2322

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 2, FEBRUARY 2024

Reduction Method of Circulating Current in Parallel
Three-Level Inverters Using Modified Discontinuous
Pulse-Width Modulation Based

on Interleaving Scheme

Hye-Won Choi

Abstract—This article presents a reduction method of circulating
current in parallel three-level inverters using modified discontin-
uous pulse-width modulation (DPWM) based on an interleaving
scheme. The harmonics and current ripple are the same as that
of a single inverter with the same current capacity as the parallel
system with DPWM. An interleaved DPWM improves the output
current quality. However, a circulating current is generated by the
asynchronous phase carriers. The circulating current limits the
power rating. To alleviate these problems, the proposed method
reduces the high-frequency circulating current with switching fre-
quency by 79% even at a high modulation index. The switching
sequence and high-frequency circulating current are analyzed to
prove the performance of the proposed method. The effectiveness
and reliability of the proposed reduction method are compared
to the conventional SVM. The validity of the proposed method is
verified through simulations and experimental results.

Index Terms—Circulating current, discontinuous pulse-width
modulation (DPWM), interleaving scheme, parallel-three-level
inverter.

I. INTRODUCTION

HREE-PHASE voltage source inverters have been used
T in various applications such as renewable energy genera-
tion systems, motor drives, and distributed generation systems.
The two-level inverters are generally used in power conversion
systems. A large filter is inevitable to satisfy the IEEE-519
standard in grid-tied systems [1]. To mitigate this disadvantage,
a three-level NPC inverter has been widely used in high-power
industrial applications [2]. The output currents of inverters have
components of fundamental frequency in an ideal. However, the
output currents of inverters in general contain harmonics that
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deteriorate the performance of the systems. It is inevitable to
reduce the distortion of harmonic components by designing a
filter. The inductance filter of power conversion systems has
been applied generally to reduce these harmonics satisfying the
IEEE-519 standard [3].

Parallel-connected inverters are the alternative topologies to
achieve a higher power rating than the single three-level inverter.
The flexibility of voltage capability in parallel-connected invert-
ers can improve the efficiency of systems over a wide range of
application conditions [4], [5], [6]. However, parallel inverters
have problems with increasing output current ripples and the
losses of switches. A discontinuous pulse-width modulation
(DPWM) based on an interleaving scheme has been proposed
to reduce the output current ripple because of overlapping in
the current ripple of each inverter and switching losses [7],
[8]. The DPWM has a higher capability of diminishing the
stress on power semiconductors and minimizing power loss.
Moreover, the DPWM is advantageous because it improves
system efficiency. The power loss of conventional DPWM is
reduced by 33% [9]. However, the difference in the carrier phase
of the interleaving scheme generates a circulating current [10],
[11].

The circulating current has disadvantages in power conversion
systems, such as increased power loss and decreased system effi-
ciency. The unexpected circulating current causes the saturation
of filter inductance. In addition, the harmonic components of cir-
culating current increase the thermal stress of dc-link capacitors
and power semiconductors and cause the limitation of the power
rating [12]. The circulating current can be classified into low- and
high-frequency components, which should be treated differently.
The imperfect symmetry of each inverter causes a low-frequency
circulating current. In contrast, the carrier difference between
each inverter can result in asynchronous switching sequences
generating high-frequency circulating current [13].

Reduction methods for low-frequency circulating current
have been studied based on minimizing differences in zero-
sequence voltages between parallel inverters. An injection
method was proposed in [14] to eliminate the circulating cur-
rent by compensating the reference voltage with the optimized
zero sequence voltage. In addition, an improved SVM based
on adjusting the switching sequence was proposed in [15],


https://orcid.org/0000-0002-2696-7557
https://orcid.org/0000-0002-2125-9500
mailto:chw042710@ajou.ac.kr
mailto:kyl@ajou.ac.kr
https://doi.org/10.1109/TPEL.2023.3327945

CHOI AND LEE: REDUCTION METHOD OF CIRCULATING CURRENT IN PARALLEL THREE-LEVEL INVERTERS

[16], and [17] for reducing the circulating current and common
mode voltage. Various conventional reduction methods for high-
frequency circulating current have been studied using hardware
to suppress circulating current [ 18], [19]. The current path of the
circulating current is eliminated by adding isolated transformers
to the ac sides of the parallel inverter [18]. Another conventional
reduction method adding high-impedance inductors and modi-
fied filters to restrain the circulating current is studied in [19].
However, the power density of the system is decreased by this
hardware.

