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Abstract-Dual three-phase permanent-magnet 
synchronous machines (DTP-PMSM) connected with a 
single neutral point provide a loop for zero-sequence 
current (ZSC). This paper proposes a novel space vector 
pulse width modulation (SVPWM) strategy to suppress the 
ZSC. Five vectors are selected as basic voltage vectors in 
one switching period. The fundamental and harmonic 
planes and the zero-sequence plane are taken into 
consideration to synthesis the reference voltage vector. To 
suppress the ZSC, a non-zero zero-sequence voltage (ZSV) 
is generated to compensate the third harmonic back-EMF. 
Rather than triangular carrier modulation, the sawtooth 
carrier modulation strategy is used to generate 
asymmetric PWM signals. The modulation range is 
investigated to explore the variation of modulation range 
caused by considering the zero-sequence plane. With the 
proposed method, the ZSC can be considerably reduced. 
The simulated and experimental results are presented to 
validate the effectiveness of the proposed modulation 
strategy. 
 

Index Terms—Zero-sequence current, a single neutral 
point, dual three-phase, permanent-magnet synchronous 
machine, third harmonic back-EMF.  

 

   I. INTRODUCTION 

ONVENTIONAL three-phase PMSM has limits in 
situations that require high power rates and high fault 

tolerance. In recent years, the multi-phase machine has been 
widely concerned because it has the advantages of high fault 
tolerance, low torque ripple, and low per phase current 
without increasing the per phase voltage [1]-[4]. A typical 
type of multi-phase is the asymmetric six-phase machine, 
consisting of two groups of three-phase stator windings with 
phase-shifted by 30º. This dual three-phase machine has the 
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advantages of well-developed three-phase ones [5]-[7]. 
However, two sets of mutually coupled stator windings induce 
the harmonic current. In [8], the dual three-phase induction 
machine was decoupled into three related subspaces by vector 
space decomposition (VSD). The fundamental space involves 
electromechanical energy conversion. The harmonic space and 
the zero-sequence subspace correspond to 
non-electromechanical energy conversion. The dual 
three-phase machine can be connected by either isolated 
neutral points or a common neutral point. Machines 
configured with isolated neutral points have attracted more 
attentions because it consists of no circulates of ZSC.  

Space vector voltage pulse width modulation (SVPWM) 
based on the VSD for dual three-phase machine connected by 
isolated neutral pointes was firstly proposed in [8] to suppress 
the harmonics. A new PWM strategy based on 24–sector VSD 
was presented in [9]. Different switching sequences were 
analyzed by comparing the harmonic performance. Meanwhile, 
discontinuous and continuous modulation strategies under 
different voltage ranges were investigated. In order to reduce 
the switching loss, three PWM strategies for dual three-phase 
machines were presented in [10]. Ref. [11] proposed a 
synchronized SVPWM that includes more switching patterns, 
and each pattern has multiple implementations. The 
over-modulation occasion was considered, and the solution 
was proposed to guarantee the machine operation in the full 
modulation range. 

All the SVPWM strategies mentioned above are based on 
the dual three-phase machines configured with isolated neutral 
points. SVPWM strategies for dual three-phase machines 
connected with a common neutral point have rarely been 
studied. Ref. [12] investigated the fault-tolerant performance 
under one open-phase fault of the dual three-phase machine 
configured with both isolated and a common neutral point. 
The results have demonstrated that machines connected with a 
single neutral point show superior post-fault performance than 
isolated neutral points. However, the typology with a single 
neutral point operated in healthy mode provides a loop for 
ZSC, which acts as the third harmonic component. The ZSC 
induces additional winding loss without contributing to 
electromechanical energy conversion. Conventional 
four-vector SVPWM strategies for topology with isolated 
neutral points induce ZSC because the zero-sequence 
subspace is not taken into consideration. Unlike induction 
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machine, the ZSC of the DTP-PMSM is not only produced by 
zero-sequence voltage (ZSV) generated by modulation scheme 
but also produced by zero-sequence back electromotive force 
(EMF). 

