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Abstract: The series-winding permanent-magnet synchronous motor (SW-PMSM) has the merits of
high output power and excellent control performance, as does the open-winding permanent-magnet
synchronous motor (OW-PMSM). Meanwhile, it can greatly reduce the number of power devices.
However, due to the existence of the zero-sequence path, zero-sequence current occurs, which can
cause additional losses and torque ripples. Thus, this paper proposes a novel direct torque-control
strategy for the SW-PMSM with zero-sequence current suppression capability (ZSCS-DTC). First,
the series-winding topology (SWT) and the voltage vector distribution in the SW-PMSM drives are
analyzed. Secondly, the basic DTC (B-DTC) scheme for the SW-PMSM is investigated, and the defects
of zero-sequence current open-loop control in the B-DTC scheme are revealed. Thirdly, a new voltage
vector synthesis scheme is proposed for suppression of zero-sequence current while ensuring bus
voltage utilization. A switching table is reconstructed with the newly synthesized voltage vectors.
On this basis, a ZSCS-DTC scheme for the SW-PMSM is proposed based on zero-sequence current
closed-loop control so that electromagnetic torque, stator flux linkage and zero-sequence current can
be controlled simultaneously. Finally, the effectiveness of the proposed ZSCS-DTC scheme for the
SW-PMSM drives is verified.

Keywords: zero-sequence current suppression; direct torque control (DTC); series-winding topology;
permanent-magnet synchronous motor (PMSM)

1. Introduction

Due to the merits of high efficiency, high power density, high torque output and high
reliability, permanent-magnet synchronous motors (PMSMs) are widely used in transporta-
tion, industrial production and wind power generation [1-4]. However, limited by the
DC-bus voltage of the driver, the operating range of traditional PMSMs is difficult to further
extend with the same torque capability. The open-winding topology (OWT) was proposed
to drive the motors for higher bus voltage utilization [5-7]. Such OWT-driven PMSMs
are supplied by two inverters simultaneously and are associated with the advantages of
multilevel voltage output and high bus voltage utilization [8-10]. However, such a drive
system has twice as many power devices as the conventional drive system, resulting in
considerably increased cost and volume, making it unacceptable for some applications.

In order to overcome the abovementioned defects, the SWT was proposed [11-15].
The SWT is a special open-winding structure, which multiplexes the adjacent inverter legs
located in the middle of the OWT [11]. The SWT retains the advantages of high bus voltage
utilization and zero-sequence controllability while greatly reducing the number of power
devices so that the cost and volume can be greatly decreased, which is the main concern in
industrial applications [13,16,17].
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However, as the impedance of the zero-sequence loop in the SWT is very small, a
small zero-sequence voltage disturbance results in undesired zero-sequence current and
additional torque ripple [18]. What is more important is that the sources of zero-sequence
disturbance voltage are complicated. From the inverter side, the nonlinearity of the inverter
and the equivalent zero-sequence modulation voltage [10] induce zero-sequence voltage.
From the machine side, zero-sequence back electromotive force (EMF) and cross-coupling
voltages in zero sequence [10] also lead to zero-sequence voltage. Thus, it is difficult
to completely suppress zero-sequence voltage by means of compensation. In order to
avoid generating undesired zero-sequence current, voltage vectors without zero-sequence
components are employed for modulation [19]. However, the zero-sequence disturbance
voltages induced by the zero-sequence back EMF and the inverter nonlinearities cannot
be avoided. From another perspective, the SWT has good zero-sequence controllability
because the zero-sequence voltage in any direction can be injected into the zero-sequence
loop in the SWT [17]. A space-vector modulation (SVM) strategy [11,20,21] is proposed
for the decoupled control of the torque output and the zero-sequence current. In order to
keep the modulation in zero-sequence subspace from being affected by the modulation in
the «-3 subspace, two virtual voltage vectors only containing zero-sequence components
are synthesized by the three adjacent voltage vectors, which have the same positive or
negative zero-sequence component. Therefore, the modulations in different subspaces
are decoupled. However, the DC-link voltage utilization is reduced due to the separate
modulations in different subspaces. In order to fully extract the output capability of the
SWT, a three-dimensional space-vector modulation (3D-SVM) scheme [17] is investigated.
Six specific planes are set to divide the entire feasible region of the 3D space into twenty-
four subtetrahedrons [17]. By looking up the table of the relative positional relationship
between the reference voltage vector and six specific planes, three adjacent basic voltage
vectors can be selected to synthesize the reference voltage vector in the 3D space. However,
subtetrahedron determination is intuitive but complex. In short, it can be seen that the
corresponding modulation scheme is important for the control of the torque output and
zero-sequence current suppression of the SW-PMSM drive.

Furthermore, the control of the SW-PMSM is quite different from that of the conven-
tional PMSM but similar to that of the OW-PMSM [21] because they all need to suppress
the zero-sequence current while controlling the torque output and the stator flux linkage.
Model predictive control [21,22] and field-oriented control [23] have been promoted in
SW-PMSM drives. However, in some applications, such as in electric vehicles, electric ships
and robotic actuators [22], a fast dynamic response and robustness of the drive system are
required, and direct torque control (DTC) can be a better candidate for SW-PMSM drives.

