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Abstract: A common-mode voltage (CMV) suppression strategy, namely double zero-sequence
injection common-mode voltage (DZICMV), is proposed in this paper for an asymmetrical six-phase
induction motor fed by two-level dual three-phase voltage source inverters (VSIs). In this strategy, the
sinusoidal waveforms injected by double zero-sequence signals are employed as modulation signals,
and two opposite triangular waveforms are used as carriers. The fundamental period is divided
into 24 sectors. In each sector, the carrier used by the medium amplitude phase is distinct from the
carriers used by the other two phases in each set of three-phase windings. Using this method, the
zero vectors (000) and (111) in each set of three-phase windings can be eliminated, and the peak
values of sub-CMV and total CMV can be reduced from ±Udc/2 to ±Udc/6. The experiment results
show that the root mean square (RMS) value of common-mode leakage current in DZICMV can be
reduced by 51.83% compared with the double zero-sequence injection PWM (DZIPWM) strategy. It is
also found in the other four existing benchmark CMV suppression strategies that the peak values
of sub-CMV therein are nearly all ±Udc/2, and only in the low linear modulation region could one
of these strategies suppress sub-CMV peak values to ±Udc/6. However, the proposed DZICMV
can suppress the sub-CMV peak values to ±Udc/6 in the whole linear modulation range. Moreover,
the maximum linear modulation index of the DZICMV is 1.15, which is larger than that of the four
benchmark strategies, whose maximum modulation index is 1.

Keywords: common-mode voltage (CMV); two-level six-phase VSIs; six-phase induction motors;
total harmonic distortion (THD); common-mode leakage current

1. Introduction

Electric motor-driven systems (EMDSs) are widely used in industrial applications, such
as liquid pumping, air conditioning, and heating [1]. Owing to transport electrification [2,3],
EMDS is gaining more and more attention in the field of transport. The trend of electric vehicles
(EVs) replacing fuel-powered vehicles is becoming irresistible. In 2015, the sales of passenger
EVs were 450,000, while that of 2019 reached 2.1 million. The EV sales are expected to increase
to 26 million by 2030 and possibly 54 million by 2040 [4]. The common-mode voltage (CMV)
is unavoidable when the voltage source inverters (VSIs) are employed in EMDSs for EV or
other applications [5]. The generated CMV leads to many problems, such as electromagnetic
interference (EMI), deterioration of the motor winding insulation, shaft voltage, and bearing
current [6,7]. With the introduction of wide-band gap (WBG) semiconductors, the switching
frequencies of power devices will be higher, which leads to a worse situation [2]. In this context,
how to suppress CMV has become one of the research hotspots.

In recent decades, various techniques for electric motors have been greatly developed,
such as fuzzy control systems [8–10], motor optimization design [11,12], and modulation
strategies [13]. In terms of mitigating the damages caused by CMV, there are hardware
solutions and software solutions.
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The hardware solutions mainly include redesigning the passive and active filters [14,15],
modifying the topologies of the inverter [16,17], and installing a shaft grounding ring. In [14],
a passive EMI filter is proposed to prevent high-frequency leakage current from flowing into
the grounded heat sink and the grounded motor frame. An active EMI filter is proposed
in [15], and it can be used for different applications regardless of its working voltage.
Overall, inductors and capacitors are used in passive filters to suppress the high-frequency
components, while active filters usually employ equipment to offset the common-mode
current generated by CMV [18]. Bearing current can erode ball bearings and race walls,
and thus, cause premature bearing failure [19]. To divert these currents before they damage
the bearing, a motor shaft grounding ring is installed on the shaft between the motor
and the gearbox [20]. The conductive microfibers of the ring are fixed up along its inner
circumference, and thus, they can encircle the motor shaft. Since these microfibers provide
a large contact surface, the shaft voltage can be released efficiently, and the bear current
can be transferred well [19]. This solution is widely adopted by many companies, such
as EVAG-Essener and HAVAG-Hallesche in Europe, and it is used in traction motors of
some electric vehicles and light rail systems. For example, all-electric trams were installed
with shaft grounding rings in 2007 to solve this bearing damage problem in Halle (Saale),
Germany [20]. However, one of the main disadvantages of hardware solutions is that they
increase the cost and complexity of the system.

As for the software solutions, lots of modulation strategies have been developed to
suppress the CMV for different inverter topologies. The commonly used inverter topologies
include three phases, five phases, and six phases. The following contents will briefly
introduce the modulation strategies proposed by other scholars for these three topologies.

For three-phase VSIs, finite-control-set model predictive methods are studied in [21,22].
Although those methods can effectively suppress the CMV, they usually cause harmonic
spread spectra of the output waveforms, which perplex the design of the output filter [23].
A carrier phase shifted method is proposed in [24], in which the three-phase carriers have a
phase difference of one third carrier period to each other. However, it is only effective in the
low modulation range. For SiC inverters used in electric vehicles, Ref. [25] showed that the
high switching frequency of SiC inverters increases the high frequency of CMV noise, while
having little effect on the magnitude of CMV. Since the More-Electric-Aircrafts (MEAs) have
a high-reliability requirement of electric starter/generator (ESG) system, Ref. [26] proposed
a modulation strategy based on the concept of a virtual-space vector. This strategy can
mitigate the CMV and simultaneously balance the neutral-point voltage. Therefore, the
reliability of the drive system is improved.

