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Abstract: This paper presents a detailed literature review on switched reluctance motor (SRM) and
drive systems in electric vehicle (EV) powertrains. SRMs have received increasing attention for
EV applications owing to their reliable structure, fault tolerance ability and magnet free design.
The main drawbacks of the SRM are torque ripple, low power density, low power factor and small
extended speed range. Recent research shows that multi-stack conventional switched reluctance
motors (MSCSRM) and multi-stack switched reluctance motors with a segmental rotor (MSSRM-SR)
are promising alternative solutions to reduce torque ripples, increase torque density and increase
power factor. Different winding configurations such as single-layer concentrated winding (SLC),
single layer mutually coupled winding (SLMC), double layer concentrated winding (DLC), double
layer mutually coupled winding (DLMC) and fully-pitched winding (FP) are introduced in the
literature in recent years to increase average torque and to decrease torque ripples. This research
analyzes winding methods and structure of the SRMs, including conventional and segmental rotors.
They have been compared and assessed in detail evaluation of torque ripple reduction, torque/power
density increase, noise/vibration characteristics and mechanical structure. In addition, various drive
systems are fully addressed for the SRMs, including conventional drives, soft-switching drives, drives
with standard inverters and drives with an integrated battery charger. In this paper, the SRM control
methods are also reviewed and classified. These control methods include strategies of torque ripple
reduction, fault-diagnosis, fault-tolerance techniques and sensorless control. The key contributions
of this paper provide a useful basis for detailed analysis of modeling and electromechanical design,
drive systems, and control techniques of the SRMs for EV applications.

Keywords: switched reluctance motor; segSRM; multi-stack; SRM converter; speed control; torque
ripple reduction

1. Introduction

The switched reluctance motor (SRM) has some advantages compared to the induction
motor (IM) and permanent magnet synchronous motor (PMSM), such as a magnet-free and
robust rotor structure that allows high speed operations and is inherently fault tolerant.
Due to these reasons, SRM is a promising traction machine candidate for electric vehicle
(EV) applications. The SRM can be driven by an asymmetric bridge, thus avoiding the
risk of short-circuits across the dc source. The main disadvantages of the SRM are its high
torque ripple [1], low torque/power density and low power factor [2,3].

Torque ripple minimization is one of the most important and challenging SRM design
aspects when the requirements of traction applications are considered. Two approaches are
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used to decrease torque ripples: structural design and advanced SRM control methods [4].
Furthermore, multi-stack and multi-layer structures were introduced to further reduce the
torque ripples of the SRMs [5-8]. Different converter topologies and control methods were
developed to decrease the torque ripples [4].

In this paper, the conventional and the segmental SRM designs, drive topologies
and control methods of the SRMs for higher average torque with less torque ripples, less
vibration, and less acoustic noises in the EVs are discussed. In Section 2, the conventional
SRM structure is analyzed, and winding configuration classifications are described. Then, a
review of one-stack and multi-stack conventional SRMs is presented. Section 3 introduces
the segSRM, including the one-stack and the multi-stack segmental SRM. In Section 4,
different drives for the SRMs are classified, and a summary of conventional converters for
the SRMs is provided. Furthermore, soft-switching converters for the SRMs are reviewed.
The SRM drives with standard voltage source inverters (VSIs) are also presented. This
section is concluded with an investigation on the SRM drives integrated with the EV battery
chargers. Section 5 presents the control methods of SRMs, including control methods for
torque ripple reduction, fault-diagnosis, fault-tolerance techniques and sensorless control
for the SRMs. Finally, a conclusion and future trends are given in Section 6.

2. Conventional Switched Reluctance Motor

A conventional SRM (CSRM) consists of three parts, which are winding, stator and
rotor. The most common conventional SRMs with different stator and rotor pole ratios are
shown in Figure 1 [9]. The tendency of the magnetic flux to have a minimum reluctance is
what produces the electromagnetic torque in the SRM. Once the rotor pole is aligned to the
stator pole, the maximum inductance of the excited phase is obtained.

DD

5-phase 4-phase 3-phase 2-phase
10 stator poles/8 rotor poles 8 stator poles/6 rotor poles 6 stator poles/4 rotor poles 4 stator poles/2 rotor poles

Figure 1. Conventional SRMs with different numbers of stator and rotor poles [9].

The instantaneous voltage between the terminals of a single phase can be expressed
as Equation (1) [9]:
U =iR +d®/dt, (1)

where U is the instantaneous voltage on each phase, i is the phase current, R is the resistance
of a phase, @ is the flux linkage, and t is the time. The flux linkage changes with the rotor
position and phase current value:

U=iR+0d®/dl x di/dt +9dD/d0 x d6/dt =iR + L(0,i)) x di/dt + E(0,i) x d6/dt, (2)

where 0 is the rotor position, E(6,i) is the back electromotive force (EMF), and L(6,i)
is the instantaneous inductance. The mechanical equation of the SRM is deduced as
Equation (3) [10].

] xdw/dt=Te — Ty — Ty, w =d06/dt, (©)]

where | is the rotational inertia, w is the rotational angular speed, Tk is the electromagnetic
torque, Ty, is the load torque, Ty is the additional torque including friction torque, air
resistance torque, etc. In [11] the authors designed and optimized a 12/8 SRM for EVs
and hybrid EVs (HEV). Owing to their optimization method, the torque ripple is reduced
by 10.2% and the average torque is increased by 2.4% compared to a typical benchmark
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design. They have concluded that the most effective way to increase the initial torque is by
increasing the rotor diameter.

There are some SRMs available on the market. The U.S. MOTORS® brand from Nidec
Motor Corporation (St. Louis, MO, USA) supplies series of SRMs from 14.9 kW to 313 kW
and 1000 rpm to 4500 rpm [12]. The Kehui International Ltd. company (Mill Studio Crane
Mead, UK) produces SRMs from 4 kW to 500 kW and 380 V to 1140 V alternating current
(AC) voltage [13]. The company Rocky Mountain Technologies (Basin, MT, USA) produces
series of SRMs in three-phase and four-phase [14]. The power range of the four-phase SRMs
is from 0.44 kW to 3.43 kW, the power range of the three-phase SRMs is from 12.67 kW to
26.84 kW. The MACCON company (Munich, Germany) provides four-phase SRMs from
0.44 kW to 8.42 kW [15]. The Striatech subsidiary of Teknatool International company
(NORTH CLEARWATER, FL, USA) produces SRMs ranging from 750 W to 1.25 kW [16].

2.1. Winding Configurations

The performance of SRMs varies depending on the winding configurations. Figure 2
represents the winding configurations for different reluctance motors [17,18]. A single-layer
concentrated (SLC) winding is a configuration where the phase coil is wounded on one pole
of the stator and each slot has only one coil. It can be configured to the single-layer mutually
coupled (SLMC) windings and the SLC windings with a different winding direction. For
the SLMC windings in the SRM, the torque is produced by the change of self and mutual
inductances. Using the SLC winding in the conventional SRM, the torque is produced
by changing of self-inductances [19]. With the double layer mutually coupled (DLMC)
winding and the double layer concentrated (DLC) winding, every slot is shared by two coils.
When the fully-pitched (FP) configuration is considered, a distributed winding SRM called
mutually coupled SRM (MCSRM) is used. For some pole and stator phase combinations,
SLMC and DLC may not be possible. One of the reasons is the unbalanced winding.

