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Line Current Ripple Minimization PWM Strategy
With Reduced Zero-Sequence Circulating Current for
Two Parallel Interleaved Three-Phase Converters

Zhiyong Zeng ", Member, IEEE, Zhongxi Li

Abstract—This article proposes a line-current ripple minimiza-
tion pulsewidth modulation strategy with reduced zero-sequence
circulating current (ZSCC) for two parallel three-phase two-level
converters. We split each 60° sector into six subsectors, each applies
the nearest three vectors to ensure minimal line-current ripple. To
reduce the ZSCC, we further investigate all vector sequences of
the nearest three vectors and derive an optimal vector sequence
for each of the six subsectors. We unify all carrier sequences
under a carrier-based modulation scheme with the assistance of
voltage injections. The injected voltage can be computed by a simple
algorithm that allows easy implementation in mainstream micro-
controllers. The experimental results validate that the proposed
method maintains the minimal line-current ripple while signifi-
cantly reducing the ZSCC compared to the existing line current
ripple minimization methods.

Index Terms—Common mode voltage injections PWM, line
current ripple, paralleled interleaved three-phase inverter, root
mean square (RMS), zero-sequence-circulating current (ZSCC).

1. INTRODUCTION

HE TWO parallel interleaved three-phase inverters form
T a popular topology in many different applications, such
as large drives, high power renewable energy generation, and
uninterruptable power supplies. The two parallel interleaved
three-phase two-level converters share a common dc capacitor,
and inductors are inserted between two parallel converters to
suppress the circulating current, and according to the structure
of the inductor adopted, the two parallel converter can be catego-
rized as two types: the coupled inductor (CI) based system [1]—
[5], and common-mode inductor (CMI)-based system [6]—[15].

CI inductor suppresses the circulating current across the par-
allel interleaved legs of the corresponding phase. For example,
as shown in Fig. 1, CI suppresses the circulating current across
interleaved legs of the Phase A. Many different pulsewidth
modulation (PWM) strategies [1]-[5] have been proposed for
CI-based system to suppress the circulating current across inter-
leaved legs of corresponding phase.

The CMI-based system equips each converter with a CMI,
as shown in Fig. 1. The CMI suppresses the zero-sequence
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Fig. 1. Two paralleled interleaved inverters with a common dc-link. The filter
configuration for circulating current suppression using CI and CMl is illustrated,
where x (= 1, 2) enumerates the two paralleled inverters [11].

circulating current (ZSCC) across the two parallel converters
[6]-[15]. Besides, the CMI also suppresses the common mode
(CM) noise. This article focuses on the CMI-based system.
The control approach for CMI-based two parallel converters
are classified into two basic architectures: decentralized control
and centralized control. The decentralized system includes
two independent controllers, where the primary issue is the
asynchronous carriers of two controllers, and the research focus
on control strategies to synchronize the two carriers [6]—[8].
The centralized architecture does not suffer from asynchronous
carriers, and research [9]-[15] focuses on the optimization of
vector sequences for key indicators, such as line-current ripple,
ZSCC, and common-mode voltage (CMV), as shown in Table L.

The line-current ripple originates from the instantaneous volt-
age error between the reference voltage and actual output volt-
ages. The voltage-error reductions can improve the line-current
ripple, which is essential for power converters. For example, in
active power filters, the smaller line-current ripple reduces the
size of filter inductors [16] and improves the power density; in
motor driving systems, the smaller line-current ripple reduces
the torque ripple [17].

The ZSCCs originate from instantaneous CMV differences
between the two-parallel converters (VSC; and VSC, in Fig. 1).
The ZSCC reduction therefore amounts to reducing the CMV
difference. In practice, there are two indicators for the ZSCC:
ZSCC peak Iiirpeaks and maximum ZSCC peak Icipmax. The
ZSCC peak Icirpeak is the largest ZSCC for certain modulation
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index, and the maximum ZSCC peak is the largest ZSCC for
all modulation indices. While I ;,max determines the size of the
CM inductors, Icirpeax indicates the additional conduction loss
in the CM inductor and semiconductor devices.

The CMV Uxo (see Fig. 1) of the two paralleled converters
depends on the transistor states (see Fig. 1), and the sequences of
CMYV reduction methods exclude the vectors introducing larger
CMV.

According to different objectives, the modulation strategies
in [9]-[15] can be classified as CMV-reduction methods [9],
[10], ZSCC-reduction methods [11]-[14], and line-current rip-
ple minimization strategies [15].

Shen et al. and Jiang et al. explore relationship between CMV
and the vector combinations of two converters, and they exclu-
sively use the vectors with zero CMV [9], [10]. The consequent
zero-CM PWM completely eliminates the CMV of two parallel
converters. However, the proposed zero-CM PWM method uses
the zero-voltage vector formed by Vpoo—V7111 and the resultant
largest CMV difference (up to =Vpc) across two converter
introduces the larger I imax, demanding large CM inductors.
In addition, the vector sequences of zero-CM PWM introduce
largest voltage errors between the reference and activated vec-
tors, causing largest line current ripples.

As analyzed in [11]-[14], the vectors formed by Vi1 and
Vooo introduce larger CMV differences across the two parallel
converters, resulting in large ZSCCs. Indeed, such combinations
are ruled out in state-of-the-art ZSCC-suppression methods: the
modified discontinuous PWM (MDPWM) [11], active zero-state
PWM (AZSPWM) [12], three-level space vector modulation
(BLSVM) [13], and the interleaved carrier phase-shift PWM
(ICPSPWM) [14]. The methods in [11]-[14] share the same
maximum ZSCC peak, which is much smaller than that of
the zero-CM PWM [9], [10] and hybrid space vector modula-
tion (HBSVM) [15]. However, the vector sequences of those
ZSCC-suppression methods introduce larger voltage errors,
causing larger line current ripples than HBSVM [15]. Although
AZSPWM [12] and 3LSVM [11] reduce the CMV of MDPWM
(£Vpc/2) to £Vpc/6, CMV of AZSPWM, MDPWM, and
3LSVM are larger than that of zero-CM PWM.

As widely reflected in the literature [18], [19], the voltage
error between the reference and the vector affects the line-current
ripples. The vector plane of the two parallel converter resembles
that of the neutral-point-clamped three-level converter (NPC-
3L), where the nearest three vectors introduce the minimal volt-
age error. Mimicking the nearest three vectors scheme of NPC-
3L, the hybrid space vector modulation HBSVM [15] divides the
first 60° sector into seven small triangles areas, and each triangle
uses the nearest three vectors to ensure minimal voltage errors
and thus smaller line-current ripple. HBSVM demonstrates a
better line-current ripple than the known methods. However,
HBSVM includes vectors with CMV differences up to £Vpc,
introducing larger ZSCC peak. In addition, HBSVM has the
largest CMV (£Vpe).

It can be concluded that the PWM methods discussed above
[9]-[15] entail a tradeoff between line-current ripples, ZSCCs
and CMVs: Zero-CM PWMYV has zero CMV while introducing
larger ZSCC and line-current ripple; MDPWM, AZSPWM,
3LSVM, and ICPSPWM have the minimal ZSCC peak while
causing larger CMVs and line-current ripple; and HBSVM has
a better line-current ripple than those of others while introducing
larger ZSCCs and CMVs.

