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Abstract: The Electrically Excited Doubly Salient Variable Reluctance Machine (EEDSVRM) is a
new type of brushless machine designed according to the principle of air gap reluctance change.
There is neither permanent magnet steel nor excitation winding on the rotor. The rotor is made
of silicon steel sheets, thus the structure of the variable reluctance machine is very simple. There
are many optimization methods for this type of machine optimal design, such as novel machine
topology optimization, finite element simulation-based optimization, mathematical analysis-based
optimization, intelligent algorithm-based optimization, and multiple fusion-based optimization.
Firstly, this article introduces the basic structure and working principle of the EEDSVRM and
analyzes both its common regularity and individual difference. Then, the different optimization
design methods of EEDSVRM are reviewed, the advantages and disadvantages of the different
optimization methods are summarized, and the research interests of the optimization design of
variable reluctance machines in the future are prospected.

Keywords: Electrically Excited Doubly Salient Variable Reluctance Machine (EEDSVRM); machine
topology; optimization design; finite element simulation; mathematical analysis; intelligent algorithm;
multiple fusion

1. Introduction

Traditional machine excitation sources are concentrated on the rotor, such as the
permanent magnet synchronous machine (PMSM), which has a higher power density
and efficiency, has attracted much attention, and has been widely used [1]. However, the
permanent magnets placed on the rotor usually need to take special reinforcement measures
to overcome the centrifugal force during high-speed operation, which leads to a complex
machine structure and high manufacturing cost [2]. Moreover, the poor heat dissipation
capacity of the machine leads to an increase in the surface temperature of the rotor, which
may cause irreversible demagnetization of the permanent magnets. The typical stator
electric exciter machine represented by EEDSVRM has received more and more attention
in recent years because of its solid structure and high robustness.

There are two kinds of Variable Reluctance Machines (VRMs): unilateral salient pole
and bilateral salient pole. The bilateral salient pole VRM is more popular due to its many
advantages, such as the largest ratio of maximum to minimum reluctance and better
electromechanical energy conversion characteristics. There are three types of EEDSVRM,
namely the Wound-field Doubly Salient Machine (WFDSM) [3], Switched Reluctance
Machine (SRM) [4], and Electrical Excitation Flux-switching Machine (EEFSM) [5], as
shown in Figure 1.
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Figure 1. Stator excited VRM. (a) WFDSM [3]. (b) SRM [4]. (c) EEFSM [5].

In recent years, EEDSVRM have attracted increasing attention and become one of
the research highlights in the machine field. In [6–12], the control strategy research for
EEDSVRM is proposed. Traditional position sensors have many inherent disadvantages,
such as increasing the cost of the drive system and reducing the robustness of the ma-
chine. In order to improve the overall stability of the WFDSM, a position sensorless control
strategy that adopts the relationship between the machine’s self-inductance and the ro-
tor position to estimate the rotor position is applied to the WFDSM [6,7]. Aiming at the
problem of large torque ripple that is inherent in VRM, an instantaneous torque control
strategy incorporating the adaptive terminal sliding mode to suppress SRM torque ripple is
proposed [8,9]. An improved direct instantaneous torque control method of the 12/8-pole
WFDSM drive system has been researched. The application of this control strategy can
reduce the torque ripple of the WFDSM and improve the torque output capability effec-
tively [10]. In [11], a new of fault-tolerant control strategy is proposed for the fault of the
power converter. Simulation results show that the proposed fault-tolerant control strategy
can effectively alleviate the output performance degradation of WFDSM, caused by power
converter failure. In [12], the sliding mode control was applied to the flux-switching ma-
chine (FSM), which can improve the stability of the FSM drive system. In [13], the fault
characteristics of short circuit and open circuit faults for EEFSM were studied. By changing
the switching state of the power transistor, a basic three closed-loop fault-tolerant control
strategy based on speed, winding, and current and short-circuit current can be achieved.
A fault diagnosis method based on wavelet packet decomposition was introduced for
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SRM [14]. The power converter fault diagnosis for WFDSM is proposed in [15]. The control
strategy is widely used in VRM as it suppresses the torque ripple, which makes the torque
smoother and the overall robustness of VRM improved.

As a new electric excitation machine, EEDSVRM is widely used in popular fields
such as aerospace and electric vehicles because of its simple structure and high robustness.
However, due to its structural characteristics, VRM has problems such as excessive torque
pulsation, which affects operating performance. Therefore, it is necessary to consider the
machine structure and optimize the design of the machine to find the optimal combination
of structural parameters to make the EEDSVRM achieve the best operating performance,
which is of great benefit to the large-scale application of VRM in industry. The optimiza-
tion design of EEDSVRM ontology was researched in [16–21]. There are many types of
EEDSVRM ontology optimization designs, which can be roughly divided into five types:
novel machine topology-based optimization, finite element simulation-based optimization,
mathematical analysis-based optimization, intelligent algorithm-based optimization, and
multiple fusion-based optimization. These five optimization design methods have their
own characteristics. It is relatively time-consuming to propose new machine topology opti-
mization and finite element optimization. Although mathematical formula analysis meets
the requirements of real-time optimization, the optimization accuracy is still insufficient
compared to finite element. Multi-objective optimization using intelligent algorithms can
improve optimization efficiency. The optimization method of multiple fusion combines
the advantages of multiple optimization methods and greatly improves the optimization
efficiency as well as reduces the optimization cost.