The novelty of this paper is to suppress the ZSC of the 
DTP-PMSM connected by a single neutral point. Three 
subspaces will be taken into consideration to generate the 
reference voltage vector. To suppress the ZSC, zero-sequence 
voltage (ZSV) is generated to compensate for the third 
harmonic back-EMF. The rest of this paper is organized as 
follows. In Section II, the mode of vector space decomposition 
is briefly introduced, and the zero-sequence circulates is 
analyzed. Section III presents the principle of the proposed 
ZSC suppression strategy and the implementation of 
modulation. The modulation range is analyzed. Finally, the 
simulated and experimental results are shown in Section IV, 
and Section V concludes this paper. 

   II. VECTOR SPACE DECOMPOSITION AND ZSC CIRCULATES 
Fig. 1 shows the DTP-PMSM with a common neutral point 

powered by a six-phase voltage source inverter (VSI). Udc is 
the DC bus voltage, and each phase has upper and lower 
bridge arms. The on and off of the power switch is controlled 
by the PWM signals, and only one switch of each phase is 
turned on simultaneously. The switching function can be 
defined as S=[Sa Sb Sc Sd Se Sf]. Taking phase-a as an example, 
Sa=1 represents the upper-side switch is turned on, Sa=0 
represents the lower-side switch is turned on. According to the 
principle of VSD, the voltage vector in the α-β subspace, z1-z2 
subspace, and o1-o2 subspace can be expressed as (1)-(3). 

 (1) 

(2) 

 (3) 

where a = ejπ/6, o = ejπ/4. The subscript of each voltage vector is 
written as a combination of two octal numbers, which is 
obtained by the binary switching function. For example: u45 
represents the switching function S=[1 0 0 1 0 1]. 
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Fig. 1.  DTP-PMSM with common neutral point fed by six-phase voltage 
source inverter. 

According to the combination of different switching states 
of each phase, 64 space voltage vectors can be obtained, 
including 60 active vectors and 4 zero vectors (u00, u07, u70, 

u77). According to the magnitude, the active vectors the in α-β 
plane and z1-z2 plane can be divided into four categories: 
large vector UL, medium-large vector UML, medium-small 
vector UMS and small vector US. The amplitudes of them are 
expressed as (4). 

  (4) 

The distribution of all the 64 vectors in the α-β plane and 
z1-z2 plane are illustrated in Figs. 2 and 3, respectively. 
The large vectors in the α-β plane correspond to the small 
vectors in the z1-z2 plane, while the small vectors in the 
α-β plane is the large vectors in the z1-z2 plane. The 
medium-large and medium-small vectors in the α-β plane 
remain the medium-large and medium-small vectors in the 
z1-z2 plane.  

 
Fig. 2.  Voltage vectors distribution in α-β plane. 

 
Fig. 3.  Voltage vectors distribution in z1-z2 plane. 
The distribution of all the 64 vectors in the o1-o2 plane is 

shown in Fig. 4. The vectors in o1-o2 plane can be divided 
into seven categories with amplitude of 0, ±Udc/6, ±Udc/3, 
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±Udc/2. It can be seen that the distribution of 64 vectors is on a 
line. Therefore, the zero-sequence circuit can be seen as a one 
dimension system.  

 
Fig. 4.  Voltage vector distribution in o1-o2 plane. 

It can be seen from Fig. 1 that there exists io1=-io2. When the 
back-EMF does not contain the third harmonic back-EMF, the 
equivalent circuit of zero-sequence is shown in Fig. 5(a). L0 is 
the inductance of zero-sequence, and R is the resistance of 
phase winding. Uo is the zero-sequence voltage generated by 
the inverter. In this situation, the ZSC can be simply controlled 
by making the inverter generate zero ZSV.  

When the back-EMF contains the third harmonic back-EMF, 
the equivalent circuit of zero-sequence is shown in Fig. 5(b). 
ω and θ are the electrical angular speed and electrical angle, 
respectively. The ZSC of DTP-PMSM is not only produced by 
ZSV generated by the inverter but also produced by the third 
harmonic back EMF. Therefore, additional compensation 
should be added to suppress the ZSC.  