The various methods have different typical application. For
application prioritizing line-current ripple, it is desirable to
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TABLE I
CRUCIAL INDICATORS COMPARISONS OF EXISTING PWM METHODS

Current ripples ZSCC peak CMYV peak
AZSPWM [12] Largest Minimum +Vpc/6
MDPWM [11] Largest Minimum +Vpc/2
ICPSPWM [14] Largest Minimum +Vpc/6
3LSVM [13] Medium Minimum +Vpc/6
HBSVM [15] Minimum Largest +Vpc/2
Zero-CM [9, 10] Largest Largest 0

suppress the overly large ZSCC of HBSVM while maintaining
its optimal line-current ripple, which further reduces the CM
size and the semiconductor device loss, and improves system
power density.

This article presents a method that further reduces the ZSCC
of HBSVM while ensuring the optimality of the current ripples.
We split the space vector plane according to the principle of the
nearest three vectors. To reduce ZSCC, we investigate all avail-
able vector sequences of the nearest three vectors and propose
six optimal vector sequences for each 60° sector. We unify all
vector sequences under a carrier-based modulation scheme with
the assistance of voltage injections. The injected voltage can be
computed by a simple algorithm that allows easy implementa-
tion in mainstream microcontrollers. The experimental results
validate the feasibility and effectiveness of the proposed method.

II. ZSCC, CMV, AND LINE CURRENT RIPPLES OF
TwoO PARALLEL CONVERTERS

As shown in Fig. 1, the two parallel converters consist of two
three-phase two-level converters, and the paralleled interleaved
converter, the equivalent output pole voltages are

uaN = (ua1n + ua2n)/2
upN = (uBiN + uB2n)/2 (D
ucn = (ucin + ucean)/2

where ua 4N, UpyN, and uc,n x (= 1, 2) denote the pole output
voltage of each three-phase two level converter

UAXN = %(2521)( - be - Scx)
UBxN = %(2be - Sax - SCX) (2)
UCxN = %(QSCX - Sax - be)

where x (= 1, 2) enumerates the two paralleled inverters, N de-
notes the neutral point. S,; denotes the switching states of the
insulated gate bipolar transistor (IGBT) S; (see Fig. 1): when
S.1 =1, 81 is ON; when S,; = 0, S7 is OFF.

Equation (1) shows that different combinations of the vectors
from single converter form basic vectors of the two parallel
converters, and Fig. 2(a) and Table II show 19 basic vectors
of paralleled converters, which are formed by the eight vectors
of the single converter shown in Fig. 2(b). These 19 vectors in
Table II form redundancies for the reference voltage synthesis.

The ZSCC originates from the instantaneous CMV difference
between the two parallel converters and the ZSCC change rate
can be expressed as follows [13]:
dicir  3(un20 — uN10) 3)

dt (L1 + Lo)
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Fig. 2.
converter.

Space-vector diagram. (a) Two-paralleled converter. (b) Individual

TABLE II
AVAILABLE VOLTAGE VECTORS OF PARALLELED INTERLEAVED CONVERTER

VSC,

Vioo Vio Voo

Voo Vo Viz Vi Vis Vig Vi ViV,
Vio Vi Vi Vs Vi Vyp Vi Vi Vg
Vio Vi Vi Vo Vg Vi Vo Vi Vg
Voo Vis Vi Vg Vs Vo Vis Vo Vis
Vou Vis Vo Vis V Vi Vi Viz Vi
Voo Viz Vs Vo Vie Vi Vs Vi Vg
Vim Vis Vi Vi Vo Viz Vi Vs Vg
Vin Vo Viz Vi Vis Vi Viz Vi  V

VSGC,

TABLE III
ZSCC CHANGE RATES UNDER DIFFERENT COMBINATION OF VECTORS

VSC,

Voo Vieo Viie Voo Vo Voo

Vooo 0 -1 -2 -1 -2 -1 -2 -3
Vioo +1 0 -1 0 -1 0 -1 -2
Vi +2 +1 0 +1 0 +1 0 -1
Voo +1 0 -1 0 -1 0 -1 22
Vou +2  +1 0 +1 0 +1 0 -1
Voo +1 0 -1 0 -1 0 -1 22
Vio +2  +1 0 +1 0 +1 0 -1
Vin +3  +2 +1  +2  +1  +2 +1 0

VSGC,

where CMV of single converter is
UNxO = % (Sax + be + SCX) VDC - %VDC (4)

and Vpc is the dec-link voltage.
With (4) and (3), the ZSCC change rate is

dicie  Vpc(Sa2 + Sba + Sc2 — Sa1 — Sb1 — Se1)

di (L1 + L) -
Submitting all switching states into (5), we obtain the ZSCC
change rates (see Table III) of all vectors, where the change rates
are normalized by Ve /(L1 + Lo) and with the reference direc-
tion from VSCs to VSC;. Table III also shows the redundancies
over ZSCC change rates. For example, Vj can be formed by the
pair Vpo—V111—which produces the largest change rate, and the
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Fig. 3. (a) Vector error illustrations for a given reference voltage Viyef.
(b) Optimal subsector distribution for the minimal voltage vector errors.

pairs Vooo—Vooo—which produces zero change rate. The smaller

ZSCC change rates benefit the ZSCC reduction, based on which

different ZSCC-reduction methods are proposed [11]-[14].
The ZSCC of two parallel converters is as follows:

icir = Z‘a2 + Z.b2 + Z.c2 (6)

where i,9, in2, and ico are three-phase current of VSC, (see
Fig. 1).

In addition, the CMV uno of the parallel converter is as
follows [9], [10]:

UNO = %(Umo + unz20)

2
=33 (Sax + Sox + Sex) Voo — $Vbo. (7)

r=1

Equation (7) shows that CMV of the two parallel converters
depends on the state combination of the two converters, and
CMV-reduction methods eliminate the state combinations caus-
ing larger CMV when designing the sequences.

The line current ripple originates from the instantaneous
voltage error between the reference voltage and the instan-
taneous output voltage. For example, as shown in Fig. 3(a),
there are seven candidate vectors Vi3, V7, Vig, Vo, Vg, Vo,
and V; in the second 30° sector and the corresponding voltage
Crrors arce Verr—l?n Verr—% Verr—14, Verr—27 Verr—S, Verr—Oa and
Verr1. Different PWM strategies activate different vectors, re-
sulting in different voltage vector errors and line current ripple.
For example, in AACE, zero-CM PWM activates Vg, V7, and
Vj and the voltage vector errors are Vg, Verr-7, and Ve o;
HBSVM applies Vi3, V7, and V14, where the voltage vector
errors are Verr-13, Verr-7, and Vepo14.

Ignoring the parasitic resistance of the filter inductor (L), the
line current ripple Ai.;, is defined as follows:

