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Abstract 

Ripples in moving torque characteristics of Switched Reluctance Motor (SRM) 
are the prominent cause of acoustic noise and vibrations which lead to the 
eccentric fault in the machine and requires regular maintenance of the bearings. 
The problem becomes large when it comes to service at off grid locations. Due 
to pole saliency, torque production mechanism of SRM is discrete and highly 
nonlinear in nature resulting in pulsation in the shaft torque. The objective of this 
paper is to mitigate the torque ripple and improve the average torque of the SRM. 
The motor has been designed for water pumping application specifically for off-
grid locations. Analysis of pole structure of SRM becomes important aspect to 
study the torque ripples. Parametric analysis of SRM model designed for different 
pair of stator and rotor pole embrace factors has been done in this study. Pole 
customization has been introduced for modelling the SRM and has been tested 
on four different 6/4 pole SRM models by simulation technique. For better 
accuracy of customized models, 3D Finite element analysis has been done for the 
SRM geometry using Ansys Maxwell. The designed model offers significant 
mitigation in torque ripple with improved average torque. 

Keywords: Average torque, Finite element method, Motor, Rotating machines, 
Switched reluctance, Torque ripple. 
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1.  Introduction 
Switched Reluctance Motor belongs to the family of special magnet-less machines 
which differ in geometrical configuration and operation from conventional rotating 
electrical machines. SRM is a double salient machine having protruding pole 
structure on both stator as well as rotor and due to which SRM possesses two 
different air gaps at aligned and unaligned rotor positions. Unlike conventional 
rotating electrical machines having windings on both stator and rotor, SRMs have 
phase commutated windings only on stator [1]. The rotor construction does not 
require any permanent magnet or windings and is just a salient pole structure made 
of ferromagnetic steel free to rotate inside the stator air gap periphery [1-3]. 

Previously, the operation and control of SRM was difficult due to requirement 
of power switching circuits. Due to the availability of high frequency power 
switches such as IGBT, MOSFET in the market now, SRM has become a popular 
topic of research among the academic and industrial research scholars [1, 4]. The 
reason is that these motors can serve for wide varieties of loads such as water 
pumping, household appliances, electric vehicles, etc. Despite of numerous 
advantages of SRM over conventional electric motors, these motors have a 
renowned problem of torque ripples. Ripples in the shaft torque of SRM is caused 
by its pole saliency and non-uniform distribution of air gap. Since the torque 
production mechanism of SRM is discrete and highly nonlinear in nature, the 
pulsating nature of torque is produced at the rotor shaft [5]. Torque ripples cause 
the acoustic noise and vibrations in the motor and due to which the motor becomes 
eccentric and eventually the lifespan of the motor reduces [5-7]. The presence of 
undesirable noise and vibration limits the applications of SRM. For decades, there 
has been a tremendous effort made to reduce these undesirable torque ripple and to 
improve the torque profile of SRM by academia and industrial researchers. 
Machine design engineers have introduced different design of pole configuration 
for the same but still the problem exists [5].  

The basic scientific theory behind the operation of SRM is more than 100 years 
old [1]. Amidst the evolution in the design of electric motor technologies, there 
have been many technological advancements in the design and control of switched 
reluctance motor in recent years. Various current control techniques and 
optimization techniques for torque ripple minimization has been introduced in 
recent years [8-11].  

Recent articles published on the present topic shows the trends of optimizing the 
dimensional parameters using multi-objective optimization problems in conjunction 
with FEA likewise in article [12], the authors formulated a multi-objective 
optimization problem involving six dimensional parameters for optimizing three 
outcomes of machine, i.e., torque ripple, motor mass and copper loss.  

Xiang et al. [13] presented a study on a unique structure of SRM called Hybrid 
Excitation Double Stator Bearing-less Switched Reluctance Motor (HEDSBSRM). 
2D-FEM model of motor’s frame, rotor, outer stator, torque winding, inner stator, 
suspension winding of proposed design of HEDSBSRM has been simulated and 
results proved that the proposed model is having long life span under natural 
cooling condition.  

Diao et al. [14] presented an optimization-based study on motor drive system 
employing SRM for motoring. The optimization analysis of proposed design has been 
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compared with further investigating the Segmented rotor Switched Reluctance Motor 
(SSRM) with APC control strategy. An electromagnetic simulation model using 
FEM was modelled which was further verified with the help of experimental result. 

Ferková et al. [15] presented a comparative analysis of a 6/4 pole SRM and 12/8 
pole SRM for different pair(s) of pole embrace factor. Direct torque control strategy 
was approached for the speed control of the motor. Huang et al. [16] presented an 
analytical study on Single Winding Bearing-less Switched Reluctance Motor 
(SWBSRM). They studied temperature rise and losses on 12/8-pole outer rotor 
SWBSRM under high operating speed condition. By 2D-FEM analysis, the 
magnetic flux distribution profile was estimated.  

Rezazadeh et al. [17] proposed a novel two stage skewed poles 6/6-pole SRM 
to reduce the acoustic noise and vibration. The model was simulated using 3D-FEM 
and the magnetic field distribution profile was examined and analysed. Tursini et 
al. [18] designed a 5 phase 10/8 pole SRM for aerospace application. Switching 
circuit based on 2-phase ON feeding strategy was designed for the simultaneous 
excitation of respective phases. The motor was designed to operate even in the 
faulty condition. Bukhari et al. [19] presented the design and analysis of a 20 kW, 
3-phase, 12/8-pole SRM for electric vehicle application. Motor design was done by 
FEM. They optimized the slot fill factor, switching sequence of converter and 
excitation voltage.  