In [19], the B-DTC of the SW-PMSM drive was investigated. The switching table for
the hysteresis controllers was rederived with six voltage vectors without zero-sequence
components. However, the performance of the B-DTC scheme is affected by the zero-
sequence current if the zero-sequence disturbance voltage induced by the nonlinearity of
the inverter, zero-sequence back electromotive force (EMF) and cross-coupling voltages
in zero sequence [10] are not completely compensated for. It is essentially an open-loop
control of zero-sequence current suppression. Good performance can be obtained if those
zero-sequence disturbance voltages are completely compensated for, but this is a difficult
task. Therefore, it is necessary to introduce a closed-loop control system of zero-sequence
current with the proper controller for active zero-sequence current suppression.

In this paper, a novel direct torque-control strategy with zero-sequence current sup-
pression capability (ZSCS-DTC) is proposed for SW-PMSM drives. The main contributions
of this work can be summarized as follows. First, the SWT and its voltage vector distri-
bution are investigated, and the influence of voltage vectors on zero-sequence current is
analyzed. Secondly, the defects and the core cause of the inevitable zero-sequence current
in the B-DTC scheme for the SW-PMSM are revealed. Based on the aforementioned points,
a new voltage vector synthesis scheme is proposed in this paper, and a switching table is
reconstructed with the newly synthesized voltage vectors. Finally, a closed-loop control
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scheme for zero-sequence current suppression is constructed so that multiobjective control
electromagnetic torque, stator flux linkage and zero-sequence current can be realized in the
SW-PMSM drives.

This paper is organized as follows. In Section 2, the mathematical model and voltage
vector distribution of the SW-PMSM drive are introduced. In Section 3, the B-DTC scheme
of the SW-PMSM drive is investigated, and the defects and the core cause of the inevitable
zero-sequence current in the B-DTC scheme are revealed. In Section 4, a new voltage vector
synthesis scheme is proposed, and an improved switching table is reconstructed with
the newly synthesized voltage vectors. Then, the ZSCS-DTC scheme for the SW-PMSM
drives is proposed based on zero-sequence current closed-loop control. In Section 5, the
experimental validation is presented.

2. Mathematical Model for SW-PMSM Drives
2.1. Series-Winding PMSM Topology

The topology of the three-phase SW-PMSM drive is presented in Figure 1. The three-
phase stator windings are connected in series, and the four connection points are connected
to the midpoint of the four legs. The current direction is defined as positive if the current
flows as shown in Figure 1.
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Figure 1. Series-winding topology for a three-phase SW-PMSM.

2.2. Equations of the SW—PMSM Model Considering Zero Sequence

Taking the midpoint of the DC bus as the reference ground, the stator voltage equations
of the SW-PMSM can be expressed in the a-b-c stationary coordinate system as:

U; = ea+ L% —1aRs = S1Ugc — So2Ug,
1wy = ec + L‘% — iyRs = Spllge — S3lyc 1)
Ue = €ec + Lﬁ —icRg = S3Ugc — SqUye

where ¢, u, I, Ry and L denote back electromotive force (EMF), voltage, current, stator
resistance and inductance, respectively. Subscripts a, b and c indicate the three-phase stator
winding of the SW-PMSM,, respectively. Sy (x =1, 2, 3, 4) indicates the switching state of
the four inverter legs; when Sy = 0, the upper switch is turned off and the lower switch is
turned on, whereas when Sy = 1, the upper switch is turned on and the lower switch is
turned off. Uy, is the DC-link voltage.

If the rotor flux linkage is aligned with the direction of the phase-A winding, the stator
voltage equations can be described in the d-g-0 coordinate system as follows:

. di. .
Usqg = Rsisq + Ld% — wrLqisq
) di .
usq - RSlSq + Lq% ‘l’ (UrLdlSd + (Urlpf (2)
uso = eg — Rgiso + Lo Gf
where w;, is the synchronous electrical angular velocity; subscripts d, q and 0 indicate

the corresponding axis of the d-q-0 coordinate system, respectively; and ¢y denotes the
zero-sequence component of the back EMF.
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Based on Equation (2), the zero-sequence voltage in the SWT-driven PMSMs consists
of the zero-sequence excitation voltage (u5) generated by the four-leg inverter and the
zero-sequence back EMF (eg) generated by the third harmonic flux density distribution.
Moreover, the magnitude of the zero-sequence current is dependent on the zero-sequence
voltage source and the impedance of the zero-sequence circuit.

The zero-sequence excitation voltage (u50) and the zero-sequence current (i) can be

calculated as:
ugg = (Ug +up + 1) /3

X S 3
150:(1a+1b+lc)/3 ()

Based on Equations (1) and (3), us can be obtained as shown in (4).
uso:(51—52+52—53+53—S4)udc )

= (Sl — S4)lec/3

Based on Equation (4), when the switching states (S; and S4) are not the same in one
PWM cycle, the four-leg inverter outputs a zero-sequence excitation voltage (i50) on the
three-phase stator wingding. In addition, the magnitude of the zero-sequence excitation
voltage (u40) is independent of the switching state of the second and third inverter legs. For
example, when the switching state (S;) changes, the electrical potential of the A— point and
B+ point shown in Figure 1 change simultaneously, and their magnitudes remain equal and
cancel each other out in Equation (4). Therefore, according to Equation (2), zero-sequence
current is generated in the stator windings once the zero-sequence excitation voltage (u59)
cannot cancel out the effects of the zero-sequence back EMF (ey).

