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Multilevel CSC System Based on Series—Parallel
Connected Three-Phase Modules With Optimized
Carrier-Shift SPWM

Li Ding

Abstract—Current source converter (CSC) is widely used in high
power applications. To increase the system power rating, both series
and parallel connections can be adopted and implemented easily.
In this article, a mixed series—parallel CSC structure is proposed
for high power application. An optimized carrier-shift sinusoidal
pulsewidth modulation (SPWM) is adopted for the mixed system
to simultaneously improve the dc-link voltage quality and achieve
multilevel ac output, which can potentially reduce the size of dc-
and ac-side filters. Meanwhile, the system reliability can be sig-
nificantly improved due to the modular design with carrier-shift
SPWM and inherent short-circuit protection of CSC. With these
advantages, the proposed mixed series—parallel CSC structure can
be an attractive candidate for medium-voltage drives, high-voltage
direct current, and offshore wind power applications. Simulation
and experimental results verify the effectiveness of the novel mixed
series—parallel CSC system with optimized carrier-shift SPWM.

Index Terms—Current source converter (CSC), modular system,
series—parallel structure, sinusoidal pulsewidth modulation
(SPWM).

1. INTRODUCTION

URRENT-SOURCE converters (CSCs) can provide the
C advantages of four-quadrant operation, inherent short-
circuit protection, low dv/dt waveforms, and voltage boosting
capability, which make the CSC widely applied in renewable en-
ergy generation (solar photovoltaics, wind turbine generation),
medium-voltage (MV) drives, and high-voltage direct current
(HVdc) system [1]. Employing specific configurations and ap-
plying moderated switching modulations brings higher perfor-
mance and consequently, more industrial applications [2]. Both
parallel and series connections of multiple CSCs can be adopted
for high power applications. Meanwhile, improved modulation
strategies can be implemented to achieve better performance.
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Modular parallel CSC structure, formed by connecting the
outputs in parallel with a shared output filter, can improve the
system current/power rating, reliability, and output harmonic
performance [3]-[9]. The dc current balance control with mul-
tilevel space vector modulation (SVM) for 2-CSC parallel CSC
system was addressed in [3]. In [4], a multilevel selective
harmonic elimination (SHE) with optimized switching angle
design was adopted for parallel current source rectifier (CSR). A
bi-trilogic sinusoidal pulsewidth modulation (SPWM) adopted
for N-CSC (N>3) parallel system was introduced in [5], and the
detailed digital implement process was explained in [6]. Mul-
tilevel SVM-based common-mode voltage (CMV) reduction
method for transformerless CSC-fed high-power MV drives was
introduced in [7] and [8]. Simultaneous dc current balance and
CMYV reduction method by optimizing the redundant switching
state selection was investigated in [9] and [10].

Series CSC structure, on the other hand, can also increase
system power range to satisfy high-voltage applications. A
symmetrical phase angle control method adopted for series con-
nected GTO-based CSR system was introduced in [11], which
canimprove the supply current quality. Some researchers studied
series connected CSC system as an alternative structure for wind
turbine generation [12]-[16], which enjoys high reliability due
to inherent short-circuit protection of CSC. The characteristics
of series thyristor converter connected wind turbine system were
analyzed in [12]. A series CSC connected multiphase generator
with multiwinding transformer was introduced in [13]. Some
control methods such as average dc voltage control, power
control [14], and dc-link current coordinate control [15], [16]
had been studied to improve the system performance. A hybrid
line-commutated converter (LCC) and pulsewidth modulation
(PWM) CSC was proposed in [17] for HVdc application. Series
PWM CSC configuration was adopted for offshore wind power
transmission, where multiple wind turbines are connected to the
series CSCs to build up the transmission voltage [18] and multi-
winding or multiple two-winding transformers were needed for
onshore grid connection.

However, there was no research to combine the series and par-
allel connection together to achieve much higher power range,
improved ac/dc performance, and system reliability. Therefore,
a novel multilevel CSC structure based on series—parallel con-
nected three-phase CSC module adopted on either grid side or
generator side, as shown in Fig. 1, is proposed in this article. The
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Fig. 1. Mixed series—parallel CSC system.

paralleled CSCs can be regarded as a module; then, each paral-
leled module can be connected in series, the number of parallel
and series CSCs is very flexible to be determined according to
the system power rating.