Li et al. [20] proposed an analytical approach to calculate the phase inductance 
profile of SRM. The proposed approach was applied on 6/4-pole SRM and 6/4-pole 
SRM models. Results were validated by 2D-FEM results for the same speed and 
dimensional configuration. Sohrabinasab and Ganji [21] proposed FEM based 
electromagnetic simulation model of a 6/4-pole SRM for multiphase excitation 
model. From the flux density waveform obtained by 2D-FEM analysis, core loss of 
proposed SRM model operating under multiphase excitation mode was obtained. 
Omaç et al. [22] designed a 18/12 poles In-Wheel Switched Reluctance Motor 
(IWSRM). Experimental setup for torque and speed control of SRM was done. 
Optimal dimensional parameters of motor were estimated for required torque and 
base speed. The results obtained by 3D-FEM analysis were validated by the 
manufactured prototype model experimentally.  

Literature survey of recent articles published on the relevant topic show that 
there has been a trend of replacing conventional machines with SRM in almost 
every sector of its applicability. The proposed research work finds its application 
in off-grid water pumping system. There are various domains of ongoing research 
work in the field of water pumping application. Various models based on solar 
water pumping systems, different optimization scheduling for water pumping, 
investigation of several motors for efficient water pumping is being done by 
researchers to maintain the power consumption by water pumping system to lower 
levels [23-26]. Nevertheless, water pumping at off-grid locations is still a challenge 
globally, which affects the livelihood of the population over there. Despite of the 
claim of improvement in accessibility of electrical power in recent years globally 
by International Energy Agency (IEA), still there are millions of people 
(representing 10 % of global population) away from the electricity supply, adding 
to this Covid-19 pandemic has adversely affected the electrification process 
worldwide [11]. Water pumping is the need of agriculture sector which still 
depends on the diesel water pumps at off-grid locations. Water pumping through 
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renewable energy sources at affordable cost can be a better alternative for off-grid 
areas. Since SRM is a DC commutated machine, solar powered SRMs are best 
suited and economical for wide variety of loads such as: low speed 
servomechanism, high speed traction, and water pumping systems [28, 29]. Battery 
operated SRM can be a better motor choice for water pumping applications at off-
grid locations when designed for low power and low voltage ratings.  

The work presented in this paper is to mitigate the ripples present in the moving 
torque of switched reluctance motor so that it may be used reliably at off-grid 
locations. Parametric analysis technique has already been used in different domains 
of problems including thermodynamics, structural noise and vibration, thermal 
environment studies in buildings [31-34]. In this paper, an attempt has been made to 
implement parametric analysis on different SRM models to design the optimized 
SRM model which provides less ripples in moving torque characteristics of the motor.  

2.  Methodology and Design Procedure 
Initially, researchers in the field of electrical machine design used to develop the 
equivalent circuit model of machine for the analysis of the different parameters. 
However equivalent circuit technique was not able to analyse all the parameters 
related to electromagnetic domain of the machine and it became necessary to use 
advanced techniques [30]. Amongst the numerous techniques available for solving 
electromagnetic problems, Finite Element Method (FEM) is best suited for low 
frequency electromagnetic problems especially in rotating electrical machines 
design. The reason is that complex geometries can easily be modelled and analysed 
which is not the same with other techniques. FEM discretizes a large geometry in 
finite number of small parts called elements. There are different types of elements 
available like triangular, rectangular, tetrahedral, etc. which makes the curved 
boundary geometry to be modelled easily. The objective of present work is to show 
that the change in stator pole embrace factor and rotor pole embrace factor have 
considerable effects on the performance of SRM.  

The SRM model designing procedure for the present work has been elaborated 
using a flow chart, shown in Appendix A. The work has been performed in two 
folds on 6/4-pole SRM. The first section being the analysis of air gap parameters 
using parametric analysis optimization while the latter being 3D FEM based 
modelling and simulation of 750 W, 6/4-pole SRM for water pumping load. 
Analysis of air gap parameters basically show the relationship among stator-rotor 
pole geometry, aligned rotor position inductance and torque produced by the 
motor. Based on analytical calculation and observation of air gap distribution, 
two design variables, i.e., stator pole embrace factor (𝜀𝜀𝑠𝑠) and rotor pole embrace 
factor (𝜀𝜀𝑟𝑟) of the SRM pole geometry have been selected as design variables for 
model customization. Further, the SRM model has been simulated considering 
the distinct pair of design variables 𝜀𝜀𝑠𝑠  and 𝜀𝜀𝑟𝑟  using computational 
electromagnetic tool, i.e., Ansys Maxwell and motor performance regarding rated 
torque and efficiency has been observed meticulously.  

Parametric analysis of different SRM models have been done to select the 
optimized design which provides less torque ripple. Parametric analysis is a method 
used for optimizing the model where two or more than two physical parameters 
have their effects on the performance of model [31]. In this method, the selected 
design variables are varied in a certain range of values keeping the other parameters 
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constant [32]. Parametric analysis of rated torque and efficiency data for different 
pair of design variables (𝜀𝜀𝑠𝑠 and 𝜀𝜀𝑟𝑟) showed that there is a trade-off between rated 
torque and efficiency of the machine. The changes recorded in the motors’ 
performance led to the 3D FEM based modelling for that pair of design variables. 
The design variables get updated if no changes obtained in the motors’ performance 
and the procedure repeats for the new pair of design variables. Four optimized pair 
of design variables have been obtained by parametric analysis. Four test models 
(TM1, TM2, TM3, and TM4) for 4 optimized pairs of design variables have been 
designed and simulated using Ansys Maxwell 3D for SRM design customization. 
Magnetic flux density (𝐵𝐵�⃗ ) distribution profile and transient moving torque response 
is obtained by 3D FEM simulation of customized SRM model. The customized 
SRM model has been compared with reference model [15]. The customized SRM 
model provides better average torque with mitigated torque ripple. 

3.  Mathematical Equations 
Pole saliency of SRM causes the variable air gap between rotor and stator poles and 
changes in air gap appear due to relative position of the rotor and the stator. The air 
gap reluctance under aligned position cannot be changed until there is change in 
the air gap between stator and rotor but the same is not valid for air gap reluctance 
under unaligned position because this can be changed by varying the pole geometry 
of stator and rotor of SRM. 