For five-phase VSIs, based on the space vector pulse width modulation (SVPWM)
technique, six large voltage vectors are used in [27], and the peak value of CMV can be
suppressed to ±1/5 Udc. Based on SVPWM and direct torque control (DTC), two methods,
namely DTC1 and DTC2, are proposed by [28]. The CMV of DTC2 can be reduced by 80%
in comparison with DTC1. Based on virtual voltage vectors (V3s), two model predictive
current control (MPCC) schemes are proposed in [29]. As the V3s are composed of basic
voltage vectors which generate small CMV, the CMV suppression can be realized. For
the five-phase motor fed by a three-level neutral-point-clamped inverter, a successive cost
function predictive torque control (SCF-PTC) method is proposed in [30], and a finite range
of 31 voltage vectors is selected to eliminate the CMV. Reference [31] presents a method to
eliminate the CMV for multilevel PWM inverters, but it is only suitable for an odd number
of levels. Reference [32] proposes a method using three zero common-mode vectors to
eliminate the CMV for multilevel inverters and this method is valid for both odd and even
multilevel inverters. Ref. [33] proposed several different sigma-delta modulation strategies
to obtain a constant CMV for a five-phase VSI. The vectors that generate a constant CMV
with values of 0.1 Vdc or−0.1 Vdc are used by these strategies. Apart from the constant CMV
level, they can also achieve a reduction in conducted EMI and a high-efficiency inverter
operation. The drawback of these strategies is the maximum value of modulation index m
is only 0.8, which is lower than the common SVPWM (m = 1.0515). Other six sigma-delta
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modulation techniques are proposed for the five-phase VSI in [34]. These techniques can
reduce the CMV peak-to-peak amplitude by 80%, and they can also decrease the number
of CMV transitions, thus reducing the common-mode currents (CMCs). However, these
techniques need to be implemented at high switching frequencies to obtain a low-voltage
THD. In addition, Ref. [35] conducted a review of common multiphase motors topologies
and their modulation techniques. This study shows that multiphase motors have the great
potential to reduce CMV and multiphase systems are promising candidates to substitute
conventional three-phase motor drives.

There are also some studies about the CMV suppression of two-level six-phase VSIs. A
CMV suppression strategy named phase-shifted SPWM (PS-SPWM-1) was proposed by [36].
Six triangular carriers are used in this strategy, where the six carriers are shifted from each
other by 1/6 carrier period Tc. Strategies PS-SPWM-2 and saw-tooth carrier-based sinusoidal
PWM (SC-SPWM) are further proposed in [37]. In PS-SPWM-2, two opposite triangular
waveforms are used as carriers. One triangular waveform is used as a carrier for one set of
three-phase windings, and the other triangular waveform is used as the other set of three-
phase windings. In the SC-SPWM, two saw-tooth waveforms are employed as carriers. Similar
to PS-SPWM-2, one saw-tooth waveform is shared by one set of three-phase windings, and
the other saw-tooth waveform is shared by the other set of windings. For the PS-SPWM-1
(in the high modulation region), PS-SPWM-2, and SC-SPWM, since the zero vectors (000)
and (111) have existed in each set of three-phase windings, the sub-CMV peak values of
these three strategies are not reduced, and remain at ±Udc/2. However, their total CMV
peak values can be reduced because the six-phase switching states (000000) and (111111) are
eliminated. For the zero CMV (ZCMV) method proposed by [38], the duty cycle of each phase
is obtained by a sinusoidal modulation waveform, and an SVPWM method is used for the
implementation of a digital signal processor (DSP). The turn-on/off moments of each leg
in one set of three-phase windings are shifted and aligned to another leg in the other set of
windings. Therefore, the peak value of total CMV can be suppressed to 0 in theory. However,
the peak values of sub-CMV in ZCMV are still ±Udc/2, not suppressed. In addition, since
the modulation signals of PS-SPWM-1, PS-SPWM-2, and SC-SPWM are six-phase sinusoidal
waveforms, the maximum linear modulation index of these strategies is 1. For the ZCMV, the
duty cycle of each phase is deduced by sinusoidal waveform, which determines the maximum
linear modulation index, which is also 1. In contrast, by avoiding zero vectors (000) and
(111) in each set of three-phase windings, the strategy proposed in this paper can suppress
sub-CMV from ±Udc/2 to ±Udc/6 in the whole linear modulation range, which is smaller
than that of the above four strategies. Furthermore, the maximum linear modulation index of
the proposed strategy is 1.15, which is also better than the above strategies.

In this paper, a novel CMV suppression strategy, namely double zero-sequence in-
jection common-mode voltage (DZICMV), is proposed for an asymmetrical six-phase
induction motor fed by two-level dual three-phase voltage source inverters (VSIs). In this
strategy, the carriers adopt two opposite triangular waveforms, and the modulation signals
employ the sinusoidal waveforms injected by double zero-sequence signals. The funda-
mental period is divided into 24 sectors. In each sector, the carrier used by the medium
amplitude phase is different from the carriers used by the other two phases in each set
of three-phase windings. By this method, the zero vectors (000) and (111) in each set of
three-phase windings are eliminated, and the peak values of sub-CMV and total CMV are,
thus, reduced from ±Udc/2 to ±Udc/6. In the next section, the definitions of sub-CMV
and total CMV are presented, and the possible values of sub-CMV and total CMV are
deduced. In Section 3, the DZICMV is proposed. The rules of DZICMV are formulated in
detail, and the validation of this strategy is given in the whole linear modulation range
and the whole fundamental period. The simulation and experiment are carried out in
Sections 4 and 5, respectively. In these two sections, waveforms such as CMV, common
mode leakage current, and line voltage are shown. The main contributions of this work are
summarized as follows:
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(1) Compared with DZIPWM, the sub-CMV and total CMV peak values in the DZICMV
are reduced by 66.67%, and the common-mode leakage current RMS value is reduced
by 51.83% in the experiment. The torque and speed characteristics of these two
strategies are close to each other.

(2) Compared with other modulation strategies, the proposed DZICMV also has an
excellent CMV suppression effect. Specifically, the peak values of sub-CMV in PS-
SPWM-1 (in high linear range), PS-SPWM-2, SC-SPWM, and ZCMV are ±Udc/2,
while that in DZICMV are ±Udc/6, which is decreased by 66.67%.

