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Abstract: Series-winding topology (SWT) could improve the DC-link voltage utilization, as open-
winding topology does. Meanwhile, it can greatly reduce the number of power devices. Firstly,
for the half-bridge power modules (HBPMs)-based inverter, an N-phase series-winding motor only
requires N + 1 HBPMs for driving. On the other hand, such SWT also brings new challenges to
the drive system. A zero-sequence loop is introduced into the motor windings due to SWT. The
generated zero-sequence current would degrade the total harmonic distortion of the phase currents
and produce the additional torque ripple. Moreover, current sensors are typically integrated with the
HBPMs. However, in SWT, their measured results are the leg currents of the inverter, not the phase
currents of the motor, which is crucial to the motor control. Thus, this paper mainly focuses on the
aforementioned problems in a three-phase series-winding permanent-magnet synchronous motor
(TPSW-PMSM) drive with HBPM-based inverter. Firstly, to control the zero-sequence subspace,
the voltage vector distribution of TPSW-PMSM is analyzed. In addition, two voltage vectors with
zero-sequence components are selected to generate the zero-sequence voltage. Then, the phase
currents are reconstructed according to the leg currents from the current sensors on HBPMs. Based on
the above, the deadbeat predictive current control (DBPCC) scheme is proposed for a TPSW-PMSM
drive with HBPM-based inverter. It provides the TPSW-PMSM drive with fast dynamic response
and effective zero-sequence current suppression. Finally, both simulation and experimental results
verify the feasibility and effectiveness of the proposed DBPCC scheme.

Keywords: series-winding topology; PMSM; zero-sequence current; half-bridge power module;
phase current; voltage vector; deadbeat control

1. Introduction

Due to their simple structure, high power density, excellent control performance,
and low loss, permanent magnet synchronous motors (PMSMs) are widely used in many
applications, such as servo control systems, electric vehicles, electric aircraft, and robotic
actuators [1]. However, due to safety concerns, space limitations, or cost requirements,
the bus voltage of the PMSM drive system is limited. Thus, the bus voltage utilization is
important in such drive systems [2–4].

Some researchers employ the open-winding topology to drive the motors for the
higher bus voltage utilization [4–10]. By simply opening the neutral point of the phase
windings, then connecting the three ends to another inverter, the motor is subsequently
supplied by two inverters simultaneously, as shown in Figure 1. Therefore, the supplied
voltage level for the motor is doubled [5]. However, such open-winding-topology-driven
PMSM systems are costly due to the double switching devices, which means it needs six
half-bridge power modules (HBPMs). Moreover, the control strategy of the three-phase
open-winding-topology-driven PMSM system is complex, since there are 64 different
switching states, while the conventional star-winding topology only has eight different
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switching states [8]. Things are more complicated in the five-phase counterpart, because
there are 10 HBPMs in the drive system [4,10].
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Figure 1. Open-winding topology for a three-phase PMSM drive.

From the perspective of system cost and control implementation, series-winding
topology can be regarded as the evolution of open-winding topology [11]. It not only
has the characteristic of high DC-link voltage utilization, but also reduces the number of
switching devices compared to open-winding topology [12]. An N-phase series-winding-
topology-driven PMSM system only requires N + 1 HBPMs, while the counterpart of
open-winding topology requires 2N HBPMs [13]. A three-phase series-winding PMSM
drive system is revealed in Figure 2. In this way, the total system cost is reduced. At the
same time, the control strategy is easier to implement due to fewer switching states.
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However, series-winding topology also contains a zero-sequence loop, as presented
in Figure 3, while the zero-sequence voltage will result in a corresponding zero-sequence
current through it. Such zero-sequence current leads to additional harmonic components
and torque ripple [14]. Not only will the specific voltage vectors generate the zero-sequence
current, but the rotor harmonic back-electromotive force and the nonlinearity of the inverter
will contribute to it too [15,16]. Among the three factors, what we can adjust is the voltage
vector by changing the switching state. Therefore, we can choose to use voltage vectors
containing zero-sequence components to suppress the zero-sequence current [12].
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To pursue satisfactory current control performance, a bulk of current control strategies
have been proposed, such as hysteresis current control, field-orient control, and predictive
current control [1]. Hysteresis current control has a simple structure and fast dynamic
response, but it also brings large torque ripples [17]. In contrast, field-orient control has
lower torque ripples. However, it is time-consuming to tune the controller parameters.
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Recently, due to the quality dynamic performance, predictive current control is widely
used in PMSM drives [18]. There are two sorts of predictive current control, namely,
finite control set-model predictive current control and deadbeat predictive current control
(DBPCC). For the sake of steady-state performance, DBPCC is more preferred due to
flexible voltage vector combinations [7]. Thus, we could promote the DBPCC to the
series-winding-topology-driven PMSM system, but the zero-sequence loop should be
well handled.

