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Abstract--This paper focuses on the electromagnetic transient 

modeling of the switched reluctance motor drive system through 
the detailed circuit-based representation of the machine, power 
converter and control system. The dynamic model of the switched 
reluctance machine consists of interconnected mechanical, 
electrical and magnetic equivalent circuits in simultaneous 
solution. The mesh-based permeance network is used to model the 
nonlinear magnetic behavior of the rotor and stator while the 
airgap is modeled with variable permeances, enabling transient 
studies without re-meshing or reconnecting nodes during runtime. 
The accuracy of the proposed model is validated through 
comparison with a finite element-based model, demonstrating its 
reliability while offering significantly faster computational 
performance. The proposed model simulates the complete 
switched reluctance drive system under transient conditions. 
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I.  INTRODUCTION 
WITCHED reluctance motor (SRM) drive system is used 
in various applications such as pumps, household 

appliances and electric vehicles [1], [2]. Several models have 
been developed to represent the electromagnetic behavior of 
SRM drive systems. However, achieving an accurate and 
computationally efficient SRM model that can seamlessly be 
integrated with the drive system and external circuits remains a 
challenge. 

The magnetic behavior of SRMs is highly nonlinear since 
they mostly operate in magnetic saturated regions to enhance 
torque production. Additionally, the significant fringing and 
leakage flux of SRMs, caused by their large slot openings, are 
not negligible [3], [4]. Therefore, accurate incorporation of the 
nonlinear and complex magnetic behavior of SRMs is essential 
for achieving correct and acceptable results [5]. In fact, the 
development of detailed models using magnetic circuits is a 
first step in the development of typical lumped circuit models 
used in EMT-type software. 

The finite element method (FEM) accurately models the 
nonlinear magnetic behavior of the SRM, but it is 
computationally very expensive [6], [7]. Additionally, 
commercial FEM packages lack power and control 
components. In this regard, the co-simulation of FEM packages 
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and circuit simulators facilitates the integration of the SRM’s 
FEM model into its drive system model [8]. However, this 
indirect coupling requires multiple iterations between field and 
circuit equations, leading to high computational burden and 
numerical delays. 

In many articles, the nonlinear magnetic characteristics of 
SRM such as inductance, flux linkage and torque are integrated 
into its drive system model through curve-fitting techniques [9], 
Fourier series [10], [11] or lookup tables (LUTs) generated 
from magnetostatic FEM [12], [13]. However, these methods 
are not generic as they require rerunning magnetostatic FEM to 
regenerate new LUTs or calculate new coefficients in curve-
fitting or Fourier series techniques. Moreover, the machine's 
internal magnetic behavior, like magnetic flux density 
distribution, is not accessible in these methods. 

Circuit-based modeling of electromagnetic devices enables 
seamless and simultaneous-solution integration of these devices 
within large external circuits since these models can be 
implemented in circuit-based software like EMTP® [14] which 
offers an extensive library of components, ranging from 
transmission lines to power electronics devices and control 
diagram blocks. In [15]-[17], a circuit-based approach known 
as the permeance network method (PNM) is employed to model 
the inductor and transformer in EMTP®. This model benefits 
from simultaneous solutions of magnetic and electrical circuits 
while considering geometric characteristics and nonlinear 
magnetic behavior of the electromagnetic device. 

The PNM is widely used for modeling the nonlinear 
magnetic behavior of SRMs where the main challenge lies in 
modeling the SRM rotation [18]. In [19], a flux-tube-based 
approach is used to generate the permeance network within 
stator, rotor and airgap. However, this method requires 
predefining the flux paths within various parts of the machine. 
Although implementing a mesh-based permeance network 
could satisfy the generic aspects and improve the model 
accuracy [20], [21], using the mesh-based approach within 
airgap cannot model the SRM rotation in a computationally 
efficient way. The circuit nodes at the airgap boundary should 
be reconnected at each time-step while the machine is rotating 
at a fixed speed. Also, in transient studies, dynamic and 
unpredictable variations of machine speed necessitate  
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Fig. 1: SRM and its detailed dynamic model, (a) the geometry of a 3-phase 12/8 SRM, (b) the permeance network coupled with the electric circuit, (c) the 
mechanical equivalent circuit 

