
Citation: Frikha, M.A.; Croonen, J.;

Deepak, K.; Benômar, Y.; El Baghdadi, M.;

Hegazy, O. Multiphase Motors and

Drive Systems for Electric Vehicle

Powertrains: State of the Art Analysis

and Future Trends. Energies 2023, 16,

768. https://doi.org/10.3390/

en16020768

Academic Editor: Chunhua Liu

Received: 30 November 2022

Revised: 4 January 2023

Accepted: 5 January 2023

Published: 9 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Multiphase Motors and Drive Systems for Electric Vehicle
Powertrains: State of the Art Analysis and Future Trends
Mohamed Amine Frikha 1,2 , Julien Croonen 1,2 , Kritika Deepak 1,2, Yassine Benômar 1,2,* ,
Mohamed El Baghdadi 1,2 and Omar Hegazy 1,2,*

1 MOBI-EPOWERS Research Group, ETEC Department, Vrije Universiteit Brussel (VUB),
1050 Brussels, Belgium

2 Flanders Make, Gaston Geenslaan 8, 3001 Heverlee, Belgium
* Correspondence: yassine.benomar@vub.be (Y.B.); omar.hegazy@vub.be (O.H.)

Abstract: Multiphase drives (MPDs) have been the subject of research for the last two decades.
Despite being a technology that is still in the process of development, a significant number of research
studies and developments have been reported in scientific literature over the past few years. This
article aims to collect and present a review of these recent contributions, providing a comprehensive
and insightful state of the art on this topic and future technology trends. The elaborated aspects
include the advantages of multiphase machines, a general introduction to five-phase and six-phase
machines, and their modelling techniques. In addition, new promising MPD topologies are covered.
Recent advances in modulation techniques and the control of multilevel converters are also discussed.
Finally, future trends and challenges in further developing this technology are discussed.

Keywords: electric vehicles; multiphase drives; multiphase machines; five-phase machines; six-phase
machines; modelling; control

1. Introduction

As the demand for electric vehicles (EVs) and sustainable mobility grows globally [1],
multiphase drives (MPDs) are finding increased attention in industry and academia as
one of the preferred choices of power conversion systems. The MPD was first introduced
in [2] and dedicated to a five-phase induction machine. The six-phase induction machine
is studied in [3] as another milestone in the development of MPDs. In their origin, mul-
tiphase machines were used mainly for electrical power generation, as presented in [4],
but nowadays, they seem suitable for high-power applications. Moreover, the evolution in
power semiconductor devices and the advancement of converter modulation techniques
have motivated more and more research on the topic of MPDs. The characteristics of
MPDs have drawn researchers to utilise them in industrial and traction applications where
fault-tolerant capability is a crucial design feature, such as electric vehicles [5–7], marine
propulsion [8–13], and aerospace [14].

Recently, there have been several attempts to review the current state of MPDs in the
literature [15,16]. However, most papers focused on six-phase machines. This paper aims
to provide a more comprehensive overview of recent developments in the field by covering
a wide range of multiphase topologies, including five-phase, six-phase, multiples of three,
seven, and nine-phase drives. These topologies are compared and summarised in simple
tables, and the paper also discusses recent modelling, modulation, and control techniques.
Additionally, the paper examines the current status of industrialised MPDs in the market
and discusses challenges and future trends in the field.

In addition, multiphase drives offer many outstanding merits over conventional
three-phase drives [17–20], including less per-phase current or voltage; the stator ex-
citation in a multiphase machine produces improved magnetomotive force (MMF), re-
sulting in lower space harmonics, lower torque ripples, and higher efficiency than in
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three-phase drives. Such excitation produces pulsating torques at even multiples of the fun-
damental excitation frequency [21]. Furthermore, using MPDs reduces dc-link harmonics,
decreases the necessary dc-link capacitance, and improves fault-tolerant operation because
the degrees of freedom increase as the number of independent phases increases [22–28].
In other words, if one phase of a three-phase machine becomes open-circuited, the ma-
chine becomes two-phase. It may continue to run, but it requires some external means for
starting and must be operated in a highly regulated manner. To illustrate, if one phase of
a 15-phase machine becomes open-circuited, it will still self-start and will run with only
minimal de-rating. These characteristics of MPDs are of particular importance for EV
applications and will be thoroughly examined in Section 2.

Further, despite the increasing attention given to the advantages of MPDs in published
academic works, the industrial examples are still relatively limited, and the classical
three-phase drives continue to dominate the motor drive industry due to their simplicity
and cost-effectiveness. An example of an MPD that has been manufactured is the industrial
drive DANA TM4 SUMO, a six-phase drive designed for heavy-duty EVs with a power
range of 162 kW to 265 kW [16].

There are various types of AC electric machines available, but the primary types of
machines that are typically used for electric vehicle traction applications are induction
machines (IMs) and permanent magnet synchronous machines (PMSMs). The induction
motor has been the workhorse in industrial drives because it is a well-known motor, it
is cheap, and it does not require a position sensor to implement a low-cost control for
low dynamic performance applications. The PMSM arises as a well-suited candidate to
be used in automotive applications because of its high-power density. Unlike induction
motors, there is no need to induce rotor currents to create the rotor magnetic field; thus,
higher efficiency levels can be achieved. Moreover, PMSMs offer easy control strategies.
An overview of the multiphase IM and PMSM topologies and the main theories to model
them, such as vector space decomposition (VSD) [29,30] and the double d-q model [31], are
covered in Section 3.

The general trend in power electronic devices is to switch the power semiconductors
at increasingly higher frequencies in order to minimise harmonics and reduce passive
component sizes. Nevertheless, increasing switching frequency increases the switching
losses, which become especially significant at high power levels. One proposed method for
decreasing the switching losses is to construct a converter with a high number of switching
states and a low switching frequency, such as in the case of multilevel converters [32]. Mul-
tilevel converters are a type of architecture that improves the quality of the output voltage
waveform, reduces dv/dt, and allows the creation of a high-power converter without the
issue of switching series-connected semiconductor devices. Commonly used multilevel
converters are the neutral point clamp (NPC), the flying capacitor (FC), and the various
cascaded bridge converter topologies (CB). Multilevel converters are already commercially
available, with the Converteam MV7000 and the Alstom Alspa VDM 6000 [33–36] as ex-
amples. Another developmental trend followed by researchers while designing power
converters is to reduce the number of passive and active components to lower the overall
costs of the converters and attain higher reliability.

In order to increase the power density of power electronics converters, one possible
solution is to reduce the size of converters by using topologies that have a lower number
of switches. The open-end winding topology (OEW), initially described in [33], can be
considered an alternative method for generating multilevel phase voltage waveforms.
The OEW drives have a reduced component count compared to traditional NPC and FC
converters that are equivalent in function [13,37]. However, one disadvantage of this
topology is that it requires two isolated DC power supplies to feed the inverters in order
to prevent the flow of zero-sequence current. Another disadvantage is that the switches
in the higher-voltage dc-link must be able to withstand twice the voltage of those in the
equivalent NPC or FC. This review paper covers recent advancements from a topological
perspective, and the most common topologies used for five-phase drive and six-phase drive
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are presented in Sections 4 and 5, respectively. Further, more drive topologies that are less
popular than five- and six-phase are addressed in Section 6.

The classical control and modulation techniques used to achieve the best performance
in MPDs are covered in Section 7.

Section 8 discusses the current status, trends, and challenges in research on improving
and incorporating MPDs in the EV industry. Finally, conclusions and future perspectives
are provided in Section 9. Figure 1 illustrates the structure of the MPD review paper.

Energies 2023, 16, 768 3 of 47 
 

 

the most common topologies used for five-phase drive and six-phase drive are presented 

in Sections 4 and 5, respectively. Further, more drive topologies that are less popular than 

five- and six-phase are addressed in Section 6. 

The classical control and modulation techniques used to achieve the best perfor-

mance in MPDs are covered in Section 7. 

Section 8 discusses the current status, trends, and challenges in research on improv-

ing and incorporating MPDs in the EV industry. Finally, conclusions and future perspec-

tives are provided in Section 9. Figure 1 illustrates the structure of the MPD review paper. 

 

Figure 1. Schematic diagram illustrating different sections of the review paper on MPDs. 

2. Advantages of Multiphase Drives 

As mentioned in the introduction, there has been an upsurge of interest in multiphase 

machines (machines with more than three-phases). The reason is that multiphase drives 

are characterised by outstanding features compared to conventional three phase drives. 

In this section, some of these characteristics are highlighted.  

2.1. Lower Power Rating per Phase 

In multiphase drives, the power is distributed across a larger number of phases, and 

each phase is supplied by a converter leg. The power of an electric machine can be ex-

pressed as follows: 

P = qVrmsIrmscos(�) (1) 

where q is the number of phases, I��� is the root mean square (RMS) value of the phase 

current, V��� is the root mean square value of the phase voltage, and cos(�) is the ma-

chine power factor. Using (1) for a constant power rating leads to the current p.u. graphs 

shown in Figure 2. 

The relation between the number of phases and the per-phase current is inversely 

proportional. As the number of phases increases, the reduction in per-phase current 

Figure 1. Schematic diagram illustrating different sections of the review paper on MPDs.

2. Advantages of Multiphase Drives

As mentioned in the introduction, there has been an upsurge of interest in multiphase
machines (machines with more than three-phases). The reason is that multiphase drives
are characterised by outstanding features compared to conventional three phase drives. In
this section, some of these characteristics are highlighted.

2.1. Lower Power Rating per Phase

In multiphase drives, the power is distributed across a larger number of phases,
and each phase is supplied by a converter leg. The power of an electric machine can be
expressed as follows:

P = qVrmsIrms cos(φ) (1)

where q is the number of phases, Irms is the root mean square (RMS) value of the phase
current, Vrms is the root mean square value of the phase voltage, and cos(φ) is the machine
power factor. Using (1) for a constant power rating leads to the current p.u. graphs shown
in Figure 2.
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The relation between the number of phases and the per-phase current is inversely
proportional. As the number of phases increases, the reduction in per-phase current
becomes smaller. The phase currents of six-phase machines are half those of three-phase
machines, meaning that the same power modules used for existing three-phase drives can
be used and controlled separately to control different phases instead of being connected in
parallel to control the same phase.

2.2. Better Fault Tolerance

The higher number of phases gives more flexibility under fault conditions. This feature
makes MPDs excellent candidates for aerospace drives and electric vehicle applications.
In faulty operation, the drive can operate continuously during a failure that occurs in the
motor or inverter until the next maintenance, although at a lower power rating for the same
phase current. The performance of the faulty drive can be enhanced using an optimization
algorithm based on a specific performance criterion.

Among the different types of faults, the open-phase fault is the most common and
the most studied faulty condition of an electric machine. An open-phase fault means one
or more phases are lost because of a failure in the machine windings, control circuit, or
power electronics, resulting in the phase(s) being considered an open circuit. One of the
strategies for fault-tolerant control (FTC) that allows the operation of a drive even with the
complete loss of one leg of the inverter or motor phase is proposed in [28]. The method
uses a current–source inverter, and no hardware reconfiguration is needed. The approach
is based on regulating the amplitudes and phases of the currents of the remaining phases
to ensure the same rotating magnetic field as in healthy mode conditions. In addition,
although there is no need for extra hardware, this fault tolerance is achieved by using an
algorithm to detect this fault, as investigated in [38] for a six-phase induction machine. The
FTC of multiphase machines does not only consist of redefining the current reference but
also optimizing it to minimise losses or maximize the torque, as discussed in [26].