Recently, control methods based on modulation have at-
tempted to reduce the circulating current without additional
volume [20], [21], [22], [23], [24], [25]. The reduction methods
based on carrier synchronization are the representative methods
for high-frequency circulating current. The carrier period of
the slave module is adjustable, and the carrier period of the
master module is constant. Therefore, the carriers of modules
are resynchronized quickly avoiding the completely reversed
carriers [21]. However, these control methods do not apply to
inverters using interleaved PWM for reducing output current
ripple [22]. The high-frequency circulating current caused by
the interleaved PWM cannot be suppressed through the PWM
sequence synchronization between inverters [23]. Therefore,
various research on reduction methods based on the interleaving
scheme has been studied in [24] and [25]. In [24], the proposed
modulation method suppresses zero-sequence circulating cur-
rent caused by the interleaved PWM. However, it has an ad-
verse effect that significantly increases the output current’s total
harmonic distortion (THD). An interleaved DPWM, a recently
proposed modulation method, achieves both the circulating cur-
rent suppression and the output current quality improvement in
the interleaved PWM [25]. However, the interleaved DPWM
has been analyzed only in parallel two-level inverters without
considering redundant voltage vectors.

This article proposed the reduction method of high-frequency
circulating current in parallel three-level inverters using mod-
ified interleaved DPWM. The modified interleaved DPWM
was analyzed for its complex switching sequence in the par-
allel three-level inverter. In addition, this study proved that
the proposed modulation method has better efficiency at a
high modulation index (MI) through a five-level space vector
diagram analysis and the complex calculation of the dwell
time. The high-frequency circulating current was discussed by
comparing the conventional interleaved DPWM to prove the
effectiveness of the proposed method. Finally, the proposed
modulation method’s performance was verified in the simulation
and experimental results.

II. CIRCULATING CURRENT WITH SWITCHING SEQUENCE
A. Analysis of Circulating Current

The circuit configuration of a two-parallel-connected three-
level NPC inverter is shown in Fig. 1. The circulating current of
the parallel inverter is generated when the modular inverter has
a common load and connection to the DC source. The output
currents of each phase in each inverter ioy¢, »1 and ioyg,z2 (X =
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Fig. 1.

a, b, c¢) are defined as follows:
ioul,azl = ixl - icir,x
ioul,xQ = im2 + Z-cir,m (1)

where i, and i, represent the phase x current of inverters 1
and 2, and i, , is the circulating current of interphase. The
circulating current flowing between interphase i, , can be
defined as follows

Z.acl - iit2

.cirmzi- 2
e - ®

The voltages of each phase V,; and V,, are determined by
the switching states S;; and S;2, shown as.

Ve (Sz1—1 Vie (Sz2 — 1
vy = YelBazl) by, YelBal) g Lm0
2 2 ’
3)
where V. is the dc-link voltage of the modular inverter. The
voltage equation of the two-parallel inverter can be expressed

by the currents and inductance of each phase, shown as

dicir,az
dt
where L, and L are the inductance of each inverter.
The common mode voltage of each inverter is the voltage
variation between the neutral point of dc-link and load ground
as shown in Fig. 1. The common mode voltage V., j is defined
as the sum of three-phase voltage as follows

Vak +Vor + Ver
3

In addition, the difference in common mode voltage Ve, qifr
can be expressed using the switching states shown as

Va1 — Voo = (L1 + Lo)

“

‘/Cm,k - - ) (k = 172) . (5)

Vi
Vem,dif = Vem,1 — Vem,2 = % Z (Sz2 — Sz1).  (6)

r=a,b,c
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Fig. 2. Equivalent circuit of the two parallel inverters.
TABLE I
SWITCHING STATES AND POLE VOLTAGES
Inverterl Inverter2 Output
Switching  Voltage Switching Voltage Switching Voltage

N —Val2 N —Val2 0 —Vad2
N Va2 O ov

1 Va4
(0} ov N —Val2
N Va2 P +Val2
(0} ov O ov 2 ov
P +V4l2 N —Val2
(0} ov P +Vad2

3 +Val4
P +V4l2 O ov
P +Vacl2 P +Vyd2 4 +Val2

The circulating current i¢;, of the parallel inverter is defined
as the sum of the three-phase switching differences between
inverters or the difference in common mode voltage as follows

