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A B S T R A C T

Common-mode voltage (CMV) produces serious reliability and electromagnetic interference (EMI) issues in
modern pulse-width modulated (PWM) electric drives. Such issues will become more prominent in the near
future, as industry moves towards the introduction of wide-bandgap (WBG) semiconductor technologies
operating at higher switching frequencies and also with greater 𝑑𝑣∕𝑑𝑡. In this context, multiphase electric drive
technologies can be of great interest, as their additional degrees of freedom can be exploited to reduce CMV.
This work aims to study the potential of multiphase electric motor drive systems for CMV mitigation. To
do so, a comprehensive review of the most recent scientific literature is conducted, mainly focusing on high
impact works published recently. As a result, a clear and up-to-date picture of the most common multiphase
technologies, i.e., (𝑚+1)-leg, multiple three-phase, open-end and star-connected multiphase systems is provided
along with their CMV reduction potential. Not only the topologies themselves but also modulation techniques
are analysed and presented, mainly focusing on star-connected systems. As a conclusion, it can be stated that
such multiphase systems are promising candidates to substitute conventional three-phase motor drives as, apart
from their well-known advantages (efficiency, power density, power splitting, and fault tolerance), their CMV
reduction potential is confirmed. The technical information provided in this work will help researchers and
field engineers to design and develop high-performance multiphase electric drives.
. Introduction

In industrial processes, it is usual for mechanical energy demands to
e mostly satisfied by electric motor driven systems (EMDSs). Among
hese, fans [1,2], pumps [3,4] and compressors [5,6] accounted for
lmost 85 % of this overall demand over these last years [7]. In
he transport sector, however, it was not until recently that fuel-
owered engines have started being replaced by electric powertrains. A
aradigm shift is under way here: passenger electric vehicle (EV) sales
umped from 450,000 in 2015 to 2.1 million in 2019, and this market
s forecasted to grow up to 26 million sales by 2030 and even to 54
illion sales by 2040 [8]; see Fig. 1.

This increasingly widespread use of EMDSs resulted in electric
otors consuming about 40 % of the worldwide energy supply in

he former decade [9–11], and up to 70 %–90 % in the industrial
ector [6,12]. This has brought the corresponding environmental prob-
ems and global warming issues to the fore: national governments
re gradually adhering to Minimum Energy Performance Standard
pecifications [13], and international standardization organizations are
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constantly reviewing relevant documents, e.g. IEC61800-9 — ‘‘Ecode-
sign for power drive systems, motor starters, power electronics and
their driven applications’’ [12,14,15]. This picture is confirmed by
various market studies and scientific papers, which point out that the
topmost concerns of electric drive users are energy efficiency and main-
tenance costs, closely followed by reliability, safety and robustness [9,
10,16–18].

Modern electric drives (Fig. 2) provide an excellent performance
in terms of system efficiency, controllability, quality of the synthe-
sized waveforms and robustness. This is achieved by incorporating a
power converter that includes several semiconductor devices to feed the
electric machine. Power converter alternatives are generally classified
into two categories: current source inverters (CSI) and voltage source
inverters (VSI). CSIs have a number of advantages such as a simple
current control scheme, short circuit protection and the absence of
capacitors to constitute the DC-link [19]. However, the disadvantages
of CSIs are relevant for electric drive applications: (𝑖) a front-end con-
verter (or, at least, a bulky series inductance) is required to synthesize
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Nomenclature

𝑀𝑎 Amplitude modulation index
𝑁𝐿 Number of different CMV steps per 𝑇sw
𝑁𝑇 Number of CMV transitions per 𝑇sw
𝑆𝑊𝑥 Main switch with number of branch x
𝑆𝑊 ′

𝑥 Complementary switch with number of
branch x

TH𝐷𝑖 Total harmonic distortion of the output
current (%)

𝑇𝑆𝑊 Switching period or modulation period (s)
𝑣𝐶𝑀 Common-mode voltage (V)
𝑉𝐷𝐶 DC bus voltage (V)
𝐕𝐫𝐞𝐟 Reference voltage vector
𝐕𝐱 x vector
𝑣𝑥0 x phase-to-ground voltage (V)
𝛥𝑃 Peak-to-peak relative value of CMV wave-

form
𝛥𝑆 Height of largest relative value of CMV step

Abbreviations/acronyms

AC Alternating current
AZS-PWM Active zero-state PWM
CB Carrier-based
CCMV-PWM Constant CMV PWM
CSI Current-source inverter
CMV Common-mode voltage
DC Direct current
D-PWM Discontinuous PWM
EMDS Electric motor driven systems
EMF Electro-motive force
EMI Electromagnetic interferences
EV Electric vehicle
HVDC High-voltage DC
IMPC Improved MPCC
MPC Model predictive control
MPCC Model predictive current control
NS-PWM Near-state PWM
PWM Pulse-width modulation
RCMV-PWM Reduced CMV PWM
RS-PWM Remote-state PWM
SV Space-vector
SV-PWM Space-vector PWM
VSI Voltage-source inverter

a constant DC-link current [20]; (𝑖𝑖) output filters must be included as
igh output current harmonics are produced [21]; and (𝑖𝑖𝑖) high torque
ipple is generated due to the chopped current if an adequate filter is
ot used [14]. For all these reasons, in general it is uncommon to find
SIs in electric drive systems [20].

In contrast, VSIs exhibit many advantages for electric drive applica-
ions. While in CSIs the DC-link current is modulated at the output side
f the converter, in VSIs the output voltage is modulated. This allows
he direct connection of the VSI to the input (voltage source) and output
inductive load) without requiring input inductors or output filters.1 For

1 VSIs usually incorporate an input capacitor or capacitor bank which, in
ny case, is cheaper and less bulky than the input side inductance required
or a CSI.
2

e

Fig. 1. Annual passenger EV sales by region [8].

this particular reason, VSI architectures greatly reduce the volume and
weight of the drive, a factor that is critical for certain applications such
as for electric vehicles.2 Furthermore, the advances carried out during
the last decades in power semiconductor technologies (typically silicon
IGBTs that switch at high frequencies) have consolidated VSIs as the
most common alternative for electric drives [4,20,22,23].

Depending on the arrangement of the power semiconductors and
reactive elements, several VSI topologies of 𝑛-levels and 𝑚-phases can
be constituted, which are commonly classified as:

1. Two-level three-phase inverters (Fig. 2). These are the most com-
mon ones, and have been widely investigated in the scientific
literature. For example, control and modulation strategies for
these converters have reached a considerable maturity [24–29].
In [30], authors have carried out a comprehensive literature
review on CMV issues and mitigation strategies for two-level
three-phase VSIs.

2. Multilevel inverters. These topologies (𝑛 ≥ 3) provide more than
two output voltage levels per phase, allowing the VSI to operate
with voltages higher than the ones imposed by the semiconduc-
tor device technology [46]. In addition, multilevel converters
provide other benefits such as an improved output waveform
quality (total harmonic distortion of the output current -THD𝑖-
lower than in two-level inverters), lower electromagnetic inter-
ferences (EMI) and fault tolerance [11,47]. For these reasons, a
relevant number of multilevel solutions have been investigated
and industrialized in last decades, where the most well-known
multilevel converter topologies are the Neutral-point-clamped
(NPC) [32,33], the Flying capacitor (FC) [34,37], the Cascaded
H-bridge (CHB) [40,42] and the Modular multilevel (MM) con-
verter [43,44]. Table 1 summarizes their most relevant features
along with a number of references that deal with multilevel
inverters and CMV.

3. Multiphase inverters. These topologies (𝑚 >3) bring many perfor-
mance benefits [48–50], such as power splitting between phases
(lower currents for the same rated power), improved efficiency,
higher power density, lower output current ripple, lower elec-
tromagnetic interference (EMI), additional control degrees of
freedom, an intrinsic fault tolerance and therefore improved
reliability [51–54]. Consequently, although system complexity
is increased, multiphase VSIs are becoming attractive in a wide
range of applications, particularly when high power density or
uninterrupted operation is required, e.g. in-wheel electric vehi-
cle drives [55], ship propulsion [56], and life-critical aerospace
systems [57].

2 In electromobility applications, where there is a voltage source at the
nput side of the converter and the load is inductive, it makes no sense to
se a CSI topology, as this last would require incorporating additional reactive
lements, significantly reducing system performance.
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Fig. 2. Top: Two-level three-phase VSI motor drive system. Bottom: CMV waveform synthesized by SV-PWM.
Table 1
Features of the most relevant multilevel inverter topologies and summary of references that investigate the CMV phenomenon and mitigation
techniques in such architectures.

Neutral-point-clamped Flying capacitor Cascaded H-bridge Modular multilevel

Advantages

∙ Single DC-link ∙ Single DC-link ∙ Modular structure. ∙ Great modularity.
voltage source. voltage source. ∙ Easier to provide ∙ Redundancy and
∙ Fewer capacitors ∙ Redundant switching high voltage. reliability.
than FC. states: fault tolerance. ∙ Redundant switching ∙ Absence of extra
∙ Economical for ∙ Low number of states. DC-link capacitors.
low levels. active devices. ∙ High fault tolerance. ∙ High efficiency.

Disadvantages

∙ Active balance required ∙ Very bulky when the ∙ High number of isolated ∙ Higher capacitor
for DC-link capacitors. number of levels is DC sources. voltage ripple.
∙ Unbalanced switching increased. ∙ Voltage imbalance ∙ Complex system
losses. ∙ Pre-charge is required between phases. with multiple variables
∙ High blocking voltage in the capacitors. to control.
in the clamping diodes. ∙ Reduced modularity.
∙ Low frequency ripple in ∙ Expensive.
the neutral point (for ↑ 𝑀𝑎
and ↓ power factor).