In this paper, the topology, working principle and optimization design methods of
EEDSVRM are overviewed. In Section 2, the different topological structures of EEDSVRM
will be classified, their structural characteristics and working principles are analyzed,
and their personality rules and personality characteristics will be summarized. Different
optimization design methods for EEDSVRM will be analyzed and summarized in Section 3.
In Section 4, the advantages and disadvantages of various optimization design methods
are reviewed and the prospects for the optimization design of EEDSVRM in the future are
put forward.

2. Basic Topologies, Principles, and Performances

2.1. WFDSM

According to the machine excitation mode, the Doubly Salient Machine (DSM) can
be divided into three categories, as follows: the Wound-field Doubly Salient Machine
(WFDSM), which is shown in Figure 1a; the Doubly Salient Permanent Magnet Ma-
chine (DSPM); and the Hybrid Excitation Doubly Salient Machine (HEDSM), as shown in
Figure 2 [22–24]. Compared with DSPM and HEDSM, WFDSM does not use permanent
magnets for excitation. Instead, it only relies on the DC power supply to provide the excita-
tion source. In this way, the magnetic flux of the machine can be controlled by adjusting
the amplitude of the excitation current and the risk of irreversible demagnetization of the
machine can be avoided. Therefore, the WFDSM can be used in harsh environments and
has a strong magnetic flux adjustment capability.

The working mode of WFDSM is different from DSPM and HEDSM, which adopt
permanent magnet excitation because of the DC excitation mode. When current flows into
the excitation winding, a magnetic field is established inside the machine. The magnetic
flux generated by the main magnetic field passes through the yoke and magnetic poles
of the stator and rotor and penetrates the entire magnetic circuit of the machine. When
the machine rotor is driven to rotate by the prime mover, the flux linkage of the armature
winding changes with the rotor position, resulting in a symmetrically induced potential.
Unlike the permanent magnet excitation, the air gap magnetic field remains constant,
which results in poor output voltage regulation and fault demagnetization capabilities.
In WFDSM, the main magnetic flux of the machine can be controlled by adjusting the
excitation current to affect the output voltage. The external uncontrollable rectifier circuit is
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shown in Figure 3 [25], where eAf, eBf, eCf, and eDf are the induced voltages of windings A,
B, C, and D; WA, WB, WC, and WD are the windings A, B, C and D; RA, RB, RC, and RD are
the self-resistance of the armature windings of A, B, C, and D; and R is the external load.
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Figure 2. (a) DSPM machine [22]. (b) HEDSM machine [23].
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Figure 3. Full bridge rectifier circuit [25].

2.2. SRM

The stator and rotor of SRM are salient pole structures. As shown in Figure 1b, the
salient pole of the stator is wound with armature winding, while there is no excitation
winding. The magnetic flux moves along the path of minimum reluctance. When the
stator and rotor poles are aligned, the air gap reluctance is the smallest. On the contrary,
when the cogging is aligned, the air gap reluctance of the machine is the largest. Therefore,
SRM follows the principle of minimum reluctance and the magnetic field is distorted to
produce electromagnetic torque. Due to its simple structure, stable operation, and wide
speed regulation range, it is widely used in aerospace, electric vehicle, and other fields.
SRM have two-phase, three-phase, and multi-phase structures, and the stator and rotor
also have different pole slot matching combinations. Generally speaking, if the multi-phase
structure is adopted, the torque ripple of SRM is relatively small [26]. The relationship
between the pole slot and phase number of SRM is as follows:

{

Lmin(NS, Nr) = mNr

Lmin(NS, Nr) > NS > Nr
(1)

where Lmin is the least common multiple of the number of poles of the stator and rotor, m
is the phase number of SRM, and NS and Nr represent the number of poles of the stator
and rotor, respectively.

The pole slot between the stator and rotor of SRM is shown in Table 1. The most
common one is the three-phase 12/8-pole machine, as shown in Figure 1b. Increasing the
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number of poles of SRM can reduce the torque ripple and vibration problems caused by
SRM to a certain extent [27].

Table 1. Common pole slot fit combination of the stator and rotor of SRM.

m 1 2 3 3 4 5 6

NS 2 4 6 12 8 10 12
Nr 2 2 4 8 6 8 10

2.3. EEFSM

Identical to the excitation method of DSM, in addition to EEFSM that uses only direct
current for excitation, FSM also includes a flux-switching permanent magnet machine
(FSPM) that uses permanent magnets for excitation and a hybrid flux-switching machine
(HEFSM) in which permanent magnets and direct current are used for excitation at the
same time. The topology of FSPM and HEFSM are shown in Figure 4. Although FSPM is
considered to be the latest stator excited reluctance machine [28], the permanent magnets
used for excitation inevitably encounter demagnetization problems. It is because of the
ability to achieve magnetic field adjustment and fault demagnetization under high temper-
ature and harsh operating environments that EEFSM has attracted increasing attention and
become one of the research highlights in the VRM field. Figure 1c shows the most widely
used 12/10 pole for EEFSM.

