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Abstract: This paper presents a review of the most common power converters and torque ripple
minimisation approaches for switched reluctance motors (SRMs). Unlike conventional three-phase
AC motors, namely squirrel cage induction motors and permanent magnet synchronous motors,
which require a typical three-phase inverter for operation, the switched reluctance motor requires
a different topology power converter for reliable and efficient operation. In addition, due to the
non-linear, discrete nature of SRM torque production, torque ripple is severely pronounced, which
is undesirable in servo applications like electric vehicles. Hence, deploying a proper torque control
function for smooth and quiet motor operation is crucial. This paper sheds light over the most
popular SRM power converters as well as torque ripple minimisation methods, and it suggests an
optimal SRM drive topology for EV applications.

Keywords: electric vehicles; power converters; switched reluctance motor; torque ripple minimisation;
voltage boosting

1. Introduction

The global climate change crisis forced researchers to seek alternative greener energy
sources. Transportation is regarded as a major source of carbon emission; hence, transporta-
tion electrification is becoming increasingly vital. The deployment of electric vehicles (EVs)
results in less emissions, hence a cleaner environment [1].

The heart of an EV is an electric machine; therefore, it should be selected wisely to
meet the listed criteria:

High power and torque density (/kg and /A);

High torque to inertia ratio;

High efficiency;

Compact size and low weight;

Low cost;

Robust (electrically and mechanically) and fault tolerant;
Wide constant torque/speed range;

Wide temperature operating range;

Low vibration and acoustic noise.

Various types of electric machines are utilised in electric vehicle (EV) applications,
including switched reluctance machines (SRMs), squirrel cage induction machines (SCIMs),
permanent magnet synchronous machines (PMSMs), brushless DC machines (BLDCs), and
synchronous reluctance machines (SynRels) [2]. The PMSM is often favoured for its wide
torque—speed range, high efficiency, and power density, making it a preferred choice for
traction motors [3]. However, challenges such as supply constraints and rising costs of
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rare-earth materials used in PMSMs have prompted the exploration of alternative options.
Ferrite permanent magnets (FPMs) are not a viable alternative due to their lower residual
flux, susceptibility to demagnetisation, and reduced torque density compared to rare-earth
PMSMs [4]. Consequently, research is shifting towards magnet-free machines.

While SCIMs are employed in some commercial EVs [5], their efficiency is lower
than other traction motors. The rotor’s inherent heat generation complicates cooling, even
with copper rotor bars, and the SCIM exhibits a poor power factor, particularly with light
loads. SynRel motors are a potential option for main drivetrains as they typically do not
incorporate permanent magnets [6]. However, they are characterised by a low power factor,
high core loss, high torque ripple, low efficiency, and low torque density [7].

The SRM stands out as a contender in this field due to its stable, robust, and simple
structure at a lower cost [8]. It boasts fault-tolerant capabilities, high torque, and a wide
constant power range. Its design, without permanent magnets or rotor windings, simplifies
the motor geometry and cooling process, as most heat is generated in the stator. This allows
the SRM to operate in harsh environments and at high rotor temperatures [9]. Recent
advancements in high-power SRM design for EVs show promising competitiveness with
PMSMs in terms of power density, efficiency, and the torque-speed range [10,11].

Despite their advantages, SRMs face limitations that hinder their widespread adoption
in the EV market, including lower power density compared to equivalent-sized PMSMs
and highly non-linear characteristics (leading to high torque ripple and undesirable vibra-
tions) [12]. Additionally, the power converters for SRMs differ from the conventional EV
converters used for SCIMs or PMSMs. Table 1 gives a brief comparison between the SCIM,
PMSM, and SRM.

Table 1. Comparison between different propulsion motors for EV applications.

SCIM PMSM SRM
Size Moderate Moderate Compact
Weight Moderate Moderate Low
Cost Low High Low
Ruggedness High Low High
Power density Moderate High Moderate
Constant torque Moderate Wide Wide
speed range
Efficiency Low High Moderate
Permanent magnets No Yes No
Power factor Low High Low
Cooling Complicated Moderate Simple
Fault tolerance Low Low High
Torque ripple Low Low High
Noise and vibration Low Low High
Power converter Modular Modular Specific

This paper reviews the most common power converters and torque ripple minimi-
sation approaches for SRM drives. The paper is organised as follows: Section 2 presents
and compares the most dominant power converters utilised to drive the SRM, highlighting
the merits and disadvantages of each. Section 3 reviews the most common torque ripple
minimisation techniques based on a machine design approach and a control approach.
Section 4 provides a conclusion and suggests the optimal SRM drive topology for EV
applications. Some future SRM drive research areas are highlighted.

2. SRM Power Converters

This section categorises and examines the typical power converters used to supplying
the SRM. The distinction between hard- and soft-switching converters is illustrated, and
key advantages and disadvantages of each topology are emphasised. Different power
converters are compared to enable selection of the most suitable one for EV applications.
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2.1. Introduction

The SRM cannot be directly connected to any AC or DC power source, but it requires a
suitable power converter for its controlled operation. Its main function is to energise and de-
energise each phase winding correctly to ensure continuous rotation. Numerous converter
types have been proposed for SRM drives, and the chosen type significantly impacts on
drive cost, size, and performance. The converter must meet several requirements to enhance
SRM drive performance [13]:

1.  Fast magnetisation and demagnetisation of SRM phases: The converter should facili-
tate fast magnetisation to quickly reach the reference current in the phase winding,
thereby increasing the SRM base speed. It should also minimise demagnetisation time
by rapidly extinguishing phase current to eliminate the current tail, preventing the
SRM from entering the negative torque production region. These conditions can be
enhanced by boosting the DC supply voltage during magnetisation and demagnetisa-
tion periods.

