent years, the nature-inspired algorithm has been employed in several
areas of engineering such as renewable energy, control, microwave applications, power,
electrical engineering, pattern recognition, and biomedical engineering [15,16]. The Grey
Wolf Optimizer (GWO) algorithm is a recent population-based nature-inspired evolution-
ary algorithm that was developed by Mirjalili in 2014 [14]. This algorithm has been shown
to solve non-convex engineering optimization problems and to achieve optimum results
compared to GA, PSO, and DE.

In this paper, the optimization and characteristics analysis of a high torque density
three-phase 12/8 SRM based on the GWO algorithm is presented. A prototype electromag-
netic design and optimization approach is developed, which makes use of finite element
analysis (FEA) simulation tool to estimate the SRM overall performance. The proposed
technique is not limited to only the proposed motor, but is relevant to any SRM topologies
and dimensions, and no precise modeling is required in advance. In other words, a com-
puterized SRM design and optimization strategy using a Grey Wolf Optimizer (GWO) are
proposed. The program flow consists of two independent parts: (a) FEA model of SRM
and (b) the optimization procedure. In this optimization, ten design variables were selected
and maximum flux density, current density, motor volume were selected as optimization
constraints, which plays a significant role in the optimization process.

The introduction to this study which includes previous related researches has been
presented above in Section 1. Section 2 below explains each design parameter of SRM
and also parameter selection and boundary for optimization. Next, in Section 3, the
GWO algorithm is briefly described. The optimization process and results are observed in
Section 4 where the initial and optimized models are compared and analyzed. To verify the
proposed method, prototype SRM was manufactured according to the design and tested.
The experiment results are presented in Section 5. Finally, the summary of this study is
shown in the conclusions in Section 6.
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2. Design of Proposed SRM
2.1. Design Target

In this paper, a three-phase 12/8 SRM is chosen for EVs application. The design
specifications of the motor are shown in Table 1. In this optimization process, the current
density of the stator winding and maximum flux density are to be less than or equal to
10 [A/mm2] and 1.70 [T], respectively. The 35PN210 steel is used as the core material for
stator and rotor. To achieve a high torque density, the target value is 8 [Nm/L] or higher,
which is much higher than the best value of a conventional SRMs, 5 [Nm/L].

Table 1. Specification of 12/8 switched reluctance motor (SRM).

Parameters Value

Volume [L] 0.5
Output power [kW] 1.8

Efficiency [%] 85
Noise [dB] 80

Torque density [Nm/L] ≥8

2.2. Design Considerations

The SRM has a simple operation principle and construction. The general power
equation for an electric motor can be written as:

Pw = Teω (1)

where Pw is the electric output power in watts, Te is the output torque in Nm, and ω is the
speed in rad/sec, respectively.

In this study, the motor volume and output power are considered 0.5 [L] and 1.8 [kW],
respectively. The volume of the motor is determined by the stator outer diameter and
motor axial length, including the actual stack or core length and both end-coil length of the
stator. Figure 1 shows the SRM topology with its geometric parameters.

Figure 1. Cross sectional view of 12/8 SRM.
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The motor volume can be derived as:

V =
π

4
D2

s Laxial (2)

where V is the motor volume, Ds is the stator outer diameter, and Laxial is the motor axial
length, correspondingly. According to the motor volume, the rotor outer diameter and the
axial length of the motor are calculated.

Figure 2 shows the SRM stator core and winding with its winding parameters. The
stator coil end height (Lc.end) is derived by:

Lc.end = [1 + (n− 1) sin θd]d (3)

where the total number of winding layers is n, and the winding center to center angle is θd.
Total end coil length is derived by:

LT.end = 2Lc.end + kerrorLc.end (4)

where total end coil length is LT.end and kerror is the winding error constant. The axial
length of the stator can be derived as [17,18]:

Laxial = Lstack + LT.end (5)

where Lstack is the stack or core length of the stator and LT.end is the stator end-coil length.
In the optimization process, the end-coil length has been considered as zero; as a result the
axial length is equal to stack length of the stator. The general equation of the stack length
of the stator can be derived as:

Lstack = k1Dr (6)

where Dr is the rotor outer diameter of the motor and k1 is constant, for non-servo applica-
tions, the range of k1 is given by [17–19],

0.25 < k1 < 0.70 (7)

Figure 2. End coil calculation of stator winding.

