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ABSTRACT Switched Reluctance Machines (SRMs) are gaining more attention due to their simple, and

rugged construction, low manufacturing cost, and high-speed operation capability. An electromagnetic model

of the machine is needed in the design, and analysis processes. The required accuracy level of the model

depends mainly on the application. A high-fidelity model is required to achieve a good design, and predict

the performance accurately. However, it requires high computational cost, and longer simulation time. Other

fast, and less-comprehensive models with less computational burden could be utilized in the design, and

analysis of the motor drives. This paper extensively analyzes various electromagnetic modeling techniques

of SRMs. Analytical, numerical, and hybrid models are considered. The paper investigates analytical models

that are based on Maxwell’s equations in addition to interpolation, and curve fitting techniques. Numerical

techniques such as Finite Element Method (FEM), and Boundary Element Method (BEM) are presented.

Moreover, Magnetic Equivalent Circuit (MEC) method is discussed. Finally, potential research areas are

proposed for the electromagnetic modeling of SRMs.

INDEX TERMS Analytical model, boundary element method (BEM), electromagnetic modeling, finite

element method (FEM), magnetic equivalent circuit (MEC) model, numerical model, switched reluctance

machine (SRM).

I. INTRODUCTION

S
RM is an emerging and competitive alternative to perma-

nent magnet (PM) machines. This is due to their simple

and rugged construction, lower cost, high-speed operation

capability, and lack of PMs [1]–[3]. SRMs are commonly

utilized in various industrial applications such as pumps and

fans and, have a high potential to be used in future electric

traction systems [1]–[3]. Although PM machines play a vi-

tal role in electrified transportation systems, the magnet-free

SRMs are becoming more attractive. Extensive research is

conducted to solve the high torque ripple, high acoustic noise,

and low torque density issues in SRMs [1], [3]. The Axial

flux SRM is suitable for in-wheel traction drives, as it can

provide higher torque density as compared to its radial flux

counterpart [4]–[7].

Design and analysis of electric machines require an electro-

magnetic model [8]. The model provides various key electro-

magnetic performance characteristics such as magnetic flux

density, magnetic field intensity, induced electromotive force,

and electromagnetic torque. The model could also estimate

the machine losses such as AC copper loss, hysteresis loss,

and eddy-current loss. In addition, it could be utilized within

an optimization process to achieve different objectives such

as to minimize the torque ripple [9], maximize the efficiency,

and minimize the motor weight [10]. Moreover, it helps in the

design of the motor drive system [11], [12].

This paper investigates various electromagnetic modeling

techniques for SRMs. Analytical, numerical, and hybrid mod-

els are considered. The work investigates analytical mod-

els that are based on Maxwell’s equations in addition to
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FIGURE 1. Electromagnetic modeling techniques of electric machines.

interpolation and curve fitting techniques. Numerical tech-

niques such as Finite Element Method (FEM) and Bound-

ary Element Method (BEM) are studied. Moreover, Magnetic

Equivalent Circuit (MEC) method is discussed [13], [14].

The rest of the paper is organized as follows. A general dis-

cussion of the electromagnetic modeling techniques of elec-

tric machines is presented in Section II. In Section III, the

discussion is narrowed down to review the analytical model-

ing techniques for SRMs. Numerical modeling techniques for

SRMs are presented in Section IV, and the MEC method is

discussed in Section V. A discussion on the potential research

areas of SRM modeling is investigated in Section VI. Finally,

the conclusions are presented in Section VII.

II. MODELING TECHNIQUES FOR ELECTRIC MACHINES

Electromagnetic modeling of electric machines can be divided

into two main categories (i) analytical modeling and (ii) nu-

merical modeling. Each category comprises sub-categories

as shown in Fig. 1 [13]. Analytical techniques have major

challenges in approximating a complex geometry, consider-

ing core saturation, calculating the hysteresis and eddy cur-

rent losses in the core, modeling the skin and proximity ef-

fects in the winding, and modeling the end-winding induc-

tance [13], [15]. However, analytical models are computa-

tionally cheap compared to numerical models [13]. The most

common analytical models are based on Maxwell’s equations

or interpolation and curve fitting techniques. In Maxwell’s-

equations-based models, the differential equations are analyt-

ically solved by neglecting the local saturation, the effect of

mutual coupling, and leakage flux. This reduces the model

accuracy [16], [17]. The Maxwell’s equations based analytical

models are preferred in initial design stages to estimate the

main design parameters [18], [19]. The interpolation- and

curve-fitting-based techniques are another approach to model

SRMs. They include experimental or Finite Element (FE)

model data to develop the model. However, new data is re-

quired if the machine geometry changes. Thus, these models

are more suitable for designing the controllers of motor drive

systems.

Various numerical techniques are utilized in modeling elec-

tric machines such as FEM, BEM, and Finite Difference

Method (FDM). FEM is the most common numerical tech-

nique due to its high accuracy [20], [21]. It can accurately

estimate various electromagnetic characteristics considering

complex geometries and nonlinearity of the core materials,

where the material relative permeability depends on the mag-

netic flux density [20]. In [20], the FEM was utilized to solve

low frequency saturable electromagnetic field problems. Two-

dimensional (2D) FE model was introduced in [20] and [21]

to calculate the electromagnetic fields in electric machines.

FEM is currently utilized to model complex geometries of

electric machines considering skin, and proximity effects, and

3-dimensional (3D) effects. It also helps estimating the ma-

chine losses. However, the FE models have high computa-

tional cost and, depending on the complexity of the problem,

the simulation time might takes hours to finish. BEM can

be utilized as an alternative to FEM, since it introduces less

computational burden. The problem domain is reduced from

3D to 2D in BEM [14]. However, BEM is difficult to apply

to solve saturable electromagnetic fields since the coefficient

matrices are not symmetric, not positive definite and com-

pletely populated [21], [22]. FDM is another option to model

electric machines. However, it has difficulties in modeling

complex geometries; therefore, it is not directly applied to

model electric machines [21]. FDM is extended to define

another technique called reluctance mesh approach that can

also be categorized under the MEC method [22], [23].