Airip = \/Ai?ipa + AZ‘12~ipb + AZ‘Eipc
— /3 (a2 + A2
- 2 ripa ripB3

3 Aua 2 AUB 2
= \[2\/ (LAt> + <LAt> ®

where Atyipg, Atyipy, and Atype are the current ripple of
phase A, phase B, and phase C, respectively; At,ipq and Adyipg
denote the current ripple in the «-axis and [S-axis, respectively;
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TABLE IV
VECTOR SEQUENCES OF MDPWM, AZSPWM, 3LSVM, ZERO-CM PWM, AND HBSVM IN THE SECOND 30° SECTOR
Sector IV Sector V Sector VI
MDPWM | V,(-1) = V1,(0) = Vy(0) Vi(-1) > Vy(0) = Vy(0) Vi(-1) = Vy(0) > Vy(0)
VSCI VlH] Vll() Vlll Vll() VlH] Vlll VlH] Vll() Vlll
VSC, Vi Vi Viu Vi Vi Viu Vi Vi Viu
AZSPWM | Vy(-1) = V;(+1) —> V,(0) Vo(-1) > Vi(+1) > V,(0) Vo(-1) = Vi(+1) > V,(0)
VSC, Viot Vieo Vi Vi Vi Vi Viot Vieo Vi
VSCZ V010 Vll() VlH] V0|0 VlH] Vll() V010 Vll() Vll()
3LSVM | Vo(-1) = Vi(0) = Vi(+1) Vo-1) = Vil(0) = V5,(+1) Vis(0) = Vi5(#1) = Va(0)
VSCI VIOI V100 V100 Vlﬂl V100 V100 V100 V100 Vll()
VSC, Voo Voo Vi Voo Voo Vi Voo Vi Vi
HBSVM  |Via(+2) = Vo(13) = Vi3(+2) = Viu(tD)|[Via(12) = VA(+1) = Vi3(12) = Via(tD) | Via(#2) = VA(+1) > V5(0) —> Viu(+1)
VSC, Voo Vooo Vi Vi Vooo Vi Vieo Vi Voo Vieo Vi Vi
VSCZ VlH] Vlll Vlll Vlll Vll() VlH] Vlll Vlll VlH] Vll() Vll() Vlll
Zerorait | Vi) = Vi) - Vi) 5 Vi) [ Vied) > Vi) - Vi) > Vi) | Vid) > Vit > Vi) o Vi)
VSCI Vlll Vll() V010 V000 Vlll VlH] V0|0 V000 Vlll Vll() V0|0 V000
VSCZ V000 V100 VlH] Vlll V000 V100 Vll() Vlll V000 V100 Vll() Vlll

Fig. 4.

Voltage vectors errors of (a) Zero CM PWM in Subsector V, (b) AZSPWM/ MDPWM in Subsector V, (¢) 3LSVM in Subsector V, (d) Zero CM PWM in

Subsector VI, (¢€) AZSPWM/MDPWM in Subsector VI, and (f) 3LSVM in Subsector VI.

Au, and Aug are the voltage vector errors in the o-axis and
[-axis; and At is the time interval.

Equation (8) reveals that the line-current ripple is proportional
to the voltage vector errors (Au, and Aug), and the reduced
voltage vector error indicates a smaller line current ripple.
The space vector plane shown in Fig. 2(a) resembles that of
the NPC-3L. As revealed by the current ripple minimization
methods of NPC-3L [18], [19], the nearest-three-vector scheme
is the optimal solution for minimal voltage vector errors, where
each 60° sector of the space vector plane is partitioned into four
equilateral triangles and each uses the nearest three vectors. For
example, the first 60° sector is partitioned into four equilateral
triangles: AOCB, ABDA, ABCA, and AFCA [see Fig. 3(b)].
Along with the nearest-three-vector scheme, HBSVM designs
the vector sequences using the nearest three vectors, yielding a
better line current ripples than that of others.

III. OVERVIEW OF EXISTING PWM METHODS

According to different objectives, the state-of-art modulation
strategies can be classified as CMV-reduction methods [9],
[10], ZSCC-reduction methods [11]-[14], and line current ripple
minimization strategies [15]. This section reviews those PWM
strategies mainly from the point of view of voltage vector errors.

Take the second 30° sector for example, which includes
Subsectors 1V, V, and VI [see Fig. 3(b)]: Table IV shows the
vector sequences of MDPWM, AZSWPM, 3LSVM, zero-CM
PWM, and HBSVM in Subsectors IV, V, and VL.

In Subsectors IV and V, zero-CM PWM uses three vectors V7,
Vo, and Vg, and the resulting voltage errors Ve 7, Verro, and
Verr-g, as shown in Fig. 4(a); MDPWM and AZSPWM use three
vectors V7, Vg, and Vs, where the resultant voltage errors are

Verr-7, Verr-0, and Ve o [see Fig. 4(b)]. The voltage error Ve, o
shown in Fig. 4(b) is smaller than V., g in Fig. 4(a), reducing
the voltage vector errors of the zero-CM PWM.

In Subsectors IV and V, 3LSVM uses three vectors V7, Vy,
and V1,4 and the consequent voltage errors are Vo7, Verro, and
Verr-14 are shown in Fig. 4(c). The voltage vector error V14
in Fig. 4(c) is smaller when compared to Ve, of MDPWM and
AZSPWM in Fig. 4(b). Therefore, 3LSVM further reduces the
voltage errors of AZSPWM and MDPWM.

In Subsector VI, the resultant voltage errors of zero-CM PWM
are Verr 7, Verro, and Ve, g, as shown in Fig. 4(d). MDPWM,
AZSPWM reduces voltage vector error of zero-CM PWM since
Verr-o in Fig. 4(e) is smaller than V., g in Fig. 4(d). However,
all of them introduce a larger voltage error than that of 3LSVM.
As shown in Fig. 4(f), 3LSVM uses the nearest three vector V7,
V5, and V14 in Subsector VI, which is the optimal solution to
the minimal voltage vector errors.

It can be concluded that the 3LSVM reduces the voltage errors
of MDPWM and AZSPWM across Subsectors IV, V, and VL.
However, the voltage vector errors of 3LSVM is not minimal
across the second 30° sector since the nearest three vectors are
not obtained in Subsectors IV and V.

Due to the phase shift, the vector sequences and the modu-
lation regions of ICPSPWM are complicated across the space
vector plane, so does the voltage vector errors. Therefore, it is
unfeasible to compare the voltage vector errors of [ICPSPWM to
those of others, evaluating its line current ripples. To ensure the
integrity of the study, the theoretical analysis and comparisons
of the ICPSPWM is performed in Section V.

Table IV shows that HBSVM uses the nearest-three-vector
across Subsectors IV to VI: V;/V5/Vi4 (Subsector VI),
V:/V13/V14 (Subsector V), and V13/Vy/V14 (Subsector 1V),
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TABLE V
OPTIMAL VECTOR SEQUENCES OF S1X SUBSECTORS

SectorI _Vi3(0) — Vo(-1) > Viu(0) — Vis-1) > Vy(0)
\tS(‘] \vl"l \vl"l \vllm \vllm \villm
\ S(‘w vIIU vUIU vUIU vUlm vUlm
Sector I_V;3(0) = Vi(+1) > Vii(0) — Vi(-)
\YS(‘] \vl"l \vllm \vllm \vllm
\YS(‘l \vl]li \vl]U \YUIU \villm
Sector III_V13(0) = V4(+1) > Vi(0) — Vi(-1) > Vy(0)
\S(‘\ \VIIH \vllm \vllm \vllm \illm
VSC, Vi Vi Vi Voo Vi
Sector IV_Vi4(0) — Vo(-1) —> Vi3(0) > Vu(-I) > Vi(0)
\S(‘\ \vllm \VIIH \VIIH \vlll \vlll
\S(‘w \'“]“ \VUIU \VIIU \VIIU \vlll
Sector V._Vi(0) — Vi(+1) > Vi(0) —> Vi(-1)
\tkv(‘] \vllm \vllm vl"l vl]l
\S(‘w \VUIU \VIIU \VIIU \VIIU
Sector VI Vi(0) — Vo+H) = Vi0) — Vi-1) — V(0)
\tS(‘] \vllm \vllm \vl]U \vl]l \vl]U
\S(‘w \VUIU \VIIU \VIIU \VIIU \VIIU

which ensures the minimal voltage errors across Subsectors 1V,
V, and VI. In terms of the voltage vector errors, HBSVM is
superior to others. However, the vector sequences of HBSVM
include the largest ZSCC change rates of 3, introducing largest
ZSCC peak. For example, in Subsector I'V, according to Table IV,
the ZSCC change rates of the vector sequences are +2 — +3
—+2 — 41, which accumulates to a large ZSCC. The same
applies to other subsectors.

