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Optimized SVM and Remedial Control Strategy for

Cascaded Current-Source-Converters-Based Dual
Three-Phase PMSM Drives System

Pengcheng Liu
and Ming Cheng

Abstract—In this article, the switching strategy and the remedial
control scheme are studied for the cascaded current-source convert-
ers (CSCs) fed dual three-phase permanent-magnet synchronous
motor (PMSM) variable-speed drives. An optimized space vector
modulation (SVM) strategy is proposed to reduce the DC-link
current ripple for the proposed drives system. In particular, this
switching strategy can work effectively for motor drives under
low speed with low back EMF, where there exists a large voltage
difference between peak voltage values on the grid side and the
motor side. Apart from that, a hybrid fault-tolerant control scheme
is also designed for the open-phase fault in dual three-phase PMSM
drives system, aiming at achieving small DC-link current ripple
and torque ripple, low copper loss, and machine-friendly wave-
form quality. With the proposed optimized SVM and the hybrid
fault-tolerant control strategy, the DC-link current ripple of the
cascaded CSCs system can be effectively reduced and good opera-
tional performance can be obtained under both normal operation
condition and open-phase fault condition. Experimental results are
provided to verify the effectiveness of the proposed methods.

Index Terms—Current-source converter (CSC), DC-link current
ripple, dual three-phase permanent-magnet synchronous motor
(PMSM), remedial control, space vector modulation (SVM).

1. INTRODUCTION

OWADAYS, electric drives with multiphase machines
N have drawn great attention in some modern industry ap-
plications, such as elevator traction system, electric and hybrid
electric vehicles, electric ship propulsion, and more-electric air-
crafts [1], [2]. Multiphase machines are regarded as suitable can-
didates for high-power and high-reliability applications, offering
some potential advantages over their three-phase counterparts in
these applications, such as high power rating, low torque ripple,
and high fault-tolerant capability [3]. Dual three-phase motor
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drives, which are aimed at dual three-phase winding stator ma-
chines, six-phase machines, and open-end windings machines,
are one kind of multiphase drives systems [9]. The symmetrical
windings with a 60° phase-shift angle and the asymmetrical
windings with a 30° phase-shift angle are two widely studied
categories of dual three-phase permanent-magnet synchronous
motors (PMSMs). Between them, the asymmetrical dual three-
phase PMSM drives have advantages of eliminating the sixth-
harmonic pulsating torque component due to the opposition of
these components produced by two sets of three-phase windings
[4]. Moreover, dual three-phase windings could be designed in
one stator with no magnetic coupling. Therefore, faults in one
winding will have little impact on the operation of the other
winding. The reliability and the fault-tolerant ability of the drive
system are thus increased [5].

Many previous studies have been carried out for multiphase
drives, where multiphase machines are usually supplied by two
or more modular VSIs [5]-[8]. The technique of vector space
decomposition has been proposed for modeling and control of
dual three-phase motor drives, where three two-dimensional
orthogonal subspaces are decoupled, and thereby modeling and
control of machines are simplified [6]. A simple but effec-
tive two-step voltage vector synthesis method was proposed
for parallel T-type neutral-point-clamping (T-NPC) inverters
fed double-stator-winding PMSM drives with closed-loop con-
trollers on harmonic subspace in [5]. With this method, good
dynamic response and harmonic performance are obtained in the
drives. In [7] and [8], the suppression of low-order harmonics
and unbalanced currents between dual three-phase windings are
studied for the dual three-phase induction motor drives and dual
three-phase PMSM drives, respectively.

However, to the best of the authors’ knowledge, all of the
previous multiphase drives are focused on voltage-source con-
verters fed drives. On the other hand, the current-source convert-
ers (CSCs) technology, employing an inductor choke as the DC
link, has been widely applied for high-power drives. The CSCs
based high-power drive offers advantages of motor-friendly
waveforms, low du/dt, and reliable overcurrent and short-circuit
protection [9]-[11]. So far, there have been some works focusing
on applying the series CSCs to wind power generation system
[12], [13], [27], [28]. An interconnecting structure has been pro-
posed for an offshore wind farm high-voltage DC transmission to
eliminate the need of offshore transformers, where PWM CSCs
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are connected in series at the generator side for more power
transmission [12]. In [13], the offshore wind farm employed the
cascaded PWM CSCs configuration, which has some advantages
of simple system topology and operation, as well as eliminating
the bulky central offshore converter platform that usually used in
a VSC-based counterpart. In addition, an optimized strategy is
proposed to reduce cost and improve the operation efficiency of
series-connected CSCs based offshore wind conversion systems
without extra components or auxiliary circuits [27]. Lee and
Sul [28] introduced a series-connected CSCs typology for the
variable speed wind turbine generation system as a promising al-
ternative to conventional VSCs based parallel connected system.
Such a series typology can be connected to multiphase PMSM,
so that the medium voltage system can be easily achieved even
applying low-voltage switching devices to CSCs. However, only
ordinary control scheme and PWM strategy were discussed.

For a CSCs system, the large DC-link current ripple is al-
ways regarded as a challenging issue since it may result in
output current harmonics, electromagnetic interference, addi-
tional power losses, and system instability [14]. Convention-
ally, one solution for mitigating DC-link current ripple is to
increase the DC-link inductor, but with the cost of bulky size,
high cost, and slow dynamic response of the system. In [14],
a method was proposed to adjust the pulse patterns of space
vector modulation (SVM) between the rectifier and the inverter
in a back-to-back CSCs system, and the DC-link current ripple
was mitigated significantly. In [15], the reduction of DC-link
current ripple was achieved in paralleled back-to-back CSCs
by proper selection of redundant switching states and sequence
design with the steady-state current balancing control principle.
In [16], the DC-link current ripple was suppressed for paralleled
current-source grid-connected converters under unbalanced grid
conditions by designing the hybrid current controller. By this
way, the double-frequency oscillations in active power at AC
side can be suppressed effectively. However, those works are
investigated for paralleled CSCs based energy conversion sys-
tems. In [17], Liu et al. propose an optimized SVM strategy
to reduce the DC-link current ripple in the cascaded CSCs
system and give experiments with the RL load. However, the
collaborative modulation and control of cascaded CSCs based
multiphase PMSM drives system are still absent and need further
investigation.