The MEC modeling is a popular method in modeling elec-

tric machines [13]. It is a special case since it can be consid-

ered as an analytical or a numerical technique according to

how it is applied. It is considered as an analytical technique if

it is combined with other analytical modeling techniques such

as Maxwell’s equations [24], [25]. When the nonlinearity of

the magnetic materials is considered, the MEC modeling has

to be combined with numerical techniques [26]. In [26], the

MEC method was applied to calculate the magnetic flux in

toroidal-core and C-core magnetic devices. The method has

been applied in [26] to model magnetic devices with moving

parts.

In the MEC method, an electric circuit model is developed

to analyze the magnetic characteristics of a system by utilizing

the analogy between magnetic and electric circuits presented

in Table 1. A simple magnetic device that comprises a toroid

with two air gaps is illustrated in Fig. 2(a). The corresponding

MEC is shown in Fig. 2(b). The MEC in Fig. 2(b) has four

reluctances: two reluctances for the core parts (Rc1, Rc2) and

two reluctances for the airgaps (Rg1, Rg2). The flux flow in the

toroid and airgaps can be considered similar neglecting the

leakage flux. The MMF source is calculated by multiplying

the winding turns N and the excitation current I . The MEC

technique can be improved to model the saturation, leakage

flux, and various electromagnetic losses with fair accuracy

compared to FEM [13]. The model accuracy increases by

adding more reluctance elements. However, this increases the

model complexity [26].
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TABLE 1. Analogy Between Magnetic and Electric Circuits

FIGURE 2. (a) A toroidal core and (b) the corresponding MEC.

Narrowing the discussion from electric machines to SRMs,

the modeling techniques can still be categorized according to

the previous classification [14], [27]. The main objective of

electromagnetic modeling of SRMs is to obtain the machine

phase flux linkage as a function of the stator current and rotor

position [14]. Then, other electromagnetic characteristics can

be predicted using (1)-(3). The variables ψ, i,V, R, Te,Wc,

and θr are the phase flux linkage, phase current, phase voltage,

phase resistance, electromagnetic torque, magnetic co-energy,

and rotor position, respectively [14], [28].

dψ (i, θr )

dt
= V − Ri (1)

Wc =
∫ i

0

ψ (i, θr )di (2)

Te =
∂Wc

∂θr

(3)

An ideal phase flux linkage characteristic of SRMs is illus-

trated in Fig. 3. The variables α1, α2, and Nr are (βr − βs)/2,

(βr + βs)/2, and the number of rotor poles, respectively. βs

and βr are the stator and rotor pole arc angles, respectively.

As shown in the Fig. 3, three main regions are identified based

on the rotor position. These positions are the aligned position,

partial-overlap position, and unaligned position as shown in

Fig. 4. At the aligned position, the rotor pole fully overlaps the

excited stator pole, whereas it partially overlaps the stator pole

in the partial-overlap position as shown in Fig. 4(b). There is

no overlap between the rotor poles and the excited stator pole

FIGURE 3. An Ideal phase flux linkage characteristic versus rotor position.

FIGURE 4. Different rotor positions of SRM (a) aligned, (b) partial-overlap,
and (c) unaligned.

at the unaligned region as shown in Fig. 4(c). It should be

indicated that the phase inductance profile follows a similar

pattern to that of the flux linkage. A high phase inductance

exists at the aligned position since the flux path reluctance is

minimum. The inductance drops as the rotor moves from the

aligned position to the unaligned position since the reluctance

increases. Modeling of SRMs is challenging due to many

reasons. The phase flux linkage is a nonlinear function of the

rotor position and the stator excitation current [14], [28], and

the machine commonly works in a saturated condition. More-

over, the airgap periphery is irregular due to the doubly-salient

structure of the machine. Hence, various modeling techniques

can be applied to SRMs.

III. ANALYTICAL MODELING TECHNIQUES FOR SRMS

Analytical modeling techniques, shown in Fig. 1, can be

extended further as shown in Fig. 5. The interpolation-and-

curve-fitting-based techniques are divided into four subcat-

egories, where they rely on lookup tables, linear/nonlinear

curve fitting, Fourier series, or artificial intelligence.
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FIGURE 5. Various types of analytical methods for SRM modeling.

FIGURE 6. Formulation of a rectangular-shaped Boundary Value Problem
(BVP) by unwrapping the circular SRM shape [30].

A. MAXWELL’S-EQUATIONS-BASED METHODS

The partial differential equations, formulated using Maxwell’s

equations, are solved using analytical methods. The magnetic

vector potential or magnetic scalar potential inside the SRM

boundary is determined by solving these differential equa-

tions [20]. Poisson’s equation of magnetic vector potential �A

is

∇2�A = −µ�J (4)

where �J and µ are current density vector and permeability

of the material, respectively. Equation (4) is derived assuming

the material is isotropic and linear. Therefore, the permeability

of the material does not depend on the flux density, and has

no spatial variation. Alternatively, the magnetic field can be

solved by using magnetic scalar potential U under the same

assumptions [21], [29]. Poisson’s equation of U can be ob-

tained as

∇2U = ∇ · �T (5)

where �T is the electric vector potential. The equations (4) [30]

or (5) [21], [31] can be solved analytically as a Boundary

Value Problem (BVP) to calculate the magnetic vector poten-

tial or magnetic scalar potential. There are several ways to

solve this BVP. The most common approaches are variable

separable method [30], [32] and conformal mapping [31],

[33]–[35].

As shown in Fig. 6, the circular geometry of the SRM can

be approximated as 2D unwrapped rectangular shape in the

FIGURE 7. Formulation of a circular-shaped BVP for SRM.