Considering the existence of zero-sequence current, the output torque (T;) can be
expressed as:

T, = 1.5 | (Laisa + 5 ) isq + Laisa] — 9npiassin(36;)iso 5)

where, Ly, Lq and Ly are the corresponding inductance in the d-q-0 coordinate system,
respectively; §¢ is the rotor flux linkage; 13 is the amplitude of the third harmonic rotor
flux linkage; and np, is the number of pole pairs.

Based on Equation (5), the third harmonic rotor flux linkage (3f) and the zero-
sequence current (is0) lead to torque ripple. The third harmonic rotor flux linkage is an
inherent parameter of the motor. As the impedance of the zero-sequence loop in the SWT
is very small, zero-sequence disturbance voltage results in zero-sequence current and
torque ripple, which reduce the efficiency and stability of the SW-PMSM drive system.
Therefore, it is necessary to take measures to suppress zero-sequence current for good
driving performance.

2.3. Voltage Vector Distribution of SW—PMSM Drive

Unlike the conventional PMSM driven by a three-phase inverter, the SW-PMSM is
driven by an inverter with four legs so that there is a total of 16 switching states. The stator
phase voltages (14, up and uc) can be expressed with the switching states as:

Uy S1— 5, 1 -1 0 0 21
Uy | = Udc 52 — 53 = Udc 0 1 -1 0 Sz (6)
Ue S5 — S4 0 0 1 -1 Si

According to the Clark transformation, Equation (6) can be described in the x-3-0
coordinate system as:

1 1
w] L1 T2 T2 | [t
up| =310 B2 | @
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Based on Equations (6) and (7), if the four inverter legs have different switching states,
uy, ug and ug have different values, as presented in Table 1 [11].

Table 1. Components of voltage vectors in the x[30 subspace.

Voltage Vectors $15253S4 U /Uy, ug/ly, uo/Ug,
Vo 0000 0 0 0
V1 0001 1/3 1/V3 -1/3
V, 0010 0 —2//3 0
V3 0011 1/3 —-1/V3 -1/3
V, 0100 -1 1/V3 0
Vs 0101 -2/3 2//3 -1/3
Ve 0110 -1 —-1/V3 0
Vo 0111 -2/3 0 -1/3
Vg 1000 2/3 0 1/3
Vg 1001 1 1/V3 0
V1o 1010 2/3 —2//3 1/3
Vi1 1011 1 —-1/V3 0
Viz 1100 -1/3 1/V3 1/3
Vi3 1101 0 2//3 0
Via 1110 -1/3 —-1/V3 1/3
Vis 1111 0 0 0

The subscripts of the 16 voltage vectors represent the inverter switching state (S15,5354).
For example, the subscript of voltage vector V1 is the decimal expression of binary numbers
1010, which correspond to the switching state (515,5354).

Based on the amplitude of voltage vectors, the 16 voltage vectors can be classified into
the following four categories. (1) Two zero-voltage vectors (Vg and V15), whose amplitude
and zero-axis component are null; (2) six active voltage vectors (V2, V4, Vg, Vo, V11 and V13),
whose amplitude is 2u4./v/3 and zero-axis component is null; (3) six active voltage vectors
(V1, V3, V7, Vg, V12 and V14), whose amplitude is \@udc/ 3 and zero-axis component is
+u4./3; and (4) two long active voltage vectors (V5 and V1g), whose amplitude is V17u4./3
and zero-axis component is £u4./3. The distribution of the 16 voltage vectors in different
subspaces is shown in Figure 2.

Vi
Vs (1101)
0-axis
Vs Viz Vo
(0100) (1100) (1001) Vs Vo
Viz Vs
% V2Va Ve
(0111) (1000) 0 VoV Vs
Ve Va Vi “;: Vs
(0110) (1011)
« Vo
(0(;/120) (1010
(a) (b)

Figure 2. Voltage vector distribution of the SW-PMSM drive in the (a) x-f subspace and (b) zero-
sequence subspace.
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3. Basic DTC for SW-PMSM Drives
3.1. The B-DTC Scheme for SW-PMSM

Direct torque control has the advantages of fast dynamic response and robustness,
making it an ideal candidate for the SW-PMSM drives for some applications. Assuming
that the SW-PMSM is well designed, the zero-sequence disturbance from the machine side,
especially the third harmonic rotor flux linkage (§3¢) can be ignored. Furthermore, the six
voltage vectors with no zero-sequence components are selected to control the torque output
in order to prevent zero-sequence current generating from the inverter side. Therefore,
ignoring the influence of zero-sequence current, the modulation of the B-DTC scheme is
achieved only in the «-f3 subspace. Consequently, control of the electromagnetic torque
and stator flux linkage in the B-DTC scheme of the SW-PMSM drive is similar to the DTC
scheme for a conventional PMSM. The overall B-DTC architecture for the SW-PMSM drive
proposed in [19] is shown in Figure 3.

|_ Vbc
oty AR}
PI
- L T.T Switching Table Four-leg
@r o - T P In Table 2 AL
%
*
9] V! i1
u Phase Current | ir2
o Reconstruction 13
Flux Linkage Ysap F}Eu:.Llrltl.(age feap .
Amplitude and Angle stimation Isa| Isb| Isc
o ” P
Torque 1 . Clarke SW-PMSM
Estimation Transformation
Encoder [ |

Figure 3. B-DTC architecture for the SW-PMSM drive.