Besides, phase current plays an irreplaceable role in the control of the motor [19].
However, since the current sensors are typically integrated with the HBPMs, the feedback
information from the current sensors are the leg currents of the inverter, not the phase
currents of the motor windings, due to the series-winding topology, as depicted in Figure 4.
Thus, the phase currents of the motor windings should be reconstructed based on the leg
currents of the inverter for a series-winding-topology-driven PMSM system.
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On the aforementioned points, this paper proposes a DBPCC scheme for a three-
phase series-winding PMSM (TPSW-PMSM) drive with HBPM-based inverter. Firstly, in
Section 1, the mathematic model of TPSW-PMSM is built, and the zero-sequence loop is
taken into consideration especially. It provides the deadbeat controller with a reference
voltage calculation basis in different subspaces. Secondly, the voltage vector distribution
of TPSW-PMSM is studied in Section 2. The space vector modulation strategy in different
subspaces could be designed according to this. Thirdly, the phase current reconstruction
strategy is derived based on the leg currents of the inverter in Section 3. Subsequently, the
DBPCC scheme for TPSW-PMSM is proposed on the basis of the above research work in
Section 4. Finally, in Section 5, both simulation and experimental results are conducted to
verify the feasibility and effectiveness of the proposed DBPCC scheme for TPSW-PMSM.

2. Mathematic Model for TPSW-PMSM

The mathematical model of TPSW-PMSM will be discussed in this section. Such
a mathematical model is the basis of the reference voltage calculation in deadbeat con-
trol. The main point is the model of the zero-sequence loop. Since the third harmonic
back-electromotive force of the PMSM would generate a zero-sequence current in a zero-
sequence loop, the zero-sequence loop should be well handled.

As shown in Figures 2 and 3, the topology of the TPSW-PMSM drive and the corre-
sponding zero-sequence loop are presented. The mathematic model of TPSW-PMSM is
similar to the counterpart of the three-phase open-winding PMSM as presented. Thus, the
stator voltage equation in the a-b-c stationary co-ordinate system could be expressed as: ua

ub
uc

 = Rs

 ia
ib
ic

+
d
dt

 ψa
ψb
ψc

 (1)
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where u, i, and ψ denote the phase voltage, the phase current, and the stator flux linkage,
respectively. Subscripts a, b, and c denote the three-phase windings of TPSW-PMSM.
Meanwhile Rs denotes the stator resistance.

As mentioned above, due to the existence of the third harmonic back-electromotive
force, the stator flux equation could be written as: ψa

ψb
ψc

 =

 Ls Lm Lm
Lm Ls Lm
Lm Lm Ls

 ia
ib
ic

+

 ψ f cos(θe)
ψ f cos(θe − 120◦)
ψ f cos(θe + 120◦)

+

 ψ f 3 cos(3θe)
ψ f 3 cos(3θe)
ψ f 3 cos(3θe)

 (2)

where Ls and Lm are the self and mutual inductances, respectively. ψf and ψf3 are the
fundamental and third harmonic rotor flux. Meanwhile, θe is the rotor electrical angle.

According to the Clark and Park transformation [5], the stator voltage equation could
be transferred into a d-q-0 synchronous rotating co-ordinate system: ud

uq
u0

 = Rs

 id
iq
i0

+

 Ld 0 0
0 Lq 0
0 0 L0

 d
dt

 id
iq
i0

+ ωe

 −Lqiq
Ldid + ψ f

−3ψ f 3 sin(3θe)

 (3)

where subscripts d, q, and 0 denote the d-axis, q-axis, and 0-axis components. u0 = (ua + ub
+ uc)/3, i0 = (ia + ib + ic)/3. Meanwhile, ωe denotes the rotor electrical angle speed.

After the discretization of (3), it could be utilized to calculate the reference voltages in
different subspaces.

3. Voltage Vector Distribution for TPSW-PMSM

The voltage vector distribution of TPSW-PMSM is studied in this section. The space
vector modulation strategies of different subspaces could be designed according to this
voltage vector distribution study. Different from the conventional star-winding topology,
there exists a zero-sequence loop in series-winding topology. Thus, each voltage vector
contains an α-β subspace component and zero-sequence component simultaneously.

As depicted in Figure 2, TPSW-PMSM is driven by the four-leg (four-HBPM) inverter,
and there are 24 = 16 switching states [SL1, SL2, SL3, SL4]. Thus, the stator phase voltage
could be derived from the switching states of the four-leg inverter: ua

ub
uc

 = udc

 SL1 − SL2
SL2 − SL3
SL3 − SL4

 (4)

where SL = 1 means that the upper-leg switching device is turn-on, while the lower one is
turn-off; SL = 0 means the opposite condition. udc denotes the DC-link voltage.