2. Phase overlap: The converter must be able to simultaneously energise the incoming
phase and de-energise the outgoing phase.

3. High efficiency: To improve SRM drive efficiency, the converter should efficiently
return demagnetisation energy to the supply or store it for use in energising another
phase rather than dissipating it as heat in winding resistance.

4. Minimum cost: An economical converter provides excellent performance with a
minimal number of switching devices. Fewer switches reduces switching losses, the
number of gate drive circuits, and overall converter cost.

5. Fault tolerance: For critical applications, a high-reliability converter is necessary to
ensure continuous SRM rotation even after a phase failure.

6.  Low complexity: Simple design and control algorithms are preferred for the SRM converter.

2.2. Classification of SRM Power Converters

Generally, SRM converters are classified based on two criteria. The first criterion is
the number of switching devices, while the second criterion depends on the commutation
method [14]. However, classifying converters based solely on the number of switching
devices does not fully capture the strengths and weaknesses of each converter type. There-
fore, the second criterion, which categorises converters based on the commutation method,
is adopted. Figure 1 illustrates this classification.

-Assymetric half bridge
Bridge -Common phase
-Common switch

—— -R-dump
Dissipative | b
-Modified R-dump
Converter Magnetic -Bifilar
types

-C-dump

. -Modified C-dump
Capacitive e - ’
-Split dc link converter

-Passive boost

Figure 1. Classification of SRM power converters.
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2.3. Hard-Switching Converters

Most used converters are hard-switched, which typically requires simpler circuitry
that is easier to implement compared to soft-switching converters. The hard-switching
category includes four subgroups: bridge, dissipative, magnetic, and capacitive.

2.3.1. Bridge Converters

The bridge converter is the most common type of converter used in SRM drives. It
includes variants like asymmetric half bridge (ASHB), common phase, and common switch
converters, as follows.

Asymmetric Half Bridge

The ASHB is the most prevalent SRM converter [15] and its operation is detailed in
this subsection. This converter utilises two switches and two diodes for each phase, as
depicted in Figure 2 for a 4¢ SRM.

Su D, Sﬂ D, Sﬂ D Sﬂ D,
Ph, Ph, Ph Ph,,
\{)c:%
p,x S &k S DY ST Y

Figure 2. Asymmetric half bridge converter for a 4¢ SRM.

The ASHB converter operates in three states: magnetisation, free-wheeling, and
demagnetisation. These states are illustrated in Figure 3, and the following description is
for a specific phase, Ph4.

Magnetisation (+V p¢): In this state, switches S; and S, of the phase to be energised
are turned on, as shown in Figure 3a. This action applies the full DC link voltage to the
phase, forcing the current to build up.

Free-wheeling (0V): There are two possible switch patterns for this voltage level. The
first pattern is with S; on and S off, while the second pattern is with S, on and Sy off.
These patterns are illustrated in Figure 3 parts b and c, respectively, where zero voltage
is applied across the phase winding. These two (0V) states can be alternated to balance
bridge losses and heating.

(@) +Vpc l (b) OV

Figure 3. Cont.
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(d) =Vpc

Figure 3. ASHB converter states: (a) Magnetisation, (b,c) free-wheeling, and (d) demagnetisation.

Demagnetisation (—V pc): In this state, switches S; and S; are both off, as shown in
Figure 3d. The demagnetisation current (energy) from the motor winding is then pumped
back to the DC link, with the winding current reducing to zero before the phase enters the
region of negative torque production.

Table 2 shows a summary of the three available converter voltage levels, while Figure 4
depicts typical voltage and current waveforms for the three states.

Table 2. ASHB converter states.

Level Figure 3 State State/KVL
+Vpe Figure 3a Vpe, 51, 52
ov Figure 3b Dy, 5
Figure 3c Dy, S;
—Vpe Figure 3d Vpe, D1, Dy
A
Voltage
v Magnetization
DCf---- T M
. 7 Current
fref |-~ T
1 >
<_ v
Oon Free-wheeling eoff
e
v

Figure 4. Typical phase voltage and current waveforms with an ASHB.

Advantages:

Independent control of each phase without overlap.

Three available voltage levels, namely +Vpc, 0V, —Vpc.
Low complexity.

High fault tolerance, with no link switch ‘shoot through’ path.
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e High efficiency as stored magnetic energy in phase winding is fed back to the DClink
during demagnetisation.

Drawbacks:

e Increase in semiconductor device number, as each phase requires two switches and
two diodes.

e  More conduction losses since two semiconductors are connected in series with the
conducting phase winding.

e  Therelatively low magnetisation and demagnetisation voltage limits motor base speed.

Common-Phase Converter

The common-phase converter [16] represents an advancement over the ASHB con-
verter, offering the same benefits but with fewer switches (1.5 switches per phase). Shown
in Figure 5, this converter is applicable to the 4¢ SRM and employs a two-bridge topology.
Phases A and C (mechanically at quadrature) are placed in one bridge, sharing a common
leg with switch S4¢, while phases B and D (mechanically quadrature phases) are in a
second bridge with switch Spp, common to both phases B and D. This arrangement utilises
the fact that phases sharing a switch in the same bridge are 180° (electrical) out of phase,
preventing phase current conduction overlap.

Dig Sue D Do Sl Pug

2y
+
JElie 0 0 o TN Wil e g 0 o HD VI)C - JUlie a0 o TN Wil 0 0 0 o WD
Ph, Phc I Ph, Phy
DA S DB
Sa | ‘xS S S

2

2

2

Figure 5. Common-phase converter using two bridges.

This switch sharing topological approach is effective for SRMs with an even number
of phases. Because of switch-sharing, its fault tolerance is reduced, since a fault in the
common switch in either of the two bridges results in the loss of the phases incorporated in
that bridge.