3.1. Pole embrace factor  
Pole embrace factor for any electrical machine is defined as the ratio of pole arc to 
pole pitch [1]. Due to salient pole construction of both stator and rotor, SRMs have 
distinct pole embrace factors for stator and rotor, i.e., 𝜀𝜀𝑠𝑠 and 𝜀𝜀𝑟𝑟. The stator and rotor 
pole embrace factors can be expressed as: 

𝜀𝜀𝑠𝑠 = 𝛽𝛽𝑠𝑠
𝑙𝑙𝑠𝑠

                                                                                                                     (1) 

𝜀𝜀𝑟𝑟 = 𝛽𝛽𝑟𝑟
𝑙𝑙𝑟𝑟

                                                                                                                     (2) 

Consider the case for 6/4 pole SRM (where Ns = 6; Nr = 4). Assuming the stator 
and rotor to be full pitched, the stator and rotor pole pitch will be equal to 180º 
electrical. For an Ns/Nr pole SRM, pole pitch (ls and lr) will be constant. Therefore, 
pole embrace factor is directly proportional to pole arc, i.e., 𝜀𝜀𝑠𝑠 ∝ βs and 𝜀𝜀𝑟𝑟 ∝ βr. 
Since the pole embrace factor of an SRM majorly depends upon the pole arc, the 
pole width of stator or rotor increases with increased pole arc of respective stator 
or rotor. The angular positions (in mechanical degree) can be obtained by the SRM 
geometry directly [27]. 

𝜃𝜃1 =  𝛽𝛽𝑟𝑟+𝛽𝛽𝑠𝑠
2

                                                                                                                     (3) 

𝜃𝜃2 =  𝛽𝛽𝑟𝑟−𝛽𝛽𝑠𝑠
2

                                                                                                                     (4) 

Here, βr > βs since Nr < Ns for a typical conventional type of SRM design. 
However, in some special cases, researchers have designed SRM for greater 
number of rotor poles than number stator poles, as Nr > Ns. In that case βr < βs. For 
6/4 pole SRM, βr > βs. 
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3.2. Aligned and Unaligned position air gaps 
The reluctance of stator and rotor core material due to ferromagnetic steel used are 
very small as compared to air gap reluctance. The rotor requires to follow the least 
reluctance path according to the operating principle of SRM and for that it is 
required to maintain the air gap reluctance as minimum as possible. Since, the SRM 
experiences two different air gap reluctances under aligned and unaligned positions 
respectively. The reluctance offered to any magnetic path is given as in Eq. (5). 

𝑆𝑆 =  𝑙𝑙𝑐𝑐
µ0µ𝑟𝑟𝐴𝐴𝑐𝑐

 ; For core material                                                                                                 (5) 

Dur to pole saliency, SRMs provide two air gap positions, i.e., at aligned stator-rotor 
pole position and unaligned stator-rotor pole position [35]. Core material and air gap 
have different permeabilities. Ampere’s law applied to SRM considering different rotor 
position can be mathematically defined as Eq. (6). For rotor being at aligned and 
unaligned position, the ampere’s law can be written as in Eqs. (7) and (8). 

∮𝐻𝐻��⃗ .𝑑𝑑𝑑𝑑���⃗ = 𝑁𝑁𝑁𝑁                                                                                                              (6) 
∮𝐻𝐻𝑐𝑐 𝑑𝑑𝑑𝑑 + ∮𝐻𝐻𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑 = 𝑁𝑁𝑁𝑁  ;  When rotor is at aligned position                            (7) 

∮𝐻𝐻𝑐𝑐 𝑑𝑑𝑑𝑑 + ∮𝐻𝐻𝑢𝑢𝑎𝑎 𝑑𝑑𝑑𝑑 = 𝑁𝑁𝑁𝑁  ;  When rotor is at unaligned position                        (8) 

The two distinct air gap positions result in machine to be providing different 
reluctance path for aligned and unaligned rotor positions and can be expressed 
mathematically as in Eq. (9). 

𝑆𝑆 = �

𝑙𝑙𝑐𝑐
µ0µ𝑟𝑟𝐴𝐴𝑐𝑐

+ 𝑙𝑙𝑎𝑎𝑎𝑎
µ0µ𝑟𝑟𝐴𝐴𝑎𝑎𝑎𝑎

  ; When rotor is at aligned position
𝑙𝑙𝑐𝑐

µ0µ𝑟𝑟𝐴𝐴𝑐𝑐
+ 𝑙𝑙𝑢𝑢𝑎𝑎

µ0µ𝑟𝑟𝐴𝐴𝑢𝑢𝑎𝑎
  ; When rotor is at unaligned position

                            (9) 

As a result, the phase inductance in SRM is affected by the rotor position. 
Therefore, there is a different flux linkage expression in Eq. (10) for SRM unlike 
DC motors. 

3.3. Input power, torque, and efficiency calculations 
The excitation to the stator windings is provided by the commutated DC pulses to 
the respective phases sequentially. For a 6/4 pole SRM, DC input voltage is 
converted into 3-phase commutated DC pulses. The equivalent circuit of one phase 
of SRM without saturation effects is shown in Fig. 1.  

 
Fig. 1. Equivalent circuit of one phase of SRM. 
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The generalized mathematical equations related to SRM theory have been 
discussed in this section [3]. Eqs. (11)-(13) show the input voltage relation with the 
winding parameters and induced emf of the motor whereas, Eq. (4) represents it for 
the respective phases. 

