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Simultaneous DC Current Balance and
Common-Mode Voltage Control With Multilevel
Current Source Inverters

Li Ding

Abstract—The current source converter (CSC) has been popular
in high-power medium-voltage applications. To increase the system
power capacity and reduce the output harmonics, parallel connec-
tion of CSCs with multilevel current output is a practical approach.
There are mainly two types of parallel based configurations. The
structure with an independent dc link for each paralleled CSC can
be regarded as the first configuration, where the dc current flowing
into each CSC can be controlled from the rectifier side indepen-
dently. The second type is constructed with only one current source
rectifier (CSR) on the grid side and paralleled current source in-
verters (CSIs) on the load side, which could potentially reduce the
cost and size of the system. However, with a common dc source,
the dc current for each CSC should be carefully controlled with
proper modulation design. At the same time, the common-mode
voltage (CMYV), which increases the motor line-to-ground voltage
and causes additional stress to the insulation system, should also be
suppressed. In this paper, with a focus on the shared dc-link struc-
ture, we thoroughly analyze the dc-link current flow and common-
mode loop circuit. We propose a multilevel modulation strategy of
the parallel CSI system considering the requirement of dc current
balancing and CMYV reduction to improve the overall system per-
formance. The effectiveness of the proposed method is verified by
both simulation and experiment in a transformerless parallel CSC
system.

Index Terms—Circulating current, common-mode current
(CMC), common-mode voltage (CMYV), current source converter
(CSC), dc current balance, multilevel modulation.

I. INTRODUCTION

CURRENT source converter (CSC) can provide the ad-
A vantages of an inherent four-quadrant operation, reliable
short-circuit protection, motor-friendly waveforms, and voltage-
boosting capability, which make the CSC widely applied in
medium-voltage (MV) drives, flexible ac transmission system,
high-voltage direct current system, solar photovoltaics, and data
center supplies [1]-[5]. Multilevel topologies for CSCs can im-
prove the system power capacity and harmonic performance,

Manuscript received October 16, 2017; revised December 11, 2017; accepted
December 29, 2017. Date of publication January 8, 2018; date of current version
August 7,2018.This paper was presented in part at the IEEE Energy Conversion
Congress and Exposition, Cincinnati, OH, USA, October 2017. Recommended
for publication by Associate Editor F. Gao. (Corresponding author: Li Ding.)

The authors are with the Department of Electrical and Computer Engi-
neering, University of Alberta, Edmonton, AB T6G 1H9, Canada (e-mail:
lding@ualberta.ca; yunwei.li@ualberta.ca).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2790950

, Student Member, IEEE and Yun Wei Li

, Senior Member, IEEE

.
.\'r|ll,(sa;fsm
t
|

Laz L
On—genn:
Si

|
(i

TE)
|
wa Setig S22

P .. "“_ﬂ
z il MU=N|F;, ﬁ# s:'gJ

= hrllf.crh_!!%rs-;
(e == = r
f
|

¢
|
| csca
:

;0%

rE‘ St §27

-

Fig. 1. Parallel-connected CSC system with independent dc link.
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Fig. 2. Parallel-connected CSC system with shared dc link.

which have attracted considerable attention in recent years
[6]-[10]. Among them, a multilevel CSC system with a parallel
converter operation is a practical way to increase the system
current rating and power quality at the same time.

There are mainly two types of parallel CSC configurations
based on recent research. The first configuration has two back-
to-back CSC systems in parallel and share the same input and
output filters, as shown in Fig. 1. This topology has independent
dc links for each current source inverter (CSI), where it is easy to
balance the dc-link currents with proper control of the rectifiers.
A dc-link current ripple reduction modulation for this direct
parallel topology by proper selection of redundant switching
states was introduced in [11].