For the application prioritizing the line current ripples, it is
desirable to reduce the large ZSCC of HBSVM while main-
taining its optimal line current ripples, which reduces the CM
inductor size and loss, reduces the semiconductor device loss,
and improves system power density.

IV. PROPOSED OPTIMAL LINE CURRENT RIPPLE REDUCTIONS
METHODS WITH REDUCE ZSCC

As discussed in Section III, the nearest three vectors are
the optimal solution for minimal voltage errors, ensuring the
minimal current ripple. Meanwhile, as discussed by the state-
of-the-art ZSCC suppression methods, it is essential to maintain
the minimal ZSCC change rates to suppress the ZSCC.

To reduce the ZSCC while keeping the current ripple as good
as HBSVM, we split the first 60° sector into six subsectors, and
each uses the nearest three vectors, as shown in Fig. 3(b). Then,
given the redundancy of the vectors, we rule out the vectors
with the larger ZSCC change rates, and investigate all available
vector sequences of the nearest three vectors with minimal ZSCC
change rates, based on which we propose the optimal vector
sequences, as shown in Table V.

As revealed by ZSCC suppression method, to reduce the
ZSCC peak, the vector sequences should be symmetric across
a half-carrier period. Therefore, the proposed sequences are
arranged to be symmetric across half-carrier period. Table V
only shows the vector sequences of the first quarter of the
carrier period. Compared to the ZSCC change rates of HBSVM,
the optimal sequences in Table V maintain the minimal ZSCC
change rates (£1). For example, in Subsector I (see Fig. 3) are
0 - —1— 0— —1— 0, whereas the change rates of HBSVM
are +2 — +3 — +2 — +1.

The optimal switching sequences can be implemented in a
carrier-based modulation scheme, as shown in Fig. 5. The switch
actions of Sy, S3, S5, S7, So, and Sy1, which determines the
vector sequences, are modulated by actions qualified by the
comparisons of the carrier and modulation signal. The typical
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Fig. 6. Two general action pairs qualified by the comparison of the carrier and
modulation signal. The two red lines are the modulation signals. Action Pair A:
clearing output when modulation signal equals to decreasing carrier; or setting
output when modulation signal equals to the increasing carrier. Action Pair B:
setting output when modulation signal equals to decreasing carrier; or clearing
output when modulation signal amounts to increasing carrier.

actions qualified by the comparison of the carrier and modu-
lation signals are: Action Pair A and Action Pair B, as shown
in Fig. 6.

Fig. 5 shows that different modulation signals are fed with
different actions, yielding the optimal vector sequences. For
example, in Subsector I [see Fig. 5(a)], modulation single u,1,
is fed with Action Pair B, while and u,. are fed with Action
Pair A. u,,.1 and u,, o are fed with Action Pair B and A,
respectively.
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In addition, similar to HBSVM, in each 30° sector, one phase
needs to switch twice (two turn-ONS and two turn-OFFS) per
carrier period and is therefore equipped with two modulation
signals. For example, as shown in Fig. 5(a), in Subsector I, four
modulation signals u,41, Ura2, Urh, and u,.. are used, where 1,1
and u,,o switch Phase A twice per carrier period; in Subsector I'V,
urc1 and u,co switch Phase C twice per carrier period.

Furthermore, it can be found from Fig. 5 that modula-
tion signals equal to either d, or (1—d,). For example, in
Subsector I, u,;, = dy, and u,. = 1—d... Here, d, refers to the four
duty ratios derived below. Such modification over d, depends
on the activated sector.

To sum up, the implementation of the proposed optimal
vector sequences in the carrier-based schemes consists of three
sequential steps.

1) calculating the four duty ratios;

2) determining the four modulation signals based on four

duty ratios;

3) setting action pair(s) of each modulation signal to yield

the optimal vector sequences.

Take Subsectors I and IV as examples to illustrate the im-
plementation of the proposed vector sequences. For Subsectors
I and IV [see Fig. 3(b)], three vectors Vi3, Vi4, and V| are
used, and the following expression can be obtain using the
voltage-second balancing:

Vizadiz + Visadis = ua = (2uq — up — uc)/3

Visgdia = ug = V3(up — u.)/3 )
dig+dia+do=1

where u,, uy, and u. are the three-phase references; u, and
ug decompose the references; di3, d14, and dy denote the duty
ratios of vectors Vi3, V4, and Vj, respectively; Vi3, is the
a-axis components of Vi3; V14, and V145 are the - and S-axis
components of V14, respectively.

The solution of (9) is

diz =2 (g —wp) /Voco = 2 (u), — uj)
dia =2 (up — uc) /Vpo = 2 (uj — uf)

C

do =142 (ue —uq) /Vboec =1+ 2 (ul — uk)

(10)

where u*,, u*y,, and u*. are the phase voltage references nor-
malized by Vpc.

According to the action pairs of four modulation signals and
the relationship of modulation signals and duty ratios shown in
Fig. 5(a), the following expression is developed:

Ural = 1 — da1 = dy3/4
Ura2 = 1-— dag = 1/2—|—d0/4

)
Urp = db = 1/2 — d0/4 — d13/4
Uype = 1 _dc =1- d0/4—d13/4
and the four duty ratios can be developed
dgy =1 —diz/4d=ul + (1 —ul/2 —2u})
dy =1/2—do/A =i+ (14— w2 —uif2)

dy = 1/2 — do/4 — diz /4 = uf + (1/4+ 1’ /2)
de = do/4+d13/4 = vl + (1/4 +ul/2).
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TABLE VI
VOLTAGE INJECTIONS OF EACH SUBSECTORS

LIV |t mii=(1+y—-46—1)/2 U m-1=(2—y=20—-20)/4  u'n=Q—y+20)/4
ILV | u'mi2=Q+3y—100)/4 1" m2=0.5—0 U =(2—y+20)/4
L VI | 4" i 3=Q+y—20+41)/4 1 m3=(2—y+21)/4 u"3=0.5—(0+1)/2

TABLE VII
FOUR DUTY RATIOS OF SIX SUBSECTORS (THE FIRST 60° SECTOR)

1 A=t U w115 A= U s dy=U vt de=u
v der=u" ot mi1; der=u’ i mor; dv=u"wtu"w; doi=u"a "
11 A=t F U w125 o=t o Fu w0y dv=u vhie oy de=u i
\% de=u tu ml-25 do=u"tu m2-25 dy=u'vtu n2; de=u
111 L T T TR S TN TR e R T TS
VI der=u" U m13; deo=ut U w33 dy=1 v s da= ot o

Similarly, according to Fig. 5(b), the four duty ratios in
Subsector IV are as follows:

dy =1—dyg/4—do/4 = u + (3/4+u’/2)
dy =1/24 d1a/4+ do/4 = uj + (3/4 + ul/2)
der = dya/4 = u} + (—u, /2 — 2u})

deo =1/2+do/4 =ul+ (3/4 —ul/2 —ul/2).

(13)

Equations (12) and (13) reveal that the four duty ratios contain
different signal injections. We further derive the four duty ratios
of Subsectors II, 111, V, and VI, as listed in Table V. The auxiliary
variables a, b, and c¢ are defined as follows:

* * * *
5= {umax7 Ui S 0 o { Upiny Umid S 0

- * *
u Upig > 0 u Upig > 0

* *
min’ max’

1, ul;q <0

’y:{—l,u;‘nid>0

where u* . = max {u*,, u'y, u'e}; U min = min {u*,, u*yp,
ue}; and u* g = mid {u*,, u'y, u*.}.