(3) The maximum linear modulation index of DZICMV is 1.15, which is consistent with
DZIPWM. It is larger than that of PS-SPWM-1, PS-SPWM-2, SC-SPWM, and ZCMV.

(4) In the high linear modulation region, the CMV suppression effect of DZICMV is
much better than the PS-SPWM-1, although their line voltage THD values are close.
Specifically, compared with PS-SPWM-1 in 0.76 < m < 1, the peak values of sub-CMV
in DZICMV can be reduced by 66.67%, and that of total-CMV can be reduced by 50%.

(5) Compared with the PS-SPWM-1, PS-SPWM-2, SC-SPWM, ZCMV, and DZIPWM in
the whole linear modulation range, the sub-CMV RMS values in DZICMV are the
lowest.

(6) Based on the same value of carrier frequency, the switching frequency of DZICMV is
identical to that of PS-SPWM-1, PS-SPWM-2, SC-SPWM, and DZIPWM, but it is half
of ZCMV. Therefore, the switching loss of DZICMV is less than that of ZCMV.

(7) By eliminating the zero vectors to suppress CMV in the proposed DZICMV, this
general idea can be employed in other inverter topologies, e.g., the three-phase VSIs.

2. CMV Analysis for Six-Phase VSI
2.1. Basic Theory

The topology of an asymmetrical six-phase induction motor fed by two-level dual
three-phase voltage source inverters (VSIs) is presented in Figure 1.

Energies 2022, 15, x FOR PEER REVIEW 4 of 27 
 

 

dium amplitude phase is different from the carriers used by the other two phases in each 

set of three-phase windings. By this method, the zero vectors (000) and (111) in each set of 

three-phase windings are eliminated, and the peak values of sub-CMV and total CMV 

are, thus, reduced from ±Udc/2 to ±Udc/6. In the next section, the definitions of sub-CMV 

and total CMV are presented, and the possible values of sub-CMV and total CMV are 

deduced. In Section 3, the DZICMV is proposed. The rules of DZICMV are formulated in 

detail, and the validation of this strategy is given in the whole linear modulation range 

and the whole fundamental period. The simulation and experiment are carried out in 

Sections 4 and 5, respectively. In these two sections, waveforms such as CMV, common 

mode leakage current, and line voltage are shown. The main contributions of this work 

are summarized as follows: 

(1) Compared with DZIPWM, the sub-CMV and total CMV peak values in the DZICMV 

are reduced by 66.67%, and the common-mode leakage current RMS value is re-

duced by 51.83% in the experiment. The torque and speed characteristics of these 

two strategies are close to each other. 

(2) Compared with other modulation strategies, the proposed DZICMV also has an 

excellent CMV suppression effect. Specifically, the peak values of sub-CMV in 

PS-SPWM-1 (in high linear range), PS-SPWM-2, SC-SPWM, and ZCMV are ±Udc/2, 

while that in DZICMV are ±Udc/6, which is decreased by 66.67%. 

(3) The maximum linear modulation index of DZICMV is 1.15, which is consistent with 

DZIPWM. It is larger than that of PS-SPWM-1, PS-SPWM-2, SC-SPWM, and ZCMV. 

(4) In the high linear modulation region, the CMV suppression effect of DZICMV is 

much better than the PS-SPWM-1, although their line voltage THD values are close. 

Specifically, compared with PS-SPWM-1 in 0.76 < m < 1, the peak values of sub-CMV 

in DZICMV can be reduced by 66.67%, and that of total-CMV can be reduced by 

50%. 

(5) Compared with the PS-SPWM-1, PS-SPWM-2, SC-SPWM, ZCMV, and DZIPWM in 

the whole linear modulation range, the sub-CMV RMS values in DZICMV are the 

lowest. 

(6) Based on the same value of carrier frequency, the switching frequency of DZICMV is 

identical to that of PS-SPWM-1, PS-SPWM-2, SC-SPWM, and DZIPWM, but it is half 

of ZCMV. Therefore, the switching loss of DZICMV is less than that of ZCMV. 

(7) By eliminating the zero vectors to suppress CMV in the proposed DZICMV, this 

general idea can be employed in other inverter topologies, e.g., the three-phase VSIs. 

2. CMV Analysis for Six-Phase VSI 

2.1. Basic Theory 

The topology of an asymmetrical six-phase induction motor fed by two-level dual 

three-phase voltage source inverters (VSIs) is presented in Figure 1. 

 

Figure 1. The topology of a six-phase motor fed by a VSI. 

Va+

Va-

Vb+ Vv+ Vc+ Vw+

Vu- Vb- Vv- Vc- Vw-

N

N´

+

+

a u b v c w

30°

Udc

Asymmetric 

six-phase motor

Vu+

o
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For two-level six-phase VSI, there are 64 space vectors in total. These vectors are
defined by a decimal number that corresponds to a string of binary numbers, namely
(SwSvSuScSbSa). The Sj (j = a, b, . . . , w) denotes the switch state of up-branch in phase j,
i.e., “Sj = 0” means OFF state and “Sj = 1” means ON state. According to the vector space
decomposition (VSD) theory, the physical quantities, such as current, voltage, and flux,
in the natural coordinate system are mapped onto three mutually perpendicular planes,
namely d-q, x-y, and o1-o2. The d-q plane contains the fundamental component and the
harmonic components with 12K ± 1 (K = 1, 2, 3, . . . ) orders. Harmonic components with
6K ± 1 (K = 1, 3, 5, . . . ) orders are mapped on the x-y plane. On the o1-o2 plane, the
harmonic components with the order 6K ± 3 (K = 1, 3, 5, . . . ) are mapped [39]. When
the two neutral points are isolated from each other, all the vectors on the o1-o2 plane are
at the origin [40]. On the d-q and x-y planes, there are 60 effective space vectors and four
zero-vectors (namely 0, 7, 56, and 63), as shown in Figure 2.
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According to the power-constant transformation of VSD, the amplitudes of these
vectors can be divided into four groups [41]: large vector VL, medium-large vector VML,
medium vector VM, and small vector VS, as shown in Table 1. In addition, the definition
of modulation index in this paper is the ratio of the fundamental amplitude of the phase
voltage |V1| and half of the dc-link voltage Udc.