FIGURE 8. Schwarz-Christoffel transformation of SRM domain [33], [37].

x-y plane. However, this approximation can introduce errors

due to inconsistency in the geometry. These modeling errors in

the calculation of the magnetic field of an SRM can be reduced

by solving the Poison or Laplace equation in the cylindrical

domain as shown in Fig. 7. A major assumption in the field

calculation is that an infinite permeability is considered for

the iron core. Thus, �H field inside the stator and rotor core be-

comes zero. The geometry inside the air region can be divided

into three parts as in Fig. 6 and Fig. 7: Airgap region, stator

slot region, and rotor slot region [36]. The vector �T in the rotor

slots and airgap regions is zero due to zero current density

in these regions. Hence, (5) transforms to a Laplace equation

and the variable separable method can be applied within the

boundaries as shown in Fig. 6 and Fig. 7 to calculate U . The

magnetic field inside the stator slot region can be calculated

by solving (4) using the variable separable method inside the

defined boundaries in Fig. 6 and Fig. 7.

In conformal mapping technique, the Schwartz-Christoffel

(SC) transformation is applied to transform a complicated

geometry into a simple one, which makes the magnetic field

calculation easier [31], [33], [34], [37]. This technique was

applied to calculate the airgap magnetic field [33] of SRMs.

The transformation process is illustrated in Fig. 8 [33], [37].
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The circular geometry of the SRM is represented in the com-

plex z-plane. Then, a logarithmic Conformal Mapping (CM)

is applied to transform the geometry from the z-plane to the

w-plane. This results in a rectangular shape SRM geometry

with trapezoidal shape stator and rotor poles. The SC trans-

formation is applied again to transform the geometry from

the w-plane to the S-plane, which results in a canonical rect-

angular shape. Finally, an exponential CM is applied again

to transform the geometry from the S-plane to the T -plane,

which results in an annular shape. The solution of the mag-

netic field �Hag,T (x, y) in the airgap in the T -plane is obtained

by Hague’s equation [33]. Once �Hag,T (x, y) is calculated, the

inverse transformations are applied to obtain the electromag-

netic field in the airgap in the z-plane. The SC techniques is

highly accurate in the linear regions of the magnetic materials

and useful for analyzing the 2D electromagnetic characteris-

tics of SRMs. However, this technique cannot be applied for

3D modeling and, with this method, it is more challenging to

take the local saturation into account.

B. INTERPOLATION- AND CURVE-FITTING-BASED

METHODS

These methods are popular in the design and development of

SRM drives [38]. Phase flux linkage/inductance and torque

characteristics as functions of the rotor position and the stator

current are necessary to develop the models. Numerical simu-

lation data, mostly based on Finite Element Analysis (FEA) or

experimental results are utilized [14]. The phase flux linkage

of SRMs can be estimated experimentally at different rotor

positions and different excitation currents [39]–[43]. The flux

linkage is the integral of the machine EMF which is estimated

based on the measured winding resistance, current, and volt-

age. The torque can be measured using a torque sensor or esti-

mated by applying (1) to (3) to the mentioned measurements.

FE simulations can also be used to obtain the flux linkage and

torque characteristics. Preparing the experimental or the FE

data takes significant time, and the developed model will be

valid only for the given geometry and the configuration.

The flux linkage and torque data can be used in the

form of look-up tables, linear/nonlinear curve-fitting formu-

las, Fourier series, and artificial intelligence [38], [44].

1) LOOK-UP TABLES

This technique is simple to implement with good accuracy

using tools such as MATLAB, OCTAVE, and Compose and

Activate by Altair [41], [42], [45], [46]. The machine phase

flux linkage/inductance and torque characteristics at different

stator currents and different rotor positions are saved in 2D

lookup tables. The torque and flux linkage/inductance val-

ues in the model are then obtained based on the input rotor

position and excitation. Interpolation is applied between the

existing data. Lookup tables developed by running FEM sim-

ulations of an 8/6 SRM model are illustrated in Fig. 9.

FIGURE 9. SRM lookup tables obtained form FE simulations (a) flux
linkage versus rotor position and current and (b) torque versus rotor
position and current.

FIGURE 10. Inductance profile of an 8/6 SRM developed using piecewise
linear function and FEM.

2) LINEAR/NONLINEAR CURVE-FITTING FORMULAS

In this technique, the formulas of the machine phase in-

ductance/flux linkage and torque are utilized as functions of

the rotor position and stator current [47]. The least square

technique is applied to fit the simulation or experimental

data to these formulas. The phase inductance profile, as an

example, can be simply approximated as a piecewise linear

function [48]

L(θr ) =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

La; 0 ≤ θr ≤ α1

La − K (θr − α1); α1 ≤ θr ≤ α2

Lu; α2 ≤ θr ≤ 2π
Nr

− α2

La + K (θr − 2π
Nr

+ α1); 2π
Nr

− α2 ≤ θr ≤ 2π
Nr

(6)

where the constant K is given by (La − Lu)/βs. The La is

the inductance at the aligned position and Lu is the minimum

inductance at unaligned position. The angles α1 and α2 were

shown in Fig. 3. Nr is the number of rotor poles. Fig. 10

shows an SRM inductance profile developed using (6) and

using FEM. Although the approximation is reasonable, there

is some difference between the two profiles. The linear induc-

tance profile in Fig. 10 is developed for a 8/6 SRM. The FE

model of the 8/6 SRM is developed using ANSYS Maxwell

software. Similarly, the flux linkage versus current profile can

be approximated as linear piecewise functions [48], [49]. Dif-

ferent piecewise functions can be developed at different rotor
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FIGURE 11. Comparison of the flux linkage profile of an 8/6 SRM
developed using the nonlinear function in (7) against FEM.

position ranges. Piecewise nonlinear functions [50]–[52] such

as parabolic function [52] can also be applied. The flux link-

age versus current characteristic at the aligned and unaligned

rotor positions can be approximated as [52]