On the other hand, multiphase drives system can offer higher
fault-tolerant capability compared with their three-phase coun-
terparts. A lot of existing surveys have been focused on fault
analysis and fault-tolerant control of drives system [18]-[20].
However, those methods are only considered with VSCs tech-
nology. The fault-tolerant control of multiphase machine based
on CSCsiis still rare. The short-circuit faults in power switches of
CSCs are usually tolerated by forcing shoot-through operation
in the converter leg comprising the faulty switch. Thus, the total
three-phase converter module can be bypassed and there is no
impact on other modules. In [21], a fault ride-through strategy
for CSC-based offshore wind farm was proposed, where the
inherent short-circuit operating capability of CSC is applied to
isolate the faulty three-phase PMSG without influencing other
cascaded wind turbines. On the other hand, the open-circuit fault
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Fig. 1. Configuration of cascaded CSCs fed dual three-phase PMSMs system.

is more challenging for CSCs drive system since the DC-link
choke will excite a large voltage spike due to open-circuit fault.
In [22], the mapping sinusoidal pulsewidth modulation (SPWM)
technique has been deduced for five-phase current source in-
verter (CSI) system under both the healthy and the open-circuit
fault conditions. However, it indicates that the smaller current
conduction time is distributed for each phase leg compared with
the three-phase CSCs system such that larger DC-link current
will be required. In addition, only the static RL load is employed
in the simulation to explore the specified cases. Therefore, fault-
tolerant controls of CSCs based multiphase drives, in particular
for the open-circuit faults, need further investigation.

In this article, a cascaded CSCs based dual three-phase PMSM
drives system will be proposed, which could not only inherit ad-
vantages of multiphase drives but also make full of techniques of
three-phase CSCs. Since the cascaded configuration is adopted,
the proposed CSCs system is suitable for medium-voltage motor
drives. In addition, the dual bridge CSCs on the grid side and
the motor side of this drives system offer more control freedoms
in suppressing the DC-link current ripple under normal and
open-circuit fault conditions. Therefore, optimized gate patterns
of SVM are investigated and proposed to reduce DC-link current
ripple in the cascaded CSCs drives system with variable speeds
and loads under normal condition. For open-phase fault in dual
three-phase PMSM, a fault-tolerant control scheme and a mod-
ified SPWM strategy are applied to cascaded CSIs, aiming at
achieving smaller DC-link current ripple and torque ripple.

II. CONFIGURATION AND CONTROL SCHEMES

A. Configuration and Modeling

The configuration of the cascaded CSCs fed dual three-phase
PMSM drives system is shown in Fig. 1. In this drives system,
power suppliers are two AC voltage sources from the phase-
shifting transformer, which has a 30° shifted phase angle on the
secondary output ports. By using the phase-shifted transformer,
the harmonic performance of grid line currents of primary
side can be improved [23]. The cascaded CSIs are applied to
supply power for motor drives on the inverter side. Three-phase
filter capacitors are needed on both the rectifier side and the
inverter side to assist phase commutation of power switches and
suppressing current harmonics. However, the inductor—capacitor
(LC) resonance, which is caused by filter capacitors and filter
inductors on the grid side or filter capacitors and stator inductors
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Fig. 2. Block diagram of control scheme of CSIs on the motor side.

on the load side, is always considered as the challenging issue for
the CSCs energy conversion system. Therefore, proper control
methods such as hybrid combination approach and dynamic
voltage control are needed to damp the LC resonance [23], [24].

As aforementioned, the asymmetrical winding distributions
machines have the advantage of better torque ripple perfor-
mance. Therefore, a non-salient dual three-phase PMSM with a
30° shifted phase angle between two adjacent phase windings is
adopted in this article. Supposed that the magnetic saturation, the
mutual leakage inductance, and core losses are neglected, while
assuming sinusoidal distribution of phase windings, the voltage,
flux, and back EMF models of a non-salient dual three-phase
PMSM can be expressed as follows [5]:

us = Rgis + pi)s (1)
ws = Lgis + ¢f¢(97‘)s (2)
€s =P Wﬂb (er)} 3)

where s is associated to six phases of dual three-phase PMSM (s
=A, B, C, D, E, and F), and p denotes the differential operator.
ug 1s the phase terminal voltage, s is the phase current, R is
the stator resistance, 1, is the stator flux, and L; is the self-
inductance. ¥ s $(6;.); is the rotor flux related to motor phase,
where 0, is the electrical angle of the motor, 1) is the magnitude
of rotor magnetic flux produced by PM, ¢(6,.)s is respect to
motor phases from A to F [¢(60,-)s = cos(0,), cos(b, — 27/3),
cos(0,+2m/3), cos(b, — 7/6), cos(6,. — 57/6), cos(0,+m/2),
s = A...F]. The electrical torque of the dual three-phase PMSM
drives is given as follows:

T, = 3/2Np¢f (iq1 + iqg) 4)

where N, is the rotor pole-pairs, i4; and i4o are the g-axis
currents of two sets of three-phase windings (namely phases
A, B, C and phases D, E, F) under dg-axis reference frame,
respectively.

B. Control Schemes

As shown in Fig. 2, a simple field-oriented-control (FOC)
scheme with dual three-phase SVM is employed in the cascaded
CSIs on motor side to regulate the dual three-phase PMSM
drives. Since the configuration of two sets of CSIs drives is
identical, control schemes of CSI; and CSI5 are almost the same
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Fig. 3.

Block diagram of control scheme of CSRs on the grid side.

except for the only difference of the feedback electrical angle
from the motor, as shown in Fig. 2. Take the control scheme
of CSI; as an example, the speeds w, of machine is fed back
with a speed regulator to track the speed reference value w,. .
The dg-axis current references for CSI; are generated with the
compensation of filter capacitor currents i5.q and i .4, which are
expressed as

idi1 = Ldrer1 + iscd = —wrUg1 Cy
Z.qil = Iqref + Z‘scq - Iqref + erdle (5)

where I, is the torque producing current given by output of
speed regulator. The d-axis current reference [ is normally
set as zero for maximum torque per current (MTPA) in non-
salient dual three-phase PMSM drives. The Uy and Uy are the
d-axis and the g-axis voltages of filter capacitor, respectively.
Since this article mainly focuses on the cascaded CSCs drive
under low speed with low back EMF, the differential terms of
capacitor currents can be neglected to reduce the sensitivity and
noise and only the steady-state terms are calculated in (5) [11].

The power-factor angle 6,4.,.1 and the CSI; output current
commands /., are calculated with the polar coordinate conver-
sion module and then switching pulses for the CSI; are generated
with CSC SVM. Finally, the DC-link current reference 4. s for
the CSCs based drive can be obtained as

. 2 .2
Lier  \/tWdil” T 1qi1
dr _ V& 0 (6)

Idc_ref = =
m41 mi1

where m;; is the modulation index of CSI;, which ranges from
0 to 1. It is clear from (6) that with a given CSI output current
command, the DC-link current has a reverse relationship with
the CSI modulation index. Under a given power condition, the
lower DC-link current leads to smaller DC-link current ripples
as well as lower losses on the DC-link inductance and switching
devices. The minimum DC-link current control is achieved when
the modulation index m;; is set to 1 [25]. Therefore, a unity
modulation index strategy is applied to calculate the DC-link
current reference on the motor side, whereas the DC-link current
is controlled by CSRs on grid side according to the DC-link
current reference.