{ 𝐿𝑚𝑖𝑛(𝑁𝑆 , 𝑁𝑟) = 𝑚𝑁𝑟𝐿𝑚𝑖𝑛(𝑁𝑆, 𝑁𝑟) > 𝑁𝑆 > 𝑁𝑟 𝐿𝑚𝑖𝑛 𝑁𝑆  𝑁𝑟
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Figure 4. (a) FSPM [12]. (b) HEFSM [5].

As shown in Figure 1c, it can be seen that there are 12 salient pole silicon steel cores on
the stator. Slots are made on the stator teeth and the field windings are embedded in them.
The excitation currents of the adjacent two sets of stator slots are opposite to each other.

Compared with conventional SRM, EEFSM can work in a full cycle and both its torque
density and power density are higher, which makes it more suitable for applications with
high performance requirements such as aerospace and offshore wind power.

With the periodic change of the overlapping area between the rotor pole and stator
teeth, the air gap magnetic conductivity in the main magnetic circuit also changes, resulting
in the magnetic linkage and back electromotive force in the phase winding, changing with
the rotor position, which realizes the so-called “flux switching”, as shown in Figure 5.
Reasonably designing the pole slot fit of FSPM and optimizing the structural size of the
machine can make the waveform of the flux linkage and back EMF close to the sine wave.
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Figure 5. (a) Maximum forward position of flux linkage. (b) Maximum reverse position of flux linkage.

2.4. Dissimilarity and Commonness of the Three Kinds of Variable Reluctance Machines

The three kinds of machines belong to the category of electrically excited variable
reluctance machines, which have both dissimilarities and commonness. Commonalities are
described below.

(1) Electromagnetic torque is generated by the principle of minimum reluctance.
(2) The stator and rotor adopt salient pole structures, also known as a double salient pole

machine. There are no windings on the rotor and both the field winding and armature
winding are on the stator poles.

(3) The armature winding of the reluctance machine adopts centralized winding and uses
less copper, thus the resistance of the armature winding is relatively small and the
copper loss is also small.

(4) All three types of VRM are excited by DC, which avoids the irreversible demagnetiza-
tion defect of permanent magnet excitation at high temperature.

Furthermore, the three EEDSVRMs of WFDSM, SRM, and EEFSM also have various
characteristics. Traditional SRM can only output power when the rotor slides out of the
stator poles, while WFDSM and EEFSM can be connected to either a half-bridge rectifier
circuit or a full-bridge rectifier circuit. When an external half-bridge rectifier circuit is
connected, it can only work when the rotor slides in or slides out of the stator poles, which
can only be output in half a cycle. However, when an external full-bridge rectifier circuit is
connected, WFDSM and EEFSM will output voltage whether the rotor slides in or slides
out of the stator poles. The process that the rotor completes from sliding in to sliding out of
the stator poles is called a full cycle. Therefore, SRM can only work in a half cycle, while
WFDSM and EEFSM can output power in a full cycle. Compared with WFDSM and EEFSM,
the half-cycle working mode makes SRM output power density and torque density at a
relatively low rate. Both SRM and WFDSM have unipolar magnetic flux linkage, while
EEFSM can switch the magnetic flux to make the magnetic flux linkage present positive
and negative bipolarly. Although the excitation windings on WFDSM and EEFSM are both
placed on the stator poles, there are still some differences in the placement of the windings.
The excitation windings of WFDSM are directly embedded in the stator slots, while EEFSM
is slotted on the stator teeth to place the excitation windings.

3. Optimization Design Method

Under certain constraints, the method of improving certain indexes of the machine by
changing the structure of the machine is called machine optimization design.

3.1. Novel Machine Topology Optimization

The topology of the machine itself has a great impact on the operation performance
of the reluctance machine. Different application fields have different requirements for the
topology of the machine. By optimizing the topology, the performance of the VRM can be
improved. A new outer rotor WEDSM is proposed, as shown in Figure 6.Compared to the



Energies 2022, 15, 228 7 of 24

ordinary WEDSM, it is more suitable for wind power generation because it can improve
the output voltage and reduce the ripple due to the realization of bipolar flux and constant
self-inductance [29].
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Excitation Winding
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Figure 6. The 12/14 pole outer rotor WEDSM [29].

In order to improve the loss of excitation fault tolerance of WEDSM, a new double
stator WEDSM machine combined with the characteristics of SRM is proposed and its inner
stator structure is referred to as SRM [30]. The research shows that when an excitation
failure occurs, the machine can still continue to work and the torque can remain stable.
Unlike traditional SRM, which does not use permanent magnets, permanent magnets
are placed on the stator of the new external rotor multi-teeth SRM, as shown in Figure 7.
Figure 8 shows the output torque capability of three kinds of machines under different
excitation currents; the research shows that this new machine significantly improves the
output torque and output power efficiency compared with the SRM without permanent
magnets [31–33].
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Figure 7. The new external rotor multi-teeth permanent magnet SRM [31].
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Figure 8. Output torque of three groups of machines under different excitation currents [31].

SRM is widely used in the field of electric vehicles because of its simple manufacture
and durability, but its vibration caused by the torque ripple has been criticized. As shown
in Figure 9, a double-layer SRM is proposed in [34] to reduce the torque ripple and realize
smooth operation of the machine by optimizing the topology of SRM. Not limited to the
double-layer structure, a higher-level SRM machine topology is proposed in [35,36]. By
adopting an optimized multi-level structure, the torque ripple, vibration, and noise of the
SRM are effectively reduced.