Common Switch Converter

To minimise the semiconductor device number in the ASHB converter, thus decreasing
its cost and size, the common switch converter in Figure 6 was introduced [17].

72
"
L
"
/

Figure 6. Common switch converter.

In this configuration, every phase is equipped with its own switch. A main switch,
denoted as S, is common to all phases, effectively lowering the total switch count ton + 1
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(where 1 is the number of phases). Despite its lower cost compared to the ASHB converter,
this design sacrifices fault tolerance. It performs well at low speeds; at higher speeds,
the off-going phase cannot be rapidly demagnetised (due to the common switch S being
activated), leading to a prolonged current tail (only states +V and 0V exist). This, in turn,
generates negative phase torque, ultimately reducing the overall developed torque.

2.3.2. Dissipative Converters

The dissipative converter is often seen as the most basic SRM converter, using the
fewest number of switches, with just one switch per phase. In this setup, the energy stored
in the phase winding is not returned to the power supply but is instead dissipated in a
dump resistor. Consequently, this converter is not energy efficient, thus unsuitable for EV
application. There are two versions: R-dump [18] and modified R-dump [19].

R-Dump Converter

Figure 7 depicts the R-dump converter, in which the energy stored that is released in
the phase winding is dissipated in the dump resistor, R;. No 0V state (loop) exists. This
configuration exhibits low efficiency and necessitates specific cooling for the dump resistor.
Therefore, it is best suited for low-power, cost-sensitive applications.

R,

PhAg D, Pth D, Ph, D Ph

(@}
LS
o

-]

Figure 7. R-dump converter.

Modified R-Dump Converter

A variant of the R-dump converter is shown in Figure 8, featuring an additional
switch, S, connected in parallel with the dump resistor. The time constant for current decay
is given by m (where, R and L are the phase winding resistance and inductance,
respectively). By reducing the duty cycle, a, the effective dump resistance increases (as
the OV periods decease). Conversely, increasing the duty cycle reduces the effective dump
resistance, enhancing efficiency during current chopping periods.

LS

4

R,

PhA§ D, Ph3§ Dy Phc§ D, Phi% Dl)

Figure 8. Modified R-dump converter.
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2.3.3. Magnetic Converters

The concept behind magnetic converters is to transfer the magnetic energy stored in
the SRM phase to a coupled (bifilar) winding. This transferred energy can then be either
returned to the power supply or used to energise the next incoming phase. Figure 9 depicts
the configuration of a bifilar converter [20], which employs a single switch per phase, being
the primary advantage. This configuration only supports two modes: magnetisation and
demagnetisation. The free-wheeling mode is not feasible with this setup.

Figure 9. Bifilar converter.

La, Lp, Lc, and Lp are the bifilar windings’ effective inductances.

This converter does not waste the demagnetisation energy; instead, it is recycled.
The primary drawback of this topology is that each SRM phase needs to be connected to
another winding, which adds complexity to the SRM manufacturing and decreases the
available copper area for the stator winding. Inadequate coupling between the SRM’s
bifilar windings (leakage inductance) leads to voltage spikes when a phase is turned
off, necessitating the use of snubber circuits. With 1:1 coupled windings, the required
semiconductor voltage ratings (diode and switch) are (at least) 2 Vpc.

2.3.4. Capacitive Converters

The capacitive converter employs a dump capacitor to store the demagnetisation
energy, which is then either returned to the power supply or utilised to energise the
next incoming SRM phase winding. Variants of capacitive converters include C-dump,
modified C-dump, split DC link, and passive boost, and these are discussed in the following
subsections.

C-Dump Converter

Figure 10 illustrates a C-dump converter, which is classified as belonging to the n + 1
family (meaning that the number of semiconductor switches equals the number of SRM
phases, plus one) [21].

D ’ e e ™\
Vo= SR e e N S
' Ds 5P .
(¢ b4 =
D,
51 ] Ss Sc] S D, &
Py ha ha he C, :|:

Figure 10. C-dump converter.

The energy stored in the SRM phase winding is transferred to a capacitor, C;. The
voltage across the capacitor is maintained at twice the supply voltage, 2V pc, to apply
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—Vpc to the outgoing phase for quick current extinction. The transferred energy is then
returned to the DC link using a buck circuit consisting of S, D4, and L;.

However, this topology has drawbacks. No OV state exists. It requires a large capacitor
C; and a buck converter (which includes a sizable inductor). The semiconductor devices
need to be rated at double the DC link voltage. Additionally, to keep the voltage across
the dump capacitor at 2V p¢, the switching frequency of S; needs to be high, leading to
increased switching losses.

Modified C-Dump Converter

C-dump converter performance is enhanced in Figure 11 [22], where the inductor in
the buck circuit is eliminated. The energy stored in the dump capacitor is utilised to directly
power the next incoming phase instead of being fed back to the DC link.

D,
i

(|
min

Figure 11. Modified C-dump converter.

Despite the elimination of the inductor and the reduction in the switching frequency
of S;, the switches are rated at 2V p¢, similar to the C-dump converter. The circuit control
is complex, leading to suboptimal performance at high speeds.

Split DC Link Converter

The split DC link converter in Figure 12 [23] features a single switch per phase,
thereby lowering the overall switch count. However, it necessitates an SRM with an even
number of phases. It utilises only half of the DC link voltage for the magnetisation and
demagnetisation of incoming and outgoing phases, respectively. This approach prevents
rapid current buildup and decay, thereby limiting the SRM base speed. This converter
cannot withstand any phase failure or phase imbalance.