The 16 different switching states correspond to 16 voltage vectors, and they could be
mapped into α-β subspace and zero-sequence based on the Clark transformation [5]. The
subscripts number of voltage vectors represents the switching state of the inverter. For
instance, switch state 0101 could be expressed as 5, which is the decimal expression of
the binary numbers corresponding to the switch states. The distribution of the 16 voltage
vectors in α-β subspace is presented in Figure 5; there are a total of 14 active voltage vectors
and 2 zero voltage vectors (vv0 and vv15). Meanwhile, six active voltage vectors (vv2, vv4,
vv6, vv9, vv11, and vv13), whose amplitude is 2udc/

√
3, are located at the vertices of the

outer hexagon. Another six active voltage vectors (vv1, vv3, vv7, vv8, vv12, and vv14), whose
amplitude is 2udc/3, are located at the vertices of the inner hexagon. Meanwhile, there are
two additional long voltage vectors (vv5 and vv10), whose amplitude is 4udc/3.
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It is worth noting that the zero-sequence components of the active voltage vectors
located at the outer hexagon and the zero voltage vectors are zero. Furthermore, the zero-
sequence component of vv1, vv3, vv5, and vv7 is −udc/3. Meanwhile, the zero-sequence
component of vv8, vv10, vv12, and vv14 is udc/3. In order to show the zero-sequence
component of the voltage vectors more clearly, Figure 6 depicts the voltage vectors (with a
non-zero zero-sequence component) distribution in the α-β-0 co-ordinate system.
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4. Phase Current Reconstruction

In this section, the phase current reconstruction strategy is discussed. The power
devices are typically HBPMs, and the current sensors are integrated with the HBPMs,
as shown in Figure 7. Moreover, a drive circuit board is installed on the HBPM. Thus,
the feedback information of the current sensors is all leg currents of the inverter. In
conventional star-winding motor drives, such leg currents are the phase currents of the
motor. However, in series-winding-topology-driven PMSM systems, such leg currents
obtained from the current sensors (blue hollow blocks in Figure 4) are not the phase currents
of the motor windings, as shown in Figure 4. Therefore, the three-phase currents should be
reconstructed based on these four-leg currents for the TPSW-PMSM drive.



Energies 2021, 14, 4620 6 of 16

Energies 2021, 14, x FOR PEER REVIEW 6 of 16 
 

 

feedback information of the current sensors is all leg currents of the inverter. In conven-
tional star-winding motor drives, such leg currents are the phase currents of the motor. 
However, in series-winding-topology-driven PMSM systems, such leg currents obtained 
from the current sensors (blue hollow blocks in Figure 4) are not the phase currents of the 
motor windings, as shown in Figure 4. Therefore, the three-phase currents should be re-
constructed based on these four-leg currents for the TPSW-PMSM drive. 

Half- bridge power moduleCurrent sensor

 
Figure 7. HBPM integrated with current sensor. 

According to the topology in Figure 4, the leg currents are iL1, iL2, iL3, and iL4, while the 
phase currents are ia, ib, and ic, respectively. Based on the Kirchhoff’s current law, their 
relationship could be expressed as: 

 
     
     =     
           

1

2

3

4

1 0 0 0
1 1 0 0
1 1 1 0

L
a

L
b

L
c

L

i
i

i
i

i
i

i

 (5) 

Based on Equation (5), the phase currents of the motor windings could be recon-
structed for the TPSW-PMSM drive. Actually, since the three-phase currents are recon-
structed from four-leg currents, the one-leg current is redundant. Thus, the phase currents 
could also be expressed as: 

 
   − − −   
     = − −     
   −        

1

2

3

4

0 1 1 1
0 0 1 1
0 0 0 1

L
a

L
b

L
c

L

i
i

i
i

i
i

i

 (6) 

Both Equations (5) and (6) could be utilized to reconstruct the phase currents. On the 
basis of the leg currents from the current sensors, the phase currents of the motor wind-
ings are reconstructed for the calculation of the controller. In the experimental perfor-
mance section, such a phase current reconstruction strategy is also applied. 

5. Proposed Deadbeat Predictive Current Control for TPSW-PMSM Drive 
The DBPCC scheme for the TPSW-PMSM drive is proposed in this section. First, ac-

cording to the concept of deadbeat control, the reference voltages in α-β subspace and 
zero-sequence subspace (loop) are calculated based on the mathematic model of TPSW-
PMSM presented in Section 1. Second, the space vector modulation strategies of α-β sub-
space and zero-sequence subspace are designed according to the voltage vector distribu-
tion in Section 2. The modulations of the two subspaces would not affect each other, since 
their modulation voltage vectors only contain the corresponding subspace components. 
Third, the switching pulses are generated based on the centrosymmetric principle. Fur-
ther, phase current reconstruction in Section 3 is adopted for reference voltage calculation. 
The overall block diagram of the proposed DBPCC for the TPSW-PMSM drive is revealed 
in Figure 8.  
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According to the topology in Figure 4, the leg currents are iL1, iL2, iL3, and iL4, while
the phase currents are ia, ib, and ic, respectively. Based on the Kirchhoff’s current law, their
relationship could be expressed as:

 ia
ib
ic

 =

 1 0 0 0
1 1 0 0
1 1 1 0




iL1
iL2
iL3
iL4

 (5)

Based on Equation (5), the phase currents of the motor windings could be recon-
structed for the TPSW-PMSM drive. Actually, since the three-phase currents are recon-
structed from four-leg currents, the one-leg current is redundant. Thus, the phase currents
could also be expressed as:

 ia
ib
ic

 =

 0 −1 −1 −1
0 0 −1 −1
0 0 0 −1




iL1
iL2
iL3
iL4

 (6)

Both Equations (5) and (6) could be utilized to reconstruct the phase currents. On the
basis of the leg currents from the current sensors, the phase currents of the motor windings
are reconstructed for the calculation of the controller. In the experimental performance
section, such a phase current reconstruction strategy is also applied.