For parallel or series CSC application, both multilevel SVM
and SHE are difficult to develop mainly due to large number of
redundant switching states. For example, there are 729 switching
states available for 3-CSC parallel or series system and redun-
dant switching state selection is very complex to achieve superior
performance. On the contrary, the carrier-based SPWM enjoys
inherent scalability, modularity, and easy-implement features
for parallel or series CSC application. A carrier-shift SPWM
based on direct duty-ratio PWM (DDPWM) for parallel CSC
application was proposed in [19], which results in small CMV
and circulating current. However, the system performances of
series CSC as well as mixed series—parallel CSC systems with
carrier-shift modulation were not studied yet.

In this article, an optimized carrier-shift SPWM was proposed
for the novel series—parallel connected multilevel CSC system to
simultaneously improve the dc-link voltage and ac output quali-
ties, which can potentially reduce the size of dc-link inductance
and ac output filter. The rest of this article is organized as follows.
In Section II, the basic operation principles of DDPWM and its
application for parallel or series CSC structures are introduced.
Then, the sub-dc-link current analysis and dc-link voltage per-
formance with optimized carrier-shift DDPWM are introduced
in Section III. Section IV shows the simulation and experiment
results to verify the effectiveness of proposed methods. Finally,
the conclusion is given in Section V.

II. CARRIER-SHIFT SPWM AND MODULAR CSC SYSTEM

This section mainly focuses on the principle of DDPWM and
its application to modular CSC system. Two different carrier
types—phase disposition (PD) and phase opposition disposition
(POD)—are compared. The ac current features of parallel CSC
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Fig. 2. DDPWM for single CSC. (a) CSC diagram in Max-Mid-Min phase.

(b) Imax and Iryin waveforms. (c) Digital implement.

and the dc voltage features of series CSC will be analyzed
separately.

A. Principle and PWM Sequence of DDPWM

The proposed carrier-shift SPWM is based on DDPWM,
which can directly produce the gating signals for CSC with
simple mapping [20]. To achieve direct gating signal production,
the six switches are identified as Spmax/Sumaxs Spmid/Snmid,
and Spin/Snmin according to the magnitude of three phase
references (I5*, Ip*, and Ic*). The output phases are renamed
as Max-Mid-Min phase instead of A-B-C phase, as shown in
Fig. 2(a). The maximum, medium, and minimum values (iden-
tified as Iax, Imid, and I,in) among the three phase references
can be obtained first. In Max-Mid-Min phase, Iiax, Imid, and
Inin can be synthesized by Spnax/Sumaxs Spmid/Sumid, and
Spmin/Snmin, respectively.

The waveforms of I,,,,x and I, with balanced three phase
references are shown in Fig. 2(b). As I,,.x is always greater than
0, and I,,;, is always less than 0, thus I, can be synthesized
by using /4. and 0, I;,;,, can be synthesized by using —/q. and
0. That means the lower leg of Max phase Sy,;,ax and upper leg
of Min phase Sjmin are never turned ON (Symax = Spmin = 0).
As one and only one switch among the three upper and lower
switches should be ON at the same time, which can be restricted
by Spmax + Spmid + Spmin = 1 and Snmax +Snmid + Snmin =
1, the gating signals in Max-Mid-Min phase can be expressed
as