𝑉𝑉𝑘𝑘 = 𝑁𝑁𝑘𝑘𝑅𝑅𝑠𝑠 + 𝑑𝑑𝜆𝜆𝑘𝑘
𝑑𝑑𝑑𝑑

= 𝑁𝑁𝑘𝑘𝑅𝑅𝑠𝑠 + 𝑑𝑑
𝑑𝑑𝑑𝑑

[𝑁𝑁𝑘𝑘𝐿𝐿𝑘𝑘(𝜃𝜃)]                                                                           (10) 

𝑉𝑉𝑘𝑘 = 𝑁𝑁𝑘𝑘𝑅𝑅𝑠𝑠 + 𝐿𝐿𝑘𝑘(𝜃𝜃) 𝑑𝑑𝑖𝑖𝑘𝑘
𝑑𝑑𝑑𝑑

+ 𝑁𝑁𝑘𝑘
𝑑𝑑𝐿𝐿𝑘𝑘(𝜃𝜃)
𝑑𝑑𝑑𝑑

𝑑𝑑𝜃𝜃
𝑑𝑑𝑑𝑑

                                                                           (11) 

𝑉𝑉𝑘𝑘 = 𝑁𝑁𝑘𝑘𝑅𝑅𝑠𝑠 + 𝐿𝐿𝑘𝑘(𝜃𝜃) 𝑑𝑑𝑖𝑖𝑘𝑘
𝑑𝑑𝑑𝑑

+ 𝑒𝑒𝑘𝑘(𝜃𝜃)                                                                          (12) 

�
𝑉𝑉𝑎𝑎
𝑉𝑉𝑏𝑏
𝑉𝑉𝑐𝑐
� = �

𝑅𝑅𝑠𝑠 0 0
0 𝑅𝑅𝑠𝑠 0
0 0 𝑅𝑅𝑠𝑠

� �
𝑁𝑁𝑎𝑎
𝑁𝑁𝑏𝑏
𝑁𝑁𝑐𝑐
� + 𝑑𝑑

𝑑𝑑𝑑𝑑
�
𝐿𝐿𝑎𝑎(𝜃𝜃) 0 0

0 𝐿𝐿𝑏𝑏(𝜃𝜃) 0
0 0 𝐿𝐿𝑐𝑐(𝜃𝜃)

� �
𝑁𝑁𝑎𝑎
𝑁𝑁𝑏𝑏
𝑁𝑁𝑐𝑐
� + �

𝑒𝑒𝑎𝑎(𝜃𝜃)
𝑒𝑒𝑏𝑏(𝜃𝜃)
𝑒𝑒𝑐𝑐(𝜃𝜃)

�           (13) 

where  𝑑𝑑𝜃𝜃
𝑑𝑑𝑑𝑑

= 𝜔𝜔, 𝑎𝑎𝑎𝑎𝑑𝑑 𝑁𝑁𝑘𝑘
𝑑𝑑𝐿𝐿𝑘𝑘(𝜃𝜃)
𝑑𝑑𝑑𝑑

𝜔𝜔 = 𝑒𝑒𝑘𝑘(𝜃𝜃) 

𝑒𝑒𝑘𝑘(𝜃𝜃) and ω represent the induced emf in the respective phase and speed of the 
rotor respectively. Equations (15) and (16) show the input power and shaft torque 
respectively related with winding parameters. 

𝑃𝑃𝑘𝑘 = 𝑁𝑁𝑘𝑘𝑉𝑉𝑘𝑘 = 𝑁𝑁𝑘𝑘2𝑅𝑅𝑠𝑠 + 𝑁𝑁𝑘𝑘𝐿𝐿𝑘𝑘(𝜃𝜃) 𝑑𝑑𝑖𝑖𝑘𝑘
𝑑𝑑𝑑𝑑

+ 𝑁𝑁𝑘𝑘2
𝑑𝑑𝐿𝐿𝑘𝑘(𝜃𝜃)
𝑑𝑑𝜃𝜃

𝜔𝜔                                                            (14)  

𝑃𝑃𝑖𝑖𝑖𝑖 = 1
3
∑ 𝑃𝑃𝑘𝑘𝑖𝑖
𝑘𝑘=𝑎𝑎 = 1

3
(𝑃𝑃𝑎𝑎 + 𝑃𝑃𝑏𝑏 + 𝑃𝑃𝑐𝑐)                                                                       (15) 

𝜏𝜏 = 𝑃𝑃𝑜𝑜
𝜔𝜔

                                                                                                                                  (16) 

Torque produced by machine at any rotor position (in mechanical degree, θ) 
depends on the direct axis air gap and the quadrature axis air gap, i.e., the change in 
inductance from aligned to unaligned position. Thus, the torque provided by machine 
is due to the variable nature of air gap reluctance in the machine and is called as 
reluctance torque [3]. Reluctance torque of SRM at any instant of rotor angle is the 
arithmetic sum of average torque and ripple torque, shown in Eq. (19). Average 
torque and torque ripple of the SRM can be derived from Eq. (20) and Eq. (21) 
respectively. Equation (22) has been used for calculating the efficiency of SRM. 

𝑇𝑇(θ) = 1
2
∑  𝑁𝑁𝑘𝑘2

𝑑𝑑𝐿𝐿𝑘𝑘(θ)
𝑑𝑑θ

 𝑖𝑖
𝑘𝑘=𝑎𝑎 = 1

2
�𝑁𝑁𝑎𝑎2

𝑑𝑑𝐿𝐿𝑎𝑎(θ)
𝑑𝑑θ

+ 𝑁𝑁𝑏𝑏2
𝑑𝑑𝐿𝐿𝑏𝑏(θ)
𝑑𝑑θ

+ 𝑁𝑁𝑐𝑐2
𝑑𝑑𝐿𝐿𝑐𝑐(θ)
𝑑𝑑θ

�                     (17) 

𝑇𝑇(𝜃𝜃) = 𝑇𝑇𝑎𝑎(𝜃𝜃) + 𝑇𝑇𝑏𝑏(𝜃𝜃) + 𝑇𝑇𝑐𝑐(𝜃𝜃)                                                                                       (18) 
𝑇𝑇(θ) = 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟                                                                                                    (19) 

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 = 1
θ1
′ − θ1

∫ 𝑇𝑇(θ)θ1
′

θ1
                                                                                                     (20) 

where, (θ1’ - θ1) represents the complete electrical cycle, θcycle. Complete electrical 
cycle for switched reluctance motor is defined as the movement of a rotor pole from 
one unaligned position to the next unaligned position [3]. 