5. Proposed Deadbeat Predictive Current Control for TPSW-PMSM Drive

The DBPCC scheme for the TPSW-PMSM drive is proposed in this section. First,
according to the concept of deadbeat control, the reference voltages in α-β subspace and
zero-sequence subspace (loop) are calculated based on the mathematic model of TPSW-
PMSM presented in Section 1. Second, the space vector modulation strategies of α-β
subspace and zero-sequence subspace are designed according to the voltage vector distri-
bution in Section 2. The modulations of the two subspaces would not affect each other, since
their modulation voltage vectors only contain the corresponding subspace components.
Third, the switching pulses are generated based on the centrosymmetric principle. Further,
phase current reconstruction in Section 3 is adopted for reference voltage calculation. The
overall block diagram of the proposed DBPCC for the TPSW-PMSM drive is revealed in
Figure 8.
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5.1. Reference Voltage Calculation

Above all, the reference voltages of α-β subspace and zero-sequence subspace are
calculated according to the mathematical model in Section 1. When the forward Euler
discretization method is employed, Equation (3) could be rewritten as: id(k + 1)

iq(k + 1)
i0(k + 1)

 =

 1− RsTs/Ld ωeLqTs/Ld 0
−ωeLdTs/Lq 1− RsTs/Lq 0

0 0 1− RsTs/L0

 id(k)
iq(k)
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+
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ud(k)
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+

 0
ωeψ f Ts/Lq

−3ωeψ f 3 sin(3θe)Ts/L0
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where k denotes the kth instant, and k + 1 denotes the (k + 1)th instant. Meanwhile Ts is the
sampling period.

To calculate the reference voltages, we can set the currents at (k + 1)th instant equal
to the reference current, which could be denoted as idref, iqref, and i0ref . Thus, the reference
voltages in d-q subspace and zero-sequence subspace could be derived as:udre f

uqre f
u0re f

 = 1
Ts

Ld 0 0
0 Lq 0
0 0 L0

idre f
iqre f
i0re f


−

Ld/Ts − Rs ωeLq 0
−ωeLd Lq/Ts − Rs 0

0 0 L0/Ts − Rs

id(k)
iq(k)
i0(k)

+

 0
−ωeψ f

3ωeψ f 3 sin(3θe)

 (8)

After that, the reference voltages in α-β subspace and zero-sequence subspace could
be calculated based on inverse Park transformation: uαre f

uβre f
u0re f

 =

 cos θe sin θe 0
− sin θe cos θe 0

0 0 1

 udre f
uqre f
u0re f

 (9)

Further, the angle between the reference voltage vector and the α-axis in α-β subspace
is defined as:

θre f = arctan(uβre f /uαre f ) (10)

5.2. Space Vector Modulation in Different Subspaces

Since the reference voltages are obtained, we also need to design the corresponding
space vector modulation strategies to track them. However, the space vector modulation
in TPSW-PMSM is quite different from the counterpart of the conventional star-winding
topology, because both α-β subspace and zero-sequence subspace exist in the motor wind-
ings. The modulation of different subspaces might affect each other. Thus, we should
design a modulation strategy that could realize different subspace modulation decoupling.
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At first, we can focus on the α-β subspace, since it provides the useful torque output.
Based on the voltage vector distribution of TPSW-PMSM studied in Section 2, we can find
that the voltage vectors located at the outer hexagon have null-zero-sequence components,
and these voltage vectors have the 2udc/

√
3 amplitude. Therefore, these six voltage vectors

are very suitable for α-β subspace modulation, thanks to their large amplitude and null-
zero-sequence components.

For the detail modulation process, these six voltage vectors divide the whole α-β
subspace into six different sectors. They are marked as sector I–sector VI, respectively, as
shown in Figure 9a. Equation (10) expresses which sector the reference voltage falls in,
and which two active voltage vectors should be used to modulate. Assuming the reference
voltage vector falls in sector I, as depicted in Figure 9b, vv9 and vv11 are employed to
modulate. Their duration time in one sampling period should satisfy:{ 2√

3
udc[dvv9 cos(−30◦) + dvv11 cos(30◦)] = uαre f

2√
3

udc[dvv9 sin(−30◦) + dvv11 sin(30◦)] = uβre f
(11)

where dvv9 denotes the duration time of vv9 in one sampling period, and dvv11 denotes the
duration time of vv11 in one sampling period.
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The rest time of the sampling period should be the duration time of the zero voltage
vectors (zero-sequence subspace modulation has not been considered yet). In addition, the
reference voltage vector in α-β subspace could be tracked precisely.