DING AND LI: MULTILEVEL CSC SYSTEM BASED ON SERIES-PARALLEL CONNECTED THREE-PHASE MODULES

I} Loy &y I i s Gl |
max| T T max T
[ l\f\; ] { I ! >
Lin Jl/lz\l\: Lyin | I
) O I . L Gy
Spmax —1 T 1, Spmax T ] [ T 1
Spmid ! l—‘ : > Spmia : b—i ! -
] — [ — Shmid I S
1 (- T |
Shmin T T ——| Smin _{ : 1 | —
Se ISsf S s ss ] Ss [Sal S [Si[Ss ]
(a) (b)
Fig. 3. Gating signals of single CSC with DDPWM: (a) PD; and (b) POD.
TABLE I
SWITCHING STATE REASSIGNMENT OF DDPWM
Interval [Max-Min] Switching State Reassignment
[-300-300] [IC*-IB*] Slﬂll SZHI7 S3*>I6 S4*>I5
[300-900] [IA*-IB*] S[HI6 Szﬁlc) S3‘>I| S4*>12
[90°-150°] [Li-Ic] Si=L | So—ly | Ss—L | Si—1
[150°-210°] [Ls™-Ic"] Si—=hL | So—=l | S3—L | Si—L
[2100-2700] [IB*-IA*] S[HI5 SZHI() S3*>I4 S4*>I3
[2700-3300] [IC*-IA*] S[HI4 Szﬁlg S3*>I5 S4*>16
S g la I max = Cl
pmax pmid —
Oa I max < Cl
a 1a I min < 02
Snmin = Snmid = (1)
07 I min > = C'2

where the gating signals of S, and S;,,5q are generated by
comparing I, with upper carrier (C;), while the gating signals
of Spmin and Sy iq are produced by comparing I,,;,, with lower
carrier (Cz). The two ON-state switches are used to represent the
switching states, therefore, there are four switching states (S
= [Spmid; Snmin]; SQ = [Spmid; Snmid]; S3 = [Spmax; Snmin];
S4 = [Spmax; Snmial) available in a single CSC.

Fig. 3(a) and (b) shows the gating signals of PD and POD
in Max-Mid-Min phase by assuming that the references are
constant in each carrier period. It is easy to find that the PWM
sequence of DDPWM is 5-segment and half-wave symmet-
ric with both PD and POD. The dwell times are determined
by the references Iyax and Ini,. After producing the gating
signals in Max-Mid-Min phase, they should be reassigned to
A-B-C phase according to the current reference magnitude.
The current references can be divided into six intervals based
on their magnitudes, and the detailed switching state reassign-
ment mapping is listed as Table I, where I; to I are the six
active states and Iy to Iy are the three zero states in A-B-C
phase.

With the help of the above analysis, the current vector selec-
tion and PWM sequence of DDPWM in A-B-C phase with PD
and POD can be obtained as in Fig. 4. The vector diagram can
be divided into six sectors and each sector can be divided into
two subsectors equally due to different zero vector selection and
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Fig. 4. PWM sequence of DDPWM: (a) PD; and (b) POD.

PWM sequence. Besides these, the PWM sequence of PD is also
related to the modulation index. Taking POD as an example,
when the current reference is located in Sector 1, the PWM
sequences in the two subsectors marked by different colors in
Fig. 4(b) are [I1-I5-19-12-11] and [I3-11-Is-11-12], respectively.
Since there are four switching actions in each carrier period,
the average switching frequency is two-thirds of the carrier
frequency.

B. Parallel CSC System

Parallel CSC enjoys the benefits of modularity, improved
fault tolerance and reliability, extended power range beyond
semiconductor limits, as well as better output current harmonic
performance, which attracted increased attention in recent years.
An N-CSC parallel CSC system with a shared dc-link is shown
in Fig. 5.

The DDPWM can be simply implemented to parallel CSC
system, which can be achieved by comparing I, and Iy
with a set of symmetrical triangular carriers [19]. Taking 2-CSC
parallel system shown in Fig. 6 as an example, /,,,,x are compared
with the carrier C11 and carrier Co; to determine the turn ON/OFF
action of Spax1(2). Meanwhile, I, are compared with carrier
C12 and carrier Cyy to determine the turn ON/OFF action of
Sumin1(2)- The gating signal of Spax1(2) and Symin1(2) can be
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expressed as

S _ L Lnax >= Cuian
pmax1(2) 0, Imax < Cli(21)

o 1, Irnin < 012(22)
Snmml(2) - {0’ [min >= 012(22) (2)

where C1; and Cy; are the upper carriers and Cy2 and Coq are
the lower carriers for CSC-1 and CSC-2, respectively.