𝑇𝑇𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑙𝑙𝑟𝑟 =  𝑇𝑇𝑚𝑚𝑎𝑎𝑚𝑚− 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

= 𝛥𝛥𝑇𝑇
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

                                                                                        (21) 

𝜂𝜂 = 𝑃𝑃𝑜𝑜
𝑃𝑃𝑚𝑚𝑚𝑚

= 𝑃𝑃𝑚𝑚𝑚𝑚−𝑃𝑃𝑐𝑐𝑢𝑢−𝑃𝑃𝑐𝑐𝑜𝑜𝑟𝑟𝑐𝑐
𝑃𝑃𝑚𝑚𝑚𝑚

                                                                                           (22) 

4.  Design Specifications of Proposed SRM Model 
Application of the proposed model is at off-grid remote locations where accessibility 
of grid supply is a major concern. For that purpose, the ratings of motor have been 
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kept low. Based on the calculations involved for pumping power from a specific 
water head including all the constraints like water flow rate, losses and pumping 
efficiency the motor power rating has been set to 750 W. The input voltage rating is 
48 V. The significance of considering 48 V source is to make the system to be battery 
operated. Battery operated system is best suited for off-grid locations due to its 
integrity with solar charging systems or other renewable charging systems [28, 29]. 
Figure 2 shows the system diagram of water pumping system using switched 
reluctance motor drive. System comprises of three units, i.e., Motoring unit, Pumping 
unit and the Controlling unit. The model of switched reluctance motor has been 
designed using Ansys Maxwell software. The dimensional specifications of the 
designed model have been tabulated in Table 1 [15].  

Table 1. Dimensional specifications of designed SRM model. 
Particulars Symbols Value 
Input power rating Pin 750 W (≈1 hp) 
Input Voltage rating Vin 48 V 
Stator yoke diameter Dso 180 mm 
Stator gap diameter Dsg 100 mm 
Shaft diameter Dsh 40 mm 
Air gap Ag 0.5 mm 
Stack Length L 140 mm 
Stator yoke thickness ys 20 mm 
Rotor yoke thickness yr 21.5 mm 
Maximum Phase Winding Current 𝑁𝑁𝑘𝑘𝑚𝑚𝑎𝑎𝑚𝑚  16 A 

The controlling unit consists of a position sensor for sensing the exact rotor 
position, a commutation pulse generator which generates a triggering gate pulse to 
the respective switches for respective phase excitation generation. The inputs to 
commutation pulse generator are the rotor position, optimized turn on and turn off 
angles (𝜃𝜃𝑂𝑂𝑂𝑂  and 𝜃𝜃𝑂𝑂𝑂𝑂𝑂𝑂 ). Phase convertor is a unit which converts the input DC 
voltage into commutated phase voltages to energize the SRM phase windings. 
Since, 6/4 pole SRM is a three-phase machine, the phase convertor converts the 
input DC voltage into three phase commutated voltage and is a basically a three-
phase inverter. Phase convertor unit also consists of a current limiter which limits 
the high surge of current occurring at the starting of the machine. The overall 
system with pumping load has been simulated in MATLAB Simulink. Finite 
element method based SRM Model deigned in Ansys RMxpert has been exported 
in MATLAB Simulink in the form the magnetization characteristics as shown in 
Fig. 3. The magnetization characteristics is basically a relation between current and 
flux linkage at different rotor positions. 

 
Fig. 2. SRM water pumping system setup diagram. 
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Fig. 3. Magnetization characteristics of designed SRM model. 

Proposed method of model customization  
Parametric analysis has been proposed for customising SRM design. In parametric 
analysis, the selected design variables are varied in a certain range of values keeping 
the other parameters constant to get the optimized design variables for the machine 
designing [32]. To select the best value(s) of design variables, εs is varied from 0.4 to 
0.7, taking total of seven values including intermediate values with step size 0.05. 
Similarly, for the rotor, εr is varied from 0.4 to 0.7, taking total of seven values 
including intermediate values with step size of 0.05. The result has been analysed 
considering two parameters, rated torque and efficiency. The data set of rated torque 
and efficiency is expressed in two sets of 7x7 matrix data, i.e., 49 values of efficiency 
as well as 49 values of rated torque and has been extracted by electrical analysis of 
SRM model using RMxpert(Ansys Maxwell). Table 2(a) presents the values of rated 
torque (in Nm) whereas table 2(b) presents the values of efficiency (in %) at distinct 
pairs of design variables εs and εr. Parametric analysis has been done for the data sets 
expressed in Tables 2(a) and 2(b) to obtain the optimized values of design variables 
regarding the performance parameters, rated torque and efficiency.  

Table 2(a). Data table of rated torque (Values in Nm). 
  Stator pole embrace factor (𝜺𝜺𝒔𝒔) 

R
ot

or
 p

ol
e 

em
br

ac
e 

fa
ct

or
 (𝜺𝜺

𝒓𝒓)
 

  0.4 0.45 0.5 0.55 0.6 0.65 0.7 
0.4 3.3165 4.0799 5.06007 5.98161 7.22999 8.74286 10.0904 

0.45 4.27 5.35046 6.42314 7.6249 8.90841 10.0893 10.8344 
0.5 5.71433 6.85261 7.99837 9.11317 10.5442 11.856 13.3311 

0.55 7.33502 8.70736 9.92004 10.9934 12.4715 14.1424 16.1931 
0.6 8.94075 10.2719 11.5809 13.1152 15.4794 16.566 18.1661 

0.65 11.0348 12.4057 13.6407 15.5802 17.4084 18.684 20.6412 
0.7 13.9852 16.4126 17.1773 16.6377 20.6076 22.7527 27.1744 