CMV references [31–33] [34–37] [38–42] [43–45]
All these VSI converters (regardless of the number of levels (n)
and phases (m)) are controlled with the corresponding PWM technique
(either carrier-based (CB-PWM) [27,29] or vector space (SV-PWM) [26,
28]) to generate a sinusoidal output current in the motor.3 PWM-based
sinewave generation is well known to produce a common-mode voltage
(CMV) component [60–63]. The resulting CMV waveforms (Fig. 2)
cause several issues, such as high EMI [64–66], deterioration of the
electric machine stator winding insulation [67,68], and pitting and
fluting of its bearings [24,69–71]. Furthermore, this latter damage will
likely be aggravated as a result of the introduction of power devices
made of wide-bandgap semiconductors, instead of silicon-based de-
vices, due to their ability to handle higher switching frequencies, which
would therefore accelerate the ageing of the bearings [24,72]. Indeed,
Fig. 3 illustrates the breakthrough that is currently under way in the

3 Two-level three-phase CSI converters produce lower levels of CMV than
two-level three-phase VSI converters because the coil connected to the DC-
link filters this voltage. In addition, since these converters are controlled by
current, the modulation scheme does not generate a pulsing voltage signal in
each phase of the converter, but rather sinusoidal [58,59].
3

semiconductor industry, as silicon carbide and gallium nitride-based
devices have already gained a substantial market share [73].4

Multilevel converters can be considered as great candidates for CMV
reduction as, unlike traditional VSIs and other converter topologies,
they can produce 0 V CMV levels using a suitable modulation tech-
nique [32,35,39]. However, this is achieved at the cost of worsening
other figures such as the output current harmonic distortion, efficiency
or linear range. In this sense, multiphase converters are presented as an
alternative to multilevel converters, as they have additional degrees of
freedom that can also be used to reduce CMV. The singularities of mul-
tiphase inverters, and their particular suitability for certain important
applications, call for a specific review of the relevant literature. Thus,
the aim of this paper is to provide a complete survey of the existing
alternatives to mitigate and ultimately suppress the presence of CMV
variations in multiphase drives.

4 The incorporation of wide-bandgap devices on the market is a reality;
however, today they are not mature enough to replace completely silicon.
There is still a long way to go, solving problems at the device level, both in
manufacturing, cost, and in performance (e.g. oscillations during device turn
on). It can be said that the theoretical performance that such devices has not
been yet achieved.



Renewable and Sustainable Energy Reviews 157 (2022) 111971E. Robles et al.

C
c
t
m
t
c
t
T
t
t
t
f
f
e

2
t

s
w
c

i
a

𝑣

F
f
A
l
a
a
a
p
C

f
t

Fig. 3. Current SiC and GaN market status and future prospects, depending on the applications [73].
t
𝑑

t
p

The paper is organized as follows: Section 2 summarizes how the
MV affects the conventional three-phase VSI, because the basic con-
epts can be extended to multiphase topologies. Next, Section 3 par-
icularizes the main issues to multiphase topologies. The most relevant
ultiphase topology variants are reviewed, and a general picture of

he CMV and its mitigation is provided for such systems. Then, star-
onnected multiphase solutions are identified as the ones exhibiting
he best trade-off between CMV mitigation capabilities and complexity.
hus, Section 4 studies, in deep, the impact of various PWM modulation
echniques specific to star-connected multiphase systems, pointing out
heir pros and cons as far as CMV is concerned. Finally, Section 5 draws
he main conclusions of this review, highlighting the most significant
eatures of each solution, in the belief that it will be a useful reference
or academic researchers and practising engineers in the field of power
lectronics and energy conversion.

. PWM-generated common-mode voltage in two-level
hree-phase inverters

All the CMV-related concepts in two-level three-phase voltage-
ource converters were formerly addressed by the authors in a previous
ork [30]. However, it is worth revisiting the most fundamental

oncepts prior deepening in the multiphase scenario.
When considering the conventional VSI converter of Fig. 2, which

s virtually grounded at half the DC-link voltage (𝑉DC∕2) and powering
n AC motor, the CMV is defined as:

𝐶𝑀 (𝑡) =
𝑣𝐴0 + 𝑣𝐵0 + 𝑣𝐶0

3
. (1)

If the SV-PWM modulation technique is used, the CMV waveform of
ig. 2 [30] is obtained.5 Table 2 shows the voltage levels of this wave-
orm, where each CMV level depends on the applied switching state.
mong all these vectors, zero vectors are those that produce the highest

evels of CMV, i.e. ±𝑉𝐷𝐶∕2. For this reason, most alternative topologies
nd modulation-based solutions are intended to avoid or minimize the
pplication of zero vectors to reduce the CMV [25,26,28,74]. All the
forementioned software and/or hardware mitigation solutions provide
articular CMV waveforms. Therefore, to better understand how the
MV affects an electric motor drive, it is of interest to compare different

5 This also occurs for carried-based modulation techniques. The same wave-
orm is also obtained with the carrier-based equivalent modulation technique
hat injects a third harmonic voltage following the min–max approach.
4

u

Table 2
CMV of traditional VSI converter according to the switching states and vectors
associated with SV-PWM.

Voltage vector Device switching state CMV [V]

(switching state) 𝑆𝑊1 𝑆𝑊2 𝑆𝑊3

𝐕𝟎 (000) OFF OFF OFF −𝑉𝐷𝐶∕2
𝐕𝟏 (100) ON OFF OFF −𝑉𝐷𝐶∕6
𝐕𝟐 (110) ON ON OFF 𝑉𝐷𝐶∕6
𝐕𝟑 (010) OFF ON OFF −𝑉𝐷𝐶∕6
𝐕𝟒 (011) OFF ON ON 𝑉𝐷𝐶∕6
𝐕𝟓 (010) OFF OFF ON −𝑉𝐷𝐶∕6
𝐕𝟔 (101) ON ON OFF 𝑉𝐷𝐶∕6
𝐕𝟕 (111) ON ON ON 𝑉𝐷𝐶∕2

CMV patterns. As an example, the patterns shown in Fig. 4 (labelled as
1 , 2 and 3 ) are analysed. All these waveforms have been obtained

by means of simulation considering the conditions depicted in Fig. 4(q).
Figs. 4(a)–4(c) show the CMV waveform, in time domain, obtained

over a switching period (𝑇𝑆𝑊 ). Figs. 4(d)–4(f) show the CMV harmonics
ranging from 0 to 80 kHz for a complete synthesized output voltage
period (20 ms). Figs. 4(g)–4(i) show the harmonics, but over a wider
frequency range, on a logarithmic scale, and in dB𝜇V. At first glance,
this last representation may not seem very useful for comparison pur-
poses. However, when talking about conducted EMI, this representation
is the most common [61,64,66,72].

As previously mentioned, due to variations in CMV and to the ex-
istence of stray capacitances, unwanted leakage currents are produced
which, among other things, damage motor bearings [30]. Therefore, if
only the CMV waveform in time domain is considered, pattern 2 is
he best of the three analysed ones (Figs. 4(a)–4(c)) (less number of
𝑣∕𝑑𝑡). However, the opposite occurs when the frequency responses are

considered to analyse the harmonic energy. To quantify the normalized
energy of this voltage and, thus, to be able to determine which of the
waveforms of the CMV is better, (2) is proposed in [68], where 𝑥(𝑖) is
𝑖th harmonic of the CMV.

𝐸𝑛𝑜𝑟𝑚(𝐶𝑀𝑉 ) ≈
∞
∑

𝑖=1

[

𝑥(𝑖)
𝑉𝐷𝐶∕2

]2
. (2)

According to this expression, pattern 3 seems to be a better alter-
native than 2 (Table 3). However, this is only true when analysing
he spectral voltage components, especially in terms of EMI. In this
articular case, it is important to distribute the energy spectral density
niformly, that is, to limit the amplitude of the fundamental harmonics.
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Fig. 4. Representation of three case studies (patterns) of the CMV waveform using SV-PWM, both in time and frequency domain: left (VSI Conventional Converter), middle (H8D2
Converter), right (VSIZVR-D1 Converter) [28].
This is achieved with pattern 3 . Although it has two more voltage
variations (Figs. 4(b) and 4(c)), it distributes the harmonics with less
amplitude in a greater number of frequencies (Figs. 4(e) and 4(f)).
Consequently, if EMI protections are used, they should be dimensioned
for lower signal amplitudes.

On the other hand, to analyse the effect of a certain CMV-derived
current, a machine stray capacitance of 10 nF has been considered
(Fig. 4(p)) to carry out simulations for the three CMV patterns. The time
domain currents are shown in Figs. 4(j)–4(l), while frequency responses
are depicted in Figs. 4(m)–4(o). Considering (3), where 𝑧(𝑖) represents
the 𝑖th harmonic of the leakage current, the pattern 2 shows a better
performance than 3 (Table 3). The worst results are obtained when
applying pattern 1 , which is the most common CMV waveform in
5

Table 3
Harmonic energies of normalized CMV and leakage currents for the three case studies
of Fig. 4.

Pattern Normalized energy Energy of leakage
of the CMV (2) currents (3)

1⃝ 0.92 1.38
2⃝ 0.22 0.45 ✓

3⃝ 0.20 ✓ 0.91

Note: ✓indicates the best alternative.

three-phase inverters.

𝐸(𝑖𝐶 ) ≈
∞
∑

[𝑧(𝑖)]2 . (3)

𝑖=1



Renewable and Sustainable Energy Reviews 157 (2022) 111971E. Robles et al.

a
d

c
p

a

𝑣

t
o
C
a
t
t
t
b

p
t

c
t
c

Consequently, for each particular application, it is necessary to
consider which is the best mitigation alternative depending which CMV
issue is prioritized, i.e., EMI, leakage currents, etc. Therefore, in order
to facilitate the analysis of CMV and the mitigation solutions, the
utilization of the following figures-of-merit is proposed in this work:

1. 𝛥𝑃 ∈ [0, 1] - Peak-to-peak value of waveform, relative to 𝑉DC.
2. 𝛥𝑆 ∈

[

0, 𝛥𝑃
]

- Height of largest CMV step, also relative to 𝑉DC.
3. 𝑁𝐿 - Number of different levels per 𝑇sw.
4. 𝑁𝑇 - Number of transitions (step shifts) per 𝑇sw.