Table 1. Amplitude of space vector for six-phase VSI.

Voltage Vector Amplitude

VL 1.113 Udc
VML 0.816 Udc
VM 0.576 Udc
VS 0.297 Udc

2.2. The Values of CMV

For the two-level six-phase VSI in which the two neutral points are isolated, the CMV
can be classified as sub-CMV and total CMV. Similar to the three-phase VSI, the sub-CMV,
namely Vcm1 or Vcm2 for each set of three-phase windings, is defined as the average value
of the summed three-pole voltages [38], as shown in (1) and (2):

Vcm1 = 1
3 (Vao + Vbo + Vco)

= Udc
3 (Sa + Sb + Sc)− Udc

2

(1)

Vcm2 = 1
3 (Vuo + Vvo + Vwo)

= Udc
3 (Su + Sv + Sw)− Udc

2

(2)

where Vao, Vbo, Vco, Vuo, Vvo, and Vwo are the pole voltages of six branches. As described
above, Sj (j = a, b, . . . , w) denotes the switching state of the up-branch in phase j. Since the
stray parameters of the motor are independent of how the winding ends are connected,
the isolation or connection of the two neutral points does not affect the common-mode
equivalent circuit model. Therefore, the total CMV Vcm can be defined as [38]:

Vcm = 1
2 (Vcm1 + Vcm2)

= Udc
6 (Sa + Sb + Sc + Su + Sv + Sw)− Udc

2

(3)

For the VSIs, “Sj = 0” and “Sj = 1” represent the OFF state and ON state, respectively.
According to (1) and (2), all possible values of sub-CMV can be obtained, and are listed in
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Table 2. As can be seen from (3), the total CMV is determined by the combination of two
sub-CMVs. Therefore, the possible values of total CMV can be obtained, as shown in Table 3.

Table 2. CMV values generated by three-phase windings.

Switching State
(ScSbSa) or (SwSvSu)

Sub-CMV
(Vcm1 or Vcm2)

(000) −Udc/2
(111) Udc/2

(100) (010) (001) −Udc/6
(110) (101) (011) Udc/6

Table 3. The combinations of sub-CMV and total CMV for six-phase windings.

Group Sub-CMV (Vcm1,Vcm2) Total CMV (Vcm)

1 (Udc/2, Udc/2) Udc/2
2 (Udc/2, −Udc/2) (−Udc/2, Udc/2) 0
3 (−Udc/2, −Udc/2) −Udc/2
4 (Udc/6, Udc/6) Udc/6
5 (Udc/6, −Udc/6) (−Udc/6, Udc/6) 0
6 (−Udc/6, −Udc/6) −Udc/6
7 (Udc/2, Udc/6) (Udc/6, Udc/2) Udc/3
8 (−Udc/2, Udc/6) (Udc/6, −Udc/2) −Udc/6
9 (Udc/2, −Udc/6) (−Udc/6, Udc/2) Udc/6
10 (−Udc/2, −Udc/6) (−Udc/6, −Udc/2) −Udc/3

3. The Proposed DZICMV Strategy

In the conventional double zero-sequence injection PWM (DZIPWM) strategy, the mod-
ulation signals are composed of sinusoidal waveforms injected by double zero-sequence
signals, where the maximum linear modulation index can be increased to 1.15. The func-
tions of sinusoidal waveforms and the double zero-sequence signals are expressed as
(4) and (5), respectively. The harmonic components in the double zero-sequence signals
are in the order 6K ± 3 (K = 1, 3, 5, . . . ) and are mapped on the o1-o2 plane. The modu-
lation signal functions of DZIPWM are given as (6), and they are used to compare with a
triangular carrier to generate the PWM waveforms. These characteristics are utilized as a
theoretical basis of the proposed DZICMV strategy.

u′a = Uom· cos(ωt)
u′b = Uom· cos(ωt− 2

3 π)
u′c = Uom· cos(ωt + 2

3 π)

u′u = Uom· cos(ωt− 1
6 π)

u′v = Uom· cos(ωt− 5
6 π)

u′w = Uom· cos(ωt + 1
2 π)

(4)

{
uno1 = − 1

2
(
max

(
u′a, u′b, u′c

)
+ min

(
u′a, u′b, u′c

))
uno2 = − 1

2 (max(u′u, u′v, u′w) + min(u′u, u′v, u′w))
(5)

{
uj1 = u′j1 + uno1 (j1 = a, b, c)

uj2 = u′j2 + uno2 (j2 = u, v, w)
(6)

where Uom and ω are the amplitude and angular frequency, respectively, uno1 and uno2
are the zero-sequence signals, and uj1 and uj2 are the modulation signals of two sets of
three-phase windings for the DZIPWM.
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3.1. The Proposed DZICMV

In the DZIPWM, due to the existing zero vectors for six-phase windings, namely
(000000) and (111111), the peak values of both sub-CMV and total CMV are ±Udc/2. As
can be seen from Tables 2 and 3, the possible values of sub-CMV are ±Udc/2 and ±Udc/6,
while the possible values of total CMV are ±Udc/2, ±Udc/3, ±Udc/6, and 0. Therefore,
compared with DZIPWM, the sub-CMV of any newly proposed strategy can be reduced by
66.67% at most, while the total CMV can be reduced by 33.33, 66.67 and 100%, respectively.