 
Figure 9. The structure of a double-layer SRM [34].

In addition to multi-layer structure topology optimization, modular and segmented
rotor topology are also proposed to optimize SRM so as to reduce the manufacturing cost of
the machine and improve both the fault-tolerant performance and torque output capability
of SRM. The optimized topology of the modular stator SRM was introduced in [37–40]. The
stator is composed of several modular C or E-type silicon steel sheets, as shown in Figure 10.
The stator is composed of three groups of completely similar E-type modules in parallel and
the module contains three active magnetic poles. Compared with traditional SRM, this type
of machine has stronger fault tolerance and higher torque. Since the segmented structure is
beneficial to increase the torque and reduce the loss, a novel three-phase segmented stator
structure SRM was introduced in [40], as shown in Figure 11, in which two magnetically
isolated stator segments form one phase and the windings are wound on it. In addition
to the modularization and segmentation of the stator, segmentation of the rotor can also
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increase the torque density. A segmented rotor structure SRM is proposed to optimize
the machine, as shown in Figure 12; the output torque ripple of the optimized machine is
greatly reduced; and the machine noise is also improved [41–49].
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Figure 10. Improved 9/12 pole E-type module SRM [39].
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Figure 11. The structure of the segmented stator SRM [40].
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Figure 12. The structure of the segmented rotor SRM [38].
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Both the modular stator and segmentation of both the stator and rotor mentioned
above are a single optimization of the stator or rotor. The three-phase SRM proposed in [50]
is a comprehensive modular machine, which combines the E-type modular stator and
segmented rotor. This comprehensive modular structure SRM has better fault tolerance
than traditional SRM. An SRM topology with modularity on both armatures is proposed.
Multiple sets of C-type modules form a stator and the rotor poles do not have a yoke, as
shown in Figure 13. The biggest advantage of this topology is to reduce the mass and it
is suitable for both electric vehicles (EVs) and wind power fields with high performance
requirements [35]. In [38], an axial flux SRM, in which both the stator and the rotor are
made of modules, is proposed. The stator is formed by connecting multiple sets of C-type
modules and each module is wound with an armature winding. Experimental research
proves that by optimizing the traditional magnetic flux path, the proposed modular SRM
has higher efficiency. Furthermore, the robustness and ease of manufacturing make it
very suitable for industrial applications. With the upgrading of industrial applications, the
performance requirements of the machine are constantly being improved. A comprehensive
modular SRM machine with higher output power and stronger robustness is proposed.
The stator part of this special integrated modular machine is spliced by six E-type modules
and the rotor part is also processed in sections. This special dual modular processing makes
it more suitable for high-performance industrial fields, such as EVs and wind power [45].

Phase winding

Magnetic path
Phase core in stator

Rotor pole

Shaft

Figure 13. Comprehensive segmented yokeless rotor SRM [35].

3.2. Finite Element Analysis and Design

Different from the above machine, we propose a variety of new machine topologies
to optimize the machine, wherein the finite element optimization does not change the
reluctance machine topology. Finite element analysis is a currently popular numerical
analysis method. First, the solution domain is decomposed into a finite number of smaller
intervals. Then, these single cells are solved. Finally, the feasible solution of the entire
solution domain can be derived. This method can better deal with complex engineering
problems, such as mechanical and electromagnetic problems. In the process of machine
optimization, the ANSYS finite element simulation software is used to establish a machine
simulation model that needs to be optimized. By changing the structural parameters of the
machine for optimization simulation, the most optimal set of structural parameters can be
obtained. The finite element simulation is used to optimize the key structural parameters
of WEDSM, as shown in Figure 14 and Table 2.
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Figure 14. Structure parameters of VRM.

Table 2. Main structural parameters of VRM.

Stator Rotor

Outer diameter DSO Outer diameter DrO
Inner diameter Dsi Inner diameter Dri

Pole height hst Pole height hrt
Yoke height hsy Yoke height hry
Pole width tst Pole width trt

The optimal combination is determined to optimize the power generation performance
of the machine by FEA [51–53]. To observe the influence of the torque of the stator and rotor
pole arc width SRM, in [54], a non-linear model between the motor structure parameters
and the output performance is established through ANASY. Based on the model established
above, we determined the optimal stator and rotor pole arc width to increase the torque
while suppressing torque ripple. Since the stator and rotor adopt a salient pole structure, it
will inevitably bring bad problems, such as torque ripple and noise, to the SRM. Notches
on the rotor teeth can be used to suppress the torque ripple and the notch shape is shown
in Figure 15 [55]. Finite element simulation was used for analysis and it was found that the
torque pulsation of SRM reaches the minimum at a notch depth of 2 mm. The influence
of the position of the rotor molding clinches on the SRM torque ripple is often ignored.
Through finite element simulation and by comparing the influence of the position of the
molding clinches on SRM under different currents, it is found that the torque ripple of
SRM can be effectively suppressed when molding clinches that are close to the rotor [56].
Through the three-dimensional finite element simulation software, the 12/8 SRM of five
different lamination shapes were compared and analyzed, and the best topological shape
was sought to minimize vibration and noise [57].