Another type of parallel CSC configuration is comprised of
one single current source rectifier (CSR) and two parallel CSIs,
as shown in Fig. 2. The two CSIs share the same dc link, while
the total dc current can be controlled to be constant by the
CSR. This configuration can take advantage of high capacity
thyristors in the front end and pulse width modulation (PWM)

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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CSI inverter at the load side, and could have the potential of
lower weight and cost compared to the first configuration. But
the dc current balance becomes a main concern here, mainly
due to the following reasons:

1) the tolerance in the dc-link inductances and winding re-

sistances;

2) differences of on-state voltages of devices; and

3) variations in time delay of the gating signals of the two

inverters [1].

The unbalanced dc current can degrade the ac output quality,
make the system unstable, and even damage the devices due to
overcurrent [12]. As the dc-link currents for each CSI cannot be
controlled independently, a control scheme by choosing proper
dwell time of medium vectors is proposed to ensure current
sharing between the two CSIs [13], [14], the small vectors were
not allowed as they increase the switching frequency and sys-
tem losses in those methods. Moreover, the parallel topologies
without using an insolation transformer will result in circulat-
ing current, which will increase the power losses, deteriorate the
output waveform quality, and even damage the semiconductor
devices; a switching loss optimized modulation based circu-
lating current suppression method applied in a parallel CSR
system is introduced in [15]. However, most of the previous
researches on the parallel CSC system focused on the dc bal-
ance without considering the common-mode voltage (CMV)
suppression. Moreover, the influence of common-mode (CM)
choke on the dc current balance is not analyzed.

In the transformerless CSC system, the CM choke is imple-
mented to attenuate the CMV. Moreover, the neutral points of
input and output filters are connected by a damping resistance,
which is used to reduce the motor voltage stress, as shown in
Figs. 1 and 2 [16]. In that case, the possible CM resonance prob-
lem should be a concern due to the LC' series connection with
adjustable output frequency. Several CMV suppression methods
to reduce the CM choke and damping resistance size are devel-
oped in the single CSC system [17]-[20]. Previous research has
applied multilevel modulation based CMV suppression method
on the direct parallel back-to-back CSCs [21], but the CMV
control for the second topology in Fig. 2 has not be studied
so far.

This paper focuses on the second CSI parallel topology, as
shown in Fig. 2. In Section II, the equivalent dc-link circuit and
general dc current balance strategy is introduced. Then, the CM
loop circuits with different locations of CM choke are com-
pared in detail, and the dc current balance while considering the
CM choke influence is thoroughly analyzed. A multilevel mod-
ulation based dc current balancing method considering CMV
reduction is proposed in Section III. Section IV shows the sim-
ulation and experimental results to verify the discussions and
proposed method. The conclusion is provided in Section V.

II. DC-LINK EQUIVALENT CIRCUIT AND DC CURRENT
BALANCE STRATEGY

The general dc-link equivalent circuit is shown in Fig. 3,
where L; — L, are the differential inductors (L; = Ly = L3 =
Ly, =1L), Ry — Ry represent the choke internal resistances,
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Fig. 3.

DC-link equivalent circuit.
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Fig. 4. Space vector diagram of a parallel CSC system.

V) — Vj represent the inverter-side dc-link voltage, the values
are the output phase voltage based on the switching states, I,
and [, mean the total positive and negative dc current, respec-
tively, and 4; and i3 represent the positive dc current for each
CSI, whereas i» and 7, represent the negative dc current for each
CSI. The on-stage voltages of semiconductor devices and volt-
age drops on the inductor internal resistances are ignored for
simplification; the dc-link current can be expressed as

iv=1 [ (Vi =V,)dt; iz =+ [ (V- ,,)dt
b= L[ (Ve Vo i = Lf
Aiy =iy —ig =7 [ (Vo — Vi)dt

where V), and V|, are the rectifier-side positive and negative
dc-link voltage, and A, and Ai,, represent the dc-link current
difference of positive and negative bus between the two CSIs.
To balance the dc current, A, and A¢,, should be reduced to be
close to zero. As Vi — Vj changes with the switching states, the
switching states of a parallel system are introduced as following.