As shown in Fig. 3, the voltage-oriented control scheme is de-
veloped for cascaded CSRs on the grid side. The main purpose of
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Fig. 4. Traditional SVM scheme for CSRs and CSIs.

grid-side control is the DC-link current and reactive power reg-
ulation. The DC-link current control is implemented to meet the
motor-side requirement, whereas the reactive power regulation
is employed to satisfy the grid code [11]. The DC-link current
reference Iy rer is determined by the current requirement from
the motor side. The DC-link current iy, of CSRs is controlled
with a DC-link current regulator, which generates the d-axis grid
current 444.f. Reactive power of the grid can be independently
controlled by setting the desired reactive power reference Qg ref,
which is used to generate the g-axis grid current ¢ ¢t Normally,
the Qg rer 1S set as zero to implement the unity power factor
control on the grid side. The dg-axis current references for CSRs
can be calculated with the compensation of the filter capacitor
currents 4g.q and ¢ 4.4 as

bdr = tgd_ref + Iged = Ggd_ref — WgUgqCy
Gqr = lgq_ref + igeq = WgUgaCy )

where wy is the electrical angular velocity of the grid obtained
from PLL, and Uyq and U, are the d-axis and the g-axis voltages
of the filter capacitor, respectively. Similarly, the differential
terms of capacitor currents are neglected and only the steady-
state current are used in (7). Finally, switching pulses for each
CSR are produced with CSC SVM according to the different
vector angle and the modulation index, as shown in Fig. 3.

III. PROPOSED OPTIMIZED SVM STRATEGIES

Normally, mitigation of DC-link current ripple can be
achieved by increasing the DC-link inductor choke. However,
this method results in bulky size, high cost, and slow dynamic
response of the system. In this article, instead of adding the
physical damping inductor, a collaborative SVM pulse patterns
adjustment technique among the cascaded CSRs and the cas-
caded CSlIs is investigated to reduce the DC-link current ripple
significantly.

A. Previous Modulation Scheme

The SVM, which offers better dynamic adjustment ability,
is adopted in this article. The SVM can be implemented with
three-, five-, or seven-segment switching sequences [26]. The
modulation with more segments can bring benefits to the DC-
link current ripple reduction, but also result in more switching
commutations and losses. In particular, more segments would

sector V
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bring more algorithm complexity when collaborative control
among cascaded CSCs is designed. Therefore, only typical
three-segment switching sequences are discussed in this article.

As presented in Fig. 4, the SVM scheme for CSCs has six
active vectors (I1—Ig) and three zero vectors (/). The reference
Ir can be synthesized by three nearest vectors, namely two
active vectors and one zero vector. According to ampere—second
balancing principle, the dwell time 77, T2, and Ty for three
vectors can be calculated as

Ty = mgsin (/6 — 0) T

Ty = mgsin (/6 + 0) T
To=T. T, — Ty

Ma = lac ret/ldc (®)

where T denotes the sampling period, m,, stands for the mod-
ulation index, and 0 is the vector angle (—7/6 < 6 < 7/6). More
details of SVM strategy for CSCs can be inferred in [23].

Basically, when the DC-link inductor is fixed, the DC-link
current ripple A/ is determined by both the voltage-drop AV
across the inductors and the dwell time Az, illuminated as
Via — Vi

L
where V.4 and V4 are the DC-link voltages of the cascaded
CSRs and CSlIs, respectively. The DC-link current ripple can be
reduced by decreasing AV and At. However, for a specified
current space vector, the dwell time Ar is constant and the
voltage-drop AV is the main influence factor of DC-link current
ripple [14]. So, only voltage-drop reduction is considered in this
article.

As investigated in [14], there are six possible arrangements
for pulse pattern in one sector, and there are much more possible
pulse patterns if they are considered in different six sectors of
both the rectifier and the inverter. To reduce the DC-link current
ripple, the voltage-drop on DC inductor should be controlled as
small as possible. Fig. 5(a) shows the optimized pulse pattern
arrangement of current space vector diagram for the back-to-
back CSCs in [14].This pulse pattern is defined as the (L-M-S)—
(L-M-S) type since the corresponding rectifier voltage amplitude
of current vectors 1,1, I,», and I,y are V,.y > V,, > V, and the
corresponding inverter voltage amplitude of current vectors 1,
I;», and I;g are V;; > Vip > Vo, where L, M, and S mean large,
middle, and small, respectively. This method does not cause any
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Fig. 5. Pulse pattern arrangements for current vectors and the corresponding DC-link current and voltages. (a) Previous proposed SVM strategy in [14].

(b) Exemplified SVM strategy. (c) Proposed optimized SVM strategy.

additional commutations loss compared with the conventional
SVM method. Unfortunately, this method is out of discussion
in applications where the voltage on one AC side is much lower
than that on the other side (e.g., for a motor drive system working
at low speed).

B. Proposed Modulation for Cascaded CSCs

Different from [14], a cascaded CSCs fed dual three-phase
PMSM variable-speed drives system is considered in this article,
where the motor may operate with low speeds. Under these
conditions, the AC voltage on motor side is much lower than
that on the grid side. As shown in Fig. 1, the DC-link voltage of
the cascaded CSRs V.4 is the sum of DC-link voltages of CSR;
and CSRy, and the DC-link voltage of the cascaded CSIs V4
is the sum of DC-link voltages of CSI; and CSIs. Therefore,
there are more flexible arrangements of pulse patterns among
the rectifier sides and inverter sides.

Assumed that 1,1y, 1,12, and I,y are the current vectors of
CSR1, and their corresponding DC-link voltage voltages are
V11 V2, and Vijo, whereas the corresponding DC-link volt-
ages of CSIl vectors Iill, Iﬂz, and IilO are V;ll’ ‘/;12, and ‘/ilo’
respectively. For the simplicity of analysis, only the relationship
of Vo1 > Viera > Vipoand Vi > Viia > Vo is used for exem-
plification in this article. The current vectors and the correspond-
ing DC-link voltage voltages of CSR, and CSI, are defined
as Ipo1, Iroo, Irpo, and Ijpg, Ii2p, Iino, and Vigy > Vigo > Vigo,
and Vjp; > Viz > Voo, respectively. The definitions of DC-link
voltages V},., in corresponding of six sectors are noted in Table I
while the dwelling time of those current vectors are named as
Thay(k =r,4;2=1,2;y=0, 1, 2). The subscripts k = r/i
denote the rectifier/inverter sides, x = /, 2 stands for CSC; and
CSC,, and y = 0, 1, 2 presents the three current vectors. Noted
that the variables appeared in the following figures are the same
definition as those in Table 1.