If the two sub-CMVs are not equal to ±Udc/2, the possible combinations of sub-CMV
and total CMV are the Groups 4, 5, and 6 of Table 3, in which the values of total CMV are
0 and ±Udc/6. In this case, the peak values of both sub-CMV and total CMV are ±Udc/6.
To ensure the sub-CMV values are not equal to ±Udc/2, according to Table 2, the zero
vectors in each set of three-phase windings ((000) and (111)) should be eliminated. For that
purpose, the rules of the proposed DZICMV are designed as follows.

The modulation signals also employ the sinusoidal waveforms injected by double
zero-sequence signals, as given in (6), but the fundamental period is divided into 24 sectors.
The sector number is identified by Arabic letters, as illustrated in Figure 3, and the number
of sectors corresponding to the d-q plane is shown in Figure 2. In each sector, according to
the instantaneous values of the modulation signals, ua, ub, and uc are sorted from high to
low as u1max, u1mid, and u1min, respectively. Similarly, uu, uv, and uw are sorted from high
to low as u2max, u2mid, and u2min, respectively. Two opposite triangular carriers are used in
DZICMV, namely Carrier-1 and Carrier-2, whose phases are shifted from each other by a
half of the carrier period Tc, as shown in Figure 4. Then, u1max, u1min, and u2mid share the
Carrier-1, and u2max, u2min, and u1mid share the Carrier-2. As a result, a total of 24 sectors
produce four types of schemes: (1) when the reference space vector Vref is located in the 1st,
2nd, 9th, 10th, 17th, and 18th sectors, the switching state meets the Type I of scheme shown
in Figure 4a; (2) when Vref is located in the 3rd, 4th, 11th, 12th, 19th, and 20th sectors, the
switching state meets the Type II shown in Figure 4b; (3) when Vref is located in the 5th, 6th,
13th,14th, 21st, and 22nd sectors, the switching state meets the Type III shown in Figure 4c;
(4) when Vref is located in the 7th, 8th, 15th, 16th, 23rd, and 24th sectors, the switching state
meets the Type IV shown in Figure 4d. These four types are summarized in Table 4.
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According to (1)–(3), the values of sub-CMV and total CMV for every interval of a
carrier period Tc can be obtained, as shown at the bottom of Figure 4. The peak values of
both sub-CMV and total CMV in DZICMV are ± Udc/6.

3.2. Validation of DZICMV

The following contents are to verify that the schemes shown in Figure 4 can pass
through the whole fundamental period and whole linear modulation range. For a triangular
carrier, the duty cycle dj of phase j can be expressed as [42]:

dj =
1
2
+

uj

Udc
(j = a, b, c, u, v, w) (7)

Substituting (6) into (7), the duty cycle of each phase can be obtained. According to
Figure 4, the transition moments of six legs can be expressed as:

t1 = d2min·Ts
t2 = (1− d1max)·Ts
t3 = d1mid·Ts
t4 = (1− d2mid)·Ts
t5 = (1− d1min)·Ts
t6 = d2max·Ts

(8)

where Ts is a sampling period.
To eliminate zero vector (000) and (111) in each set of three-phase windings, as shown

in Figure 4, the phases a, b, and c should satisfy (9) for these four types of schemes:

t2 < t3 < t5 (9)

Similarly, the phases u, v, and w should satisfy (10) for these four types of schemes:

t1 < t4 < t6 (10)

Furthermore, if (11)–(14) are satisfied in the whole fundamental period and whole
linear modulation range, it means the space vectors generated by PWM waveforms are
constant, and they are not varied against the change of modulation index in each sector.

For the Type I:
0 < t1 < t2 < t3 < t4 < t5 < t6 < Ts (11)

For the Type II:
0 < t2 < t1 < t3 < t4 < t6 < t5 < Ts (12)

For the Type III:
0 < t1 < t2 < t4 < t3 < t5 < t6 < Ts (13)

For the Type IV:
0 < t2 < t1 < t4 < t3 < t6 < t5 < Ts (14)

Substituting (8) into (11), one can obtain:
L1 = −u1max − u2min > 0
L2 = u1max + u1mid > 0
L3 = −u1mid − u2mid > 0
L4 = u2mid − u1min > 0
L5 = u1min + u2max > 0

(15)
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Substituting (8) into (12), one can obtain:
L1 = u1max + u2min > 0
L2 = −u2min + u1mid > 0
L3 = −u1mid − u2mid > 0
L4 = u2mid + u2max > 0
L5 = −u1min − u2max > 0

(16)

Substituting (8) into (13), one can obtain:
L1 = −u1max − u2min > 0
L2 = u1max − u2mid > 0
L3 = u1mid + u2mid > 0
L4 = −u1mid − u1min > 0
L5 = u1min + u2max > 0

(17)

Substituting (8) into (14), one can obtain:
L1 = u1max + u2min > 0
L2 = −u2min − u2mid > 0
L3 = u1mid + u2mid > 0
L4 = −u1mid + u2max > 0
L5 = −u1min − u2max > 0

(18)

Although the definitions of Lx (x = 1, 2, 3, 4, and 5) for these four types of schemes are
different, the proposed strategy can meet the limits of (11)–(14) when all the Lx are larger
than 0. Based on that, the different Lx are drawn in the whole linear modulation range and
a whole fundamental period, as shown in Figure 5.
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All values of Lx are larger than 0. On the other hand, the DZICMV also satisfies
(9) and (10). Specifically, the zero vectors, namely (000) and (111), are eliminated in each
three-phase windings, and the vectors generated in each sector will not change along
with modulation index changes. For example, in the 1st sector, the switching sequence is
28-12-13-9-41-43-35 for a sampling period Ts, and these vectors (including the sequence)
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will be the same when m changes. This characteristic of constant vectors provides conve-
nience and the possibility of studying other characteristics, such as harmonic flux trajecto-
ries, harmonic distortion factor (HDF), and current ripple, while they are beyond the scope
of this paper.