In more than one phase open-circuit fault, a specific analysis of the fault-tolerant capa-
bility of the six-phase induction machines has been investigated in [24]. The reference [23]
proposed an improved approach for multiphase machines that effectively reduces stator
losses over the entire range of torque operations in the case of a single open-circuit fault.
Further, because the inverters losses that occur in faulty cases represent an essential part
of the overall system efficiency, they should also be considered in the analysis by using
different optimization criteria as described in [39,40].
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2.3. Torque Density Improvement

The Improvement of torque density is an attractive aspect of MPDs that allows the
creation of high-power density motor drives for EV applications. The current harmonic
injection technique is used to enhance the torque density and reduce ripples.

The harmonic injection method is a technique that increases the torque density of
motors by reshaping the flux distribution within the machine and thus obtaining higher
fundamental flux densities. Basically, any current frequency can be injected into the
machine, but the 3rd, 5th, and 7th are mostly used because of their significant amplitude.

The use of third harmonic injection in six-phase drives presents two challenges. The
first issue is providing a neutral path for the currents to flow through. This problem is
addressed in [41], and the suggested approach is to connect the neutral point of the machine
winding to the midpoint of the dc-link with an additional proportional controller to balance
the midpoint voltage at a stable level. This helps prevent the midpoint voltage from drifting
during loading [42]. The other problem is optimising the flux pattern in the machine’s air
gap. When the machine is under load, the angle of the third harmonic current may change,
leading to an uneven distribution of the resulting total air gap MMF. Several studies have
addressed this issue [43,44]. The proposed solutions are based on artificial intelligence
techniques such as genetic algorithms [43] and neural networks [44].

The optimal third harmonic amplitude that should be injected into the current for a
dual three-phase machine is addressed in [45]. The amplitude depends on the ratio of the
third harmonic back-EMF to the fundamental back-EMF.

Another proposal of current injection into the machine is explored in [46], which
involves injecting fifth- and seventh-order harmonic currents in order to create a more
flat top current waveform and increase the torque per fundamental current ampere. The
only drawback, these harmonic currents are considered circulating currents that do not
contribute to torque production. The optimization of the injected currents and efficiency
analysis have been conducted in [47]. The use of these techniques can improve the torque
per fundamental current ampere and significantly reduce the size and weight of the motor
drives, addressing a key challenge in the field of electrified transportation research.

Figure 2 provides a summary of some of the features mentioned in the previous
sections. Figure 2 illustrates the decrease in per-unit phase current, required dc-link
capacitance [48], and reduction in stator joule loss [21] of several multiphase machines,
namely five, six, seven, nine, eleven, twelve, fifteen, and eighteen-phase machines.

As shown in Figure 2, the improvement in stator losses and required dc-link capaci-
tance will be less significant by increasing the number of phases. However, the modelling,
control, and manufacturing will be more complicated and challenging. These disadvantages
are the main reason for limiting the use of multiphase machines instead of conventional
three-phase machines.

3. Multiphase Machines

This section will cover the topology of five-phase and six-phase machines. More-
over, the mathematical modelling of multiphase machines using d-q and vector space
decomposition (VSD) is presented in this section.

3.1. Five-Phase Machines

The first five-phase motor was introduced in 1969, and a five-phase voltage–source
inverter-fed induction motor was proposed [2]. The stator winding of a five-phase machine
is illustrated in Figure 3, where the angle between two adjusted phases equals 72◦.

A comparison of operating curves of five-phase and three-phase induction machines
of the same size is presented in [49], and a comparative analysis based on finite element
analysis of three-phase and five-phase PMSM is presented in [50]. The general conclusion
of the comparison is that the five-phase machines produce higher electromagnetic torque
and back-emf and lower cogging torque when compared to the three-phase machines.
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3.2. Six-Phase Machines

The six-phase machines have benefits over their three-phase counterparts, regardless
of machine topology (PMSMs or induction machines). A comparative study between
both machines shows the advantages of the six-phase machines in terms of copper losses
as well as space harmonic patterns [51]. The six-phase system demonstrates improved
performance in terms of the air gap flux space harmonics of the 5th and 7th harmonics [51].

The efficiency analysis and comparison of pulse width modulation (PWM) inverter-fed
three-phase and six-phase induction machines performed at the same dc-bus voltage are
addressed in [52]. The experimental results have shown that the efficiency is almost the
same, with a small error due to measured/simulated data uncertainties. The efficiency is
not a discriminator in evaluating the performances and the advantages/disadvantages of
three-phase and six-phase induction motor drives fed by PWM VSI. The advantages could
be expected with the six-phase machine in situations where the copper losses are more
significant than the iron losses, such as in low-frequency applications [53].

The six-phase machines have different winding configurations and different neutral
connections. This section will cover the difference between common single neutral and
two neutral connections and the different winding configurations of a six-phase machine.

3.2.1. Single Neutral and Two Neutral Configurations

There are two options for the connection of the stator phase winding, which depend
on the connection of the neutral point. These options are a single neutral connection or
two isolated neutral connections, as shown in Figure 4.
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In [24], it has been shown that the connection of neutral points on the armature winding
significantly affects the post-fault torque that the machine could generate under faulty
conditions. Moreover, the single neutral connection leads to higher torque and provides



Energies 2023, 16, 768 7 of 45

better fault-tolerant capability compared to two isolated neutral connections. In addition,
the two isolated neutral connections cannot support the scenario of three open-circuit faults,
and there is no possible postfault operation under this condition.

The single neutral point connection has been shown to be effective in maintaining
fault-tolerant operation. In contrast, the two isolated neutral point connections have
improved the utilisation of dc-link and simpler current controllers due to the inability for
zero-sequence currents to physically flow in this type of connection.

However, a study has been proposed in [54] to take advantage of both configurations,
isolated neutrals of connected neutrals, in terms of higher torque production and maximum
speed. In the study, simple hardware and software modifications have been proposed to
modify the neutral point configuration, as well as offline optimization schemes capable
of identifying the optimization parameters throughout the entire torque-speed range, and
this for different neutral point configurations.

3.2.2. Symmetrical, Asymmetrical, and Dual Six-Phase Machines

The six-phase machines have different winding configurations that vary based on
the spatial angle between the two sets of three-phase windings. The machines with a
60◦ angle between their two sets of three-phase windings are referred to as symmetrical
six-phase machines, while those with a space angle of 30◦ are classified as asymmetrical.
The six-phase machine with no space angle difference between its two sets of three-phase
windings is referred to as the dual three-phase machine (also known in some literature as a
double-stator) [24]. The different configurations are shown in Figure 5.
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six-phase machine.

The three mainstream six-phase machines (asymmetrical, symmetrical, and dual
three-phase) are compared for their normal and faulty condition capability in [24], and
a guideline for the selection of the most suitable six-phase machine for each specific
application is illustrated in Table 1.

Table 1. Guidelines for the selection of the most suitable six-phase machine for each specific requirement.

Configuration Asymmetrical Symmetrical Dual Three-Phase

Fault tolerance point of view of
single open circuit fault Best in 2N Best in 1N Worst

Fault tolerance point of view of
two open circuit fault

All similar in 2N All similar in 2N All similar in 2N

Best in 1N Good in 1N -

Fault tolerance point of view of
three open circuit fault

Best in 2N in term of e
fault-tolerant capability Best in 1N

Best in 2N in term of simplicity
and better dc-bus utilization.

Worst in 1N

Torque range under
faulty condition - Best -

Torque under healthy condition Lower torque ripple when
operated with six-step inverter

Similar to asymmetrical with the
modern high-frequency

pulse-width modulation method

Similar to asymmetrical with the
modern high-frequency

pulse-width modulation method
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In conclusion, a symmetrical machine is globally the machine with a higher post-fault
capability in 1N configuration. The asymmetrical performance is quite similar to symmetri-
cal, which keeps it competitive in terms of post-fault tolerance in 1N. The asymmetrical is
the best choice in 2N. Even though dual three-phase has better performance than symmet-
rical and asymmetrical for some specific and limited scenarios, it is still the worst choice in
terms of fault tolerance.

3.3. Mathematical Modelling of Multiphase Machines and Reference Theorey

The mathematical model of a multiphase machine is required to provide high-performance
modulation and control techniques for MPDs. The vector space decomposition (VSD) is
the foremost approach used to model multiphase machines, whatever the phase number.
In machines with a multiple of three phases, another approach called “dual three-phase”
(DTP) can be adopted.

The three-phase machines are usually modelled in the Park or Clarke/Concordia (ampli-
tude invariant/power invariant) transformation. The three-phase equations in the “ABC”
frame are reduced to only two equations in the rotating d-q or stationary α-β reference
frame. The dual three-phase approach (DTP) uses the same methodology and models each
three-phase set of multiphase machines separately.

The different modelling techniques and general mathematical equations applied to
different multiphase machines are reviewed in this section, with special attention paid to
the six-phase machine.

3.3.1. Coupled Double D-Q Transformation

The machines with multiple three-phase windings, such as 6-phase and 9-phase
machines, are most frequently discussed among the multiphase machines. The use of
multiple three-phase windings allows the use of well-established three-phase mathematical
formulations. In the literature, particular attention has been given to the asymmetrical
six-phase machines, where the machine can be driven using a six-phase voltage source
inverter (VSI) or two separate three-phase VSIs and controlled in two individual d-q
reference frames (or two individual α-β reference frames) simultaneously [55].

The winding reference frame configuration for a six-phase machine is illustrated in Figure 6.
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For the stationary reference frame α-β, in the case that the α-axis is aligned with phase
a1 of stator winding, the two sets of Clarke/Concordia transformation, donated α1 − β1 and
α2 − β2 components, are expressed as follows:[

Xa1 Xβ1
]T

= [T1] ·
[

Xa1 Xb1 Xc1
]T (2)[

Xa2 Xβ2
]T

= [T2] ·
[
Xa2 Xb2 Xc2

]T (3)

where X is a general symbol that can be voltage, current, or flux.
For the asymmetric machines with a spatial displacement of two sets of winding

equal to 30◦, the Clarke matrices T1 and T2 are given by:

[T1] = k

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

]
(4)

[T2] = k

[√
3

2 −
√

3
2 0

1
2

1
2 −1

]
(5)

where k is a coefficient equal to
√

2
3 and 2

3 for the power invariant and magnitude invariant
transformations, respectively.