remeshing and regenerating the permeance network at each 
time-step. Additionally, the mesh-based airgap approach 
requires a high number of mesh elements in the airgap part to 
reach an acceptable model accuracy. Using a high number of 
mesh elements in the airgap increases the computational 
burden, making the mesh-based airgap model inefficient for 
studies focusing on the transient behavior of the whole drive 
system. Also, the necessity of using small simulation time-steps 
because of the presence of the power electronics devices in 
these transient studies further limits the practicality of meshed 
airgap approaches in electromagnetic transient (EMT) studies. 

These challenges are addressed by using a mesh-free airgap 
permeance method that allows random rotation angles and 
maintains the same circuit topology during simulation. 
Analytical functions [22] or FEM-based calculations [23] can 
estimate the airgap permeance values. However, using FEM-
based calculations requires rerunning FEM simulations as 
preprocessing whenever machine geometrical parameters 
change. 

This paper presents a new efficient and detailed EMT 
(DEMT) model of the SRM drive system. Each component of 
the SRM drive system including the power converter, controller 
and machine is modeled in detail by circuit-based 
representation and with a simultaneous solution with the drive 
system’s components. The dynamic model of the SRM consists 
of three equivalent circuits representing the magnetic, electrical 
and mechanical interactions of SRM by a simultaneous 
solution. 

The results of the proposed DEMT model of the SRM drive 
system are verified by those obtained from the FEM-based one. 
Moreover, the proposed DEMT model is used to model the 
electromagnetic transient behavior of the SRM drive system 
under various operating conditions. 

This paper is organized as follows. The new detailed 
dynamic model of the SRM is presented in section II. In section 
III, the DEMT model of the SRM drive system is developed by 

integrating the SRM’s detailed dynamic model into the circuit-
based EMT model of the power converter and its controller. 
Section IV presents the verification of the proposed DEMT 
model and the results obtained from transient studies conducted 
with the proposed DEMT model. 

II.  DETAILED DYNAMIC MODEL OF SRM 
The detailed dynamic model of the SRM consists of three 

interconnected circuits representing the electrical, magnetic, 
and mechanical behavior of SRM with a simultaneous solution 
between these circuits, as shown in Fig. 1. The geometry of a 3-
phase SRM with 12 stator poles and 8 rotor teeth, named 12/8 
SRM is shown in Fig. 1 (a). In this study, a quarter of this 
machine is modeled due to the symmetry. In this regard, the 
interconnected permeance network and electrical circuit of a 
quarter of this machine is shown in Fig. 1 (b). In this figure, the 
magnetic circuit is colored in black. Also, the equivalent circuit 
of SRM’s mechanical dynamic is shown in Fig. 1 (c) (in 
purple). 

A.  Magnetic Circuit 
The magnetic behavior of SRM is modeled by the PNM. As 

shown in Fig. 1 (b), the permeance network of the rotor and 
stator is built by a mesh-based approach while they are 
connected through variable permeances of airgap. 

    1)  Permeance network of the rotor and stator 
As shown in Fig. 1 (b), the teeth and slots of the rotor and 

stator are subdivided into several elements. The number of 
mesh elements in the radial direction can be selected based on 
the required model accuracy. The effect of the number of mesh 
elements on the model’s accuracy and computational time is 
studied in section IV. The radial and orthoradial directions of 
the flux path within mesh elements are modeled by four 
permeances perpendicularly connected at the element centroid.  



