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Investigation and Suppression of Current Zero
Crossing Phenomenon for a Semicontrolled
Open-Winding PMSG System
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Abstract—The semicontrolled open-winding PMSG system has
been widely investigated due to its simplified topology and easy
control implementation. Nevertheless, compared with the conven-
tional controllable converter structure, the current zero crossing
phenomenon will last a longer time in the semicontrolled config-
uration, which is determined by the phase displacement between
voltage and current. Since a long current zero crossing duration
will lead to voltage pulse disturbance, serious electromagnetic in-
terference, and output power fluctuation, it is necessary to reduce
the zero crossing duration to improve the open-winding PMSG per-
formance. This paper gives a detailed analysis on the zero crossing
phenomenon of the semicontrolled open-winding PMSG system in
the 3-D space vector modulation perspective. Meanwhile, a third
harmonic injection method is suggested to reduce the zero crossing
duration. It is also demonstrated that the torque and power pul-
sation are effectively improved, while the zero-sequence current
amplitude does not increase. A proportional resonant controller is
used to regulate the desired zero-sequence current. The proposed
method is validated in a 1-kW semicontrolled open-winding PMSG
experimental system with ¢; = O control method.

Index Terms—Open-winding PMSG system, semicontrolled
configuration, third harmonic injection, three-dimensional (3-D)
space vector modulation.

I. INTRODUCTION

ONVERTER topologies and the corresponding pulse
C width modulation (PWM) schemes have been extensively
studied for the open-winding configuration in the past few
decades [1]-[11]. By employing different converters combina-
tion, the open-winding configuration can provide more degree
of freedom for the control, implement multilevel or polygonal
modulation performance, and improve the operation capability
of motors [S]-[8]. Since the permanent magnet synchronous
generator (PMSG) takes the advantages of high power den-
sity, flexible magnet topologies, and excellent operation per-
formance, the combination of open-winding configuration and
PMSG system has been regarded as a promising topology in
the medium-voltage high-power applications. However, a large
amount of switch devices are essential in the open-winding
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PMSG configuration, which will not only increase the system
expense but also make it difficult and complex for modulation
implementation [9]-[11]. Therefore, it is important to simplify
the configuration of the open-winding PMSG system for its
further development.

In the existed literature, the diode has been applied to replace
the switching device in both doubly fed induction generator and
PMSG system [12]-[15]. Although the diode converter can re-
duce the system expense and control complexity, the current is
seriously distorted and the torque will be deteriorated in this
case. Meanwhile, a semicontrolled converter has been proposed
to simplify the PMSG-based wind energy conversion system
[16], which can take a compromise between the fully controlled
voltage source converter (VSC) and the uncontrolled diode con-
verter.

In the recent studies, the semicontrolled converter has been
adopted in the open-winding PMSG system with common dc
bus and isolated dc bus [17]-[19]. Due to the simpler config-
uration, the common dc bus topology will have a priority in
the practical application. Based on the inherent characteristic of
the semicontrolled converter, two indispensable requirements
should be satisfied in order to achieve a zero-sequence current
totally suppression performance: 1) accurate zero-sequence cur-
rent suppression regulator, and 2) unity power factor control
method [18], [19]. In [18], an active common mode current
regulator was proposed to minimize the zero-sequence current.
Meanwhile, a proportional resonant (PR) controller was pre-
sented in [19] to suppress the zero-sequence current. Both of
these two literatures have demonstrated that the zero-sequence
current could not be perfectly suppressed with nonzero power
factor angle (PFA). For the semicontrolled topology, it is an
inevitable problem that the current can just be regulated to have
the same direction with voltage [18].

However, in most PMSG control methods, PFA is not zero,
i.e., d-axis current zero, maximum torque current ratio, field
weakening, etc. With the method proposed in [18] and [19], the
zero-sequence current cannot be totally suppressed and it will
lead to the current zero crossing phenomenon. Different from
the transient current zero crossing distortion in the conventional
controllable converter structure [20], [21], the current zero cross-
ing phenomenon lasts a longer time which is determined by the
phase displacement between voltage and current. As a result,
the current zero crossing phenomenon will lead to voltage pulse
disturbance, serious electromagnetic interference (EMI), and
output power fluctuation. Until now, few literatures focus on the
operation performance improvement caused by nonzero PFA in
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the common dc supplied semicontrolled open-winding PMSG
system.