The two sets of rotating park transformation components, donated d1− q1 and d2− q2,
are expressed as follows:[

Xd1 Xq1 Xd2 Xq2
]T

= [P ]
[

Xa1 Xb1 Xc1 Xa2 Xb2 Xc2
]T (6)

where X is a general symbol that can be voltage, current, or flux, and the matrix P is
expressed as follows:

P(θ) = k
[

P1(θ) 03,3
03,3 P2(θ)

]
(7)

[P1] = k
[

cos θ cos
(
θ − 2π

3
)

cos
(
θ + 2π

3
)

− sin θ − sin
(
θ − 2π

3
)
− sin

(
θ + 2π

3
)] (8)

[P2] = P1

(
θ − π

6

)
= k

[
cos
(
θ − π

6
)

cos
(
θ − 2π

3 −
π
6
)

cos
(
θ + 2π

3 −
π
6
)

− sin
(
θ − π

6
)
− sin

(
θ − 2π

3 −
π
6
)
− sin

(
θ + 2π

3 −
π
6
)] (9)

where θ is the angular position of the rotor d-axis with respect to the axis of phase a1.
By applying the Park transformation to the inductance matrix and assuming that the winding

sets are identical (Ld1 = Ld2 = Ld, Lq1 = Lq2 = Lq, Md12 = Md21 = Md, Mq12 = Mq21 = Mq),
the d-q frame inductance matrix, LT1, with dimension 4 × 4 can be expressed as:

LT1 =

[
Ldq Mdq

Mdq Ldq

]
(10)

Ldq = Ldq =

(
Ld 0
0 Lq

)
(11)

Mdq =

(
Md 0
0 Mq

)
(12)

where Ldq and Mdq are the self and mutual inductance matrices, respectively.
The flux equation is given by:

|ψd1∣∣ψq1
|ψd2∣∣ψq2

 =


Ld 0 Md 0
0 Lq 0 Mq

Md 0 Ld 0
0 Mq 0 Lq




id1
iq1
id2
iq2

+


ψPM,d1

0
ψPM,d2

0

 (13)
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where the subscript “d1” refers to the d-axis component of the first winding set and “q2” to
the q-axis component of the second winding set.

The matrix form (10) illustrates the structure of the inductance matrix in the d-q frame.
The inductance matrix is not diagonal, and the off-diagonal mutual inductance terms in
the matrix describe the magnetic coupling between the two different winding sets, which
is the main reason why six-phase machines are more difficult to control and model than
conventional three-phase machines.

The set of Equation (13) describes a multiple-input, multiple-output system with a cou-
pling between them. However, a typical PI-controller-based current control configuration
works better if such coupling does not exist [55].

In order to eliminate the coupling, new voltage terms can be expressed as follows [55]:∣∣∣vdecoupling
d1 = Md

did2
dt −ωLqiq1 −ωMqiq2∣∣∣vdecoupling

q1 = Mq
diq2
dt + ωLdid1 + ωMdid2 + ωψPM,d1∣∣∣vdecoupling

d2 = Md
did1
dt −ωLqiq2 −ωMqiq1∣∣∣vdecoupling

q2 = Mq
diq1
dt + ωLdid2 + ωMdid1 + ωψPM,d2

(14)

where ω is the electrical speed of the machine.
The elimination of all the cross-coupling effects between the voltage equations would

require feeding the following decoupling terms presented in (14) as positive feedback to
the output of the current controllers. In this case, the control strategy is called feedforward
decoupling control.

However, without any decoupling feedback, neglecting the cross-coupling between
two sets may not affect the zero steady-state error much in terms of current tracking [55].
Further, the magnetic coupling between the winding sets strongly affects the dynamic
performance of the machine, and by neglecting it, the torque will not be estimated correctly,
especially if the machine has saliency (Ld 6= Lq) [55].

3.3.2. Decoupled Double D-Q Transformation

In order to eliminate the equation’s magnetic coupling without the use of the feedfor-
ward decoupling control, the decoupled double d-q model is developed. The decoupled
Park transformation will be noted in this paper as [P∗]. In eliminating such coupling and
diagonalizing the inductance matrix LT1, a decoupling matrix is used as [56]:

Tdec = k′


1 0 1 0
0 1 0 1
0 1 0 −1
−1 0 1 0

 (15)

where k′ is the orthonormalization coefficient equal to 1√
2

and 1
2 for the power invariant

and magnitude invariant transformations, respectively.
Applying (15) to (10), we get the diagonal inductance LT2:

LT2 = TdecLT2TT
dec =


LD∗1

0 0 0
0 LQ1∗ 0 0
0 0 LD2∗ 0
0 0 0 LQ2∗

 (16)
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where the decoupled inductances are defined by:∣∣∣LD∗1
= Ld + Md∣∣∣LQ∗1
= Lq + Mq∣∣∣LD∗2
= Lq −Mq∣∣∣LQ∗2
= Ld −Md

(17)

and the decoupled Park matrix, P∗, which is obtained by multiplying (15) by (8) as follows:

P∗(θ) = k′
[

P1(θ) P1(θ− π
6 )

P1(θ+ π
2 )

P1(θ− π
6 – π

2 )

]
(18)

where P1 is the matrix presented in (8).
It is important to note that the proposed transformation eliminates third harmonics

and their multipliers from the transformed variables.
Additionally, it is crucial to note that the voltage, current, and flux parameters in the d-q

reference using decoupled transformation are not the same as using coupled transformation.
Therefore, it is desirable to provide a better physical interpretation of the model variables
by relating them to variables in the coupled double d-q model. The relations between both
transformations in the case of power invariants are formulated below:[

X∗d1 X∗q1 X∗d2 X∗q2

]T
= [P∗ ]

[
Xa1 Xb1 Xc1 Xa2 Xb2 Xc2

]T (19)

X∗d1

∣∣∣∣= √ 1
2 (Xd1 + Xd2) =

√
1
2 ΣXd

X∗q1

∣∣∣∣= √ 1
2
(
Xq1 + Xq2

)
=
√

1
2 ΣXq

X∗d2

∣∣∣∣= √ 1
2
(
Xq1 − Xq2

)
=
√

1
2 ∆Xq

X∗q2

∣∣∣∣= √ 1
2 (−Xd1 + Xd2) = −

√
1
2 ∆Xd

(20)

where X is a general symbol that can be voltage, current, or flux.
In the previous formulation, the electrical angle θ is the angle between the d-axis and

“a1”phase. However, another interesting electromagnetic configuration is illustrated in
Figure 7 and presented in [56]. As shown in Figure 7, the angle θ is between the d-axis and
the middle angle of “a1” and “a2” with the angle displacement α equal to π

12 .
The equation of decoupled Park transformation formulated in (18) is modified to the

following equation for power invariant transformation:

P∗2 (θ) =
1√
2

[
P1(θ+α) P1(θ−α)

P1(θ+α+ π
2 )

P1(θ−α – π
2 )

]
(21)

where P1 is the matrix presented in (8).
This special configuration yields decoupled d-q reference frames with similar proper-

ties as the d-q and z1-z2 subspaces of the vector space decomposition (VSD), which will be
discussed in detail in the next section.
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3.3.3. Vector Space Decomposition (VSD)

While the double d-q transformation (or α-β for stationary transformation) can only
be applied in the case multiple of three-phase machines, the vector space decomposition
provides an alternative approach that can be applied for multiphase machines with any
number of phases, including the multiple three-phase machines. This approach is presented
in different literature [21,29,31].

In using vector space decomposition (VSD), the analytical modelling and control of
the n-phase electric machine are accomplished in n

2 orthogonal subspaces (or n−1
2 for a

machine with an odd number of phases). The orthogonal subspaces include only one α-β
subspace and several x-y subspaces and zero sequence components. The dynamics of the
electromechanical energy conversion related and non-electromechanical energy conversion
related machine variables are thereby totally decoupled, which facilitates machine control
and modelling [29]. In other words, the parameters that create useful power and the ones
that do not are decoupled. In a machine with sinusoidal magnetomotive force distribution,
the α-β components contribute to useful electromechanical energy conversion, while the x-y
and zero-sequence components only produce losses [31]. Further, in odd phase numbers,
zero-sequence components do not exist in any star-connected multiphase system without a
neutral conductor (an isolated neutral point), as the zero-sequence currents cannot flow.
On the other hand, zero components can exist if the phase number is even.

The VSD transformation has the ability to separate the harmonics and map them into
each subspace. The VSD transformation has the properties listed below [29]:

• The fundamental components of the machine variables (voltage, current, and flux)
and the kth harmonics with k = 12m ± 1, (m = 1, 2, 3, . . .) are transformed into the
d-q subspace. It should be pointed out that the d-q axes have been chosen in such a
manner that they coincide with the plane of rotation of the air gap flux. Therefore,
these variables will produce a rotating MMF in the machine airgap and thus be related
to electromechanical energy conversion.

• The harmonics with k = 6m ± 1, (m = 1, 3, 5, . . .) harmonics, are mapped into the
z1-z2 subspace. The variables on this plane will not generate any rotating MMF in
the airgap and thus be non-electromechanical energy related as the z1-z2 subspace is
orthogonal to the d-q subspace.

• The zero sequence components with k = 3m, (m = 1, 2, 3, . . .) harmonics are mapped
into the o1-o2 subspace to form the conventional zero sequence components.

The following discussion is addressed to the general formulation for multiphase
machines. For an odd or even n-phase symmetrical machines the special displacement
between two consecutive phases is equal to 2π

n .
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In assuming that the windings are sinusoidally distributed and the windings are star
connected with a single neutral point, the stationary α − β decoupling transformation
matrix is given in power invariant form (Concordia) in (22) with the angle α = 2π

n .
The Equation (22) is applicable to synchronous and asynchronous machines:

C =

√
2
n



1 cos α cos 2α cos 3α . . . cos 3α cos 2α cos α
0 sin α sin 2α sin 3α . . . − sin 3α − sin 2α − sin α
1 cos 2α cos 4α cos 6α . . . cos 6α cos 4α cos 2α
0 sin 2α sin 4α sin 6α . . . − sin 6α − sin 4α − sin 2α
1 cos 3α cos 6α cos 9α . . . cos 9α cos 6α cos 3α
0 sin 3α sin 6α sin 9α . . . − sin 9α − sin 6α − sin 3α

. . . . . . . . . . . . . . . . . . . . . . . .
1 cos

( n−2
2
)
α cos 2

( n−2
2
)
α cos 3

( n−2
2
)
α . . . cos 3

( n−2
2
)
α cos 2

( n−2
2
)
α cos

( n−2
2
)
α

0 sin
( n−2

2
)
α sin 2

( n−2
2
)
α sin 3

( n−2
2
)
α . . . − sin 3

( n−2
2
)
α − sin 2

( n−2
2
)
α − sin

( n−2
2
)
α

1√
2

1√
2

1√
2

1√
2

. . . 1√
2

1√
2

1√
2

1√
2

− 1√
2

1√
2

− 1√
2

. . . − 1√
2

1√
2

− 1√
2



α
β
x1
y1
x2
y2
· · ·
xn−4

2yn−4
2

o+
o−

(22)

The first two rows of the matrix presented in (22) define variables that will contribute
to fundamental flux and torque production in α-β subsystem. The last two rows of the trans-
formation matrix in (22) define the two zero sequence components and can be disregarded
for all odd phase numbers n.

In multiphase induction machines, since the rotor winding is short-circuited, neither
x-y nor zero-sequence components can exist, and only α-β equations of the rotor winding
need to be considered.