I Winding Configurations |
; Double Layer ;
Single Laygr QanenWated Distributed Winding Concentrated TO.rO].dal
Winding - Winding
Winding

l
Ry
< vy %
Y T

™

SLC

SLMC DLMC

Figure 2. Different winding configurations for switched reluctance motors edited from [17,18].

An unconventional SRM with multiple isolated flux (MIFPs) has been presented to
achieve less eddy current and hysteresis losses [20]. The presented SRM has higher torque
density than a conventional SRM. A toroidal winding configuration is used for the 12/10
MIFP SRM. The toroidal winding has advantages to improve the heat transfer, to have a
wide stator and rotor teeth, to improve the fill factor and to reduce the acoustic noise.

The MCSRM achieves higher torque performance per ampere at low speeds, and it has
a higher back-EMF voltage at high speed [21]. The SRM with the FP winding configurations
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can achieve higher average torque and lower torque ripple compared to using the SLC,
SLMC, DLC or DLMC windings [17]. A model for toroidal winding SRM (TWSRM)
was introduced by [18]. The TWSRM provides additional winding space and keeps the
advantages of mutual coupling excitation. It produces more concentrated magnetomotive
force (MMEF) than the MCSRM. In addition, it is more sensitive according to saturation.
Among the SRMs, the MCSRM produces the highest torque in the high-speed region, and
the TWSRM produces the highest torque in the low-speed region [18].

The comparison results of different winding configurations based on 2D finite element
analysis (FEA) are illustrated in Figure 3. The doubly salient reluctance machine (DSRM)
in Figure 3 is the SRM supplied with three-phase sinewave currents [17]. The average
torque and the torque ripples are compared for different winding configurations at different
current levels. Figure 3a presents the average torque comparison of the 12/4 DSRM with
different winding configurations. Figure 3b presents the torque ripple comparison of the
12/4 DSRM. Figure 3c presents the average torque comparison of the 12/8 DSRM with
different winding configurations. Figure 3d presents the torque ripple comparison of the
12/8 DSRM. It shows that the 12/4 and 12/8 DSRM with the FP winding configurations
achieve the highest average torque and low torque ripple. It is an important reference for
the CSRM.
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Figure 3. Comparison of torque performance with different winding configurations at (i) 10 Arms
and (ii) 40 Arms (a) Average torque of 12/4 machines, (b) Torque ripple coefficient 12/4 machine,
(c) Average torque of 12/8 machines, (d) Torque ripple coefficient of 12/8 machines [17].

2.2. One-Stack Structure Conventional SRM

The authors of [22] have analyzed the radial electromagnetic force’s spatial distribution
and the force’s frequencies under eccentricity condition. For the unbalanced magnetic force
(UMEF), a compensation method has been investigated. The finite element model analysis is
used to verify the compensation method. The results have shown that the control method
can suppress the UMF in one revolution and decreases the UMF by 80%. Based on the
developed flux modulation principle, the publication [23] proposed an advanced current
control technique for three-phase SRMs, which can suppress the current harmonics. The
torque ripple and motor vibration can be significantly reduced compared to the existing
SRM control technique. It improves the robustness of the motor system even without
changing the winding arrangement and motor structure [23].
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A new online optimization and commutation strategy was presented in [24]. The
torque ripple coefficient and efficiency are used to create an objective function. In order to
maximize the value of the objective function, the defined boundary angles are optimized
online by the genetic algorithm during the operation of the machine. Simulation and experi-
mental results confirm the effectiveness of the method under different operating conditions.
An improved torque hysteresis control method is adopted to enhance the efficiency of the
SRM. In order to investigate the rotor dynamic characteristics and the mechanical strength
of the SRM rotor in high-speed and high-power condition, an investigation scheme has
been presented in [25]. The strength of the rotor is verified at 1.2 times the rated speed
and the von-Mises yield criterion is used. The conventional method is used to compare
with the proposed scheme. It has been proved that the proposed critical speed calculation
scheme is more effective and accurate. To achieve the best performance of the SRM, [26]
has presented an advanced multi-objective optimization method for the system level. The
average output torque, average loss, and torque ripple are the three optimization objectives.
The optimized SRM drive system has higher efficiency and lower torque ripple compared
to the conventional method. It has been shown that the proposed optimization method is
more efficient [26].

In [7], the influence of different pole head shapes on the motor performance in an
SRM has been analyzed. The radial force causes vibration in the stator and acoustic noise.
The radial force has been reduced by about 19% at the rated current as compared to a
standard SRM thanks to a novel pole head shape. It is figured out that the torque ripple has
increased by 3.29%. A concept to extend the base speed of the SRM from the perspective of
the motor’s design has been introduced in [27]. The back EMF can be effectively diminished
with the reduction of the motor’s saliency. Based on the proposed method, the SRM can
achieve wider constant torque range and extended speed range.

The possible demagnetization effect of the low-cost permanent magnet and the influence
of Alnico magnets on motor performance have been analyzed in [28]. The result showed that
a 3% efficiency improvement has been obtained at the rated operation conditions compared
to a same-size SRM. The overall results illustrated that the PM-SRM drive has increased
performance, and it has advantages to be used in future motor drive technology:.

2.3. Multi-Stack and Multi-Layer Structure Conventional SRM

The multi-stack structure is an approach to cut down on the torque ripple of the SRMs.
Different multi-stack solutions are introduced for the CSRM and the segSRM. Many CSRMs
with multi-stack structure have been investigated in recent years. In [29], a three-stack SRM
was presented. Figure 4a shows the structure of the three-stack SRMs. The rotor of each
stack is rotated at 15 mechanical degrees from the adjacent one. Compared to the CSRM, the
presented SRM has significant torque quality improvement. In [30], a two-stack SRM has
been proposed. Figure 4b illustrates the proposed two-stack SRM. The torque ripple and
the vibrations are reduced, and the starting torque is increased compared to a CSRM. In [31],
a two-stack SRM is introduced with a double-layer per phase. In [29], a 6/4 two-stack SRM
has been introduced. In [32], a 4-layer SRM was introduced. In [33], two field-assisted
switched reluctance generators (SRGs) have been compared. They both have a two-stack
structure and the 3D structure. In [34], a two-layer field SRG has been introduced.

In [5], a double-layer per-phase isolated SRM was proposed. Compared to the CSRM,
the proposed SRM is easier to produce due to the geometry factor: it is easier to configure
to any number of phases. In [35], a two-stack SRM was introduced, which can achieve a
torque ripple reduction. The two-stack SRM from publication [36] achieved a torque ripple
reduction. Four-layer SRMs have been introduced in [37-39]; they have a reduced torque
ripple. A two-layer switched reluctance motor/generator has been introduced by [40]. The
publication [41] proposed a three-stack SRM. Compared to the CSRM, the proposed SRM
has 10% higher efficiency. A seven-stack SRM has been proposed in [42]. Compared to
the CSRM, the proposed SRM has about two times the torque value, less torque ripple
and higher efficiency. The publication [43] introduced a seven-layers SRM. Compared to
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the CSRM, the proposed SRM has higher torque at lower speeds, less vibration and noise
and 9.5% higher efficiency at the rated speed. The two-stack two-phase SRM with start-up
capability has been presented in [44].