D,
S
C —
1
Ph,
Ph,
C L
y ==
Slﬂ D,

Figure 12. Split DC link converter.
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Passive Boost Converter

Improving SRM performance at high speeds is outlined in [24]. A boost capacitor
with a blocking diode is introduced into the DC link. The demagnetisation energy from
the outgoing phase is stored in the boost capacitor, reducing the current decay time and
effectively extending the range of positive torque production before entering the negative
torque region.

The stored energy, which raises the DC link voltage, is then transferred to the next
incoming phase, enabling faster current buildup and increasing the motor base speed.
Figure 13 illustrates a typical common-phase converter with boost capacitors.

D, D,
¢ g

Dc LV
C1_ | 1+ C2_ | )

Ph T vl T Ph, Ph,,

Se) S Dung |

D Sy Dc LS D
Y C]__ __+ Cz__ Iy

Ph, |  Phc T vl T Ph,, Ph,,

N sl "k s

(b)

Figure 13. Common-phase converter with passive boost capacitors: (a) Without regenerative braking
and (b) with regenerative braking circuitry.

The converter employs a double bridge topology, with phases A and C grouped in
one bridge, sharing a common leg that includes switch S 4c. The remaining two phases, B
and D, form an independent bridge with a common switch Sgp. By utilising the DC-link-
blocking diodes and capacitors, the converter can boost the DC link voltage by directing the
recovered current to charge the capacitors to levels exceeding the DC source voltage, Vpc.

This two-independent bridge configuration allows for more effective voltage boosting
(as there is no phase overlap within each bridge) while using a minimal number of switches,
as illustrated in Figure 13a. However, a drawback of this topology is that it requires
semiconductor devices rated above the DC link voltage (with ratings dependent on the
boost voltage). Additionally, due to the presence of DC-link-blocking diodes, circuit
modifications are necessary for regenerative braking, if required.

Figure 13b shows the modified voltage-boosting common-phase converter with the
regenerative braking circuitry [25]. During braking, the stored energy in the phase winding
is not dissipated but returned back to the DC link. However, this energy cannot be pumped
to the DC link capacitors, as the capacitors’ voltages will excessively increase. Therefore,
the DC link switch Sy, and diodes Dy and Dy are needed to direct the phase winding
energy to the DC link rather than to the capacitors.
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2.4. Soft-Switching and Advanced Converters

Increasing converter switching frequency, hence decreasing current ripple, is a strat-
egy to enhance SRM performance. However, this increase leads to higher switching
losses and greater electromagnetic interference. To address these issues in high switching-
frequency applications, soft-switching techniques employing resonant circuits have been
suggested [26]; however, due to the resulting complexity and increased converter cost, this
approach has been deemed impractical for EV applications.

In [27], a novel converter is introduced, offering performance comparable to the
ASHB. This converter requires half the number of diodes but the same number of switches
as the ASHB. Another approach, the ring converter proposed in [28], is limited to six-
phase SRMs and exhibits significant distortion in phase currents, compromising its fault
tolerance. In [29,30], two off-the-shelf inverters are utilised to improve fault tolerance in
SRMs. However, this solution requires 12 switches, substantially increasing the converter’s
cost, and is only suitable for three-phase SRMs. Reference [31] integrates standard six-pack
plus dual modules for three-phase SRMs, offering a more economical solution compared
to the ASHB. This converter uses only half the DC link voltage for magnetisation and
demagnetisation to allow phase overlap between successive phases. In [32], a three-phase
inverter is employed to power a six-phase SRM. Although the inverter is commercially
available, the six-phase SRM requires a different winding configuration, limiting SRM
drive fabrication. A new winding configuration in [33] allows higher voltages during
demagnetisation. The required winding reconfiguration increases production costs. Also,
a higher voltage is applied only during phase turn-off, without enhancing performance
during phase turn-on.

Recent advancements in EVs include raising the DC link voltage from approximately
400 V to a range between 600 V and 950 V [34]. Consequently, the converter’s voltage
rating must also increase. However, higher voltage-rated power semiconductor devices
not only exhibit slower response times and lower overall efficiency but also result in higher
costs and larger sizes. As a result, multilevel inverters have been proposed [35]. In [36], a
comparison was made between a five-level Neutral-Point Diode-Clamped (NPC) converter
and an Asymmetric Modular Multilevel Converter (MMC) for high-voltage, high-power
applications. However, only the full DC link voltage is utilised, meaning SRM performance
at different voltage levels is not fully leveraged. The fault-tolerant converter, based on the
NPC topology in [37], has the drawback that half the switches must withstand the full DC
link voltage.

In [38], the performance of a three-level NPC converter was compared with that
of the conventional ASHB converter. Despite having the same overall rating, the NPC
offers advantages such as lower losses, reduced current ripple, and less machine noise.
However, motor performance (Nm/kg) is only enhanced at low speeds (below the base
speed). Since SRMs can be utilised in high-speed applications (as in the EV), it is crucial
to enhance its performance (W/kg) at higher speeds. Additionally, the NPC converter
requires large DC link capacitances. In [39], an MMC SRM drive utilises multilevel voltages
to decrease torque ripple. However, to accommodate various voltage levels, the number of
submodules (SM) must increase, leading to higher converter costs. In [40], a five-voltage
level converter was introduced to minimise current noise and torque ripple at low speeds,
but its performance was not enhanced at speeds above base speed. An NPC converter
with built-in DC link voltage-boosting capacitors was introduced for a four-phase SRM
drive in [25]. The converter enhanced SRM drive performance at both low and high
speeds. The boosted voltage raised the motor base speed, thereby improving output
power and efficiency. The SRM power-to-weight ratio, with voltage boosting capability,
was competitive with that of the PMSM, offering the added benefit of a higher torque-
to-weight ratio. Regenerative braking could be employed for efficient and rapid braking.
Additionally, the converter allowed for the series connection of fast, low-voltage, efficient
switches. However, incorporating NPC intermediate dwell states resulted in topology
penalties, such as a higher number of gate drives and increased control complexity.
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An active boost power converter with self-balanced capacitor voltages is proposed
in [41]. The converter has the merit of providing different voltage magnitudes, thus
allowing precise current control. A similar adjustable voltage converter is presented
in [42,43] for EV applications. A fast-demagnetising converter is proposed in [44] that
requires only n+1 switches. Also, the demagnetisation voltage magnitude can be controlled.
Finally, in [45], an eight-switch converter is proposed for a six-phase SRM. Although the
number of switching devices is reduced, hence reducing the cost and complexity, the
converter must operate at high switching frequencies.