Next, zero-sequence subspace should be taken into consideration. We still want to
find some voltage vectors, which only contain zero-sequence components, to modulate
in zero-sequence subspace and would not affect the modulation in α-β subspace. Due
to the one-dimensional nature of the zero-sequence space, we only need two voltage
vectors containing zero-sequence components in opposite directions. This could satisfy
the modulation of the zero-sequence space. However, in Figures 5 and 6, we could not
find such voltage vectors. Voltage vectors with zero-sequence components all contain α-β
components, which makes it impossible to modulate in zero-sequence subspace with only
two voltage vectors.

Alternatively, we could promote the concept of the synthetic voltage vector in the
literature [20] to the zero-sequence subspace modulation. As depicted in Figure 6, vv8, vv12,
and vv14 have the same zero-sequence components. More importantly, if their duration
time in one sampling period remains the same, their synthetic voltage vector will have
null α-β component. Meanwhile, the zero-sequence component of the synthetic voltage
vector is still udc/3. This synthetic voltage vector could be denoted as SVV+. In a similar
manner, vv1, vv3, and vv7 could also synthesize a voltage vector with−udc/3 zero-sequence
component and null α-β component, which could be denoted as SVV−.

As shown in Figure 10a, these two synthetic voltage vectors have the zero-sequence
components in opposite directions and null α-β component, which indicates that they are
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suitable for the zero-sequence subspace modulation. Assuming the reference voltage of
zero-sequence has the positive value, SVV+ is employed to modulate. The duration time of
SVV+ in one sampling period should satisfy:

dSVV+ =
u0re f

0.2udc
(12)

Further, it means that vv8, vv12, and vv14 should be utilized, as presented in Figure 10b.
Their duration time in one sampling period should satisfy:

dvv8 = dvv12 = dvv14 =
dSVV+

3
(13)
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5.3. Switching Pulses Generation

Since the duration time of the active voltage vectors in different subspaces are deter-
mined, we could obtain the switching pulses of the four-leg inverter, under the assumption
that vv9, vv11, and SVV+ are selected as the active voltage vectors in α-β subspace and
zero-sequence subspace, respectively. Accordingly, SVV+ is synthesized by vv8, vv12, and
vv14. We could combine the active voltage vectors and their duration time in one sampling
period directly; thus, we could obtain the original switching sequences that are depicted in
Figure 11a.
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However, such switching sequences are asymmetrical and difficult to implement.
Therefore, we can rearrange the switching sequence to be symmetrical during one sampling
period, and keep the duty ratio of each leg unchanged, as shown in Figure 11b. Hence, it
could be simply implemented using the concept of carrier-based pulse-width modulation.

5.4. Overall Process of the Proposed DBPCC Scheme

As depicted in Figure 8, the overall process of the proposed DBPCC scheme for the
TPSW-PMSM drive is presented. Firstly, the phase currents of the motor are reconstructed
based on the leg currents of the inverter. Then, the Clark transformation and Park trans-
formation are employed to transfer the phase currents into a d-q-0 co-ordinate system.
Subsequently, based on the feedback currents and the reference currents, the reference
voltages for different subspaces are calculated according to Equations (8) and (9). Next,
the space vector modulation strategies in different subspaces would track the reference
voltages and generate the switching pulses for the HBPMs, so as to finish the action in one
sampling period.

6. Simulation Study

The simulation model of the TPSW-PMSM drive system is established in MAT-
LAB/Simulink software. Notably, the zero-sequence loop is added to the simulation
model, including the third harmonic back-electromotive force and the zero-sequence in-
ductance. The TPSW-PMSM parameters are listed in Table 1. The simulation period is set
to 1 µs, and the sampling period is set to 50 µs, which means the sampling frequency is
20 kHz. The bus voltage is set to 20 V.

Table 1. TPSW-PMSM parameters.

Parameter Description Value

p Number of pole pairs 5
Rs Stator resistance (Ω) 0.4
Ld d-axis inductance (mH) 1.5
Lq q-axis inductance (mH) 1.8
L0 Zero-sequence inductance (mH) 0.5
ψf Rotor flux linkage (Wb) 0.022
ψf3 3rd harmonic rotor flux linkage (Wb) 0.001