Table 2(b). Data table of efficiency (Values in %). 
 Stator pole embrace factor (𝜺𝜺𝒔𝒔) 

R
ot

or
 p

ol
e 

em
br

ac
e 

fa
ct

or
 (𝜺𝜺

𝒓𝒓)
 

  0.4 0.45 0.5 0.55 0.6 0.65 0.7 
0.4 90.2744 88.7873 88.8991 88.7955 86.149 85.3929 84.3143 

0.45 89.8568 88.6952 88.5541 88.1662 85.1995 84.2075 82.4073 
0.5 89.5858 88.0613 87.7173 85.2236 83.5684 81.54 78.5533 

0.55 88.6086 86.7764 86.0714 84.9181 79.5918 75.586 67.3254 
0.6 86.2874 83.1879 82.0222 79.2514 65.6623 60.8209 53.2946 

0.65 69.5359 66.4396 65.036 57.6948 46.7115 43.2577 33.5787 
0.7 34.7847 27.3228 32.555 36.1576 28.6093 21.6752 14.409 

 0.00 125.00 250.00 375.00 500.00 625.00
Ampere

0.00

0.10

0.20

0.30

0.40

0.50

0.60

W
eb

er

ANSOFT

Curve Info
At 0 Elec Degrees

At 40 Elec Degrees

At 50 Elec Degrees

At 60 Elec Degrees

At 70 Elec Degrees

At 80 Elec Degrees

At 90 Elec Degrees



156      A. Kumar et al.  

 
 
Journal of Engineering Science and Technology        February 2023, Vol. 18(1) 

 

Performance parameters have been plotted using surface plot for the better 
understanding of the results. The surface plots, in Figs. 4(a) and 4(b) show the 
trade-off between the rated torque and efficiency of the machine. It can be observed 
that SRM is providing maximum torque when designed for design variables 𝜀𝜀𝑠𝑠= 
0.7 and 𝜀𝜀𝑟𝑟 = 0.7 but at the same point, efficiency of the machine is getting very low 
around only 14%. Whereas if the machine is designed for design variables 𝜀𝜀𝑠𝑠= 0.4 
and 𝜀𝜀𝑟𝑟= 0.4, machine is providing maximum efficiency but at the same point, 
torque provided by SRM is very low around 3 Nm. It is required to simulate the 
optimized design of SRM such that there should not be a huge compromise between 
the two parameters. Therefore, from the surface plot, it can be observed that there 
is some optimum pair of design variables existing when machine is designed for 
pole embrace factors ranging between 𝜀𝜀𝑠𝑠 = 0.5 to 0.55 and 𝜀𝜀𝑟𝑟 = 0.5 to 0.55. 

  
(a) (b) 

Fig. 4. Parametric analysis of rated torque  
and efficiency data of proposed SRM model. 

5. Analysis of Proposed SRM Models 
The mathematical relations in Eqs. (7)-(9) show that the SRM is having a non-
uniform distribution of air gaps due to its pole saliency. A small variation in pole 
embrace factor can effectively vary the air gap distribution at unaligned position 
(quadrature axis). For this reason, stator and rotor pole embrace factor have been 
selected as design variables. Variation in pole embrace factor basically varies the 
air gap distribution profile and eventually varies the air gap reluctance, air gap 
inductance and flux distribution throughout the machine. 

5.1. Investigation of air gap parameters 

Table 3 shows the comparative data analysis whereas Figs. 5(a) and 5(b) show the 
comparison graph of air gap inductance and flux linkage distribution respectively 
of one phase (Phase A) for a three phase, 750 W, 6/4 pole SRM model. Two distinct 
pair of design variables 𝜀𝜀𝑠𝑠and 𝜀𝜀𝑟𝑟 have been selected for the comparative analysis 
of air gap inductance and flux distribution, i.e., at 𝜀𝜀𝑠𝑠 = 0.4, 𝜀𝜀𝑟𝑟 = 0.4 and at 𝜀𝜀𝑠𝑠 = 0.7, 
𝜀𝜀𝑟𝑟 = 0.7. Variation in pole embrace factor basically varies the air gap at aligned and 
unaligned positions, as discussed in section 3. Referring to Eq. (9), the air gap 
distribution at aligned rotor position and unaligned rotor position are different 
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which causes the variable reluctance in the machine and hence variable air gap 
inductance and flux distribution. 

  

(a) (b) 
Fig. 5. (a). Comparison of Air gap inductance of Phase A,  

(b). Comparison of Flux Linkage of Phase A. 

As the instantaneous torque expression in Eq. (17) is a function of first order 
derivative of air gap inductance, [T(θk) = f’(L(θk))], the variation in average air gap 
inductance linearly varies the torque. Referred to Fig. 4(a), at 𝜀𝜀𝑠𝑠 = 0.4, 𝜀𝜀𝑟𝑟 = 0.4, the 
rated torque is minimum and at 𝜀𝜀𝑠𝑠 = 0.7, 𝜀𝜀𝑟𝑟 = 0.7, the rated torque is maximum 
because variation in pole embrace factor varies the air gap inductance which 
linearly varies the torque. Figure 4(b) shows the variations in the motor’s efficiency 
at different pair of 𝜀𝜀𝑠𝑠 and 𝜀𝜀𝑟𝑟. Efficiency can be seen decreasing with increase in 
pole width because of requirement of more winding material at increased pole 
width which increases the copper losses and heating of the windings. 

Table 3. Variations in air gap inductance and rated torque.  