ψ (i) =

⎧

⎪

⎨

⎪

⎩

Lui; unaligned

La,0i; aligned (i ≤ is)

ψ0 +
√

4a(i − i0); aligned (i > is)

(7)

where a, ψ0, and i0 are constants that are determined using

simulation or experimental data. The flux linkage profile is

linear at the unaligned position. However, for the aligned

position, a linear flux linkage can be considered only up to

a certain excitation current is [52]. Therefore, La,0 is the

inductance at the aligned position when (i ≤ is). The flux

linkage is nonlinear when (i ≥ is), as shown in Fig. 11. The

representation matched the FEM profile well at the unaligned

position, whereas there are some discrepancies at the aligned

position. The same 8/6 SRM is utilized in here to obtain

the flux linkage profiles in Fig. 11. Alternatively, various 2D

polynomials such as bivariate polynomials and bi-cubic spline

polynomials can be utilized to model the flux linkage and

torque characteristics of an SRM [53], [54]. Curve fitting tech-

niques based on off-line and online least square method can be

used to determine the coefficients of the polynomials [53]. A

2D orthogonal polynomial of the flux linkage as a function of

the rotor position and the stator current is expressed as [53]

ψ (i, θr ) =
k−1
∑

m=0

r−1
∑

n=0

amn(θr − θ̄ )m(i − ī)n (8)

where amn is a constant. k and r are positive integers such

that k × r equals the number of available data points. The

parameters θ̄ and ī are the mean values of the rotor position

data and current data, respectively [55]. Additionally, other

nonlinear functions such as Gaussian functions [56], piece-

wise Frohlich functions [57], and exponential functions [55],

[58], [59] could be utilized to approximate the flux linkage

FIGURE 12. Comparison of different curve fitting techniques for modeling
flux linkage characteristics of an 8/6 SRM.

TABLE 2. RMSE Comparison Between Interpolation- and Curve-Fitting
Techniques With Respect to FEM Results

profiles. Fig. 12 shows the developed flux linkage profiles us-

ing 2D orthonormal polynomial [53], Gaussian function [56],

and exponential function [55]. The profiles are compared with

that obtained using the FEM model of the same 8/6 SRM.

Table 2 shows the root-mean-squared-error (RMSE) of the

flux linkage profiles obtained from nonlinear curve-fitting for-

mulas with respect to FEM results at the aligned position. The

orthonormal-polynomial representation has the lowest RMSE.

3) FOURIER SERIES

Fourier decomposition method can be utilized to represent the

machine phase flux linkage/inductance and torque profiles as

functions of the stator current and rotor position. It has been

extensively applied to SRM modeling [60]–[68]. Considering

that an infinite series is not practical, the number of terms is

mostly limited between two and four. The accuracy increases

as the number of terms increases. The models developed based

on Fourier series method can be adaptable to parameter varia-

tions due to various losses in SRM, aging, and manufacturing

defects [60]. Therefore, these models can be more suitable for

controller design in SRM. The inductance profile Lph(i, θr )

as a function of the rotor position and stator current can be

expanded using Fourier series as follows [63]

Lph(i, θr ) =
kt

∑

n=0

Lph,n(i)cos(n(Nrθr + δn)) (9)

where Lph,n(i), δn, and kt are the nth Fourier coefficient, phase

angle of each Fourier component, and the series truncation
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FIGURE 13. Flux linkage profile versus rotor position developed using
Fourier series, eqn. (9), and FEM for the 8/6 SRM.

level, respectively. The flux linkage profile versus rotor posi-

tion developed using (9) is compared with the FE model of the

8/6 SRM in Fig. 13. There is significant difference between

the profiles if only two terms are considered in the Fourier

series. The representation is significantly improved when a

third term is added. 2D Fourier series can also be utilized

to represent the flux linkage characteristics. The phase flux

linkage can be expanded as a 2D Fourier series in exponential

form [62].

The Fourier coefficients in (9) can be determined using

FEA [62], [68], experimental [61] or analytical [60], [63]–

[65], [67] techniques. As an example, various analytical tech-

niques such as assuming ideal inductance profile with weight-

ing functions [60], [66], on-line parameter identification tech-

niques [63], [65], polynomial approximations [63], [64] and

field reconstruction technique [67] can be applied to deter-

mine the Fourier coefficients.

4) ARTIFICIAL INTELLIGENCE

A learning algorithm can be developed to obtain the flux

linkage and torque characteristics of an SRM as functions of

rotor position and stator current. The Artificial Neural Net-

work (ANN) [69]–[75] and Machine Learning (ML) [76], [77]

techniques can be applied to develop this learning algorithm.

The key advantage of these techniques is the capability of

adapting to parameter variations of the machine due to losses,

aging and manufacturing tolerances [69].

ANN has basically three types of layers: input layers, out-

put layers, and hidden layers. Each layer comprises different

tiers, which can be considered as a piece of intelligence. The

learning rules and algorithms are defined in these tiers. They

need to be trained properly to process the given raw data.

In case of SRM modeling, there are two main inputs which

are the stator current and the rotor position. These inputs

pass through the hidden layers. This data is then processed

as flux linkage and torque outputs. The concept is illustrated

in Fig. 14. The four-layer network consists of one input layer,

two hidden layers and one output layer. The input layer has

FIGURE 14. Four-layer Artificial Neural Network for modeling SRMs.

two tiers to take the stator current and rotor position. Each

hidden layer consists of four tiers whereas the output layer

has two tiers. Various neural networks can be identified based

on the way of processing the data in each tier. Recurrent Neu-

ral Networks (RNN) [69] and Radial Basis Function (RBF)

neural networks [74] are more popular in SRM modeling.