Fast switching SiC technology is already used in EVs. Thus, with 1200 V and 1700 V
technology readily available, and battery voltages of up to 950 Vpc (Formula E Gen?2,
756 Vpc nominal), series device connected topologies are not necessary or viable. EVs
tend to use distributed discrete devices (e.g., TO247) for better cooling. Given EV volume
levels, a dedicated module specific for the SRM does not present a cost disadvantage over
other machine drive types that use standard existing packages, like six-switch three-phase
inverter bridges. If employed, module costs will be dictated by the number of contained
devices, not production volume.

2.5. Comparing SRM Power Converters

Numerous converters applicable to SRM drives have been introduced. This section
compares these various topologies to determine the most suitable converter for EV applica-
tions. Table 3 assesses some of the available converters based on cost, volume, complexity,
efficiency, fault tolerance, performance, and, importantly, four quadrant operation (which
therefore includes regenerative breaking capability).

Table 3. Comparison between different power converters.

. R-Dum C-Dum Split DC Common Common Boost and
Bifilar [20] (8101 102] Link[23]  Switch[17]  Phaselte]  ASHBIISI  Boosti2dl  piiin
Number of switches n n n+1 n n+1 n+2 2n n+2 n+3
Rating of switch VEC Vbe 2Vpe Vbe Vbe Vbe Vbe VL*)C VL*)C
Control complexity simple Simple Complex Simple Simple Simple Simple Simple Moderate
SRM modification Yes No No No No No No No No
Fault-tolerance High High High Low Low Moderate High Moderate Moderate
Performance Medium Low High Medium Low Moderate High High High
Current build up Medium Slow Medium Slow Slow Medium Medium Fast Fast
Efficiency Medium Low High High Low Low High High High
Voltage levels +Vpe +Vpe, 0V +Vpe, OV —1/2Vpc +Vpe, 0V +Vpe, OV +Vpe, OV £Vpe, OV +£Vie, OV
Snubber circuits Yes No No No No No No No No
Number of phases Any Any Any Even Any Even Any Even Even

VE;C = Slightly higher rating than Vpc, VEC = Vpc + Vioost-

According to the analysis in Table 3, given the power (say >50 kW) and speed level
(say >10,000 rpm) required for EV, the converter featuring shared phase and voltage boost-
ing with regenerative braking circuitry (depicted in Figure 13b) emerges as a promising
power converter for SRM drives.

3. Torque Ripple Minimisation Approaches

This section provides an overview of various methods used to minimise SRM torque
ripple (TR). It focuses on two main approaches: machine design and control. The text
reviews torque sharing functions, current profiling with artificial neural networks, and
direct instantaneous torque control.

3.1. Introduction to TR Approaches

The SRM offers advantages that include robustness, simple construction, and low
cost. However, its use in servo applications is limited due to the acoustic noise caused
by radial vibration [46,47], most dominate (Nm/A) around the pole alignment position.
Additionally, the discrete nature of torque production, coupled with the SRM’s high non-
linearity, can lead to significant torque ripple during commutation, where torque production
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transfers from one phase to the next. This high torque ripple can result in mechanical
vibration stresses, potentially leading to mechanical resonance effects and speed oscillations,
particularly at low speeds, which are undesirable in EV applications [48].

Since this paper aims to explore the use of SRMs in EV applications, this necessitates
understanding the torque requirements specific to such applications, especially given the
criticism regarding SRM torque ripple. To maintain a constant speed, the motor torque
must counterbalance opposing vehicle forces like rolling resistance, drag, drive incline
force, etc. Any torque produced by the motor beyond what is needed to overcome these
resistive forces contributes to acceleration.

During acceleration, torque ripple is crucial across the entire torque range. As speed
increases, drag force becomes dominant, as it is proportional to the square of the speed
(power is proportional to the cube of speed). Conversely, during deceleration (without
braking), the SRM-developed torque is less than the forces acting on the vehicle, causing the
speed to decrease to balance the machine force with the physical forces acting on the vehicle.
With regenerative braking, machine energy in excess of that need by the EV at that speed is
recovered back to the DC link, causing a decrease in speed. Deceleration is required across
the entire speed/torque range, during which torque ripple remains important.

To address the perceived limitation of SRM torque ripple in EV applications, it is
essential to minimise torque ripple across the entire speed and torque ranges.

3.2. Classification of Torque Ripple Minimisation Approaches

Numerous solutions have been proposed to mitigate the undesirable SRM characteris-
tics, such as noise, vibration, and torque ripple [49]. This paper concentrates on minimising
torque ripple. Generally, two approaches are considered for reducing torque ripple: the
motor design approach and the control approach [50], as illustrated in Figure 14. The
following subsections discuss previous research related to these two approaches.

Torque ripple minimization approaches

High phase number
High rotor poles
Rotor pole notch
Rotor pole shoe
Stator pole slant
Non-uniform airgap

Current profiling

Intelligent control

Average torque control

Direct torque control

Torque sharing function

Direct instantaneous torque control

VVYYYVYYVY

>
>
>
>
>
>
>

Figure 14. Classification of torque ripple minimisation approaches.