Table VI shows that with variables defined by (14), the
signal injections are unified in the Subsectors pair I/IV,
Subsectors pair II/V, and Subsectors pair III/VI. We use subscript
“ml-x" or “m2-x” (x identifies the subsector pairs) to denote
the two injection signals for the phase that switches twice; and
subscript “nx” denotes the shared injected signals for the other
two phases. For example, in Subsector I, Phase A is equipped
with two duty ratios, and therefore injected with two voltage
signals u*;,1.1 and u*,,5.1; Phases B and C are injected with the
shared signals u*,1, as shown in Table VII.

In addition, Table VII shows that four duty ratios depend on
the activated subsectors, and each subsector applies the different
duty ratios. It is necessary to identify the subsector to facilitate
the voltage injection. To identify the subsectors, we study their
boundaries. The boundary of Subsectors I-III and IV-VI is as
follows [15]:

(14)

up = 0. (15)

If u*y, < 0, the reference is in Subsectors I-11I; otherwise, the
reference is in Subsectors IV-VI.
The segment EB is the boundary of Subsectors I and 1I:

u*ﬁz—\/g(u’;—l/?)):u:;—uZ:l/Z (16)
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:
d_=u_+u_.d_=u._+u
maxl — Umax T Um0 Dnin = Upnin T Uy
.
Sort the reference Ay = U F Uy 5y = U
values to get§,Tand Y 0
e, d u_ 4u_ .d u_ +u
minl min ml-1 ‘max max nl
» .
dminZ Ungin T Uy l’dmld F gty
. 0
d =u_+u_ ..d. =u_ +u
maxl — Wmax T U139 @nin = Upnin T U3
.
@ = U F iy 3oy = Uy U
' *
iy = Uy F Uy 50 = umax Ty,
.
Subsector VI | &y =ty o od g =+
B
750 B = U F ol =t F U,
.
\ﬁsector 11| Doz = e T g9 = i H 1k
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No int = Unin T Uyt 25y = umax tu,
.
Subsector VI d, . =t oo =t U,

Fig. 7. Procedure of determining the four duty ratios.

The segment AB is the boundary of Subsectors II and III:
wy = V3(u (17)

When u*y, < 0, if u*,—u*. < 1/2, the reference is in
Subsector I; if 2u*, + u*. >1/2, the reference is in Subsector
III; otherwise, the reference is in Subsector II.

The segment AC is the boundary of Subsectors V and VI

wy =V3/6 = uj +2u; = —1/2. (18)
The segment CE is the boundary of Subsectors IV and V
ug:f\/g(uzfl/?)):&uzfuz:l/z (19)

When u*y, > 0, if u*,—u*. < 1/2, the reference is in Subsector
1V; if u*, + 2u*. < — 1/2, the reference is in Subsector VI,
otherwise, the reference is in Subsector V.

With (15)—(19), it is convenient to identify the subsector to
inject the signals across the first 60° sector, determining the four
duty ratios. We further explore the boundaries of the six sub-
sectors of the remaining 60°-360° sector, and with the variable
defined by (14), the boundary conditions of six subsectors are
unified across the entire space vector plane.

The variable v > 0 indicates Subsectors I-III, or IV-VI
otherwise. Equations (16) and (19) are unified and the boundary
of Subsector pair I/IV and Subsector pair II/V is as follows:

(6—7)y=1/2. (20)

Equations (17) and (18) are unified and the boundary of
Subsector III/VI and Subsector II/V is as follows:

(20 + 1)y =1/2. 1)

With (20), (21), and variable ~, it is convenient to identify
the subsectors across the entire space vector plane, as shown in
Fig. 7. If v(0 — 7) < 1/2, the reference is in Subsector pair I/IV;
if v(20 + 7) > 1/2, the reference is in Subsector pair III/ VI;
otherwise, the reference is in Subsector pair II/V. In addition, ~y
> ( indicates Subsectors I-III, or IV-VI otherwise. As such, the
combination of v > 0 and v(29 + 7) > 1/2 picks Subsector III; v
< 0and (29 + 7) > 1/2 picks Subsector VI, as shown in Fig. 7.

Using the similar method, we derive on the four duty ratios
in remaining 60°-360° sector, based on which we organize
the sector identification and the corresponding four duty ratios
calculation across the entire plane in a flowchart (see Fig. 7). In

L —1/3)=2u; +u.=1/2.
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Fig. 7, dmax-1, dmax-2s Amin-1, dmin-2, and dyy;q are the duty ratios
of the phase having the references u* ,ax, 4" min, and u*;q. The
phase having the maximum or minimal reference needs two duty
ratios to switch twice, which are denoted by drax-1/2 OF drin-1/2.
For example, in first 60° sector, u* ax = U* 4, U min = U*¢, and
U miqg = u*p. According to Fig. 7, when v(20 4+ 7) > 1/2 and ~y >
0 (Subsector III), u*, = u*,.x and hence phase A is equipped
with two modulation signals: dpax.1 (da1) = U max(U*s) +
M*ml—S and dmax—Q(daQ) = M*max(u*a) + u*m2—3; Phase B is
equipped with dp,iq(dp) = u* miqa(u'y) + u*n3; and Phase C is
equipped with dpin(de) = U min (W) + 3. v +7) > 1/2
and v < 0 (Subsector VI), Phase C is equipped with d.1(dmin-1)
and d.o(dmin-2) since it has the minimal reference, where d,yin-1
(dcl) = U nin(U*c) + U m1-3 and dmin—Q(dCQ) = Unin(U'e) +
u* mo.3; Phase B is equipped with dyiq(dp) = u* miq(u™p) + u*p3;
and Phase A is equipped with diax(da) = U max(@*a) + ' p3.
With Fig. 7, we can easily determine the duty ratios of three-
phase across the entire space vector plane. Once the duty ratios
of each phase are calculated by the chart flow (see Fig. 7), the
next step is to determine the modulation signals of each phase
(d; versus 1 — d;). We investigate all the modulation signals
of each phase across the entire vector plane. In summary, the
modulation signals take the duty ratios d, except:
1) whenu; > u}, Phase A takes the complementary part(s);
2) whenu > u,Phase B takes the complementary part(s);
3) whenw, > uy, Phase C takes the complementary part(s).
For example, as shown in Fig. 6(a), the modulation sig-
nals of Phase A are u,,; = 1—d,; and u,,o = 1—d,o since
uy > u;; modulation signal of Phase C is u,. = 1—d, since

*

uy > uy; and final modulation signal for Phase B is u,, = dy,
since u;, > uy.

Once the modulation signals of the three phases are obtained,
the final step is to set the action pair(s) of the modulation signal(s)
of each phase generating the corresponding gate signals for the
optimal vector sequences. In summary, for the phase having two
modulation signals, if the phase has the maximum reference
u*, = u*max, the larger modulation signal is fed with Action
Pair A, while the smaller one is fed with Action Pair B; if
the phase has the minimum reference u*, = vy, the larger
modulation signal is fed with Action Pair B, while the smaller
one is fed with Action Pair A. For the phase including only one
modulation signal, if u,, = 1 —d,, u,, is fed with Action Pair A,
otherwise, u,,, is fed with Action Pair B.

For example, as shown in Fig. 5(a), Phase A reaches the max-
imum reference (#*, = u*n.y) in Subector I and thus receives
two modulation signals w1 and u;,2, where u.,; is fed with
Action Pair B, while u,,» is fed with Action Pair A since u;,o >
Uya1; the modulation signal u,}, of Phase B is fed with Action
Pair B since u,, = dy,; u,c is fed with Action Pair A since u,. =
1—d..