The general torque equation of SRM can be written as:

Te = kDr
2Lstack (8)

where k is constant and the typical values of k for this application is considered as
5500~20,000 Nm/m3. According to the empirical value of constant k, the output torque
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is calculated. The selection of the stator and rotor pole arc is one of the most important
parts of the design process. Some limitations on these values are specified in [20] and
summarized here.

The rotor pole arc angle is greater than the pole arc angle, which can be derived as:

βs ≤ βr (9)

The sum of the stator and rotor pole arc are less than or equal to rotor pole pitch [20],
which can be derived as:

2π

Nr
≤ βs + βr (10)

2π

mNr
≤ βs ≤

π

Nr
(11)

where βs, βr is the stator, rotor pole arc in degree, m is the number of phase and π is in
degree, respectively.

The consequence of not following these conditions is that the machine will begin with
a positive inductance profile before approaching the minimum value. This leads to an
increase in the unaligned inductance value and the torque generation to decrease. The
three conditions can be demonstrated in a drawing to summarize a feasible area. It is
necessary that the stator and rotor pole angles of the machine located in this area. This area
for a 12/8 machine is shown in Figure 3. The zone underneath OF illustrated in (9) and (11)
is indicated by the zone above GH, and the zone underneath DE is illustrated in (10). In
this study, the stator and rotor pole have a tapper angle, which makes the different pole
width at the pole top to the bottom side. The stator and rotor pole width is minimum on
top and maximum on the bottom. If the tapper angle is zero, then the minimum pole width
is equal to the maximum pole width. Figure 3 shows the graphical representation of the
stator and rotor poles. The stator and rotor pole width of SRM can be written as [18,19]:

wsp =
(

Dr + 2Ag
)

sin
(

βs

2

)
(12)

wrp = Dr sin
(

βs

2

)
(13)

where wsp, wrp, Ag are the stator, rotor pole width and airgap length in millimeter, βs, βr
are the stator and rotor pole arc in degree, respectively. In Figure 4, wspm, wsp denotes the
stator maximum and minimum pole width in millimeter, wrpm, wrp are the rotor maximum
and minimum pole width in millimeter, τs, τr are the stator and rotor tapper angle in
degree, respectively.

The stator maximum pole width can be driven based on the following Equations
(14)–(18) and Figures 4 and 5, respectively:

Rsi =
(

Rs − ysrwsp
)

(14)

θs = π +
βs

2
− τs (15)

∆s = (2Rbcosθs)
2 − 4(R2

b − Rsi
2) (16)

cs = Rbcosθs ±
√

∆s

2
(17)

wspm = 2
(

cs sin(τs) + Rb sin
βs

2

)
(18)
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where Rsi, Rs, Rb are the stator inner, outer and bore radius, ysr is the stator yoke ratio. The
calculation process of maximum rotor pole width can be derived based on the following
Equations (19)–(23) and Figures 4 and 5, respectively:

Rri =
(

Rs f t − yrrwrp

)
(19)

θr =
βr

2
+ τr (20)

∆r = (2Rrcosθr)
2 − 4(R2

r − Rri
2) (21)

cs = Rbcosθ ±
√

∆r

2
(22)

wrpm = 2
(

c sin(τr) + Rr sin
βs

2

)
(23)

where Rri, Rr, Rs f t are the rotor inner, outer and shaft radius, yrr is the rotor yoke ratio. The
stator yoke thickness has to be a minimum of 0.5 wsp. The range of stator yoke thickness is
defined as:

wsp > ys ≥ 0.5 wsp (24)

Figure 3. Feasible pole arc angle.

Figure 4. Notations of stator and rotor poles.
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Figure 5. Detailed notations of stator and rotor poles.

In this study, the fixed and variable parameters of 12/8 SRM were calculated based on
the above design consideration and those summarized in Tables 2 and 3.

Table 2. Fixed parameters.