In the B-DTC scheme for the SW-PMSM drive, the stator flux linkage can be estimated
in the -3 subspace as [19]

Yo = f (utx o Rsi“)dt
Yp = [ (g —Rig)dt ®
B BB
Furthermore, the output torque (T¢) can be calculated as
T, = 1.5n, (Yaip — ugia) )

According to the DTC theory, the output torque can be controlled directly by changing
the angle of the stator flux linkage [19] once its amplitude is constant. Whether controlling
the amplitude of stator flux linkage or the output torque, it comes down to the choice of volt-
age vector in the DTC scheme. However, the topologies are different, resulting in different
voltage vector distributions. Therefore, the switching table should be reconstructed.

In the B-DTC scheme, six active voltage vectors (V3, V4, Vg, Vo, V11 and Vi3) with
null zero-sequence components were selected as candidates, and the switching table was
reconstructed with the candidate voltage vectors as depicted in Table 2 [19]. ¢ and T are the
output of the hysteresis controllers for the stator flux linkage and electromagnetic torque,
respectively [19]. ¢ = 0 indicates that the actual stator flux linkage is greater than the
reference value and vice-versa. The meaning of T for the electromagnetic torque is similar
to that of ¢ for the stator flux linkage.
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Table 2. Switching table of the B-DTC.

=1 t=1 Vi3 Vy Ve Vs V1 Vo
=0 V11 V9 V13 V4 V6 Vz
9=0 t=1 Vy Vs Vs Vi Vo Vi3
T=0 V> Vi1 Vy Vi3 Vy Ve

3.2. Limitations of the B-DTC Scheme for SW-PMSM

Since the impedance of the zero-sequence circuit in the SW-PMSM drives is very
small, a small zero-sequence disturbance induces a large zero-sequence current. If the
zero-sequence excitation voltage (u50) cannot eliminate the negative effects of the zero-
sequence back EMF (ep) completely, zero-sequence current is induced in the zero-sequence
loop. In the B-DTC scheme, the active voltage vectors with null zero-sequence components
were selected to rederive the switching table in order to avoid generating zero-sequence
disturbance voltage from the inverter side. However, its effect is limited because of the
existence of inverter nonlinearities, such as deadtime effects.

The positive current direction of the inverter leg is defined as flowing from the inverter
leg to the stator winding. During the dead time, the output voltage of each inverter leg is
determined by the current polarity of the inverter leg. The output voltage of the inverter
leg is 0 if the current direction is positive. The output voltage is Uy, if the current direction
is negative. Thus, when the first and fourth inverter legs have the current directions shown
in Figure 4, the deadtime effect generates a zero-sequence disturbance voltage with an
amplitude of —2U 4 on the three-phase series winding. According to the average value
equivalence principle, this zero-sequence voltage is equivalent to superimposing a voltage
with an average value of —2U4.T4/ Ts on the ideal output voltage waveform during the
PWM cycle.

N
€L T A D1 Ts ADs T A Ds T7) K D7
‘ Ta ic
o o hm e 'a's o W Ealtie o' g W
@ ® @
Ude £ SW-PMSM
Tz —}LDz T A Ds To A Des Ts A Ds

Figure 4. Zero-sequence voltage generated by the deadtime effect wheniy > 0, ic > 0.

When the current directions of the first and fourth inverter legs are in other states, the
zero-sequence voltages generated by the deadtime effects can be also derived as shown in
Table 3.

Table 3. Zero-sequence voltage generated by the deadtime effect.

Current Direction of Phase A and C Zero-Sequence Voltage
ip>0,i. >0 72Udch/Ts
ig >0,ic <0 0
ip<0,ic >0 0
ip <0,ic <0 2U4.Tq/Ts

The influence of the voltage of the deadtime effect on the three-phase series winding
is shown in Figure 5, assuming that the current waveform of the three-phase winding is an
ideal sine wave.
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UsO A

\ 4

Figure 5. Zero-sequence voltage waveform generated by the deadtime effect.

Atinterval 1 (i4 > 0, ic > 0; Figure 5) according to Table 3, the deadtime effects
reduce the voltage of the three-phase series winding by —2Uy.Tq/Ts. Atinterval 3 (ig < 0,
ic < 0), the effect of the dead time reduces the voltage of the three-phase series winding
by 2U4.T4/Ts. At the other intervals, the deadtime effect has no impact on the zero-
sequence voltage.

In addition to the deadtime effects, the nonlinearity introduced by the on/off delay
and the voltage drop across the power device [16,24] also causes zero-sequence disturbance
voltage. The zero-sequence disturbance voltage is also associated with other factors, such
as the zero-sequence back EMF and cross-coupling voltages in zero sequence [10]. It is also
difficult to accurately model and completely compensate for zero-sequence disturbance.

Although the basic DTC scheme was verified by simulation results [19], it would not
achieve good performance in practice for the following reasons,

(1) In the B-DTC scheme, closed-loop control systems are designed for the control of the
torque and stator flux linkage, but an open-loop control mode is adopted for zero-sequence
current suppression. All zero-sequence disturbance voltage should be compensated for if
the zero-sequence current is to be suppressed well in open-loop control mode.