The learning techniques are applied to train the neural net-

works. This is necessary such that the network functions prop-

erly. There are various learning techniques that have been

applied in SRM modeling such as back-propagation algo-

rithm [70], B-spline neural network [71], Cascade-Forward-

backpropagation Neural Network (CFNN) [72], General Re-

gression Neural Network (GRNN) [73], Fuzzy clustering [74],

and hybrid Adaptive Neural Fuzzy Inference System (AN-

FIS) [75]. Artificial intelligence provides models with high

accuracy but it requires large number of data points to train

the network. The large data set requirement causes over-

fitting [76]; i.e. the accuracy of the fitted model is high within

the given data set and low outside. ML techniques address this

issue [76], [77]. They are developed based on the statistics

theory [76]. The most popular ML technique in SRM mod-

eling is the Least Square Support Vector Machine (LSSVM)

technique [76], [77]. Grid-Diamond Search (GDS) algorithm

is applied to optimize the machine model developed using

LSSVM technique [77].

As a summary, the polynomial functions, exponential func-

tions and Fourier series technique can provide higher accuracy

for the flux linkage/inductance profiles of the SRM compared

to FEM. In addition to that, ANN and ML techniques can also

provide high accuracy in comparison with FEM. However,

those techniques consume large amount of time to develop

the learning mechanism.

IV. NUMERICAL MODELING TECHNIQUES OF SRMS

A. FINITE ELEMENT METHOD (FEM)

Among all numerical modeling techniques, FEM is consid-

ered as the most popular technique for modeling SRMs [28].

It is utilized in the design, analysis, and optimization of SRMs.

The FEM is applied to design and analyze SRMs with various

stator/rotor topologies [8], [78]–[81], stator/rotor segmented

designs [78], double stator/rotor designs [81], and designs
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FIGURE 15. Procedure of the FE analysis.

FIGURE 16. A mesh of a quarter model of a 6/14 SRM (a) whole mesh and
(b) mesh near the airgap.

with multi-level airgaps [82]. It is also used in optimizing

SRM designs to achieve different objectives such as to maxi-

mize the developed torque [8], [10], [78], minimize the torque

ripple [9], [10], [79], minimize the Back EMF (BEMF) har-

monics [80], minimize the machine weight and volume [80],

[81], [83], and minimize the winding AC copper losses (DC

copper loss and eddy current loss) [84], [85]. Despite the

irregular flux pattern inside the machine slots, the FEM gives

a relatively accurate calculation of the winding eddy-current

density distribution [14].

The FE analysis procedure is shown in Fig. 15. The ma-

chine domain is discretized into a finite number of elements.

A possible discretization of a quarter model of a 6/14 SRM is

shown in Fig. 16(a). The accuracy of the FE model depends

on the number of mesh elements [20]. SRMs operate in sat-

uration conditions, so it is necessary to increase the number

of elements in the highly saturated regions to improve the

model accuracy. Moreover, the machine airgap is changing

with the rotation of the rotor, so it requires a large number of

elements. This can be seen in Fig. 16(b). Generally, magnetic

vector potential or magnetic scalar potential are utilized to

formulate the 2D FE system of equations [21]. The magnetic-

vector-potential-based formulation is less suitable for 3D FE

FIGURE 17. FE simulation model of a 6/14 SRM (a) Flux density
distribution in the stator and rotor and (b) Flux lines inside the machine at
aligned position.

problems since it makes the system more complex and in-

creases the computation burden significantly [14]. The 2D FE

problem can be formulated using magnetic vector potential.

A system of equations is developed for each element in

terms of the magnetic vector potentials at the element nodes.

These local systems are assembled together to formulate one

global system of equations. Dirichlet, Neumann, and peri-

odic boundary conditions are applied to the formulated sys-

tem [20].

Due to the nonlinearity of the magnetic materials, the for-

mulated system of equations is nonlinear. Numerical tech-

niques, such as Newton-Raphson method, are used to solve

for the magnetic vector potentials [86]. Post-processing is

then applied to the converged magnetic vector potentials to

calculate various electromagnetic quantities such as flux link-

age, flux density, and electromagnetic torque. The flux density

distribution and flux lines in the stator and rotor of a FE model

of a 6/14 SRM is shown in Fig. 17.

B. BOUNDARY ELEMENT METHOD (BEM)

BEM is another technique to model SRMs. Boundary integral

equations are used in BEM to solve the electromagnetic fields

on the problem domain boundary. BEM has been applied

in the design and optimization of SRMs [87]. The accuracy

of the BEM is as high as the FEM, and it requires lower

computational burden [88]. However, its major drawback is

the difficulty of considering the magnetic saturation [21] due

to non-symmetric and fully populated coefficient matrices.

Therefore, BEM and FEM [88], [89] or BEM and MEC [90]

are commonly combined together to model SRMs. The FEM

or MEC estimates the magnetic fields in the nonlinear re-

gions whereas the BEM solves the magnetic field in the linear

regions. Solving the electromagnetic field in the nonlinear

region using MEC instead of using FEM reduces the com-

putational burden and increases the simulation speed.

Meshing in BEM is performed at the machine boundary.

The boundary mesh elements are one-dimensional for 2D

domain and two-dimensional for 3D domain [14]. That is why

it is less complex compared to FEM. A possible boundary

mesh of a 2D half model of an 8/6 SRM is shown in Fig. 18.

The mesh can be further refined to increase the accuracy. As
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FIGURE 18. A boundary element mesh of a half model of an 8/6 SRM.

in the FEM, a global coefficient matrix can be developed for

BEM by assembling each local coefficient matrices. Hence the

magnetic vector or scalar potential can be calculated inside the

region of the boundary mesh region.

V. MEC MODELING TECHNIQUES OF SRMS

The MEC method became popular in modeling SRMs in

the past decade [14], [91]. In this method, the SRM geom-

etry is represented as a magnetic circuit, that is analogues

to an electric circuit. Then, the flux distribution inside the

machine is calculated by solving the magnetic circuit. Af-

ter that, the flux density, magnetic field intensity, phase flux

linkage, and electromagnetic torque can be determined. The

MEC technique is usually utilized to provide preliminary de-

signs [92]–[95] and to analyze the electromagnetic charac-

teristics [91], [96], [97] of SRMs. This technique is divided

into two approaches: conventional MEC approach [98]–[100]

and reluctance-mesh/finite-reluctance approach (FRA) [101]–

[104].