These figures-of-merit are useful to understand the CMV problem.
Depending on the application, the engineer who designs the motor
drive must make the most convenient decisions. What is clear is that
reducing the amplitude of the CMV is important, while also minimizing
the number of variations (𝑑𝑣∕𝑑𝑡) and the 𝑑𝑣∕𝑑𝑡 value. Therefore, these and
other CMV-related particularities are best captured by the previous ‘the
lower the better’ figures-of-merit [30], which are helpful in understand-
ing and comparing the CMV alternative waveforms to be presented in
this work. For example, in a conventional three-phase two-level VSI,
SV-PWM is characterized by 𝛥𝑃 = 1, 𝛥𝑆 = 1∕3, 𝑁𝐿 = 4, and 𝑁𝑇 = 6
(Fig. 2), which are rather poor values, as indicated in [30]. Thus, in
general, it will be interesting to find a balance between the reductions
of each figure-of-merit to achieve a CMV pattern that improves all the
problems involved in electric motor drives.

Although hardware and modulation solutions can be applied to
two-level three-phase VSIs, multiphase converter topologies can be con-
sidered for CMV mitigation purposes thanks to their additional degrees
of freedom. This topic will be covered in the next sections, where
the most relevant multiphase converter topologies and modulation
techniques in this field are reviewed (Sections 3 and 4, respectively).

3. Common-mode voltage in multiphase inverter topologies

Fig. 5 summarizes the most relevant multiphase topologies. Al-
though such topologies6 are not directly intended for CMV mitigation,
their additional degrees of freedom can be exploited for that purpose.
By implementing advanced modulation algorithms, the CMV can be
effectively reduced, or even eliminated. Therefore, it is interesting to
review the possibilities offered by these power conversion solutions.
In this sense, since each vector has an associated switching state, the
relationship between SV-PWM vectors and the switching states of each
converter is straightforward, thus helping to better understand the CMV
differences between converter architectures.

3.1. Multiphase inverters feeding a star-connected load

Fig. 5(a) shows an 𝑚-phase power converter supplying a star-
connected electric machine with a single neutral point.7 This popular
configuration is usually constituted by an odd number of phases. This is
because, for example, a five-phase star-connected system has the same

6 It is worth mentioning that the number of phases of the load (generally
n electric machine) is commonly considered to classify whether an electric
rive is a multiphase system or not. For example, star connected 𝑚-phase

(Fig. 5(a), 𝑚 > 3) [75,76], dual three-phase (Fig. 5(c)) [50,77,78], and open
winding 𝑚-phase (Fig. 5(d)) [79] drive configurations fall into this category.
However, as this work also focuses on power converters, any power converter
with more than three legs has been considered as a multiphase system. This
way, three-phase four-leg configurations with access to the neutral point of the
machine [80] (Fig. 5(b)) and open-end three-phase converters [81] (Fig. 5(d))
have been also categorized as multiphase systems. Therefore, as in the other
topologies, their concepts related to CMV can be extended to a converter with
a greater number of phases.

7 Although there is no physical limitation on the number of phases that can
be added to the converter, research is mainly focused on five-phase converters.
6

c

amount of degrees of freedom (four independently controllable vari-
ables) as a six-phase one. In contrast, the latter has two non-controllable
homopolar components [82].

Star-connected multiphase electric drives exhibit various interesting
features. On the one hand, when the machine stator has concentrated
windings (back-EMF with triplen harmonics), it is possible to take
advantage of the additional degrees of freedom and regulate the third
harmonic current component. This way, torque production can be
enhanced by approximately 15 % [54,83], and therefore a better power
density is achieved. Also, the additional control degrees of freedom
of the star-connected multiphase drives can be exploited when one or
various phases have open-circuit faults. This gives a low torque ripple
with the remaining healthy phases and leads to a pseudo-optimum
operation, which also provides limp-home operation capabilities [75,
84,85]. In such cases, it is necessary to over-dimension the electric
machine and the power converter, as unbalanced currents circulate
through the remaining phases during fault-tolerant operation. Thus,
star-connected multiphase systems are considered promising topologies
for critical applications where fault tolerance and power density are key
features [48,49].

The number of available switching states in this multiphase con-
verter is 2𝑚, which is the same as the number of available space vectors
to synthesize the reference fundamental output voltage vector and the
triplen harmonics.8 In this sense, Fig. 6 shows the SV representation
of a five-phase system in the 𝛼𝛽- and 𝑥𝑦-planes. These subspaces are
obtained by applying the following amplitude-invariant Clarke trans-
formation to the per-phase phase-to-neutral output voltages for all
permitted switching configurations of the inverter [60]:

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑣𝛼
𝑣𝛽
𝑣𝑥
𝑣𝑦
𝑣0

⎤

⎥

⎥

⎥

⎥

⎥

⎦

= 2
5

⎡

⎢

⎢

⎢

⎢

⎢

⎣

1 cos(2𝜋∕5) cos(4𝜋∕5) cos(6𝜋∕5) cos(8𝜋∕5)
0 sin(2𝜋∕5) sin(4𝜋∕5) sin(6𝜋∕5) sin(8𝜋∕5)
1 cos(4𝜋∕5) cos(8𝜋∕5) cos(12𝜋∕5) cos(16𝜋∕5)
0 sin(4𝜋∕5) sin(8𝜋∕5) sin(12𝜋∕5) sin(16𝜋∕5)
1
2

1
2

1
2

1
2

1
2

⎤

⎥

⎥

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑣1
𝑣2
𝑣3
𝑣4
𝑣5

⎤

⎥

⎥

⎥

⎥

⎥

⎦

.

(4)

The application of (4) projects the ℎ = 5(𝑙−1) ± 1 voltage harmonic
omponents into the 𝛼𝛽-plane, while ℎ = 5(𝑙 − 1) ± 3 harmonics are
rojected into the 𝑥𝑦-plane, where 𝑙 = 1, 3, 5,… [60].9

Likewise, the CMV levels produced by each SV or switching state
re obtained as:

𝐶𝑀 (𝑡) = 1
𝑚

𝑚
∑

𝑖=1
𝑣𝑖0, (5)

where 𝑚 is the number of phases and 𝑣𝑖0 is the 𝑖𝑡ℎ inverter output phase-
o-ground voltage; see Fig. 5(a). Table 4 summarizes the CMV values
btained when applying a given vector. These values are present in the
MV waveform when the SV-PWM modulation technique is used [60],
nd thus the CMV related figures-of-merit 𝑁𝑇 and 𝑁𝐿 increase with
he number of phases, while 𝛥𝑆 decreases. However, it is possible
o implement modulation alternatives for these converter structures
argeting CMV mitigation [86,87]. These modulation techniques will
e comprehensively reviewed in Section 4.

8 This makes that SV-PWM implementation more complex than in three-
hase systems. For this reason, CB-PWM techniques are generally preferred by
he industry in this type of power converters.

9 It must be pointed out that infinitely many possible Clarke transformations
an be defined. However, this is one of the most convenient, as it maps
he fundamental and third harmonic components (most significant torque
ontributors) into two independent bi-dimensional planes, decoupling their

ontrol.
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Fig. 5. Most widely used multiphase power conversion topologies [73].
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3.2. Multiphase (𝑚 + 1)-leg converters

Fig. 5(b) shows this multiphase alternative, which incorporates an
xtra leg to an 𝑚-phase inverter (𝑚 ≥ 3), thus providing access to
he neutral point of the load. Particularly, the three-phase four-leg
onfiguration has been mostly investigated10 in applications such as
hotovoltaic systems [90], uninterruptible power supplies [80], and
rid-connected applications [91], as well as Electric Machine Drive
ystems (EMDS)11 [92–94].

This architecture allows controlling the voltage value of the neutral
oint. The resulting additional degree of freedom can be used to control
nbalanced loads [95,96]. However, this configuration has mainly been
xploited to provide fault tolerance to three-phase drive systems [93,

10 The five-phase six-leg configuration has been recently investigated for
ower amplifiers in [88,89]. However, it is uncommon to find topologies
aving more than four legs.
11 Note that machines with special designs providing physical access to the
eutral point are required in these electric drives.
7

C

94]. When a single-phase open-circuit fault occurs, the two remaining
healthy phase currents of the inverter branches are increased by

√

3
in magnitude and regulated with a relative phase-shift of 60◦, thus
maintaining a uniform rotational magneto-motive force and providing
a low torque ripple [94].

In a three-phase four-leg converter, a three-dimensional SV repre-
sentation (Fig. 7) replaces the traditional bi-dimensional 𝛼𝛽-plane of
a three-phase system [97,98]. The third dimension is given by the
homopolar component which sorts space vectors into different layers of
the 𝛾-axis [97]. The resulting three-dimensional vector space becomes
more complex as the number of phases of the converter increases.
Nonetheless, PWM techniques have also been proposed that allow
controlling the fourth leg independently from the phases [89,99].

Again, the CMV is defined by (5) in 𝑚-phase (𝑚+1)-leg converters,
ut in this particular case, 𝑚 represents the total number of legs
nstead of the number of phases. For example, when 3D SV-PWM is
sed to control a three-phase four-leg converter, 0, ±𝑉𝐷𝐶∕4 and ±𝑉𝐷𝐶∕2
MV levels (Table 5) are obtained [90]. However, the extra degree
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Fig. 6. Zero (Z), small (S), medium (M), and large (L) vector placement in the fundamental harmonic (𝛼𝛽) and triplen harmonics (𝑥𝑦) planes for a five-phase power inverter.
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Table 4
CMV levels in a five-phase inverter, depending on the applied vector
(see also Fig. 6).