In order to improve the open-winding PMSG performance
in the semicontrolled configuration, this paper aims to analyze
the nature of zero crossing phenomenon with a 3-D space vec-
tor modulation perspective. With an appropriate third harmonic
current injection, the current zero crossing phenomenon can be
eliminated. Meanwhile, the voltage pulse disturbance, EMI, and
output power fluctuation will be efficiently improved.

This paper is organized with seven sections. In Section II,
the mathematical model of the PMSG and semicontrolled con-
verter are presented. Section III gives the current zero crossing
phenomenon analysis, and a third harmonic injection method is
proposed in this section. Section IV presents a discussion on the
comparison of operation performance. The control diagram for
the semicontrolled system is shown in Section V to implement
the current regulation. In Section VI, the simulation results are
presented. A 1-kW experimental setup is developed to validate
the proposed control method and modulation technique shown
in Section VII. Finally, Section VIII presents the conclusion.

II. MATHEMATICAL MODELING OF SEMICONTROLLED
OPEN-WINDING PMSG SYSTEM

A. Open-Winding PMSG Mathematical Model

The common dc bus supplied semicontrolled open-winding
PMSG system is shown in Fig. 1. The power obtained by the
PMSG is transferred by the coordinating operation of both con-
verters. With the zero-sequence equation taken into consider-
ation, the PMSG mathematical model in synchronous rotating
dqO frame can be expressed as [22], [23],

Uq —Ldp —R qu 0 id
U, | = —wly —L,p—R 0 iy
(N O 0 —Lop — R io
0
- w1y (1
—3w)s,sin(36,)

where 14,0 and 74, are the dg0 voltage and current components,
respectively, Ly is the zero-sequence inductance, Ly and L,
are the d-axis and g-axis inductances, R is the phase winding
resistance, w is the electrical angular speed, 6, is the electrical
position, v, and 13, are the fundamental and third component
of the rotor flux, and p is the differential operator.

Meanwhile, the electromagnetic torque 7, and active power
output P, can be derived as
3n,

7(641'[1 + eqz’q + 26()i())

T, =
2w

3 . . . .
= 3 [Lyigia + (Y1, — Laia)iqy — 613, sin(36, )ig]
T.
p = £ 2)

T

According to (1) and (2), it can be seen that all dg0-axis
component make contribution to the operation performance of
open-winding PMSG.

Fig.1. Common dc bus supplied semicontrolled open-winding PMSG system.

TABLE I
RELATIONSHIP BETWEEN THE CURRENT DIRECTION AND . 30 -2
MODULATED BY DIODE BRIDGE CONVERTER

Current Direction Vector Value

subsector i, iy Qe U502 Ug -2 Ug 2 ug -2

1 P N N o011 —2U4./3 0 2Uqe/3
2 P P N (001) —Us/3  —V3BUs/3  Ua/3
3 N P N (10D Ude/3 —V3Uqs/3  2Ua/3
4 N P P (100) 2Uqe/3 0 Uqe/3
5 N N P 110y Us/3 V3Ua/3  2Ua/3
6 P N P 010) —Uq/3 V3Uq/3 Us/3

B. Semicontrolled Converter Mathematical Model

Generally, the space vector diagram for fully controllable
VSC is just determined by the switching state combination.
Thus, a good modulation performance can be achieved as long
as the voltage vector reference locates in the linear modulation
region. However, since a diode converter is applied in the semi-
controlled open-winding configuration, the hybrid space vector
diagram is decided by not only the switching state of the con-
trollable converter but also the current polarity flowing through
the diode converter. As a result, the available modulation region
is limited and alternates according to the three-phase current
polarity.

For the open-winding PMSG system, the 50 voltage com-
ponent can be obtained by coordinate transformation as the dg0
voltage reference is regulated. Meanwhile, the hybrid voltage
space vector is determined by both converters, which can be
written as,

Ua g0 = Uafo—1 — Uaf0—2 3)

where u, 30 represents the hybrid voltage vector generated by
the semicontrolled system; u, 301 and u,p0—2 are the voltage
vectors generated by the VSC and diode converter, respectively.