The space vector diagram for the parallel CSC system is
shown in Fig. 4. There are 19 vectors in total and they can be
divided into 4 different types according to their lengths, namely
large (I} — Is), medium (I; — Ir5), small (I;3 — Ig), and zero
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TABLE I
DC CURRENT INFLUENCE UNDER DIFFERENT SWITCHING STATES

Vector type ~ Current vector  Vector length Switching states DC current influence
Zero I 0 [14;14], [36;36], [52:52] Aiy X; Aiy X
[14:36], [36:52], [52:14] I Viy/Vie /Vea > 0, Aiy |5 Aiy 1
[16:34], [32:56], [54;12]  IfVip / Ve /Vea > 0, Adp |5 Ay |
Large I 1.151, [16;16] Ady X5 Ady X
Medium I; I [16:12] Nip X; T Ve > 0, Aiy 1
Small I3 0.581, [16;14] Nipy X5 IV, >0, Ady |
[16:36] Ny X; TV, > 0, Ady |
[16:52] If Veg > 0, Ady 15 1 Vi > 0, Ay T
[12;56] If Ve >0, Aiy 13 1 Vi, > 0, Ady, |
(Iy) vectors, which are 1.151;, I, 0.581;, and 0, respectively N ea SN
(Iq is the value of total dc current). As shown in the dc-link R > Inverter |
. . . . . . . [£.] - T Space vector 14— Load’)
equivalent circuit analysis, the inverter-side voltage can influ- A Dwellime | = " gememor [T
= Mod(d60) Fy = o T "
ence the balance of dc currents. In the parallel CSC system, the m = 0O e %
reference current is normally synthesized by the three adjacent r . LR
vectors. To select the proper vectors, the nearest three adjacent TriskgR Tl
vectors are chosen to form the reference vector considering the et
triangle where the reference is located. The dwell time of each  gig 5. Multilevel-based dc current balance strategy.

vector is calculated based on the following equation:

©))

Ty +IyT2 + I.T3 = Lt
T +Ty +T3 =T,

where I, I, and I, are the three adjacent vectors chosen to
form the reference vector, 17, 15, and T3 are the dwell time for
each vector, and T is the sampling time.

Assuming the reference vector located in the area 4 of sector
1, as shown in Fig. 4. The three adjacent vectors I3, I14, and
I; are selected to synthesize the reference vector. Taking the
switching state [16;12] as an example, V) — V; will be equal
to phase voltage V,, V;,, V,, and V. under this switching state,
respectively. Based on (1), A, will have no change, whereas
A, can be adjusted based on the values of V}, and V.. if V}, >
V., Ai, will increase (otherwise, it will decrease).

Based on similar analysis, the dc current influence caused by
other switching states can be derived, and are listed in Table I,
where symbol “x” means no influence, “|” means dc current
decrease, and “” means increase. It shows that the large vectors
have no influence on the dc current as the turn-on devices of
each CSI are the same, which means the inverter-side dc-link
voltage of each CSI are same. Therefore, the dc currents will
stay constant under these switching states. The same conclusion
is also applied for some zero vectors with the same switching
states for each CSI. For other switching states, as they can result
in different inverter-side dc-link voltages, the dc currents can be
changed by them.

Based on the above-mentioned analysis, a general dc current
balance strategy is shown in Fig. 5, the desired switching states
can be selected to adjust the dc current with the information of
inverter-side phase voltage and the symbols of Ai, and Ai,.
Once the symbols of Ai, and Ai, are detected, the proper
switching states can be chosen to make them close to zero based
on Table I.
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Fig. 6. System diagram with (a) shared and (b) independent CM choke.