3.3. Comparison of the CMV Suppression Effect

Apart from the conventional DZIPWM, other four modulation strategies, namely
PS-PWM-1, PS-PWM-2, SC-SPWM, and ZCMV, are also considered as the benchmarks
of the proposed DZICMV. CMV peak values and the reduced percentage ratio of these
strategies (compared with DZIPWM) are listed in Table 5.

Table 5. The CMV peak values and the percentage of decrease.

Strategy Sub-CMV Total CMV

PS-SPWM-1
(0.76 < m < 1)

±Udc/2
(↓0)

±Udc/3
(↓33.33%)

PS-SPWM-1
(0.67 < m < 0.76)

±Udc/2
(↓0)

±Udc/6
(↓66.67%)

PS-SPWM-1
(0 < m < 0.67)

±Udc/6
(↓66.67%)

±Udc/6
(↓66.67%)

PS-SPWM-2
(0 < m < 1)

±Udc/2
(↓0)

±Udc/6
(↓66.67%)

SC-SPWM
(0 < m < 1)

±Udc/2
(↓0)

±Udc/6
(↓66.67%)

ZCMV
(0 < m < 1)

±Udc/2
(↓0)

0
(↓100%)

DZIPWM
(0 < m < 1.15) ±Udc/2 ±Udc/2

DZICMV
(0 < m < 1.15)

±Udc/6
(↓66.67%)

±Udc/6
(↓66.67%)

Among these strategies, almost all of their sub-CMV peak values are ±Udc/2, and only
PS-SPWM-1can suppress them to ±Udc/6 in the low modulation range (0 < m < 0.67). In
contrast, the proposed DZICMV can suppress peak values of sub-CMV to ±Udc/6 in the
whole linear modulation range. The peak values of total CMV in DZICMV are also ±Udc/6,
which is consistent with PS-SPWM-2 and SC-SPWM. Compared with DZIPWM, they are also
decreased by 66.67%. In addition, the maximum linear modulation index of the DZICMV is
1.15, which is larger than that of PS-PWM-1, PS-PWM-2, SC-SPWM, and ZCMV.

3.4. Comparison of Switching Frequency

As can be seen from Figure 4, for the proposed DZICMV, the turn-on/off times for
six-phase legs of VSI in each carrier period Tc is 12. It is consistent with that of PS-SPWM-1,
PS-SPWM-2, SC-SPWM, and DZIPWM, but it is half of the ZCMV’s turn-on/off times.
Therefore, the switching loss of DZICMV should be less than that of ZCMV. Furthermore,
in the ZCMV, since there are more than twice turn-on/off in each leg during every carrier
period Tc, it is difficult to implement DSP.

4. Simulation

To verify the CMV suppression effect of the proposed DZICMV and other strategies,
the model of a six-phase induction motor fed by a two-level six-phase VSI was built using
the MATLAB/Simulink platform. In the simulation, the motor control method was the
rotor field-oriented control (FOC), and the control block diagram is shown in Figure 6. The
motor parameters are shown in Table 6. The motor started with no-load, and the command
speed n* was 2400 r/min. A load torque TL = 15 N·m was applied at 0.45 s, and the n* then
changed to 2280 r/min at 0.65 s. These three working conditions of the motor are shown in
Table 7. The carrier frequency fc was set to 5 kHz, and dc-link voltage Udc was 360 V.
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Table 6. Parameters of the induction motor.

Symbol Parameter Value

Rs Stator resistance 1.5 Ω
Llr’ Rotor leakage inductance 0.014 H
Rr Rotor resistance 1.12 Ω
Lm Mutual inductance 0.262 H

Llsdq
Stator leakage inductance in

d-q plane 0.0124 H

Llsxy
Stator leakage inductance in

x-y plane 0.0062 H

P Number of pole pairs 1

Table 7. The motor working conditions.

Working Conditions Time t(s) TL (N·m) n* (r/min)

Condition 1 0.4~0.45 0 2400
Condition 2 0.45~0.65 15 2400
Condition 3 0.65~0.8 15 2280

The second working condition, namely Condition 2, is taken as an example to compare
the CMV suppression effect of the DZIPWM and DZICMV, as shown in Figures 7–10.

Figures 7 and 8 show the CMV waveforms of the DZIPWM and DZICMV, respectively.
The number of sub-CMV levels is 4 for DZIPWM, while it is 2 for DZICMV. The level
number of total CMV is 7 for DZIPWM, while it is 3 for DZICMV. There are five carrier
periods shown in the enlarged view of Figures 7 and 8. During this time, both Vcm1 and
Vcm2 of DZIPWM change 31 times, which is consistent with that of DZICMV. However, at
around 0.619 s in Figure 7, the Vcm changing value of DZIPWM is Udc/3, which is larger
than that of Udc/6 in DZICMV. A high changing value will cause high dv/dt, thereby
producing a high transient common-mode leakage current. The peak values of sub-CMV
and total CMV in the DZIPWM are ±180 V, which are ±Udc/2, while they are ±60 V
(±Udc/6) in the DZICMV. Therefore, the peak values of both the sub-CMV and total CMV
in the DZICMV are reduced by 66.67%. As discussed, the main reason is that the zero
vectors (000) and (111) in each set of three-phase windings are eliminated in DZICMV. The
simulation results of DZICMV are identical to the analysis results in Figure 4.

Fast Fourier Transform (FFT) analysis was performed on the sub-CMV and total CMV
for both strategies, as shown in Figures 9 and 10.