Parameters Value

Volume [L] 0.5
Air-gap (Ag) [mm] 0.30

Shaft diameter (Ds f t) [mm] 20
Lamination core material 35PN210

Lamination thickness [mm] 0.35

Table 3. Motor parameters for optimization.

Parameters Value

Stator outer diameter (Ds) [mm] 150 ≤ Ds ≤ 170
Bore diameter (D) [mm] 90 ≤ D ≤ 120
Stator pole arc (βs) [deg] 15◦ ≤ βr ≤ 24◦

Rotor pole arc (βr) [deg] 15◦ ≤ βs ≤ 20◦

Stator tapper angle (τs) [deg] 0◦ ≤ τs ≤ 10◦

Rotor tapper angle (τr) [deg] 0◦ ≤ τr ≤ 10◦

Stator yoke ratio (ysr) 0.45 ≤ ysr ≤ 0.75
Rotor yoke ratio (yrr) 0.6 ≤ yrr ≤ 2.5

MMF [AT] 400 ≤ MMF ≤ 1600
Fill factor (FF) [%] 30 ≤ FF ≤ 45

3. The Gray Wolf Optimizer (GWO)

GWO is a recently developed metaheuristic intelligence optimization algorithm for
the different engineering application proposed in 2014 by Mirjalili et al. [14], which has
good accuracy in global search and convergence. The GWO algorithm works based on the
strong social hierarchy and hunting behavior of the wolf population. The population can
be categorized as alpha, beta, delta and omega. The alpha, beta, delta and omega wolves
flow in terms of social rank from high to low. In the grey wolf population, the best solution
is represented as the alpha, the second-best solution as the beta, the third-best solution as
delta, and other solutions as omega wolves. In addition to the grey wolves’ social hierarchy,
hunting is another vital social comportment of the grey wolves. In the algorithm, hunting
processes are executed by the alpha (α), beta (β), and delta (δ) wolves. The omega (ω) or
other wolves follow the three wolves to carry on the prey chasing, approaching, tracking,
pursuing, harassing, encirclement, and suppression. Finally, the predation process finishes.
In GWO, the social hierarchy mathematical model is developed based on the rank of alpha,
beta and delta wolves. The hunting behavior of the wolves is mainly tracking, encircling,
and attacking the prey. The mathematical expression of the grey wolf encircling behavior
can be derived as:

→
D =

∣∣∣∣→C ·→Xp(t)−
→
X(t)

∣∣∣∣ (25)



Energies 2021, 14, 2013 8 of 17

→
X(t + 1) =

→
Xp(t)−

→
A·
→
D (26)

where t specifies the current iteration,
→
A and

→
C are coefficient vectors,

→
Xp is the position

vector of the prey,
→
D is the distance vector of the wolf, and

→
X indicates the position vector

of a grey wolf. The vectors
→
A and

→
C are calculated as follows:

→
A = 2

→
a ·→r1−

→
a (27)

→
C = 2·→r2 (28)

where
→
a components are linearly reduced from 2 to 0 and r1, r2 are random vectors of [0,

1]. In the optimization process, the possible position of prey can be detected by the alpha
(the best candidate solution), beta and delta population. The wolves update their position
based on information of alpha, beta, and delta population and mathematical expression
can be expressed in Equations (29)–(35) [14,21].

→
Dα =

∣∣∣∣→C1·
→
Xα −

→
X
∣∣∣∣ (29)

→
Dβ =

∣∣∣∣→C2·
→
Xβ −

→
X
∣∣∣∣ (30)

→
Dδ =

∣∣∣∣→C3·
→
Xδ −

→
X
∣∣∣∣ (31)

→
X1 =

→
Xα −

→
a1·
( →

Dα

)
(32)

→
X2 =

→
Xβ −

→
a2·
( →

Dβ

)
(33)

→
X2 =

→
Xδ −

→
a3·
(→

Dδ

)
(34)

→
X(t + 1) =

 →
X1 +

→
X2 +

→
X3

3

 (35)

The optimization is to evaluate the prey’s location according to the alpha, beta and
delta wolves. Then, the rest of the wolves use the location as a reference and randomly
update their locations around the prey. The grey wolves update their positions based on
the location information of alpha, beta and delta, as shown in Figure 6 [21].