dicir o ‘/dc B 3
dt 2(L1+L2) Z (S“Cl Se )_ (Ll_’_LQ)‘/Cm,dlff-

z=a,b,c

(N
The parallel-connected three-level inverters can be equivalent
to a five-level inverter, as shown in Fig. 2. There are five
switching states and output pole voltages, as presented in Table I
according to the combination of each inverter’s switching states.
When the even switching states 0, 2, and 4 are only selected, the
circulating current is not generated because the switching states
of each inverter are the same. However, the switching states 0,
1, 2, 3, and 4 are all used to ensure the output current quality.
Each inverter’s switching state differs when the output stage’s
switching state is 1 or 3. In order not to generate circulating
current while using switching states 1 and 3, the two phases
must have opposite polarities. However, when switching states
1 and 3 generate only in one phase, circulating current generates
inevitably. Therefore, the opposite polarity must be used in the
next switching half cycle to make the average circulating current

of the one switching cycle zero.
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Fig. 3. Reference voltages and offset voltage with 60° DPWM.

B. Conventional Discontinuous PWM

The DPWM method has advantages such as minimization
of power loss and reducing stress on power semiconductors.
Each phase of the inverter is clamped to the —V4./2 or + V4./2
for an amount of time, as shown in Fig. 3. If a large offset
voltage is injected, the resultant DPWM signal waveforms can
be overlapped with each other, causing distortions in the phase
current. Although there are several different DPWM methods,
the conventional 60° DPWM is the most generally used for
systems with the unity power factor.

The three-phase reference voltages are expressed as

Vi = Vet cos (wi) ,
Vi, = Viet cos (wt — 27 /3)
Vi = Vier cos (wt + 27 /3) 8)

where V..t is the magnitude of the reference voltage. When the
conventional 60° DPWM is applied, the reference voltage with
offset is calculated by adding a modified zero-sequence offset

* *

VorwM,a,k = Va i + Vz0pwm k
* *

Vopwm,b,k = Vo T Vz,0pwM, i

VopwM,ek = Ve + VzDPWM k- )

V., DPwM,, can be defined using the maximum and minimum
values of the phase voltage references as

% —Viaxks  (Vimax + Vinin 20
V. opwm,k = _2‘/2(] Vi, EVmax Vo < O; (10)
where Vinax i and Viiy i are defined as follows:
Vinax,k = max (V5 Vi, VL)
Vanine = min (Vo Vi, Vi) - an

The voltage vector is divided into 12 sectors according to the
reference voltages. The reference voltage of a-phase is clamped
to the +V4./2 in sector 1 and sector 2. In addition, it is sector 1
when the reference voltage of c-phase is larger than the reference
voltage of b-phase. In contrast, it is sector 2 when the reference
voltage of b-phase is larger than the reference voltage of c-phase.
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Fig. 4. Reduction of difference of common mode voltage and circulating
current with carrier phase shift algorithm. (a) Conventional interleaved DPWM.
(b) Proposed modulation.

III. MODIFIED INTERLEAVING DPWM METHOD
A. Carrier Phase Shift Algorithm

The conventional interleaved PWM generates high-frequency
circulating current by the difference in carriers due to the
difference in common mode voltage. Fig. 4(a) represents the
difference in common mode voltage and circulating current at
conventional interleaved DPWM. Inverter 1 uses carrier 1, and
inverter 2 uses carrier 2. When the magnitude of difference in
common mode voltage is the largest, the circulating current is
increased rapidly. When the output switching state is 411, the
circulating current is the largest by the voltage redundant vectors
PNN and POO of each inverter at sector 2. Each voltage vector
is selected alternatively to ensure the zero-average difference
in common mode voltage and circulating current. The voltage
vector PNN is selected in the first-half switching period, and the
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Fig. 5. Space vector diagram for two-parallel three-level inverters and carrier

selection method of one inverter.

voltage vector POO is selected in the second-half switching pe-
riod of inverter 1. Ininverter 1, the voltage vector POO is selected
in the first-half switching period, and the voltage vector PNN is
selected in the second-half switching period. The principle of
high-frequency circulating current suppression is to reduce the
peak value of the difference in common mode voltage or to
reduce the dwell time of the switching sequence generating the
difference in common mode voltage. The modified interleaved
DPWM applies the carrier phase shift algorithm for reducing
the high-frequency circulating current.