Stack A Stack B Stack C

(a)

(b)

Figure 4. Multi-stack conventional SRMs: (a) A three-stack conventional SRM; (b) A two-stack
conventional SRM.

In [45] a multi-stack SRM is proposed with an axially shifted rotor. A new four phase
8/6 SRM with two layer structure is proposed in [46] with a combined generator. In [6]
a 16/6 SRM is introduced with segmented hybrid rotor teeth. In addition, it introduced
the SRM in the 2D structure that the segmental teeth have been separated into suspension
teeth and torque teeth. The suspension teeth produce suspension force, which is used to
reduce the force on the position of the bearing. The suspension force and torque force are
decoupled. In [47], a developed circuit has been illustrated with accurate results compared
to those issued from FEM. It has shown that compared to the FEM, a large calculation time
is saved with this method and for preliminary design stages. The time saving property is a
valuable factor. A multi-layer SRM has been proposed in [48]. The simulation results from
the FEM have shown that the existence of an angular rotation between two adjacent rotors
could decrease the torque ripple of the multi-layer SRM significantly while keeping the
average torque constant.

2.4. Summary and Comparison of Conventional SRMs

The three-stack SRM introduced in [49] has significant torque quality improvement
compared to a CSRM. Compared to a CSRM, the two-stack standard SRM proposed in [30]
has shown a torque ripple decrease, vibration decrease and starting torque increase. The
proposed double-layer-per-phase isolated SRM (DLPISRM) in [5] has been concluded to be
easier to produce and easier to configure to any number of phases. The three-stack SRM
developed in [41] presented 10% higher efficiency than a CSRM. A seven-stack SRM in [42]
has shown higher torque, less torque ripple and higher efficiency. Another seven-layer
SRM has been proposed in [43] and it has shown higher torque than a CSRM. The two-stack
SRM in [44] has bidirectional startup capability. Compared to a Toyota Prius motor, the
proposed SRM in [8] has presented 3 Nm higher torque with similar performance for
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the rest. The multi-layer SRM proposed in [46] reduced the torque ripple significantly
compared to a CSRM. The two-stack SRM introduced in [50] had higher torque and lower
torque ripple than a CSRM. In general, the multi-structure SRM has lower torque ripples
than the conventional SRM. The one-stack and multi-stack SRM structures are summarized

in Table 1.

Table 1. Conventional SRM comparison according to stack structure.

Proposed SRM Compared SRM Comparison Parameters Conclusion Reference
The proposed motor has
A three-stack SRM CSRM Torque quality significant torque quality [49]
improvement.
The proposed two-stack SRM
Two-stack standard CSRM Torque ripple, vibration has a torque ripple decrease, [30]
SRM and starting torque vibration decrease and starting
torque increase.
Double-layer-per- The proposed SRM is easier to
phase isolated SRM CSRM Geometry produce and easier to configure [5]
(DLPISRM) to any number of phases.
- The proposed SRM has more
Three-stack SRM CSRM Efficiency than 10 percent higher efficiency. [41]
Torque. efficiency and The proposed SRM has double
Seven-stack SRM CSRM que ey torque, less torque ripple and [42]
torque ripple . -
higher efficiency
The proposed SRM has higher
R Average torque, torque torque at low speed, less
Seven-layer SRM CSRM ripple and efficiency vibration and noise, higher 431
efficiency.
. The proposed SRM has
Two-stack SRM CSRM Start-up capability bidirectional startup capability. [44]
The proposed SRM has 3 Nm
Seven-stack SRM A Toyota Prius motor Torque., eff1C1enCY and Wl.th more torque and caster [8]
cooling operation cooling operation. The efficiency
is almost identical.
The torque ripple of the
Multi-layer SRM CSRM Torque ripple proposed SRM is reduced [46]
significantly.
Two-stack SRM CSRM Average torque and The proposed SRM has higher [50]

torque ripple

torque and lower torque ripple.

3. Segmental Switched Reluctance Motor

The segSRM has been developed in [51,52]. It was shown that much greater force
density is possible with the segmental rotor structure [51]. The multi-stack structure is a
typical approach to minimize torque ripple. The segmental rotor consists of silicon steel
sheet segments and usually an aluminum support block. These segments are attached
to this aluminum block. Figure 5 presents the conventional rotor and some examples
of segmental rotors. A double-stator switched reluctance machine (DSSRM) has been
proposed in [53]. This DSSRM uses a segmental rotor. Figure 5 shows a type of rotor for
DSSRM. As shown in the figure, relatively large gaps between rotor segments are observed
in that DSSRM rotor compared to other types of segmental SRMs. Nonferromagnetic
material is used to fill in the gaps and connect the segments. The segments are connected
from both sides of the rotor. Two stators are designed and employed. The two stators are
inside and outside of the rotor. A comprehensive comparison showed that the proposed
DSSRM has superior performance compared to the CSRM [53]. Compared to segmental
SRM, DSSRM increases the torque density, energy conversion ratio and power factor [54].
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Conventional rotor Segmental rotor
Segment Segment

& ¥ - Segment

, R p—
L Q

VNa

Aluminum Aluminum (A Rotor for DSSRM)

Figure 5. Different rotor structure of an SRM.

As the segments are assembled onto a non-magnetic shaft, the segmental rotor has
both more complex structure to fabricate and the weakness of mechanical strength [55].
Aluminum block is usually used as the non-magnetic shaft. The eddy current loss in the
aluminum block affects the efficiency of the SRM [55].

3.1. One-Stack Structure of the segSRM

A comparison between the segmental SRM (segSRM) and the CSRM was performed
in [56]. Their result showed that the segSRM produces about 10% higher rated torque
throughout the entire speed range and creates less core loss and less copper loss compared
to the CSRM.

In [57], an advanced four-phase belt-driven starter generator 16/10 segmented SRM
has been proposed to increase the fault tolerance capability and reduce the torque ripple.
A digital control system has been designed and presented for the machine. A DSSRM
with the segmental rotor and E-core stators has been proposed in [58] for high-torque
applications. The proposed DSSRM has shown higher torque than the single-stator SRM at
the same current. Figure 6 gives the one-stack segSRM cross-section illustration [52].

Figure 6. One-stack segmental SRM.

3.2. Multi-Stack and Multi-Layer Structure Segmental SRM

In [59,60], the multi-stack SRMs are presented with the shifted segmental rotor. A
performance comparison has been conducted with regard to the CSRM. The result has
shown that the average torque decreased by 10% and the torque ripple decreased by 19%.
Figure 7 shows the structure of the segSRM. The authors in [61] introduced an FP 12/4
six-phase SRM with the segmental rotor, as shown in Figure 8. 15-degree shift is designed
for the rotor segments. Using the segmental rotor and shifted design, it produced 29.3%
higher average torque and reduced the torque ripple by 6.5% compared to a conventional
12/10 SRM. The structures of segmental SRMs that were introduced above are listed in
Table 2.
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+7deg 7deg

Figure 7. Structure of the multi-stack segSRM edited from [60].