Five-phase inverter

Vector type Voltage vectors (switching state) CMV level [V]

Zero 𝐙𝟎 (00000) −𝑉𝐷𝐶∕2

Medium 𝐌𝟏 (10000), 𝐌𝟑 (01000), 𝐌𝟓 (00100), −3𝑉𝐷𝐶∕10𝐌𝟕 (00010), 𝐌𝟗 (00001)

Large 𝐋𝟐 (11000), 𝐋𝟒 (01100), 𝐋𝟔 (00110),

−𝑉𝐷𝐶∕10𝐋𝟖 (00011), 𝐋𝟏𝟎 (10001)

Small

𝐒𝟏 (01001), 𝐒𝟑 (10100), 𝐒𝟓 (01010),
𝐒𝟕 (00101), 𝐒𝟗 (10010)

𝐒𝟐 (11010), 𝐒𝟒 (01101), 𝐒𝟔 (10110),

𝑉𝐷𝐶∕10𝐒𝟖 (01011), 𝐒𝟏𝟎 (10101)

Large 𝐋𝟏 (11001), 𝐋𝟑 (11100), 𝐋𝟓 (01110),
𝐋𝟕 (00111), 𝐋𝟗 (10011)

Medium 𝐌𝟐 (11101), 𝐌𝟒 (11110), 𝐌𝟔 (01111), 3𝑉𝐷𝐶∕10𝐌𝟖 (10111), 𝐌𝟏𝟎 (11011)

Zero 𝐙𝟏 (11111) 𝑉𝐷𝐶∕2

Table 5
CMV levels of three-phase four-leg converter according to the applied vectors (see
Fig. 7).

Three-phase four-leg inverter

Vector type Voltage vectors (switching state) CMV level [V]

Zero 𝐏𝟎
′ ′(0000) −𝑉𝐷𝐶∕2

Zero lower 𝐏𝟎
′(0001) −𝑉𝐷𝐶∕4

Odd upper 𝐏𝟏
′ ′(1000), 𝐏𝟑

′ ′(0100), 𝐏𝟓
′ ′(0010)

Even upper 𝐏𝟐
′ ′(1100), 𝐏𝟒

′ ′(0110), 𝐏𝟔
′ ′(1010) 0

Odd lower 𝐏𝟏
′(1001), 𝐏𝟑

′(0101), 𝐏𝟓
′(0011)

Even lower 𝐏𝟐
′(1101), 𝐏𝟒

′(0111), 𝐏𝟔
′(1011) 𝑉𝐷𝐶∕4

Zero upper 𝐏𝟕
′ ′(1110)

Zero 𝐏𝟕
′(1111) 𝑉𝐷𝐶∕2

of freedom provided by the additional leg allows developing PWM
techniques that reduce the CMV [100,101].

3.3. Multiple three-phase drive configurations

Fig. 5(c) presents the dual three-phase configuration. According
to the most recent literature, this architecture is probably the most
8

Fig. 7. Space vectors of a three-phase four-leg power converter.

popular one among all the multiphase solutions [78,102,103]. Note
that although virtually any number of three-phase sets could be the-
oretically implemented,12 it is uncommon to find solutions with more
than two phase sets.

Dual three-phase configurations are preferred as (𝑖) they represent
good trade-off between performance and complexity, (𝑖𝑖) migra-

ion from three-phase to dual three-phase technologies is straight-
orward [50], and (𝑖𝑖𝑖) this configuration exhibits an excellent fault
olerant performance [78,102,105,106], thus making them attractive
or safety-critical applications.

In this configuration, two symmetrically (0◦ or 60◦) or asymmet-
ically (30◦) shifted three-phase winding sets with independent and
solated neutral points are fed by (𝑖) two separated three-phase in-
erters (including independent three-phase controllers) [107], or by
𝑖𝑖) a single six-phase inverter (which control considers all the cross-
oupling effects by using convenient vector transformations) [50]. In
his context, although it is easier to manufacture machines in a sym-
etrical winding arrangement, the asymmetrical winding distribution

s preferred because of the cancellation of the sixth torque harmonic,
nd lower cross coupling effects between winding sets [108].

12 There are few works that investigate triple three-phase machines or with
more than two phase sets. An example is [104] that investigates a fault tolerant
control technique for a triple three-phase surface permanent magnet machine.
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Table 6
CMV of a dual three-phase converter according to the obtained per phase voltage level
(see Fig. 8).

Dual three-phase inverter

Voltage vector combinations CMV level [V]

[𝐕𝟎, 𝐕𝟎
′] −𝑉𝐷𝐶∕2

[𝐕𝟎, 𝐕𝟏
′] [𝐕𝟎, 𝐕𝟑

′] [𝐕𝟎, 𝐕𝟓
′] −𝑉𝐷𝐶∕3[𝐕𝟏, 𝐕𝟎

′] [𝐕𝟑, 𝐕𝟎
′] [𝐕𝟓, 𝐕𝟎

′]

[𝐕𝟎, 𝐕𝟐
′] [𝐕𝟎, 𝐕𝟒

′] [𝐕𝟎, 𝐕𝟔
′]

−𝑉𝐷𝐶∕6
[𝐕𝟏, 𝐕𝟏

′] [𝐕𝟏, 𝐕𝟑
′] [𝐕𝟏, 𝐕𝟓

′]
[𝐕𝟑, 𝐕𝟏

′] [𝐕𝟑, 𝐕𝟑
′] [𝐕𝟑, 𝐕𝟓

′]
[𝐕𝟓, 𝐕𝟏

′] [𝐕𝟓, 𝐕𝟑
′] [𝐕𝟓, 𝐕𝟓

′]
[𝐕𝟐, 𝐕𝟎

′] [𝐕𝟒, 𝐕𝟎
′] [𝐕𝟔, 𝐕𝟎

′]

[𝐕𝟏, 𝐕𝟐
′] [𝐕𝟏, 𝐕𝟒

′] [𝐕𝟏, 𝐕𝟔
′]

0

[𝐕𝟑, 𝐕𝟐
′] [𝐕𝟑, 𝐕𝟒

′] [𝐕𝟑, 𝐕𝟔
′]

[𝐕𝟓, 𝐕𝟐
′] [𝐕𝟓, 𝐕𝟒

′] [𝐕𝟓, 𝐕𝟔
′]

[𝐕𝟐, 𝐕𝟏
′] [𝐕𝟒, 𝐕𝟏

′] [𝐕𝟔, 𝐕𝟏
′]

[𝐕𝟐, 𝐕𝟑
′] [𝐕𝟒, 𝐕𝟑

′] [𝐕𝟔, 𝐕𝟑
′]

[𝐕𝟐, 𝐕𝟓
′] [𝐕𝟒, 𝐕𝟓

′] [𝐕𝟔, 𝐕𝟓
′]

[𝐕𝟎, 𝐕𝟕
′] [𝐕𝟕, 𝐕𝟎

′]

[𝐕𝟏, 𝐕𝟕
′] [𝐕𝟑, 𝐕𝟕

′] [𝐕𝟓, 𝐕𝟕
′]

𝑉𝐷𝐶∕6
[𝐕𝟐, 𝐕𝟐

′] [𝐕𝟐, 𝐕𝟒
′] [𝐕𝟐, 𝐕𝟔

′]
[𝐕𝟒, 𝐕𝟐

′] [𝐕𝟒, 𝐕𝟒
′] [𝐕𝟒, 𝐕𝟔

′]
[𝐕𝟔, 𝐕𝟐

′] [𝐕𝟔, 𝐕𝟒
′] [𝐕𝟔, 𝐕𝟔

′]
[𝐕𝟕, 𝐕𝟏

′] [𝐕𝟕, 𝐕𝟑
′] [𝐕𝟕, 𝐕𝟓

′]

[𝐕𝟐, 𝐕𝟕
′] [𝐕𝟒, 𝐕𝟕

′] [𝐕𝟔, 𝐕𝟕
′] 𝑉𝐷𝐶∕3[𝐕𝟕, 𝐕𝟐

′] [𝐕𝟕, 𝐕𝟒
′] [𝐕𝟕, 𝐕𝟔

′]

[𝐕𝟕, 𝐕𝟕
′] 𝑉𝐷𝐶∕2

Switching states are shown in Table 2.

Fig. 8. Representation of the two 𝛼𝛽 planes of the dual three-phase inverter.

Regarding the modulation, once the controller determines the 𝛼𝛽
reference voltages to be synthesized in each winding set (with their
corresponding phase shift), two independent three-phase SV-PWMs (or
CB-PWMs) can be applied (see Fig. 8 ). In this context, CMV in dual
three-phase systems can be defined from the individual 𝑣𝐶𝑀1

and 𝑣𝐶𝑀2
CMVs produced by each inverter [64,108]:

𝑣𝐶𝑀 (𝑡) = 1
2

[

𝑣𝐶𝑀1
(𝑡) + 𝑣𝐶𝑀2

(𝑡)
]

= 1
6

[ 3
∑

𝑖=1
𝑣𝑖0(𝑡) +

3
∑

𝑗=1
𝑣𝑗0(𝑡)

]

, (6)

where 𝑣𝑖0 and 𝑣𝑗0 are the per-phase phase-to-ground voltages of the two
inverters, respectively, and indexes 𝑖 and 𝑗 = 1, 2, 3. This leads to the
CMV levels summarized in Table 6. Note that each vector pair shown
in Table 6 indicates the vector combination applied by both inverters.
As in other multiphase systems, this CMV can be mitigated by applying
several modulation algorithms [64,108–110].

3.4. Open-end multiphase inverters

Finally, Fig. 5(d) shows an open-end inverter for a given load
number of phases [111–113], which is the most complex of all the
multiphase solutions, as each end is connected to an 𝑚-phase inverter
9

t

Fig. 9. Open-end three-phase inverter space-vector diagram (relationship between
space vectors shown in Table 7).

(Fig. 5(d)). Thus, the per-phase switch count of this topology is the
highest one, doubling the one of an equivalent star-connected multi-
phase system. In this particular configuration, it is possible to have
two differentiated inverters with independent power supplies [114] or,
which is more common, with both inverters sharing a single DC supply
(an H-bridge per load phase) [76].

Despite the additional complexity, the extra degrees of freedom
provide redundancy in the inverter states [115], so this converter
architecture can generate the same output voltage levels as a multilevel
converter [116]. All these redundancies can be used to develop PWM
techniques for low-order harmonics elimination, or also to reduce the
CMV [81,117]. For example, 64 vector combinations are possible in
three-phase open-end inverters when the two vector subspaces shown
in Fig. 9(a) are combined. Indeed, this combination results in the vector
space of a three-level converter shown in Fig. 9(b), where several of the
vector combinations produce the same voltage levels.