In assuming that the induction machine equations are transformed into an arbitrary
frame of reference that rotates at an angular speed ωe, the model of an n-phase induction
machine with sinusoidal winding distribution can be expressed as [21]:

vds
∣∣= Rsids −ωeψqs + pψds

vqs
∣∣= Rsiqs + ωeψds + pψqs

vx1s|= Rsix1s + pψx1s
vy1s

∣∣= Rsiy1s + pψys
vx2s|= Rsix2s + pψx2s
vy2s

∣∣= Rsiy2s + pψy2s
. . .|

vo+s|= Rsio+s + pψo+s
vo−s|= Rsio−s + pψo−s
vo−s|= Rsio−s + pψo−s
vdr
∣∣= 0 = Rridr − (ωe −ω)ψqr + pψdr

vqr
∣∣= 0 = Rriqr + (ωe −ω)ψdr + pψqr

(23)

with
ψds|= (Lls + Lm)ids + Lmidr
ψqs
∣∣= (Lls + Lm)iqs + Lmiqr

ψx1s|= Llsix1s
ψy1s

∣∣= Llsiy1s
ψx2s|= Llsix2s
ψy2s

∣∣= Llsiy2s
. . .|

ψo+s|= Llsio+s
ψo−s|= Llsio−s
ψdr|= (Llr + Lm)idr + Lmids
ψqr
∣∣= (Llr + Lm)iqr + Lmiqs

(24)
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where the symbols R, L, p, V, I, and ψ stand for resistance, inductance, time derivative,
voltage, current, and flux linkage, respectively.

As stator to rotor coupling takes place only in α-β equations, rotational transformation
is applied only to these two pairs of equations. The form of this transformation is the same
as for a three-phase machine.

It is observed that the stator equations in the x-y and the o1 − o2 subspaces have the
same form and the same parameters, and this is due to the assumption that the stator
mutual leakage inductances are ignored.

In terms of machine control, it is also important to note that the control of d-q cur-
rents is crucial for flux and torque regulation. However, the non-electromechanical energy
conversion related variables, which are on the x-y and the o1 − o2 plane, are very impor-
tant and should be controlled to be as small as possible to reduce the extra losses in the
machine, reduce the machine/converter current asymmetry, and achieve dead-time effect
compensation [31].

4. Drive topologies for five-phase machines

This section presents different topologies of the five-phase drives, starting from the clas-
sical two-level voltage source converter (VSC), characterised by low-power and low-voltage,
to more complicated topologies, such as the multilevel converter. The three multilevel con-
verter topologies could be considered classic multilevel topologies, such as NPC, FC, and
CHB, and they are discussed in this section. Moreover, some less-known topologies are
briefly covered.

4.1. Two-Level, Five-Phase VSC

The first recorded use of a five-phase motor drive dates back to 1969. A two-level,
five-phase, inverter-fed induction motor drive (also called a 10-pulse inverter) was pro-
posed in [2]. The two-level, five-phase VSC is a popular topic of study due to its relatively
simple structure and control compared to more complex topologies, such as matrix and
multilevel converters.

The two-level VSC is mainly used for the low-power, and low-voltage motor drive
sector. There are two strategies that can be employed for high-power applications using
this simple topology. Current converters in parallel have low voltage with high current,
while those in series have high voltage and low current. The method of low voltage with
parallel converters has been widely adopted in 3-phase high/medium voltage (HV/MV)
applications and especially in wind turbine converters, where the series connection does not
result in any reduction of dv/dt (the derivative of voltage) or improvements in power quality.
Similarly, drives connected in parallel can be used for multiphase drives for high-power
applications. The two-level VSC is shown in Figure 8.
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The two-level converters for five-phase drives offer some advantages, but there are
still certain limitations that need to be considered, such as high THD and EMI, high voltage
stress, high dv/dt, and the fact that they cannot be used for high voltage applications.

4.2. Multilevel Converters: Neutral Point Clamped Converters (NPC)

In power electronic devices, one solution to minimise harmonics and reduce passive
component sizes is to increase the switching frequency. The increase in switching frequency
increases the switching loss. For this reason, researchers have proposed a new drive topol-
ogy in the form of multilevel converters, characterised by a high number of switching states.
With more switching states, the inverter’s output voltage can be stepped in smaller incre-
ments. This method allows for harmonic mitigation at low switching frequencies, thereby
reducing switching losses. Moreover, this reduces electromagnetic compatibility (EMC)
problems through the lower common-mode current facilitated by lower dv/dt produced by
smaller voltage steps.

The two most known multilevel converters are the three-level neutral point clamped
converter (3L-NPC) and the four-level neutral point clamped converter (4L-NPC). The
earliest development of 3L-NPC and 4L-NPC was back in late 1970 using the diode clamped
concept [57]. The work presented in [57] was further explored and improved, resulting
in the development of the 3L-NPC as known today and later becoming the first multi-
level converter to be implemented in industrial applications used for three-phase machine
drives [58,59]. The 3L-NPC has gained popularity due to its simple power circuit struc-
ture compared to the 4L-NPC, with a lower power switch count and a lower number of
capacitors [35].

The researchers have mainly considered the multilevel inverter with three-phase
machines. However, the multilevel topology can be used for any machine phase number
just by having the number of legs equal to the number of phases. The three-level neutral-
point-clamped converters (3L-NPCs) for multiphase drives are covered in [60], which
proposes a new modulation strategy without the use of linear controllers. The 3L-NPC
for a five-phase machine using a novel optimal space vector modulation technique based
on the switching state minimization method, which eliminates the undesired switching
vectors and simplifies the vector space domain, is presented in [61].

Furthermore, another comparative performance of a five-phase, three-level neutral
point clamped with a five-phase, two-level inverter for the same loading over a wide
range of modulation index is studied in [62]. The experimental validation shows that the
3-level NPC VSI has better performance in terms of CMV and THD over a wide range of
modulation indices.

The comparison in terms of voltage/current THD and implementation complexity
of carrier-based PWM modulation strategies (CBPWMs) and space vector modulation
strategies (SVPWMs) for a three-level, five-phase NPC converter is presented in [63]. The
simulation and experimental results show that CBPWM techniques are simpler and require
less computation time than their SVPWM counterparts. Therefore, they are better suited
for multilevel, multiphase industrial applications. In the following, the topologies of the
multiphase drives will be further discussed.

The 3L-NPC utilises an arrangement of four power switches per leg, connected through
diodes to the midpoint of the dc-link, as illustrated in Figure 9. In this configuration, each
switch blocks half of the total dc-link voltage.

The 4L-NPC uses an arrangement of three capacitor blocks and six power switches
per leg, connected through diodes to the midpoint of the capacitor blocks, as illustrated
in Figure 10.
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In general, for an n-level inverter, the phase-to-ground voltages can be expressed
as [37]:

Vxg =
k

n− 1
Vdc k = 0, 1, . . . (n− 1) (25)

where “x” represents the phase, which can be “a”, “b”, “c”, “d”, or “e”, and k represents the
phase level selected by the gating signals as described above.

For example, in a three-level converter, as illustrated in Figure 9, the two dc capacitors
split the dc rail voltage, allowing three different voltage levels to be selected. The phase
voltage Vag (phase a as an example) will be 0 if the two lower transistors in the a-phase
are gated on, 1/2Vdc if the two centre transistors are gated on, and Vdc if the two upper
transistors are gated on. Further, in the four-level converter, the phase to ground voltage
levels are 0, 1

3 Vdc, 2
3 Vdc, Vdc selectable by gating on three switches per phase [64].

In referring to Figures 9 and 10, one can notice that the leg of n-level inverter is
composed of 2(n− 1) power switches, (n− 1) capacitors, 2(n− 2) clamping diodes, and
(n− 2) neutral midpoint between two capacitors.
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In general, the number of possible switching states, Nsw, for a multilevel converter is
given by [37]:

Nsw = np (26)

where p is the number of phases. In a five-phase three-level converter, the number of
possible switching states is 35 = 243, and for a five-phase four-level converter, 45 = 1024.

Despite all the advantages listed above, the 3L-NPC has a major disadvantage as the
power switches do not have symmetric losses dissipation, forcing uneven heat distribution,
which reduces the reliability of this popular topology [65]. Moreover, a voltage balancing
of the dc-link capacitor is required [66]. In addition, this topology requires high speed
clamping diodes that will be subject to reverse recovery stress.

In order to tackle the main drawback of the NPC, the neutral clamping diodes can
be replaced by clamping switches to give a controllable path for the neutral current and
control the loss distribution among the switches of the converter. This modified topology is
called active NPC (ANPC), and it is illustrated in Figure 11 for the case of a 3-level ANPC.
As explained before, ANPC allows for the neutral current to be controlled, enabling the
losses to be evenly distributed among devices. Consequently, higher power ratings or
higher switching frequencies can be achieved [67,68].
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4.3. Multilevel Converters: Flying Capacitor (FC) Converters

The concept of a “light capacitor” (FC) has been around since the early 1970s [69].
The FC generates additional voltage levels, which reduces the voltage stress on the power
switches by clamping a flying capacitor between two devices, as shown in Figure 12.
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A pair of switches and one FC form a power cell. More cells can be connected,
increasing the number of voltage levels of the converter. The FC can be controlled using
FOC and by applying phase-shifted PWM (PS-PWM) for modulation [34,70], which ensures
that the capacitor voltage is naturally balanced at the desired value.

The main limitations of this topology are the high switching frequencies required in
order to balance FCs (whether a self-balancing or a control-assisted balancing modulation
method is used). Moreover, the high number of capacitors reduces the system’s reliability
as they are more prone to failure than other components of the converter. This topology also
requires the initialization of the FC voltages [34]. The FC converters can be used for MPDs.

4.4. Multilevel Converters: Cascaded H-Bridge Converter

The cascaded H-bridge converter topology for five-phase machines consists of five-phases
of H-bridge power cells connected in series, as demonstrated in Figure 13 for the case of
two cells per phase. The series connection increases the converter voltage and subsequently
the power of the converter, with the ability to utilise low voltage power switches. The
number of output voltage levels is 2k + 1, where k is the number of cells.
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Due to the modularity of this topology, CHBs can have a high number of output
voltage levels. For example, in the case of 8 cells, the CHBs can be found to have up to
17 levels or more with a low voltage source. This converter is typically controlled with FOC
with phase-shifted PWM (PS-PWM) [34,70] and operates with low switching frequencies,
resulting in reduced switching losses. Moreover, the output voltage harmonic content is
shifted k (number of cells) times to higher frequencies, and due to the high number of
output voltage levels, this converter does not typically require an output filter for most
applications. In addition to its power quality, the CHB is well suited for high-power
applications because of its modular structure, which enables higher voltage operation with
classic low-voltage semiconductors [34].

The main drawback of this topology is the requirement for isolated dc sources to
power each H-bridge. Additionally, due to its complex front end, it is uncommon to see
this converter used in regenerative applications, especially since CHB needs a substan-
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tially higher number of devices (two-level voltage source inverter per cell) to achieve a
regenerative option. Further, CHB has a larger footprint compared to other topologies.

In comparison to the NPC topology, the NPC and CHB topologies generate the same
number of levels when using the same number of power switches.

4.5. Five-Phase Dual Supply Open-End Winding Drives

The dual supply open-end winding topology is applied to machines with open wind-
ing topologies where access to two winding terminals is possible. This topology is based
on feeding the five-phase winding via two isolated two-level VSIs, as shown in Figure 14.
As illustrated, the VSI is fed from two isolated dc voltage sources, Vdc1 and Vdc2.
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The need for isolated dc-links is not an issue in EV applications, where the isolated
supplies can be created using batteries. As the batteries are isolated dc sources, a capacitor
voltage balancing technique is not required. Furthermore, in EV applications, the dc-source
is a pack of batteries that can be rearranged to have various voltage levels and supply the
drive. The merit of such topology is the possibility of using low dc-link voltage.