The carrier interleaving angle for 2-CSC parallel connection
is set as 180° for both PD and POD, as shown in Fig. 6(b) and
(c). As can be seen, the resultant PWM sequence of each CSC is
also shifted 180°. The total ac output current is symmetrical in
each half-cycle and the waveforms of PD and POD are totally the
same with 2-CSC connection. Generally, the equivalent carrier
frequency will increase to N times with 2N + 1 level output
by shifting the carriers for N-CSC parallel system. The average
switching frequency of each paralleled module is still two-thirds
of the carrier frequency. Meanwhile, it can guarantee small CMV
and circulating current despite the parallel module number [19].

Since the detailed features of multilevel ac current output of
parallel CSC system with carrier-shift DDPWM had been well
analyzed in [19], this section mainly compares the output PWM
current performances of PD and POD with different parallel CSC
numbers (N = 1, 2, 3, and 4), as shown in Fig. 7, in terms of the
total harmonic distortion (THD). The carrier interleaving angle
is set as 360°/N for both PD and POD. It is obvious that the THD
performance of output current can be significantly improved
with the increase of parallel CSC module number since higher
current level can be achieved, which can help to reduce the ac-
side filter size. When the parallel module number is even, the
output waveforms of PD and POD are totally the same and result
in the same THD performances. POD is better than that of PD
when the parallel module number is odd. However, the difference
is smaller with the increase of modulation index range as well
as the number of parallel CSC modules.

As the carrier-shift SPWM shows superior performance in
terms of ac output current, a further study of this modulation
employed in series CSC system will be introduced.

C. Series CSC System

Apart from parallel CSC connection adopted for high power
applications, the series CSC structure had also been well inves-
tigated in wind energy-based HVdc application. The series CSC
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structure can be employed in either grid side or generator side.
Fig. 8 shows a typical series CSC structure, where M CSCs are
connected in series manner on the dc side, while the ac sides are
connected to the grid with a multiwinding transformer.

Although the benefits of series CSC structure had been well
addressed in some studies in the literature, no research focus on
the possibility of dc-link voltage improvement with carrier-shift
modulation had been made. Thus, this section will mainly inves-
tigate the dc-link voltage features. The total dc-link voltage V,,
with series connection is the sum of each sub-dc-link voltage,
which can be expressed as

Vpn = Vpnl + Vpn2 +---+ Vpn]\l (3)

where V1 t0 V)1 are the de-link voltages for each series CSC
module. Obviously, the voltage level can be increase through
series connection and the dc component of dc-link voltage can
be expressed as

3M
Vpn_DC = Tmavmag Cos @ 4)

where M is the number of series CSC module, m,, is the modu-
lation index, and ¢ is the power factor angle.

The carrier-shift DDPWM analyzed for paralle] CSC structure
can also be extended to series structure; the dc-link voltage of
a 2-series CSC system, as shown in Fig. 9, is explained as an
example. Fig. 9(b) and (c) shows the gating signals and V,,
waveform in one carrier period with PD and POD, respectively.
The actual dc-link voltage in CSC is an envelope waveform
of line voltage, which is related to the switching state and the
output voltage waveforms. The output voltages (V,, V4, and
V.,) are assumed to be constant in each carrier period when the
carrier ratio is relatively high, therefore, the dc-link voltage of
each CSC is also half-wave symmetrical, which is similar to the
current PWM. With series connection, the total dc-link voltage
would be a half-wave symmetrical waveform in each half-carrier
period for both PD and POD, which means that the equivalent
switching frequency will be doubled. As a result, the quality of
dc voltage can be improved with series connection.

Fig. 10 shows the dc-link voltages and their harmonic distribu-
tion of POD with different number of series modules. The output
frequency is 60 Hz, carrier frequency is 1 kHz, and modulation
index is 0.8. Itis obvious that the dc component can be increased
to M times with M series modules. Moreover, the voltage quality
can be improved by adopting carrier-shift DDPWM where the
dominant high-order harmonic increases to M times, which will
help to reduce the dc-side filter size.