 
Fig. 2: Airgap permeance values for different rotor and stator teeth angles 
calculated by TCM and analytical function 

Due to the constant permeability of the rotor and stator slots, 
the mesh elements associated with slots consist of linear 
permeances. Values of these linear permeances correspond to 
the radial and orthoradial equivalent permeances of a 
cylindrical shape flux tube. Further details regarding cylindrical 
shape flux tubes are available in [24] and [25]. Moreover, the 
nonlinear permeances represent the nonlinear magnetic 
behavior of the ferromagnetic core in mesh elements related to 
the stator and rotor teeth and yokes. These nonlinear 
permeances are implemented by their Norton companion 
models, whose details are presented in [26], [27]. 
    2)  Mesh-free model of the airgap  

As depicted in Fig. 1 (b), each node on the stator tooth-airgap 
boundary (nodes of stator teeth at the top of the yellow part in 
Fig. 1 (b)) is connected to all nodes on the rotor tooth-airgap 
boundary (nodes of rotor teeth at the bottom of the yellow part 
in Fig. 1 (b)) through variable permeances. The value of the 
airgap variable permeance changes according to the rotor 
position to accommodate rotation. In this regard, correct 
estimation of the airgap permeance values in various rotor 
positions is crucial for reaching an acceptable accuracy of the 
SRM’s magnetic model. Thus, the value of the airgap 
permeance is derived from the tooth contour method (TCM) 
[28], [29]. Fig. 2 (a) shows the imposed boundary condition in 
TCM. As shown in this figure, TCM calculates the value of the 
airgap permeance based on the difference in magnetic potential 
(U  in Fig. 2 (a)) between a stator tooth edge and the other 
teeth. The magnetic flux passing through the selected rotor 
tooth, resulting from the magnetic potential difference, is 
estimated by using FEM for various rotor positions. Thus, the 
airgap permeance value can be estimated as 
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where 
,i jgP  is the value of the airgap permeance connecting 

the tooth i  of the stator to the tooth j  of the rotor, θ  is 
the rotor position, jϕ  represents the flux passing through the 

tooth j  of the rotor, and ,i jU∆  is the magnetic potential 

difference between the tooth i  of the stator and the tooth j  
of the rotor. 

Although the TCM benefits from accuracy, it requires long 
preparation time and necessitates running FEM simulations as 
preprocessing. Another drawback of this method is the need for 
interpolation between precalculated values at each time-step. 
To tackle the mentioned problems, this article employs an 
efficient analytical method that is easy to configure. The TCM 
is used for verification of the proposed analytical method. In the 
proposed analytical method, the relative position of the stator 
and rotor teeth are categorized as fully overlapped regions (like 
the relative position of tooth 1 of the rotor and tooth 2 of the 
stator in Fig. 2 (a)), partially overlapped (like the relative 
position of tooth 2 of the rotor and tooth 3 of the stator in Fig. 
2 (a)), and null overlapped (like the relative position of rotor 
tooth 2 and tooth 1 of the stator in Fig. 2 (a)). The value of the 
airgap permeance is assumed to be constant in the fully 
overlapped region [30]. Also, it has been concluded that an 
exponential function can model the value of the airgap 
permeance in partially and null overlapped regions with 
acceptable accuracy [31]. Hence, an exponential function is 
adapted in this study to estimate airgap permeances in partially 
and null overlapped regions. The functions describing the 
airgap permeance values are: 

 

,

,,
,

, ,

,

2
,

,exp

m i j

i ji j
m i j

i j i j

g i j m

i j mg
g i j m

Z m

P

P
P

θ β

θ β
θ β

β β

≤

   −=    − >  −     

 (2) 

 , ,i j i jθ θ σ= +  (3) 

 
, 2

i j
i j

s r
m

β β
β

−
=  (4) 

 , 2
i j

i j

s rs
Z

r

β βα
β

α

+
=  (5) 

where isβ  is the angle of the tooth i  of the stator, 
jrβ  is 

the angle of the tooth j  of the rotor, ,i jσ  is the relative 

position between tooth i  of the stator and tooth j  of the 
rotor tooth, sα  is the stator pole pitch, rα  is the rotor pole 
pitch and mgP  is the maximum value of the airgap permeance. 

Fig. 2 (b) compares airgap permeance values calculated by the 
TCM and the proposed analytical function, for various stator 
and rotor teeth angle combinations. In this figure, the stator and 
rotor teeth angle are shown in the yellow box. As can be seen, 
the proposed analytical function can model airgap permeance 
with acceptable accuracy for fully, partially, and non-
overlapped relative positions of the stator and rotor teeth. 