It has been shown in [37] that by changing the dc-source voltage ratios Vdc1/Vdc2, the
voltage vector patterns (voltage levels) can be changed. The utilisation of two isolated
two-level inverters with equal dc-link voltages allows for drive operation with a voltage
waveform similar to that which can be obtained with a three-level voltage-source inverter
in the single-sided supply mode [37]. Moreover, in the case where Vdc2 = 0, the voltage
vector plot is the same as that of a two-level converter, and with Vdc2 = Vdc1

2 , the pattern is
the same as that of a four-level converter.

In [71], the OEW four-level five-phase drive is introduced, where the drive consists of a
five-phase induction machine with open-end stator windings that are powered by two-level
voltage source inverters with isolated dc-link voltages in a 2 : 1 ratio. This topology has
demonstrated potential for use in EV/HEV applications where the dc-link voltages are low
and the isolation of the supplies is more easily attainable. The benefits and drawbacks of
using the four-level OEW drive will vary based on EV/HEV-specific configurations, for
example, the dc-dc converter structure, battery packs, and charging topology, and will need
to be evaluated on a case-by-case basis. A comparison of the aforementioned converter
topologies is presented in Table 2.
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Table 2. Comparison between different converter topologies for five-phase drives.

Conventional 2-Level 2L-CHB 3L-NPC 4L-NPC 3L-FC Dual-Supply

Number of switches 10 20 k 1 20 30 20 20

Number of Diodes
(including antiparallel diodes) 10 20 k 30 50 20 + 5 capacitors 20

Number of needed
DC sources and
capacitor banks

Single DC source Isolated DC source to each
H-bridge

Single source + two
capacitor banks

Single source + three
capacitor banks

Single source
+ two capacitor banks

Two isolated
DC sources

Access to dc-link
midpoint requirement No No Required Required Required No

Voltage balancing requirement No No Required Required Required No

Voltage stress on
each switch 2 Vdc 1

2k Vdc
1
2 Vdc

1
3 Vdc

1
2 Vdc

1
2 Vdc

Complexity Simple Moderate Moderate Moderate Complex Complex

Power density Baseline Medium-Low Medium-Low Low Medium-Low Medium-Low

Advantages + Simple
+ Easy control

+ High voltage-levels
+ Low switching frequency
+ Low voltage power switches

+ Low THD

+ 3-level voltage
+ Well-proven technology

+ Lower dv/dt

+ 4-level voltage
+ Well-proven technology

+ Lower dv/dt
compared to 3L-NPC

+ 3-level voltage
+ No clamping diodes
+ Additional switching

states maintaining
capacitors balance

+ Low voltage applications
+ No balancing
voltage needed

Disadvantages

- Only for lower
voltage applications

- High THD
- High dv/dt and EMI

- High power
switches stress

- Higher number of
capacitance/dc-source
- Large PCB footprint

- Not for
regenerative applications

- Clamping diodes
- Uneven heat distribution

- Voltage unbalance

- Clamping diodes
- Uneven heat distribution

- Voltage unbalance
- High number
of components

- Capacitors are
more expensive

- Complex start-up
- More difficult control

- Increased number
of components

Technology status
for EV applications Already manufactured Only research area

1 k is the number of cells. 2 Assuming using the same battery voltage Vdc with a battery pack arrangement

4.6. More Topologies

There are additional multilevel inverter topologies that have been discussed in the
literature [72–75], but they may not be as well-known as the ones mentioned in previous
sections. As an example, the seventeen-level inverters with reduced components have a
hybrid cascaded H-bridge topology [74], a packed U cell (PUC) multilevel inverter [73],
and a three-level dual output voltage (TL-DOV) inverter. Certain topologies have received
particular attention and will be described briefly here below:

• The Five-Level H-Bridge NPC (5L-HNPC): 5L-HNPC consists of two 3L-NPC legs
arranged in an H-bridge configuration per phase, as depicted in Figure 15a [76–78]. It
is an adapted version of the CHB with only one cell per phase, but it utilises NPC legs
instead of 2L-VSC legs. The combination of the three levels of each leg of the NPC
results in five different output levels. Similar to CHB, it requires isolated dc sources
for each H-bridge to avoid short circuits of the dc-links. However, similar to the CHB,
this topology results in a significant improvement in the grid-side currents.

• The three-level neutral point piloted (3L-NPP): The topology consists of a 2L-VSC
in which the output phase nodes are connected to a midpoint in the dc-link via a
bidirectional switch [70,79]. This allows for the creation of an additional voltage level,
similar to the 3L-NPC. However, the disadvantages include the need for snubber
protection on the series-connected devices and the use of a bidirectional switch that
requires a special switching sequence. The 3L-NPP is shown in Figure 15b, c with one
switch per leg and two switches per leg, respectively.

• The modular multilevel converter (MMC): is also known as M2C. Basically, the MMC is
composed of single-phase, two-level voltage source converter (2L-VSC) legs, which are
also known as half-bridges, connected in series, as illustrated in Figure 15d [80–82]. As
the capacitors are floating, a voltage balance control must be implemented to maintain
a constant voltage level for each one [81].
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5. Drive Topologies for Six-Phase Machines

This section will cover various topologies used for six-phase MPDs that can be ex-
ploited in EV applications. These topologies are all DC-AC converters, as the energy storage
system in traction applications is typically battery packs.

5.1. Two-Level Six-Phase VSC

The two-level, six-phase topology is the most investigated topology in all the literature
due to its simple structure. The structure of a two-level, six-phase inverter is shown
in Figure 16.
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5.2. Reduced Switch-Count Inverters for MPDs

One of the developmental trends followed by researchers while designing power
converters is to reduce the number of passive and active components used in order to lower
the overall costs, improve the power density, and reduce the size of converters. These
topologies are called reduced switch-count topologies.

5.2.1. Nine-Switch Inverter (NSI)

In the six-phase machines, one of the topologies that have been widely studied in the
literature is the nine-switch inverter (NSI) [83–86].

Unlike the conventional topology of the two-level, six-phase motor drive system,
in which the leg is constituted by one upper and one lower switch and where 12 power
switches (six legs) are employed, the nine-switch inverter topology is composed of upper
switches, medium switches, and lower switches. As shown in Figure 17, the converter
consists of upper switches S1, S2, and S3, medium switches Sa, Sb, and Sc, and lower
switches S4, S5, and S6, where each pair of phases shares the same converter. The nine-
switch inverter structure consists of two three-phase inverters combined with three common
switches (Sa, Sb, and Sc). The upper portion in Figure 17 is equivalent to the first inverter,
and the lower part is equivalent to the second inverter. The first equivalent inverter consists
of switches S1, S2, and S3, and Sa, Sb, and Sc. The equivalent second inverter consists of
switches Sa, Sb, and Sc and S4, S5, and S6.
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The concept of NSI is to exploit its middle switches to replace the lower switches of
one of the three-phase inverters and the upper switches of the second three-phase inverter.
The middle switches have a switching frequency that is twice that of the other switches,
which results in total losses equivalent to those of the conventional 12-switch topology.

There are only three valid states for each phase leg of the nine-switch converts. The
switching details for the first leg are described as follows [84]:

• State 1: Both phases from the same phase leg tie to the upper dc-rail by turning
S1 = Sa = ON;

• State 2: Phase a1 ties to the upper rail, while phase a2 ties to the lower rail by turning
S1 = S4 = ON;

• State 3: Both phases tie to the lower dc rail by turning Sa = S4 = ON.

In total, only three out of eight (23) possible gating combinations are used by the
three aforementioned states, where two ON signals are distributed among the three switches
of S1, Sa, and S4 per phase leg. The other three combinations with only one ON signal can
happen during dead time, inserted to protect the converter against the short-circuit combi-
nation of accidentally turning ON all three switches. However, an all-OFF combination
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should generally be avoided as well, since it leads to uncontrollable phase outputs, whose
values are passively determined by the directions of current flow [84].

In order to control the nine IGBTs, the PWM is the easiest way to generate the gate
control signal.

The middle switches (Sa, Sb, and Sc) are controlled by simply applying the logical
XOR operator to the signals derived for the upper switches (S1, S2, and S3) and lower
switches (S4, S5, and S6). The gating signals of the upper and lower switches are obtained
as for conventional configuration PWM. The insertion of dead time to protect the converter
against any accidental short-circuits is automatically guaranteed with the XOR control
command applied to the middle switches [83].

In order to guarantee that two sets of the three-phase signals required by a six-phase machine
are correctly generated by the nine-switch converter, it is necessary to ensure that the upper
reference voltage v∗a1 is always placed above the lower reference voltage v∗a2 without
crossover intersection. In this case, the amplitude of both sets of three-phase voltages must
have the same amplitude, while presenting different phase displacements α (30◦ and 60◦

for asymmetrical and symmetrical machines, respectively).
A direct consequence of this no crossover intersection between the upper and lower

reference voltages (v∗a1 and v∗a2) is that the maximum modulation index will be limited by
the amplitude sum of both references, and the modulation index will be lower compared to
the conventional six-leg voltage source inverter, as observed in Figure 18.
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As defined in [84], M ≤
(
1 + sin

(
α
2
))−1, where M is the modulation index and α is the

displacement between the two sets of the three-phase outputs. In considering α = 30◦ and
α = 60◦, the maximum modulation indeces are M = 0.794 and M = 0.667 for asymmetrical
and symmetrical machines, respectively. In an asymmetrical machine, the modulation index
is higher than the observed one for the symmetrical machine, since the phase displacement
is lower.

Figure 19 shows the block diagram of the PWM strategy employed for the nine-switch
converter. In this figure, Vo f f set is the voltage used to guarantee no intersection, and it de-
pends on the six-phase machine employed. In the asymmetrical machine, Vo f f set = 0.2 pu,
while for the symmetrical one, Vo f f set = 0.33 pu, with the amplitude of the triangular wave-
form equal to 1 pu. In the event that the same modulation index is used for both motor drive
systems, the dc-link voltage of the nine-switch converter must be increased to guarantee
the same voltage is applied to the machine. Such an increase will be 20% and 33% for the
asymmetrical and symmetrical machines, respectively.

In [84], the optimal pulse-width modulation of the nine-switch converter is studied. The
NSI can either operate at a single common frequency (CF) or at different frequencies (DFs).
In [85], an analysis and comparison of the Zero Space Vector PWM (ZSVPWM) with respect to
the conventional SPWM technique for the nine-switch inverter topology are presented.
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In [87,88], predictive current control (PCC) and predictive torque control (PTC) are
presented, respectively. The predictive control is characterised by fast dynamics, the
absence of voltage modulators, and the easy incorporation of nonlinearities and system
restraints, which makes it an interesting control strategy. In [89,90], the direct torque control
(DTC) is presented.

5.2.2. Five-Leg Inverter (FLI)

The five-leg inverter (FLI) is another topology with a smaller number of switches [91–94].
In this paper, two topologies of five-leg inverters are presented. These topologies can
be obtained either by using the capacitor midpoint connection or by sharing one of
the converter legs. The first topology with a shared converter leg was initially devel-
oped to control two separate three-phase drives. However, the five-leg inverter-fed dual
three-phase machine can be regarded as the specific case of a five-leg inverter-supplied
dual six-phase machine [94,95].