Since the voltage output by the diode converter is determined
by three-phase current direction, the instantaneous phase voltage
of open-winding PMSG modulated by the diode converter can
be expressed as

Ug291 = [1 - Sgn(ia)] Udc
Up2g1 = [1 - Sgn(ib)] Udc (4)
Uc2g1 = [1 - Sgl’l(ic)] Udc
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Fig.2.  Voltage space vector diagram for the semicontrolled system. (a) Space vector scheme of the semicontrolled open-winding PMSG system with its projection

on a3 plane. (b) Vertex geometrical location in 3-D coordinate. (c) Voltage space vector 3-D modulation range. (d) Projection of the 3-D modulation range in a3

plane.

where Uy, represents the dc-link voltage, and the sign function
can be expressed as

1, if(i; > 0),
sgn(i;) = j=ua,b,c 5)
0, if(i; <0),
NERESTEIESTE
TabCHaﬂ[) = g 0 \/3/2 _\/5/2 (6)
1 1 1
2 2 2

With the transformation matrix from abc-axis to «0-axis
shown as (6), u,0—2 can be calculated. With different combi-
nation of three-phase currents, the diode converter can generate
different statues in «30 component as shown in Table I, where P
and N represent the current in positive and negative directions,
respectively.

According to the analysis above, Fig. 2(a) shows the space
vector scheme of the semicontrolled open-winding PMSG sys-
tem with its projection on a3 plane. Since the current boundary
condition in abc-axisis ¢, = 0,7, = 0, or ¢, = 0, the boundary

condition in a0 coordinate frame can be written as

1o + 19 = 0 — boundary plane of 7, = 0

ia \/57’,3
—5t 3

iy V3ig
2 2

)

+ 19 = 0 — boundary plane of i;, =0

+ 49 = 0 — boundary plane of i, = 0.

In the a0 3-D space, the current boundary condition con-
tributes to three different boundary planes as expressed in
(7). These three planes intersect the «f3 plane with three
boundary lines which can be derived as i, = 0, i, — \/glj =
0 or i, + ﬁig = 0, shown as dotted lines in Fig. 2(a). There-
fore, the a3 plane can be divided into six subsectors by the
current boundary lines, named as Subsector 1-6. As the current
vector locates in different subsector, the available voltage vector
modulation range will change.

In order to analyze the available modulation range of each
subsector, it is assumed that 7, and 4; is positive, while 7. is
negative. In this case, the current vector locates in Subsector 2
and u,9—2 can be expressed as (0 0 1). According to (3), the
controllable VSC could modulate voltage vector around the ver-
tex of —u, 302 which is shown as the center point B in Fig. 2(a).
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TABLE II
ZERO-SEQUENCE VOLTAGE GENERATED BY EACH SUBSECTOR

Subsector 1 2 3
Subtriangles zero-sequence voltage ~ Negative Positive Negative
Subsector 4 5 6
Subtriangles zero-sequence voltage Positive Negative Positive

Therefore, the available modulation region is the hexagon
HIJCOA. In the hexagon, six vertexes represent switching states
of six active vectors by the VSC, while the center point B(53;
and B, in 3-D coordinate) represents two zero vector switching
states. All these eight states make contribution to zero-sequence
voltage components. The vertex geometrical location in 3-D co-
ordinate is shown in Fig. 2(b). The zero-sequence components
of each vertex are listed as

1) 2Uqc/3, Bi(111);

2) Uge/3,1(110), CO11),A101);
3) 0,J(010), 000 1), H(1 0 0);

4) —Uq/3, B2(000).

The available modulation range in 3-D coordinate frame can
be obtained by connecting all these eight vertexes as shown in
Fig. 2(c). It can be found that the available modulation range
is a cube. Each side of the cube is a rhombus and the same
to others. Meanwhile, the cube intersects the o5 plane by the
triangle JOH. Fig. 2(d) shows the projection of the 3-D modula-
tion range in the o3 plane which makes up a hexagonal region.
The hexagonal region can be divided into four parts, three sub-
triangles H1J, JCO, OAH and a main triangle JOH. According
to Fig. 2(c), it can be seen that only positive zero-sequence
voltage can be modulated in the subtriangle area. However, the
main triangle area can contribute to both positive and negative
zero-sequence voltage by redistributing zero vector dwell times.