A. CONVENTIONAL MEC APPROACH

This approach is simpler and faster compared to FEM. How-

ever, it is necessary to define the flux paths inside the machine

before the modeling. The approach is based on Hopkinson’s

law [103] which can be stated as

U = φRmag (10)

The magnetic scalar potential U across a reluctance element

is obtained from [105]

U =
∫

l

�H .d�l (11)

where l is the length of the reluctance element. The magnetic

flux φ can be defined as [103]

φ =
∫∫

S

�B.d�S (12)

where S is the surface area through which the flux passes.

The magnetic reluctance is a function of the magnetic circuit

geometry and material permeability. The concept of flux tube

can be applied to evaluate the reluctance of different geome-

tries. A flux tube is an arbitrary 3D tube-shaped volume where

flux enters from one side, and leaves from the other side as

shown in Fig. 19 [105]–[107]. A general expression of the

FIGURE 19. An arbitrary flux tube representation of flux path.

FIGURE 20. Common flux tube shapes for SRMs [26]:(a) rectangular shape,
(b) curvilinear rectangular shape, and (c) trapezoidal shape elements.

reluctance Rmag of this arbitrary geometry is [106]

Rmag =
∫ l

0

dl

µS(l )
(13)

where l is the position along the flux tube length. Three

common flux tube shapes could be utilized in an SRM as

illustrated in Fig. 20 [108]. Applying (13), the corresponding

reluctances in Fig. 20(a), (b) and (c) can be evaluated as

Ra =
∫ l

0

dl

µw h
=

l

µw h
(14)

Rb =
ξ

µw log(r2/r1)
(15)

Rc

l2 − l1

µw h log(l2/l1)
(16)

It is necessary to identify the flow paths of the flux inside the

machine to develop the conventional MEC model. The identi-

fied flux paths can be divided into different flux tubes [92],

[96], [97], [109], [110]. Each flux tube can be represented

as a reluctance in the MEC model. A section of a developed

conventional MEC model of the stator, rotor, and airgap of an

SRM is shown in Fig. 21. The rotor is at the aligned position.

The leakage fluxes between stator poles, and between stator

poles and stator yoke are neglected. Three main reluctance

types are considered in an SRM [111]. Linear reluctance for
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FIGURE 21. A conventional MEC of an SRM at the aligned position [98].

materials with constant permeability, nonlinear reluctance for

materials with nonlinear B-H characteristics, and position-

dependent reluctance that depends on the rotor position. The

third type is used in the airgap and has a constant relative

permeability of 1. As shown in Fig. 21, both stator and rotor

poles are divided into two sections, designated as section-1

and section-2 for each pole. This division helps estimating

the local saturation accurately. The top section of the stator

pole, section-1, has a single reluctance element Rsp1,1 whereas

the bottom section, section-2, has three reluctance elements,

Rsp2,1, Rsp2,2, and Rsp2,3. The flux flow inside the rotor pole

becomes nonuniform if the rotor pole moves away from the

excited stator pole. Thus, more discretization is necessary

in the rotor pole region to improve the model accuracy. In

Fig. 21, the rotor pole is divided into two sections, and each

section has three reluctance elements. Hence, the rotor pole

has six reluctances which are Rr p1,1-Rr p1,3 and Rr p2,1-Rr p2,3.

Both stator and rotor yokes are divided into two sections. Each

stator and rotor yoke section has the same reluctances Rsy and

Rry since flux tubes in those sections have the same mean

length and cross-section area. The airgap contains three re-

luctance elements. Two Rag1 reluctances corresponding to the

fringing flux flowing through the non-overlap region between

the stator and rotor poles. Rag2 corresponds to the flux passing

through the overlap region. These airgap reluctances depend

on the rotor position. The MMF source in the model represents

the winding current times the number of turns N .

The mesh/nodal analysis techniques based on Kirchoff’s

laws can be applied to solve for the flux/magnetic poten-

tials of each reluctance element in the circuit illustrated in

Fig. 21 [101], [105]. The mesh analysis technique is the most

common way to calculate the flux that flows through the re-

luctance elements. Flux loops are defined in the MEC model,

where each loop contains various reluctance elements and

FIGURE 22. An example Newton-Raphson iterative method for solving the
MEC model [101].

MMF sources. The following matrix equation can be applied

to obtain the flux in each flux loop.

[R](n f l×n f l )[φ](n f l×1) = [U ](n f l×1) (17)

where [φ] and [U ] are vectors that include the fluxes and

MMF sources, respectively. The parameter n f l is the total

number of flux loops in the magnetic circuit. Due to the

nonlinearity of the stator and rotor reluctances, some ele-

ments in the matrix [R] are functions of the flux density.

Hence, (17) is nonlinear, and iterative techniques such as

simple iterations [96], [110], Gauss-Seidal method [97], and

Newton-Raphson method [101] are utilized to solve it. An it-

erative procedure with the Newton-Raphson method is shown

in Fig. 22 as an example. The initial value of the rotor position

and fluxes are set to zero. The initial values of the relative

permeability µr is set to one and the initial flux density of any

nonlinear reluctance is set to zero. The airgap reluctances are

evaluated based on the rotor position whereas the nonlinear

reluctances are evaluated based on the relative permeability.

The matrix [R] is then formulated, and the Newton-Raphson

method is applied to calculate the loop fluxes. Then, the flux

densities of the nonlinear reluctances are calculated. After

that, the convergence criteria is checked. If it is not met, the

relative permeabilities and, hence, the nonlinear reluctances

are updated based on the calculated flux densities and the

material B-H characteristic. This process then repeats until the

convergence criteria is achieved. Once the process converges,

the flux linkage is calculated at this particular rotor position.