Take Fig. 5(b) for the example, ¢4, stands for the DC-link
current, Ai is the DC-link current ripple, AV, is the voltage

TABLE 1
DEFINITION OF DC-LINK VOLTAGES

Sector Vil Viez Vi
sector I Viab “Vica 0
sector II Viea Vibe 0
sector III Vise ~Viab 0
sector IV ~Viab Vica 0
sector V Vica ~Vive 0
sector VI ~Vive Viab 0

difference between the rectifier and inverter side, V,.; and V4
are DC-link voltages of rectifier and inverter side, respectively.
For the simplicity of analysis, the DC-link voltages are regarded
as constant values in every sampling period. It is illustrated in
Fig. 5(b) that the DC-link inductor current acts as a piecewise
function because night segments are presented in one sampling
period Ts. The DC-link current increases or decreases according
to the positive and negative signs of the voltage difference AV,
between the rectifier and inverter sides during the sampling pe-
riod T. Furthermore, the increasing and decreasing amplitudes
of DC-link current are determined by voltage drops in each time
interval.

In the case of Fig. 5(b), the DC-link current mainly increases
during time interval O~f5 and decreases during time interval
t5~tg, so the DC-link current ripple Ai can be approximately
considered as the increasing amplitude during time interval
O~t5. This pulse patternis defined as (111 — I12 — Ir10, Lro1 —
I — Loo)—(Lint — Lina — Tiro, Lint — Iino — Iino). It should
be noted that this kind of pulse pattern is the optimized pulse
pattern arrangement of current space vector proposed in the
literature [14]. Namely, all current vectors of both CSRs and
CSIs are arranged from large to small. However, there still exists
large DC-link current ripple, as can be observed in Fig. 5(b). The
reason lies in that the AC voltage on grid side is much larger
than the AC voltage on motor side under low speed operation.
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To keep voltage balance on two sides of DC-link, the dwell
time of zero current vectors /.10 and I,y on grid side are much
longer than the dwell time of 1;;¢ and 1,59 on motor side. On the
other hand, the dwell time of active current vectors on grid side
are much smaller than the dwell time of active current vectors
on motor side. So, there still exists a certain period with large
voltage drops between two sides of DC link during the switching
interval T§.

To solve this problem, a collaborative arrangement of pulse
patterns is proposed for cascaded CSCs in this article, con-
sidering not only the cooperation between CSRs on grid side
and CSIs on load side, but also the coordinated cooperation of
the series CSRs and the series CSIs. Take the CSRs side for
example, assumed that rectifier voltages are V,.;; > V.10 > Vipo
of CSRy, and V,»; > Vi, > V,po of CSRy. When the current
vectors of CSR; are arranged as (1,17 — 112 — I,10), the current
vectors of CSRy is arranged as (1,20 — 122 — Ir21). Namely, the
sequence of current vectors of CSR; is arranged in the opposite
sort compared to that of CSR, regarding to their corresponding
voltages on DC link. By this way, the DC-link voltage peaks
can be mitigated by cascaded CSRs on the grid side. The similar
arrangement of switching sequence can be applied to the CSIs
on the motor side. Therefore, voltage drops between two sides
can be reduced effectively, and the DC-link current ripple can
be mitigated naturally, as shown in Fig. 5(c).

The generation of pulse patterns in series CSRs and CSIs
sides are presented in Fig. 6, where definitions of the pulse
pattern and determination of current vectors sequence are listed
in Table II. Pattern Py means that the voltages of current vectors
are arranged from large to small, whereas pattern P; denotes
that the voltages of current vectors are arranged from small to
large. The subscripts k, x, and y are defined the same as that
shown in Table I. Different from conventional SVM strategy,
the generation of switching pulses with the proposed optimized
SVM in Fig. 6 can be summarized as following: first, after
the vector angle # and modulation index m, are obtained, the
sector and the dwell time 77, T2, and T are calculated by (8).
The DC-link voltage V}, is defined according to the measured
voltage Vj.p. and the sector number in Table I. Second, the
sequences for each CSC module are determined by different
relationships of V},, and the given pulse pattern in Table II.
For example, when the pulse pattern Py is applied to one of the
series CSC modules, the pattern P; should be applied to another
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TABLE II
DEFINITION AND DETERMINATION OF CURRENT VECTORS

Pattern | Relations of Vi, | Sequence | Current vectors
Vier™ Viez™ Vio 1 Lir-liar-Iino
Viei™ Vieo™ Vi 2 Lir-TixoTix
P, Vie2> Vier™ Vio 3 Lo Dier-Tixo
Vi2> Vieo™ Vi 4 L Dio-Tier
Vico> Vier™ Vixz 5 LoD Tix
Vico> Viez™ Vi 6 Y P I
Viei> Viez> Viao 6 Lio-TirTir
Vier> Vico™ Vixz 4 Lo Tio-Tir
P, Vie> Vier™ Viao 5 LoD Tz
Vi2> Vieo™ Vi 2 Licr~Lico- Iz
Vico™ Vier™ Vi 3 Lo Dier-Tixo
Vico> Vie2> Viai 1 Lir-Tixr-Tixo

module. Finally, current vectors are arranged to generate the
specialized gating signals by comparing the calculated dwell
time with the saw-tooth carrier. The generation principle is
adopted in both the grid side and the motor side. In summary,
not only the cooperation between the grid side and the motor
side, but also the coordinated cooperation between the series
CSCs are considered in the proposed collaborated SVM strategy
during design of pulse patterns for CSCs.

IV. FAULT-TOLERANT SCHEME FOR OPEN-CIRCUIT FAULT

As aforementioned, the open-circuit fault is a challenging
issue in CSCs based motor drives. Therefore, a fault-tolerant
control scheme and a modified SPWM strategy are proposed
for the cascaded CSIs fed dual three-phase PMSM drives under
one-phase open-circuit condition. For clarity of analysis, the set
of three-phase winding with open-circuit fault is defined as the
faulty winding, whereas the other set is defined as the healthy
winding. The key of the proposed hybrid fault-tolerant control
strategies are to make full use of the reminding phase legs of
faulty winding to produce electrical torque while employing the
healthy winding to compensate the torque fluctuation.