    3)  Antiperiodic boundary condition 
As shown in Fig. 1 (a) and Fig. 1 (b), the domain of study is 

reduced to a quarter of the machine due to the machine’s 
geometrical symmetry. Based on the winding pattern of the 
12/8 SRM shown in Fig. 1 (a), the antiperiodic boundary 
condition should be imposed in the permeance network. In the 
antiperiodic boundary condition, the nodes on the two extremity 
boundaries of the domain (shown in Fig. 1 (b)) should be 
connected in a way that satisfies the following equations [29] 

 bound boundF F′ = −  (6) 
 bound boundϕ ϕ′ = −  (7) 

where boundF  is the magnetic potential of the nodes on the 
first boundary, boundF ′  represents the magnetic potential of the 
nodes on the second boundary, boundϕ  is the flux passing 
through the nodes on the first boundary, and boundϕ′  is the flux 
passing through the nodes on the second boundary. In this 
regard, the ideal transformers with a transformation ratio of -1 
are used to implement the antiperiodic boundary condition in 
the circuit-based model, as shown in Fig. 1 (b). As shown in this 
figure, these transformers' primaries ( _r primaryT  in Fig. 1 (b)) 

and secondaries ( _ secr ondaryT  in Fig. 1 (b)) are connected to the 

nodes on the first and second boundaries. 

B.  Electric Circuit 
According to Faraday’s law, the electrical and magnetic 

circuits are strongly coupled through mutators. Mutators 
transfer the electrical current into the magnetic circuit as a 
source of magnetomotive force (MMF) and convert the flux of 
the magnetic circuit into the electrical circuit as a source of 
electromotive force (EMF). Thus, the MMF and EMF of the 
mutator can be calculated as [32] 

 F Ni=  (8) 

 dN
dt

e ϕ
= −  (9) 

where F  is the MMF of the mutator, e  represents the EMF 
of the mutator, i  is the current in the electric circuit, ϕ  is the 
flux passing through the magnetic circuit and the gain of the 
mutator is represented by N  which can be calculated by 
applying Ampere’s law. Further details regarding mutators and 
their gain calculation can be found in [15], [16]. 

C.  Mechanical Circuit 
The electromagnetic torque of the SRM can be calculated 

based on co-energy [33] 
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where eT  represents the electromagnetic torque, gn  is the 

total number of airgap variable permeances (6 in Fig. 1 (b)) and 

gPF  is the MMF of each airgap permeance. The mechanical 

equations of the machine are written as [34] 
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where the load torque is represented by LT , mJ  is the 
moment of inertia, mD  is the damping factor and the machine 
speed is expressed as rω . Therefore, the circuit-based 
representation of the machine’s mechanical equations is 
depicted in Fig. 1 (c) (the purple circuit) and enables the 
simultaneous solution of mechanical equations with 
corresponding magnetic and electrical circuits. 

III.  DEMT MODEL OF SRM DRIVE SYSTEM 
The schematic diagram of the SRM drive system 

components is shown in Fig. 3. This figure shows that an 
asymmetric bridge converter supplies the SRM while allowing 
for independent control of phase currents. Each phase of the 
asymmetric bridge converter consists of two IGBTs and two 
diodes. This study implements the detailed circuit-based model 
for IGBTs and diodes. Further details regarding the detailed 
circuit-based representation of the power electronic 
components for EMT studies are available in [35]. 

Moreover, the control system consists of speed, current and 
position control schemes [36], which are interdependent, as 
shown in Fig. 3. The sequential excitation of SRM phase 
windings is enabled by the position control. The conduction 
angle of each phase at each electric cycle condθ  is the 
difference between the turn-on angle onθ  and turn-off angle 

offθ  as 

 cond off onθ θ θ= −  (13) 

The pulse widths of phases ( aposS , bposS , and cposS  in 

Fig. 3) at each electric cycle are equal to condθ  while there is 
a 120-degree phase shift between phases. Additionally, the 
hysteresis current control is implemented to maintain the SRM 
phase current at the reference current refI . The value of the 

reference current refI  at each time-step is determined by the 

speed controller based on the machine’s speed and speed 
command, as illustrated in Fig. 3. The DEMT model of the 
SRM drive system is built by integration of the detailed 
dynamic model of the SRM proposed in section II into the 
detailed circuit-based EMT model of the asymmetric bridge and 
the control system. The DEMT model benefits from the 
simultaneous solutions between all components of the SRM 
drive system. 