Optimum pole shaping

3.2.1. Machine Design Approach

Increasing the number of stator and rotor poles in SRMs leads to the overlap of more
than two phases during commutation (>8/6), which has the potential to reduce torque
ripple. However, this approach also increases the switching frequency, resulting in higher
converter and machine losses, especially at anticipated EV machine speeds rising towards
20,000 rpm. Also, a higher number of converter switches is needed if the number of phases
increases, thereby increasing the overall converter cost and complexity [51].

A new SRM approach [52] explores a configuration with a higher number of rotor
poles than stator poles (Ns < N;). This novel motor concept offers lower mass and copper
loss compared to conventional SRMs (N5 > N;). The increased stator slot area allows for the
use of windings with a higher turns number and/or increased Cu cross-sectional area [53].
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Also, the higher rotor pole number helps reduce torque ripple [54]; however, the narrower
interpolar rotor airgaps results in significantly higher unaligned inductance compared
to conventional SRMs. This reduces the energy conversion area, leading to a decrease
in developed torque [55]. Furthermore, the prolonged current rise time at phase turn-on
due to the higher unaligned inductance necessitates the use of higher DC link voltages to
increase the current rate of rise [56].

The introduction of a rotor pole notch, depicted in Figure 15a, was proposed [57]
as a method for reducing torque ripple. This concept was further developed in [58] for
a mutually coupled SRM. Another approach [59] involves the use of a rotor pole shoe,
as shown in Figure 15b. A stator pole slant [60], illustrated in Figure 15c (and also as is
shown in Figure 15d) [61], presents a non-uniform air gap for a two-phase SRM aimed at
minimising torque ripple. Despite their effectiveness in reducing torque ripple, these rotor
modifications tend to result in reduced machine torque density. Another approach [62]
focuses on optimising the stator and rotor poles for a four-phase 8/6 SRM to increase
average torque and reduce torque ripple. However, the method is limited to a narrow
speed range and rated load conditions.

Pole (27
Shoe \ 1}
Rotor
Pole
— —
(b)

)
Stator Non-uniform
Pole airgap
Slant
ﬂ:@)

() (d)

Figure 15. SRM pole design: (a) Rotor pole notch, (b) rotor pole shoe, (c) stator pole slant, and
(d) non-uniform air gap.

Importantly altering the basic rotor and stator design typically leads to decreased
power output, which is an undesirable SRM limitation when compared to PMSMs in EVs.

3.2.2. Control Approach

In contrast to the machine design approach to reduce TR, the control approach is more
cost-effective, efficient, and flexible, covering a broad speed/torque range [63]. Ripple-free
torque can be achieved through current profiling [64], which generates optimal current
contours for constant output torque based on static SRM data. The profiles are stored using
lookup tables (LUTs), and current controllers track the profiles [65]. However, this method
requires memory to store current profiles for different speeds, torque demands, and DC link
voltages. Additionally, high-bandwidth current controllers are needed for accurate current
tracking [66-68]. Using conventional pulse width modulation (PWM) leads to current
tracking errors, particularly at high speeds [69-72]. Most current controllers are based
on analytical SRM modelling, leading to inevitable inaccuracies [73]. In [74,75], current
profiling and a new SRM design with a flat torque profile are combined to reduce torque
ripple, but the design has a narrower speed range compared to conventional SRMs.

Optimal current profiles are typically generated as discrete points, and linear interpo-
lation finds intermediate points. Increasing the number of points improves accuracy but
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requires more time and storage memory in the form of LUTs. In [76], harmonic coefficients
are used to produce current profiles without interpolation, but this method relies on analyt-
ical model accuracy. Fuzzy logic and neural networks [77,78] can generate magnetisation
data without huge memory but significantly increase computational complexity. In [79,80],
a control scheme based on iterative learning control is developed, which does not rely on
model accuracy or large memory for magnetisation data but has slow dynamics with poor
transient response, which is unsuitable for EV applications.

Average torque control in [81,82] calculates torque using co-energy derived from termi-
nal quantities (V, I) [83]. It is extended in [84] for four-quadrant operation at low speeds but
requires precise voltage and current measurements. The effect of varying stator resistance
(due to temperature change) is not considered, which affects co-energy estimation.

The principle of direct torque control [85,86] is similar to that used for induction
motor control, controlling flux to control torque. Hysteresis controllers are used, leading
to variable switching frequency, complicating digital implementation. To address this, a
deadbeat torque controller [87] uses a fixed switching frequency but requires a complicated
control algorithm. Improving the torque per ampere ratio and efficiency was considered
in [88,89]. The model predictive controller in [90] selects a suitable voltage vector but relies
on an SRM mathematical model that does not reflect machine non-linearity.

A torque sharing function (TSF) is a good method to minimise SRM torque ripple
due to its discrete non-linear nature of torque production [91-93]. The total developed
SRM torque at any instant is the sum of individual phase torques; thus, the TSF generates
reference torque for each individual phase using the total reference torque. Each reference
phase torque is transformed into a reference current using a LUT, depending on rotor
position. The reference phase current is compared with the actual phase current, generating
an error signal, where this error is minimised using a high bandwidth current controller.
A similar concept is found in direct instantaneous torque control (DITC), where the total
torque is controlled rather than individual phase torques.

Given that the most popular torque ripple minimisation approaches use current
profiling, direct instantaneous torque control (DITC), and torque sharing functions (TSFs),
these are discussed in the following three subsections.