With the same method, the available modulation range can
also be divided as three subtriangles and one main triangle as
the current vector locates in different subsector. Similarly with
Subsector 2, the main triangle of other subsectors can also con-
tribute to positive or negative adjustable zero-sequence com-
ponents, while the subtriangles can just contribute positive or
negative zero-sequence component as shown in Table II. Due
to the semicontrolled converter structure, the available voltage
space vector diagram is unique. The voltage vector reference
should be kept in the available modulation region to realize a
desired voltage output. Otherwise, the current waveform will be
distorted.

III. SUPPRESSION STRATEGY OF ZERO-SEQUENCE CURRENT
OF THE SEMICONTROLLED SYSTEM

In order to obtain a stable electromagnetic torque as well
as output active power, the dg-axis current component should
be controlled as a dc value with low fluctuation. Meanwhile,
the zero-sequence component should be suppressed as much
as possible. Since the space vector diagram of the semicon-
trolled PMSG system is different from the conventional con-
verter, the current vector will be absolutely influenced by the
limited voltage vector modulation. The current vector trajectory

Current boundary plane

Desired current

Attual current vector trajectory

vector trajectory

o-axis

Subsector 6

Subsector 5

(b)

Fig. 3. Current vector trajectory with zero-sequence component suppression.
(a) In af0-axis 3-D space. (b) In a3-axis 2-D plane.

analysis with nonzero PFA is presented here to give a detailed
illustration.

A. Current Vector Trajectory With Nonzero PFA

As mentioned in Section II, the modulation region is limited
within a hexagonal area for the semicontrolled converter due
to the current direction. Meanwhile, the zero-sequence voltage
generated in the subtriangles area will be negative in subsector
1, 3, 5 and positive in subsector 2, 4, 6. According to 1), the neg-
ative zero-sequence voltage will result in a rapid increase in the
zero-sequence current, while the positive zero-sequence voltage
will lead to a rapid decrease in the zero-sequence current. As
illustrated in (7), the current boundary planes are also deter-
mined by zero-sequence component. As a result, the increased
or decreased zero-sequence current will make the current vec-
tor rotates through the current boundary plane. In this case, the
available voltage vector modulation region will alternate to ad-
jacent subsector. The dynamic trajectory will be analyzed in the
following.

In the conventional zero-sequence current suppression
method in [18], [19], the desired current vector trajectory is
wished to be a circle located on the a3 plane as shown in
Fig. 3(a). With a nonzero PFA control method, the current vector
will lead or lag the voltage vector with the PFA . In this exam-
ple, assuming that the current vector leads the voltage vector, and
if the current vector rotates to cross the current boundary plane
from subsector 2 to subsector 3, the voltage vector still locates
in subsector 2. The current boundary plane between subsec-
tors 2 and 3 can be expressed as ¢, + ¢y = 0, which is shown in
Fig. 3(a). The projection on plane is described as Fig. 3(b). In the
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Fig. 4. Modulated voltage error as the current vector fluctuates around the
current boundary plane.

subsector 3, subtriangle contributes to a negative zero-sequence
voltage component. Since the negative voltage component will
make the zero-sequence current increase, the current vector will
reach the current boundary plane and go across the plane. There-
fore, the current vector will go back to subsector 2. At this
moment, the voltage vector location is in the main triangle of
subsector 2. The zero-sequence current component will be con-
trolled to be zero. Afterward, the current vector will go across
the current boundary and get into subsector 3. As a result, the
repetitive process lasts until the voltage vector rotates into sub-
sector 3. This process appears at all six current boundary plane.
It can be seen that the repetitive process duration is determined
by the PFA.