(2) There are several zero-sequence disturbance sources in the SW-PMSM drives, such
as the zero-sequence back EMF, zero-sequence cross-coupling voltages, the equivalent
zero-sequence modulation voltage and inverter nonlinearities [10]. More importantly,
these zero-sequence disturbance sources have the characteristics of strong coupling and
a nonlinear and complex cause, making it difficult to accurately model and completely
compensate for such sources.

4. Proposed ZSCS-DTC for SW-PMSM Drives
4.1. Synthesis Scheme of New Voltage Vectors

According to the analysis presented in Section 2.3, as the zero-sequence path exists in
the SWT, it is necessary to modulate in both «-f3 subspace and zero-sequence subspace. It
can be seen that six voltage vectors (V2, V4, Vi, Vo, V11 and V13) with no zero-sequence
components are very suitable for modulation in the o-f3 subspace [20]. Thanks to their large
amplitude of 2u4./+/3, the DC-bus voltage utilization is higher than that of traditional
PMSM drives. However, there are no voltage vectors with null 3 components in Table 1,
making it difficult to independently modulate in zero-sequence subspace.

Alternatively, the concept of the virtual voltage vector [11,20] can be introduced to
synthesize new voltage vectors containing only zero-sequence components. By combining
Vs, V12 and V14 and ensuring that they have the same duration during one sampling period,
a virtual voltage vector with only positive zero-sequence component can be obtained [21],
denoted as Vp here. The amplitude of V}, is u4./3. In the same way, a new virtual voltage
vector with only negative zero-sequence component can be synthesized by voltage vectors
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V1, V3 and V7, denoted as V. The amplitude of Vi is 14./3. Thus, virtual voltage vectors
Vp and VN have null f component, and their zero-sequence components are in opposite
directions, with an amplitude of +u4./3. More importantly, the zero-sequence subspace
has only one dimension, and any required zero-sequence voltages can be modulated by
these two virtual voltage vectors.

Subsequently, new synthetic voltage vectors can be obtained with a combination of
two voltage vectors, one of which is selected from the six active voltage vectors (V, V4, Vg,
Vy, V11 and Vq3) with null zero-sequence components; the other is selected from virtual
voltage vectors with only zero-sequence components (Vp, and V), as shown in Figure 6.

AVp
Ver One PWM cycle
Ve-T2/Ts T: T2
VaT1/Ts
_>Vx
Vn-T2/Ts )
Vin Vx Ve or VN
L A%
(a) (b)

Figure 6. Synthesis of new voltage vectors: (a) synthetic voltage vectors; (b) the time allocation of the
PWM cycle.

Where V is the voltage vector selected from the six active voltage vectors (V3, V4, Vs,
Vy, V11 and V13); subscript x is the number of the corresponding voltage vectors; and T is
the duration of the selected voltage vector (V) in one sampling period, and its proportion
in one sampling period is A. T is the duration of the virtual voltage vectors (V}, or VN)
in one sampling period, and its proportion in one sampling period is 1 — A. Ais set to 0.8
in this article, which can be changed according to practical needs. Vx_p and Vy_y are the
new synthetic voltage vectors. For example, if voltage vectors Vg and Vp are selected, their
durations in one sampling time are T; and T», respectively. Therefore, a new synthetic
voltage vector can be obtained, which is denoted as Vq_p.

Therefore, distribution of new voltage vectors was reconstructed with these synthetic
voltage vectors, as shown in Figure 7.

-

P ~

0
<
I

T
> -N ! 13-P > .
7" Vi3 N1 Vizp™~o 0-axis

—— Vop Vizp Vapr
Ve-p Va-p V11-p

Von Vizsn Van
— Ve~ Van VN

(b)

Figure 7. Voltage vector distribution with new synthesized voltage vectors in different subspaces:
(a) a-P subspace; (b) zero-sequence subspace.
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4.2. Closed-Loop Control of Zero-Sequence Current Suppression

In order to suppress zero-sequence current effectively, a closed-loop control scheme
for zero-sequence current suppression is introduced into the DTC scheme. On this basis, a
novel DTC strategy for SW-PMSM with zero-sequence current suppression capability is
proposed in this section. The general control diagram of the ZSCS-DTC scheme is depicted
in Figure 8.

(J)r*+ % Te*+ % T [} ‘_ VDC +
.“ "‘ _D_ !.-'_.; =1 T=1|Vy3p | Var | Ver | Vor |Vare | Vor
- - | T=0|Vyp | Vep |V Var | Ver | Vo

o DL o [ TR T Fourie

Torque and (X) > 2 T=0[ Ve [Viso [ Voo [Viso | Vas [Ver | | 4 HN K VSI
flux control YT~ = p=1|"= 1 Visn| Ven [ Von | Von [Vin| Von
""""""""""""""""""""" ’u’“ SITIIIIIIIEEE Ug) i=0 T=0]Vyin| Vo |Vian | Van | Ven | Van
10 : @L o =0]"= 1 Van [ Von | Van [Vasn | Von [Visn
+, - T=0|Von |Virn | Von |Vien | Van | Ven
1s0

iL1

ZSC Control : l Phase Current i2 B
"""""""""""""""""""""""""""""""""""""""" Usap Reconstruction | _is | |
I 1 [Flux Amplitude and Psap .Flux. lsap . e
- | Angle Estimation isa |isb | isc
sa
Te Torque ; — Clarke
Estimation % 10 | Transformation o T
Encoder

Figure 8. Proposed ZSCS-DTC architecture for the SW-PMSM drive.