Through matching the derived modulation signals with corre-
sponding actions, we can easily implement the proposed opimal
vector sequences in a carrier-based scheme.

V. ZSCC AND LINE CURRENT RIPPLES COMPARISONS
BETWEEN ICPSPWM, HBSVM, AND THE PROPOSED METHOD

According to the review in Section III, HBSVM is superior
to zero-CM PWM, MDPWM, AZSPWM, and 3LSVM in terms
of the voltage vector errors, yielding the optimal line current
ripples. Since both the proposed method and HBSVM maintain
the minimal voltage vector errors across the entire space vector
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Fig. 8. Line current ripple across half of the carrier period of (a) the proposed

method and (b) HBSVM.

plane, it is necessary to quantitatively analyze the line-current
ripple of the proposed method and HBSVM. In addition, due
to the phase shift, the vector sequences of ICPSPWM and their
modulation regions are complicated across the space vector
plane. It is unfeasible to compare the voltage vector errors
of ICPSPWM to that of others, evaluating the line-current
ripple performance of ICPSPWM. Therefore, this section
quantitatively analyzes the line-current ripple of the proposed
method, ICPSPWM, and HBSVM to validate the merits of the
proposed method.

A case study is performed in Subsector I. As shown in Fig. 8,
the line-current ripple is symmetric across the half carrier period,
where the mean value of the line current ripple is zero across
the half carrier period in a stable state, therefore, the line-current
ripple analysis can be performed in the first quarter of the carrier
period.

According to Fig. 8(a), the line-current ripple of the proposed
method consists of five time-integrals of voltage errors in first
quarter of the carrier period, which can be expressed as follows:

Atyipaot/L, [0, ]
Atyipar (t —t1) /L + Awipaoti/L,  [t1,12]
Atyipaz (t — t2) /L + Atyipar
Niyipo = (ta —t1) /L + Atyipaot1/L, [t2, 3]
Ayipas (t —ta) /L
+ Atripaa (ta — Ts/4) /L, [t3, t4]
Atyipaa (t —Ts/4) /L, [ta,Ts/4]
(22)
Auyipgot/L, [0,t]
Atyipgr (t —t1) /L 4+ Auyippot1/L,  [t1,t2]
Auyipgs (t — t2) /L + At
Niyips = (ta —t1) /L + Awyippoti/L, [ta, t3]
Ayipgs (t —ta) /L
+ Auyippa (t4 — Ts/4) /L, [ts, t4]
Auripga (t —T5/4) /L, [t4, T /4]
(23)
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where At,ipq and At,i,5 denote the current ripple in the o-axis
and [3-axis, respectively.

AUripa0—AUyripaa in (22) are the voltage errors of a-axis
introduced by vector sequences

Auripao = U — VlSa = U — VDC/3
Atipal = e — Voo = Ua
Alyipa2 = Ua — Vida = Ua — VDc/6 (24)
Alyipas = Ua — Viza = Ua — VDc/3
Atripad = Ue — Voo = Ue-
Auyipgo—Auyipgs in (23) are the voltage errors of 3 - axis
introduced by vector sequences

Atsipgo = ug — Vizg = ug

Au]rip,@l =ug — ‘/0,@ =ug

Atyippe = ug — Visg = ug — V/3Vpc/6 (25)
Aurippz = up = Vizp = up
Atripps = up — Vop = up
and 11, fo, t3, and t4 are
t1 = d13T5/8
to = d131s/8 + di14Ts /4
2 1375/8 + d14Ts/ (26)

t3 = dlSTs/S + d14Ts/4 + dOTs/8
ty = disTs/4+ diaTs /4 + doTs/8

where di3, d14, and dj are calculated by (10).
The carrier period-based root mean square (rms) of the line
current ripple I;iprMs-Ts s an indicator of evaluating the current

ripple
Ts
4 (%
Liprms-Ts = T. J, AdZ dt

Ts
4 [+ 3 . ,
= \/T / 5 (Azfipa + Azl?ipﬁ) dt.  (27)
s JO

Submitting (22)—(26) into (27) yields the carrier period-based
line-current ripple rms /,i,RMS-Ts

VEM VT,
192L

+ 36)M? + (34v/3cos?0sin — 18cos>0 — 251/3sind

Liprms—1s(M, 0) = [(36c0s"0 — 45c0s%0

— 18c0s0) M — 6v/3cosBsin® — 6cos>0 + 18]1/2. (28)

The deduction in Subsector IV shows that the expression of
LiprMs-Ts in Subsectors I and IV are identical, which is (28).

The carrier period-based line current ripple rms of HBSVM
can be developed using a similar method

\/éMVDCTs
192L
— 72v/3c0s0sind + 72v/3cos0sind + 36cos0

Liprms-1s(M, 0) = [(—72cos’

+ 63)M? 4 (64v/3cos?0sind + 144cos>0

— 641/3sinf — 180cos@) M — 48cos?6 + 60]'/2.  (29)
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Fig. 9. Carrier period-based line current ripples rms comparisons of the proposed and HBSVM. (a) M = 0.4. (b) M = 0.7. (c) M = 1.0.
0.4 TABLE VIII
SYSTEM PARAMETERS
< v R. L/ L, Ly/ Ly P
i a 3 o=kl 3 3 » 16 Q 52 mH 3 mH 3.5kW
2 : : | - | c Vo I 7%
~ { -~ -HBSVM 1500 puF 350V 3.3kHz 2.5kHz
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Fig. 10 compares Iiprms of the proposed method and HB-
Fig. 10. Fundamental period-based line current ripples rms comparisons be- ~ SVM, which confirms that the proposed method maintains as

tween proposed method, HBSVM and ICPSPWM. The carrier periods of the
three strategies are adjusted to match the effective switching frequency.

---HBSVM

3+ ‘,D‘ \Icirmevd : ICPSPWM
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[cirpeak /A
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Fig. 11.  ZSCC peak comparisons between proposed and existing PWM strate-
gies, where the ZSCCis normalized by Vp Ts/(4(L1 + L2)). The carrier periods
of the three strategies are adjusted to match the effective switching frequency.

Using this similar method, we derive on the carrier period-
based line current ripple rms of the proposed method and HB-
SVM in Subsectors II-VI. Based on the analysis, Fig. 9(a)—(c)
compares I iprms-Ts Of the proposed method and HBSVM
under M = 0.4, M = 0.7, and M = 1.0, respectively. Fig. 9
confirms that the proposed method has a smaller /5,rms-Ts than
that of HBSVM under M = 0.4 while almost overlapping with
HBSVM under M = 0.7 and M = 1.0.

The fundamental period-based current ripple rms IjprMms 1S
another indicator to evaluate the overall current ripple perfor-
mance, which depicts the line current ripple respecting modula-
tion index M

21

1
P /IlgipRMszSda
0

Liprvs = (30)

where IiprMs-Ts 1s defined by (27).

good line current ripple as HBSVM in high modulation regions
while further reducing the line current ripple of HBSVM in low
modulation regions.

As shown in Fig. 8§, HBSVM and the proposed method switch
one phase twice (two turn-ONS and two turn-OFFS) per carrier
period, and the total switching time are increased to 8. The total
switching times of ICPSPWM is 6. To ensure the convinced
comparisons, we set carrier periods of HBSVM, ICPSPWM, and
the proposed method so that the total switching times of identical
time interval is identical (the approximately same switching
losses). Then, we calculate the fundamental period-based current
ripple rms of ICPSPWM, and the results are shown in Fig. 10,
which shows that ICPSPWM has a larger /,i,rms than those of
HBSVM and the proposed method.