The first topology is presented in Figure 20, where two phases share the common leg.
The common-leg maximum current is doubled compared with the current flowing in all
switches of the 2-VSI or in other leg switches for the FLI [93]. A comparison of the charac-
teristics of a five-leg inverter, a nine-switch inverter, and a 2-VSI is presented in [93]. The
analysis shows that even though the two-level VSI has more switches (12 compared to 10),
the total 2-VSI inverter losses and the switch capacity are lower compared to the FLI and
the NSI for fixed inverter parameters. Basically, the losses in the FLI are lower compared
to the nine-switch topology, but the NSI has merit because the number of switches can be
decreased compared to the 2-VSI and the FLI.
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The second topology, shown in Figure 21, involves connecting one machine phase to
the midpoint of the dc-link. The main challenge with this approach is maintaining balance
at the mid-point voltage [92].
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5.2.3. Four-Leg Inverter

Another topology has been studied in [96–98], aiming for low-cost, low-volume, and
loss reduction. This topology is a four-leg inverter and is illustrated in Figure 22.
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The four-leg inverter is a single inverter that can drive two motors independently or a
dual six-phase motor. The four-legged topology consists of four legs, with one leg using
two capacitors connected in series.

5.3. Six-Phase Dual Supply Open-End Winding Drives

The dual-supply inverter topology has been extensively investigated in the last two decades,
and this topology is only used in open-end winding configurations. As mentioned for the
five-phase drive, this topology does not need a capacitor voltage balancing technique if it is
supplied by isolated dc sources and does not utilise a DC bus capacitor.

In the literature, several topologies are introduced based on the type of supplies used
and the method of connection; the topologies are as follows:

• Topology I (dual supply topology): the two-sided supplies are used to power two
six-phase inverters, with each phase winding connected to a converter output from
both phase terminals.

• Topology II: this topology utilises a single DC supply to power the two inverters
in a five-phase drive in order to eliminate the common-mode voltage by means of
SVPMSM [99].
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• Topology III: this topology involves four three-phase inverters and two dc-link supplies that
are connected from both sides with a capacitor shared by the middle inverters [100,101].

Topologies I, II, and III are illustrated in Figure 23, Figure 24, and Figure 25, respectively.
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It should be noted that the dual supply inverter, consisting of two two-level six-phase
voltage source inverters fed from two equal and mutually isolated dc voltage sources, has
the same performance as a three-level VSI in single-sided supply mode [102].

In [103], the peak-to-peak ripple amplitude of the dual-supply inverter (Topology I)
with different modulation indices is compared with the corresponding ripple of the single
two-leg inverter, considering the same voltage and power motor ratings. The theoretical
and numerical results show that the normalised ripple of the dual supply inverter is lower
for the whole modulation index range.

As explained before, the major drawback of the six-phase machine is the large har-
monic currents (6n ± 1, n = odd order) in the stator windings due to the absence of
back-emf for these currents. In order to address this issue, one simple strategy has been
to use inductive filters between the inverter and the six-phase machine, but the inductive
filters are bulky and costly. As a result, four three-phase inverters (topology III) are in-
troduced in [101] to suppress mainly the fifth and seventh harmonics. Another topology,
which will be referred to in this article as topology IV, is similar to topology III, but the
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middle capacitor with a voltage balancing strategy [100] is replaced with a dc-link power
supply in the middle in order to reduce the cost and size of the drive.

In [104], the authors compare the performance of carrier-based pulse width modulation
(PWM) techniques for symmetrical and asymmetrical six-phase open-end winding drives
supplied by two-level six-phase voltage source inverters (VSIs).

5.4. Multilevel Inverters

AC motor current ripple in electric vehicles is a source of electromagnetic interference
and audio noise, both from the inverter-motor power connection cables and from the motor
itself. By increasing the inverter switching frequency, the ripple amplitude is reduced, but
the drive efficiency decreases due to the proportionally increased switching losses. A viable
solution to reduce the current ripple amplitude is to introduce a multilevel inverter.

The three-level NPC inverter topology is shown in Figure 26.
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The modelling and control of the six-phase NPC are investigated in [105–107].
An overview comparison between MPDs for the six-phase machines is summarised

in Table 3.

Table 3. Comparison between different converter topologies for six-phase drives.

Conventional 2-Level 2L 5-Leg 2L 4-Leg NSC 3L-NPC Dual-Supply

Number of switches 12 10 8 9 24 24

Number of needed DC
sources and

capacitor banks
Single source

Topology 1: Single source
Topology 2: Single source

+ two capacitor banks

Single source
+ two capacitor banks Single source Single source

+ two capacitor banks

Topology 1: two sources
Topology 2: single source
Topology 3: two sources +

extra capacitor bank
Topology 4: three sources

Access to dc-link
midpoint requirement No Topology 1: No

Topology 2: Required Required No Required No

Voltage balancing requirement No Topology 1: No
Topology 2: Required Required No Required

Topology 1: No
Topology 2: No
Topology 3: Yes
Topology 4: No

Voltage stress on
each switch 1,2 Vdc Vdc Vdc Vdc 1

2 Vdc
1
2 Vdc

Reliability Medium Low Low Low Low-Medium High

Complexity Simple Moderate Moderate Moderate Complex Complex

Power density Baseline High High High Low Low

Technology status for
EV applications Already manufactured Only research area

1 Assuming using the same battery voltage, Vdc, with a battery pack arrangement. 2 For topology 4,
three dc-sources are required ( Vdc

2 ), to do so, the battery pack modules’ number should be 1.5 times higher.
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6. More Multiphase Drive Topologies
6.1. Multiple Three-Phase Drives

In Section 5, the six-phase machines and drives are highlighted, as these machines
are the most investigated and studied topologies. In this section, additional multiples of
three machines, namely nine, twelve, and fifteen phases, will be briefly covered. Multiple
three-phase machines are interesting because one of their main advantages is the ability
to use standard three-phase inverters in parallel without the need to make a high-phase
number inverter.

In [108], a 5 kW nine-phase reluctance drive is described. The third, fifth, and seventh
current harmonics are injected into the stator phase currents to enhance the average torque.
The experimental results show that rewinding synchronous reluctance motors to a higher
number of phases allows the stator MMF to be reshaped and offers an optimised distri-
bution for air-gap flux, a higher winding factor, and a higher value for the fundamental
component of the MMF with lower harmonics [108,109].

The nine-phase PMSM drive based on triple three-phase back-to-back voltage source
converters for an ultrahigh-speed elevator is introduced in [110]. The ultrahigh-speed
elevator moves more than 1000 m/min [110], which means a high-power traction system
with a peak power rating of more than 1 MW is needed. This high power can be achieved
only by using a large number of phases, such as nine-phase topologies, to reduce the
current rating of each phase. Moreover, because nine-phase motors have lower torque
ripple characteristics and open-phase fault tolerance, it becomes possible to improve the
ride comfort and safety of the passengers, especially for elevator applications. Within the
same framework, the operation in fault condition is addressed in [111,112]. In order to
control the nine-phase motor, a mathematical model is needed. For this reason, a simplified
model using vector space decomposition is investigated in [113].

The twelve-phase drives are covered in [114,115]. In controlling the twelve-phase
drive, the easiest and most common way is to use four two-level, three-phase VSI [114].
In [115], a separate double-winding 12-phase BLDC drive fed from an individual H-bridge
inverter is studied. For example, by using a separate inverter for each phase, it is possible
to repair or replace the converter for one phase in case of any fault in the inverter module.
Moreover, the conspicuous reduction of torque ripple for an increased number of phases
has also been verified.

In addition, the fifteen-phase drives have been studied in different papers [116,117]. A
high-power 20 MW driver for advanced fifteen-phase ship propulsion induction motors
was developed in [116]. A 20 MW PWM driver is designed with a special third-order har-
monic injection. The AC voltage from a 10 kV electric network is supplied to three groups of
five-phase H-bridge inverter units after being stepped down and rectified by three 3/6 phase
transformers with primary windings that mutually differ by 10◦ in terms of phase shift.
While considering the output waveform quality, the neutral-point-clamped (NPC) five-level
H-bridge main circuit topology is applied to every inverter unit, and a single NPC five-level
H bridge inverter unit for the 20 MW PWM driver is mainly composed of 4 diode modules
and 8 IGBT modules and drivers. The modelling and control of a fifteen-phase induction
machine for marine applications under a one-phase open circuit fault are addressed in [117].

6.2. Seven-Phase Drives

The seven-phase voltage source inverter topologies are covered in [118–123] and
shown in Figure 27. In the majority of research papers, the two-level voltage source inverter
is used.

The space vector modulation of a seven-phase voltage source inverter with an investi-
gation on the maximum value of the modulation index for sinusoidally balanced output
voltage is presented in [118]. In particular, the proposed SVM strategy univocally selects
the inverter switch configurations among the 27 = 128 possibilities by privileging the space
vector on the first d-q plane. The resulting switching patterns, collected in a general switch-
ing table, include six active and two null configurations, with a single leg commutation for
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each configuration change. In [119], discontinuous space vector strategies for a seven-phase
voltage source inverter are investigated. The proposed strategy offers the best utilisation of
available dc-link voltage and offers nearly sinusoidal output. A significant reduction in
switching losses is observed.
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Figure 27. Two-level converter topology for a seven-phase voltage source drive.

A general modulation strategy for seven-phase inverters that combines the multiple
space vector representation with traditional carrier-based pulse width modulation is stud-
ied in [123], and the investigation shows that the proposed modulation technique is able to
fully exploit the input dc-voltage and can enhance the torque density.

Moreover, the multilevel topologies are also investigated to be used for seven-phase
drives, and precisely the three-level seven-phase voltage source converter with SVPWM is
covered in [123,124]. The use of a three-level inverter is very complicated, especially in gen-
erating the space vector strategies, which stem from the nature of the multiphase systems.
Increasing the number of levels from two to three increases the number of switching states
from 27 = 128 to 37 = 2187 and the number of orthogonal planes from two to three.

A matrix AC-AC converter using carrier based PWM is presented in [121], and the
space vector PWM technique is in [122]. The studied matrix converter is illustrated
in Figure 28.
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6.3. Eleven-Phase Drives

The eleven-phase converter for the induction machine is studied in [125,126], where
the two-level topology is used. The steady-state analysis and performance evaluation of an
eleven-phase induction machine using a selective harmonics elimination (SHE) technique
are compared with a quasi-square inverter output. In the case of high mechanical loads
with high amperes per torque ratio, the experimental results show that the torque density
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is better with a square-wave supply than injection SPWM with lower order harmonics, as
in multiphase machines, where the harmonic currents contribute positively to the torque
production. Moreover, as SPWM has a limitation in medium-voltage drives due to its high
switching frequency, using square-wave instead of SPWM with SHE will reduce the phase
current, torque pulsation, and induced rotor harmonic currents and significantly reduce
switching loss because of the reduced switching frequency.

7. Control Methods and Modulation Techniques for Multiphase Machines

In this section, the most common control methods of MPDs and their modulation
techniques are discussed.

7.1. Control Strategies for MPDs

The different control methods as field oriented control (FOC), direct torque control
(DTC), and more recent methods such as MPC are covered in this section below.