The 60° DPWM method is applied to reduce switching loss
at peaks of phase current. The reference voltage of a-phase is
clamped to the top and bottom in sectors 1, 2, 7, and 8, as shown
in the red region of Fig. 5. When the sector is 1 or 2, the reference
voltage of a-phase is clamped to the +Vg./2. When the sector
is 7 or 8, the reference voltage of a-phase is clamped to the
—Vac/2. Similarly, the reference voltage of b-phase and c-phase
are clamped in blue and green regions, respectively. The carrier
waves Vearrier,» have two types: one sinusoidal carrier wave
(Vearrier,z = 1) and 180° phase shifted carrier wave (Vearrier, o
=2). The reference voltage of inverter 1 is compared with carrier
wave 1, and the reference voltage of inverter 2 is compared with
the phase-shifted carrier wave 2 in all sectors at conventional in-
terleaved DPWM. In the proposed method, the reference voltage
of b-phase is compared with carrier wave 1, and the reference
voltage of c-phase is compared with the phase-shifted carrier
wave 2 in sector 2 of inverter 1. In contrast, the reference voltage
of b- and c-phase of inverter 2 are compared with interleaved
carriers selected at inverter 1 to reduce the circulating current
by modifying the switching sequence.

The voltage vectors of each inverter are replaced by the
shifted carrier waves when the switching states generate the
largest difference in common mode voltage. Table II represents
the switching states and difference in common mode voltage
at sector 1 and sector 2 clamping a-phase. The difference in
common mode voltage is +V./3 when the switching states of
conventional interleaved DPWM are 411, 413, 431, and 433.
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TABLE II
DIFFERENCE IN COMMON MODE VOLTAGE ACCORDING TO THE SELECTED
VECTORS AT SECTOR2

Switching state Selected vectors Vem,aigr
411 POO, PNN - PON, PNO
413 POP, PNO - PNP, POO
+Vde/3 > 0V
431 PPO, PON - PPN, POO
433 PPP, POO - PPO, POP
410 PON, PNN
413 PPN, PON
421 POO, PON
423 POP, POO
+Vdc/6
430 PPN, PON
432 PPO, POO
441 PPO, PPN
443 PPP, PPO
- A
Vs
Sector3
[0} o
442 431 2
] ~ \Sector2
it i
@
443 3 2 1
c ® h
a b d g *
& A4 A4 A4 O 4
444 433 422 411 400

Fig. 6.  Switching vectors of sector 2 in a parallel three-level inverter.

To eliminate the difference in common mode voltage, the voltage
vectors of each inverter are replaced by PON and PNO when
the switching state is 411. Each redundant voltage vector is se-
lected alternatively every half-switching period. The circulating
current is reduced by replacing the voltage vectors when the
switching states are 411, 413, 431, and 433 by applying the
proposed method. The circulating current is only generated in
other switching states 410, 413, 421, 423, 430, 432, 441, and
443. The difference in common mode voltage of these switching
states is £V4./6 by the different switching vectors in only one
phase. Fig. 4(b) represents the reduced difference in common
mode voltage and circulating current at the proposed method.

B. Analysis of Circulating Current

Fig. 6 represents the subsector with switching states gener-
ating circulating current marked in red points of sector 2. The
switching states marked in red generate circulating current, and
the switching states marked in blue do not generate circulating

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 2, FEBRUARY 2024

TABLE III
SWITCHING SEQUENCE ACCORDING TO THE SUBSECTOR OF SECTOR2

Subsector Switching sequence
a 444 — 443 — 433 —443 — 444 — 443 — 433 — 443 — 444
b 433 -432-422 —432 - 433 — 432 - 422 — 432 - 433
c 433 -432 -442 — 432 - 433 — 432 - 442 — 432 - 433
d 422421 411 -421-422-421 -411 -421-422
e 422 -421-431-421-422-421-431 -421-422
f 422 —432 -431 —432-422 - 432 - 431 —432-422
g 411 -410-400-410-411-410—-400—-410—-411
h 411-410-420-410—-411-410-420—-410-411
i 411 -421-420-421-411-421-420-421-411
j 431 -421-420-421-431-421-420-421-431

current. Table III represents the switching sequences of each
subsector. The modified interleaved DPWM makes the average
circulating current of the switching half cycle zero by 180°
carrier phase shift of the specific phase. Therefore, the overlap
of common mode voltage is prevented and the peak value of
difference in common mode voltage becomes small. The peak
value of circulating current i peak after applying the proposed
modified interleaved DPWM can be calculated by the dwell time
of the switching sequence as follows:

3T e

.c eak — 7 7 12
lce,peak I+ Ly (12)

* Vem,diff

where T¢. is the dwell time of the switching sequence generating
circulating current.