Figure 8. Multi-stack segSRM edited from [61].

Table 2. One-stack and multi-stack segmental SRMs.

Proposed SRM Compared SRM Comparison Parameters Conclusion Reference
The proposed SRM with segmental rotor
SRM with segmental rotor CSRM Average torque has significant higher torque per copper [51]
loss than CSRM
. The proposed SRM with segmental rotor
SRM with segmental rotor CSRM Average torque has 44% higher torque than a CSRM. [52]
The proposed SRMs with segmental
SRM with segmental rotor CSRM Average torque rotor have over 40% higher torque than a [62]
CSRM.
Compared to the CSRM, the proposed
SRM with segmental rotor CSRM Average torque SRM with segmental rotor produces [56]
much higher average torque.
’ . The proposed SRM obtains 19% torque
A two-stack SRM with CSRM Average torque, torque ripple decrease and 10% average torque [59]
segmental rotor ripple d
ecrease.
A two-stack SRM with Torque ripple and The proposed SRM obta;n s 10% average
CSRM o torque decrease and 19% torque ripple [60]
segmental rotor vibration d
ecrease.
SRM with shifted CSRM Average torque, torque The P?OPIO SEddSl;gA E/1a}sf6.}51A) lower 61
segmental rotor ripple torque ripple and 29.3% higher average [61]
torque than the CSRM.

It is necessary to mention that with a short flux path configuration, it is possible to
design an equivalent multi-stack structure in the 2D [61]. The 2D structure is simpler
for fabrication and analysis. Figure 9 shows the excitation method of the proposed SRM.
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It has two phases working at any time which produces higher average torque than the
conventional six-phase SRM.

Phase excitation sequence

- I - B - B
I - N - N - B

Torque waveforms

R

EZ\"A\'A"A‘W-’A"A‘/J\‘\-—A
° 15°  30°

180° Rotor position

0

— Tium Phase A —— PhaseB PhaseC —— PhaseD —— PhaseE Phase F
Figure 9. Working process of the proposed SRM in [61].

Figure 10 shows the dynamic simulation results of the proposed SRM and reference
SRMs at 2750 rpm rated speed and at rated current. The SRM1 is the reference 12/10
conventional SRM, the SRM2 is the reference 12/10 segSRM, and the SRM3 is the proposed
12/4 segSRM.

400
Torque ripple

300 - ™ Average torque

200
100 -
0

SRM1  SRM2 SRM3

Figure 10. Dynamic simulation results of the proposed SRM in [61].

The simulation results have shown that the proposed SRM has higher average torque
and lower torque ripple. The proposed SRM had 29.3% higher average torque than the
referenced conventional 12/10 SRM and 16.2% higher average torque than the referenced
segmental 12/10 SRM. Also, it had 6.5% lower torque ripple than the referenced conven-
tional 12/10 SRM and 2.0% lower torque ripple than the referenced 12/10 segmental SRM.

3.3. Summary and Comparison of Segmental Structures

Table 2 presents the summary of different one-stack and multi-stack SRMs with the
segmental rotor. In [51], an SRM with the segmental rotor was proposed. Compared
to the CSRM, the proposed SRM with a segmental rotor had significantly higher torque
than the CSRM. The proposed SRM with segmental rotor had over 40% higher torque
than the CSRM regarding the same winding loss in the theoretical analyses study in [62].
In [56], the SRM with the segmental rotor produced much higher average torque compared
to the CSRM. The two-stack SRM with segmental rotor introduced in [59] obtained 19%
torque ripple reduction and 10% average torque increase. The new two-stack SRM with the
segmental rotor developed in [60] achieved 10% average torque decrease and 19% torque
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ripple decrease compared to CSRM. The SRM with shifted segmental rotor proposed in [61]
had 6.5% lower torque ripple and 29.3% higher average torque.

4. Drive of the SRM

Power electronic drives are the basic electronic systems used for operating electrical
machines such as SRMs. The drives of the SRMs used along with suitable control method
supply the desired electrical outputs for the machine windings [63]. Hence, the drive is
highly influential to the performance of an SRM.

4.1. Conventional Converters for SRMs

Figures 11 and 12 classify the switched reluctance (SR) converter by phase switch
and commutation type [64,65], with q representing the number of phases for the motor.
Differences between converters have been investigated in [66]. Five categories are classified
by phase switch: single switch converter, (q + 1) switch converter, 1.5 switch/phase
converter, two switch/phase converter, (2q + 1) switch converter and another category is
the two-stage power converter. With this classification, it is convenient to calculate the
number of switches and design the converter based on the number of switches. There are
four types of commutation methods presented in Figure 12: dissipative, magnetic, resonant
and capacitive.

SR converter classification by phase switch
1

|
Single switch/phase
(q switch)

i

(q+1) 15 switch/phase Two-switch/phase Two-switch/phase Two-stage power
switch (1.5q switch) (2q switch) (2q+1 switch) converter
——  Equal sharing — Asymmetric
1 C-dump
— Series type (passive)
C-dump with
[ freewheeling
Share switch (Miller
converter) Parallel type
I (passive)
| Minimum switch
with front-end
Variation of
asymmetric with
L Resonant topology | higherthan2q
switch

Figure 11. SR converter configuration by phase switch edited from [64].

Mlustrations of the most common types of SR converter are presented in Figure 13.
The phase A in Figure 13 is the phase winding of the SRM. The dissipative type converter
dissipates the stored magnetic energy with a resistor. Figure 13a presents the circuit of an
R-dump dissipative converter. The advantages of this converter are the simple circuit, the
small number of semiconductor components and low cost. The stored magnetic energy is
transferred to a closely coupled second winding with the magnetic converters. Figure 13b
displays the bifilar magnetic converter. The major advantage of this converter is a simple
topology. The disadvantage is that the motor power density of this converter is lower than
the motor with the conventional converter. The resonant type converter has an inductance
for a buck, boost or resonant function. Figure 13c illustrates the C-dump resonant SR
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converter. The advantage of the resonant SR converter is that the phase winding voltage
can work with a snubber circuit. One disadvantage is that adding the inductor will increase
the size, weight and cost of the converter. Finally, the capacitive converter stores the
magnetic energy in capacitors. Figure 13d shows the asymmetric bridge capacitive SR
converter. The stored energy can be fed back with the inductance of the phase winding. It
makes the capacitive converter more effective [64]. The disadvantage is that the capacitor
increases the loss of the converter.

SR converter classification by commutation type
1

Dissipative

|

Magnetic Resonant Capacitive
] I |
I |
- Bifilar - Single-capacitor Multi-capacitor
1 ]
- i Asymmetric I - -
—  Asymmetric 2 — Parallel type
- — Shared switch '— Series-parallel type
— Series type
- [ Parallel type
'— Auxiliary Winding —- Modified C-dump L— Series-parallel type

Figure 12. SR converter configuration by commutation type edited from [64].