The optimum ratio of the SRM diameter and axial length is established through finite
element analysis to improve the torque bulk density [58]. The electromagnetic torque of the
SRM is closely related to the phase reluctance and current, while phase reluctance is related
to the air gap and rotor. thus the torque ripple can be effectively reduced by optimizing the
rotor geometry [59–61]. In the process of machine optimization, multi-level optimization
is involved. The first level obtains the maximum torque by optimizing the rotor diameter
and air gap, and the second level of optimization, namely the higher harmonics appearing
in the machine, is reduced by optimizing the width of the stator teeth and permanent
magnets [62]. The effects of the stator and rotor tooth width, permanent magnet thickness
on the electromagnetic torque, and levitation force of the bearing-less FSRM are studied by
finite element simulation, and the optimization of the two indexes are obtained at the same
time. Figure 16 shows the comparison diagram of the machine harmonics before and after
optimization, in which the fifth and seventh harmonics are greatly reduced. The results
show that the optimized parameters improve the machine performance significantly [63].
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Figure 16. Harmonic analysis diagram [63]. (a) Permanent magnetic flux. (b) Back-EMF.

In the process of the multi-parameter and multi-objective optimization of the machine,
11 groups of geometry structure parameters can be transformed into two virtual representa-
tives by coordinate transformation and then different objectives can be optimized by finite
element simulation. In this way, the simulation time is greatly reduced compared to the
finite element simulation of the 11 groups of body structure parameters [64].

When too many structural parameters need to be optimized at the same time, the
parameters can be grouped to discuss the impact on the target performance. The stator
teeth and rotor section, stator shunt ratio, and rotor section height can be combined to seek
the optimization of the Embedded Segmented Rotor Flux-switching Machine (ESRFSW)
electromagnetic performance.

3.3. Mathematical Analytical Optimization

The geometric parameters of the reluctance machine have a great impact on the
machine performance, thus the optimal parameters can be found through finite element
simulation to optimize the machine performance, but this method is time-consuming and
cannot meet the real-time requirements. Thus, an analytical method using mathematical
equations to express the machine performance is proposed to find the optimal parameters
of the machine. This method can identify the relationship between each group of structural
parameters and the machine output performance directly and clearly. In [65], the In-Wheel
Switched Reluctance Machine (IW-SRM) is taken as an example to find out the analytical
equation between each group of structure parameters and the output performance. The
machine size analytical equation solved by MATLAB is used to find the target optimal
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solution. When a set of parameter solutions are obtained, the accuracy of the parameters is
verified by finite element simulation.

As the reluctance machine is developed based on the magnetic field modulation
theory, the mathematical analytical formula can be established through the magnetic field
modulation theory to optimize the machine pole slot in order to meet the requirements of
optimizing the machine performance [65–67].

The principle of the SRM torque generation is studied from the perspective of air
gap modulation theory. The magnetic conductivity model of SRM and the mathematical
analytical model of magnetic field modulation are established, and the influence of the
corresponding magnetic field harmonic order on the output torque is analyzed. Finally, the
torque performance of the machine is optimized based on the above analysis [66].

The three-phase current flowing into the SRM stator can be divided into the DC
component and AC component:
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The m, Nr, ω, and Iamp in Formula (2) are the phase number of the SRM, the number
of rotor poles, the angular velocity, and the current amplitude, respectively. αon and αoff

represent the conduction angle and cut-off angle of the phase current. Fourier series is used
to expand Formula (2):
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The Idc appearing in Formula (3) is the fundamental DC component and Ij and ϕj

represent the current amplitude and phase angle of the jth harmonic, respectively [66].
The Fourier series is used to decompose the SRM winding current into two parts, namely
the fundamental DC and AC harmonics. The two currents together constitute the stator
magnetomotive force of the SRM. Due to the unique double salient pole structure of SRM,
the salient pole effect of the stator and rotor must be considered in the air gap magnetic
field modulation theory. Since the concentrated winding in SRM is wound on the stator
side, the winding function brought by the salient poles of the stator can be expressed by
Formula (4) [66]:
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In Formula (4), Wa represents the stator winding function, Na is the number of the
connected turns of each phase of the SRM, and Nc is the number of stator coils [66]. The
winding factor of SRM is represented by KW. In the SRM air gap permeability analysis,
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an energy wave containing a DC component will be caused by the SRM rotor with salient
poles, as shown in Formula (5):

P(θ, t) =
∞

∑
k=0,1,2...

Pk cos[kNr(θ − θ0 − Ωrt)] (5)

In Formula (5), the amplitude of the air gap permeance is represented by Pk The
magnetomotive force of SRM is obtained by multiplying the phase current, represented
by Formula (3), and the stator winding function, represented by Formula (4), as shown in
Formula (6):

{

Fdc(θ) = [Wa(θ) + Wb(θ) + Wc(θ)]Idc

Fabc(θ.t) = Wa(θ)(Ia(t)− Idc) + Wb(θ)(Ib(t)− Idc) + Wc(θ)(Ic(t)− Idc)

}

(6)

In Formula (6), Fdc represents the DC-induced electromotive force and the AC-induced
electromotive force is represented by Fabc The air gap field in Formula (7) can be obtained
by Formulas (6) and (5).