Regarding the CMV, two contributions, i.e., average (𝑣𝐶𝑀𝑎𝑣
) and

differential (𝑣𝐶𝑀𝑑𝑖𝑓𝑓
), are considered from the individual 𝑣𝐶𝑀1

and
𝑣𝐶𝑀2

voltages generated by each end inverter [118]. A generalization
for an 𝑚-phase system results in

𝑣𝐶𝑀𝑎𝑣
(𝑡) = 1

2

[

𝑣𝐶𝑀1
(𝑡) + 𝑣𝐶𝑀2

(𝑡)
]

= 1
2𝑚

[ 𝑚
∑

𝑖=1
𝑣𝑖0(𝑡) +

𝑚
∑

𝑗=1
𝑣𝑗0(𝑡)

]

, (7)

nd

𝐶𝑀𝑑𝑖𝑓𝑓
(𝑡) = 𝑣𝐶𝑀1

(𝑡) − 𝑣𝐶𝑀2
(𝑡) = 1

𝑚

[ 𝑚
∑

𝑖=1
𝑣𝑖0(𝑡) −

𝑚
∑

𝑗=1
𝑣𝑗0(𝑡)

]

, (8)

here 𝑚 is the number of load phases. It is important to highlight
hat the differential CMV generates circulating currents, whereas the



Renewable and Sustainable Energy Reviews 157 (2022) 111971E. Robles et al.
average CMV affects EMI [118,119]. As an example, Table 7 lists all
the CMV levels of an open-end three-phase system. Again, vector pairs
represent the vector combinations applied at both end inverters. There-
fore, the same average CMV levels as in a dual-three phase system are
obtained. Again, CMV can be mitigated by applying specific modulation
techniques [53,115,119–121].

As a summary, Table 8 shows the most relevant CMV and hardware-
related features of the four multiphase architectures dealt with in this
section, including the advantages and drawbacks of each approach.
For all these architectures, the figures-of-merit previously defined in
Section 2 can be generalized depending on the phase-number (leg-
number), as shown in Fig. 10. For example, Fig. 10(b) represents the
figures-of-merit of the three-phase four-leg converter with access to
the neutral point of the machine; Fig. 10(c) considers the five-phase
converter with star connection; and Fig. 10(d) includes the five-phase
six-leg converter, as well as the dual three-phase configuration and
the configuration with two converters connected to a three-phase load
with open windings. In conclusion, Fig. 10 shows how increasing the
number of phases of a converter affects the CMV. As the number of
phases (legs) is increased, 𝛥𝑆 decreases while 𝑁𝐿 and 𝑁𝑇 increase.
On the contrary, 𝛥𝑃 remains invariant as, without applying an specific
modulation technique, multiphase converters themselves do not reduce
the CMV, as it happens in three-phase converters [30]. In this regard,
the most important modulation techniques proposed to reduce CMV in
multiphase converters are reviewed below.

4. Advanced modulation techniques for common-mode voltage
reduction in star-connected multiphase systems

Among all the multiphase converter alternatives reviewed in the
previous section, and how the CMV affects all of them in different
way, it can be concluded that 𝑚-phase inverters feeding star-connected
loads provide the best trade-off between control complexity and CMV
reduction potential. In this line, the scientific literature shows how
five-phase configurations have been mainly investigated, in terms of
modulation, for CMV mitigation [68,86,122,123]. Therefore, this work
mainly analyses the modulation techniques for this converter topology.
On the other hand, since modulation techniques based on SV-PWM
provide a higher level of abstraction than carrier-based (CB) ones
with regard to CMV, it has been decided to set aside CB modulation
techniques that are proposed to reduce the CMV. Thus, once the
impact of traditional SV-PWM is presented for five-phase converters,
this section looks into the most relevant modulation families that can
be used in such systems. In this sense, following the same modulation
categories that were reviewed in [30] for three-phase converters, the
SV-based modulations for CMV mitigation in multiphase inverters can
be classified as:

• Discontinuous modulation (D-PWM) techniques. Their main goal
is to reduce the number of commutations per switching period
(𝑇𝑆𝑊 ), thus lowering power losses [125,126]. Although these
algorithms are not directly intended for CMV reduction, they
provide some kind of mitigation. Thus, they are worth being
considered in the CMV context.

• Reduced CMV PWM (RCMV-PWM) techniques. These modula-
tions are directly intended for CMV mitigation, providing signif-
icant CMV reduction. This broad family includes the following
sub-families: (a) Active zero-state PWM (AZS-PWM) [74,127], (b)
Remote-state PWM (RS-PWM) [128,129] and (c) Near-state PWM
(NS-PWM) [130,131].

• Other modulation techniques for CMV elimination. Furthermore,
other modulation techniques as the ‘Constant CMV’ PWM (CCMV-
PWM) have been proposed in three-phase converters. This latter
technique is able to completely eliminate the CMV variations in
three-phase converters when combined with a special converter
10

topology, which includes additional hardware elements [25,28].
Table 7
CMV of an open-end three-phase inverter according to the per-phase voltage level
obtained (see Fig. 9).

Open-end three-phase inverter

Vector Voltage vector Multilevel Average Differential
type combinationsa vector CMV [V]b CMV [V]c

Zero [𝐕𝟎, 𝐕𝟎
′] 𝟎 −𝑉𝐷𝐶∕2 0

Small
[𝐕𝟎, 𝐕𝟓

′] [𝐕𝟎, 𝐕𝟏
′] [𝐕𝟎, 𝐕𝟑

′] 𝐒𝟐 𝐒𝟒 𝐒𝟔 −𝑉𝐷𝐶∕3 −𝑉𝐷𝐶∕3
[𝐕𝟏, 𝐕𝟎

′] [𝐕𝟑, 𝐕𝟎
′] [𝐕𝟓, 𝐕𝟎

′] 𝐒𝟏 𝐒𝟑 𝐒𝟓 −𝑉𝐷𝐶∕3 𝑉𝐷𝐶∕3
[𝐕𝟎, 𝐕𝟒

′] [𝐕𝟎, 𝐕𝟔
′] [𝐕𝟎, 𝐕𝟐

′] 𝐒𝟏 𝐒𝟑 𝐒𝟓 −𝑉𝐷𝐶∕6 −2𝑉𝐷𝐶∕3
Zero [𝐕𝟏, 𝐕𝟏

′] [𝐕𝟑, 𝐕𝟑
′] [𝐕𝟓, 𝐕𝟓

′] 𝟎 𝟎 𝟎
−𝑉𝐷𝐶∕6 0

Medium [𝐕𝟏, 𝐕𝟓
′] [𝐕𝟑, 𝐕𝟓

′] [𝐕𝟑, 𝐕𝟏
′] 𝐌𝟏 𝐌𝟐 𝐌𝟑

[𝐕𝟓, 𝐕𝟏
′] [𝐕𝟓, 𝐕𝟑

′] [𝐕𝟏, 𝐕𝟑
′] 𝐌𝟒 𝐌𝟓 𝐌𝟔

Small [𝐕𝟐, 𝐕𝟎
′] [𝐕𝟒, 𝐕𝟎

′] [𝐕𝟔, 𝐕𝟎
′] 𝐒𝟐 𝐒𝟒 𝐒𝟔 −𝑉𝐷𝐶∕6 2𝑉𝐷𝐶∕3

Zero [𝐕𝟎, 𝐕𝟕
′] 𝟎 0 −𝑉𝐷𝐶

Small [𝐕𝟏, 𝐕𝟔
′] [𝐕𝟓, 𝐕𝟔

′] [𝐕𝟏, 𝐕𝟐
′] 𝐒𝟐 𝐒𝟒 𝐒𝟔

0 −𝑉𝐷𝐶∕3[𝐕𝟑, 𝐕𝟒
′] [𝐕𝟑, 𝐕𝟐

′] [𝐕𝟓, 𝐕𝟒
′] 𝐒𝟐 𝐒𝟒 𝐒𝟔

Large [𝐕𝟏, 𝐕𝟒
′] [𝐕𝟑, 𝐕𝟔

′] [𝐕𝟓, 𝐕𝟐
′] 𝐋𝟏 𝐋𝟑 𝐋𝟓

[𝐕𝟐, 𝐕𝟓
′] [𝐕𝟒, 𝐕𝟏

′] [𝐕𝟔, 𝐕𝟑
′] 𝐋𝟐 𝐋𝟒 𝐋𝟔

0 𝑉𝐷𝐶∕3
Small [𝐕𝟐, 𝐕𝟑

′] [𝐕𝟐, 𝐕𝟏
′] [𝐕𝟒, 𝐕𝟑

′] 𝐒𝟏 𝐒𝟑 𝐒𝟓
[𝐕𝟔, 𝐕𝟓

′] [𝐕𝟒, 𝐕𝟓
′] [𝐕𝟔, 𝐕𝟏

′] 𝐒𝟏 𝐒𝟑 𝐒𝟓
Zero [𝐕𝟕, 𝐕𝟎

′] 𝟎 0 𝑉𝐷𝐶

Small [𝐕𝟏, 𝐕𝟕
′] [𝐕𝟑, 𝐕𝟕

′] [𝐕𝟓, 𝐕𝟕
′] 𝐒𝟏 𝐒𝟑 𝐒𝟓 𝑉𝐷𝐶∕6 −2𝑉𝐷𝐶∕3

Zero [𝐕𝟐, 𝐕𝟐
′] [𝐕𝟒, 𝐕𝟒

′] [𝐕𝟔, 𝐕𝟔
′] 𝟎 𝟎 𝟎

𝑉𝐷𝐶∕6 0
Medium [𝐕𝟐, 𝐕𝟒

′] [𝐕𝟐, 𝐕𝟔
′] [𝐕𝟒, 𝐕𝟔

′] 𝐌𝟏 𝐌𝟐 𝐌𝟑
[𝐕𝟒, 𝐕𝟐

′] [𝐕𝟔, 𝐕𝟐
′] [𝐕𝟔, 𝐕𝟒

′] 𝐌𝟒 𝐌𝟓 𝐌𝟔

Small
[𝐕𝟕, 𝐕𝟓

′] [𝐕𝟕, 𝐕𝟏
′] [𝐕𝟕, 𝐕𝟑

′] 𝐒𝟐 𝐒𝟒 𝐒𝟔 𝑉𝐷𝐶∕6 2𝑉𝐷𝐶∕3
[𝐕𝟐, 𝐕𝟕

′] [𝐕𝟒, 𝐕𝟕
′] [𝐕𝟔, 𝐕𝟕

′] 𝐒𝟐 𝐒𝟒 𝐒𝟔 𝑉𝐷𝐶∕3 −𝑉𝐷𝐶∕3
[𝐕𝟕, 𝐕𝟒

′] [𝐕𝟕, 𝐕𝟔
′] [𝐕𝟕, 𝐕𝟐

′] 𝐒𝟏 𝐒𝟑 𝐒𝟓 𝑉𝐷𝐶∕3 𝑉𝐷𝐶∕3
Zero [𝐕𝟕, 𝐕𝟕

′] 𝟎 𝑉𝐷𝐶∕2 0

aSwitching states are shown in Table 2.
bDifferential CMV is calculated as (8).
cAverage CMV is calculated as (7).