IV.  RESULTS AND VERIFICATION 
In this section, a 3-phase 12/8 SRM and its drive system are 

selected as a case study. The geometric specification of the 
studied SRM is available in [21] (refer to 12/8 in TABLE I in 
[21]). The specification of the drive system and mechanical 
parameters of the SRM are presented in TABLE I. This model 
is implemented in the circuit-based EMT simulation engine 
EMT-Julia, which the authors developed under the Julia 
environment. EMT-Julia uses the same methodology as  



 
Fig. 3: DEMT model of the SRM drive system

TABLE I: 
Studied SRM Drive System Specification and its Mechanical Parameter 

 

 
Fig. 4: Accuracy and computational time evaluation of DEMT, (a) effect of 
mesh elements number, (b) effect of using symmetry 

EMTP®. Components exhibiting dynamic behavior can be 
discretized using trapezoidal integration or backward Euler. In 
this study, we used trapezoidal integration. The matrix system 
is constructed based on the modified augmented nodal analysis 
(MANA) method [14] and solved by the KLU solver. 

A.  DEMT Verification 
To validate DEMT’s performance, the results of DEMT are 

compared with those obtained from the FEM-based model. This 
FEM-based model is developed by implementing the FEM 
model of the studied SRM in ANSYS Maxwell® while the 

FEM model of SRM is integrated with the asymmetric bridge 
converter and controller model in Simplorer® through co-
simulation. This model is named CoSim-FEM in this article. 
Both DEMT and CoSim-FEM were simulated on a 2.5 GHz, 
Core i7-11850H computer with 64 GB of RAM. 

The first step in implementing DEMT is to determine the 
optimal number of mesh elements that balances the required 
accuracy with computational time. Thus, the average torque 
value and the magnetic flux density at the center of the stator 
tooth aligned with the rotor tooth serve as the metrics for the 
mesh assessment. Fig. 4 (a) shows the effect of mesh element 
numbers on the computational time and relative error of the 
selected metrics. In this assessment, SRM rotates at a fixed 
speed for 12 ms, using a time step of 1 µs while a quarter of the 
machine is modeled. As shown in Fig. 4 (a), increasing the 
number of mesh elements reduces the relative error of both 
average value of the torque and magnetic flux density, but 
significantly increases computational time. Thus, based on the 
required computational speed and accuracy in this study, 72 
mesh elements are used in the following analysis. 

Moreover, Fig. 4 (b) shows the effect of using symmetry 
(modeling a quarter of the machine) on the computational time 
of the proposed DEMT and CoSim-FEM. Comparing the 
simulation time for the proposed DEMT illustrates that in this 
study modeling a quarter of machine speeds up the simulation 
process by more than 14 times compared to modeling the full 
geometry of the machine. In case of CoSim-FEM, modeling a 
quarter of the machine reduced the CPU time from 3h 25min 
(the CPU time of CoSim-FEM with full geometry model of 
SRM) to 2h 32min. Therefore, modeling a quarter of machine 
considerably accelerates the DEMT simulation process 
compared to the CoSim-FEM. The lesser acceleration in 
simulation process of CoSim-FEM is due to the added 
computational burden of remeshing FEM model at each time-
step and co-simulation. In contrast, DEMT not only benefits 
from a simultaneous solution of the drive system components 
but also uses the same magnetic circuit topology throughout the 
entire simulation, thanks to the mesh-free techniques in the 
airgap. 
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Parameter Symbol Value 
Turn ON angle onθ  0 [deg] 

Turn OFF angle offθ
 22.5 [deg] 

Stator tooth angle stθ  15 [deg] 

Rotor tooth angle rtθ  15 [deg] 

DC link voltage DCV  300 [V] 

Phase coil resistance phR  0.21 [Ω] 