 
(a) 

 
(b) 

Fig. 5.  Equivalent circuits of ZSC. (a) Without third harmonic back-EMF. (b) 
With third harmonic back-EMF. 

   III.  MODULATION WITH ZERO-SEQUENCE VOLTAGE 

A. Modulation Principle 
The DTP-PMSM system can be decoupled into three 

subspaces, involving α-β plane, z1-z2 plane, and o1-o2 plane. 
The current in z1-z2 and o1-o2 planes could not contribute to 
the electromechanical energy conversion. Consequently, the 

average voltage vector in the z1-z2 and o1-o2 planes should be 
controlled to zero, and the voltage vector in the α-β plane 
should be controlled to meet the electromechanical energy 
conversion. 

According to the above analysis, the DTP-PMSM involves 
three planes and can be seen as a five dimensions system. 
Thus, five active vectors are needed to maintain synthesis 
requirements in five dimensions. The proposed modulation 
strategy can be accomplished by the voltage-seconds equation 
expressed in (5). And the matrix form of (5) is presented in (6). 
The zero-sequence voltage constraint is illustrated in (7). 
When the back-EMF consists of third harmonic components, a 
non-zero Uo will be generated to counteract the third harmonic 
back-EMF. 
  (5) 

  (6) 

  (7) 
where Uref is the reference voltage vector. Ts is the switching 
period. Ti (i=1, 2, 3, 4, 5) is the duration time of Ui (i=1, 2, 3, 
4, 5). Uij is the jth vector’s projection on i axis. Un (n=α, β, z1, 
z2, o1) are the reference voltage vectors of n axis.  

The dwell time of active vectors can be obtained by (6) and 
(7). The rest of the time will be assigned to zero vector “u00”, 
and the duration time T0 can be obtained by (8).  
  (8) 

A group of five vectors should be selected to synthesize the 
reference voltage vector in every switching period. The 
selected five vectors should guarantee the solution of Ti has a 
unique and positive value. There are many ways to choose 
such a group of five vectors. In order to obtain voltage 
utilization as high as possible, the vectors with magnitude as 
large as possible should be used to synthesize the reference 
voltage vector. The basic vectors used in this paper are 
outmost 12 vectors. As shown in Fig. 2, the α-β plane is 
divided into six sectors. The vectors selected in Sector 1 (S1) 
are 51 – 55 – 45 – 44 – 64. The vectors used in other Sectors 
are listed in Table Ⅰ. 

TABLE Ⅰ 
SELECTED VECTORS 

Sector Vectors 
1 51 55 45 44 64 
2 45 44 64 66 26 
3 64 66 26 22 32 
4 26 22 32 33 13 
5 32 33 13 11 51 
6 13 11 51 55 45 

B. Implementation of Modulation 
The Ti obtained from (6) and (7) will be used to generate 

switching signals. Taking Sector 1 as an example, the vectors 
employed in Sector 1 will generate asymmetric switching 
signals, as shown in Fig. 6. Traditional triangular carrier is not 
suitable for this situation because symmetric switching signals 



468                                    CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 6, NO. 4, DECEMBER 2022 

will generate an error with the reference vectors. A sawtooth 
carrier modulation strategy is employed to generate switching 
signals. 

Fig. 6 shows the principle of sawtooth carrier modulation. 
The carrier amplitude is 1. Each phase has two comparison 
values per cycle. When the carrier value is equal to the 
comparison value 1 (CMP1), the switch signal changes from 0 
to 1. When the carrier value is equal to the comparison value 2 
(CMP2), the switch signal changes from 1 to 0. Fig. 5 shows 
the switching signals of the maximum five-vector SVPWM in 
Sector 1 when the sawtooth carrier is implemented. It can be 
seen that when the sawtooth carrier is used, the pulse of each 
phase can be placed at any position by changing the values of 
comparison value 1 and comparison value 2. Consequently, 
asymmetrical switching signals can be generated directly. 
Similar modulation can be extended to other Sectors. 

 
Fig. 6.  Principle of the sawtooth carrier modulation. 