First, the zero-sequence current suppression performance of the proposed scheme
under steady-state is observed. As a comparison, the simulation without zero-sequence
current suppression is also conducted. It means the zero-sequence loop is not controlled,
and the other parts of the control scheme are the same as the proposed scheme. Figure 12
shows the current performance of the proposed scheme and the comparison scheme under
100 r/min and 2.5 N·m, including the currents in α-β subspace and zero-sequence subspace.
From Figure 12a, it can be found that, without the control of the zero-sequence loop,
the zero-sequence current amplitude reaches 0.4 A, which is mainly caused by the third
harmonic rotor flux linkage. It greatly affects the steady-state performance of the system.
The total harmonic distortion (THD) degrades to 6.71%, and the corresponding third
harmonic wave amplitude reaches 6% of the fundamental wave. While the proposed
scheme is employed, the zero-sequence loop is under control. Thus, the zero-sequence
current is suppressed well. From Figure 12b, it can be found that the zero-sequence current
amplitude is under 0.1 A, which indicates the third harmonic back-electromotive force
from the harmonic rotor flux linkage is canceled out by the zero-sequence component
of the voltage vectors (SVV+ and SVV−). Meanwhile, the THD level is 1.99%, and the
corresponding third harmonic wave amplitude is much smaller than the counterpart of the
comparison scheme. Thus, the steady-state performance initially testifies the correctness of
the proposed DBPCC scheme for TPSW-PMSM.
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Second, to verify the dynamic performance of the proposed scheme for TPSW-PMSM,
a dynamic test with speed change and torque change is conducted, as shown in Figure 13.
In a similar manner, a comparison scheme without zero-sequence loop control is also
conducted. During the whole dynamic process, at 1 s, the speed is set to 100 r/min without
any load. After the speed is stable, a 2.5 N·m load is added at 4 s. The suppression of
the zero-sequence current is observed. Moreover, as revealed in Figure 13a, without the
zero-sequence loop control, the zero-sequence current amplitude is around 0.4 A during
the dynamic process. However, things are much different when the proposed scheme is
adopted, the zero-sequence current is suppressed well during the dynamic process, as
presented in Figure 13b. Therefore, it can be concluded that the proposed DBPCC scheme
for TPSW-PMSM can effectively suppress the zero-sequence current in simulation.
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7. Experimental Results

Experiments in this section verify the feasibility and effectiveness of the proposed
DBPCC scheme for the TPSW-PMSM drive with HBPM-based inverter. The overall ex-
perimental testbed configurations are shown in Figure 14, and their models are listed in
Table 2. The parameters of the TPSW-PMSM are listed in Table 1, which are the same as
the simulation study. Such electrical parameters are obtained by LCR meter and inverter
supply test. The back EMF of the FP-PMSM is tested by a servo motor. The PMSM is
loaded with a magnetic powder brake. The current measurement is taken with hall-effect
sensors (HAS 50-S). The sampling frequency is also set to 20 kHz, and the bus voltage is
20 V.
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Table 2. Experimental configurations.

Equipment Type

HBPM Infineon-2SP0115T
Switching signal generators Microlabbox (DS1202)

DC power KIKUSUI-PAT25232T
Current measurement HAS 50-S

As mentioned in Section 3, the current sensors are integrated with the HBPMs. Thus,
the phase current reconstruction strategy is verified first. The four-leg currents are mea-
sured from the current sensors and sent to the dSPACE. According to Equation (5), the
three-phase currents are reconstructed from the four-leg currents. Then, they are fed back
to the controller for the following reference voltage calculation. As shown in Figures 15
and 16, the phase current reconstruction strategy is tested under 100 rounds per minute
(r/min) and 200 r/min with 2.5 N·m load, respectively. Meanwhile, the proposed DBPCC
scheme is adopted (it will be further tested in the following experiments). It can be seen
that the leg currents of the four HBPMs are not balanced. Since the first HBPM (L1) and the
last HBPM (L4) only undertake one-phase current, while the middle two HBPMs (L2 and
L3) undertake two-phase currents, the middle two-leg currents are larger than the other
two-leg currents. Subsequently, the reconstructed phase currents are shown below. The
three-phase currents are balanced under different speeds. Such phase currents are directly
sent to the DBPCC controller for reference voltage calculation, and the current performance
is good, which indicates that the phase current reconstruction strategy is correct.
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Moreover, the zero-sequence current suppression performance of the proposed DBPCC
scheme is verified by steady-state experiments. Similar to the simulation study, a compar-
ison scheme without zero-sequence loop control is employed as the control experiment.
In addition, the phase current reconstruction strategy is also employed here to get the
phase currents from the leg currents. In Figure 17, the speed is set to 100 r/min, and the
load is 2.5 N·m. If the zero-sequence loop is not controlled, as shown in Figure 17a, the
zero-sequence current amplitude is around 1.2 A, even leading to the unbalance of the
three-phase currents. Thus, to measure the current performance, the THD of every phase
current is tested and presented below. The THD level of the comparison scheme has a
range from 7.06 to 9.01%. Moreover, the corresponding third harmonic wave amplitude is
large, which ranges from 4.5 to 7% of the fundamental wave amplitude.
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Once the proposed scheme is adopted, the zero-sequence loop is under control. As
shown in Figure 17b, the zero-sequence current is suppressed well. In addition, the THD
level is from 3.48 to 4.01% thanks to the active zero-sequence loop control. As a result, the
corresponding third harmonic wave is also suppressed. This can illustrate the effectiveness
of the proposed scheme.