The ZSCC peak is the maximum of ZSCC under a certain
modulation index. We calculate the ZSCC of the proposed
method across each subsector, and with comparisons, we obtain
the ZSCC peak of the proposed method

Icirpeak
VocoTs/(8(L1 + L»)), M €[0,2/3]
VocTs(=3M/4+1)/

— (4([’1 + LQ))7

VocTs(V3M —1)/
(4(L1 + L2)),

M € [2/3, (323 — 24)/39]

M € [(32v/3 — 24)/39,2/3/3].
31

The ZSCC peak of HBSVM is

Icirpeak
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Fig. 12.  Experimental results of the ICPSPWM (f = 3.3 kHz) under M = 0.4. (a) Line current. (b) Line current ripples. (¢c) ZSCC.
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Fig. 13.  Experimental results of the HBSVM (f' = 2.5 kHz) under M = 0.4. (a) Line current. (b) Line current ripples. (c) ZSCC.
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Fig. 14.  Experimental results of the proposed method ( f = 2.5 kHz) under M = 0.4. (a) Line current. (b) Line current ripples. (c) ZSCC.

VocTs(3M +6)/(16(Ly + L)), M C [0,1/3]
VoeTs(27 — V2TM? = 3)/(48(Ly + L)),
M C[1/3,2v/3/9)]
= VooTs(12 = 5v3M)/(16(Ly + L)),
M C [2/3/9,v3/3]

VoeTs(10 — 3v/3M) /(16(Ly + La)),
M C [V3/3,2/3/3)].

(32)

Fig. 11 compares the ZSCC of HBSVM, ICPSPWM, and
the proposed method. Fig. 11 demonstrates that the proposed
method significantly reduces the maximum ZSCC peak of HB-
SVM, minimizing CM inductor size required by HBSVM. In
addition, the proposed method maintains a much smaller ZSCC
peak than that of HBSVM across the entire modulation region,
reducing the loss of the semiconductor and CM inductors.
Figs. 10 and 11 confirm that the proposed method significantly
reduces the ZSCC peak of HBSVM while maintaining the
optimal line current ripples.

Fig. 11 further demonstrates that although the proposed
method is categorized as the line current ripple minimization

method, the ZSCC of the proposed method is comparable to
that of the state-of-art ZSCC suppression method ICPSPWM.

VI. EXPERIMENTS

An experimental prototype has been constructed to vali-
date the performance of the proposed method. It consists of a
TMS320F2808 DSP, a fly-back circuit-based switching power
supply board, IGBTs (FF300R17ME4, Infineon), IGBT gate
drivers (2SPO115T2C, Concept), current and voltage sensors
(LEM), as well as dc-link capacitors (700D158911-590, SBE).
The prototype is tested under the inverter mode, whose dc-link
is supplied by a three-phase diode rectifier and the ac loads are
three resistors (R) and line filter inductor (L3 and L4). The CMIs
(L1 and Ly) are added to suppress the high-frequency ZSCC.
The parameters are listed in Table VIII.

As discussed in Section IV, to ensure the convinced com-
parisons, it is essential to set carrier periods of HBSVM, ICP-
SPWM, and the proposed method so that the total switching
times within the same time interval is identical (the approxi-
mately same switching losses). The switching frequencies of
three methods are set: the proposed method (fo = 2.5 kHz),
ICPSPWM (f1 = 3.3 kHz), and HBSVM (f2 = 2.5 kHz). Then,
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Fig. 15. Experimental results of the ICPSPWM (f = 3.3 kHz) under M = 0.7. (a) Line current. (b) Line current ripples. (c) ZSCC.
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Fig. 16.  Experimental results of the HBSVM (f = 2.5 kHz) under M = 0.7. (a) Line current. (b) Line current ripples. (c) ZSCC.
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Fig. 17.  Experimental results of the proposed method (f = 2.5 kHz) under M = 0.7. (a) Line current. (b) Line current ripples. (c) ZSCC.
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Fig. 18.  Experimental results of the ICPSPWM (f = 3.3 kHz) under M = 1.0. (a) Line current. (b) Line current ripples. (c) ZSCC.

three methods are implemented and tested on the experimental
setup with Vpc = 350 V. To show the effectiveness of the
proposed method at a wide modulation region, some typical
modulation indices (M = 0.4, 0.7, and 1.0) are tested and the line
current and the ZSCC are measured. The experimental results
are shown in Figs 12-20. Figs. 12-14 show the experimental
results at a low modulation index (M = 0.4). It is clear the
proposed method can effectively reduce the ZSCC of HBSVM
while maintaining a better line current ripple. Both the proposed

method and HBSVM have a smaller line-current ripple than that
of ICPSPWM.

Figs. 15-17 show the experimental results at M = 0.7. The
experimental results confirm that the line-current ripple of the
method is as good as that of HBSVM, which is smaller than
that of ICPSPWM. The ZSCC results show that the proposed
method significantly reduces the ZSCC of HBSVM. The results
shown in Figs. 15-17 confirm the analysis of the current ripple
and ZSCC peak in Section VI.
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Fig. 19.  Experimental results of the HBSVM (f = 2.5 kHz) under M = 1.0. (a) Line current. (b) Line current ripples. (c) ZSCC.
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Fig. 20.  Experimental results of the proposed method ( f = 2.5 kHz) under M = 1.0. (a) Line current. (b) Line current ripples. (c) ZSCC.

0.8 . . . . . . . T T
~—[CPSPWM
-
0-7ke Proposed Method* " *—a___ ]
Y .
< 0Sp=HBSYM |
\!/)
S0.5F .
Foa e
~" V. /.\.>. ./l/
03F /' o
02} /
00 0.1 02 03 04 05 06 07 08 09 1.0 1.1
M
Fig. 21.  Line current ripple rms of the three methods. The ICPSPWM are

tested with f = 3.3 kHz; the proposed method and HBSVM are tested with f =
2.5 kHz.

Figs 18-20 show the experimental results at a high modulation
index of M = 1.0. The ZSCC results confirm that the proposed
method reduces the ZSCC of HBSVM. Meanwhile, the line-
current ripples shown in Figs. 18 and 19 are almost the same,
and both are smaller to that of ICPSPWM.

To further verify the analysis in Section V, the proposed
method, HBSVM, and ICPSPWM are tested in a wide range
of modulation index, and the respective ZSCC and line-current
ripple are measured. Based on the measurements, we calculate
the fundamental-period base-line current ripple rms defined
by (30). The experimental results in Fig. 21 clearly show the
proposed method maintains the optimal line current ripples
across the entire modulation region. Fig. 22 validates that the
proposed strategy significantly reduces the ZSCC of HBSVM.
The experimental results shown in Figs 12-22 validate that
the proposed method further reduces the ZSCC of HBSVM
while ensuring the optimality of the current ripples. In addition,

00 0.1 02 03 04 05 06 07 08 09 1.0 1.1
M

Fig.22. ZSCC peak of the three methods. The ICPSPWM are tested with f =
3.3 kHz; the proposed and HBSVM are tested with f = 2.5 kHz.

although the proposed method is categorized as line current
ripple minimization method, the ZSCC of the proposed method
is comparable to that of ZSCC suppression method ICPSPWM.