C. Analysis of Modulation Range 
When the modulation involves triple subspaces, the linear 

modulation range will be affected. Consequently, it is critical 
to investigate the linear modulation range of the proposed 
method.  

Linear modulation range refers maximum fundamental 
plane modulation range that the synthesis magnitudes on z1-z2 
and o1-o2 are zero without affecting the fundamental plane. 
The modulation index of the fundamental plane can be defined 
as (9) [14]. 

  (9) 

When the reference voltage reaches the boundary of the 
linear modulation range, the dwell time Ti and Ts satisfy 
formulation (10). Taking Sector 1 as an example, (11) can be 
obtained by taking Ti obtained into (10). Taking (9) into (11), 
the modulation index can be expressed as (12). 
  (10) 

  (11) 

  (12) 

where -π/4 <θ<π/12. 
The maximum linear modulation index can be obtained by 

calculating the minimum value of m. The maximum linear 
modulation index is 0.84. So, when the magnitude of the 
reference voltage is smaller than 0.535Udc, the synthesized 
magnitude in the harmonic plane and zero-sequence plane will 
not affect. Compared to the conventional four-vector SVPWM 
(0.9) of the DTP-PMSM configured with isolated neutral 
points, the proposed modulation scheme decreases the 
modulation index by 0.06. This is mainly caused by 
considering the zero-sequence plane in modulation. 

   IV.  SIMULATION AND EXPERIMENTAL RESULTS 

The simulation with the DTP-PMSM drive is performed. 
For a fair comparison, conventional four-vector SVPWM, as 
well as the proposed five-vector SVPWM, are implemented 
with the conventional vector control strategy. The control 
diagram is shown in Fig. 7. The parameters of the simulation 
machine model are listed in Table Ⅱ. The DC voltage is set to 
200V, and the rotation speed is set to 50 r/min with a load of 
100N·m. The proposed method and conventional four-vector 
SVPWM are simulated under the machine model without third 
harmonic back-EMF. The zero-sequence plane is controlled 
by open-loop. The simulation results of the two methods are 
presented in Figs. 8 and 9. 

TABLE Ⅱ  
PARAMETERS OF DTP-PMSM 

Items Values 

PM flux ψf 0.96 

Stator resistor 0.92Ω 

d-axis inductance Ld 15.2mH 

q-axis inductance Lq 15.7mH 

Pole pairs 11 
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Fig. 7.  Control diagram of conventional four-vector and proposed 
five-vector SVPWM methods. 

Fig. 8 shows the simulation results of the conventional 
four-vector SVPWM with the topology of a common neutral 
point. It can be seen that conventional four-vector SVPWM 
induces severe phase current distortion. The maximum phase 
current magnitude reaches 10A, and the ZSC exceeds 20A. It 
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can be found that the harmonic spectrum of phase current 
mainly consists of third harmonic components, and the THD is 
211.3%. The magnitude of the third harmonic current is more 
prominent than the fundamental current. This is because when 
the zero-sequence impedance is small, a small ZSV will lead 
to a large ZSC. When the back-EMF does not consist of the 
third harmonic back-EMF, the main ZSC is caused by ZSV 
generated by the inverter.  

 
 

(a) 

 
(b) 

 
(c) 

Fig. 8.  Simulation results of conventional four-vector SVPWM. (a) Phase 
current. (b) Phase current spectrum. (c) ZSC.  

Fig. 9 shows the simulation results of the proposed 
five-vector SVPWM. It can be found that the phase current of 
the proposed five-vector SVPWM is more sinusoidal than the 
conventional four-vector SVPWM. The maximum amplitude 
of phase current is reduced from 10A to 3A. Obviously, the 
amplitude of ZSC has been reduced from 20A to about 1A. 
From the harmonic spectrum of phase current, it can be 
concluded that the proposed modulation scheme causes lesser 
THD than conventional four-vector SVPWM. Consequently, 
the proposed five-vector SVPWM can successfully suppress 
the ZSC generated by the inverter. 

  
(a) 

 
(b) 

 
(c) 

Fig. 9.  Simulation results of proposed five-vector SVPWM. (a) Phase 
current. (b) Phase current spectrum. (c) ZSC. 