A. Proposed Hybrid Fault-Tolerant Strategies

Fig. 7 shows the system structure with one-phase open-circuit
fault in the dual three-phase PMSM drives. Take the open-circuit
fault in phase D as the example, the two remaining phases E and
F in the faulty winding have to carry the currents in opposite
directions due to isolated neutrals of dual windings. In order
to ensure the maximum torque at given current amplitudes, the
current of phase E should maintain the same phase as the back
EMF of phases E to F [18]. According to the model in (3), the
back EMF e and the current references of phases E and F (i g
and ¢ ) in the faulty winding can be obtained as

epr = V3w scos (0, — /6)

ig = —ip = Icos (0, —m/6)

(10)
(1)
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Fig. 7. System structure with phase D open-circuit fault.

where w,- is the motor electrical angular speed, and I,,, is the
magnitude of ¢z and 7, which could be determined according
to the following optimization of power losses. By applying
coordinate rotation transformation, currents of phases £ and F
under dg-axis synchronous reference frame can be obtained as

ig2 = V/3/31, (sin2 (0, — 7/6))
ig2 = V3/31, (14 cos2 (6, — 7/6)).

(12)
13)

To compensate the torque fluctuation produced by faulty
winding, the healthy winding should generate the opposite
torque oscillation. Since the torque is produced by the g-axis
currents of stator windings for the non-salient dual three-phase
PMSM, the total g-axis current reference for the faulty winding
and the healthy winding need to be controlled as a constant value.
Therefore, the g-axis current reference i, of the healthy winding
can be derived in (15), where 21 is the total torque producing
current under normal condition and [g.s can be obtained by
Te /3Ny ¢ from (4). Considering minimizing the copper losses,
the d-axis current reference for the healthy winding should be
forced to zero [18]. However, this method may result in distorted
currents in the healthy winding, which should be avoid for the
CSC module due to the LC resonance. Therefore, a sine-function
with the same magnitude and frequency as the periodic compo-
nent in ¢4y is adopted in the d-axis current reference, as shown
in (14) [4], in such a way that three-phase currents of the healthy
winding still maintain sinusoidal in the healthy winding.

g1 = —V/3/31, (sin2 (6, — 7/6))
ig1 = 2 gret — V/3/31 (1 4 cos2 (0, — 7/6)).

(14)
15)

On the other hand, in order to minimize the machine losses
for a given torque, phase E current amplitude I,,, should be
deliberately considered. According to dg-axis current references
of both the faulty winding and the healthy winding from (12)-
(15), the total copper losses equation can be derived as (16).
Considering periodic quantities in (16), the mean value of the
copper losses at steady state is derived in (17), shown as follows:

Pou = (3/2) ((i% +id) + (i2) + %)) Rs

{(\@Im - \/%Iqreff + (9/2)(Iqref)2] R,. (17)

(16)

P, Cu_m —
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Therefore, the minimum copper loss Pcoy m =
9(Iyref)*Rs/2 is achieved when I, = \/§Iqref/2, where
the Iy.r is determined by the output of speed regulator, as
shown in Fig. 8. When the three-phase faulty winding is
completely removed from the drives system, the copper loss
of machine is calculated to be P.,o = 61, ql-efQRs. The copper
loss of the dual three-phase PMSM with the proposed method
in [18] is calculated as P,,3 = 3OIqref2RS /7. The relationship
of three copper losses iS Peus < Py m < Pey2. It should
be noted that the setting of d-axis current reference in this
article may slightly increase the copper losses compared with
control scheme in [18]. However, this is a tradeoff between the
power efficiency and the waveform quality. With the setting
of d-axis current in the proposed fault-tolerant method, only
fundamental component is included in three-phase currents of
the healthy winding. However, the setting of d-axis current
reference of method in [18] will impose third-order harmonic
to motor currents. Thus, optimized dg-axis current references
of both faulty winding and healthy winding is obtained with the
proposed method.

B. Healthy-Winding Control

The block diagram of the proposed hybrid fault-tolerant con-
trol scheme is shown in Fig. 8. Since dg-axis current references
in healthy winding are periodic fluctuation quantities superim-
posed by constant component, proportional-integral-resonant
controllers are used to track the dg-axis current references,
namely iy, and i, of the healthy winding. Capacitor volt-
age regulators are employed to generate the dg-axis capaci-
tor current references, namely iy,  and i, , which are added
to current references of the health winding to obtain converter
currentreferences, namely 4, ;. and i, . Finally, the CSI output
current command /4., is obtained, which are expressed as

Idcr = i;kudsg + iiuqs - \/(ZZ:. + ist)Z + (Z:ﬁ]9 + Z‘?3(15)2'

(18)

Normally, a simple FOC control scheme is applied to CSIs,
as discussed in Section II. The modulation index is set to 1
and the minimum DC-link current reference calculated from
CSIs side can be regarded as a constant value under normal
condition. However, the CSI output current command /4., will
be a periodic variation due to the periodic fluctuation in dg-axis
current references of CSI; under one-phase open-circuit fault
condition. If the CSI modulation index is set to 1, the dg-axis
currents of CSI; cannot be adequately controlled and the fault-
tolerant control cannot be achieved successfully. To solve this
problem, the modulation index m; control is proposed in the
fault-tolerant control scheme, as shown in Fig. 8. As can be seen,
different from the constant modulation index in FOC control
scheme, the modulation index m; is obtained by dividing the
CSI output current command 4., by actual DC-link current 44
On the other hand, the electrical torque of dual three-phase
PMSM is produced by two set of windings. When the open-
circuit fault occurs in phase D, the electrical torque provided
by the faulty winding is reduced, and the healthy winding
has to increase the g-axis current reference to keep balance
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Fig. 8. Block diagram of the proposed hybrid fault-tolerant control scheme.

Fig. 9. Faulty winding vector diagram.

with the load torque. Consequently, the actual DC-link current
14c should be maintained as a constant at its highest value to
avoid the saturation of modulation index calculation in CSI;
(0 < my < 1). Thus, the DC-link current reference Iy ef given
to CSR side should be set bigger than the maximum CSI output
current command, shown as follows:

Idcfref > (Idcr)max- (19)

It should be noted that the cascaded CSIs use the conventional
FOC control scheme at first and then change to the hybrid fault-
tolerant control scheme. The centralized grid-voltage orientation
control scheme applied in cascaded CSRs on the grid side does
not change during the whole operation process.

C. Faulty-Winding Control

The faulty inverter, namely CSls, can work as a single-phase
CSI under open-circuit fault in phase D. Thus, a simple SPWM
technique is designed to modulate the single phase CSI. How-
ever, it should be noted that filter capacitor currents of CSIs need
to be carefully compensated since motor currents are obtained
by subtracting capacitor currents from converter currents.