7.1.1. Field Oriented Control (FOC)

Field-oriented control (FOC) is a widely utilised vector control method for three-phase
machines and multiphase machines as well. The main difference is that for the multiphase
machine, more subspaces are needed to model the machine, leading to the need for addi-
tional PI current controllers to eliminate these currents. FOC is known for its good transient
performance. The key to implementing FOC is to either measure the rotor angle using
position sensors, such as an optical encoder or resolver (in the case of sensored control)
or estimate it in the case of sensorless control. The rotor angle is utilized to decompose
the current components into the torque and flux controlling components. The estimation
of the rotor flux angle for an induction machine is more complicated as the slip between
the rotor and stator flux speeds should be taken into consideration. Position estimation
for sensorless FOC of five-phase PMSMs is covered in [127], with a focus on estimating
rotor position and speed from motor back-EMF using a sliding mode-based observer and
adaptive band-pass filter.

In [30,128–134], the attention has been mostly focused on the design of the control
strategy to guarantee a smooth postfault operation of the five-phase drive, where FOC
has been used with a cascaded inner current control loop and an outer speed/torque
control loop. The different objectives can be achieved by using FOC control, such as
sinusoidal magnetomotive force [30,128], minimum torque ripple [129,130], minimum
torque derating [131], or minimum copper losses [132,133].

7.1.2. Direct Torque Control (DTC)

In DTC, the stator flux and torque can be controlled directly by properly selecting
the voltage vectors from a predefined switching table. The main advantages of DTC are
its very fast torque response and the low complexity of the control algorithm because no
coordinate transformations are needed all calculations are done in a stationary coordinate
system. Major drawbacks of a DTC scheme are high torque and flux ripples [135].

7.1.3. Model Predictive Control (MPC)

Nowadays, with the development of faster and more powerful microprocessors, model
predictive controls (MPC) represent one of the most competitive solutions as an alternative
to conventional feedback control schemes, especially when faster dynamic response is
needed [136]. This control method was first introduced in [137]. The MPC has several
advantages that make it appropriate for MPD control, including the possibility of being
applied to a variety of systems and the ease with which constraints and nonlinearities can
be included. The multivariable case can be considered, and the resulting controller is easy
to implement [138]. The concept of MPC is easy to understand; the system model will be
used to predict the future behaviour of the controlled variables. This predicted information
is used by the controller to obtain the optimal actuation, according to an optimization



Energies 2023, 16, 768 31 of 45

criterion. In using predictive control, it is possible to avoid the cascaded structure that
is typically used in a linear control scheme, obtaining very fast transient responses. The
use of MPC for six-phase machines is discussed in [139–141]; for five-phase machines,
see [142,143]. One major challenge with MPC is the requirement of the exact model, drive
parameters, and increased sampling periods as a large number of calculations are necessary.

Table 4 shows a comparison between different control methods. For many years,
the FOC and DTC methods have been widely utilised in both academic and industrial
applications. However, the MPC method is a promising and relatively new method
compared to FOC and DTC, as it is simple to implement, the modulation scheme is already
included in the control method, it does not require tuning of controller parameters, and it
has a faster transient response.

Table 4. Comparison between different control methods.

Scalar FOC DTC MPC

Use of PI controllers
Speed controllers: no Speed controllers: yes Speed controllers: yes Speed controllers: yes

Current controllers: no Current controllers: yes Current controllers: yes Current controllers: no

Transient response Very slow Slow Fast Very fast

Dynamic performance Low Medium Medium High

Modulation technique No modulation needed CBPWM
SVPWM

CBPWM
SVPWM

Signals directly from
controller

Implementation and complexity Simple Complex Moderate Moderate

Sensitivity to system parameters Medium Sensitive Sensitive Very sensitive

Some reference papers that covered the MPDs control for five-phase and six-phase are
summarized in Table 5.

Table 5. Different possible control methods for five and six-phase machines.

Machines Type of Machines Example of Possible Control Strategy

Induction machines

Five-phase machines Model-based predictive current control [144]

Six-phase machines
Open loop v/f scalar control [52,53]

Field oriented control (FOC) [145,146]
Direct torque control (DTC) [147]

PMSMs

Five-phase machines
Open loop v/f scalar control [148]

Field oriented control (FOC) [127,146]
Direct torque control (DTC) [135]

Six-phase machines Field oriented control (FOC) [149]
Direct torque control (DTC) [150]

Another control strategy that can be used for multiphase machines is sliding mode
control (SMC). Sliding mode presents robustness and takes into account the switching
nature of the power converters [138]. In comparison to model-predictive control, MPC is
a model-based control, but SMC is a model-free control. In other words, SMC is mainly
used for uncertain plants. The SMC is covered for five-phase machines in [151,152] and
six-phase machines in [153]. Other control schemes found in the literature include neural
networks, neuro–fuzzy system, and other advanced control techniques.

7.2. Modulation Techniques for MPDs

The power quality of an inverter is highly influenced by the electromagnetic noise gen-
erated by the current harmonics from inverter operation. The amplitude and the frequency
of these harmonics depend on the modulation technique [154]. The same basic modulation
techniques used in three-phase systems can also be applied to multiphase inverters. This
section presents the most common modulation techniques used in multiphase drives.
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7.2.1. Carrier-Based PWM (CBPWM)

The carrier PWM is the most widely used and simplest carrier-based modulation
of three-phase inverters, which can also be utilised to operate multiphase drives. The
implementation of the CBPWM technique involves the use of reference signals, which
are generated from the control scheme. These reference signals are then compared to a
carrier signal, and the resulting output signals are used to activate the switches of the
converter. CBPWM is an easy-to-use modulation technique for controlling the multiphase
converter. This simplicity, in addition to its reliability, makes this technique suitable for EV
applications. However, despite its simplicity and reliability, the CBPWM is limited in terms
of control flexibility to enhance the converter’s performance, such as reducing the total
harmonic distortion. This modulation technique has been discussed in various literature,
including [52,53].

7.2.2. Space-Vector PWM (SVPWM)

The SVPWM technique, which is widely utilised in three-phase machines, has garnered
significant attention due to its high switching efficiency and low losses, leading to improved
power conversion efficiency, reduced harmonics, and ease of implementation.

The SVPWM technique in multiphase drives is complex due to the numerous switching
states and voltage space vectors that must be simultaneously considered in multiple planes.
Therefore, CBPWM methods are more practical due to their simplicity [63]. In [63], a
comparison of CBPWM and SVPWM methods shows that CBPWM is capable of achieving
the same level of performance as the SVPWM method while requiring a highly reduced
computational burden. In [155], a decoupled SVPWM algorithm that views the inverters as
individual two-level converters for open winding five-phase machine topology is discussed.
The method is based on sharing the reference voltage between two inverters in the same
ratio as the dc-link voltages, with both inverters having the same switching frequency.
SVPWM for split-phase induction motor drive is covered in [156].

Furthermore, despite its complexity, SVPWM remains attractive for use in multiphase
traction inverters due to its improved utilisation of the DC bus voltage, lower harmonic
components, improved fault tolerance through the use of redundant switching states for
the same voltage vector, and reduction of the circulation currents and, as a consequence,
the ohmic losses.

7.2.3. Zero-Sequence Injection (ZSI)

This modulation technique is adapted for an asymmetrical six-phase machine. The
idea consists in the utilisation of two three-phase modulators whose reference inputs are
shifted by 30 degrees [154] and by adding a certain zero-sequence signal that divides the null
vector time equally between the two zeros to reduce the current ripple, improve dc-supply
utilization, and extend the linear region of the inverter. [157]. The double zero-sequence
injection for six-phase machines is covered in multiple papers, such as [52,145,154,158,159].

7.2.4. Level-Shifted PWM (LS-PWM) and Phase-Shifted PWM (PS-PWM)

The LS-PWM and PS-PWM are extensions of carrier-based sinusoidal PWM used for
the NPC and for multicell converters (CHB and FC, respectively). The PS-PWM assigns
a pair of carriers to each cell of the CHB and FC, and a phase shift among the carriers of
the different cells introduces asynchronism, which generates the stepped waveform. In
this case, the advantage lies in the power being evenly distributed among the cells across
the full range of the modulation index, which enables correct operation of the multi-pulse
rectifier configuration of the CHB and a natural balancing of the capacitors in the FC.

7.2.5. Recent Advances in Modulation Methods

Several researchers focused on the analysis and comparative study of PWM modu-
lation techniques for six-phase machines, as presented in [160]. The comparison between
the modulation strategies is based on several criteria: current harmonic minimization,
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hardware and software implementation complexity, and low-cost fixed-point DSP plat-
forms [160]. The general conclusion that can be extracted from the literature is that the
space vector modulation is simple to implement but low order harmonic currents will be
present because the modulation only controls the (α, β) subspace, which leads to extra losses
in the machine and thus reduces the multiphase drive efficiency. By using the vector-space
decomposition technique, the harmonics could be minimized. The double zero-sequence
injection techniques offer similar good results from the point of view of harmonic min-
imization, and the implementation complexity is significantly reduced compared to the
space vector decomposition technique. Consequently, these digital modulation techniques
can be easily implemented with low-cost fixed-point DSP controllers.

8. Current Status, Research Challenges, and Trends of MPDs
8.1. Current Status in the Use of EVs with Integrated MPDs

One industrial manufacturing company that uses MPDs is DANA TM4, which pro-
duces SUMOTM MD, a PMSM six-phase drive for heavy-duty EVs. Figure 29 shows the
TM SUMOTM MD MPD.
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The TM4 SUMOTM MD comes in several models with a continuous power between
100 kW and 155 kW (peak power range between 162 kW and 265 kW), a continuous torque
ranging from 680 Nm to 970 Nm (peak torque from 1590 Nm to 2760 Nm), and a maximum
speed of 3700 rpm. The product series is designed for use in medium- to heavy-duty vehicles.

The second series is called SUMOTM4 HP. The TM4 SUMOTM MD has different
models with a continuous power range between 170 kW and 430 kW (peak power range
between 220 kW and 540 kW), a continuous torque ranging from 624 Nm to 2050 Nm
(maximum torque ranging from 915 Nm to 2500 Nm), and a maximum operating speed of
4000 rpm. The SUMOTM4 HP series has a higher power rating, which makes it suitable for
heavy-duty and off-highway applications.

The DANA TM4 also provides nine phase machines called SUMOTM HD that are used
for heavy-duty applications. The drive SUMOTM HD is shown in Figure 30. SUMOTM HD
drives offer high characteristics, including a peak power output of up to 370 kW, a peak
torque of up to 3445 Nm, and a maximum operating speed of up to 3400 rpm.

Tron-e uses a 230 kW multiphase synchronous PM machine in its nine- and eleven-meter
electric buses, as depicted in Figure 31.

Recently, multiphase machines have also been proposed as a potential solution for oil
and gas pump applications [163], electric ships [164], and voltage regulation [165].
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8.2. Wide Bandgap (WBG) for MPDs

The evolution of the power converter topologies, including their power capabilities,
efficiency, reliability, cost, and performance, is directly related to the progress made in
power semiconductor devices [166], which are the core of the drives.

The most commonly used semiconductor device is the power diode, which is widely
used for passive rectification and as a freewheeling device. The thyristor, also known as
the silicon-controlled rectifier (SCR), is an early high-power device with control capabili-
ties. Presently, insulated gate bipolar transistors (IGBTs) and metal-oxide-semiconductor
field-effect transistors (MOSFETs) are the dominant technologies used for power electron-
ics. IGBTs are generally more suitable for high-voltage, high-current applications, while
MOSFETs are more suitable for high-frequency switching applications. Table 6 presents a
comparison of the different power devices, including their ratings and key features.