Following this approach, Section 4.4 is reserved here to review
other techniques that serve a similar purpose in the multiphase
scenario and are not classified within the two previous groups. In
addition, other modulation methods are analysed to reduce CMV
in closed-loop, which are based on the model predictive control
(MPC) [132], such as finite set predictive control [122].

In the following analysis, emphasis is placed on the synthesis of the
reference vector (𝐕𝐫𝐞𝐟 ), the linear range (LR), and the produced CMV.13

As previously mentioned, in all cases, the space vector (SV) approach
has been chosen as it provides a higher abstraction level, which makes
it easier to relate the CMV figures-of-merit (Section 2) with the vector
sequence of each modulation technique.14

4.1. Traditional SV-PWM for five-phase inverters feeding a star-connected
load

By choosing a convenient Clarke transformation, the output currents
and voltages of an 𝑚-phase star-connected inverter can be represented

13 The synthesis of the reference vector refers to how the inverter output
voltages are synthesized, whereas synthesized and the linear range specifies
the percentage of utilization of the DC bus.

14 The previous paper by the authors [30] explains that the CMV waveform
produced by a given modulation algorithm does not depend on whether it
is implemented following a CB or SV-based approach, since the same CMV

waveform can be obtained with both approaches.
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Table 8
Main multiphase inverters and their relationship with the CMVa.

Multiphase feeding a
star-connected load

m-phase (m + 1)-leg
converters

Multiple three-phase
converters with shifted
three-phase windings

Converter connected to
a load with open
windings

Five-phase 𝑚-phase Four-leg
three-phase

Six-leg
five-phase

Dual
three-phase

Open-end
three-phase

Open-end
five-phase

Fig. 5(a) Fig. 5(b) Fig. 5(c) Fig. 5(d)

Hardwareb

∙ Switchesc 10 2 m 8 12 12 12 20
∙ Diodes 0 0 0 0 0 0 0
∙ DC bus capacitorse 1 1 1 1 1 or 2 1 or 2 1 or 2
∙ Extra capacitors 0 0 0 0 0 0 0
∙ Inductors 0 0 0 0 0 0 0
∙ Voltage sources 1 1 1 1 1 or 2 1 or 2 1 or 2

CMV-related
datad

∙ CMV waveform in
five-phase inverter and
generalized to 𝑚-phase
inverter

∙ CMV
figures-of-
merit

𝛥𝑃 1 1 1 1 1 1 1
𝛥𝑆 1/5 1/m 1/4 1/6 1/6 1/6 1/10
𝑁𝐿 6 𝑚 + 1 5 7 7 7 11
𝑁𝑇 10 2 m 8 12 12 12 20

Pros and cons

∙ Advantages

∙ Fault tolerance under
various open-circuit
faults
∙ Current harmonic
injection capabilities
∙ Degrees of freedom
vs. phase number
relationship

∙ Provides fault
tolerance even for
three-phase loads
∙ One more degree of
freedom
∙ Neutral point voltage
control

∙ Fault tolerance under
open and short circuit
faults
∙ Fault tolerance under
power supply faultsf

∙ Easy migration from
three-phase
technologies is possible

∙ Fault tolerance under
open and short circuit
faults
∙ Flexibility due to high
number of switching
states
∙ Ability to produce
multilevel output

∙ Disadvantages
∙ Sensitive to power
supply faults
∙ Complex modulation
scheme

∙ Sensitive to power
supply faults
∙ Access to machine
neutral point required
∙ Additional devices by
the (𝑚 + 1)-leg

∙ Difficulty of
expanding to converters
having more than
three-phaseg

∙ High switch count
∙ Complex modulation
scheme

References [60,86,87,124] [89,90,97,98,100] [78,105,106,108] [111,115,118–120]

able notes:
As this work focuses on power converters, any power converter with more than three legs has been considered as a multiphase system (three-phase four-leg (Fig. 5(b)) and the
pen-end three-phase (Fig. 5(d)) converters have been categorized as multiphase systems).
Although here some elements are 0 in other topologies, such as multilevel or other three-phase two-level topologies with more devices, this does not happen.
Switches (with freewheeling diodes).
The CMV can be extended to (𝑚 + 1) levels (bounded between ±𝑉𝐷𝐶∕2) in steps of 𝑉𝐷𝐶∕𝑚 value considering 𝑚 as the total number of legs, and not as the total number of phases
these phases referred to the load). In addition, it is assumed that all CMV values appear during 𝑇𝑆𝑊 , which does not always happen.
Minimum number of DC-bus capacitors, withstanding the same voltage.
Only when separated supplies are provided.
Dual five-phase or higher solutions have not been found in the relevant literature.
h
p
t
f
t
z
a

o
t

n (𝑚−1)∕2 two-dimensional orthogonal planes and in a single homopo-
ar component [86]. As the homopolar component can be neglected
hen the machine has a star-connected winding with an isolated
eutral point [133], an 𝑚 − 1 dimensional representation is obtained.
uch Clarke transformation has been previously defined in (4) for a
ive-phase system. The projection of the 32 allowed converter switching
tates leads to the following vector distribution in the resulting 𝛼𝛽
fundamental component) and 𝑥𝑦 (triplen harmonics) planes:

• 30 active vectors, which can be classified as large (𝐋𝟏 − 𝐋𝟏𝟎),
medium (𝐌𝟏 − 𝐌𝟏𝟎) and small (𝐒𝟏 − 𝐒𝟏𝟎), according to their
magnitude; see Fig. 6.

• Two zero vectors, 𝐙𝟎 and 𝐙𝟏; see also Fig. 6.

A simple extension of the three-phase SV modulation, named 2L-SV-
WM, consists on using the two large active vectors neighbouring the
eference vector and the two zero vectors to synthesize 𝐕𝐫𝐞𝐟 . Although
imple, this approach generates significant low order output voltage
11

i

armonics due to the resulting non-zero voltage vector in the 𝑥𝑦-
lane [134,135]. Such low-order harmonics can be eliminated by using
he additional degrees of freedom of the multiphase system. By using
our active vectors, and conveniently determining their application
imes, the voltage vector projection in the 𝑥𝑦-plane is, on average,
ero [136,137].15 The two SV-PWM variants that are mostly used
re [134,137]:

(i) The 4L-SV-PWM technique, which uses four large vectors neigh-
bouring the reference and the two zero vectors.

(ii) The 2L2M-SV-PWM technique, where two medium and two large
vectors are used in addition to both zero vectors. To eliminate
the third harmonic content, large vectors are applied during a

15 When the load windings follow a sinusoidal distribution, a sinusoidal
utput current is generated. If windings follow a concentrated distribution, the
hird harmonic can be useful to enhance the torque production. In such a case,
t is necessary that the sum of the vectors in the 𝑥𝑦-plane is not zero [135].
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Fig. 10. Figures-of-merit in multiphase architectures vs. phase-number (leg-number).
61.8 % of each active vector application-time, while medium
vectors are applied a 38.2 % [134]. As an illustrative example,
Fig. 11(a) shows the applied vectors for 2L2M-SV-PWM when
𝐕𝐫𝐞𝐟 lies in sector 1.

Regarding the LR, if only two large vectors are used (2L-SV-PWM
technique), the maximum synthesizable output voltage vector mag-
nitude is 0.6155 𝑉𝐷𝐶 , and the amplitude modulation index 𝑀𝑎 ∈
[0, 1.231] (Fig. 11(b)). Conversely, both 2L2M-SV-PWM and 4L-SV-PWM
techniques achieve a lower utilization of the DC bus voltage, with
the maximum synthesizable vector magnitude equalling 0.5257 𝑉𝐷𝐶 .
Consequently, in both cases 𝑀𝑎 ∈ [0, 1.051] (Fig. 11(b)) [126,137].

Finally and considering (5), Fig. 11(c) shows the CMV waveform
produced when 𝐕𝐫𝐞𝐟 lies in sector 1 and the 2L2M-SV-PWM pattern is
applied (the corresponding switching states are shown in Fig. 11(d),
and CMV levels are summarized in Table 4). This represents the worst
scenario for a five-phase system, as the CMV waveform contains all
possible CMV levels. This results in 𝛥𝑃 = 1, 𝛥𝑆 = 1∕5, 𝑁𝐿 = 6 and
𝑁𝑇 = 10.

In the following, some of the most prominent modulation tech-
niques, which reduce these CMV related figures-of-merit are reviewed.
12
4.2. Discontinuous PWM techniques

Regarding multiphase systems, the discontinuous DPWM-MAX,
DPWM-MIN, DPWM-V1, and DPWM-V2 three-phase variants have been
adapted for a five-phase inverter in [68], and their performance is
compared with the previously explained 2L-SV-PWM, 2L2M-SV-PWM
and 4L-SV-PWM techniques.