The dwell time of the switching sequence generating circu-
lating current in each subsector is calculated as follows:

(a) Tee=2V/3-MI-sinf - Ty,
(b) Tee=2V3-MI -sinf - T,
(¢) Tee = (6-MI - cosf — 2) - T,
(d) Tee =2V3-MI-sin6 - Ty,
() Tee = (6-MI-cos —4) - Ts,
(f) Tee = (4 —6-MI - cosb) - Ts,
(2) Tee =2V3-Ml-sinf - Ty,
(h) Tee = (6 - MI - cos 6 — 6) - Ty,
(i) Tee = (6 —6-MI - cosf) - Ty,

() Tee = (2 —2V3-MI- sin@) T, (13)
where MI is defined as follows:
2V;ef
MI = 14
Vie (14)

where V. is the reference voltage.
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C. Balancing of Neutral Point Voltage

The parallel-connected three-level inverter has two series-
connected dc-link capacitors Cy,p, and Ch,o as shown in Fig. 1.
The voltage of two series-connected capacitors should be kept
equal to ensure the performance of the parallel-connected in-
verter. The neutral-point voltage AV, can be expressed as the
difference between the voltages of dc-link capacitors Vi, and

Vbot .

A‘/;lp = V;op — Voot (15)

The neutral-point voltage AV, is determined by the average
of neutral-point current I, during a control period T,. The
neutral-point voltage AV,,, and current /,,, are expressed by
the switching vectors as follows:

AV = / Lypdt.

s

(16)

I (OPN, ONP, OPP, and ONN) ,
I, + I, = —I, (POO and NOO) ,
L )b (PON, NOP, POP, and NON) ,
"Y1, + I. = =1, (OPOand ONO),
I, (NPO, PNO, PPO, and NNO) ,
I, + I, = —I. (OOPand OON) .

7)

The voltages of dc-link capacitors are balanced in the conven-
tional SVM with an interleaving scheme. The integrated charge
by neutral-point current during a control period T is expressed
as follows:

To/2 To/2
AVyp = / (Ia)dt+/ (Ip+ 1) dt
0 0

Ty /2 Ty /2 Ty
+/ (O)dt+/ (1.) dt+/ (I.)dt
0 0 0

(T1/2+T2)
= / (I.) dt.
0

When the conventional interleaved DPWM is applied, the
switching sequences are modified according to the reference
voltage clamped phase. The highest current flows at the neutral
point in each sector when the interleaved DPWM is applied.
In sector 1, the voltage vectors POO and PNN are used in
switching state 411. The magnitude of neutral-point current in
voltage vector POO is a-phase current. The a-phase current is the
highest current compared to the other phase currents in sector 1.
The integrated charge by neutral-point current during 7' of the
conventional interleaved DPWM is derived as

To/2 To/2
AV — / (0 dt + / (I + 1) dt
0 0
T1/2 T /2 T
+/ (Ic)dt+/ (Iy+1.) dt+/ (I,) dt
0 0 0

(To/2+T1/2) (T /2+T5)
=/ (—Ia)dt+/ (1) dt. (19)
0 0

(18)

The voltage ripple of capacitors increases when the inter-
leaved DPWM is applied. In contrast, the switching loss of power
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TABLE IV
NEUTRAL-POINT CURRENT AND VOLTAGE ACCORDING TO SECTOR

Sector Integrated charge of neutral-point current Neutral-point voltage

(1,/2+13)

| ISTU 2+1;/2) (1 +] dt+J. )dt Decrease
2 [, v 1) [ (1) e Decrease
5 J.(ir/zw 1+1,) dH_J‘ (1/247:) (1,)at Increase
A J.[ir/zﬂ 141, dt+IT 1) (1,)dt Increase
S J-;T/w/’ [+1) J‘ (1/2+13) Decrease
. J-;T/w [+1) J‘ (1/2+13) Decrease
; J-;T/w L+1) J‘ (0/2+41;) Increase
3 J‘lf HREL) (1,+1.) J.T e Increase
0 J-lffu 2:41,12) (L+1,) J‘”Z*TZ Decrease
0 Ilfn, 241,12) (+1,) J-r/zﬂz Decrease
I Lf . zmz J‘ (@ Z*TZ Increase
i J-lffu 247;/2) (L+1) J‘ ( ”7 Increase

semiconductors is reduced by clamping the voltage vectors in
interleaved DPWM to improve output current quality.

Likewise, the integrated charge by neutral-point current dur-
ing a sampling period of the proposed method is shown in
Table IV. The neutral-point voltage is 0 V within one period
of output current by compensating the difference in voltage
generated in each sector to maintain balance. In sector 1 or
sector 7, the integrated charge by the neutral-point current is
given as

To/2 To/2
M= [y [ @ a
0 0
T,/2 T,/2 Ts
+/ (Ic)dt+/ (Ib+IC)dt+/ (I.)dt
0 0 0

(To/2+T1/2) (T1/24T2)
_ / (—L)dt + / (L) dt. (20)
0 0

The magnitudes of neutral-point current in sector 1 and sec-
tor 7 are the same; however, the direction is opposite.