Particulars Symbol 
Values (Units) 

𝜺𝜺𝒔𝒔= 0.4, 𝜺𝜺𝒓𝒓 = 0.4 𝜺𝜺𝒔𝒔 = 0.7, 𝜺𝜺𝒓𝒓 = 0.7 
Maximum Air Gap Inductance Lg(max) 13.9276 mH 23.9378 mH 
Minimum Air Gap Inductance Lg(min) 0.8297 mH 10.4525 mH 
Average Air Gap Inductance Lg(avg) 6.1322 mH 17.5428 mH 
Maximum Flux Linkage Ψmax 0.1057 Wb 0.5701 Wb 
Average Flux Linkage Ψavg 0.0336 Wb 0.1806 Wb 
Rated Torque Trated 3.317 Nm 27.17 Nm 

5.2. Finite element analysis of SRM models 
For analysis of any electromagnetic problem, electrical parametric analysis along 
with magnetic domain analysis is important. It is required to create finite element 
model of the machine to further estimate the distribution of magnetic field density 
and magnetic lines force acting on the surfaces/edges of the machine. FEM has 
been opted for magnetostatics and transient field analysis of SRM model. 3D FEA 
shows the magnetic field distribution profile at any instant of time and rotor 
position. Transient field analysis of the FEM based SRM models has been done for 
moving torque response and phase current response at any instant of time. In the 
pre-processing stage of FEM, discretization of model is done into finite number of 
elements. Figure 6 shows the half axial mesh plot of the designed SRM model. The 
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total number of elements involved in half axial discretization of model is equal to 
13063. The number of elements has been kept same for all the test models to get 
the responses at identical conditions. 

 
Fig. 6. Discretization of mesh elements. 

5.2.1. Test Model - 1 (TM1) 

A 750 W, Four-phase, 6/4 pole SRM has been designed using Ansys Maxwell 3D 
in transient mode of solution setup. The setup has been tuned for discrete time 
simulation starting from 0 to 40 ms with time step of 2 ms. TM1 has been 
designed for design variables, εs = 0.5 and εr = 0.5. Figure 7(a) shows the FEA of 
magnetic flux density (𝐵𝐵�⃗ ) distribution profile and Fig. 7(b) shows the magnetic 
lines of force distribution. The rotor movement in the simulation is in counter-
clockwise direction. 

  
(a) (b) 

Fig. 7. (a). FEA of magnetic flux density (𝑩𝑩��⃗ ) distribution | 
of TM1, (b). Magnetic lines of force distribution of TM1. 

5.2.2. Test Model - 2 (TM2) 

A 750 W, Four-phase, 6/4 pole SRM has been designed using Ansys Maxwell 
3D in transient mode of solution setup. The setup has been tuned for discrete 
time simulation starting from 0 to 40 ms with time step of 2 ms. TM2 has been 
designed for design variables, εs = 0.5 and εr = 0.55. Figure 8(a) shows the FEA 
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of magnetic flux density (𝐵𝐵�⃗ )  distribution profile and Fig. 8(b) shows the 
magnetic lines of force distribution. The rotor movement in the simulation is in 
counter-clockwise direction. 

  
(a) (b) 

Fig. 8. (a). FEA of magnetic flux density (𝑩𝑩��⃗ ) distribution  
of TM2, (b). Magnetic lines of force distribution of TM2. 

5.2.3. Test Model - 3 (TM3) 

A 750 W, Four-phase, 6/4 pole SRM has been designed using Ansys Maxwell 3D in 
transient mode of solution setup. The setup has been tuned for discrete time 
simulation starting from 0 to 40 ms with time step of 2 ms. TM2 has been designed 
for design variables, εs = 0.55 and εr = 0.5. Figure 9(a) shows the FEA of magnetic 
flux density (𝐵𝐵�⃗ ) distribution profile and Fig. 9(b) shows the magnetic lines of force 
distribution. The rotor movement in the simulation is in counter-clockwise direction. 

  
(a) (b) 

Fig. 9. (a). FEA of magnetic flux density (𝑩𝑩��⃗ ) distribution  
of TM3, (b). Magnetic lines of force distribution of TM3. 

5.2.4. Test Model - 4 (TM4) 

A 750 W, Four-phase, 6/4 pole SRM has been designed using Ansys Maxwell 3D 
in transient mode of solution setup. The setup has been tuned for discrete time 
simulation starting from 0 to 40 ms with time step of 2 ms. TM2 has been designed 
for design variables, εs = 0.55 and εr = 0.55. Figure 10(a) shows the FEA of 
magnetic flux density (𝐵𝐵�⃗ ) distribution profile and Fig. 10(b) shows the magnetic 
lines of force distribution. The rotor movement in the simulation is in counter-
clockwise direction. 
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(a) (b) 

Fig. 10. (a). FEA of magnetic flux density (𝑩𝑩��⃗ ) distribution  
of TM4, (b). Magnetic lines of force distribution of TM4. 

5.3. Comparative analysis 
FEA results of four test models (TM1 - TM4) have been compared with reference 
model regarding three performance parameters, i.e., Average Torque, Efficiency 
and Torque Ripple. The first model in the comparison chart of Table 4 is the 
reference model [15] while the other four models are TM1, TM2, TM3, and TM4. 
The reference paper model was a 6/4 pole SRM designed for the same ratings and 
dimensions with design variables, 𝜀𝜀𝑠𝑠 = 0.46 and 𝜀𝜀𝑟𝑟 = 0.5. Figures 11(a)-(d) show 
the transient moving torque responses of TM1 - TM4 respectively whereas Figs. 
12(a)-(d) show the phase current response of TM1 - TM4 respectively. 

  
(a) (b) 

  
(c) (d) 

Fig. 11. Transient moving torque response of TM1 - TM4 respectively. 

From the comparative analysis of four test models, it can be observed that TM1, 
TM2, TM3, and TM4 are providing better average torque than the reference model. 
Torque ripple calculated using Eq. (21) shows that TM2, TM3, and TM4 have less 
torque ripple than the reference model which has also been shown using graphical 
plot in Figs. 11(b), (c) and (d). 
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(a) (b) 

  
(c) (d) 

Fig. 12. Phase current response of TM1 - TM4  respectively. 