Figure 6. Updating process of wolves’ position in Grey Wolf Optimizer (GWO).
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4. SRM Optimization Process

The SRM optimization process includes the GWO-FEMM (Finite Element Method
Magnetics) modelling for FEA-based objective function calculation, optimization and
analysis. FEMM is a free software for FEA and it allows freedom in design because the
geometry can be drawn simply by connecting dots placed accordingly in the cartesian
plane. Therefore, the result of GWO after each iteration is applied to change the geometry
by moving the dots and lines in FEMM where the magnetic characteristics can be observed.
In this study, the stator outer diameter, rotor diameter, stator pole arc, rotor pole arc, stator
tapper angle, rotor tapper angle, stator yoke ratio, rotor yoke ratio, slot fill factor and MMF
are selected as optimization variables:

X = (Ds, Dr, βs, βr, τs, τr, ysr, yrr, FF, MMF) (36)

The design variables limited by the lower and upper limits of the application and
implemented by the heuristic technique:

Lower− Bound (LB) = XLB (37)

Upper− Bound (UB) = XUB (38)

The geometric limits are considered using the design consideration of the motor.
During this process the stator outer diameter, stator pole arc, stator pole tapper angle, stator
yoke, rotor diameter, rotor pole arc, rotor pole tapper angle, rotor yoke, magnetomotive
force, and fill factor are calculated by maintaining the same volumes.

4.1. Modeling of GWO-FEMM Objective Function

In optimization, the GWO-FEMM optimization model is presented, which evaluates
the objective function. The objective function is the function of output torque [Tavg(X)]
and torque ripple [Tripple(X)]. Additionally, the objective function is calculated based on
design constraints: current density less than or equal to 10 [A/mm2] and flux density less
than or equal to 1.7 [T]. The output torque and torque ripple are evaluated by FEMM. The
torque ripple can be calculated by:

Tripple =

(
Tmax − Tmin

Tavg

)
× 100% (39)

where, Tripple, Tmax, Tmin and Tavg denote the torque ripple, maximum torque, minimum
torque and average torque, respectively.

The objective function can be derived as:

Fitness Value (FV) = W1

(
Tavg(X)

Tavg(T)

)
+ W2

(
Tripple(T)
Tripple(X)

)
(40)

where w1, w2 are weight factors that are satisfying w1 + w2 = 1, Tripple(T) and Tavg(T) are
the target torque ripple and average torque, respectively. This research aims to enhance the
torque density, maximizing output torque and minimizing torque ripple while maintaining
the same volume, current density, and flux density based on optimal design parameters.
Hence, GWO-FEMM is used to represent the relationship between the torque and torque
ripple of design variables, as shown in Figure 7.

4.2. Optimization Process

In this study, the special optimization software was designed in the MATLAB by using
the GUI toolbox. In the main program, the input parameter of GUI transfer to MATLAB
GWO main program, these design parameters translate to the MATLAB commands and
send to the FEMM MATLAB commands for finite element analysis by calling the FEMM.
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The GWO optimization procedure of SRMs for MATLAB and FEMM is demonstrated in
Figure 8.

Figure 7. Modeling of GWO-FEMM (Finite Element Method Magnetics).

Figure 8. Flowchart of GWO-FEMM optimization: (a) overall flow (b) GWO-FEMM.

The variable design parameters are known as the input data. In GUI, variable design
parameters are transferred to the GWO to generate random design parameters using
GWO initialize constants. Thereafter, the design parameters are transferred to the FEMM
software to calculate the magnetic parameter of flux density, current density and compered
to magnetic consideration values. If it satisfies the magnetic consideration, the FEMM
software calculates the average torque and torque ripple and estimates objective function.
Alternatively, if the magnetic considerations are not satisfied, GWO updates the design
parameters using initialized constants, and the fitness value is considered zero. The GWO
algorithm selects the best three fitness values for each iteration, defined as alpha, beta, and
delta fitness values. Each iteration of the GWO update design parameters using initial
constants, based on alpha, beta, and delta position. This process repeated with the final
iteration number. At the last iteration, the best fitness value and optimal design parameter
of GWO sent to the MATLAB main program and plot fitness values evaluation concerning
the total iteration number. The population size of this optimization algorithm was 30 and
the total number of iterations was considered as 150 [14,22]. The optimization algorithm
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generates 4500 sets of design parameters, and the FEMM run total of 4500 times to analyze
the motor for completing the entire optimization process.