{

Bdc(θ, t) = Fdc(θ)P(θ, t)
Babc(θ, t) = Fabc(θ)P(θ, t)

}

(7)

In Formula (7), Bdc and Babc are used to express the air gap magnetic flux density
caused by the DC and AC magnetomotive force. The above two sets of different air gap
magnetic densities can be multiplied to obtain the SRM torque expression, as shown in
Formula (8):

T = P ×
πgrL

µ0
Bdc × Babc (8)

In Formula (8), P is used to indicate the number of pole pairs. The µ0 at the position
of the denominator is a constant, which is used to represent the magnetic permeability in
vacuum; g and r on the numerator are used to indicate the length and radius of the SRM air
gap; and L indicates the stack length of SRM. In Formula (8), it can be clearly seen that the
torque of SRM is not only related to the inherent structural parameters of the machine itself,
but also closely related to two different induced electromotive forces generated by AC
and DC. Using the mathematical analytical formula of the above analysis, the two air-gap
magnetic fields of AC and DC can be adjusted reasonably so that the torque pulsation can
be effectively suppressed while the torque of SRM is increased [66].

Based on the deduced mathematical expressions of the back EMF and the torque of
the FSM, the effects of the rotor pole number, pole arc, and permanent magnet thickness on
the back EMF are studied. According to the analytical expression, the FSM is optimized to
minimize the torque ripple and maximize the torque density [67].

3.4. Intelligent Algorithm Optimization

In the process of machine design optimization, a variety of optimization indexes
and structural parameters are needed to be considered together. The efficiency is very
low by using the traditional finite element and mathematical analysis methods. With the
development of artificial intelligence and machine learning, an optimization method for a
reluctance machine based on intelligent algorithms is proposed.

SRM is widely used in electric vehicles and other fields because of its simple manu-
facturing and durability, and multiple indicators such as torque, efficiency, and cost are
required at the same time in consideration of the SRM design. In [68], a global optimization
method based on the multi-objective optimization algorithm is proposed, with stator and
rotor poles as parameter variables. The high torque, low copper consumption, and high
torque density are chosen as three groups of optimization objectives. The specific optimiza-
tion process is shown in Figure 17 and the research results show that this method has a
shorter optimization time and higher precision.



Energies 2022, 15, 228 15 of 24

Maximization of 
average torque

Maximization of 
average torque per 

copper loss

Maximization of 
average torque per 
motor core volume

Optimization of
Stator and rotor 
Pole arc angles

Design 
constrains

Nonlinear design 
equations of in-

wheel SRM

Base values of 
average torque

Base values of 
average torque 
per copper loss

Base values of 
average torque per 
motor core volume

Maximization of 
multi-objective 

function

Output optimal
Stator and rotor
Pole arc angles

Optimization objectives Optimization process Optimization  output results

–

–

–

Figure 17. Multi-objective optimization flow chart [68].

In addition to the multi-objective optimization algorithm mentioned above, there are
many kinds of intelligent algorithms applied in SRM [68–77]. Compared to the ordinary
gradient descent method, the genetic algorithm (GA) can converge faster, thus it is used in
high-speed SRM optimization [69]. With the progress of algorithm technology, the opti-
mization convergence of GA in the field of multi-structure parameters is still unsatisfactory.
Based on this, the simulated annealing algorithm (SA) is proposed to compare to the genetic
algorithm. The results show that the SA has initially reached convergence after evolution
of 10%, but the GA still does not reach convergence after evolution of 40%, as shown in
Figure 18. The results prove that the SA has higher convergence in the multi-objective
optimization of the reluctance machine [70].

–

 

–

–

Figure 18. Multi-objective optimization evolutionary process of GA and SA [70].

According to the actual design requirements, the simulation model of the electric vehi-
cle is established in MATLAB and the geometric parameters related to SRM are optimized
by the Taguchi–chicken swarm optimization algorithm (Taguchi-CSO) [72].

Before the intelligent algorithm is used, not only the finite element simulation is
used to optimize the machine, but also the design of the experiment (DOE) and stochastic
evolution are used to optimize the reluctance machine. Taking the DOE as an example, it is a
mathematical statistical method about the mapping between reaction structure parameters
and optimization indexes. It is often used for machine optimization but, once again, two
structural parameters are involved, thus the number of experiments will be very large and
the optimization efficiency low. Therefore, a new optimization method of the reluctance
machine based on the combination of mathematical statistics and intelligent algorithms is



Energies 2022, 15, 228 16 of 24

proposed in [73]. This design method can be widely used to collect global information of
the reluctance machine and to improve the optimization efficiency [74–76].

Represented by DOE and the differential evolution algorithm (DEA), a machine opti-
mization method combining mathematical statistics and intelligent algorithms is proposed
and the specific optimization process is shown in Figure 19. DOE mathematical statistics
is carried out firstly, which can effectively screen out the structural parameters with high
sensitivity to machine cost, torque ripple, and other optimization objectives. Candidate
design variables are greatly reduced and construct the response surface (RS) between
high-sensitivity parameters and optimization indexes. The parameter model constructed
by RS is globally optimized by using the DEA to obtain the optimal solution.