Fig. 11 compares the dc-link voltage THD of PD and POD to
evaluate voltage ripple reduction with series connection (M =
1, 2, 3, and 4). The carrier interleaving angle is set as 360°/M.
Similar to the ac output trend of parallel CSC, the dc-link
voltages of PD and POD are totally the same when the series
module number is even. When the module number is odd, it
shows an inverse trend compared with the parallel case; the
overall performances are similar when the module number is
three.
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the paralleled CSCs are regarded as a module, and then, the
paralleled modules are connected in series.

The paralleled module, as shown in Fig. 1, is a shared dc-
link parallel structure. The sub-dc-link current in each parallel
module should be balanced, otherwise, large circulating current
or unequal dc current level deteriorates the output quality and
even damages the semiconductor. The dc currents are influenced
by the inverter-side positive and negative dc-link bus voltages,
which are changed with the switching states. A detailed dc
current influence with multilevel SVM was introduced in [3]
which verified that the dc current could be changed with the
switching state and the output voltage. Therefore, the possible

Fig. 6. Output current waveform of 2-CSC parallel system with carrier-shiftt DDPWM: (a) PD; and (b) POD.
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Fig. 7. THD of ac output PWM current with parallel connection. (a) Single

CSC. (b) Two CSCs. (c) Three CSCs. (d) Four CSCs.
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III. PROPOSED SERIES—PARALLEL CSC SYSTEM

Based on the analysis in Section II, the carrier-shift DDPWM
can be adopted in either parallel or series CSC system with im-
proved ac outputs or dc-link voltage. The carrier-shift DDPWM
is implemented for series—parallel CSC system to simultane-
ously improve the ac- and dc-side performances. To analyze,

switching states with carrier-shift DDPWM are analyzed to
explain the dc current influence.

The positive dc bus voltage under the four switching states
are Vg, Vg, Vi, and Vi, while the negative dc bus voltages are
Vs Vda, Vi, and V4 in Max-Mid-Min phase; their values are
equal to phase voltages V,, Vi, V. in A-B-C phase, according to
Table I. There are 16 different switching state combinations for
2-CSC parallel system. The dc current influences with different
switching state combinations are shown as Table II. The symbol
“l,” “x,” and “1” represent decrease, no change, and increase.

The positive dc difference Aij, and negative dc current dif-
ference Ai, are not changed when the switching states of
two CSCs are the same. The influences are opposite when the
switching state order is exchanged, for example, the influence
of combination [S1; S3] and [S3; S1] are opposite. Taking the
switching sequence shown in Fig. 6(c) as an example, the PWM
sequence is half-wave symmetric and the first half-sequence is
[S3;S21-[S3; S4]-[S3; S31-[S4; S31-[S2; S3]. As [S3; Sa] and [So;
S3]; [Ss3; S4] and [S4; S3] have opposite dc current influence and
their dwell time is equal, it is easy to conclude that the sub-dc
current difference is closed to zero in each half-carrier cycle, as
shown in Fig. 12. Therefore, the dc current can be balanced
naturally with 180° interleaving angle due to the symmetry
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switching state combination. Similar analysis can be extended to
N-CSC parallel system where the optimized interleaving angle is
360°/N. To actively adjust the dc current sharing error under non-
ideal situations, such as parameter mismatch between parallel

B. Optimized Interleaving Angle Design

Consider an M-N series—parallel CSC system, where N CSCs
are paralleled together as a parallel module and M parallel
modules are series connected. To achieve natural dc current
balance, the interleaving angle of the paralleled CSC in each
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parallel module is 360°/N. To determine the best interleaving
angle for a mixed series—parallel CSC system to simultaneously
improve the dc-link voltage and ac outputs, the ac-side current
and dc-side voltage performance with different interleaving
angles are compared.

Fig. 13(a) and (c) shows the THD performance of output
current PWM for 2-CSC and 4-CSC parallel system, while
Fig. 13(b) and (d) shows the dominant harmonic of dc voltage
for 2-CSC and 4-CSC series system with different interleaving
angles. It shows that the quality of ac current and dc voltage
is influenced by the interleaving angle. The best interleaving
angle for 2-CSC parallel or series system is 180°, while 90° (or
270°) is the best one for 4-CSC parallel or series system (both
PD and POD). Similar conclusions can be extended to N-CSC
parallel or M-CSC series system, the optimized interleaving
angle of each CSC should be 360°/N or 360°/M to achieve the
best performance.