4.3. Optimization Results

In this study, GWO is used to optimize the SRM, and the fitness function includes
different values such as the average torque, torque ripple, current density, and the flux
density. Figure 9 shows that the fitness values of 12/8 SRM are converged.

Figure 9. Fitness convergence curve.

Figure 10 illustrate the geometric dimension comparison of the 12/8 initial and final
optimized models, respectively.

Figure 10. Initial and final optimized models.

Table 4 shows the physical parameters of the initial and the final optimized model,
respectively. At the aligned position, the flux density for the initial and final optimized
model is the same. It also maintained the same volume and current density. It also found
that the final optimized model has a higher rotor outer diameter compared to the initial
optimized model. The final optimized model contains the lower stator and rotor pole
arc. The higher rotor outer diameter and lower value of stator and rotor pole arc help to
increased average torque.
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Table 4. Dimension comparison.

Parameters Initial Value Final Value

Stator outer diameter [mm] 161.6 160
Stack length [mm] 20.8 19.0
Axial length [mm] 24.4 25

Rotor outer diameter [mm] 99.6 112.9
Shaft diameter [mm] 20 20
Stator pole arc [deg] 16.5 15
Rotor pole arc [deg] 17.1 15.5

Stator tapper angle [deg] 1.7 1.0
Rotor tapper angle [deg] 6.3 4.5

The output torque is proportional to the square of the current and the discrepancy of
inductance against the rotor position. High inductance slope results in increased output
torque. Figure 11a,b show the static torque, inductance and continuous torque of the initial
model, respectively. The average torque and torque ripple of the initial model are 3.5 [Nm]
and 65%, respectively.
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The SRM efficiency depends on loss. The losses in an SRM are related to copper, core,
and mechanical ones. The copper loss depends on phase current and phase resistance. The
copper loss can be representing as:

Pcu = I2
pRp (41)

where Pcu is the phase copper loss, Ip is the phase current and Rp is the phase resistance,
respectively. The core loss forecast is a crucial factor of the design strategy of the SRM.
In the SRM, the core loss depends on the flux density. The core loss is difficult to predict
because of the change of flux densities produced by the different frequencies in the stator
sections. In addition, the core loss also depends on the shape of the current waveforms of
the magnetic circuit in different portions. Therefore, a precise assessment of the core loss in
SRM would require decomposition of the frequency and flux density in each section [23,24].
The core loss in an SRM includes hysteresis, eddy current, and excess loss. Consequently,
the core loss is obtained using the Bertotti modified equation as [23,24]:

Pcore = kn f Ba+bB + ke f 2B2 + kex f 1.5B1.5 (42)

where a and b are the constant, B is flux density, f is the frequency, and kn, ke, and kex
are hysteresis, eddy current, and excess coefficients, respectively. The loss Pmec represents
energy lost in bearing friction and rotating parts. Mechanical loss Pmec depends on the
properties of the lubricant, type of bearing, the load on bearing and the shaft speed. Finally,
the total loss Ptotal in SRM can calculated as:

Ptotal = Pcu + Pcore + Pmec (43)

Figure 13 shows the torque, power and efficiency curves of the initial and final
optimized models, respectively. The initial optimized model shows that the output torque,
power and efficiency are 3.50 [Nm], 1.5 [kW] and 88.6 [%] at rated speed, respectively. On
the other hand, the optimized model shows that the output torque, power and efficiency are
4.35 [Nm], 1.85 [kW] and 89.4 [%] at rated speed. Finally, the final optimized model offers
higher torque, power and efficiency at rated speed compared to the initial one. Moreover,
the final modified model provides higher torque and efficiency at the higher and lower
speed region. The initial and final optimized motor maintained the same rated speed, and
the output powers are 1.5 and 1.85 [kW], respectively. Based on the optimization results of
the proposed motor, it can be conculcated that the optimization process has been carried
out correctly. The final optimized model has been chosen to manufacture the prototype
motor based on the static and dynamic performance analysis.