Current Profiling

Ripple-free torque can be obtained by current profiling [94], where optimal current
contours, producing constant output torque, are generated using static SRM data [95].
These current profiles are stored using lookup tables (LUTs), and current controllers are
used to track the profiles [96]. Apart from using current profile LUTs, artificial neural
networks (ANNSs) could be used to replace the current profile LUTs. This subsection will
discuss the general concept of current profiling, with a focus on using ANNSs.

An ANN is a computational model that emulates the functioning of biological neural
networks [97]. The fundamental unit within an ANN is the neuron, depicted in Figure 16,
where ‘a’ represents the input, ‘s’ is the output, and ‘b’, ’c’, ’f’, and ‘v’ denote the bias,
weight, transfer function, and net input, respectively.

ae—S ST »ftS»

|

Figure 16. The basic structure of ANN (neuron).

The bias and the weight are scalar values that can be adjusted while the relation
between the input and output of the neuron is given by (1).

s = f(ca+b) 1)
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The choice between linear or non-linear transfer functions depends on the specific
requirements of the application. Figure 17 illustrates several commonly used transfer
functions in ANNSs, including linear, hard limit, and log sigmoid [98].

=7 S_{O, r<o0 1
- U, r=o0 ST1xer
K) S S
A A A
+1 +1 +1
7777777777777777777777777777777 7—
> > B >7
-0 77_1777777777 7777777_1777777777 7777777_17 77777777
(a) (b) (©)

Figure 17. Common transfer functions: (a) Linear, (b) hard limit, and (c) log sigmoid.

Describing the model with only a single neuron is inadequate. Consequently, multiple
neurons are interconnected in parallel to constitute a layer. Multiple layers can be arranged
in succession to construct the ANN.

Figure 18 shows a two-layer ANN comprising an input layer, one hidden layer, and
an output layer. This model features two inputs, a hidden layer consisting of three neurons,
and an output layer with a single neuron, reflecting the model’s single output.

input Hidden layer output layer

Figure 18. Two-layer ANN.

Utilising an ANN can help generate the necessary current profile for each phase [99],
thereby reducing the torque ripple. The inputs for the ANN consist of the rotor angle
6 and the required torque Tj,,,. The ANN outputs the necessary current profiles [100].
Figure 19 illustrates the control system for minimising torque ripple in an SRM using an
ANN. Current regulation is achieved using a hysteresis band current controller (HBCC).
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Figure 19. Illustration of current profiling using ANN.

Torque Sharing Function

A torque sharing function (TSF) is an effective method for reducing torque ripple in SRM
drives, which is caused by the discrete, non-linear nature of torque production [101,102]. The
most critical aspect of torque ripple reduction is minimising the ripple during commutation,
that is the time when torque production is transferred from one active phase to the next.
The total developed SRM torque at any instant is the sum of individual phase torques.
Therefore, a TSF generates a reference torque for each phase based on the total reference
torque. This reference phase torque is converted into a reference current using a lookup
table (LUT) that depends on rotor position [103,104].

The reference phase current is then compared with the actual phase current to generate
an error signal, which is minimised using a high-bandwidth current controller. The impact
of phase turn-on and turn-off is discussed in [105]. Optimisation of the TSF concerning
phase root-mean-square (rms) current and efficiency is examined in [106]. The non-linear
TSEF proposed in [107] accommodates SRM magnetic characteristics.

While it is possible to generate the reference current signal from the individual phase
reference torque, inverting the T — i — 8 LUT is challenging [108]. An alternative approach
involves obtaining actual phase torques directly from actual phase currents using a LUT.
The generated reference phase torques and the actual phase torques are then compared,
and the command torque is adjusted by the controller [109]. Typically, a hysteresis band
torque controller (HBTC) is employed to manage the error signal. Figure 20 illustrates the
operation of the TSF method for a four-phase 8/6 SRM.

TSF HBTC Converter SRM
I Sa “u g
Trer Ty i ]
» 5 \
T -
T i |
6 k .
oroue loskeup table ib Encoder
le
la

Figure 20. Illustration of TSF control system.
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Torque production in an SRM is categorised into two regions: single and double
excitation regions, corresponding to one and two phases conducting, respectively [110].
In the single excitation region, only one phase generates the total required torque. In the
double excitation region, the total torque developed is shared between two phases, the
incoming and outgoing phases, while maintaining an overall torque equal to the reference
torque value [111]. The method by which the two phases share the torque determines the
type of torque sharing function (TSF) used. Primarily, two types of TSF are employed: linear
and non-linear TSFs. Non-linear TSFs include cosine, cubic, and exponential functions, as
illustrated in Figure 21. Non-linear TSF methods partly account for the non-linearity of
SRMs, making them a more efficient approach [112].
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Figure 21. Types of TSF: (a) linear, (b) cos, (c) cubic, and (d) exponential.
Equation (2) defines the individual torque profile for an arbitrary phase k.

0, 0<6 < by
Tdemxfrise (9)/ Oon < 0 < Oon + 0o
T]:(G) = Trefr Oon + 000 < 0 < goff ()
Tdemxffull (9)/ 90 f <6< Goff + Oov
0, Goff + 00 <0 <6,

where 0, is the turn-on angle, 6, Ff is the turn-off angle, 6, is the overlap angle, and 6, is
the rotor pole pitch. Ty, is the demand torque.

The arbitrary phase k is energised depending on rotor position between the turn-on
and turn-off angles; for the motoring mode, the turn-on and turn-of angles must satisfy (3).

Oon > 0y
90 f+90v < Ga (3)

where 0, and 6, are the unaligned and aligned rotor position, respectively.
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The overlap angle 0,, represents the interval where the torque is shared between two
phases, the incoming and outgoing phases. The maximum overlap angle is calculated
using (4).