In [67], conventional power system risk and reliability indicators of loss of load
expectation (LOLE) have been used to qualify the reliability of a power electronic based
power system (PEPS). The reliability functions are based on the physics of failure (PoF). In
order to evaluate the level of the reliability of the PEPS with non-constant failure rates, the
Markov chain approach is employed, based on a piece-wise solution. The SiC MOSFET
switching characteristic with the highly inductive environment has been investigated
in [68]. The characteristic product of stray-inductance with nominal current grows with
the power rating, and it is a limiting factor for the speed of current commutation. The
impact of the reduction on switching on/off time is analyzed together with its influence
on switching speed. In [69], a new control for the SRG drive by a wind power generation
system has been proposed. With this novel drive, the output power of the generator is
maximized from three aspects. Maximum use of the negative slope area of the phase
inductance in generating mode, keeping the current in flat-top mode at any speed and
reducing the rise-up time of the phase current. In [69], a buck converter fed SRM drive was
proposed. It has the capability to suppress torque ripples and improve the power factor. An
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appropriate DC-link voltage is applied to reduce the torque ripple with the buck converter.
Furthermore, a function of power factor correction is realized at the AC side. This buck
converter is used to improve power quality. Consequently, an enhanced performance has
been reached for the speed control. The results in [70] illustrated that the proposed drive
performs power factor correction and suppresses the torque ripple. An enhanced control
approach and an integrated converter model for torque ripple minimization of the SRM
have been proposed in [71]. The proposed method has a better performing controller which
supply less torque ripple and shorter settling time as compared to other techniques.
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Figure 13. SR converters: (a) R-dump dissipative converter; (b) Bifilar magnetic converter; (c) C-
dump resonant converter; (d) Asymmetric single capacitor type capacitive converter.

4.2. Soft-Switching Converters for the SRM

The soft-switching technique reduces the switching losses for the SRM drive. Different
soft-switched converters have been developed for the SRMs, and they were assessed
in [72]. Figure 14 lists the soft-switched converters for SRMs, with a single subgroup of
self-commutating converters: series resonant converters, zero-voltage transition (ZVT)
PWM converters, auxiliary quasi-resonant DC-link (AQRDCL) converters, current source
converters and H-bridge converters.

Soft-switched
converters

Self-commutating
converters

—gex

Figure 14. Soft-switched converters edited from [72].
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The series resonant converter has two modes of operation: magnetization and de-
magnetization. The main advantage of this converter is reducing the switching losses and
voltage stress in the switching components. The main disadvantages are that the number
of components is high, and it increases the system cost. The ZVT PWM converter regulates
the DC-link voltage using a chopping switch and an auxiliary switch. The chopping switch
creates conduction losses. Independent current control of the phase windings has some
limitations with this converter. The AQRDCL converter makes the main switches transition
occurring at zero volts with a resonant circuit.

The main disadvantage is that the resonant circuit switches cause conduction losses
and the zero voltage switching limits the independent phase control. In the H-bridge
soft-switched converter, two phases must always carry current. The main advantage is that
it reduces the cost of the converter components by allowing one switch and one diode per
phase. The main disadvantages include that it prevents independent phase control, and
the number of phases must be a multiple of four phases. Figure 15 displays the H-bridge
soft-switched converter.
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Figure 15. H-bridge soft-switched converter.

4.3. SRM Drive with Three-Phase Standard Six-Switch Inverter

With standard inverters, the main advantages are a reduction of the drive size and
increasing usage in commercial applications. In [73], a three-phase standard six-switch
inverter has been used to construct the drive for a three-phase SRM. New hybrid winding
topologies are proposed. Compared to an SRM with the conventional drive, the proposed
SRM has higher power density, higher average torque, higher torque/weight ratio, and
lower torque ripple. In [74], an SRM with the conventional stator and segmental rotor
has been proposed, which is driven by a three-phase standard inverter. Compared to the
conventional SRM, the proposed SRM system results in higher average torque and lower
torque ripple. With a three-phase standard inverter, an MCSRM has been designed in [75]
for speed extension in the HEV applications. Compared to the CSRM drive, the proposed
drive with the standard inverter has a faster adoption in the HEVs. In [76], a new SRM
with two three-phase standard inverters has been introduced and analyzed. The proposed
drive can overcome the fault of top or bottom power switches in a leg without changing
current amplitudes in healthy phases.

4.4. Integrated EV Battery Chargers for the SRM

By reutilization of existing power electronics components in the SRM drives, re-
searchers proposed the idea of an integrated EV battery charger already more than thirty
years ago [77]. With the integrated charger, the vehicles have less weight compared to
a separate on-board charger. The topologies of on-board integrated chargers have been
reviewed, and a new single-phase integrated charger with the quasi-Z-source network has
been introduced in [78]. The introduced integrated charger has advantages such as smaller
inductors and capacitors and the fact of using the motor winding as a filter inductor for
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grid-side distortions. However, there are some disadvantages for the integrated charger,
for instance, mechanical structures or control methods are needed to block the motor from
rotation and the traction system may limit the charging power.

In [79], two three-phase standard intelligent power modules (IPM) were utilized to
construct the SRM drive and integrated charger. When charging, the IPM embedded power
devices and the SRM windings are used to form the buck-boost or the buck PFC charger.
The advantage is that standard power modules are used. It reduces the cost to develop
the charger and motor drive. The disadvantages are that modifications are needed to
drive the SRM in the high-speed application for the EVs. Reference [80] has developed an
integrated SRM drive with battery charging capability for the EV applications. A Miller
converter is used, in which one PWM switch is used to replace four switches, which makes
the developed integrated drive compact. On the other hand, the torque ripple is an issue
and should be reduced by control methods in driving mode. A novel integrated charger
with a central-tapped winding for the SRM drive was proposed by [81]. A three-phase
full-bridge drive and motor winding in the central-tapped configuration are used to build
the SRM drive with charging capability. The disadvantage is that an additional relay is
needed compared to the conventional drive system.

In [82], a new integrated SRM drive with split-winding for battery charger was de-
signed and simulated. It has a simple structure, but the force of the rotor is unbalanced.
There is a need to lock the rotor in charging mode. A supercapacitor discharger converter
and a bidirectional battery charger/discharger converter were used to build the integrated
battery charger in [83]. In driving mode, the driver provides two voltage levels for magne-
tization and demagnetization. In [84], a new integrated SRM drive with a battery charger
was designed, simulated and analyzed. The integrated SRM drive is made up of a simple
structure. However, a zero-torque control is needed for the SRM drive. A bridgeless
interleaved (BLIL) boost converter was designed in [85]. By adding a small number of
components, an integrated driver is designed. It can be used as a BLIL boost converter,
buck-boost converter, and interleaved boost converter to realize the charging function.
The PFC charging function is integrated to avoid a front-end AC-DC PFC converter. The
interleaving operation is allowed during charging mode to cancel the ripples of input
inductance currents from two parallel boost converters. Besides, the photovoltaic (PV)
charging function is realized. In [86], the constant current constant voltage (CCCV) control
method was used with a hybrid power source integrated battery charger with an SRM
drive. It has the function to charge the battery from PV with the maximum power point
tracking (MPPT) method. In [87], the combination of asymmetric bridge and half bridge
(A + HB) were introduced to construct the integrated inverter with no need to modify the
motor. Three additional IGBTs, five additional diodes and two relays are needed. A novel
integrated power converter (NIPC) with fewer devices and higher reliability was proposed
in [88]. It is suitable for any SRM with various phases. The static and dynamic performance
are not worse than asymmetric half-bridge power converter (AHBPC). The voltage stress
of the reliability-critical MOSFETs is low with the proposed control method. But the torque
ripple can be reduced further with optimized working modes.