Stack length stkL  70 [mm] 

Stator outer diameter oD  136 [mm] 

Damping coefficient mD  0.000608 [Nm.s/rad] 

Rotor moment of 
inertia mJ  0.0003318 [Kg.m2] 



 
Fig. 5: SRM outputs while SRM rotates at 2500 rpm, (a) phase current, (b) electromagnetic torque 

 
Fig. 6: Transient output characteristics of the SRM drive system due to the sudden changes in the load torques and speed commands, (a) torque, (b) motor speed 
and speed commands, and (c) current of phase A and the command of phase peak

Furthermore, the studied SRM motor drive system is 
simulated with DEMT and CoSim-FEM when the machine is 
rotating at a fixed speed of 2500 rpm while the hysteresis 
current control maintains the phase current in 20 A. The phase 
current of the studied SRM is presented in Fig. 5 (a). The phase 
currents calculated by DEMT and CoSim-FEM show good 
agreement. In both models, the phase current is tracking the 
related control commands (phase pulses) whereas both models 
exhibit a tracking error at the turn-off angle due to the inductive 
nature of the SRM. It is worth mentioning that the currents of 
phases B and C are similar to the current of phase A with 120 
and 240 electrical phase shifts. 

Fig. 5 (b) compares the SRM torque calculated by DEMT 
and CoSim-FEM, showing that DEMT provides acceptable 

accuracy. CoSim-FEM exhibits more high frequency 
oscillations in the torque, likely due to its higher number of 
mesh elements and numerical oscillations from remeshing. 

B.  Transient study: Sudden variations in load torque 
and speed 

In this section, the transient behavior of the SRM drive 
system is studied. Fig. 6 presents the transient output 
characteristics of the studied SRM drive system while there are 
sudden changes in load and speed. As shown in Fig. 6 (a), the 
machine starts to work in the no-load condition ( 0LT = Nm) 
while the speed command is equal to 200 rpm (see Fig. 6 (b)). 
At t = 0.035 s, the mechanical load LT of 4.6 Nm is applied 
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and the speed command is increased to 1000 rpm. The machine 
experienced a transient and reached the steady-state below t =
0.1 s. At t = 0.135 s, the speed command is suddenly increased 
from 1000 rpm to 3000 rpm while the load torque remains at 
4.6 Nm. The machine accelerates until it reaches the steady-
state at about t = 0.2 s. At t = 0.245 s, the speed command is 
suddenly reduced from 3000 rpm to 2250 rpm. Finally, the load 
torque LT  experiences a sudden decrease to 3.4 Nm at t =
0.345 s, while the speed command remains at 2250 rpm. Due to 
this sudden reduction in the load torque, the motor accelerates 
before the speed controller regulates the peak phase current to 
restore the motor speed to 2250 rpm. The values of  refI  and 

phase A current are shown in Fig. 6 (c). It is worth mentioning 
that the currents of phases B and C are similar to the current of 
phase A with 120 and 240 degrees phase shifts, respectively. 

V.  CONCLUSION 
In this paper, the dynamic model of the SRM is developed 

by interconnecting the equivalent circuits representing the 
machine’s magnetic, electrical and mechanical behavior within 
a simultaneous solution. The mesh-based permeance network is 
used to model the nonlinear magnetic behavior of the rotor and 
stator. Thus, the proposed permeance network is fully 
parametrized and can automatically adapt to changes in the 
machine’s geometry while it allows a trade-off between 
computation time and model accuracy. To model the machine’s 
rotation without changing the magnetic circuit topology, the 
airgap part is modeled by the mesh-free approach through 
variable permeances. 

The new DEMT model of the SRM drive system is 
developed by seamlessly integrating the proposed dynamic 
model of SRM into the detailed circuit-based model of the 
power converter and its related control system. This model 
benefits from a simultaneous solution between the machine and 
drive system components. Comparing the proposed DEMT 
model with the FEM-based model verifies its accuracy and 
shows its significantly lower computational burden. 
Furthermore, the proposed DEMT model simulates the 
transient behavior of the SRM drive system under various 
loads. 
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