B. Influence Caused by Current Zero Crossing Phenomenon

In the conventional two-level VSC system, a current error
will be enlarged during voltage vector sector switching. Since
the sector switching duration takes a few control periods, the
current error can be quickly suppressed in the VSC system [24].
However, according to the analysis above, the zero-sequence
current suppression method leads to the current vector trajec-
tory fluctuation on the current boundary plane. As a result, the
sector switching duration takes a long time. Since the system
voltage reference is modulated by the hybrid of both convert-
ers, it is important to get the instantaneous and accurate current
direction to achieve an effective voltage modulation. However,
as the current vector fluctuating on the current boundary plane
and sampling frequency is bandwidth limited, there will be in-
evitable current sector judgement mistake in the sector switching
duration. As shown in Fig. 4, due to the mistake in the subsector
judgment, the real voltage vector generated by diode w502
will be different by the reference uy, 4,_, calculated by DSP. As
aresult, the modulated voltage ua/30 will differ from the voltage
reference u), 30 with a voltage error u,,,. The voltage error will
exist in the whole sector switching duration. Also, u,, will lead
to the current fluctuation errors Aig and Ai,, which is the main
reason for torque ripple and active power fluctuation.

C. Third Harmonic Injection Method

According to the analysis above, in order to improve the oper-
ation performance, the current zero crossing duration should be
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Fig. 5. Current vector trajectory without zero-sequence component injection.
(a) In a30-axis 3-D space. (b) In a3-axis 2-D plane.

reduced. Therefore, it is necessary to make the current vector go
across the current boundary fast and unrepeated. In the case that
the voltage vector rotates into the main triangle as the current
vector goes from one subsector to another, the conditions can be
satisfied. A zero-sequence current injection method is adopted
here as shown in Fig. 5(a). The desired current vector trajectory
contains a zero-sequence component, while its projection on the
af plane is still a circle. Since the zero-sequence component is
injected, the moment that the current vector goes across the cur-
rent boundary plane will lag for a duration compared with the
suppression method. As a result, the equivalent current bound-
ary plane on the plane is shown in Fig. 5(b). Consequently, the
voltage vector will be always located in the main triangle and
the current vector o3 components fluctuation can be minimized.

D. Third Harmonic Current Reference Calculation

According to the analysis mentioned above, a desired third
harmonic can be injected to shift the current zero crossing point
to synchronize the current and voltage. As shown in Fig. 6, with
a desired third harmonic injection, the zero crossing point has
been shifted with PFA ¢.

According to the analysis mentioned above, a desired third
harmonic can be injected to shift the current zero crossing point
to synchronize the current and voltage. As shown in Fig. 6, with
a desired third harmonic injection, the zero crossing point has
been shifted with PFA ¢.
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Donating the original current component as A, sin(wt), the
injected third harmonic component as By, sin(3wt + ), the
reconstructed current with third harmonic injection can be de-
rived as Ay, p sin(wt) + Bamp sin(3wt + 0), where A,,,,, and
B, p represent the amplitude of fundamental and third compo-
nent separately, wt is the phase angle of stator current, 6 is the
initial phase angle of the third harmonic current.

Judging from the current expression, the original zero cross-
ing point locates at wt = p. With the third harmonic injection,
the zero crossing point will shift backward (or forward) with an
angle. The modified zero crossing point locates at wt = p. As a
result, it can be derived as

Aappsin(m + ) + Bawpsin[3(r + ) + 0] = 0. (8)
Equation (8) can be also expressed as

~ Awmpsin(m + )
sin[3(m + o) + 6]

Bamp = )

In order to reduce the amplitude of the third harmonic current
to be minimized, the denominator in (9) should get the maximum
value. As a result, it should be satisfied that sin[3(7 + ¢) +
0] = 1. The phase angle and amplitude can be expressed as

Bamp = *Aampsin((p)
0= —3p— g (10)

IV. OPERATION PERFORMANCE DISCUSSION

Since a third harmonic injection method is adopted here to
reduce the current zero crossing duration, the voltage pulse
disturbance and EMI can be suppressed effectively.

With the proposed method, the zero-sequence current still
exists. However, according to the current vector trajectory, it
can be found that the subsector switching point is nearly the
same for conventional zero-sequence suppression method and
third harmonic injection method. Therefore, the amplitude of
the injected third harmonic is approximately equal to the am-
plitude of zero-sequence component with conventional method.
Meanwhile, the distortion for nonzero-sequence components
has been effectively suppressed due to that less voltage error
will be generated in the zero crossing duration. According to

the qualitative analysis, the torque ripple appears to be reduced
with the proposed method.