Similar calculations are repeated for different rotor positions.

VOLUME 1, 2020 227



WATTHEWADUGE ET AL.: ELECTROMAGNETIC MODELING TECHNIQUES FOR SWITCHED RELUCTANCE MACHINES: STATE-OF-THE-ART REVIEW

FIGURE 23. A general 2D section of a grid created in finite difference
method.

The conventional MEC approach can be further extended

to model the mutual coupling, multi-phase excitation [97],

[99], and asymmetric airgap [109] in SRMs. The MEC models

can be coupled with numerical or analytical models to de-

velop hybrid models. In [112], [113], the airgap reluctances

are obtained by FE simulations whereas the stator and rotor

reluctances were modeled based on the conventional MEC

approach. Instead of using FE simulations, analytical tech-

niques may also be used to calculate the airgap reluctances,

as in [114]. In [24], [25] and [115]–[117], analytical methods

based on the MEC approach were proposed to estimate the

phase flux linkage/phase inductance of an SRM. These meth-

ods are easy to implement and faster than solving the MEC

numerically. However, leakage fluxes and local saturation in

the stator and rotor poles were neglected in these analyses.

B. RELUCTANCE MESH/FINITE RELUCTANCE APPROACH

This approach can be considered as an extension of the Finite

Difference Method. In FDM, the problem domain is divided

into discrete grid points as shown in Fig. 23. Then, the partial

derivatives of magnetic scalar potential in (5) are approx-

imated using finite differences and the potential values on

the grid points [23], [101], [102], [105]. In the reluctance

mesh approach, the reluctances are defined between adjacent

grid points as illustrated in Fig. 23 [14]. A reluctance mesh

element, as depicted in Fig. 23, is defined around each grid

point. The shape of the element is mainly rectangular, curvi-

linear rectangular, or trapezoidal as in Fig. 20. However, other

shapes such as diamond [102] and hexagon [118] have also

been utilized. Fig. 24 shows the 2D section of an open-profile

SRM that is divided into a rectangular-shaped grid. The re-

luctance elements in the regions of stator slots are associated

with currents produces by the stator winding. Therefore, those

regions can be considered as non-current-free regions. The

reluctance elements in the stator and rotor core do not have

any currents associated with them if the eddy current effects

are neglected. Therefore, reluctance elements in the stator and

rotor regions can be considered as current-free regions. The

airgap region can also be considered as a current-free region

since there are no current carrying conductors in the airgap.

A general reluctance element in the current-free region in the

grid in Fig. 24 is shown in Fig. 25. The partial derivatives in

(5) can be approximated by applying FDM for the element in

FIGURE 24. A reluctance mesh developed for an SRM.

FIGURE 25. A reluctances mesh element in Fig. 24 in the current-free
region [119].

Fig. 25 using magnetic scalar potential values U1, U2, U3 and

U4, and dimensions l and h of the element [22], [120] as

µ

(

U1 − U0

l2
+

U3 − U0

l2

)

+ µ

(

U2 − U0

h2
+

U4 − U0

h2

)

= 0 (18)

There are no electric vector potential terms in (18) since the

reluctance element is in the current-free region. Equation (18)

can be further simplified as

U1 − U0

Rx

+
U3 − U0

Rx

+
U2 − U0

Ry

+
U4 − U0

Ry

= 0 (19)

where the reluctances Rx and Ry equal to 2l/(µw h) and

2h/(µw l ), respectively. The variable w is the axial length

of the machine.

A similar procedure can be applied to the grid elements in

the stator-slot regions as shown in Fig. 26. Again, the partial

derivatives in (5) can be approximated by applying FDM for
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FIGURE 26. A reluctance mesh element in non-current-free region [119].

the element in Fig. 26 as

µ

(

U1 − U0

l2
+

U3 − U0

l2

)

+ µ

(

U2 − U0

h2
+

U4 − U0

h2

)

= µ

(

T1 − T0

l
−

T3 − T0

l

)

+ µ

(

T2 − T0

h
−

T4 − T0

h

)

(20)

where T0, T1, T2, T3 and T4 are electric vector potentials of

the nodes in Fig. 26, respectively. The terms with the electric

vector potentials in (20) can be represented as lumped MMF

sources as in Fig. 26 [104], [119]. The Ampere’s law can

be applied to determine the MMF distribution along x and y

directions in stator slot regions [119]. Then, the MMF source

along the x direction can be divided into two equal MMF

sources placed at the left hand (Us1) and right hand (Us3) sides

of the element as in Fig. 26. Similar, procedure can be applied

to place the MMF sources at the top (Us4) and bottom (Us2)

sides of the element. Then, equation (20) can be simplified as

U1 − U0 + Us1

Rx

+
U3 − U0 − Us3

Rx

+
U2 − U0 + Us2

Ry

+
U4 − U0 − Us4

Ry

= 0 (21)

where Us1, Us2, Us3, and Us4 are the values of the MMF

sources exist inside the reluctance mesh element.

Unlike the conventional MEC approach, in FDM the flux

path inside the machine is not required to be known in advance

to develop the reluctance mesh MEC model. The accuracy

of the reluctance mesh model can be improved by refining

the grid. However, this increases the number of elements and,

hence, the computational burden and the simulation time. Ad-

ditionally, the 2D reluctance elements in (19) and (21) can be

extended to 3D by adding two additional reluctance elements

along the z-axis [105]. As in the conventional MEC technique,

(17) can be applied in reluctance mesh MEC technique to

calculate the flux passing through each reluctance element.

VI. DISCUSSIONS, POTENTIAL RESEARCH DIRECTIONS

AND RESEARCH AREAS

In this paper, we have investigated various modeling tech-

niques for SRMs. Table 3 summarizes the advantages, disad-

vantages, and applications of these techniques. These models

are compared in terms of the accuracy, computational time,

and the capability of modeling local saturation, electromag-

netic losses, complex geometries, and 3D effects. It can be

concluded that proper selection of the modeling technique

depends on the application, required accuracy, suitable sim-

ulation speed, and available computational power. The MEC

techniques are becoming more popular among researchers due

to their faster simulation speed and fair accuracy as compared

to the FEM [14]. The saturation, leakage fluxes, and mutual

coupling of SRMs can be modeled considering rotation of the

rotor.