Table 6. Comparison of semiconductor power switching suitable for MPDs.

Diode Thyristor SI IGBT SI MOSFET

Max. voltage 8.5 kV at 1.2 kA 12 kV at 1.5 kA 6.5 kV at 0.75 kA 1 kV at 0.2 kA

Max. current 9.6 kA at 1.8 kV 5 kA at 0.4 kV 2.4 kA at 1.7 kV 1 kA at 0.2 kV

Features

(+) Very high-power
(+) Reliable (proven)

(−) Conduction losses
(−) Reverse recovery current

(+) Very high-power
(+) Low losses

(+) High overload
(−) Slow

(+) Reliable (proven)
(+) Fast

(+) Self-commutated
(−) Medium power

(+) Reliable (proven)
(+) Very fast

(+) Self-commutated
(−) Medium power

The power electronics industry is moving towards the use of wide bandgap devices,
which are the next generation of technology in this field due to their superior material
characteristics. Typically, the term “WBG” refers to SiC MOSFETs and GaN HEMTs, which
are the most commonly used semiconductor switches in the WBG device market. The
wide bandgap (WBG) modules have superior performance compared to traditional silicon
modules in terms of losses, breakdown voltage, switching frequency, and the ability to
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withstand higher junction temperatures [167]. However, using a WBG device with a high
switching frequency at relatively high voltages raises the problem of a high derivative of
voltage over time, dv/dt [168].

In terms of technology, the GaN semiconductors are considered superior to SiC due
to their higher breakdown field, faster switching frequency, and lower resistance when
conducting RDS(ON). However, device packaging, gate driver design, and electromagnetic
compatibility (EMC) are considered more challenging for GaN HEMTs due to the gate and
parasitic ringing that can occur during ultra-fast switching. Additionally, one of the main
limitations of GaN HEMTs is their low voltage rating (typically ≤ 650 V), which limits
their use in traction inverters. Instead, they are mainly used in on-board chargers and
DC-DC converters.

The application of WBG devices in the EV industry is covered in [169–171]. The study
in [171] covered the design considerations and performance evaluation of 1200 V and 100 A
SiC MOSFETs. The experimental results show that the losses of a SiC MOSFET are lower
compared to a Si MOSFET for the complete switching frequency domain.

8.3. Reliability of MPDs

The reliability of power electronics in terms of failure largely depends on the quality
of the components and the design of the system. Power electronics systems that use high-
quality components and are well-designed tend to have higher reliability and lower failure
rates. However, power electronics systems are subject to various types of failures, including
component failures, thermal failures, and electrical failures. The factors that can impact
the reliability of power electronics include the operating environment, the level of stress
placed on the system, and the maintenance and upkeep of the system.

Reliability is a very important factor in MPDs, as downtimes represent huge economic
losses. In certain situations, the failure of power electronics equipment can result in
hazardous conditions for both the equipment itself and any individuals nearby. In order to
incorporate fault-tolerant capability into the drive, power converters have used the concept
of redundant hardware to step in during failure operations, where an additional power
switch was connected in parallel to each device to provide an extra path in case of a failure.
This concept is known as “N + 1” redundancy. The “N + 1” concept has also been used in
CHB converters by adding a redundant power cell that can replace a faulty one.

The multilevel converters could be seen as less reliable because of the higher component
count, but at the same time, they have more internal redundancies and modular structures that
favour fault-tolerant operation. It could be interpreted as having redundant hardware built in
that is in use under normal conditions but can serve for fault-tolerant operation.

8.4. Manufacturing Cost of MPDs

The cost of multiphase drives compared to three phase drives should be taken into
account when choosing which type of drive is most appropriate for a particular application.
While multiphase drives may offer improved performance and efficiency, they may also
come at a higher cost. In these situations, the benefits of a multiphase drive may justify the
added expense, but in other cases, a three-phase drive may be a more economical choice.
The transition from three-phase drives to multiphase drives is likely to occur when the cost
difference between the two becomes minimal and the advantages offered by multiphase
drives support or facilitate this transition.

According to the U.S. Department of Energy (DOE) and the report published by US DRIVE
(Driving Research and Innovation for Vehicle Efficiency and Energy Sustainability) [172], the
2025 technical drive targets are listed in Table 7.

The 2025 power electronics cost and volume targets are influenced by the opportunity
to replace silicon switches with WBG devices, which have the potential to reduce the size of
power modules while enabling operation at higher temperatures and frequencies. Although
WBG devices are more expensive than their silicon equivalents, they can ultimately lead to
a decrease in overall power electronics costs due to system cost reductions.
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Table 7. U.S Department of Energy (DOE) targets for electric drive systems.

Target 2020 2025 Change

Power Inverter
Cost ($/kW) 8 6 25% cost reduction

Power Density (kW/L) 4 33 88% volume reduction

Electric Motor
Cost ($/kW) 4.7 3.3 30% cost reduction

Power Density (kW/L) 5.7 50 89% volume reduction

Power Electronics
Cost ($/kW) 3.3 2.7 18% cost reduction

Power Density (kW/L) 13.4 100 87% volume reduction

8.5. Challenges and Future Trends

One of the key challenges that hinders the adoption and widespread use of MPDs
technology is the availability of traditional three-phase drives. The initial cost of producing
new technologies, such as MPDs, is often high compared to the cost of traditional drives
that are already readily available. This can make it difficult for manufacturers to justify
producing more MPDs, as the cost difference may not be significant enough to be considered
a “breakthrough” technology.

Moreover, as shown in previous sections, the MPD topologies require a larger number
of power switches compared to traditional three-phase drives. This leads to more costly,
complex, and bulky converters, especially for high dc-bus voltage applications that require
high-power switches, which are generally more expensive and larger in size.

However, due to improvements in industrial power electronics and the dependence on
dc-ac converters in transportation applications, MPDs are predicted to be the next trend in
electrification and will be widely used in the future because they enable conversion from dc to
any number of phases as long as the inverter is more efficient in terms of overall performance.

In the same context, a potential topology is multiphase, multilevel inverters that can
be used with lower power switch devices as the voltage applied to the switch is lower than
the dc-bus voltage. Additionally, the high output power quality with low THD makes
multiphase multilevel inverters very appealing for high voltage dc-link EVs and an area of
research worth exploring.

Another trend is to minimise the price and size of converters by using an integrated
drive motor. Integrating the converter and motor in the same compact package improves
the power density with smaller and more efficient electrical components. This solution
has multiple advantages, including the reduction and simplification of overall cabling
and the resulting reduction in the common mode current. An example of a multiphase
integrated drive is presented in [173,174]. The system presented in [173] consists of a 60 kW,
nine-phase machine with a max speed of 11500 rpm and a peak torque of 170 Nm, fed
by nine half-bridges with nine capacitors connected to a common dc-link voltage source.
The nine-phase drivetrain is shown in Figure 32. However, the limitation of this solution
is the thermal management and heat dissipation from a mechanical point of view, where
generally a liquid cooling system is required in order to dissipate the heat created by
machine and inverter losses.

The control of multiphase machines is more complicated and requires more compu-
tations compared to a traditional single- or three-phase machine. Significantly, the main
challenge is the feasibility and complexity of implementing a control strategy into the
digital signal processor (DSP) or microcontroller, taking into account the clock speed and
memory limits. An advanced control method should be developed to facilitate the integra-
tion of MPDs into industry. The latest trend in industrial manufacturing and monitoring is
the “digital twin” (DT) which is currently being defined and explored. It shows promising
results in facilitating the control and predictive maintenance concepts by using only data,
while no complicated models are needed [175].
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9. Conclusions

In the past decade, there has been significant progress in the field of multiphase
drive technology. Therefore, this paper provides a comprehensive review of the current
state of multiphase drives and their use in electric vehicle applications. In this paper, the
advantages of using multiphase drives are reviewed and analysed. Moreover, various
multiphase electric machine topologies and configurations are presented. Additionally, a
general mathematical formulation for multiphase electric machine modelling is covered
using coupled d-q, decoupled d-q, and VSD techniques. The paper compares different drive
topologies, with a focus on multilevel and reduced-order multiphase drives, based on
various factors. The paper also discusses less common drive topologies for multiphase
machines, such as multiples of three-phase, seven-phase, and nine-phase machines, as well
as various control strategies and modulation techniques that can be used for multiphase
drives. Finally, the paper discusses the current state of the market for industrialised
multiphase drives and the challenges that must be overcome in terms of reliability and
manufacturing costs.

It can be concluded that multiphase drives are a vital enabling technology that is ready
to power the future of electric vehicle traction in the coming decades. However, there is still
a need for further research in various areas to fully realise this potential. These areas of study
could include the development of new multiphase drive topologies and configurations to
improve efficiency, reliability, and performance, as well as the investigation of the impact
of different operating conditions such as temperature on the performance of these drives.
There is also a need for the development of new control algorithms and techniques for
multiphase drives to optimize performance and reduce losses, as well as the development of
fault diagnosis and fault-tolerant techniques to improve reliability and reduce maintenance
requirements for these drives.

It is anticipated that as technology progresses and more research is conducted, the cost
of multiphase drives will decrease and the technology and topologies will be enhanced.
This is expected to result in an increase in the use of multiphase drives in electric vehicles
in the coming years.
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Abbreviations

AC Alternating current
BLDC Brushless dc electric motor
CB Cascaded bridge
CBPWM Carrier based pulse width-modulation
CHB Cascaded H-bridge converter
CM Common frequency
CMV Common-mode voltage
DC Direct current
DSP Digital signal processor
DT Digital-Twin
DTC Direct torque control
DTP Dual three-phase
EMC Electromagnetic compatibility
EMI Electromagnetic interference
EV Electric vehicle
FC Flying capacitor
FLI Four leg inverter
FOC Field-oriented control
FPTL Five-phase two-level
FTC Fault tolerance control
GaN Gallium nitride
HEMT High electron mobility transistor
HEV Hybrid electric vehicle
HV High voltage
IGBT Insulated gate bipolar transistor
IM Induction machine
LCI Load-commutated inverter
LS-PWM Level shifted PWM
LV Low voltage
MMF Magnetomotive force
MOSFET Metal-oxide semiconductor field effect transistor
MPC Model predictive control
MPD Multiphase drive
MV Medium voltage
NPC Neutral point clamped
NSI Nine switch inverter
OEW Open end winding
PCC Predictive current control
PI Proportional-Integral
PMSM Permanent magnet motor
PS-PWM Phase shifted PWM
PTC Predictive torque control
PUC Packed U cell
PWM Pulse wide modulation
RMS Root mean square
SCR Silicon controlled rectifier
SHE Selective harmonics elimination
SI Silicon
SiC Silicon carbide
SMC Sliding mode control
SPWM Sinusoidal pulse wide modulation
SVPWM Space vector pulse wide modulation
THD Total harmonic distortion
TL-DOV Three-level dual output voltage
VSC Voltage source converter
VSD Vector space decomposition
VSI Voltage source inverter
VSM Space vector modulation
WBG Wide bandgap
ZSI Zero-sequence injection
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