III. DC CURRENT BALANCE AND CMV REDUCTION WITH
MULTILEVEL MODULATION

A. Comparison With Shared and Independent CM Choke

The paralleled CSC topology with shared dc-link can be fur-
ther analyzed when considering the CM choke position, which
can be implemented either in the shared dc bus or the two
independent inverter-side dc buses. Fig. 6(a) and (b) shows the
two different system diagrams with shared and independent CM
choke, respectively. The shared CM mode choke topology could
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Fig. 7. Common-mode loop circuit with (a) shared and (b) independent CM
choke.

reduce size and cost of the system. However, the influences of
CM choke on the CM loop and dc balance performance for
these two configurations need to be carefully investigated. The
following part will compare the two structures with CM loop
and dc-link circuit analysis.

Fig. 7(a) and (b) shows the CM loop circuit with shared and
independent CM choke, respectively. The CM current (CMC)
is excited by the CMV produced by the rectifier and inverters,
where the third-order component is the main concern [19]. That
means, the dominant CMV component produced by the rectifier
(Vem _ret3) is 180 Hz under fixed 60-Hz grid frequency, whereas
the dominate CMV components produced by the two inverters
(Veminv13, Vem.invo.3) are three times of the motor-side fre-
quency. Based on the CM loop circuit, the total impedance of
equivalent circuit can be expressed as

{ Z = jw (M4 + Lew) + 50 + R

Zy = jo (M + B5) + me + R

3)

where Z; and Z, represent the total impedance of the CM loops
with shared CM choke and independent choke, respectively,
Lgig is the differential choke, L., is the CM choke, C, repre-
sents the equivalent capacitance of the input and output filters,
which equals 3Cy,Cy;/(Cyr + Cyi), and R is the damping
resistor.

Normally, L, is much larger than Lg4;g, which can block
the majority CMV. Fig. 8 shows the system impedance curve
changed with output frequency of the two systems based on the
simulation parameters listed in Section IV. It is obvious that
the value of Z; is smaller than that of Z, in low-frequency
region, whereas larger in high-frequency range. The resonance
frequency of an independent CM choke system is almost v/2
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Fig. 8. System impedance with shared and independent CM choke.

times larger than that of a shared CM choke system as the
equivalent inductance reduced to nearly half. Therefore, higher
CMC will be generated under resonance point for the indepen-
dent choke structure due to the higher CMV compared with
shared choke one.

Based on the equivalent CM loop circuit, as shown in Fig. 7,
the circulating current and CMC expressions can be also derived.
Noting that the inverter-side CMYV is proportional to the output
frequency, which may cause CM loop resonance and result in
high CMC near the resonance point when the output frequency
is located in a certain region. This paper therefore focuses on
the inverter-side CMV. The circulating current and CMC in the
shared choke and independent choke configurations are shown
as (4) and (5) based on the superposition theory, where the
effects of third-order CSI CMV is considered

i _ (7:}0111,inv1,3 - 1.10111j11v2,3)/2

o 1/2jwLais @)
i _ ('Ucm,invl,‘j + Uctnjnv2,3)/2

M 1/4jwLlaig + jwLem — j/wCeq + R

o (i)cm,invl,?) - '[jcnl,ixlv2,3)/2

o 1/2jw_LdiH + jWLc.m (5)
i - Vem_invl.3 + vcmjnv?ﬁ)/Q

an 1/4jWLdiﬁ' + 1/2jWLcm - j/wceq + R

where i.,_s and iy, s are the circuiting current and CMC of the
shared CM choke system, ., ; and 7.y, ; represent the circuiting
current and CMC of the independent CM choke system, and
Vem_inv1.3 and Uepm invo_3 are the vector form of third-order CMV
caused by the two parallel CSIs. The main difference between
(4) and (5) is the system impedance, which is shown in Fig. 8. It
shows that the system impedance of the independent CM choke
structure is smaller comparing to that of the shared CM choke
structure under higher output frequency range, which will result
in higher CMC.

