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Abstract 
 

There is a growing interest in developing Switched Reluctance Motors for electrical traction applications. This is mainly 
due to the significant advantages as lower cost, better fault tolerance, high reliability possessed by Switched Reluctance 
Motor (SRM) when compared with any other rare earth motors. But the SRM suffers from a torque ripple problem due to 
its double saliency and this has limited its use in automotive traction applications. This paper deals with the design of an 
8/6 20kW SRM used for electric vehicle application and comparison of performance of the conventional motor with that 
of geometrically optimized SRM. The conventional design method is available in literature. The optimized geometry is 
modeled using JMAG software and compared with the conventional one for reduced torque ripple. The optimization was 
done for the air gap, extended pole shoe, fillets and circular windows for reduced torque ripple. The simulation shows a 
reduced torque ripple for the optimized geometry.  
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1. Introduction 
 
There has been a rapid resurgence in the research of SRM 
for electric vehicle applications. Automotive traction 
application necessitates higher torque density, performance, 
reliability, better fault tolerance and lesser costs. SRMs 
define their advantages with these criteria compared to an 
induction motor or a rare earth motor [1][2]. However, a 
wide acceptance of SRM is limited in the automotive field 
owing to its weight, torque ripple and acoustic noise unlike 
other type of motors of the same rating [3]. 
 In this paper, a simulation study is made on the torque 
ripple minimization of SRM. Torque ripple minimization 
can be carried out at both the design level and control level. 
Numerous methods are available in literature. During early 
2000’s, Electrical and geometrical optimization of SRM 
based on progressive quadratic response surface method was 
done by Choi, J.H., Kim, T.H., Jang, K.B. and Lee, J.[4]. 
This paper compared the PQRS method with the well known 
gradient method, showed an improvement of three times 
over the conjugate gradient method. A new rotor shape for 
SRM was proposed for reducing torque ripple in the year 
2004 [5]. A rotor with notched teeth was studied in this 
paper and torque ripple was seen to reduce by 4.4% from the 
conventional design. In the year 2007, pole shape 
optimization of the stator pole was done by Choi, Y.K., 
Yoon, H.S. and Koh, C.S. [6]. The effects of each design 
parameters were investigated using Finite Element Analysis. 
The torque ripple is reduced by 23%. A multi objective 
optimization technique for reduced torque ripple was done 
by Nabeta S.I., Chabu I.E., Lebensztajn L., Correa, D.A.P, 