In [89], an integrated SRM drive with two current sensors was designed for driv-
ing/charging/discharging functions. There is no extra component, sensor and mode
selection needed for the driver. A modular multilevel converter (MMC) based drive was
proposed for the SRM with a decentralized battery energy storage system (BESS) for the
HEV applications in [90]. The DC bus voltage can be controlled compared to the con-
ventional SRM drives. Multilevel phase voltage can be obtained in the demagnetization
stage to get better torque capability. It can be constructed as a modular structure. Flexible
charging and fault-tolerance ability are achieved. With the SRM winding, a three-channel
interleaved boost converter was designed in [91]. The power factor correction (PFC) is real-
ized in the integrated drive. It is not needed to add external power electronics components.
In [92], an integrated SRM with driving and charging functions for the SRM was proposed
for the EV application. The advantage is that there is no need to add external inductors
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and charging units. An electrified powertrain with the SRM (both motors and generators)
in the HEV application was proposed and analyzed in [93]. Compared to the conventional
asymmetrical half-bridge drive, the integrated drive has less power devices. The different
integrated EV chargers with SRM drives literature review findings are summarized in

Table 3.

Table 3. Summary of the integrated charger with SRM drive.

Adopted Technique Details Advantage Disadvantage Reference
Suitable modifications are
Standard Intelligent Standard power modules needed to drive the SRM in
Power Module (IPM) Two three-phase IPMs are used. high-speed application [79]
for EVs
In driving mode, the torque
Miller converter A Miller converter The SRM drive is compact. ripple is an issue and should [80]
be reduced by
control method.
Central-tapped windin A three-phase full-bridge A three-phase full-bridge There is an additional relay
of SRM arr)llzl H-brid eg drive and motor winding in drive and motor winding in compared to the [81]
& central-tapped central-tapped are used. conventional drive system.
G A new integrated SRM drive : The force of the rotor is
Split-winding with battery charger It has a simple structure. unbalanced. [82]
A supercapacitor, a
supercapacitor discharger The drive provides two
Supercapacitor converter and a bidirectional voltages for magnetization [83]
battery charger/discharger and demagnetization
converter
Split-windin A new integrated SRM drive  The integrated SRM drive is in A zero-torque control is [84]
P & with battery charger a simple structure. needed for the SRM drive.
. . By adding a small number of ~ The PFC charging function is
(BBTTIII%;E Eszsl?ziﬂiae‘;fg components, an integrated integrated to avoid front-end [85]
driver is designed. AC-DC PFC converter.
Constant current A hybrid power source Itt}ﬁasbﬂ: funfc tionl’ic\)]chix*}%e
constant voltage integrated battery charger nfax?mfr}rz Eg& or p;\i?\t [86]
(ccev) with SRM driver tracking (MPPT) method.
Asymmetric plus half The combination of
bridge (A + HB) asymmetric bridge and half No need to modify the motor. [87]
converter bridge (A + HB)
Novel integrated power The novel integrate.d power It is suitable for any number The torque ripple can be 88
converter (NIPC) converter (NIPC) with fewer of phases SRM. ‘reduced more with [88]
devices but more reliability optimized working modes.
Inteerated drive with An integrated SRM drive with ~ There is no extra component,
gtwo censors two current sensors for driv- sensor and mode selection [89]
ing/charging/discharging needed for the drive.
A modular multilevel
Modular multilevel converter (MMC)-based The DC bus voltage can be
converter (MMC)-based driver with decentralized controlled compared to [90]
drive battery ener(gy sto)rage system conventional SRM drives.
BESS
. . . It is not needed to add
An m’;egr Sa;\‘j[ drive A threg:ciirégilvlgrﬁ rrleaved external power electronics [91]
or components.
. . An integrated SRM with There is no need to add
An m}f)%rgfﬁ\i drive driving and external inductors and [92]
charging functions charging units.
An integrated electrified ~ An electrified powertrain for izmrgflrfggitc(;f ﬁg;ﬁfﬁgngl
powertrain for SRG SRG and SRM in dri y he i dd & [93]
and SRM HEV application river, the integrated driver

has less power devices.
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5. SRM Control Methods

In this section, the control methods of the SRM are assessed. In [65], the different
SRM control methods were discussed. Figure 16 shows a typical SRM torque control block
diagram. The T* is the reference torque. It is divided into three reference torques T,*, T,*
and T.* for each phase. The reference currents I,*, I,* and I.* are calculated with a look-up
table and controlled with a current controller.

Ta* I*
T N Ty* 0T | Ip* ) Current ——
TSF T.* table | p« - control Inverter N ! SRM

6 | Rotor position
detection

Figure 16. Block diagram of a typical SRM torque control system.

The main control methods of the SRM are angle control, current control, direct instan-
taneous torque control (DITC), advanced direct instantaneous torque control (ADITC) and
torque sharing control with torque sharing function (TSF). Additionally, different control
methods are proposed for different purposes, such as low-noise, less torque ripple, higher
efficiency or more simple model. Besides, field-oriented control (FOC) for SRM has been
researched in [94], where it is concluded that the SRM with FOC driver produces less
harmonics than a half-bridge converter and multilevel inverter. These different control
methods are reviewed in the following paragraphs. In [4], the control techniques and
topologies for the low-noise SRM in the EV applications were reviewed. In [95], the maxi-
mum torque-ripple-free speed of the selected offline TSF was confirmed to be seven times
higher than the best case in these conventional TSFs. The objective function of an offline
TSF is composed of two secondary objectives with a Tikhonov factor to minimize the square
of the phase current (copper loss) and derivatives of current references (rate of change of
flux linkage). The reference torque for phase k is defined as:

0 0 <0 < 0on
Tref X frise(e) Oon < 0 < Oon + Oy
Tref(k) = Tret Oon + Oov < 6 < eoff, 4)
Tref X fran(0)  Oof < 0 < Ooff + Oov
0 eoff+9c,v§9<ep

where T is the reference torque for phase k, Ty is the total reference torque, f.isc(0) is
the rising TSF for the previous phase, ft,);(0) is the reducing TSF for the next phase, 8on, 6,
Oov, and 0 are the turn-on, turn-off, overlapping and rotor pole pitch angle, respectively.

Two performance indicators are defined to evaluate the efficiency and torque-speed
performance. They are the rate of change of flux linkage with respect to rotor position and
RMS current in each phase for copper loss of the electric machine. The absolute value of
the rate of change of flux linkage (ARCFL) should be maximized when considering the
copper losses. The ARCFL (M) is defined as:

M)\ = max(dAsise/dO, —dAg/do), ©)

where Ajge is the rising flux linkage from the incoming phase, and A,y is the reducing flux
linkage from the outgoing phase.
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The maximum torque-ripple-free speed (TRFS) wmax can be calculated as in Equation (6),
where V4. is the voltage of the dc-link.