The neutral-point voltage and current are related to the reli-
ability of dc-link capacitors. The lifetime estimation process to
predict the wear-out failure is studied in [26]. First, the hot-spot
temperature of the capacitor caused by the RMS value of ripple
current and ESR is as follows:

Thot spot — Tdmblem + Rha X Z rms fl) x ESR (fl)]
i=1

2n
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Fig. 7. Switching sequence, difference of common mode voltage, and circulating current. (a) Conventional interleaved SVM. (b) Conventional interleaved

DPWM. (c) Proposed modulation.

TABLE V
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameters Value
DC-link voltage, Ve 300V
DC-link capacitor, Ciop, Chor 1000 pF
Grid frequency, fgia 60 Hz
Filter inductor, L;, L, 2 mH
Switching frequency, fo., 10 kHz
Modulation index, MI 0.5,1.0

where I.,s(f;) and ESR(f;) are the RMS value of the ripple
current and the ESR at frequency f;, respectively. Tambient 1S
the ambient temperature, and R, is the equivalent thermal re-
sistance for the variation in temperature from ambient to hot-spot
temperature. The lifetime of the capacitor is finally calculated
using the hot-spot temperature as follows:

k
0 To~Thot—spot
X 2 k1

where Lo, Vi, Ty, and V are the rated lifetime, rated voltage,
maximum allowable hot-spot temperature, and actual voltage,
respectively. ko and k; are coefficients provided by the manu-
facturer.

Vo

v (22)

L—L()X(

IV. SIMULATIONS

Simulations of the parallel inverter were conducted using
PSIM software to demonstrate the validity of the proposed
reduction method. The circuit of the two-parallel three-level
NPC inverter used for the simulations is shown in Fig. 1, and
the simulation parameters are listed in Table V. The grid of
fundamental frequency is connected to the parallel inverter.
Each inverter is controlled using the angle with the 60 Hz by
line-to-line voltages of the grid. The simulation is implemented

by changing the grid voltage to verify the characteristics ac-
cording to the MI. The grid voltage is decreased in the MI 0.5,
and the reference current is set to 7.5 A. In contrast, the grid
voltage is increased to verify the proposed method in MI 1.0,
and the reference current is set to 15 A. The filter inductor is
used to reduce the harmonics. The inductances are set to 2 mH
to satisfy the IEEE-519 standard 5% limit applying the proposed
method. In addition, the simulation results are compared with the
conventional SVM with the interleaving scheme and interleaved
DPWM method to demonstrate the performance of the proposed
method.

Fig. 7 shows the difference in common mode voltage and
circulating current waveforms according to the modulation
methods. When the conventional SVM is applied, the difference
in common mode voltage fluctuates from —Vq./2 to +Vq./2,
as shown in Fig. 7(b). The voltage vectors ONN and POO
are selected when the switching state is 311 with the largest
difference in common mode voltage. The waveform of the
difference in common mode voltage and circulating current of
conventional interleaved DPWM is shown in Fig. 7(b). The
circulating current is increased rapidly when the difference in
common mode voltage is ==V ./3. The switching state of a-phase
is always 4 in sector 2 because of the positive clamped voltage.
When the switching state is 411, the voltage vectors PNN and
POO are selected. These vectors generate +V./3 of difference
in common mode voltage. To reduce the difference in common
mode voltage and circulating current, the modified interleaved
DPWM method is applied in Fig. 7(c). In sector 2, the a-phase
is positively clamped. The b-phase of inverter 1 and c-phase of
inverter 2 use conventional carrier wave Vearrier1. In contrast,
the c-phase of inverter 1 and b-phase of inverter 2 use the 180°
shifted carrier wave Vi,piere. Consequently, the difference in
common mode voltage is zero when the switching state 411 is se-
lected. The fluctuations of circulating current in these regions are
eliminated.

Figs. 8 and 9 represent the output currents and high-frequency
circulating current according to the modulation methods and
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Fig. 8. Output current and high-frequency circulating current at MI 0.5.

(a) Conventional interleaved SVM. (b) Conventional interleaved DPWM.
(c) Proposed modulation.