Da Silva W.M. and Hameyer K. [7]. Finite element 
simulation was used to reduce the torque ripple and the 
system was shown to give higher torque density and lesser 
torque ripple. A survey paper on torque ripple minimization 
techniques of an SRM drive was done in 2010 [8]. This 
paper presents an extensive review of the origin of torque 
ripple and the approaches used for the minimization of 
torque ripple considering various design and control 
methods. Later, in the year 2016, a novel cylindrical outer 
rotor shape was considered for reducing torque ripple in 
SRM by K. Kiyota, T. Kakishima, A. Chiba and M. A 
Rahman [9]. Torque ripple, acoustic noise and windage loss 
were seen to reduce at certain drive points only. Recently, 
after 2018 numerous studies have been done on the design 
optimization of SRM for Electric traction applications. A 
high speed 20kW 18/12 SRM with asymmetrical bridge 
converter was proposed by A. A. S Bukhari and his team by 
using finite element analysis [10]. The developed prototype 
was shown to have high starting torque with higher speed 
and was seen suitable for light EVs. The motor also showed 
best average torque with a reduced torque ripple for 50% 
slot fill factor. In the same year, F. J Marquez Fernandez et 
al. proposed a 2 phase axial flux machine for traction 
application [11].  This study involved both segmented stator 
and rotor core. The tests showed good performance at low 
current values for high speed traction applications. An 
approach on the modular structure of SRM having modular 
stator and rotor structures using finite element analysis was 
proposed by S. A Ansari et al. [12]. The output torque was 
seen to increase by 18% from the conventional design with a 
decrease in the outer diameter of the machine by 20.8%. 
Another study focused on the design of pole arcs, Q Sun et 
al. designed a double stator SRM with multiple pole arcs for 
reducing the torque ripple in conventional SRMs [13]. 
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 The potential pole arcs are identified first followed by 
the optimization to arrive at the best possible pole arc 
combination for higher torque and reduced torque ripple. 
The design of a novel Hybrid SRM was done by J Zhu et al. 
by using permanent magnets for improved torque [14]. The 
proposed model was compared with a conventional SRM 
and seen to have higher average torque and reduced torque 
ripple. M Belhadi et al. proposed a new approach to reduce 
torque ripple for automotive applications by optimizing the 
motor structure [15]. The operating points are optimized 
using finite element analysis as well as fourier 
transformation. Core modification was also considered by M 
Aydemir et al. using a double U core SRM [16]. The torque 
ripple was found to reduce by large amounts at specific 
speeds. Optimization technique was also considered by H 
Chen et al. for SRM used in EV application [17]. A swarm 
optimization algorithm was used to arrive at the best 
possible design for reduced torque ripple factor. Lately new 
winding configuration and power converter combinations 
were also considered which was found to bring down torque 
ripple by considerable amount [18][19]. Geometrical 
modifications in SRM are considered to have a direct impact 
on the torque ripple minimization based on the literature. 
 Torque ripple minimization by PWM current control was 
done by I Husain and M Ehsani in the year 1996 [20]. This 
paper presents a new strategy of PWM current control for 
smooth operation of the drive. This method includes a 
current control strategy during commutation when torque 
ripple minimization is of utmost importance. S Mir, M.E 
Elbuluk and I Husain carried out the Torque-ripple 
minimization in SRMs using adaptive fuzzy control in 1999 
[21]. The torque is generated over the maximum positive 
torque-producing region of a phase and showed increased 
torque density. Five new optimization procedures for 
minimization of the torque ripple in a SRM was done in 
2005 [22]. Torque ripple is seen to reduce, but by a very 
small amount. V P Vujicic devised a technique for torque 
ripple minimization in SRM using the torque sharing 
function concept [23]. In 2015, torque ripple free operation 
of PM BLDC drives was done with petal wave current 
supply [24]. Torque performance was found to improve with 
this method. Several methods based on the PWM control 
strategy and torque sharing function were found helpful in 
reducing torque ripple in SRM recently [25][26]. A 
comparison between the DTC and DITC control techniques 
was shown in [27]. DITC was seen to reduce the torque 
ripple considerably compared to DTC. An improvement 
over the DTC technique was proposed in [28] by removing 
the hysteresis loop control of flux and selecting new voltage 
rules. The torque ripple was seen to reduce from 38.33% to 
16.67% by increasing the torque-ampere ratio. More 
recently, torque position based current modelling and model 
predictive control techniques have been considered in 
reducing torque ripple in SRM [29][30]. M Debouza et al. 
proposed a novel grey wolf optimization technique to 
optimize the SRM converter firing pulses to produce the 
lowest possible torque ripples [31]. The optimum value of 
the objective function to reduce torque ripple was found to 
be 0.98167. A review of the torque ripple minimization 
techniques was done by G Velmurugan et al. recently based 
on machine design changes and novel control strategies [32]. 
 This paper is organized into four sections. The 
conventionally designed motor and its performance is given 
in section 2. Section 3 focusses on the optimized geometry 
of SRM and its performance followed by conclusion and 
future scope in section 4.  

2. SRM model 
 
Design procedure for the developed SRM is carried out, 
considering a conventional electric vehicle Mahindra REVA 
available in India [33]. The previous work of the authors 
deals with the design of the conventional electric vehicle 
based on the forces acting on the vehicle system. This leads 
to a SRM of 20kW power rating [39]. Basic design of a 
SRM is given in [34][35][36].  Design data of the 20kW 
SRM is given in Table 1. 
 