Although the control process of the torque and stator flux linkage is similar to the
B-DTC scheme for conventional PMSM, the proposed ZSCS-DTC strategy is fundamentally
different from the B-DTC. There are two main differences:

(1) A new voltage vector synthesis scheme is proposed for suppression of the zero-
sequence current while ensuring bus voltage utilization. The switching table is recon-
structed with the newly synthesized voltage vectors.

(2) Closed-loop control of zero-sequence current suppression is introduced in the
ZSCS-DTC scheme for SW-PMSM so that the zero-sequence current can be suppressed
actively and the torque and stator flux linkage can be effectively controlled.

A closed-loop control scheme for zero-sequence current suppression was designed
using a proportional and resonant (PR) regulator [25] and a hysteresis controller, as shown
in Figure 8. Since the zero-sequence disturbance induced by the rotor harmonic flux is
mainly a triple-frequency AC component [25,26], a proportional and resonant (PR) regulator
is used to determine the required value of zero-sequence excitation voltage (159) from the
four-leg inverter side based on the difference between the zero-sequence current (isg) and
the reference zero-sequence current (iso*). Subsequently, the zero-sequence current control
signal (i) can be obtained through the hysteresis controller of the zero-sequence current.

If i, =1, then the actual zero-sequence current is smaller than the reference value, the
required value of ug is positive and synthetic voltage vectors (Vx_p) that contain positive
zero-sequence components are selected to suppress the zero-sequence current, such as
synthetic voltage vector Vg_p for. Voltage vector Vg_p is synthesized by voltage vectors
Vg and Vp, and voltage vector V}, is synthesized by active voltage vectors Vg, V12 and V14
with the same duration in one PWM cycle. Thus, according to the principle of volt-second
balance, the zero-sequence voltage output from the four-leg inverter in one sampling time
can be calculated as

Vo_poTs=T1-Voo+Ta-Vpo=To-Vp (10)

where Vo_py, Vg9 and Vpy are the zero-sequence components of the corresponding voltage
vectors (Vg_p, Vg and Vp).
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: b - : :
This zero-sequence voltage (Vg9_p ) leads to positive zero-sequence current, as shown
in Figure 9a. Thus, the existing negative zero-sequence current is eliminated.

| +
€L Ty —}LDl T aDs Ts ADs T aps 1 Ty 4D Ts) 1 4Ds Ts
Uelo @ nyy @7 pn @5 @ vde lo - @ B @" /@
- SW-PMSM B SW-PMSM
T2 D T oD T6|~ ADe Ty, %—}L Ds Tz —}LDz T an T aDs T A Ds
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Figure 9. Zero-sequence current flow path with (a) Vx—p and (b) Vx_N.

In the same way, if i, = 0, then the actual zero-sequence current is greater than the
reference value, the required value of ug is negative and synthetic voltage vectors (Vx—_n)
that contain positive zero-sequence components are selected to suppress zero-sequence
current, such as synthetic voltage vector V9_n. Zero-sequence voltage output from the
four-leg inverter in one sampling time can also be calculated as

Vo_noTs =T1-Voo+ T2-Vno = T2- VN (11)

where Vo_nyo, Voo and Vi, are the zero-sequence components of the corresponding
voltage vectors (Vg_n, Vg and V).

This zero-sequence voltage (Vo_n o) induces negative zero-sequence current, as shown
in Figure 9b. Thus, the existing positive zero-sequence current is eliminated.

Based on (10) and (11), the zero-sequence voltages generated by the synthetic voltage

vectors are only associated with voltage vectors Vp and V.
4.3. Closed-Loop Control of the Torque and Stator Flux Linkage

Based on the analysis presented in Section 4.1, the new synthesized voltage vectors
were selected as the candidates. The sector division of the o-3 subspace is depicted in

Figure 10. In the x-f3 subspace, the whole plane is divided into six identical sectors by
dashed lines.

VB_NTVB_p Ws of the ZSCS-DTC
N ~~/ /' wsofthe C-DTC

\V9-}¢

\
\" Vo.p
\

Figure 10. Sector division and the flux linkage trajectory in the x-f3 subspace.
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Closed-loop control schemes were also designed for the torque and stator flux linkage
using proportional and integral (PI) regulators and hysteresis controllers. The overall
control process of the electromagnetic torque and stator flux linkage in the ZSCS-DTC
scheme of the SW-PMSM drive is similar to that in the B-DTC scheme. However, the
switching table should be rederived with the new synthetic voltage vectors, as shown in

Table 4.

Table 4. Switching table of the ZSCS-DTC.

1 1 Vis_p Vi p Ve_p Vop Viip Vo_p

1 0 Vii_p Vo_p Viz_p Vi p Ve_p Vop
0 1 Vi p Ve_p Voop Viip Vo_p Vis_p

0 Vop Vii-p Vo_p Viz_p Vs p \ )

1 1 Vis-n Vin Vo-n Voon ViinN Vo_n

0 0 Viin Vo_n Viz_n Vi n Vo-n Voon
0 1 Vi n Vo n Voon Viin Vo_n Vis_n

0 Vo N Vii_n Vo_nN Viz_n Vi N Vo_N

In Table 4, iz is the output of the hysteresis controller for zero-sequence current.
If iz = 0, then the actual zero-sequence current is greater than the reference value and

vice-versa.