Therefore, the interleaving angle for mixed series—parallel
CSC system should be designed properly. The interleaving
angles can be divided into M sets, each set is assigned for
the corresponding parallel module and the interleaving angle
is 360°/N, while different sets are interleaved with 360°/M,
as shown in Fig. 14. For example, the interleaving angles of
2-parallel 3-series CSC as shown should be divided into three
sets ([0°; 180°], [120°; 300°], and [240°; 60°]), which can be
assigned to each paralleled module to achieve the best ac output
and dc voltage performance.

IV. SIMULATION AND EXPERIMENT VERIFICATIONS

Simulation and experiment are conducted to verify the pro-
posed methods. The parameters of the simulation and experi-
mental system are listed in Table III. The same RL load is adopted
for each parallel module to verify the proposed modulation
strategy. The carrier frequency with both PD and POD is 1kHz,
the output frequency is 60 Hz, and the modulation index is 0.8.
The dc voltage and ac output features of the novel series—parallel
CSC system are first verified with simulation results. Then,
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Fig. 14. Carrier-shift SPWM for modular series—parallel connected CSC
system.
TABLE III
SIMULATION AND EXPERIMENT PARAMETERS
Parameters Simulation Experiment
DC current 10A 3A
Differential inductance 10mH 10mH
CSI Output filter 120pF 120uF
Output frequency 60Hz 60Hz
Carrier frequency 1kHz 1kHz
Modulation index 0.8 0.8
Resistance 5.76Q 5.76Q
Load
Inductance SmH SmH

the experiment results verify the effectiveness of the proposed
carrier-shift DDPWM for series or parallel CSC structures in the
end.

A. Simulation Results

Fig. 15 shows the simulation results for a2 x 3 series—parallel
system, where each parallel CSC module consists of two CSCs
and three parallel modules are connected in series. The interleav-
ing angles can be designed in three sets ([0°; 180°], [120°;300°],
and [240; 60°]). The ac outputs (phase current PWM, phase cur-
rent, and voltage) of one parallel module are shown as Fig. 15(a),
from which it can be seen that each parallel module produces
five-level current output and effectively reduces the THD. The
harmonic distributions of current PWM and dc-link voltage
are shown as Fig. 15(b) and (c), respectively. The dominant
harmonic of ac output is increased to 2 kHz, while the dominant
harmonic of dc-link voltage is increased to 3 kHz. The overall
performance of PD and POD are similar, which is consistent
with the theoretical analysis in Section II.

Fig. 16(a) shows the ac outputs and dc voltage of a 3 x
2 series—parallel system, where the interleaving angles can be
designed in two sets ([0°; 120°; 240°] and [180°;300°; 60°]). As
it can be seen, the current output of each parallel module is level
seven and the equivalent switching frequency is 3 kHz, as shown
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Simulation results of 3-parallel 2-series CSC system: (a) PD and (b)

in Fig. 16(b). PD enjoys better output quality with lower THD
compared with that of POD. The dominant high-order harmonic
of dc voltage is 2kHz and PD and POD have similar dc voltage
performances. The simulation results can verify that the mixed
series—parallel CSC structure can simultaneously improve ac
and dc performance.

B. Experiment Results

To verify the proposed carrier-shift PWM strategies, the ex-
periments are first conducted in two parallel CSCs with shared
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Experimental results of 2-CSC parallel system with shared dc-link:

dc-link, mainly to investigate the ac-side improvement. Then,
the two CSCs can be connected in series and the dc voltage
performance will be analyzed. Moreover, a 2 x 2 series—parallel
CSC system will be investigated. The setup is designed by series
connected MOSFET and diode, as shown in Fig. 17. Each parallel
module contains two three-phase CSCs, and two parallel mod-
ules are connected in series. A dSPACE MicroLabBox DS1202
is adopted to generate the gating signals. Each parallel module
is connected to a separate RL load.