Wmax = Vdc/M)\/ (6)

The RMS current for copper loss can be calculated as follows:

Trms = sqrt(1/0p X ( / (1, 2)d6 + / (i_12)d6)), @)

where Iyms, i, and i1y is the RMS current, phase current at the present state and phase
current at the previous state, respectively.

In [95], a reliable and efficient grid supported a solar-powered water pumping system
(SPWPS) was proposed. This paper uses a new control logic in the experiment to achieve
power quality improvement in terms of total harmonic distortion (THD).

A novel torque ripple minimization method was presented in [96] by using the genetic
algorithm (GA). Using the rising and falling angles, instead of overlapping angle, a new
sinusoidal TSF is improved to minimize the copper losses and the torque ripple. The
method is verified with an experimental test bench. With a hysteresis current controller
and digital speed regulator, the chaotic phenomena in the SRM were investigated [97]. The
chaotic orbit in the curve of the current and speed is a typical chaotic phenomenon. This
paper analyzes different modes of the drive system with simulation methods: fundamental,
subharmonic and chaotic operations. The study [98] proposed an active diagnosis of an
SRM in a light EV. It uses an average torque estimator and a sliding mode observer (SMO)
to build the diagnosis method. If a permanent type of fault is detected, the damaged sensor
output will be replaced by the estimated speed and position for continuous operation.
Second, all possible stator winding faults will be diagnosed with the co-energy based
average torque estimation scheme. With the parameter of the motor measured from the
terminals, the average torque of each phase is estimated. As soon as the completion of one
electric cycle right after the fault happens, it can be detected effectively.

It has been proven that the torque can be improved by 15% at the rated condition
and 20% at light load conditions, compared to the conventional driving method [99]. It
is analyzed with analytical and finite element methods. Furthermore, the large torque
ripple is suppressed, the core losses are reduced, and the efficiency is improved. The
proposed current profile has fixed parameters and can be easily adapted to different
machine specifications, compared to many other current profiling methods. In [100], a
torque-flux linkage recurrent neural network adaptive inversion control of torque for the
SRM was proposed. The proposed method can reduce the torque ripple effectively with
recurrent performance.

A second-order sliding mode control of the SRM was proposed in [101]. The proposed
method offers a reduction of the torque ripple, the elimination of chattering phenomena
and lower harmonic distortion of motor currents. In [102], a continuous control set model
predictive control of an SRM using lookup tables was proposed. The proposed method
has the fixed switching frequency and less computational load. Based on flux-current
locus control, a novel average torque control method of the SRM was proposed by [103].
The proposed controller gets more precise torque and a better energy conversion ratio.
Figure 17 shows the controller diagram in [103]. With the reference torque T*, the next point
of flux-linkage, current and position are calculated by an average torque controller. With a
micro-step locus controller, the reference flux-linkage ¥* and current i* are calculated. In
the next step, the current is controlled with a hybrid flux-current controller.

5.1. Control Method for Torque Ripple Reduction

The current profiling and angle optimization methods are two control methods to
reduce torque ripple [4]. In the angle optimization method, the turn-off and turn-on angles
are optimized to achieve lower torque ripple. In the current profiling method, modulation
of phase current profiles is performed to generate a smoother torque. Furthermore, the
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average torque control (ATC) method can be used to estimate the average torque online
and suppress the torque ripple to an acceptable level. The direct torque control (DTC)
method can be employed to minimize the torque ripple of the SRM. The DITC, which is
derived from the DTC, has a rapid response to torque errors. The DITC can reduce the
torque ripple more effectively. With a PWM module, the switching frequency of the DTC
can be fixed, leading to the PWM-DITC control method. The most common torque control
schemes of the SRM are presented in Figure 18.

Hybrid flux-current

Vg RSN controller
T* Average torque controller ig Micro-step locus
— X . — Inverter ——% SRM Encoder
(end point searching) N controller i*

i 6

O Ya Ia

Flux estimator

Figure 17. The hybrid flux-current controller diagram for SRM edited from [103].
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Figure 18. Cont.
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Figure 18. Block diagrams of torque control schemes: (a) PWM-DITC edited from [104]; (b) DITC [105]; (c) ATC [106].

5.2. Fault-Diagnosis and Fault-Tolerance Techniques

The electric motors used in EVs must be resistant to harsh environments and high
temperatures. This may result in different fault risks in the motor drive [106,107]. The
faults may lead to more failures and cause further damage to other components which
were initially not affected because the fault ride-through capability is so critical in the
SRM control system [10]. The existing fault diagnosis and fault tolerance approaches are
illustrated in Figure 19. There are eight methods for fault diagnosis: hardware assistant,
fault flag variable, fault indicator, trial and error, spectrum analysis, coordinate conversion,
Kalman filter and digitizing methods. There are also eight methods to increase fault
tolerance: multiple inverter configuration, additional phase leg, relay networks, field
control, position signal, artificial neural, current profiling and the PM assistant methods.

Multiple inverter Additional phase
configuration leg

Relay networks ] [ Field control ]
Fault diagnosis \
&

. . Fault Ride-
Fault tolerance Fault diagnosis Hault Tolerance: > though

strategies / \
Position signal Artificial neural
assistance networks
{ Current profiling ] PM assistant J

Figure 19. Classification of fault diagnosis and fault tolerant methods edited from [10].

The possible fault types and locations are displayed in Figure 20 [10]. There are five
types of faults: converter fault, winding fault, current fault, position sensor fault and
eccentricity fault. The first step to achieve the fault ride-through capability is to locate and
diagnose the fault in real-time. The second step is to use hardware or software based fault-
tolerant control in the motor drives. Redundant components such as relays and switches
are often used to bypass faulty parts during the operation. Furthermore, current profiling
and artificial neural networks are useful techniques to provide the fault ride-through
capability to the motor drives [10].
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Figure 20. SRM drive system and location of different faults edited from [10].

5.3. Sensorless Control of the SRMs

The sensorless control system of the SRM can reduce the cost of the motor drive system
and improve reliability. In [98], a sliding mode observer (SMO) for the fault-tolerance
mode was introduced. The SMO based sensorless technique is proposed to estimate the
motor speed and the rotor position. The complete progress of sensor fault and winding
fault diagnosis are presented in Figure 21. In this progress, the SMO method for the sensor
can be used to estimate position and speed for sensorless control [98].
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Figure 21. The complete progress of sensor fault and winding fault diagnosis edited from [98].

The torque control strategy for the SRM can be classified into indirect or direct torque
control [108]. A complex algorithm or distribution function is used in the indirect torque
control to produce the reference current. The torque hysteresis controller and simple control
scheme are used in the direct torque control to decrease the torque ripple. The indirect
torque control category includes open-loop current profiling method, the TSF method
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and the ATC method. The direct torque control method includes the DITC, the ADITC
and the PWM-DITC methods. Figure 22 shows the classifications of the torque control
strategies [94,108].

Torque Control Strategy for
SRM

Indirect Torque Control Direct Torque Control

Figure 22. Torque control strategies.