Apparently, the improvement in torque ripple of TM2, TM3, and TM4 
compared to reference model has been recorded. The variations in pole embrace 
factors of stator and rotor led to the reduction in unaligned position air gaps and 
thus providing more flux linkage at aligned position. The efficiency of TM1 is best 
among the four test models (TM1 - TM4) but is less than reference model which 
was around 88 %. Efficiency can be seen decreasing with increase in pole embrace 
factor because of requirement of more winding material at increased pole width 
which increases the copper losses and heating of the windings. Also, the increase 
in pole embrace factor increases the material requirement of the core which in turn 
increases the static losses of the machine.  

Table 4. Comparative analysis of different SRM models. 

Parameters Symbol Unit 3D SRM Models 
Ref. Model TM1 TM2 TM3 TM4 

Average Air Gap 
Inductance 

Lg(avg) mH 7.63 9.27 10.15 10.12 11.12 

Rated Torque Trated Nm 5.84 7.99 9.92 9.11 10.99 
Maximum Torque Tmax Nm 14.09 15.69 15.40 13.99 15.85 
Minimum Torque Tmin Nm 4.14 3.52 5.40 4.81 7.88 
Peak-to-peak 
Torque 

ΔT Nm 9.95 12.17 10 9.18 7.97 

Average Torque Tavg Nm 8.66 7.82 10.74 8.77 12.19 
Torque Ripple Tripple - 1.14 1.55 0.93 1.04 0.65 
Efficiency η % 88.62 87.71 86.0 85.22 84.91 

The analysis of torque parameters and efficiency tabulated in Table 4 show that 
the best test model among the four test models is TM2 because it provides reduction 
in torque ripple by 18 %. Significant reduction in torque ripples will increase the 
life span of the motor with minimum regular maintenance requirement. 

Figure 13 shows the comparison of transient moving torque of reference model 
with test model - 2 (TM2). The peak to peak torque (ΔT) is almost same for both 
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the models. The graph shows the significant increase (24% increase) in average 
torque of TM2. Increase in average torque of the motor reduces the torque ripple 
(calculated using Eq. (21)). It can be visualized from the graph that TM2 provides 
less ripples in moving torque response as compared to reference model. Figure 14 
shows the torque profile comparison chart of the data expressed in Table 4. 

 
Fig. 13. Comparison of transient moving torque  

of test model - 2 (TM2) with reference model. 

 
Fig. 14. Torque Profile Comparison Chart 

6. Conclusions 
The research work presented in this paper aims to show the effects of pole embrace 
factor of stator and rotor (𝜀𝜀𝑠𝑠 and 𝜀𝜀𝑟𝑟) on the performance of SRM designed for water 
pumping application at off-grid locations.  
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Based on analytical observations and simulation results, it has been found that 
stator and rotor pole embrace factors have considerable effects on the performance 
of SRM. Different pair of pole embrace factors were selected as design variables 
for parametric analysis of three phase, 6/4 pole SRM design. Analysis of simulation 
results showed that different pair of pole embrace factors of stator and rotor have 
significant effects on rated torque and efficiency of the machine. 7×7 matrix data 
for rated torque and efficiency respectively were extracted for 49 combinations of 
design variables (𝜀𝜀𝑠𝑠 and 𝜀𝜀𝑟𝑟).  

Further, by parametric analysis of the data, optimized pair of design variables 
(𝜀𝜀𝑠𝑠 and 𝜀𝜀𝑟𝑟) were approximated. Four test models (TM1, TM2, TM3, and TM4) 
were designed for 3D FE analysis of three phase, 750 W, 48 V, 6/4 pole SRM. The 
results were compared considering three factors: average torque, efficiency and 
torque ripple with the reference model.  

Comparative analysis showed that test model - 2 (TM2) is best model among 
all the designed SRM models. TM2 provides improvement in average torque by 24 
% and reduction in torque ripple by 18 % as compared with reference model. 
Reduction in torque ripple results in less acoustic noise and vibrations provided by 
the machine and eventually reduces the eccentricity of the motor which in turn 
improves the life span of the motor.  

List of Nomenclatures 
𝐴𝐴𝑎𝑎𝑎𝑎 Area of the aligned position air gap 
𝐴𝐴𝑐𝑐 Area of the core material 
𝐴𝐴𝑢𝑢𝑎𝑎 Area of the unaligned position air gap 
βs, βr Stator pole arc angle and rotor pole arc angle respectively 
𝜀𝜀𝑠𝑠, 𝜀𝜀𝑟𝑟 Stator pole embrace factor and rotor pole embrace factor 

respectively 
𝐻𝐻𝑎𝑎𝑎𝑎 Magnetic field intensity of the aligned position air gap 
𝐻𝐻𝑐𝑐  Magnetic field intensity of the core material 
𝐻𝐻𝑢𝑢𝑎𝑎 Magnetic field intensity of the unaligned position air gap 
L(θ1), L(θ2) Inductance at unaligned position and aligned position 

respectively 
𝑑𝑑𝑎𝑎𝑎𝑎 Length of the aligned position air gap 
𝑑𝑑𝑐𝑐 Length of the core material 
𝑑𝑑𝑢𝑢𝑎𝑎 Length of the unaligned position air gap 
ls, lr Stator pole pitch and rotor pole pitch respectively 
Ns, Nr Number of stator poles and rotor poles respectively 
θ1 Zero overlap position of stator and rotor pole 
θ1’ Next consecutive zero overlap position of stator and rotor pole 
θ2 Maximum overlap position of stator and rotor pole 
Tavg, Tripple Average torque and Torque ripple respectively. 
T(θ) Instantaneous torque 
Tmax, Tmin Maximum torque and Minimum torque respectively 

Abbreviations 
FEA Finite Element Analysis 
FEM Finite Element Method 
SRM Switched Reluctance Motor 
TM Test Model 
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Appendix A: 
Flow chart of the design procedure 

 
Fig. A-1. Flow chart of the 

design procedure. 