Fig. 18 shows the experimental result of 2-CSC parallel
system with shared dc-link. The inverter-side dc-link voltage
of CSC-1 is measured. As it can be seen, the output perfor-
mances of PD and POD are similar, five-level current PWM
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Fig. 19. Experimental results of 2-CSC series system: (a) PD; and (b) POD.

can be achieved, and the THDs are 40.1% and 41.9%, which
are almost the same and consistent with the PWM sequence
analysis in Section II. However, PD enjoys better dc voltage
performance where the 1-kHz component can be effectively
suppressed compared with POD, which is consistent with the
comparison results, as shown in Fig. 7.

The experiment results of a 2-CSC series system with the
proposed carrier-shift DDPWM is shown as Fig. 19. The total
inverter-side dc-link voltage is added up by the series CSCs. The
PWM current output quality of POD (THD: 76.8%) is better than
that of PD (THD: 107.3%), which results in better ac current and
voltage outputs. The phase current THD is reduced from 9.0% to
8.1% and the line-to-line voltage THD is reduced from 20.5% to
14.3%. The dominate high-order harmonic of dc voltage for both
PD and POD is increased to 2kHz and the THD performances
are similar.

Fig. 20 shows the experimental results of mixed series—
parallel CSC system by adopting carrier-shift DDPWM with PD
and POD, respectively. The interleaving angles are designed as
two sets ([0°, 180°]; [180°,0°]). The inverter-side dc-link voltage
is measured between the positive dc bus of CSC-11 and negative
dc bus of CSC-21, as indicated in Fig. 1. As it can be seen, each
parallel module can achieve five-level current output and the
equivalent switching frequency is 2kHz. Meanwhile, the domi-
nant high-order harmonic of dc voltage is 2kHz. It verified that
the mixed series—parallel structure with carrier-shift DDPWM
can guarantee better ac output and dc voltage simultaneously.
The harmonic performance of PD and POD are very close, the
THD of output current is 41.7% and the THD of dc voltage
is 45.3% for PD, while they are 41.8% and 45.2% for POD.
Since the parallel and series module number are both even, and
the outputs of PD and POD are totally the same, which is also
consistent with the theoretical analysis.

3965
I Lo THD:41.7%
= 1 08 Inlil‘\\\l
D Mt g g i g 206
~ i iy <
! THD; 7.6% | & 0.4y
< ; 02 ‘
ok ,/\/ \\./\./ o L dbiae
: L o | I B 432
S ‘ /\/m 0, DC:443V. THD: 45.3%
I Q Von
a
it i Il H ‘ﬂ" i “'f f‘“’f %5 40
. ! '\‘\“\ IS ‘H Wmm i ’M"H’W‘lwh\v}‘\ I wff 2
9» = 20 i
(1oms/div) | S LLd
S0A v@ 00V L@ 500V Y (100w Jm[ ®  soomA 0 i 5 5k
(a)
1.0 THD: 41.8%
z ,_\0 8 Iul_l’“ll
z, 3
=y me W‘\HMHW 206
~ =)
THD: 7.7% | 04
5 202 ‘
= 0 wadbi ’
12" 3
N 0 DC:44.4V. THD: 45.2%
g Viu
Mol .H \v Ul mml il PO e o 3 40
i J“,M T i ‘;“I;f‘Nv‘;M:ﬂ,’an,‘ i <
By TR 320
(10ms/div g
SRR TS i @ 07 [0 ‘m(ﬂn)? = 0
(b)
Fig. 20. Experimental results of mixed 2 x 2 series—parallel CSC system: (a)

PD; and (b) POD.

V. CONCLUSION

This article proposed a novel multilevel CSC structure based
on series—parallel connected module to increase the system
power rating and reliability. Parallel modules can generate mul-
tilevel output, while the dc voltage quality can be improved
due to series connection with carrier-shift SPWM. Therefore,
the novel series—parallel structure can achieve better ac and
dc performances simultaneously with proper interleaving angle
design. The improved performance can reduce the sizes of dc-
and ac-side filters potentially. Other inherent advantages along
with the carrier-shift DDPWM, such as small CMV, circulating
current, and natural dc current balance ability, can further make
the proposed structure an attractive candidate for high power
applications, such as MV drives, offshore wind power, and HVdc
application. Future research will focus on the control method and
fault tolerance strategy development.
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