Although the third harmonic injection method can make some
contributions to the performance of open-winding PMSG, the
disadvantage can still be found.

First, the injected third harmonic current will lead to extra
loss in the stator winding. According to (10), the injected third
harmonic current has a relationship with the fundamental com-
ponent. Since the harmonic current also contribute to the stator
heating, the open-winding PMSG should be de-rated to avoid
overheating. Combined with (10), the maximum fundamental
current should be deduced as 1/4/1 + sin® () of the rated cur-
rent. Here, 1/4/1 + sin”(¢) can be named as derating ratio.
The relationship between the PFA and derating ratio is shown in
Fig. 7(a). It can be seen that the PMSG should be derated more
as the PFA increase.

Second, according to (2), the electromagnetic power P, con-
tains a six times frequency fluctuation, which is caused by the
interaction of third harmonic back EMF and zero-sequence cur-
rent. Since the third harmonic flux 3, is a small component,
the extra six times power fluctuation is negligible. When the
stator resistance is ignored, the power output by the PMSG is
approximately equal to electromagnetic power. Third, similarly
with the electromagnetic power, the electromagnetic torque will
also contain a six times frequency fluctuation. With the combi-
nation of (2) and (10), the torque expression with third harmonic
injection could be rewritten as

3 ) ) > > . . .
T. = 3 {Lyigia + (Y1, — Laia)ig — 6131/ (ia)? + (iy)? sin(p)

x sin(36, ) sin[30, + 3 arccos ( 3]}

i T
Gl + w) T3

. id 7T
=Ty + T sin(66, + 3arccos | ——m—m—— | + = -3
0 6 sin( < G+ (iq)2> B) ®)

an

where 7| is the dc component of electromagnetic torque and Tg
is the amplitude of six time frequency component.

Fig. 7(b) shows the relationship between Ty and 7). It can
be seen that the torque fluctuation ratio depends on the third
harmonic flux and PFA. Generally, the third harmonic flux is
negligible and the power factor is higher than 0.8. As a result,
the torque ripple caused by third harmonic is limited within a
proper range.

V. SEMICOTROLLED OPEN-WINDING PMSG SYSTEM
CONTROL DIAGRAM

The proposed system control scheme for the semicontrolled
open-winding PMSG system is shown as Fig. 8, in which closed-
loop regulators for all dg0-axis current are designed. With the
iq = 0 control method, the d-axis current reference can be set as
zero, while the g-axis current reference can be obtained for the
power regulator. Meanwhile, the zero-sequence current regula-
tor is designed for the third harmonic current injection. Since the
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TABLE III
OPEN-WINDING PMSG PARAMETERS FOR 2 MW SYSTEM

u
. » Q L
u ..,
1 _u 1 Lz@_@, 3D-SVM Parameter Value Parameter Value
e & 0 by Tuﬂ,zu* :
i ol i 04;(?—01. Rated power P, 2 MW Rated speed n 18 r/min
e A J . u 0 Rated phase voltage U, 4155V Rated phase current I, 1604.6 A
Ad"‘" 4 Q—{PR] 5® Uy Ho ) Rated frequency f, 144Hz  d-axis inductance L 4 0.254 mH
Igsl, i |, 1 idai(, . 7J| Stator R 0.00352 Q) g-axis inductance L, 0.254 mH
Iy 3wy, sin30 h lﬁilj Pole pairs number 7, number 7, 48 0-axis inductance L 0.043 mH
Uy ysUposllyy |
I
=34, +1) !
CTToTT T T Lo - 3000A T T T T T
. L . i, 3 1
Fig. 8. ) Coqtrol scheme of open-winding PMSG system with zero-sequence 3000 ‘ ‘ ‘ ‘ ‘
current ijection. T T T T T
800V h
Uargr o [ ]
zero-sequence component is an ac component, a PR controller 800 : : : : :
is selected to eliminate the tracking error [25]. y f 1
According to the dg-axis current and voltage reference, the - : : 1 : :
PFA and current amplitude can be easily calculated. Moreover, T, 1out .
the amplitude and phase of the desired third harmonic current s o s ERNTRRES 3 e