Table .1. Motor design data 

Motor data Switched Reluctance 
Machine 

Outer/inner stator diameter dsa/dsi 
(mm) 

250/ 132.9 

Outer rotor diameter/ air gap 
dra/𝛿 (mm) 

132.5 / 0.2 

Tooth number: Stator/ Rotor 
Qs/Qr 

8/6 

Stack length lFe (mm) 300 
Stator resistance per phase (20 

°C) Rs (Ohm) 
0.85 

Armature winding / slot fill 
factor 

One coil per stator tooth / 
46.78 

Number of turns per phase Ns 40 
Rotor moment of inertia  0.0195 kgm2 

Shaft diameter (mm) 47.22 
Rated Speed (rpm) 2750 

Power (W) 20000 
Rated current (A) 38 

 
 JMAG software is used for the Finite Element Analysis 
(FEA) of the designed 8/6 20kW SRM. Mesh analysis is 
done based on the accuracy requirement for the simulation. 
Here, almost 2,00,000 meshes have been considered for 
improved accuracy of FEA. The mesh analysis is carried out 
for a speed of 2750 rpm, the base speed rating of the Electric 
vehicle considered. The mesh diagram of the half section of 
the SRM is shown in Fig. 1 

Fig. 1 Meshed SRM for FEA 
 

 Torque-speed characteristics of the 20kW SRM is shown 
in Fig. 2. Starting torque of 290Nm is achieved by the 
system. It can be seen that the motor has a very wide 
operating range over entire region of operation. At the base 
speed, the torque is almost 80Nm. The torque profile is seen 
to match the Electric Vehicle Torque-Speed Characteristics. 
 Power-speed curve of the 20kW SRM is shown in Fig. 3. 
It shows a peak power rating of 33kW. Power rating of 
22kW is achieved at the base speed rating of 2750rpm. The 
power is very well maintained throughout the entire range of 
operation. 
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Fig.2 Torque-speed characteristics 
 

Fig.3 Power-speed characteristics 
 

 Fig. 4 shows the efficiency-speed curve of the 20kW 
SRM. Peak efficiency occurs at 1250rpm and the efficiency 
at the base speed is 88%. 

Fig. 4 Efficiency-speed characteristics 

 
Fig. 5 Line current-speed characteristics 

 The line current-speed curve is given in Fig. 5. The 
maximum current is found to be nearly 120A. 
 The torque profile at 2750rpm given in Fig. 6 shows a 
continuous torque rating of around 72Nm for the switching 
operation at the base speed of 2750rpm which is more than 
the expected torque rating of 69.48Nm at the base speed. 

 
Fig.6 Torque profile at 2750rpm 

 
The torque ripple in an SRM can be written as  
 
𝑇𝑜𝑟𝑞𝑢𝑒!"##$% =

!"#$%&!"#!!"#$%&!"#

!"#$%&!"#$!%#
                                   (1) 

 
 For the given design, 𝑇𝑜𝑟𝑞𝑢𝑒!"##$% obtained by 
calculation is found to be 168% a large value. 
 
 
3. Optimization approach 
 
The model shown in Fig. 1 exhibits a torque ripple of 148%. 
A design based optimization technique is adopted inorder to 
reduce the torque ripple. The 3D model of the optimized 
SRM is shown in fig. 7. 
 Radial force is one of the main reason for increased 
torque ripple. The value of radial force increases from 
minimum to maximum value from the unaligned position to 
the aligned position. Here a modification of rotor poles is 
tried by providing holes on the pole faces. Holes in the rotor 
pole helps in the reduction of radial force, thereby reducing 
the torque ripple. But the torque density is affected 
marginally by the hole. A significant reduction in frequency 
of the occurrence of torque ripple can be achieved by the 
holes in rotor pole. By trial and error, a hole at a position 
approximated to ¾ the length of the rotor pole was shown to 
give the least torque ripple while maintaining the best torque 
performance. Radial force is reduced by reducing the 
overlap between the rotor and stator pole. Hence, the hole is 
preferably aligned near the surface of the rotor pole. 
 The distance from the centre of the rotor shaft to the 
centre of the circular window is calculated for reduced radial 
force. The circular window in the SRM is shown in fig. 8. It 
is seen that the radial force is affected only by the width of 
the rotor pole and not by its thickness. Centre of the circular 
window is found as rotor radius – ¾ rotor radius, which is 
calculated as 33.125mm.  Diameter of the circular window is 
taken as 2mm, as trial and error gives this width as providing 
the most reduced radial force. 
By applying Lorentz equation, 
 
Volume force density, 𝐹 = 𝐽×𝐵                                       (2) 

 
 Where J is current density and B is the flux density 
 
Radial Force, 𝐹! =

!
!!!