The maximum harmonic amplitudes at integer multiples of the carrier frequency
sidebands are listed in Table 8.
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Table 8. The CMV maximum harmonic amplitudes for DZIPWM and DZICMV.

Sub-CMV Vcm1 (V) Total CMV Vcm (V)

DZIPWM DZICMV DZIPWM DZICMV

The third harmonic 36.11 36.10 25.54 25.51
5 kHz (sideband) 106.83 14.70 106.83 14.67
10 kHz (sideband) 20.86 20.83 14.75 14.72
15 kHz (sideband) 43.15 37.48 43.16 9.96
20 kHz (sideband) 9.42 9.40 6.65 6.63

Due to the existence of slip in the asynchronous motor, the corresponding fundamental
frequency at n* = 2400 r/min is 41.6667 Hz instead of 40 Hz. Therefore, the frequency value
of the third harmonic can be obtained. As can be seen from Figures 9 and 10, the harmonic
components of the CMV mainly focus on the three times the fundamental frequency and
integer multiples of the carrier frequency. The content of the third harmonic is significant,
which is caused by the injected double zero-sequence signal, as shown in (6). The maximum
harmonic amplitude of DZICMV at each integer multiple carrier frequency sideband is
lower than that of DZIPWM, especially at the first carrier frequency sideband (5 kHz).
Therefore, the CMV harmonic amplitude can be effectively reduced by the DZICMV.

The simulation results about motor characteristics are shown in Figures 11–16.
Figures 11 and 12 show the waveforms of electromagnetic torque Te and rotor speed n

for these two strategies, respectively. In general, these two strategies have good dynamic
following characteristics of the torque and speed when the working conditions change. As
can be seen from the enlarged view of the torque, the torque ripple of DZICMV is slightly
larger than that of DZIPWM.
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Figure 15. Simulation results of the six-phase current and the FFT analysis of the steady state current
ia for DZIPWM.

Corresponding to Condition 2, Figures 13 and 14 show the line voltage waveforms and
FFT analysis of both strategies. The fundamental line voltage values of these two strategies
are 302.7 and 302.5 V, respectively, and thus, the modulation index m is about 0.9703. The
spectrums of FFT analysis mainly include the first four carrier frequency sidebands, and
the THD value of DZICMV is higher than that of DZIPWM. The DZICMV is characterized
by a much richer spectrum of line voltage uab, especially at the sideband of the first carrier
frequency (5 kHz). Two opposite carriers are used in each set of three-phase windings of
DZICMV, which results in different voltage harmonics from DZIPWM.

Compared with DZIPWM (Figure 15), the currents of DZICMV (Figure 16) perform a
slight harmonic distortion, and the current THD value is also larger than that of DZIPWM.
This is caused by the line voltage distortion in DZICMV, as shown in Figure 14. However,
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as stated in [36], there is a tradeoff between the decrease of CMV and the harmonic increase
of the output voltage and current.
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In the closed-loop control, the modulation index is jointly determined by the load
torque and the command speed. To obtain the RMS of CMV and the THD of line voltage
at different accurate modulation indexes, the following two simulations were performed
under the open-loop control, as shown in Figures 17 and 18. The carrier frequency was set
to 5 kHz, and the fundamental frequency was 40 Hz.
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As shown in Figure 17, with the increase of m, the line voltage THD values of all
these strategies are decreased. This is because the fundamental voltage rises as m increases.
It should be noted that the THD value difference between DZICMV and DZIPWM is
decreased when m increases. The reason is that the zero vectors (000) and (111) in each
three-phase windings are eliminated by DZICMV, and thus, the harmonic distortion is
decreased in the high linear modulation region. The THD values of DZICMV are very
close to that of PS-SPWM-1. However, in the high linear modulation region, the CMV
suppression effect of DZICMV is much better than that of PS-SPWM-1. As can be seen
from Table 5, compared with PS-SPWM-1 in 0.76 < m < 1, the peak values of sub-CMV in
DZICMV can be reduced by 66.67%, and the peak values of total-CMV can be reduced by
50%. Although the line voltage THD values of other four strategies are lower than DZICMV,
their sub-CMV peak values are ±Udc/2, which is 66.67% higher than that of DZICMV.

It can be seen from Figure 18 that the sub-CMV RMS values of the proposed DZICMV
are the lowest among these strategies. The reason is that the sub-CMV values of DZICMV
are ±Udc/6, while that of other strategies are ±Udc/6 and ±Udc/2. Therefore, their sub-
CMV RMS values are larger than that of DZICMV. For 0 < m < 0.67, the sub-CMV peak
values of PS-SPWM-1 are identical to DZICMV, and thus, their sub-CMV RMS values are
nearly the same. The sub-CMV RMS values of DZIPWM, PS-SPWM-2, and SC-PWM are
close to each other, especially for the DZIPWM and SC-PWM. However, the total CMV
RMS values of SC-PWM are significantly lower than that of DZIPWM, and they are close
to PS-SPWM-2. The sub-CMV RMS values of ZCMV are medium among these strategies,
while its total CMV RMS value is 0, which is the lowest. This is because the peak value of
total CMV in ZCMV is 0 in theory. For the proposed DZICMV, the total CMV RMS values
also perform well, which are close to PS-SPWM-2 and SC-PWM.