Fig. 12(a) illustrates the vector representation and CMV waveform
obtained by using one of the techniques implemented in [68], namely
4L-D-PWM, which synthesizes the reference output voltage vector 𝐕𝐫𝐞𝐟
by using four large active vectors. In this particular case, the LR remains
the same as for 4L-SV-PWM, since 𝐕𝐫𝐞𝐟 is synthesized with the same
vectors. Thus, the maximum magnitude of 𝐕𝐫𝐞𝐟 is of 0.5257 𝑉𝐷𝐶 and
𝑀𝑎 ∈ [0, 1.051] (Fig. 11(b)). Unlike 4L-SV-PWM, CMV figures-of-merit
are reduced to 𝛥𝑃 = 3∕5, 𝑁𝐿 = 3 and 𝑁𝑇 = 8 (see Fig. 12(b)), however,
there are different 𝛥𝑆 values, 1/5 and 2/5.

In general, such discontinuous modulation techniques reduce the
CMV by not applying both zero vectors during a modulation period 𝑇𝑠𝑤
and by not switching one of the inverter’s legs. This eliminates one of
the CMV levels, which is beneficial. However, because the zero vectors
cause the highest CMV levels (±𝑉𝐷𝐶∕2), avoiding them is critical for an
effective reduction of the CMV. Thus, the most relevant RCMV-PWM
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lgorithms for five-phase inverters, which completely avoid using zero
ectors, are described and compared below.

.3. Reduced-CMV PWM (RCMV-PWM) techniques

A) active zero-state PWM (AZS-PWM). The well-known three-phase
ZS-PWM technique can be extended for star-connected 𝑚-phase sys-

ems, in general, and for five-phase systems, in particular. As well as the
V-PWM technique, AZS-PWM can be implemented in different ways,
epending on the particular selection of the available active vectors:

• The 2L2M-AZS-PWM variant makes use of two medium and two
large vectors to synthesize 𝐕𝐫𝐞𝐟 , in addition to two active vectors,
with the same modulus and opposite phase, to avoid the applica-
tion of zero vectors (Fig. 13(a)) [86]. As a result, the maximum
achievable output voltage is 0.5257 𝑉𝐷𝐶 , where 𝑀𝑎 ∈ [0, 1.051]
(same as in 2L2M-SV-PWM, Fig. 11(b)). Regarding the CMV,
2L2M-AZS-PWM obtains better figures-of-merit when compared
to the 2L2M-SV-PWM technique, i.e., 𝛥𝑃 = 3∕5, 𝛥𝑆 = 1∕5, 𝑁𝐿 = 4
and 𝑁𝑇 = 6 are obtained (Fig. 13(b)), since zero vectors are
avoided.

• The 4L-AZS-PWM variant has also been developed in [86]. This
variant only makes use of large vectors to synthesize
𝐕𝐫𝐞𝐟 (Fig. 14(a)). Thus, the LR of this technique is the same as the
previous one (see Fig. 11(b)). It could also be possible to apply
small vectors to fill the application time of zero vectors, as they
produce the same CMV levels. However, the utilization of large
vectors is recommended, since they produce lower harmonics in
13

the 𝑥𝑦-plane [86]. Likewise, since medium and zero vectors are
avoided, the only two CMV levels to be synthesized are ±𝑉𝐷𝐶∕10
(Fig. 14(b)), this resulting in 𝛥𝑃 = 𝛥𝑆 = 1∕5, 𝑁𝐿 = 2 and 𝑁𝑇 = 10.

B) remote-state PWM (RS-PWM). Similar to three-phase power invert-
rs, all odd or even vectors produce the same CMV value, regardless
heir type (small, medium or large). Thus, the RS-PWM concept used
or three-phase system can be adapted to the multiphase scenario. For
xample, [122] proposes to use only the five medium odd or even
ectors to generate 𝐕𝐫𝐞𝐟 (Fig. 15(a)). This technique, here named 5M-
S-PWM, completely eliminates CMV transitions (Fig. 15(c)). CMV
quals −3𝑉𝐷𝐶∕10 when using odd vectors, and +3𝑉𝐷𝐶∕10 for even vectors.

Its associated CMV figures-of-merit are 𝛥𝑃 = 𝛥𝑆 = 𝑁𝑇 = 0 and 𝑁𝐿 = 1.
However, this solution has an important drawback, as the LR is greatly
reduced (𝑀𝑎 ∈ [0, 0.646]), thus resulting in a maximum output voltage
of 0.323 𝑉𝐷𝐶 ; see Fig. 15(b). This LR could be insufficient for a great
number of drive applications that must operate both close to the base
speed and in field weakening.

In order to extend the LR of the previous technique, an obvious
solution is to use only odd or even large active vectors [122], leading to
the 5L-RS-PWM variant (Fig. 16(a)). By doing so, the LR is increased
up to 0.523 𝑉𝐷𝐶 and (𝑀𝑎 ∈ [0, 1.046]; Fig. 16(b)). Again, CMV varia-
tions are completely eliminated and obtaining a CMV value of ±𝑉𝐷𝐶∕10
(Fig. 16(c)). Thus, the CMV figures-of-merit of this modulation variant
equal the ones of 5M-RS-PWM technique. However, the absolute value
of the CMV is lower when large vectors are used.

Although both variants completely suppress CMV variations, they
have various disadvantages when compared to the AZS-PWM tech-
niques previously reviewed. Apart from the reduced LR, which is an

important limiting factor depending on the application, switching losses
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Fig. 12. Vector representation of the 4L-D-PWM technique along with the switching
tates and associated CMV levels.

re increased, as a higher number of commutations is required for each
odulation period 𝑇𝑠𝑤. Additionally, harmonic distortion of current

(TH𝐷𝑖) is also increased, due to the reduction of the available vectors.

(C) near-state PWM (NS-PWM). The well-known three-phase NS-PWM
technique can be also adapted to the multiphase scenario [123]. As in
the three-phase version, sectors must be shifted to obtain the new sector
distribution, particularly 18◦ for a five-phase system (Fig. 17(a)). This
technique, named here as 5L-NS-PWM, requires the utilization of five
active vectors each 𝑇𝑠𝑤 for the synthesis of 𝐕𝐫𝐞𝐟 . Specifically, the nearest
active vector to the reference one and four adjacent vectors (two in the
left side and two in the right side of 𝐕𝐫𝐞𝐟 ) are used (Fig. 17(a)).

By using five large vectors, the linear range is considerably reduced.
Not only the maximum output voltage (𝑀𝑎 ∈ [0.8820, 1.0515] and
𝑉𝑟𝑒𝑓 ,𝑚𝑎𝑥 = 0.5257 𝑉𝐷𝐶 ) but also the minimum voltage vector is limited
(𝑉𝑟𝑒𝑓 ,𝑚𝑖𝑛 = 0.441 𝑉𝐷𝐶 ); see Fig. 17(b). This is a significant drawback
for applications where the drive must be torque or speed regulated
from standstill, as in traction applications. Thus, this technique should
be hybridized with other modulation techniques until 𝐕𝐫𝐞𝐟 lies within
the aforementioned LR. Regarding CMV, the CMV waveform is quite
similar to the one obtained with 4L-AZS-PWM, since the produced CMV
voltage levels are the same (±𝑉𝐷𝐶∕10; 𝛥𝑃 = 𝛥𝑆 = 1 and 𝑁𝐿 = 2).
However, this technique has a superior performance with respect to
14

the 𝑁𝑇 , as this figure-of-merit reduces from 10 to 8 (Fig. 17(c)).
Fig. 13. Vector representation of the 2L2M-AZS-PWM technique along with the
switching states and associated CMV levels.

4.4. Other modulation and control techniques for CMV reduction

In addition to all these modulation techniques, other SV-based
approaches have been proposed to reduce the CMV in five-phase sys-
tems.16 For example, the hybrid technique presented in [60] com-
bines the AZS-PWM and RS-PWM solutions. In particular, four medium
and two large vectors (all even or odd) are used to synthesize 𝐕𝐫𝐞𝐟
(Fig. 18(a)), maintaining the LR of 5L-RS-PWM as 0.523 𝑉𝐷𝐶 and 𝑀𝑎 ∈
[0, 1.046] (Fig. 18(b)). This allows improving CMV figures-of-merit to
𝛥𝑃 = 2∕5, 𝛥𝑆 = 2∕5, 𝑁𝐿 = 2 and 𝑁𝑇 = 2 (Fig. 18(c)), but increasing
the number of switchings of the converter devices, and consequently,
the switching losses.

Apart from all of that, [140] proposes to use only odd or even vec-
tors but including a zero vector to synthesize 𝐕𝐫𝐞𝐟 . However, this tech-
nique has worse characteristics than the previous one and, therefore,
it is not represented in this work. Nevertheless, this latter approach
has already been considered for modulation techniques of three-phase
converters, such as the CCMV-PWM [25,28].

16 Similarly, CB-PWM techniques could be also considered. There is no
clear agreement as to which modulation approach is better. Based on the
most of two-level modulation studies, it seems a general belief that the CB
method is more efficient and flexible, whereas SV yields better harmonics
performance and can handle more conveniently overall switching patterns and
constraints [138]. However, the complexity increases as the number of phases
do. Therefore, CB seems to be a better alternative for CMV elimination in
topologies with high number of phases. For this reason, some works [87,139]
propose CB modulation techniques to reduce the CMV.
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Fig. 14. Vector representation of the 4L-AZS-PWM technique along with the switching
states and associated CMV levels.