The challenges with the existing SRM modeling tech-

niques can be overcome by utilizing hybrid modeling tech-

niques [88], [89], [112]–[114]. For instance, the disadvantages

of Maxwell’s equation-based modeling technique and FEM

can be minimized by combining both techniques. Further-

more, the design and operational challenges of SRM can be

addressed by extending the existing modeling techniques or

introducing new ones. For example, for acoustic noise analy-

sis, which is a major challenge in SRMs, the radial forces in

the airgap and their harmonic content need to be calculated.

Accurate and computationally efficient modeling techniques

are required to calculate the radial forces [121], [122]. Re-

luctance mesh technique, ANN, and ML-based techniques

can be improved to calculate the radial forces. For modeling

and design of axial flux SRMs, extensive and computationally

efficient 3D magnetic models are necessary [5], [7]. The reluc-

tance mesh technique or hybrid modeling techniques can be

extended to model a 3D geometry to achieve higher accuracy

and computational speed. Based on the previous discussions

in this study, the following potential research areas are pro-

posed.

A. RELUCTANCE MESH APPROACH

The key advantage of the reluctance mesh approach over the

conventional MEC technique is that it does not require an

advanced knowledge of the flux path inside the machine [97].

This technique has been widely used to model and analyze

PM machines [101], [102]. This is not the case for SRMs.

Studying the reluctance mesh approach for different SRM

configurations is a potential research field. Another potential

area is using this technique to model the effect of mutual

coupling on the dynamic performance of SRMs.

B. MODELING OF THE ELECTROMAGNETIC

LOSSES IN SRMS

Analytical models are not capable of calculating the electro-

magnetic losses in SRMs accurately such as hysteresis losses,

eddy-current losses, and AC copper losses. According to the

available literature, the FEM is the most applied technique to

estimate the motor losses [84], [85]. However, the reluctance
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TABLE 3. Comparison of Electromagnetic Modeling Techniques for SRMs

mesh technique is a potential alternative. Various techniques

such as Preisach model [101], Jile-Atherton model [123], and

the concept of magnetic inductance [124] were coupled with

the MEC technique to model the hysteresis losses in induction

machines and SRMs. However, to the best of authors’ knowl-

edge, these models were not coupled with the reluctance mesh

approach. In the literature, the concept of magnetic capaci-

tance [119] was coupled with the reluctance mesh approach

to estimate the eddy current losses in an induction machine.

But, no references were found discussing how to apply this

method to SRMs.

C. CALCULATION OF THE AIRGAP RADIAL AND

TANGENTIAL FORCES

The airgap radial and tangential forces are necessary to an-

alyze the acoustic noise and vibration characteristics, and

electromagnetic torque. The conventional MEC technique has

been applied to calculate the radial forces in the airgap of an

SRM [109]. However, to the best of authors’ knowledge, the

reluctance mesh technique has not been utilized to estimate

these forces. The radial and tangential components of the

airgap magnetic flux density can be estimated using the reluc-

tance mesh technique. Then, Maxwell Stress Tensor can be

applied to calculate the radial and tangential forces densities.

D. HYBRID MODELING TECHNIQUES OF SRMS

Hybrid modeling techniques has become more popular re-

cently since the advantages are exploited by combining differ-

ent techniques. FEM has been hybridized with MEC in [112]

and [113], and with BEM in [88] and [89] to reduce the

computational burden. In addition, analytical models have

been combined with the conventional MEC models such as

in [114]. There is a potential to combine any of the MEC

approaches with the BEM to model SRMs. The BEM can be

utilized to model the airgap field whereas the MEC approach

can model the iron core as it can consider the effect of local

saturation.

VII. CONCLUSION

This paper presents various modeling techniques for Switched

Reluctance Motor Drives. Analytical as well as numerical

techniques have been considered. The analytical techniques

are based on either Maxwell’s equations or interpolation and

curve fitting methods. Maxwell’s-equations-based analytical

models are fast and computationally inexpensive. However,

they are not accurate enough due to the applied assumptions

and approximations, and the difficulty in modeling nonlin-

earity due to the saturation of the magnetic core. However,

the accuracy could be improved by coupling the analytical

models with interpolation and curve fitting methods using

finite element or experimental data.

The numerical techniques are the most popular modeling

approach for electric machines due to their high accuracy.

The FEM is the most common method for SRM model-

ing. However, it is computationally expensive and requires a

longer simulation time compared to analytical methods. The

BEM is another numerical approach to model SRMs. It has

comparable accuracy with respect to FEM and it has lower

computational burden. However, its major drawback is the

difficulty in considering the magnetic saturation.

The MEC technique can alternatively be utilized for mod-

eling SRMs. This technique has higher accuracy as compared

to analytical models and it is faster and computationally in-

expensive compared to the FEM. The MEC techniques can

be divided into two main categories, (i) conventional MEC

approach and (ii) reluctance mesh/finite reluctance approach.

In the conventional MEC, it is required to know the flux path

inside the machine in advance. But, this is not the case in

the reluctance mesh approach. Conventional MEC technique
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takes less computational time and reluctance mesh technique

takes moderate computational time.

Finally, the paper summarizes the advantages, disadvan-

tages, and applications of the various modeling techniques of

SRMs. It also proposes potential research directions and areas

to be considered. The Maxwell’s equation based SRM models

and MEC based SRM models are suitable for initial sizing

of SRMs. The interpolation- and curve-fitting based methods

can be used for controller design of SRM drives. The FEM

and BEM based SRM models are useful for designing and

optimizing the SRMs.
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