Figure 13. Characteristics of proposed SRM.
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5. Experimental Results of Prototype 12/8 SRM

A prototype three-phase 12/8 SRM is manufactured for light electric vehicle applica-
tions. Figure 14 shows the prototype 12/8 SRM.

Figure 14. Prototype motor: (a) Assembled, (b) Stator, (c) Rotor.

The experimental result is executed to verify the performance of the proposed motor.
The result can be divided into two parts, static and dynamic. The experimental setup of
the prototype motor is presented in Figure 15. The maximum switching frequency of IGBT
(Insulated Gate Bipolar Transistor) is 20 [kHz]. The main control board is based on the
microcontroller TMS320F28335 with a clock frequency up to 150 [MHz]. The experimental
setup included the prototype SRM, power circuit, control board, servo motor, servo drive,
and torque sensor.

Figure 15. Test set-up: (a) Controller, (b,c) Measurement set-up.

Figure 16 illustrates the output power and efficiency at rated torque. The experimental
results show that the rated torque, output power, rated speed and efficiency are 4.2 [Nm],
1.8 [kW], 4100 [rpm] and 85.6 [%], respectively. The results shows that the manufactured
prototype 12/8 SRM is closely matched to the characteristics of the optimized 12/8 SRM.
Moreover, the experimental output power, torque and efficiency are reduced by 3.8 [%],
3.5 [%] and 3.7 [%], respectively compared to the simulation. The efficiency discrepancy
between the simulation and experimental results is mostly caused by a manufacturing error,
mechanical and stray losses. Manufacturing error included a slight difference in winding
design (how it is actually wound and resistance). Maximum current in the simulation was
33 [A] and in the experiment was 39 [A] which leads to an increase in copper loss, which
is one of the factors of lower efficiency in the experiment. Nevertheless, Table 5 shows
the final performance comparison between simulation and experimental results as well as
conventional SRMs. The proposed motor torque density is 8.4 [Nm/L], it was increased
by 32% compared to our conventional ones. On the other hand, the power density and
efficiency are increased by 60% and 1.8%, respectively. Finally, the above comparisons
show that the optimized SRM achieved higher torque density, power density, and efficiency
compared to conventional ones.
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Figure 16. Output power and efficiency at rated torque (4.2 Nm): (a) simulation, (b) experimental.

Table 5. Performance comparison of conventional and proposed SRM.

Parameters
Conventional SRMs Proposed 12/8 SRM

6/4 8/6 12/8 Simulation Experimental

Output power [kW] 0.52 0.51 0.50 1.85 1.80
Speed [rpm] 2800 4100
Volume [L] 0.35 0.50

Torque [Nm] 1.77 1.74 1.71 4.35 4.20
Torque density [Nm/L] 5.10 4.98 4.89 8.60 8.40
Power density [kW/L] 1.49 1.46 1.43 3.70 3.60

Efficiency [%] 83.70 84.14 83.65 89.40 85.60

6. Conclusions

This study presents a constrained multi-objective optimization for the optimal design
of an SRM based on the meta-heuristic Grey Wolf Optimization (GWO) algorithm. The
proposed methodology aims to maximize the torque density of SRM for EVs through
geometric optimizations. The proposed method utilizes FEA to observe the characteristic
of the motor per iteration, which is crucial in SRM since the motor has highly non-linear
magnetic characteristics. GWO algorithm is a recently developed population-based nature-
inspired evolutionary algorithm. Without having precise modeling of SRM, GWO can
be easily utilized to optimize the parameters according to the objective function, which
in this case is torque. FEMM also gives a good degree of freedom and can be linked to
various optimization algorithms. GWO modifies the design parameters per iteration which
is analyzed through FEA in FEMM until the ‘location’ of the ‘prey’ has been found by the
‘wolves’. The results show that the final optimized model output torque can be increased
by about 0.85 Nm compared to the initial model. Simulation and experiment results have
proved that the proposed 12/8 SRM could operate at the rated speed of 4100 [rpm] and the
torque can be increased by around 120 [%] for the same outer volume.
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