The same conclusion could also be drawn from the experimental results under
200 r/min steady-state operation, as shown in Figure 18. Without the zero-sequence
current suppression, the THD level of the phase currents has a range from 5.61 to 8.73%.
Meanwhile, the zero-sequence current ripple is around 1 A. After the zero-sequence cur-
rent is suppressed, the THD level of the phase currents decreases to about 4%, while
the zero-sequence current ripple is suppressed to 0.4 A. Therefore, we can find that the
proposed DBPCC scheme is suitable for the TPSW-PMSM drive. Since the phase currents
could be reconstructed from the leg currents, and the zero-sequence current could also be
suppressed well, this provides better performance for the drive system.
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8. Conclusions

The three-phase series-winding PMSM drive with half-bridge power-module-based
inverter suffers from the additional zero-sequence current. Meanwhile, the phase current
could not be obtained directly, since the current sensors are integrated with the half-bridge
power modules. To deal with the aforementioned problems, the main contributions of this
paper are summarized as follows:

(1) The mathematic model of the three-phase series-winding PMSM, including the
zero-sequence subspace, is built. It provides the deadbeat controller with the basis of the
reference voltage calculation in α-β subspace and zero-sequence subspace.

(2) The space vector modulation strategy of α-β subspace and zero-sequence subspace
is proposed. The reference voltage could be tracked accurately. More importantly, the
modulation in different subspaces would not affect each other, since the synthetic voltage
vector is employed in zero-sequence subspace modulation.

(3) The phase current reconstruction strategy is proposed. Based on the leg currents
from the current sensors, the phase current could be reconstructed for the further calculation
of the controller.
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Therefore, the deadbeat predictive current control scheme is proposed based on the
above works. Since the phase currents are reconstructed and the zero-sequence current
is suppressed, the THD level is reduced from around 8 to 4%, and the zero-sequence
current ripple is suppressed from 1 to 0.4 A. The proposed scheme could provide the
three-phase series-winding PMSM drive with a half-bridge power-module-based inverter
with better performance.

Author Contributions: Conceptualization, Z.D. and C.L.; methodology, Z.D. and S.L.; software, Z.D.,
S.L. and Z.S.; validation, Z.D. and Z.S.; formal analysis, Z.D.; investigation, Z.D.; resources, S.L. and
Z.S.; data curation, Z.D.; writing—original draft preparation, Z.D.; writing—review and editing,
C.L.; visualization, C.L.; supervision, C.L.; project administration, C.L.; funding acquisition, C.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by a grant (Project No. 52,077,186 and 51,677,159)
from the Natural Science Foundation of China (NSFC), China; in part by a grant (Project No.
JCYJ20180307123918658) from the Science Technology and Innovation Committee of Shenzhen
Municipality, Shenzhen, China; in part by a grant (Project No. ITP/027/19AP) from the Innovation
and Technology Commission, Hong Kong SAR; and in part by Strategic Research Grant and Ap-
plied Research Grant (Project No. CityU11218519, CityU11217520, and ARG9667214) from the City
University of Hong Kong, Hong Kong SAR.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, C.; Chau, K.T.; Lee, C.H.T.; Song, Z. A Critical Review of Advanced Electric Machines and Control Strategies for Electric

Vehicles. Proc. IEEE 2020, 109, 1004–1028. [CrossRef]
2. Zhang, X.; Zhang, W. Model Predictive Full-Torque Control for the Open-Winding PMSM System Driven by Dual Inverter with a

Common DC Bus. IEEE J. Emerg. Sel. Top. Power Electron. 2020, 9, 1541–1554. [CrossRef]
3. Shen, Z.; Jiang, D.; Zhu, L.; Xu, Y.; Zou, T.; Liu, Z.; Qu, R. A Novel Zero-Sequence Current Elimination PWM Scheme for an

Open-Winding PMSM With Common DC Bus. IEEE Trans. Power Electron. 2019, 34, 12476–12490. [CrossRef]
4. Bodo, N.; Levi, E.; Jones, M. Investigation of Carrier-Based PWM Techniques for a Five-Phase Open-End Winding Drive Topology.

IEEE Trans. Ind. Electron. 2012, 60, 2054–2065. [CrossRef]
5. Zhan, H.; Zhu, Z.; Odavic, M. Analysis and Suppression of Zero Sequence Circulating Current in Open Winding PMSM Drives

With Common DC Bus. IEEE Trans. Ind. Appl. 2017, 53, 3609–3620. [CrossRef]
6. Yuan, X.; Zhang, S.; Zhang, C.; Degano, M.; Buticchi, G.; Galassini, A. Improved Finite-State Model Predictive Current Control

With Zero-Sequence Current Suppression for OEW-SPMSM Drives. IEEE Trans. Power Electron. 2019, 35, 4996–5006. [CrossRef]
7. Yuan, X.; Zhang, C.; Zhang, S. A Novel Deadbeat Predictive Current Control Scheme for OEW-PMSM Drives. IEEE Trans. Power

Electron. 2019, 34, 11990–12000. [CrossRef]
8. Hu, W.; Nian, H.; Sun, D. Zero-Sequence Current Suppression Strategy with Reduced Switching Frequency for Open-End