5. Experiment

To further validate the performance of the proposed DZICMV and other strategies, an
experiment platform was built, as shown in Figure 19. This platform mainly consists of
a six-phase induction motor, a load motor, a load motor driver, a power board, a control
board, and a DC source. The control board is based on the Microzed evaluation board,
equipped with the Xilinx Zynq System-on-Chip. It is composed of a floating-point digital
signal processor (DSP) and a field programmable gate array (FPGA). The DSP is used for
calculation, and the FPGA is responsible for the generation of PWM signals. The power
board is implemented by the insulated gate bipolar transistor IHW30N120R2 (1200 V, 30
A, Infineon). A Switching Power Supply Weir 413D (7.5 V, 4 A) provides 5 V DC voltage
for sensors. The value of DC source voltage (POWER SUPPLY EA-PS 8360-15T) was set
to 360 V and the dead time was set to 2 us. Consistent with the simulation, the carrier
frequency fc was set to 5 kHz, and the control method was FOC. The motor started without
any load, and a load torque of 15 N·m was assigned after the motor operates stably. This
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experiment corresponds to Condition 2 of the simulation. The parameters of the motor are
identical to the simulation and are listed in Table 6.
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As shown in Figure 19, the two endpoints of every phase winding in the motor
were led out, and thus, there are 12 endpoints in total for the experimental six-phase
motor. Then, three endpoints were connected for each set of three-phase windings, and
two neutral points were, thus, generated. Since the two neutral points are isolated from
each other, it is convenient to measure the two sub-CMVs. As the total CMV cannot be
measured directly, the common-mode leakage current was measured to reflect the total
CMV suppression effect. The experimental sub-CMV results of DZIPWM and DZICMV are
shown in Figures 20 and 21, respectively.
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As shown in Figures 20 and 21, the peak values of sub-CMV in DZIPWM are ±180 V,
while they are only ±60 V in DZICMV. These results have verified the simulation results
shown in Figures 7 and 8.

The spectral analysis of the experimental sub-CMV results for both strategies is shown
in Figure 22. At the first carrier frequency sideband (5 kHz), the maximum harmonic
amplitude of the DZICMV is obviously lower than that of DZIPWM, which is consistent
with the simulation results.
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To further study the CMV suppression effect of the proposed DZICMV, the motor
frame was connected with a copper sheet, which provided the electrical grounding to mea-
sure the common-mode leakage current. The common-mode leakage current is determined
by the total CMV and the motor structural parameters. As shown in Figure 23, the leakage
current peak value of DZICMV is approximately 0.1 A. The majority of peak values of
DZIPWM are about 0.17 A, while a few peak values can reach 0.31 A. These high peak
values in the DZIPWM are caused by transient high dv/dt of total CMV, as shown in the
enlarged view of Figure 7. The leakage current RMS value of DZICMV is 0.0079 A, while
that of DZIPWM is 0.0164 A. It is reduced by 51.83% in the DZICMV. Therefore, compared
with the conventional DZIPWM, the proposed DZICMV can reduce the magnitude and
RMS value of common-mode leakage current.

Corresponding to the simulation, the line voltage, phase current, electromagnetic torque
Te, and rotor speed n were also measured in the experiments, as shown in Figures 24–28.

In the experiment, apart from DZIPWM and DZICMV, the line voltage THD and the
RMS values of sub-CMV for the four other strategies listed in Table 5 were also measured
at different modulation indexes, as plotted in Figures 29 and 30. Consistent with the simu-
lation, this experiment was applied in open-loop control, and the fundamental frequency
and carrier frequency were set to 40 and 5 kHz, respectively. These measurement results of
the sub-CMV RMS values were also normalized by Udc = 360 V.

Overall, the experimental results are close to their simulated counterparts. The current
waveforms shown in Figures 26 and 27 were measured at the motor operating in a steady
state under Condition 2, and there are no significant differences between these two figures.
Figure 28 shows the change of Te and n after loading for the DZIPWM and DZICMV.
Compared with the DZIPWM, the torque ripple of DZICMV is slightly larger. In addition,
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due to the limitation of the large vertical axis unit (200 r·min−1/div), the speed change
cannot be accurately reflected, and thus, the adjustment time of speed looks to be shorter
than that of torque.

As shown in Figures 29 and 30, the experimental results of the line voltage THD and
sub-CMV RMS of relative strategies are close to their simulation counterparts shown in
Figures 17 and 18. The sub-CMV RMS values of DZICMV are still the lowest.
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6. Conclusions

In the traditional DZIPWM, since the zero vectors for six-phase windings, namely
(000000) and (111111), existed, the peak values of both sub-CMV and total CMV are±Udc/2.
For the two-level six-phase VSI, the possible values of sub-CMV are ±Udc/2 and ±Udc/6,
and that of total CMV are ±Udc/2, ±Udc/3, ±Udc/6, and 0. Therefore, compared with
DZIPWM, the peak values of sub-CMV can be reduced by 66.67% at most, while that of
total CMV can be reduced by 33.33, 66.67 and 100%, respectively.

In this paper, a CMV suppression strategy, namely DZICMV, is proposed for two-level
six-phase VSI. For the DZICMV, by eliminating zero vectors, namely (000) and (111), in
each set of three-phase windings, the peak values of sub-CMV can be reduced from±Udc/2
to ±Udc/6. Furthermore, the values of these two sub-CMVs are not always opposite, which
leads to the values of total CMV being ±Udc/6 and 0. The combinations of sub-CMV
and total CMV in DZICMV correspond to Groups 4, 5, and 6 in Table 3. Therefore, the
peak values of both sub-CMV and total CMV in DZICMV are ±Udc/6, which is 66.67%
lower than that of DZIPWM. The RMS value of the common mode leakage current was
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reduced by 51.83% in the experiment. In addition, the torque and speed characteristics of
these two strategies are close to each other. With the CMV decreasing, the reliability of the
drive system is improved. Therefore, the DZICMV is suitable for the occasion where high
reliability is required, e.g., the warships driven by a six-phase motor. The disadvantage of
the proposed DZICMV is that it increases the harmonic distortion of the output voltage
and current. However, this problem can be mitigated with a suitable motor design and
control scheme.
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