Start

Specify design variables,constraints 
and objectives

Implement the parametric gemetry model

Number of design 
variables>5

Implement DOE and RSM:
 Perform sensitivity studies on each objective
 Select significant design variables
 Redefine ranges for design variables

Implement DE for global design optimization

Select optimum designs through the Pareto-set 
for multi-objectives

End

No

Yes

Determine optimization 
variables and objectives

Experimental design

Global optimization

–

Figure 19. Machine optimization process based on DOE and DE [71].

However, the accuracy of the second-order RS model constructed by DOE will decrease
with the increasement of the design structural parameters, which will make the mapping
relationship between structural parameters and optimization objectives unreal. Therefore,
a high-dimensional mapping relationship must be established. In [75], Audze–Eglais Latin
hypercube designs (AELHD) are proposed to replace DOE to establish a third-order RS
model and then Particle Swarm Optimization (PSO) is used to find the three-objective
optimal solutions of SRM with maximum torque, maximum efficiency, and minimum
torque ripple.

When there are few machine design parameters, the mathematical statistics of the
experimental design can be used to establish the RS analysis model to reflect the mapping
relationship between structural parameters and optimization objectives. However, when
too many candidate design variables need to be considered, the efficiency of this method is
particularly low. In order to improve the multi-objective optimization efficiency of FSM, a
multi-level optimization method is proposed; the specific optimization flow chart is shown
in Figure 20.
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Figure 20. Sensitivity grading optimization flow chart [76].

Firstly, the torque, torque ripple, and low-magnetic coupling between the inner and
outer machines are determined as the optimization objectives of the brushless double-
mechanical port flux-switching machine (BDMP-FSM) and then the sensitivity analysis
of machine structural parameters are carried out to determine both the high-sensitivity
parameters and general-sensitivity parameters for the optimization objectives. The sensitiv-
ity level is used for classification and the non-sensitivity parameters are directly excluded.
The sensitivity parameters are four groups of variables and the RS model can be used. The
high-sensitivity parameters have eight groups of variables. The multi-objective genetic
algorithm (MOGA) is used to find the optimal solution. This layered design method can
effectively reduce the optimization time and improve the optimization efficiency [76].

3.5. Multivariate Fusion Optimization

The above optimization methods of the reluctance machine are based on a single
optimization method. With the improvement of the performance requirements of the
reluctance machine, a multivariate fusion optimization method with higher accuracy and
efficiency is proposed. It combines the above optimization methods so that the optimized
machine can be suitable for the complex and changeable working environment.
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Topology optimization combined with intelligent algorithm optimization is proposed
in [40,78–81]. Considering that the topology of SRM using permanent magnets can improve
the output torque, a new hybrid excitation SRM is proposed. The biggest feature of this
machine is to place the permanent magnet on the adjacent stator pole of SRM. The stator
pole saturation is reduced to improve the output torque. However, in order to obtain the
best performance, GA is integrated to optimize the machine parameters to achieve the
maximum output torque [78]. Moreover, the SRM topology with the segmented stator
structure can also be used to improve the SRM torque performance. By introducing this new
machine topology, combined with the multi-element fusion optimization of the intelligent
algorithm optimization of key parameters, the stator-segmented SRM shows better torque
density than the conventional SRM and is suitable for the field of electric vehicles (EVs)
with high demand for torque density [40].

An optimization method of the reluctance machine combining magnetic field modula-
tion theory and the intelligent optimization algorithm is proposed. Through the magnetic
field modulation theory and winding function analysis of WEDSM, the optimal pole slot
coordination of the stator and rotor is sought so as to achieve the optimal no-load back
EMF and winding inductance. Then, taking the output voltage and fault tolerance as the
optimization objectives, GA is used to globally optimize the key structural parameters of
the WEDSM. The finite element simulation and experimental results show that the multi-
element fusion optimization method combined with magnetic field modulation theory and
intelligent algorithms has higher optimization efficiency [82].

A multiple optimization method combining mathematical analysis and the intelligent
optimization algorithm is proposed to reduce SRM torque ripple. Through the analysis of
SRM vibration characteristics, the mathematical analysis model of its torque and radial
force is established, and then the DE intelligent algorithm is used to optimize the Fourier
series, representing the phase current characteristics, so as to seek to minimize the torque
ripple and vibration of the SRM. The research results show that this multivariate fusion
optimization method greatly reduces the calculation time and improves the optimization
efficiency compared to the single use of FEA [83]. The machine model is very important
for multivariate fusion optimization. A generalized machine mathematical analysis model
based on Maxwell’s equations is proposed [84]. Through this model, the basic electro-
magnetic characteristics can be quickly calculated and the design variables used for the
multi-objective optimization of the PSO intelligent algorithm are greatly reduced. In this
new type of the machine optimization design method, mathematical analysis models and
intelligent algorithms are used in combination, which greatly improves the efficiency of
SRM’s multi-objective optimization design.