∇𝐵!𝑛𝑑𝑆                                      (3) 
 

𝐹! = (𝐵!! − 𝐵!!)𝑑𝑆, 𝐵! is the radial flux and 𝐵! is the 
tangential flux                                                                     (4) 
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 S is the surface over which the radial force is exerted 
 
Let the design factor, 𝑁 = !!"#$!%#

!!
                                      (5) 

 
𝑁 =  !!"#$%&'

!!"#$!%
                                                                        (6) 

 
Hence,  

!!"#$!%#
!!

= !!"#$%&'
!!"#$!% 

 , 𝛿!"#$!% is the air gap radius and 

𝛽!"#$%&' is the overlap arc 
 

From [19], 𝐹! ∝  !
!!"#$!%

                                                        (7) 

 
Where 𝑙!"#$!% is the air gap length 
 
𝑇!"#$!%# ∝  𝑖!                                                                      (8) 
 
 By increasing the airgap by 0.1mm from that of the 
conventional model, the radial force and the torque ripple is 
found to reduce. A trade off is necessary between the current 
and the increase in air gap because the motor has to draw in 
a higher current to produce the required torque. It can be see 
that there is not much of an increase in the current when the 
air gap is increased by 0.1mm. A further optimization is 
tried by incorporating an extended filleted stator pole shoes 
as shown in fig. 9. 

 
Fig.7 SRM model with rotor pole hole and extended filleted stator pole 
shoes 

 
 Shoes are provided to the stator and the stator and rotor 
poles are filleted for smoother transition of forces along the 
edges [37][38]. The tooth angle width for the stator pole 
shoe is set as 35 degree as shown in Fig. 9 for smoothening 
the overlap between the stator and rotor which thereby 
reduces the torque ripple. The smooth overlap with the 35 
degree stator pole shoe is shown to reduce the torque ripple.  

 
Fig. 8 SRM motor with circular windows 

 

 
Fig.9 Optimized stator pole shoe with fillets; (a) stator pole 
conventional; (b) stator pole modified 
 

 

 
Fig. 10 shows the torque-speed characteristics of the optimized SRM. 
The profile is almost seen to match the torque values at each speed 
reference points exactly compared to that of the conventional SRM.  
 

 
Fig.10 Torque-speed characteristics of the optimized SRM 

 
 Fig. 11 shows the efficiency-speed characteristics of the 
optimized SRM. The peak efficiency is achieved at 1000 
rpm. The efficiency at the base speed is seen to decrease to 
82% compared to the existing conventional design because 
of the optimization in geometry. 
 The line current-speed curve of the optimized SRM is 
shown in Fig. 12. The magnitude of the line current is 
almost 120 A, similar to the conventional design. 
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Fig. 11 Efficiency-speed curve of the optimized SRM 
 

 
Fig. 12 Line current-speed characteristics of the optimized SRM 

 
 The power-speed curve of the optimized SRM is shown 
in Fig. 13. The peak power rating is found to be 26 kW. The 
power rating at 2750 rpm is 25 kW. The constant power 
operation is seen to be improved with compared to that of 
the conventional design. 

 
Fig. 13 Power-speed characteristics of the optimized SRM 

 
 The torque profile of the optimized SRM is shown in 
Fig. 14. It is seen that the torque ripple is decreased by 
around 100% from the conventional design by the 
optimization of the geometry. 

 
Fig.14 Torque profile of the optimized SRM 

 
 

4. Conclusion and future scope 
 
A 20kW 8/6 SRM was modeled using JMAG Designer. The 
major geometrical dimensions were calculated based on the 
theoretical design. The machine was simulated using the 
JMAG Finite Element Analysis and the results are validated 
with the theoretical design approach.  An optimized 
geometry of the SRMwas formulated for reduction of radial 
force and torque ripple. The approach was based on 
increasing the length of the air gap, providing circular 
windows on the rotor pole and smoothening the transition 
between rotor and stator by providing stator pole shoes and 
filleting the rotor and stator. The parameters are evaluated 
by keeping a proper tradeoff between the parameters and the 
torque density. The optimized geometry gave reduced torque 
ripple by 100%. A slight reduction is observed in the torque 
density though. A laboratory model of the SRM is being 
developed for the confirmation of results by hardware. 
Reduction of torque ripple with a robust controller design is 
also part of the future scope of work. 
 
 
This is an Open Access article distributed under the terms of the 
Creative Commons Attribution License  
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