Field Oriented
Control

Various kinds of typical control methods are listed and comprehensively compared
in Table 4. As listed in Table 4, the open-loop current profiling method establishes lookup
tables to calculate the average torque, reference current and switching angle [1,109]. The
advantage is the simplicity of calculation. The disadvantage is that it is sensitive to
variations due to environmental influences or manufacturing inaccuracies. The TSF method
separates reference torque into different phases. Each phase produces torque output
individually. It is simpler, more powerful, popular and more efficient. The disadvantage of
the TSF is that it needs high bandwidth for the current regulator [110]. The ATC method
creates an online average torque estimation to achieve closed-loop control [83-85]. The
reference current remains fixed during the excitation. The high torque ripples throughout
commutation in the low-speed range is the main disadvantage of the ATC. The DITC
method controls the instantaneous torque directly with a hysteresis controller [111,112].
The DITC method can behave as the ADITC method with some PWM techniques [113]. It
has an increased switching frequency compared to the DITC. The predictive PWM-DITC
predicts the states of the system to optimize the switching state [104]. It has capability
to reduce the required bandwidth of the controller. The disadvantage is that the precise
information of the machine is needed.

Table 4. Summary and comparison of SRM control strategies.

Control Method

Adopted Technique Advantage Disadvantage Reference

Open-loop current
profiling

It is sensitive to variations due to
environment influences or [1,109]
production inaccuracies.

Offline established Simplicity to calculate
lookup tables average torque.

Torque sharing function

Separated reference

torque for It is simple, powerful, popular A high bandwidth current regulator

[110]

(TSE) different phases and efficient. is needed.
Average torque control An online average The reference current remains The torque ripples throughout [105,114,115]
(ATC) torque estimator fixed during the excitation. commutation at the low-speed range. T
Direct instantaneous Instantaneous The set of control variables are The hysteresis switch rule output one
controlled torque simple. The decrease of [111,112]
torque control (DITC) . : phase state.
directly control variables.
Advanced direct A combination of S g . .
. o Control the current variety in Switching frequency is increasing
instantaneous torque traditional DITC and sinele sample time compared tg DITC [113]
control (ADITC) the PWM & p ’ p ’
Predictive PWM direct Predicted upcomin It has ability to reduce the The precise information about the
instantaneous torque P & required bandwidth of machine characteristics is needed to [104]

control (PWM-DITC)

states the controller. make reasonable efficiency predictions.
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6. Conclusions and Future Trends

In this paper, the SRM is fully reviewed as a suitable candidate for the EV applications
with high torque performance, robust structure and fault tolerance properties. Firstly,
the segmental rotor, multi-stack structures, different winding configurations, different
drives and control methods are developed to overcome the main drawback of the high
torque ripple. When the conventional rotor structure and the segmental rotor structure
are compared, the segmental rotor structure has greater torque density under certain
conditions. The multi-stack CSRM and the multi-stack SRM with the segmental rotor
are compared and analyzed. The multi-stack structure produces lower torque ripple in
standard conditions. Secondly, the single-layer concentrated (SLC), single layer mutually
coupled (SLMC), double layer concentrated (DLC), double layer mutually coupled (DLMC),
fully-pitched (FP) and toroidal winding SRM (TWSRM) windings are reviewed in this
paper. The FP winding with the doubly salient reluctance machine (DSRM) has the highest
average torque. Third, the rotor structure has such an important impact on performance.
Four types of SRM converters are presented and compared: dissipative, magnetic, resonant
and capacitive. It is understood that the capacitive type converter is more effective. In
addition, the soft-switching converters for the SRMs are presented. The soft switching
reduces the switching losses and voltage stresses of the components. Also, the SRM drive
with the standard inverter reduces the cost. For the EV systems, the integrated battery
charger with the SRM drive reduces the number of switches required for the vehicle power
electronics systems.

Different control methods are assessed in this paper with the ADITC, the DITC, the
predicted PWM-DITC, the ATC, the TSC and the current profile control. The predicted
PWM-DITC has the best performance because it has fixed switching frequency and has
the ability to reduce the bandwidth of the controller. Then, the fault-diagnosis and the
fault-tolerance techniques are also reviewed in this paper. These techniques ensure that
the SRM keeps operating in a safe way under faulty conditions. Last but not least, the
sensorless control method reduces the cost and increases the reliability of the SRM drive
system. Thus, segmental rotor, multi-stack, FP winding configuration, predictive PWM-
DITC control method and capacitive converter can be considered as preferred approaches
for more effective SRM as this combination achieves higher power density and lower
torque ripple based on the comparative analysis in this paper. Besides, this review shows
higher torque density and lower torque ripple with the segmental rotor and multi-stack
configuration. Due to new applications of the segSRMs and the lack of sufficient qualitative
papers in the literature about the segmental rotor design for the EV applications, this paper
could not cover many utilizations with segSRMs. Finally, the authors tried to provide a
useful basis in this paper to define the most proper control schemes, adopted techniques,
advantages/disadvantages and design application aspects. In addition, the fundamental
design and control principles of the segSRMs have been introduced as a result of a detailed
literature survey and this paper aims to provide a reference on the SRMs to readers.
The given results in this paper can also be extended with further experimental studies.
Furthermore, future research perspectives and forecasted future trends are listed as follows:

(1) The reduction of the torque ripple should be achieved by developing the multi-stack
conventional SRM with less number of switches.

(2) The torque ripple should be reduced with the multi-stack segSRM with simple topology.

(3) The drive for the SRMs needs to reach both lower losses and less switches and so
should be further developed.

(4) The control methods to reduce the torque ripple of the SRMs are to be advanced further.

(5) The fault-diagnosis and the fault-tolerance techniques with simpler and more efficient
algorithms should be developed.
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Abbreviations

SRM switched reluctance motor

EV electric vehicle

MSCSRM multi-stack conventional switched reluctance motors
MSSRM-SR  multi-stack switched reluctance motors with a segmental rotor
SLC single-layer concentrated winding
SLMC single layer mutually coupled winding
DLC double layer concentrated winding
DLMC double layer mutually coupled winding
FpP fully-pitched winding

M induction motor

PMSM permanent magnet synchronous motor
VSI voltage source inverter

CSRM conventional SRM

EMF electromotive force

HEV hybrid EV

AC alternating current

MIFP multiple isolated flux

TWSRM toroidal winding SRM

MMF magnetomotive force

FEA finite element analysis

DSRM doubly salient reluctance machine

UMF unbalanced magnetic force

SRG switched reluctance generator
DLPISRM double-layer-per-phase isolated SRM
DSSRM double-stator switched reluctance machine
segSRM segmental SRM

SR switched reluctance

LOLE loss of load expectation

PoF physics of failure

ZNT zero-voltage transition

AQRDCL auxiliary quasi-resonant DC-link

IPM intelligent power module

BLIL bridgeless interleaved

PV photovoltaic

MPPT maximum power point tracking

A +HB asymmetric bridge and half bridge
NIPC novel integrated power converter
AHBPC asymmetric half-bridge power converter
MMC modular multilevel converter

BESS battery energy storage system

PEC power factor correction

DITC direct instantaneous torque control

ADITC advanced direct instantaneous torque control
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TSF torque sharing function

FOC field-oriented control

ARCFL absolute value of the rate of change of flux linkage
TRFS torque-ripple-free speed

SPWPS solar-powered water pumping system
THD total harmonic distortion

GA genetic algorithm

SMO sliding mode observer

ATC average torque control

DTC direct torque control

SMO sliding mode observer
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