When considering the influence of CM choke on dc current
balance, a more detailed dc-link circuit that include the CM
choke is shown in Fig. 9, where U, ; . is the rectifier-side phase
voltage and V, ;, .. is the inverter-side phase voltage. Their values
are dependent on the switching states. Compared to the general
dc-link circuit shown in Fig. 3, the shared CM choke has no
influence on the dc current balance as the voltage drop caused
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Fig. 9. DC-link circuit with (a) shared and (b) independent CM choke.

by the CM choke is on the total dc bus, whereas the total dc
current can be controlled to be constant. But the independent CM
chokes can cause unbalanced voltage drops on the independent
dc buses, the dc balance strategy that just adjusted the CSI
switching states will take longer transient time to balance due
to the large CM choke.

Moreover, it can be seen from (4) and (5) that the CMV in the
system could affect the circulating current between two CSIs
and therefore the dc current balancing considering the CMV
effects is very important, particularly for the shared CM choke
configuration. This CMV effects for dc current balancing control
has not be studied in the literature yet.

B. CMYV Suppression Method Based on Multilevel Modulation

Based on the above-mentioned analysis, dc current balance
is the prior task for parallel CSIs with the shared rectifier struc-
ture. Meanwhile, the CMC excited by CMV can also challenge
the performance of the system. When considering the circulat-
ing current and CMC produced by both rectifiers and invert-
ers, the total circulating current (i.,) and CMC (4., ) can be
expressed as

icr = icml - icm? = (22 - Z1) - (24 - Z3> (6)
Z.cm - Z.cml + icm? - (7'2 - Zl) + (14 - 13)

where .1 and icyo are the CMC flowing through CSI-1 and
CSI-2, which are equal to the differences of negative and posi-
tive currents of the corresponding CSI. The circulating current
can be zero under balance condition when assuming ¢; = i3
and 75 = 74. However, the CMC can still be a problem, which
makes positive and negative dc current for each CSI unequal,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018
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leading to i1 # iy and i3 # iy even under balance situation. If
the CMC is high, a large difference of positive and negative dc
current can deteriorate the output waveform or even make the
system unstable. Thus, a dc current balance modulation while
considering the CMV suppression is proposed to improve the
system performance. The average value of CMV (CMV,_ )
produced in each sampling period with multilevel modulation
can be shown as

‘CMVave| = |T1 -CMVy + Ty -CMVy +Tj - CMV3| @)

where CMV;, CMV,, and CMV3 are the CMV produced by
the three adjacent vectors I, I,,, and I., T, T5, and T3 repre-
sent the corresponding dwell times, respectively. Their expres-
sions and exact values caused by different switching states are
listed in [21]. As each vector may have multiple associations
of switching states in a parallel CSC system, proper switch-
ing state combination can result in smallest CMV .. Previous
researches adopted (7) as a target function to design the opti-
mized switching sequence and minimize the CMV, especially
the third-order component achieved good results in the single
CSC system [19], [20].

The proposed method that further considers the CMV sup-
pression based on the general dc current balance strategy is in-
troduced in Section II. As the large vector switching states and
some switching states of zero vector (shown in Table I) have
no influence on dc current, this method utilizes zero, small,
and medium vectors (instead of only medium vectors proposed
in [13] and [14]) to balance the dc currents. Specifically, the
medium vectors in even sectors can affect positive currents,
whereas the medium vectors in odd sectors can adjust negative
dc currents. The small vectors in all sectors can adjust both
positive and negative currents, which is the key to minimize
CMV . produced in each sampling period. For example, the
switching states that only influence A, or A7, can be adopted
to balance positive or negative dc currents, whereas other redun-
dant switching states can both adjust A, and Ai,, are used to
minimize CMV by comparing which switching state combina-
tion produces smallest CM'V . as expressed in (7). As a more
specific example, when the current reference located in sector
1 area 3, the modulation sequence is shown in Fig. 10. The
medium vector /7 can only adjust Ai,, whereas the small vector
I3 can adjust both Ai, and Ai,, thus the redundant switching
states of 13 can be selected to reduce CMV ,ye.