should be calculated as (10). The zero-sequence voltage refer-
ence can be derived as

o = G (s) (i — ip) — 3wz, sin30,

krpw.s
G.(s) = ky 4 —RWeS
() P82 4 2wes + Wi

12)

where k, and kp represent proportional and resonant gains of
the zero-sequence current suppression regulator, respectively.
w, is the cut off frequency, while wy is the resonant frequency.
In order to implement the zero-sequence current suppression,
wy 1s selected as 3w and w, can be selected as 2-5 rad/s [26],
[27]. The compensation term —3wi)s,sin3f, is added in the
zero-sequence current suppression regulator based on the PMSG
zero-sequence circuit model. In order to design the PR current
regulator parameter, it should be satisfied to keep phase margin
around 45° and gain margin around 4-6 dB, maintain constant
gain at the resonant frequency with different resonant band-
widths [28]. Thus, the £, is set as 3, and k, is set as 70 in this

paper.

| —— Without third harmonic injection ———| ———  With third harmonic injection ———

Fig. 9. Simulation results comparison for the semicontrolled system.

VI. SIMULATION RESULTS

The simulation is performed using the MATLAB/Simulink.
A 2-MW open-winding PMSG system with the semicontrolled
configuration is built in the simulation. The simulation param-
eters are as follows: The dc bus is set as 600 V, switching
frequency as 2 kHz. The parameter for 2-MW PMSG is listed
in Table III.

The simulation results comparison between the third har-
monic injection method and the conventional method is shown
in Fig. 9. On the rated condition, it can be seen that the pulse
disturbance in diode converter voltage is much more serious
for the conventional method. With the third harmonic injection
method, the pulse disturbance has been suppressed effectively.
Meanwhile, torque ripple has been suppressed in £2% with
the third harmonic injection method, while the torque ripple is
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TABLE IV
OPEN-WINDING PMSG PARAMETERS FOR 1 KW SYSTEM

Parameter Value Parameter Value
Rated power P, 1 kW Rated speed n 40 r/min
Rated phase voltage U, 66.5V Rated phase current 7, SA
Rated frequency f,, 533 Hz  d-axis inductance L4 77.56 mH
Stator R 1.1Q g-axis inductance L, 107.4 mH
Pole pairs number n,, number 7, 8 0-axis inductance L 17 mH

about +6% with the conventional method. From the comparison
of zero-sequence current, it can be seen that the amplitude of the
zero-sequence current is almost the same and the zero-sequence
current regulator works well. From the simulation results, it
can be concluded that the third harmonic injection method con-
tributes to the pulse disturbance and torque ripple suppression.

VII. EXPERIMENTAL VALIDATION

The 1-kW semicontrolled open-winding PMSG experimen-
tal platform is established. The parameters for the open-winding
PMSG are listed in Table IV. An adjustable dc power supply
is used to establish the dc bus voltage. The VSC is built with
SEMIKRON SKM75GB124DE IGBTs, while the diode con-
verter is built with MDS100-16 Diodes. The VSC controller
is implemented based on a TMS320F2812 development board,
and SEMIKRON SKHI61 is used as the driver for IGBT. Sam-
pling frequency and switching frequency are set as 8§ kHz in
the digit processing program. The experimental waveforms are
acquired by a YOKOGAWA DL750 scope recorder. The dc bus
is set as 120 V by the dc source. The block diagram of the
experiment system is shown in Fig. 10(a) and the experimental
apparatus is shown in Fig. 10(b).