901] = '97 - Qstroke (4)
where 0,1, is defined by:
3600
estroke = TM (5)

where 7 is the number of phases and N; is the number of rotor poles.

During the interval of commutation, the function f,;;, increases from 0 to 1 while the
function f ¢,y decreases from 1 to 0. The function f,s, and subsequently f¢,; depend on the
type of TSE. The linear, cos, cubic and exponential TSFs are expressed in (6)—(9), respectively.

li . frise = 95(’;" 6
1near : ffull —1_ §790ff (6)

ov

06,
frise - = COST[( 901,0”

ffulz = + COSN(%

2 3
frise = 3<95091,m) B 2(96091;7")

Ccos:

(7)

cubic: 5 3 (8)
-9, -6,
ffan=1- 3(7900”) +2<—9w”)
(60— 60n)°
frise =1-e Oov
exp: ©9)
P (6 Ooff)°
fran=e Oov

Direct Instantaneous Torque Control

Due to significant SRM non-linearity, the actual phase torque cannot perfectly track the
reference torque near the unaligned and aligned positions, as with TSFs or current profiling.
This leads to noticeable torque dips. To address this, an alternative method [113] treats the
total torque as the control variable instead of the phase torque, as in TSFs [114-117]. Direct
instantaneous torque control (DITC) can effectively regulate the instantaneous developed
torque, thereby minimising torque ripple. A four-quadrant DITC was introduced in [118],
but it relies on a hysteresis controller with variable switching frequency. To overcome this
drawback, a predictive PWM method was presented in [119], which extends the approach
for SRMs with more than four phases.

The approach involves measuring the actual phase currents and then converting them
into phase torques based on rotor position using LUTs [120-122]. These individual phase-
torques are summed to determine the total developed torque, which is then compared
with the desired reference torque value [123,124]. A hysteresis band torque control (HBTC)
is employed to generate the converter switching signals [125,126], as in Figure 22, for a
four-phase SRM.
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Figure 22. Illustration of DITC control system.

3.3. Comparison of Torque Ripple Minimisation Approaches

This section provides a comparison between the three dominant torque ripple minimi-
sation approaches in the literature, namely current profiling, TSF and DITC, as summarised
in Table 4. The machine design approach requires modifications to the SRM construction
during fabrication, which is not only an expensive but also a complex process. Hence, it is
not a recommended approach and therefore is not included in the comparison.

Table 4. Comparison between different torque ripple minimisation approaches.

Current Profiling [75] TSF [105] DITC [113]
Control parameter Current Phase torque Total torque
SRM modification No No No
Prior knowledge of SRM Yes Yes Yes
parameters
Current profiles memory storage Yes No No
Current sensors Required Required Required
Position sensor Required Required Required
Number of overlapping phases Limited to two Limited to two Any number
Methodology Offline Offline Any
Torque-speed range Moderate Moderate Wide
RMS current optimisation Yes Yes Yes
Torque ripple percentage Medium Medium Low

Based on Table 4, the DITC approach proves to be the most efficient torque ripple
minimisation approach. It offers flexibility over a wide torque/speed range and is simple to
implement. RMS current minimisation, and subsequently loss reduction, could be achieved
by adjusting the turn on/off angles. Finally, the merit of DITC is that it treats the total
torque as the main control parameter, not the individual torques (as in a TSF) or the currents
(as in current profiling).

4. Discussion and Conclusions

EVs are increasingly focused on reducing fossil fuel consumption and carbon dioxide
emissions. SRMs are gaining interest for these vehicles due to their simple and robust
structures, high reliability, and lack of rare-earth materials. However, the inherent SRM
structure causes acoustic noise, limiting their development. In addition, an SRM requires a
special power converter, not the standard three-phase inverter.

This paper comprehensively reviewed the most popular power converters used to
drive SRMs. According to the analysis, the converter featuring shared phase and voltage
boosting is the most promising power converter for SRM drives.
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The paper also presents an overview of the most widely used SRM torque ripple
minimisation approaches. The focus is on motor topology optimisation and control strategy
improvement. From the review, it is evident that much effort has been devoted to optimising
motor structure through new stator and rotor designs. However, this effort results in
structural complexity and increased production costs. Improving control strategies is a
more cost-effective and flexible approach to addressing the SRM torque ripple problem.
The methods, advantages, and limitations of these approaches were summarised and
compared. It was concluded that DITC is the most efficient and mature torque ripple
minimisation approach.

Based on the research presented in this paper, the authors suggest a 4@ SRM driven by
a passive boost and a shared phase converter, controlled using DITC. The proposed SRM
drive, shown in Figure 23, suits EV applications. The 4¢ SRM is selected for the following
two reasons: Firstly, an even-phase SRM is required from the converter perspective. This
excludes the three-phase and five-phase SRMs. Secondly, a compact converter with minimal
switching losses is required, hence the six-phase SRM is excluded. Thus, the 4¢ SRM
represents the optimal choice with compromises between converter cost, complexity, and
losses. Several torque ripple minimisation approaches can be deployed. However, as
illustrated in Section 3, DITC is the most dominant and efficient control approach.
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block converter sensor
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Figure 23. Suggested SRM drive for EV applications.

The SRM drive senses the rotor position using a position sensor. An error signal, gen-
erated based on the required reference speed, is handled using a PID controller to generate
the reference torque. The torque ripple minimisation block is illustrated in Figure 22, while
the regenerative power converter is shown in Figure 13b.

Future research and forecasted research hotspots include:

1.  Investigating the performance of SRM power converters using SiC and GaN semicon-
ductor devices.

2. Investigating and developing torque ripple reduction techniques for converter fault
conditions, including open and short circuit faults, using fewer additional power
switches.

3. Developing control schemes to reduce torque ripple over a wide speed range.
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