Finally, it should be noted that all the previous techniques would
be included within the PWM-based techniques and they can be im-
plemented in an open- and closed-loop. Nevertheless, there are other
techniques such as those based on the model predictive control (MPC;
Fig. 19(b)), which are characterized by eliminating conventional modu-
lation and working in a closed-loop in order to control several variables
of the system. This control is valid throughout the linear range and even
in the overmodulation range [132]. Particularly, the control technique
known as model predictive current control (MPCC) is being extensively
used in multiphase VSIs and drive systems [122,141–144]. This last
technique is aimed at predicting the output current for all possible
vectors and selecting the optimal voltage vector using a predefined cost
function (Fig. 19(a)). To do this, two approaches can be followed, ei-
ther using cost function optimization-based methods, or voltage vector
preselection-based methods (Fig. 19(b)).

In the first case, since different control variables can be included in
the cost function, different MPCC methods in converters can include the
CMV variable and penalize the vectors that generate higher CMV [146].
In this sense, in [147] a comprehensive analysis of the CMV reduction
using MPC in a five-phase drive has been realized. The proposal uses
two different weighting factors to penalize long and medium vectors.
Different adjustments of the weights in the cost function are analysed to
find a good balance between low current distortion and CMV reduction.
This proposal achieves a reduction of the peaks of the CMV up to 80 %
at the cost of increasing the TH𝐷𝑖 of the stator and depending on
the vector penalty. However, although this last method can reduce the
CMV, its main drawback is the difficulty of properly tuning the weights
in the cost function [148].

The second type of method to reduce the CMV would be the one that
does not include the CMV term in its cost function and, thus, eliminates
the empirical parameters tuning. In this way, the modulation technique
15
Fig. 15. Vector representation of the 5M-RS-PWM technique along with the switching
states and associated common-mode voltage levels.

is only based on the preselection of voltage vectors. There are different
methods based on this approach in the context of multiphase inverters,
which are also called finite set predictive control methods [122,149,
150]. For example, in [149], an improved predictive model of current
control (IMPCC) is implemented in conjunction with the use of virtual
voltage vectors. The technique, called IMPCC1 or IMPCC2 depending
on whether it uses an asymmetrical or a symmetrical switching pattern
respectively, also manages to reduce the CMV (𝛥𝑃 = 1∕5, 𝛥𝑆 = 1∕5,
𝑁𝐿 = 2 and 𝑁𝑇 = 5 for IMPCC1, and 𝛥𝑃 = 1∕5, 𝛥𝑆 = 1∕5, 𝑁𝐿 = 2
and 𝑁𝑇 = 10 for IMPCC2). Likewise, in [150] two new definitions are
proposed to construct virtual voltage vectors. The first, called MPCC-
𝑉 3-RCMV1, reduces the CMV to 𝛥𝑃 = 0, 𝛥𝑆 = 0, 𝑁𝐿 = 1 and 𝑁𝑇 = 0.
The second, called MPCC-𝑉 3-RCMV2, reduces the CMV to 𝛥𝑃 = 1∕5,
𝛥𝑆 = 1∕5, 𝑁𝐿 = 2 and 𝑁𝑇 = 4.

It can be concluded that any preselection of voltage vectors can be
used in any MPCC technique or finite set predictive control technique.
In fact, in [122] it is proposed to use 5M-RS-PWM as the sequence
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Fig. 16. Vector representation of the 5L-RS-PWM technique along with the switching
states and associated common-mode voltage levels.

of vectors to be applied in the finite set predictive control technique.
Therefore, any modulation technique of those reviewed in the previous
sections could be proposed together with an MPC. In this sense, as a
summary, Table 9 presents the CMV figures-of-merit, CMV waveforms,
the linear range, and some references of all modulation techniques for
CMV mitigation of star-connected five-phase systems reviewed in this
work.17

17 Additionally, it is worth noting that in addition to these PWM algorithms,
eneralized reduced CMV modulation techniques for a different number of
oltage levels and phases have been proposed in [151,152]. However, modu-
ations for converters with more than two levels lie out of the scope of this
ork.
16
Fig. 17. Vector representation of the 5L-NS-PWM technique along with the switching
states and associated common-mode voltage levels.

5. Conclusions

From this comprehensive review, it can be confirmed that CMV in
electric drives has become a popular topic due to the problems associ-
ated with this voltage. The existence of several stray common-mode
impedance paths between the inverter and the motor frame allows
leakage currents to flow through the motor at every CMV variation.
These currents lead to motor bearing failures, in addition to other
CMV-derived problems such as EMI or deterioration of the motor stator
insulation. It is expected that such problems will be even more serious
in the near future with the widespread introduction of wide-bandgap
devices.
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Table 9
CMV waveforms and figures-of-merit of the reviewed modulation techniques for CMV mitigation used in five-phase star-connected converters (conventional SV-PWM is incorporated

for reference).
Modulation technique Figures-of-merit Increase/decrease (%)

over conventional SV-PWM
CMV waveform Linear range Refs.

𝛥P 𝛥S NL NT 𝛥P 𝛥S NL NT

Conventional two-level three-phase voltage source inverter

Conventional SV-PWM 1 1/3 4 6 – – – – 0 ⩽ 𝑀𝑎 ⩽ 1.15 [28,74]

Two-level five-phase inverters with star-connected load

2L2M-SV-PWM 1 1/5 6 10 0 −40 50 66.7 0 ⩽ 𝑀𝑎 ⩽ 1.05 [134,136]

4L-D-PWM 3/5 2/5 3 8 −40 20 −25 33.3 0 ⩽ 𝑀𝑎 ⩽ 1.05 [68]

2L2M-AZS-PWM 3/5 1/5 4 6 −40 −40 0 0 0 ⩽ 𝑀𝑎 ⩽ 1.05 [86]

4L-AZS-PWM 1/5 1/5 2 10 −80 −40 −50 66.7 0 ⩽ 𝑀𝑎 ⩽ 1.05 [86]

5L-RS-PWM 0 0 1 0 −100 −100 −75 −100 0 ⩽ 𝑀𝑎 ⩽ 1.04 [122]

5L-NS-PWM 1/5 1/5 2 8 −80 −40 −50 33.3 0.88 ⩽ 𝑀𝑎 ⩽ 1.05 [123]

2L4M-Hyb.-PWM 2/5 2/5 2 2 −60 20 −50 −66.7 0 ⩽ 𝑀𝑎 ⩽ 1.05 [60]

MPC with cost function optimization * It depends on how each vector is penalized and what
CMV value generates each vector.

– – [147]

MPC with voltage vector preselection * It depends on the voltage vector preselection used.
Any of the above techniques could be applied, in
addition to others.

– – [122,149,150]
The key role of multiphase inverters in modern electric drives and
heir relation to CMV has been discussed in this paper. From this
eview, the following relevant conclusions have been obtained:

1. Multiphase technologies provide a number of well-known ad-
vantages over conventional three-phase systems such as power
splitting, improved efficiency, lower torque and DC-link current
ripple, additional degrees of freedom and fault tolerance. Such
degrees of freedom can be effectively used for CMV mitigation.

2. The most common architectures are the multiphase inverters
feeding a star-connected load, the (𝑚 + 1)-leg converters, the
multiple three-phase configurations and the open-end multi-
phase converters. In particular, star-connected five-phase and
dual three-phase systems are the most popular ones in both
industry and academia thanks to their trade-off between features
and complexity.

3. By analysing various possible CMV waveform patterns, it can
be concluded that, in many cases, it is not possible to assess
the superiority of one pattern over the others. If by applying a
given pattern reliability improvement is targeted, EMI can be
17

penalized, and vice versa. Field engineers are responsible for
selecting the most appropriate solution depending on the specific
requirements of the application. For this purpose, a number of
figures-of-merit have been defined to provide a clear picture of
the CMV issue for each case.

4. Regarding phase- or leg-count, without applying a specific mod-
ulation technique, the analysis carried out shows that 𝛥𝑆 figure-
of-merit decreases as the phase-number increases, while 𝑁𝐿 and
𝑁𝑇 increase and 𝛥𝑃 remains constant. Thus, the multiphase
hardware solution must be complemented with an appropri-
ate modulation technique to take full advantage of its CMV
mitigation potential.

5. Regarding modulation algorithms, when these techniques are
used to reduce the CMV, other parameters such as efficiency
and/or harmonic distortion are usually affected, regardless of
whether the technique has been implemented following the
CB or SV approach. Therefore, the most suitable modulation
technique will depend on the requirements of each application.
Based on this review, it has been concluded that the most
promising multiphase modulation techniques when it comes to
reducing CMV are those of the RCMV-PWM family. When the
main objective is to reduce the CMV, the 5L-RS-PWM technique
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Fig. 18. Vector representation of the 2L4M-Hybrid-PWM technique along with the
switching states and associated common-mode voltage levels.

can be highlighted for star-connected five-phase systems, as
it completely eliminates CMV variations while maintaining a
wide linear range. Likewise, the 5L-NS-PWM technique allows to
greatly reduces the CMV when compared to 2L2M-SV-PWM. In
addition, since this PWM algorithm reduces the number of com-
mutations by 20 %, it also reduces the inverter losses. However,
when reducing CMV, other aspects such as low order output
voltage harmonics or the maximum utilization of the DC bus
voltage must always be considered. In this sense, the linear
range of 5L-NS-PWM could be insufficient for a great num-
ber of electric drive applications such as for hybrid or electric
vehicles.

Finally, it can be stated that the next research steps on CMV
mitigation in multiphase systems should be focused on high power
applications, where inverters with a high phase-number (more than
nine) will be usually considered. Existing RCMV-PWM techniques can
be extended to those converters or, taking advantage of the additional
18
Fig. 19. Inclusion of predictive models and cost functions in modulation techniques
for CMV reduction [122,145].

degrees of freedom, new RCMV-PWM algorithms can be developed.
In addition, since some RCMV-PWM modulation techniques have a
reduced linear range, their hybridization with other modulation tech-
niques must be considered to achieve a CMV reduction in a wider linear
range. This aspect is specially relevant in electromobility applications,
such as in electric vehicles. Likewise, since fault-tolerance is one of the
most attractive features in multiphase drive systems, multi-objective
PWM schemes can be proposed to reduce the CMV under different fault
scenarios. Thus, it is confirmed that there is still a wide variety of
research topics on CMV mitigation of multiphase systems.
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