The experiment was conducted on a DTP-PMSM drive 
system based on TMS320F28377D. The parameters of the 
machine are the same as the simulation model. Fig. 10 shows 
the experimental platform. Both the proposed and 
conventional methods are implemented under the condition 
that the DC voltage is set to 200V, and the rotation speed is set 
to 50r/min with the load of 100N·m. The proposed five-vector 
SVPWM with zero-sequence open-loop control as well as the 
conventional four-vector SVPWM are tested with the 
conventional vector control strategy, and the results are shown 
in Figs. 11 and 12. 

The results of conventional four-vector SVPWM are 
presented in Fig. 11. It can be seen that the phase current of 
conventional four-vector has obviously been distorted. The 
amplitude of ZSC is 1.7A, and the THD of phase current is 
29.7%. The ZSC is relatively high because the conventional 
method does not consider the zero-sequence plane. 

 
Fig. 10. Experimental platform. 

 
(a) 
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(b) 

 
(c) 

Fig. 11.  Experimental results of conventional four-vector SVPWM. (a) 
Phase current. (b) Phase current spectrum. (c) ZSC. 

The results of the proposed five-vector without 
zero-sequence compensation are shown in Fig. 12. As 
demonstrated in the simulation, the ZSV generated by 
modulation can be neglected in this situation. However, phase 
current has distorted severely compared to conventional 
four-vector SVPWM. The ZSC reaches 4.5A, which is larger 
than the conventional method. The main harmonic component 
is the third harmonic current, and the THD is 80.9%. This is 
because when the inverter does not generate ZSV, the main 
ZSV is generated by the third harmonic back-EMF. The third 
harmonic back-EMF is partially canceled by ZSV generated 
by the conventional four-vector SVPWM. Therefore, the ZSC 
of the conventional method is smaller than the proposed 
method without zero-sequence compensation. 

In this case, additional ZSV compensation should be added 
to suppress ZSC. As shown in Fig. 7, a PI controller is used to 
generate ZSV to counteract the third harmonic back-EMF. The 
results are shown in Fig. 13. It can be seen that phase current  

  
(a) 

 
(b) 

 
(c) 

Fig. 12.  Experimental results of the proposed five-vector SVPWM without 
zero-sequence compensation. (a) Phase current. (b) Phase current spectrum. (c) 
ZSC. 
has been significantly improved with the ZSC compensation. 
The ZSC is reduced from 4.5A before compensation to 0.4A. 
Compared to the conventional four-vector SVPWM, the 
proposed five-vector SVPWM with ZSC compensation has 
reduced the ZSC from 1.7A to 0.4A. It can be seen from the 
spectrum that the THD is 8.1% which is smaller than either 
the conventional four-vector SVPWM or the proposed 
five-vector SVPWM without ZSC compensation. 
Consequently, the proposed modulation strategy can suppress 
the ZSC when the back-EMF consists of third harmonic 
components. That coincides with theoretical analysis. 

 
(a) 

 
(b) 

 
(c) 

Fig. 13.  Experimental results of proposed five-vector SVPWM with 
zero-sequence compensation. (a) Phase current. (b) Phase current spectrum. (c) 
ZSC. 

   V. CONCLUSION 

This paper has proposed a novel five-vector SVPWM 
method to suppress the ZSC of the DTP-PMSM configured 
with a common neutral point. The proposed method uses five 
active vectors in one switching cycle. The fundamental and 
harmonic planes and zero-sequence planes have been 
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considered to synthesize the reference voltage. Compared with 
the conventional four-vector SVPWM, the proposed 
modulation strategy can effectively suppress the ZSC by 
generating reference ZSV to compensate the third harmonic 
back-EMF. In addition, the use of sawtooth carrier modulation 
mode to generate asymmetric PWM signals has avoided 
vector errors caused by centralization. The modulation range 
has been investigated to explore the variation of the 
modulation range caused by considering the zero-sequence 
plane. The simulation and experimental results have validated 
the effectiveness and of the proposed method. 
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