MI. The MIs set 0.5 and 1.0 to verify the applicability of
the proposed reduction method. When the conventional SVM
with the interleaving scheme as shown in Figs. 8(a) and 9(a)
are applied to improve the output quality, the high-frequency
circulating currents are 5.3 and 3.9 A, and the THDs of output
current are 2.5% and 1.7%, respectively. To reduce the switching
loss and high-frequency circulating current, the DPWM is added
to the conventional SVM with the interleaving scheme, as shown
inFigs. 8(b) and 9(b). The THD of output current is reduced com-
pared with the conventional SVM; however, the high-frequency
circulating current is increased by the MI. Hence, the reduction
rate decreased from 41.5% to 20.5%, according to the increment
of MI. The proposed reduction method, as shown in Figs. 8(c)
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Fig. 9. Output current and high-frequency circulating current at MI 1.0.

(a) Conventional interleaved SVM. (b) Conventional interleaved DPWM.
(c) Proposed modulation.

and 9(c), is applied to reduce high-frequency circulating current
with decreased difference in common mode voltage. The THDs
of output current are 1.9% and 1.2%, respectively. In addition,
the high-frequency circulating currents of the proposed method
are 1.0 and 0.8 A, respectively. The reduction rates compared
to the conventional interleaved DPWM are 67.7% and 75.8%,
according to MI. Therefore, the proposed modulation method
reduced the high-frequency circulating current, ensuring the
performance in full MI.

Fig. 10 represents the dc-link voltages and neutral-point cur-
rents in each reduction method. The ripple of dc-link voltages
is 1.6 V in the conventional interleaving scheme as shown
in Fig. 10(a). In contrast, the ripples of dc-link voltages are
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Fig.10. DC-link voltages and neutral point current at MI 1.0. (a) Conventional
interleaved SVM. (b) Conventional interleaved DPWM. (c) Proposed modula-
tion.

8.4 and 8.9 V when the conventional interleaved DPWM and
proposed reduction method are applied. As mentioned earlier,
each reduction method ensures the balancing of neutral-point
voltage. However, the neutral-point current is increased by the
proposed method.

V. EXPERIMENTAL RESULTS

Fig. 11 represents the experimental setup of the two parallel
three-level NPC inverters to verify the proposed modulation
method. The parameters used in the experiments are the same
as the simulation parameters listed in Table IV. The proposed
modulation was programmed on a TMS320R28377S digital
signal processor from Texas Instruments. Each EPWM signal
is generated by a shadow mode to coincide with the phase of
carriers. The NPC cascade SiC MOSFET modules are applied in
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Fig. 11. Experimental setup.

the experimental setup from Semi Powerex, and the gate driver
(CGD12HBMP) made by CREE is used. ALC70 1000 pF/250 V
capacitors from KEMET are used as the dc-link capacitor to
estimate the improvement in the capacitor lifetime. Specifically,
the power analyzer WT3000 from Yokogawa is used to compare
the efficiency of methods.

Figs. 12 and 13 show the experimental waveforms of the
output currents and the high-frequency circulating current. The
MI of each method sets 0.5 and 1.0 to compare the performance
of modulation methods similar to simulation. The conventional
SVM with the interleaving scheme at MI 0.5 is shown in
Fig. 12(a). The THD of the output current is 2.5%; however, the
largest value of high-frequency circulating current is generated
compared to other modulation methods because of the interleav-
ing scheme. Fig. 12(b) represents the experimental result when
the conventional interleaved DPWM is applied. The THD of the
output current is 2.3%, and the RMS value of the high-frequency
circulating currentis 5.1 A. The reduction rate of high-frequency
circulating current compared with the conventional SVM is 32%.
Fig. 12(c) represents the experimental result of the proposed
modulation. The THD of output current is decreased to 2.3%,
and the high-frequency circulating current is reduced to 1.7 A.
The reduction rate of high-frequency circulating current com-
pared with the conventional interleaved DPWM is 66.7%. The
THDs of output current are improved when the conventional
interleaved DPWM and proposed reduction methods are applied
because of the decreased difference in common mode voltage.
The magnitude and fluctuation of difference in common mode
voltage generate a leakage current affecting the output current
quality.