VII. CONCLUSION

This article introduces a method that further reduces the ZSCC
of the existing line current ripple minimization methods while
ensuring the optimality of the current ripple. Given the redundan-
cies of the vectors, we propose six optimal vector sequences to
reduce the ZSCC of HBSVM. The experimental results validate
that the proposed method maintains the minimal line current
ripple while significantly reducing the ZSCC of the existing line
current ripple minimization methods. In summary, the proposed
method is superior to HBSVM since it maintains the minimum
line current ripples while further reducing the ZSCC of HBSVM.
However, when compared to the state-of-the-art ZSCC peak sup-
pression method, the proposed method still introduces a larger
ZSCC. In addition, compared to zero-CM PWM, HBSVM, and
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the proposed method suffers from larger CMVs. The proposed
method is an ideal PWM method for the application priorities
the line current ripples.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

REFERENCES

B. Cougo, T. Meynard, and G. Gateau, “Parallel three-phase inverters:
Optimal PWM method for flux reduction in intercell transformers,” IEEE
Trans. Power Electron., vol. 26, no. 8, pp. 2184-2191, Aug. 2011.

J. Ewanchuk and J. Salmon, “Three-limb coupled inductor operation for
paralleled multi-level three-phase voltage sourced inverters,” IEEE Trans.
Ind. Electron., vol. 60, no. 5, pp. 1979-1988, May 2013.

G. J. Capella, J. Pou, S. Ceballos, J. Zaragoza, and V. G. Agelidis,
“Current-balancing technique for interleaved voltage source inverters with
magnetically coupled legs connected in parallel,” IEEE Trans. Ind. Elec-
tron., vol. 62, no. 3, pp. 1335-1344, Mar. 2015.

B. Ge, X. Lu, X. Yu, M. Zhang, and F. Z. Peng, “Multiphase-leg coupling
current balancer for parallel operation of multiple MW power modules,”
IEEE Trans. Ind. Electron., vol. 61, no. 3, pp. 1147-1157, Mar. 2014.

G. Gohil, L. Bede, R. Teodorescu, T. Kerekes, and F. Blaabjerg, “Flux-
balancing scheme for PD-modulated parallel-interleaved inverters,” IEEE
Trans. Power Electron., vol. 32, no. 5, pp. 3442-3457, May 2017.

W. Jiang, W. Ma, J. Wang, W. Wang, X. Zhang, and L. Wang, “Sup-
pression of zero sequence circulating current for parallel three-phase
grid-connected converters using hybrid modulation strategy,” IEEE Trans.
Ind. Electron., vol. 65, no. 4, pp. 3017-3026, Apr. 2018.

W. Jiang, Y. Gao, B. Xiao, J. Wang, X. Ding, and L. Wang, “Suppression
of high-frequency circulating current caused by asynchronous carriers
for parallel three-phase grid-connected converters,” IEEE Trans. Ind.
Electron., vol. 65, no. 2, pp. 1031-1040, Feb. 2018.

Z. Xueguang, W. Li, Y. Xiao, G. Wang, and D. Xu, “Analysis and suppres-
sion of circulating current caused by carrier phase difference in parallel
voltage source inverters with SVPWM,” IEEE Trans. Power Electron.,
vol. 33, no. 12, pp. 11007-11020, Dec. 2018.

Z. Shen, D. Jiang, J. Chen, and R. Qu, “Circulating current reduction for
paralleled inverters with modified zero-CM PWM algorithm,” IEEE Trans.
Ind. Appl., vol. 54, no. 4, pp. 3518-3528, Jul./Aug. 2018.

D. Jiang, Z. Shen, and F, “Common-mode voltage reduction for paralleled
inverters,” IEEE Trans. Power Electron., vol. 33, no. 5, pp. 3961-3974,
May 2018.

G. Gohil et al., “Modified discontinuous PWM for size reduction of the
circulating current filter in parallel interleaved converters,” IEEE Trans.
Power Electron., vol. 30, no. 7, pp. 3457-3470, Jul. 2015.

G. Gohil, L. Bede, R. Teodorescu, T. Kerekes, and F. Blaabjerg, “An inte-
grated inductor for parallel interleaved VSCs and PWM schemes for flux
minimization,” IEEE Trans. Ind. Electron., vol. 62, no. 12, pp. 7534-7546,
Dec. 2015.

Z. Quan and Y. W. Li, “A Three-Level space vector modulation scheme
for paralleled converters to reduce circulating current and Common-Mode
voltage,” IEEE Trans. Power Electron., vol. 32, no. 1, pp. 703-714,
Jan. 2017.

Z. Quan and Y. W. Li, “Suppressing zero-sequence circulating cur-
rent of modular interleaved three-phase converters using carrier phase
shift PWM,” [EEE Trans. Ind. Appl., vol. 53, no. 4, pp. 3782-3792,
Jul./Aug. 2017.

K. Shukla, V. Malyala, and R. Maheshwari, “A novel carrier-based hybrid
PWM technique for minimization of line current ripple in two parallel
interleaved two-level VSIs,” IEEE Trans. Ind. Electron., vol. 65, no. 3,
pp. 1908-1918, Mar. 2018.

Z.7Zeng, W.Zheng, R. Zhao, C. Zhu, and Q. Yuan, “Modeling, modulation,
and control of the three-phase four-switch PWM rectifier under balanced
voltage,” IEEE Trans. Power Electron., vol. 31, no. 7, pp. 4892-4905,
Jul. 2016.

[17]

(18]

[19]

¥

6943

Z.Zeng, C. Zhu, X. Jin, W. Shi, and R. Zhao, “Hybrid space vector mod-
ulation strategy for torque ripple minimization in three-phase four-switch
inverter-fed PMSM drives,” IEEE Trans. Ind. Electron., vol. 64, no. 3,
pp. 2122-2134, Mar. 2017.

G. Grandi, J. Loncarski, and O. Dordevic, “Analysis and comparison of
peak-to-peak current ripple in two-level and multilevel PWM inverters,”
IEEE Trans. Ind. Electron., vol. 62, no. 5, pp. 2721-2730, May 2015.

T. T. Nguyen, N. Nguyen, and N. R. Prasad, “Novel eliminated common-
mode voltage PWM sequences and an online algorithm to reduce current
ripple for a three-level inverter,” IEEE Trans. Power Electron., vol. 32,
no. 10, pp. 7482-7493, Oct. 2017.

Zhiyong Zeng (M’18) received the Ph.D. degree
in electrical engineering from Zhejiang University,
Hangzhou, China, in July 2016.

Since September 2016, he has been a Postdoctoral
Associate with Duke University, Durham, NC, USA.
His research interests include modular pulse synthe-
sizers for transcranial magnetic stimulation, vector
sequences optimizations of modular multilevel con-
verters, and fault-tolerant control of grid-connected
power converter.

Zhongxi Li (S’17) received the B.S. degree in elec-
trical engineering from Tsinghua University, Beijing,
China, in 2015. He is currently working toward the
Ph.D. degree with Duke University, Durham, NC,
USA.

He was a Visiting Scholar with FREEDM Systems
Center, NC State University, where he worked on
multilevel converters, and CURENT Engineering Re-
search Center at the University of Tennessee, where
he worked on testing wide-band gap semiconductor
switches. His research interests include modular pulse

synthesizers for magnetic neurostimulation and noninvasive brain stimulation
as well as design and control of modular multilevel converters.

Stefan M. Goetz (M’14) received the undergrad-
uate and graduate degrees from TU Muenchen,
Munich, Germany, and the Ph.D. degree in med-
ical applications of power electronics from TU
Muenchen.

He obtained doctoral training at TU Muenchen
as well as Columbia University. He is currently an
Assistant Professor with Duke University, Durham,
NC, USA. His research interests include precise high-
power pulse synthesizers for magnetic neurostim-
ulation and noninvasive brain stimulation as well

as integrative power electronics solutions for microgrids and electric vehicle
applications.
Dr. Goetze was awarded a Ph.D. Thesis Prize from TU Muenchen.




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

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