According to the signals generated by the hysteresis controllers (iz, ¢ and T), one
proper voltage vector is selected from Table 4, such as synthetic voltage vector Vo_p.
According to the principle of volt-second balance, the 8 component of the voltage output
from the four-leg inverter in one sampling time can be calculated as

Vo_papTs =T1-Voup+ T2 Vpap = T1-Voup

(12)

where Vo_p 45, Vo 45 and Vp 44 are the af components of the corresponding voltage vectors

(Vo_p, Vg and Vp).

In the same way, given the synthetic voltage vector selected from Table 4 (V9_n), the
« component of the voltage output from the four-leg inverter in one sampling time can be

calculated as

Vo_NapTs =T1-Voup+ T2-VNap = T1-Voup

(13)

where Vo_n 5 and Vi p are the af components of the corresponding voltage vectors

(V9,N and VN).

The « component is only associated with the voltage vectors (Vy) that result in the
desired electromagnetic torque and stator flux linkage. In addition, this 3 component of
the voltage vector does not induce zero-sequence current, so that the existing zero-sequence
currents stay the same, as shown in Figure 11.
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Figure 11. Zero-sequence voltage flow path during control of the torque and stator flux linkage with
(a) Vp and (b) V.

5. Experimental Results
5.1. The Experimental Platform

In order to research the control effectiveness of the proposed ZSCS-DTC scheme
for SW-PMSM drives, an experimental platform was established, as shown in Figure 12.
The SW-PMSM is a conventional Y-connected PMSM in which the neutral point of the
phase windings is opened and three-phase windings are connected in series. A magnetic
powder brake is selected as the load. The control system is implemented in the DSP of
TMS320F28335 from Texas Instrument. The sampling frequency is set to 10 kHz, and the
switching frequency of the power devices is 10 kHz. The current measurement is taken
with hall-effect sensors, and the waveforms of the torque, stator flux linkage and current
are obtained by digital-to-analog conversion (DAC). The hysteresis comparator bands
of electromagnetic torque, stator flux linkage and zero-sequence current are set to zero.
The electrical parameters of the SW-PMSM are measured by an LCR meter under 1 kHz.
Parameters of the PR, PI regulator of the SW-PMSM drive system are listed in Table 5.

' Magnetic Powder Brake | e

Half-Bridge
IGBT Module

(a) (b)

Figure 12. Experimental platform of the ZSCS-DTC for SW-PMSM drives. (a) the testbed; (b) four-leg
inverter.
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Table 5. Data on three-phase SW-PMSM.

Parameter Value Parameter Value
Rated voltage/V 220 Phase-winding self-inductance/mH 56
Rated current/A 1.8 Proportional factor of PR regulator kp; 3

Rated speed/(r/min) 300 Resonant factor of PR regulator kg 10
Rated torque/(N-m) 10 Cutoff frequency w¢ (rad/s) 5
Stator resistance /() 2.8 Proportional factor of PI regulator kpy 0.4

Number of pole pairs 4 Integral factor of PI regulator k; 1

In order to verify the control performance of the ZSCS-DTC for SW-PMSM proposed
in this paper, both the B-DTC strategy and ZSCS-DTC strategy were adopted for steady-
state and dynamic experiments. An experimental performance comparison is presented
as follows.

5.2. Steady-State Experimental Results

Steady-state experiments were conducted to test the zero-sequence current suppression
performance with the two control strategies, as shown in Figure 13. The speed of the SW-
PMSM was set to 100 r/min, and the load torque was 2.5 N-m.

[40ms/div] |

: } [40ms/div]
g 10‘3 v 1.00V ][40,0m; 25 Dll;t;r;\;so/‘spn;wnd gm g } ao v 1.00V ][AO.OM: 2. Ull;.!:;;\;sc/ns:‘(:nd 350m/v
(a1) (a2)
Mmﬂ' Ny
iu[1A/div] . iy [1A/div] .
aal 1 Ip[1A/div] _ sa ] Ip[1A/div] ,
L c[1A/div] Lc[1A/div]
[40ms/div] %Aﬂlﬁls/div]
@& 100V 1.00V 40.0ms. 25.0k times/second a 1.00V @ LoV 40.0ms. 25.0k times/second ya
& 100V ][ 10.0k points 360mV E) 1.00V ][ 10.0k points 360mY
(b1) (b2)