Fig. 9 gives the vector diagram of related electrical vari-
ables of the faulty winding under the stationary reference

frame. The current vector of phase E ¢ p maintains the same
phase of the generated back EMF vector e g, whose mag-
nitude equals \@wrwf in the steady state. The motor ter-
minal voltage ugp of faulty winding can be obtained by

(upr = up—ur = j2w,Lsi g + e pr + 2Rs i ), according

1
1
!
—» Gating, !
1
1
1

_______________________________________________

to (1) and (2). The filter capacitor current is derived using termi-
nal voltage as (;Cap = jw,Cy UR r). Thus, the current reference
?w of single phase CSI could be obtained by adding the capacitor
current ;cap to the phase E current ? . The formula derivation

of the magnitude I, and angle - of the current reference ?w
of single phase CSIs could be listed as

Ugr = \/(Q(UTLSIm)Q = (\/Ewrwf + 2RsIm)2 (20)

Ieop = w,.CyUgF (21)
y1 = sin"! (2w, Ly L /Ugr) (22)
g = tan~ ! (Zeapcosy1/ (L, — Icapsinyr)) (23)
I, = \/(Icapcos'yl)2 + (I, — Icapsin’yl)2 (24)

where Ug i is the magnitude of the motor terminal voltage UEF,
and I, is the capacitor current 7. vy stands for the power
factor angle of the motor terminal voltage u r » and phase current

¢ p in faulty winding.

V. EXPERIMENT VERIFICATION

The experiments have been carried out on a low-power proto-
type system to verify the effectiveness of the proposed optimized
SVM and the hybrid fault-tolerant control scheme. The experi-
mental setup is shown in Fig. 10. The load of the dual three-phase
PMSM is a three-phase PMSG that coupled with a three-phase
resistance. The main system parameters are listed in the Table III
and the sampling frequency is set to be 5 kHz. The modulation
and control algorithm are implemented on a platform, consisting
of a digital signal processor (DSP) and a field-programmable
gate array (FPGA). The DSP (TMSF28335) collects feedback
signals and performs the control algorithm, whereas the FPGA
(SPARTAN-6) is used to generate the PWM signals for four CSC
modules in the drives system. In the fault-tolerant experiments,
the open-phase faults are implemented by disabling one relay
of a specific phase leg. The experimental results measured
from the laboratory prototype are shown in Figs. 11-13. The
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transformer

Fig. 10. Experimental low-power prototype set up.
TABLE III
SYSTEM PARAMETERS OF EXPERIMENT
Parameter Experiment
Grid line voltage(rms, base) 70V
Grid current(rms, base) TA
Rectifier
Sides Frequency(base) S0Hz
Input filter inductor 0.25 pu
Input filter capacitor 0.25 pu
DC Side DC-link inductor 0.25 pu
Output filter capacitor 0.27 pu
Synchronous inductance 0.25 pu
Inverter .
Sides Stator resistance 0.05 pu
Flux 0.12 Wb
Pole pairs 4
Switching frequency 2.5kHz

comparisons of different SVM strategies for DC-link current
ripple mitigation are shown in Figs. 11, whereas Figs. 12 and 13
show the measured performances of the fault-tolerant control. It
should be noted that the DC-link current, and phase currents are
measured by current probe, whereas the torque is estimated by
(4) and is shown on oscilloscope through DA module in DSP.

A. Experiments of DC-Link Current Ripple Mitigation

In the experiment, the dual three-phase PMSM rotates at
a low speed of 300 r/min (namely 20 Hz). Fig. 11(a)—(c)
shows DC-link current ripples and corresponding cascaded recti-
fiers/inverters voltages. Fig. 11(d) and (e) shows phase currents
(14 and ip) of the dual three-phase PMSM and FFT analysis
results of 7 4 with three different SVM strategies. It is observed
that there is a 30° shifted phase angle between two phase currents
(i4 and 1p) due to the asymmetrical distributions of two set of
windings.

The system performances with traditional SVM pulse pattern
are shown in Fig. 11(a) and (d). It can be observed that during the
time interval (200 us) of a sampling period, the DC-link voltage
on the rectifier side varies from 0 to 90 V, whereas the DC-link
voltage varies from 0 to 60 V on the inverter side. Consequently,
the DC-link current ripple is large since there is no specific
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arrangement of pulse pattern for current ripple mitigation. It
can be measured from Fig. 11(a) that the average DC-link
current is 4.5 A, and the DC-link current ripple is up to 1.12 A
during a sampling period. Define the current ripple coefficient
as D;g. = Aig./iqc, and the value of D, with the traditional
SVM pulse pattern is 0.25. The output current waveforms still
maintain sinusoidal and the total harmonic distortion (THD) of
14 1s 1.61%, as shown in Fig. 11(d).

Fig. 11(b) and (e) shows the experimental results of the
method in [14]. The DC-link voltages on CSRs and CSIs sides
in Fig. 11(b) are arranged from large to small in one sampling
period and have the same variation range as that of Fig. 11(a).
The average DC-link current is 4.5 A and the DC-link current
ripple in Fig. 11(b) is slightly smaller compared with that of
traditional SVM pulse pattern in Fig. 11(a). But the DC-link
current ripple is not reduced effectively. The ripple value is still
up to 1.08 A, and the current ripple coefficient D,4. with the
method in [14] is 0.24. The reason is that there still exists high
voltage difference between two sides of DC link under low speed
operation. The THD value of 7 4 is 1.34% with the pulse pattern
proposed in [14].

Fig. 11(c) and (f) illustrate the measured performances of the
proposed optimized pulse pattern. The average DC-link current
is 4.5 A, which is the same as that in previous experiments.
Regardless of voltage ripples, which are caused by commutation
overlap time and have little impact on the DC-link current ripple,
the DC-link voltage of the cascaded CSRs varies from 40 to
90 V and the DC-link voltage of the cascaded CSIs varies from
30 to 60 V. Thus, the DC-link current benefits from smoother
DC-link voltages. The current ripple is 0.6 A and the DC-link
current ripple coefficient D;q4. is only 0.13, which are much
smaller than that with traditional pulse pattern and the pulse
pattern between rectifier and inverter sides in [14]. The current
waveforms maintain sinusoidal and the THD of 74 is 1.71%.
The THD result of the proposed method is slightly higher than
that of other two methods. The reason lies in that the current
vector sequences are changed dynamically, and the harmonic
performance is changed accordingly [26]. Since the increase of
THD values using the proposed strategy is within an acceptable
region, it is a good choice by reducing the DC-link current ripple
effectively under different working conditions.