The flowchart of proposed method is shown in Fig. 11.
The first step is to identify the small triangle where the ref-
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Fig. 11.  Flowchart of dc current balance and CMV reduction method.
TABLE II
SIMULATION AND EXPERIMENT PARAMETERS
Parameters Simulation values Experiment values
CSR Grid voltage (line to line) 208 V 208 V
Nominal power 10 kVA 10 kVA
Grid frequency 60 Hz 60 Hz
Line inductance 2.5 mH 2.5 mH
Input filter capacitance 160 uF 160 uF
DC link Differential-mode inductor 10 mH 10 mH
Common-mode inductor 100 mH 100 mH
CM resistance 10Q 10Q
CM resonance frequency 30 Hz 30 Hz
CSI CSI output capacitance 120 uF 120 uF
RL load 5.76 ©/20 mH 5.76 /5 mH

erence is located, then the nearest three adjacent vectors will
be selected to form the reference, and their dwell times can be
calculated using (2). The switching state sequence is designed
to balance the dc current by considering the symbols of inverter-
side phase voltage, and A4, and Ai,, according to the dc current
adjustment logic are summarized in Table I. When choosing the
switching state of small vectors, the CMV . produced by all
possible switching state combinations will be compared, the
proper switching states which produce smallest CMV 5y, will
be selected, as a result, this modulation method can balance dc
current and minimize CMV simultaneously.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The parameters of the simulation and experimental system
are listed in Table II. The main purpose of this section is to
verify the influence the CM choke and effectiveness of the dc
current balance scheme while considering the CMV reduction.
The simulation results of shared and independent CM choke
structures are compared first, then the proposed methods are
verified with simulation and experimental results for the shared
CM choke structure.
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A. DC Current Balance With Shared and Independent
CM Choke

As discussed in Section 11, the different CM choke positions
will result in different CM loop circuit, which influence CMC
value and the dc balance performance. Figs. 12 and 13 show
the dc current, CMV, circulating current, and CMC waveforms
adopting the conventional five-level modulation and general dc
current balance scheme for the shared and independent CM
choke system at 5 Hz. Figs. 14 and 15 show the waveforms when
output frequency is 20 Hz. The total dc current are controlled
as 20 A by adjusting the displacement angle of CSR and the
modulation index of CSI is set as 0.8. The modulation method
is switched from the conventional five-level modulation to the
general dc current balance method at the time of 1 s. As can be
seen, the general dc balance modulation, which is adopted in
either the shared or independent CM choke system, can work
effectively. But it takes longer time for the independent CM
choke system to finally balance the current. Also, the lower the
output frequency, the longer the transient time. This is consistent
with the analysis in Section III. The inverter-side third-order
CMV of the two systems stay almost the same under different
output frequencies (16.24 V and 19.23 V at 5 Hz, 61.37 V and
56.99 V at 20 Hz) as same modulation was adopted. Due to
different system impedances, the third-order CMC excited by
inverter-side CMV of the shared CM choke system is higher than
that of the independent CM choke system at lower frequency
(1 A compared with 0.86 A), whereas its value will be much
lower under higher frequency (1.68 A compared with 4.37 A).
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In addition, the circulating current of the shared CM choke
system will be more serious than that of the independent
CM choke system without considering the dc current balance,
whereas itis controlled at a very small value under well-balanced

DC-link current and CMV waveforms with independent CM choke

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018
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situation for both structures although the independent choke sys-
tem has slower transient.

B. DC Current Balance With CMV Reduction

Fig. 16 shows the dc current waveforms for the shared CM
choke structure, with conventional five-level modulation, the
general dc current balance scheme when all switching states are
adopted to balance the dc current and the proposed dc current
balance with reduced CMV modulation. The total dc current
are controlled as 20 A by adjusting the displacement angle of
CSR. The CSI output frequency is 10 Hz and modulation index
is 0.8. At t = 1 s, the modulation method is switched from
the conventional five-level modulation to the general dc current
balance control. At ¢t = 2 s, the modulation method is further
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Fig. 17. CMV/CMC and circulating current waveforms. (a) Common-mode

voltage/current and circulating current waveform. (b) FFT result of DC cur-
rent balance modulation. (c) FFT result of DC current balance with RCMV
modulation.