Winding PMSM Drives with Common DC BUS. IEEE Trans. Ind. Electron. 2018, 66, 7613–7623. [CrossRef]
9. Chen, W.; Sun, D.; Wang, M.; Nian, H. Modeling and Control for Open-Winding PMSM Under Open-Phase Fault Based on New

Coordinate Transformations. IEEE Trans. Power Electron. 2020, 36, 6892–6902. [CrossRef]
10. Bodo, N.; Jones, M.; Levi, E. A Space Vector PWM with Common-Mode Voltage Elimination for Open-End Winding Five-Phase

Drives with a Single DC Supply. IEEE Trans. Ind. Electron. 2013, 61, 2197–2207. [CrossRef]
11. Li, A.; Jiang, D.; Liu, Z.; Sun, X. Generalized PWM Method for Series-End Winding Motor Drive. IEEE Trans. Power Electron. 2020,

36, 4452–4462. [CrossRef]
12. Li, A.; Jiang, D.; Kong, W.; Qu, R. Four-Leg Converter for Reluctance Machine With DC-Biased Sinusoidal Winding Current. IEEE

Trans. Power Electron. 2018, 34, 4569–4580. [CrossRef]
13. Li, A.; Jiang, D.; Zicheng, L.; Kong, W. Five-phase Series-end Winding Motor Controller: Converter Topology and Modula-

tion Method. In Proceedings of the 2019 IEEE Energy Conversion Congress and Exposition (ECCE), Baltimore, MD, USA,
29 September–3 October 2019; pp. 629–634.

14. Li, A.; Jiang, D.; Sun, X.; Liu, Z. Method of Expanding Operating Range for Three-phase Series-end Winding Motor Drive.
In Proceedings of the 2020 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit, MI, USA, 11–15 October 2020;
pp. 2020–2025.

http://doi.org/10.1109/JPROC.2020.3041417
http://doi.org/10.1109/JESTPE.2020.2980678
http://doi.org/10.1109/TPEL.2019.2906975
http://doi.org/10.1109/TIE.2012.2196013
http://doi.org/10.1109/TIA.2017.2679678
http://doi.org/10.1109/TPEL.2019.2942156
http://doi.org/10.1109/TPEL.2019.2904387
http://doi.org/10.1109/TIE.2018.2881945
http://doi.org/10.1109/TPEL.2020.3039896
http://doi.org/10.1109/TIE.2013.2272273
http://doi.org/10.1109/TPEL.2020.3024591
http://doi.org/10.1109/TPEL.2018.2864244


Energies 2021, 14, 4620 16 of 16

15. Li, A.; Jiang, D.; Kong, W.; Qu, R. A High Performance Five-Phase Six-Leg VSI and the Corresponding SVPWM Strategy. In
Proceedings of the 2019 IEEE Applied Power Electronics Conference and Exposition (APEC), Anaheim, CA, USA, 17–21 March
2019; pp. 2538–2543.

16. Guo, Q.; Dong, Z.; Liu, H.; You, X. Nonlinear Characteristics Compensation of Inverter for Low-Voltage Delta-Connected
Induction Motor. Energies 2020, 13, 590. [CrossRef]

17. Bor-Jehng, K.; Chang-Ming, L. A robust hysteresis current-controlled PWM inverter for linear PMSM driven magnetic suspended
positioning system. IEEE Trans. Ind. Electron. 2001, 48, 956–967. [CrossRef]

18. Rodriguez, J.; Pontt, J.; Silva, C.A.; Correa, P.; Lezana, P.; Cortes, P.; Ammann, U. Predictive Current Control of a Voltage Source
Inverter. IEEE Trans. Ind. Electron. 2007, 54, 495–503. [CrossRef]

19. Yan, H.; Xu, Y.; Zhao, W.; Zhang, H.; Gerada, C. DC Drift Error Mitigation Method for Three-Phase Current Reconstruction with
Single Hall Current Sensor. IEEE Trans. Magn. 2018, 55, 1–4. [CrossRef]

20. Dong, Z.; Liu, C.; Song, Z.; Liu, S. Suppression of Dual Harmonic Components for Five-Phase Series-Winding PMSM. IEEE Trans.
Transp. Electrif. 2021, 1. [CrossRef]

http://doi.org/10.3390/en13030590
http://doi.org/10.1109/41.954560
http://doi.org/10.1109/TIE.2006.888802
http://doi.org/10.1109/TMAG.2018.2869837
http://doi.org/10.1109/tte.2021.3091594

	Introduction 
	Mathematic Model for TPSW-PMSM 
	Voltage Vector Distribution for TPSW-PMSM 
	Phase Current Reconstruction 
	Proposed Deadbeat Predictive Current Control for TPSW-PMSM Drive 
	Reference Voltage Calculation 
	Space Vector Modulation in Different Subspaces 
	Switching Pulses Generation 
	Overall Process of the Proposed DBPCC Scheme 

	Simulation Study 
	Experimental Results 
	Conclusions 
	References