B. Experiments of the Fault-Tolerant Control

The experimental verification of the fault-tolerant control
is carried out on the same prototype system and the system
structure with phase D open-circuit fault is shown in Fig. 7.
Experimental results of the drive system with occurrence of
open-circuit fault and with fault-tolerant control are given in
Figs. 12 and 13, where Figs. 12(a) and 13(a) are the overall
process, Fig. 12(b) and (c) and Fig. 13(b) and (c) show the
detailed transient response. As shown in Fig. 12(a), the cas-
caded CSRs maintain the implementation of the centralized
grid-voltage orientation control during the whole process, while
the FOC control scheme and fault-tolerant control scheme are
used for CSIs within different periods.
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In the experiment, the dual three-phase PMSM operates under
210 r/min (namely 14 Hz) and 2.5 N-m, as shown in Figs. 12(b)
and 13(b). The steady state of system is achieved under normal
condition and all phase currents are controlled symmetric and
sinusoidal. The minimum DC-link current is obtained when the

©

Experimental results of the proposed fault-tolerant strategy (DC-link current and faulty winding currents). (a) Overall process of experimental result.
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Experimental results of the proposed fault-tolerant strategy (electrical torque and healthy winding currents). (a) Overall process of experimental result.

unity modulation index based FOC control scheme is applied to
the cascaded CSIs. When the open-circuit fault occurs in phase
D, two remaining phases E and F in the faulty winding have to
carry the currents in opposite directions due to isolated neutrals
of two set of windings, while asymmetric phase currents appear
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in the healthy winding. It also can be observed that healthy
winding currents increase with the increasing of the DC-link
current, so as to keep balance with load torque. However, without
fault-tolerant control, a distinct double-frequency oscillation
appears in the DC-link current and the total electrical torque.
At the same time, phase currents in two set of windings suffer
from severe distortion.

On the other hand, the large fluctuation in DC-link current
and electrical torque can be mitigated effectively after the pro-
posed fault-tolerant control and the modified SPWM scheme
are applied to the cascaded CSlIs, as shown in Figs. 12(c) and
13(c). The DC-link current is set at its highest value to avoid
the saturation of modulation index, which is the reason why the
DC-link current with the proposed fault-tolerant control is larger
than that under normal condition. Moreover, all the remainding
current waveforms of the dual three-phase PMSM are improved
and controlled sinusoidal with the proposed hybrid fault-tolerant
control scheme. Therefore, the operational performance of the
dual three-phase PMSM is improved.

VI. CONCLUSION

A coordinated SVM strategy and a hybrid fault-tolerant con-
trol scheme have been proposed for DC-link current regulation
in cascaded CSCs fed dual three-phase PMSM drives system.
The optimized SVM strategy has been designed and proposed
to reduce the DC-link current ripple when PMSM works below
the rated speed with low back EMF. On the other hand, a hybrid
fault-tolerant control for the open-phase fault in dual three-phase
PMSM drives system have been studied and analyzed in this
article. All the research works aim to achieve small DC-link
current ripple, low copper loss, and machine-friendly waveform
quality for the CSCs fed dual three-phase PMSM drives system.
The detailed design criteria of the optimized SVM strategy and
the hybrid fault-tolerant control scheme are presented in this
article. The experimental results have been given to verify that
both the DC-link current and the phase currents of PMSM can
be controlled well for the cascaded CSCs fed dual three-phase
PMSM drives systems by applying the proposed optimized SVM
scheme and the hybrid fault-tolerant control scheme.

REFERENCES

[1] E. Levi, “Advances in converter control and innovative exploitation of
additional degrees of freedom for multiphase machines,” IEEE Trans. Ind.
Electron., vol. 63, no. 1, pp. 433-448, Jan. 2016.

[2] E. Levi, “Multiphase electric machines for variable-speed applications,”
IEEE Trans. Ind. Electron., vol. 55, no. 5, pp. 1893-1909, May 2008.

[3] X. Wang, Z. Wang, M. Cheng, and Y. Hu, “Remedial strategies of T-NPC
three-level asymmetric six-phase PMSM drives based on SVM-DTC,”
IEEE Trans. Ind. Electron., vol. 64, no. 9, pp. 6841-6853, Sep. 2017.

[4] Z. Wang, J. Chen, and M. Cheng, “Fault tolerant control of double-stator-
winding PMSM for open phase operation based on asymmetric current
injection,” in Proc. 17th Int. Conf. Elect. Mach. Syst., Hangzhou, China,
2014, pp. 3424-3430.

[5] Z. Wang, X. Wang, J. Cao, M. Cheng, and Y. Hu, “Direct torque control
of T-NPC inverters-fed double-stator-winding PMSM drives with SVM,”
IEEE Trans. Power Electron., vol. 33, no. 2, pp. 1541-1553, Feb. 2018.

[6] Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase
induction machine using vector space decomposition,” IEEE Trans. Ind.
Appl., vol. 31, no. 5, pp. 1100-1109, Sep./Oct. 1995.

6163

[7]1 H.S. Che, E. Levi, M. Jones, W. Hew, and N. A. Rahim, “Current control
methods for an asymmetrical six-phase induction motor drive,” I[EEE
Trans. Power Electron., vol. 29, no. 1, pp. 407-417, Jan. 2014.

[8]1 Y. Hu, Z. Zhu, and K. Liu, “Current control for dual three-phase perma-

nent magnet synchronous motors accounting for current unbalance and

harmonics,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 2, no. 2,

pp. 272-284, Jun. 2014.

S. Kouro, J. Rodriguez, B. Wu, S. Bernet, and M. Perez, “Powering the

future of industry: High-power adjustable speed drive topologies,” IEEE

Ind. Appl. Mag., vol. 18, no. 4, pp. 26-39, Jul./Aug. 2012.

[10] J.Dai, D. Xu, B. Wu, and N. R. Zargari, “Unified DC-link current control
for low-voltage ride-through in current source converter based wind energy
conversion systems,” IEEE Trans. Power Electron., vol. 26, no. 1, pp. 288—
297, Jan. 2011.

[11] J. Dai, D. Xu, and B. Wu, “A novel control scheme for current-source-
converter-based PMSG wind energy conversion systems,” [EEE Trans.
Power Electron., vol. 24, no. 4, pp. 963-972, Apr. 2009.

[12] D. Jovcic, “Offshore wind farm with a series multiterminal CSI HVDC,”
Elect. Power Syst. Res., vol. 78, no. 4, pp. 747-755, 2008.

[13] M. Popat, B. Wu, F. Liu, and N. Zargari, “Coordinated control of cascaded
current-source converter based offshore wind farm,” IEEE Trans. Sustain.
Energy, vol. 3, no. 3, pp. 557-565, Jul. 2012.

[14] X. Guo, D. Xu, J. M. Guerrero, and B. Wu, “Space vector modulation for
DC-link current ripple reduction in back-to-back current-source converters
for microgrid applications,” IEEE Trans. Ind. Electron., vol. 62, no. 10,
pp. 6008-6013, Oct. 2015.