- WWW WM"’“M

) . WAk
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v
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b
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@ 100V @ 100V 40.0ms 25.0k times/second / @ 100V 1.00V 30.0ms. 25.0k times/second 7
& 100V ][ 10.0k points 360mY. E) 1.00V ][ 10.0k points 360my
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Figure 13. Steady-state response under 100 r/min with different control schemes: (al) Inverter-leg
current with the B-DTC; (a2) Inverter-leg current with the ZSCS-DTC; (b1) Three-phase stator current
with the B-DTC; (b2) Three-phase stator current with the ZSCS-DTC; (c1) Torque, stator flux linkage
and zero-sequence current with the B-DTC; (c2) Torque, stator flux linkage and zero-sequence current
with the ZSCS-DTC.
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The currents of inverter legs were measured with hall-effect sensors and sent to the
DSP. The three-phase currents were reconstructed with the measured currents of inverter
legs. The current waveforms were obtained by digital-to-analog conversion (DAC). Limited
by the DAC output range of 0-3.3 V, A DC offset was superimposed on the currents in
the DSP chip. The current waveforms of inverter legs with the B-DTC strategy and the
ZSCS-DTC strategy are shown in Figure 13(al) and Figure 13(a2), respectively. The three-
phase current waveforms with the B-DTC strategy and ZSCS-DTC strategy are shown in
Figure 13(b1) and Figure 13(b2), respectively. The waveforms of the torque, stator flux
linkage and zero-sequence current with different strategies are shown in Figure 13(c1,c2). It
can be seen that both control strategies can ensure small fluctuations of the torque and stator
flux linkage. The zero-sequence current with the B-DTC strategy keeps the fluctuation
within the range of 0 & 0.25 A; moreover, the zero-sequence current with the proposed
ZSCS-DTC strategy keeps the fluctuation within the range of 0 = 0.12 A. Thus, we conclude
that the proposed ZSCS-DTC strategy achieves better performance than the B-DTC strategy
under steady-state operation in terms of zero-sequence current suppression, while the
stator flux linkage and torque are kept in a small fluctuation range.

5.3. Dynamic Experimental Results

Load step experiments were carried out to test the control performance of zero-
sequence current suppression during the transient process. Figure 14a,b are the load
step experimental results with the B-DTC strategy and the proposed ZSCS-DTC strategy,
respectively. The load steps abruptly from 4 N m to 0 N m at 100 r/min. It can be seen that
the zero-sequence current with the B-DTC (Figure 14a) was reduced from 0.25 A t0 0.15 A,
while the zero-sequence current with the proposed ZSCS-DTC (Figure 14b) fluctuated
within the range of 0 = 0.125 A. Therefore, the zero-sequence current was suppressed well
during the transient load step process.

W'w%/T [4N.m/div] MMW.%%m T [4N.ov/div]
e AR A < e
> >

0.5A 03A - .
S MMM L 025A 025A
i IR, |
‘ £,0[0.3A/div] 200ms/div] Lo [0.3A/div] 200ms/div]
[ @ oV ][200mx T @ 1oV ][zom e %
(@) (b)

Figure 14. Dynamic response under varying torque with different control schemes: (a) B-DTC;
(b) ZSCS-DTC.

Speed step experiments were also carried out, as shown in Figure 15. While the speed
setpoint suddenly increased from 20 r/min to 100 r/min, the speed can rise rapidly and
enter the stable state. However, the zero-sequence current amplitude with the B-DTC
(Figure 15a) increased from 0.1 A to 0.25 A, while the zero-sequence current with the
proposed ZSCS-DTC (Figure 15b) fluctuated within the range of 0 = 0.125 A. Therefore,
the experimental results presented in Figure 15a,b verify that the proposed ZSCS-DTC
strategy can effectively suppress the zero-sequence current while maintaining fast dynamic
response capability during the transient speed step process.

Overall, the comparative experimental results verify that the proposed ZSCS-DTC
achieves better performance than the B-DTC in the transient process of load change or
speed change in suppressing zero-sequence current. In addition, the zero-sequence current
suppression is decoupled from the control of the torque and stator flux linkage.



Electronics 2023, 12, 4692

16 of 18

W

100 r/min

20 t/min @, [40/min/div] 100 r/min 20 t/min ) [40r/min/div]

! . %
[0 - I o [0 iA/d ]/
| I0[0.3A/div] 40ms/div] | Lo [0.3A/div [40ms/div]
F) 100V ][40 Oms zﬁr::nov‘w:;z::md éﬁ] FI 100V ][m oms e gm
(a) (b)

Figure 15. Dynamic response under varying speeds with different control schemes: (a) B-DTC;
(b) ZSCS-DTC.

6. Conclusions

Since the zero-sequence path exists in SW-PMSM drives, zero-sequence current occurs
and induces additional losses and torque ripples. Meanwhile, the B-DTC strategy cannot
suppress the zero-sequence current well under an open-loop control mode of zero-sequence
current because the zero-sequence disturbance is difficult to compensate for completely.
With the aim of obtaining superior control performance of the electromagnetic torque,
stator flux linkage and zero-sequence current suppression, the main contributions of this
paper are summarized as follows.

(1) The voltage vector distribution of the SWT was analyzed, and zero-sequence
voltage disturbance sources in the SW-PMSM drives were introduced in detail. The B-DTC
strategy for the SW-PMSM drives was investigated, and the reason why the zero-sequence
current cannot be actively suppressed actively was revealed, which is that an open-loop
control mode was adopted to suppress zero-sequence current in the B-DTC scheme.

(2) A new voltage vector synthesis scheme was proposed for the simultaneous control
of the electromagnetic torque, stator flux linkage and zero-sequence current suppres-
sion while ensuring the bus voltage utilization. The switching table was reconstructed
with the newly synthesized voltage vectors. On this basis, the ZSCS-DTC strategy is
proposed for SW-PMSM drives based on closed-loop control of the zero-sequence cur-
rent so that electromagnetic torque, stator flux linkage and zero-sequence current can be
controlled simultaneously.

Steady-state and dynamic experiments were carried out with the B-DTC strategy and
the ZSCS-DTC strategy. The comparative experiments verify that the zero-sequence current
is effectively suppressed under the premise of the torque and stator flux linkage being
correctly controlled with the proposed ZSCS-DTC strategy.
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