Fig. 11 shows the experimental results comparison with two
methods. Method 1 is the conventional zero-sequence current
suppression method, while method 2 is the proposed zero-
sequence current injection method. The speed of the open-
winding PMSG is set as 40 r/min, while the electrical frequency
israted as 5.33 Hz. Fig. 11(a) and (b) shows the results of method
1 and 2 with 500-W power output reference. With method 1,
the g-axis current fluctuates at 3.5 + 0.2 A, while the d-axis
current fluctuates from 0.1 to 0.2 A. The torque ripple varies at
about 117~124 N-m. Contrastively, the g-axis current fluctuates
at 3.52 £ 0.1 A, while the d-axis current fluctuates from 0.1 to
0.1 A with method 2. The torque ripple is about 119-122 N-m.
Since the PFA is small at this power output, the torque ripple
keeps in a low value. It can be seen that the current vector tra-
jectory on the a3 plane circularized with method 2. Fig. 11(c)
and (d) shows the results of method 1 and 2 with 1-kW power
output reference. With method 1, the g-axis current fluctuates
at 7.04 £ 0.5 A, while the d-axis current fluctuates from 0.1
to 0.5 A. The torque ripple is 233-257 N-m. Meanwhile, the
g-axis current fluctuates at 7.07 4= 0.13 A, while the d-axis cur-
rent fluctuates from 0.1 to —0.1 A with method 2. The torque
ripple is about 237-243 N-m. The PFA increases as power output
increases. The fluctuation of dg-axis current is more obvious in
1 kW. Meanwhile, the circularization of current vector trajectory

" SKHI61
Squirrel cage

N s
- Coupling L
| e
(b)

Fig. 10.  Experimental setup.

on the a3 plane performs well with method 2. Consequently,
the experimental results correspond with the theory analyzed in
Section II. The proposed control scheme can work well in the
torque ripple reduction.

The experimental results of current zero crossing duration
phenomenon are shown in Fig. 12. Fig. 12(a) and (b) presents
the a-phase current and the corresponding voltage output by
diode converter with method 1. The power output reference
is set as 500 W and 1 kW, respectively. It can be seen that a
current zero crossing duration exists as controlled with method
1. The durations lasts 3.8 and 8.2 ms for these two cases. As
the power reference increases, the PFA increases and the zero
crossing duration increase. It can be found that the zero crossing
duration generates pulse disturbance in diode converter voltage
output. With method 2, the zero crossing duration has been
suppressed as shown in Fig. 12(c) and (d). It proves that the
proposed method achieves a fast and unrepeated current zero
crossing. Meanwhile, the pulse disturbance also decreases.

The dynamic performance of the semicontrolled open-
winding PMSG system with the proposed method is demon-
strated in Fig. 13. It can be seen that as the power step changes
from 1 kW to 500 W as shown in Fig. 13(a), the system keeps
stable and the current zero crossing duration keeps suppressed.
The dynamic response time for the power changing is controlled
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Current zero crossing duration phenomenon and the voltage output by diode bridge. (a) Method 1 with 500-W power output. (b) Method 1 with 1-kW

power output. (¢) Method 2 with 500-W power output. (d) Method 2 with 1-kW power output.
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Fig. 14. Relationship between torque ripple and power output in the

experimental open-winding PMSG system.

in 10 ms. The dynamic response with the proposed method on
rotor speed changes from 40 to 30 r/min is demonstrated in
Fig. 13(b). In this case, the power output is kept as constant
500 W. As the rotor speed changes, the resonant frequency will
change. It can be seen that the PR regulator performs well in
the dynamic process. The dynamic response time is controlled
as 600 ms.

The relationship between torque ripple and power output
based on the experimental PMSG is shown in Fig. 14. As the

power output increase, the torque fluctuation increase with
method 1. It reaches +5% at the rated power output. How-
ever, with method 2, the torque fluctuation keeps at £1.25%. It
can be concluded that the proposed method performs well in the
torque ripple suppression.

VIII. CONCLUSION

The current zero crossing phenomenon is an inherent draw-
back with nonzero PFA control method for the semicontrolled
open-winding PMSG system. This paper gives a detailed analy-
sis on the current vector trajectory in a 3-D perspective. Mean-
while, a third harmonic current injection method is adopted to
reduce the zero crossing duration. With the third harmonic in-
jection, the zero crossing point of the current is shifted to be syn-
chronized with the voltage. A zero-sequence current regulator is
proposed to modulate the desired third harmonic. Afterward, the
performance of the third harmonic injection is demonstrated by
the experimental results. From the comparison, it can be found
that the torque ripple optimization performs well with the third
harmonic injection. The dynamic responses also prove that the
proposed PR controller is suitable for the zero-sequence current
regulator.
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