[15] A. Hu, D. Xu, J. Su, and B. Wu, “DC-link current balancing and ripple
reduction for direct parallel current-source converters,” in Proc. 38th
Annu. Conf. IEEE Ind. Electron. Soc., Montreal, QC, Canada, 2012,
pp. 4955-4960.

[16] Z. Wang, B. Wu, D. Xu, M. Cheng, and L. Xu, “DC-link current ripple
mitigation for current-source grid-connected converters Under unbalanced
grid conditions,” IEEE Trans. Ind. Electron., vol. 63, no. 8, pp. 4967-4977,
Aug. 2016.

[17] P.Liu, Z. Wang, and M. Cheng, “Mitigation of DC-link current ripple for
cascaded current-source-converters energy conversion systems,” in Proc.
21st Int. Conf. Elect. Mach. Syst., Jeju, South Korea, 2018, pp. 718-723.

[18] M. Shamsi-Nejad, B. Nahid-Mobarakeh, S. Pierfederici, and F. Meibody-
Tabar, “Fault tolerant and minimum loss control of double-star syn-
chronous machines under open phase conditions,” IEEE Trans. Ind. Elec-
tron., vol. 55, no. 5, pp. 1956-1965, May 2008.

[19] Z. Wang, Y. Wang, J. Chen, and M. Cheng, “Fault-tolerant control of
NPC three-level inverters-fed double-stator-winding PMSM drives based
on vector space decomposition,” IEEE Trans. Ind. Electron., vol. 64,n0. 11,
pp. 8446-8458, Nov. 2017.

[20] Z. Wang, X. Wang, M. Cheng, and Y. Hu, “Comprehensive investigation
on remedial operation of switch faults for dual three-phase PMSM drives
fed by T-3L inverters,” I EEE Trans. Ind. Electron., vol. 65,no. 6, pp. 4574—
4587, Jun. 2018.

[21] M. Popat, B. Wu, and N. R. Zargari, “Fault ride-through capability of
cascaded current-source converter-based offshore wind farm,” IEEE Trans.
Sustain. Energy, vol. 4, no. 2, pp. 314-323, Apr. 2013.

[22] M. A. Elgenedy, A. S. Abdel-Khalik, A. Elserougi, S. Ahmed, and A.
Massoud, “Fault-tolerant control of five-phase current source inverter for
medium-voltage drives,” in Proc. 7th IET Int. Conf. Power Electron., Mach.
Drives, Manchester, U.K., 2014, pp. 1-6.

[23] B. Wu, High-Power Converters and AC Drives, New York, NY, USA:
Wiley, 2006.

[24] Y. W. Li, B. Wu, N. R. Zargari, J. C. Wiseman, and D. Xu, “Damping
of PWM current-source rectifier using a hybrid combination approach,”
IEEE Trans. Power Electron., vol. 22, no. 4, pp. 1383-1393, Jul. 2007.

[25] Y. W. Li, M. Pande, N. R. Zargari, and B. Wu, “DC-link current mini-
mization for high-power current-source motor drives,” IEEE Trans. Power
Electron., vol. 24, no. 1, pp. 232-240, Jan. 2009.

[26] Y. W. Li, B. Wu, D. Xu, and N. R. Zargari, “Space vector sequence
investigation and synchronization methods for active front-end rectifiers
in high-power current-source drives,” IEEE Trans. Ind. Electron., vol. 55,
no. 3, pp. 1022-1034, Mar. 2008.

[27] Q. Wei, B. Wu, D. Xu, and N. R. Zargari, “An optimized strategy for PWM
current source converter based wind conversion systems with reduced cost
and improved efficiency,” IEEE Trans. Power Electron., vol. 33, no. 2,
pp- 1202-1210, Feb. 2018.

[28] H. Lee and S. Sul, “Wind power collection and transmission with series
connected current source converters,” in Proc. 14th Eur. Conf. Power
Electron. Appl., Birmingham, U.K., 2011, pp. 1-10.

[9

—



Pengcheng Liu (S’19) received the B.Sc. degree in
electrical engineering, in 2016, from Southeast Uni-
versity, Nanjing, China,, where he is currently work-
ing toward the Ph.D. degree in electrical engineering
at the School of Electrical Engineering.

His research interests include current-source con-
verter, modulation techniques, motor drives, and re-
newable energy generation.

6164
Zheng Wang (S’05-M’09-SM’14) received the
B.Eng. and M.Eng. degrees in electrical engineering
from Southeast University, Nanjing, China, in 2000
and 2003, respectively, and the Ph.D. degree in elec-
trical engineering from The University of Hong Kong,
Hong Kong, in 2008.

From 2008 to 2009, he was a Postdoctoral Fellow
with Ryerson University, Toronto, ON, Canada. He is
currently a full Professor with the School of Electri-
cal Engineering, Southeast University. His research
interests include electric drives, power electronics,

and distributed generation. He has authored or coauthored more than 100
internationally refereed papers and four books in these areas.

Prof. Wang received several academic awards including IEEE PES Chap-
ter Outstanding Engineer Award, Jiangsu Outstanding Young Scholar Award,
and four best/outstanding paper awards. He is an Associate Editor for the
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS and Journal of Power
Electronics.

Qiuxiao Song received the B.S. degree in electrical
engineering, in 2016, from the Southeast University,
Nanjing, China, where he is currently working toward
the ML.S. degree in electrical engineering.

His research interests include current-source-
converter-fed motor drives and sensorless control of
motor drives.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

Yang Xu received the B.Sc. degree in electrical engi-
neering, in 2018, from Southeast University, Nanjing,
China, where he is currently working toward the
M.Sc. degree in electrical engineering.

His research interests include current-fed high-
frequency converters, wide-bandgap device applica-
tions and motor drives.

Ming Cheng (M’01-SM’02-F’15) received the
B.Sc. and M.Sc. degrees from Southeast University,
Nanjing, China, in 1982 and 1987, respectively, and
the Ph.D. degree from The University of Hong Kong,
Hong Kong, in 2001.

Since 1987, he has been with Southeast University,
where he is currently a Distinguished Professor with
the School of Electrical Engineering and the Director
of the Research Center for Wind Power Generation.
From January to April 2011, he was a Visiting Pro-
fessor with Wisconsin Electric Machine and Power
Electronics Consortium, University of Wisconsin, Madison, WI, USA. He has
authored or coauthored more than 300 technical papers and four books, and is
the holder of 70 patents. His teaching and research interests include electrical
machines, motor drives for EVs, and renewable energy generation.

Prof. Cheng has served as the Chair and an organizing committee member
for many international conferences. He is a Distinguished Lecturer of the IEEE
Industry Applications Society for 2015/2016. He is a fellow of the Institution of
Engineering and Technology.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