Common-mode/differential
inductor

Fig. 18.  Experimental setup of a parallel CSC system.

switched to the proposed method. As the waveform shows, the
conventional five-level modulation which aims at minimizing
the switching times cannot properly balance the dc currents.
As a result, the output current quality is affected. When the dc
current balance modulation is applied, the dc current can be
obviously improved to be around 10 A with very small ripples.
Finally, the dc current can be further improved when applying
the proposed method, which can further reduce the CMV while
keeping the dc current balance.

Fig. 17 shows the CMYV, circulating current, and CMC wave-
forms while adopting the three modulation methods for the
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Fig. 19. Experimental results of dc current. (a) DC current at 10 Hz output.

(b) DC current at 20 Hz output.

shared CM choke structure. As the conventional five-level mod-
ulation cannot make the system work properly, the fast Fourier
transform (FFT) results just compare the other two methods.
As can be seen, the proposed method can effectively reduce
CMYV and CMC while improving the dc current balancing per-
formance, which can further improve the output current quality.
Thus, the effectiveness of the proposed method can be verified.

To further validate the proposed methods, experiments are
conducted on a 10-kVA/208-V/60-Hz transformerless PWM
CSC system with RL load, the experimental parameters are
listed in Table II. The experimental setup is shown in Fig. 18,
where a thyristor-based CSR is used as the rectifier to keep the
total dc current constant and the inverter side has two CSIs in
parallel. The shared dc-link CM inductor structure is adopted to
block the system CMYV, whereas the differential inductors are
implemented to limit the current ripples.

The experimental results of dc current are shown in Fig. 19(a)
and (b), where the total dc current is controlled to be 4 A. The
output frequency is 10 Hz and 20 Hz, respectively. The CSI
modulation index is 0.8. At the time of 1 s, the modulation
method is switched from dc current balance modulation to the
proposed methods. The dc current 7; and 73 are constant around
2 A, which share the total dc current very well. More impor-
tantly, the proposed method can furtherly improve the balance
performance with smaller fluctuation. This is mainly because
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CMV FFT with DC current balance modulation. (c) CMV FFT with proposed
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the suppression of CMV can reduce the system CMC and, thus,
reduces the total dc fluctuation.

Figs. 20 and 21 show the inverter-side CMV waveforms and
their FFT analysis results at 10 Hz and 20 Hz, respectively.
The CMV reduced effectively when switching from general dc

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

current balance modulation to the proposed modulation at the
time of 1 s. The FFT results show that the third-order CMV
reduced from 6.7 V to 1.2 V at 10 Hz, and 9.7 V to 1.9 V at
20 Hz while keeping the dc current balanced, which verify the
effective of the proposed method.

V. CONCLUSION

The parallel operation of CSCs with multilevel modulation is
a practical way to improve the system power rating and output
quality. This paper analyzes the different topologies of paral-
lel CSCs and focuses on the shared dc-link structure that can
potentially reduce the system size and cost. The equivalent dc-
link circuit and general dc current balance strategy with proper
switching sequence design is introduced first. The CM loop cir-
cuits and dc-link circuits for the shared and independent CM
choke structures are compared in detail, and the circulating
current and CMC excited by CMV are derived. Moreover, a
multilevel modulation based dc current balancing method con-
sidering CMV reduction by optimizing the redundant switching
state selection is proposed to reduce the CMV while keeping
the dc current balanced. The simulation and experimental re-
sults validate the theoretical analysis and confirm that the pro-
posed method can balance the dc current and reduce CMV
effectively.
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