The waveform of conventional interleaved SVM at MI 1.0 is
shown in Fig. 13(a). The THD of the output current is 2.4%, and
the RMS value of high-frequency circulating current is 5.6 A.
Fig. 13(b) shows the experimental waveform applied to the
conventional interleaved DPWM modulation. The THD of the
output current is 2.3%, and the RMS value of high-frequency cir-
culating current is 5.2 A. The high-frequency circulating current
is increased by increasing MI when the conventional interleaved
DPWM is applied, unlike the SVM. The experimental result
of the proposed modulation is shown in Fig. 13(c). The THD
of output current is improved compared to conventional SVM
and interleaved DPWM. The RMS value of high-frequency
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TABLE VI
COMPARISON OF HIGH-FREQUENCY CIRCULATING CURRENT REDUCTION METHODS

Hichf Difference in THD of output
igh-frequenc . ofo e . .
Methods . & . quency common mode Complexity YPUE ifetime of capacitor Efficiency
circulating current current
voltage
C tional interleaved .
onventional infericave 56A V)2 Simple 2.4% 28.5years 91.6%
SVM
Conventional interleaved .
+ y 0, 0,
DPWM 52A Val3 Simple 2.3% 26.5yesrs 91.9%
Proposed modulation 1.2 A +V,/6 Moderate 1.7% 26.5years 93.5%
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Fig. 12.  Experimental results of output current and high-frequency circulating
current at MI 0.5. (a) conventional interleaved SVM. (b) Conventional inter-
leaved DPWM. (c¢) Proposed modulation.

circulating current is reduced to 1.2 A. The reduction rates of
high-frequency circulating current compared with other meth-
ods are 78.6% and 76.9%, respectively. Hence, the proposed
reduction method verified the performance in full MI.

Fig. 14 represents the experimental waveforms of dc-link volt-
ages and neutral-point currents. The ripple of dc-link voltage is
increased by 7.9 V in the conventional interleaved DPWM with

Output current of three phase 7,7, /. [10A/div]

THD: 2.4 %

High frequency circulating current 7. [ 10A/div]  RMS: 5.6 A

I(MV
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10 ms/div
—
(c)

Fig. 13.  Experimental results of output current and high-frequency circulating
current at MI 1.0. (a) Conventional interleaved SVM. (b) Conventional inter-
leaved DPWM. (c¢) Proposed modulation.

reduced switching loss of power semiconductors. The proposed
method suppresses the high-frequency circulating current based
on DPWM to reduce the switching loss by balancing neutral-
point voltage 8.1 V. The neutral-point voltage and current are
increased in the proposed method compared to the conventional
method. The lifetime of capacitors in each method is estimated
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Fig. 14. Experimental results of dc-link voltages and neutral-point current

at MI 1.0. (a) Conventional interleaved SVM. (b) Conventional interleaved
DPWM. (c) Proposed modulation.

based on ALC70/KEMET. The lifetime of the proposed method
is decreased by 7.0% compared to the conventional SVM ac-
cording to the lifetime estimation process.

The characteristics of each method are analyzed in Table VI.
The difference in common mode voltage inducing the circulating
current is Vq./2, and the high-frequency circulating current is
generated by 5.6 A in conventional SVM. However, the cir-
culating current has been reduced to 1.2 A according to the
proposed modulation that decreases the difference in common
mode voltage to V4./6. The THD average of output currents in
the proposed modulation is improved from 2.4% to 1.7%. In
addition, the efficiencies of each method are analyzed using the
power analyzer, and the efficiency of the proposed reduction
modulation is improved from 91.6% to 93.5%. The proposed
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method can operate more efficiently despite the lower lifetime
of the capacitor.

VI. CONCLUSION

This article proposed the reduction method of circulating
current in parallel three-level inverters using modified inter-
leaved DPWM. Parallel inverters have been widely applied
in requiring high power and efficiency due to their adjustable
power rating. However, the high-frequency circulating current is
generated when the inverter operates asynchronously to increase
the output quality. The high-frequency circulating current in
parallel inverter causes deterioration of reliability by increas-
ing output current ripples and the losses of switches. Various
reduction methods for high-frequency circulating current using
additional hardware have been proposed in previous studies.
These methods have disadvantages such as increment of volume
and cost in parallel inverters. To alleviate these problems, the
modified interleaved DPWM modulation method was proposed
to reduce the high-frequency circulating current. The modified
interleaved DPWM modulation method used the carrier phase
shift algorithm to suppress high-frequency circulating current
caused by the carrier phase difference in the interleaving scheme.
The switching sequences of each modulation method were
analyzed to reduce the difference in common mode voltage
causing the fluctuation of high-frequency circulating current.
The proposed method effectively reduced the high-frequency
circulating current without the MI limit. The THD of the output
current and the efficiency of inverter are improved by applying
the proposed modulation. The proposed method’s effectiveness
in various conditions was verified by the simulation and exper-
imental results.
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