Torque ripple and vibration noise have always been the inherent drawbacks of SRM.
The traditional optimization method has always been to seek optimization on the machine
structure to suppress torque pulsation. However, the torque ripple of SRM is not only
restricted by the structure of the machine body, but is also related to the control mode of
the machine. In [85,86], a multivariate fusion control method combined with intelligent
algorithms is proposed to suppress the torque ripple and vibration noise of SRM. Adaptive
sliding mode control is adopted as the control strategy of SRM. Elitist-mutated multi-
objective particle swarm optimization is used to optimize a variety of control parameters
globally to improve the response of the control system, to increase the robustness of the
system, and to finally alleviate the torque ripple of SRM. This kind of control strategy
combined with the intelligent optimization algorithm has a higher control efficiency and
better effect.

4. Discussion

Compared with traditional rotor-excited machines such as PMSM, the EEDSVRMs
represented by WFDSM, SRM, and EEFSM reviewed in this article have no windings wound
on the rotor and all windings are concentrated on the wound on the stator, thus the three
types of machines are simple in structure and easy to manufacture. In addition, permanent
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magnets are not used in the above three types of machines but consider the use of a DC
power supply to excite the machines. This unique excitation method enables WFDSM, SRM,
and EEFSM to avoid the irreversible demagnetization phenomenon that may be caused
by the use of permanent magnets and cause the machine to fail to work normally, which
greatly improves the robustness of the machine. With the above advantages, EEDSVRMs
represented by WFDSM, SRM, and EEFSM are popular in high-performance industrial
applications such as aerospace, EVs, and offshore wind power.

In order to optimize a single goal or multiple goals of the machine, different optimiza-
tion methods are proposed for EEDSVRM, such as optimization based on new machine
topology, optimization based on finite element simulation, optimization based on math-
ematical formula analysis, optimization based on the intelligent algorithm, and multiple
fusion optimization. Various optimization design methods of EEDSVRM have their own
characteristics. In order to optimize a certain performance of the machine, it can be con-
sidered from the machine topology. For example, a new type of machine topology can be
proposed to optimize the original machine according to the needs of industrial applications.
The advantage of this method is that it can fundamentally achieve the optimization require-
ments, but the shortcomings are also obvious because this method, based on the proposed
new machine topology optimization, requires in-depth research on the machine body struc-
ture, which takes a long time and is relatively inefficient. With the widespread application
of industrial finite element simulation software, a method for optimizing motors based on
finite element simulation software is proposed. The simulation model of EEDSVRM can
be established with limited finite element simulation software and the goal of optimizing
the machine can be achieved through the simulation analysis of key structural parameters.
The advantage of this optimization method is the high calculation accuracy. However, the
disadvantage is that only the discrete geometric parameters of EEDSVRM are compared
and analyzed. The sample selected by this method is relatively small and it is impossible to
build all models within a feasible range. Real-time optimization cannot be met and this
method of optimization requires a lot of time. For example, 2D models take half an hour,
while 3D models take longer. The mathematical analysis method is a VRMs-optimization
design method based on Maxwell’s equations and the air gap magnetic field modulation
theory. Although this method meets the subsequent real-time requirements, its calculation
process is solved under ideal electromagnetic conditions and many actual electromagnetic
effects are ignored, thus its disadvantage is that the accuracy of the calculation results is
relatively low. Therefore, the result of the subsequent optimization process may not be the
global optimal structural parameter set.

With the popularization of computers and intelligent algorithms, a method to optimize
the design of EEDSVRM using intelligent algorithms is proposed. In the process of using
intelligent algorithms to optimize the design of EEDSVRM, the whole process is divided
into two steps. Firstly, the global optimization method based on DOE and intelligent
algorithms uses the experimental design to establish the large data machine parameter
model within the feasible range. Then, intelligent algorithms are used under constraints to
find the optimal solution that satisfies the optimization goal. Compared with mathematical
analysis methods, this optimization method using intelligent algorithms is more efficient
and accurate, and can better meet the requirements of the rapid optimization of VRM.

With the wide application of EEDSVRM in high-performance fields such as aerospace
and electric vehicles, higher design requirements are put forward in the process of ma-
chine optimization design. A global optimization method based on multiple fusion is
proposed. This new type of the EEDSVRM optimization design method can integrate
the various optimization design methods mentioned above and the advantages of the
different optimization methods that have been merged can be absorbed. Therefore, the
optimization efficiency of this multiple-integrated optimization design method is higher
and the optimization effect is more obvious, which represents the direction of the global
optimization of variable reluctance machines in the future.
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Nomenclature

AELHD Audze–eglais latin hypercube designs
BDMP-FSM brushless double-mechanical port flux-switching machine
DEA differential evolution algorithm
DOE design of experiment
DSM doubly salient machine
DSPM doubly salient permanent magnet machine
EEDSVRM electrically excited doubly salient variable reluctance machine
EEFSM electrical excitation flux-switching machine
ESRFSW embedded segmented rotor flux-switching machine
EVs electric vehicles
FSM flux-switching machine
FSPM flux-switching permanent magnet machine
GA genetic algorithm
HEDSM hybrid excitation doubly salient machine
HEFSM hybrid flux-switching machine
IW-SRM in-wheel switched reluctance machine
MOGA multi-objective genetic algorithm
PMSM permanent magnet synchronous machine
PSO particle swarm optimization
RS response surface
SA simulated annealing algorithm
SRM switched reluctance machine
Taguchi-CSO Taguchi–chicken swarm optimization algorithm
VRM variable reluctance machine
WFDSM wound-field doubly salient machine
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