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ABSTRACT Due to its good reliability, high modularity, zero-sequence current (ZSC) path, and lower
size and cost, the parallel four-leg source voltage inverter’s topology is a perfect choice for many power
applications, including renewable power generation-based stand-alone power-supply systems (SAPSSs).
However, the major concern associated with this topology is the presence of a zero-sequence circulating
current (ZSCC) that circulates between the phase legs of these inverters when the inverters operate under
unbalanced current sharing or unbalanced output-filter parameters, which leads to multiple consequences,
including output current distortion, power losses, and system stability degradation, as well as impacting
the efficiency, reliability, and operational lifespan of the system. The ZSCC model demonstrates that the
ZSCC amplitude is linked to the filter inductance and difference between zero-sequence duty ratios or
zero-sequence voltages (ZSVs). Considering these facts, we propose a new modified three-dimensional
space vector pulse width modulation (3DSVPWM) methodology to suppress ZSCC and its effects on the
current quality, efficiency, reliability, and operational lifespan of the parallel system. The suggested strategy
aims to eliminate the difference between ZSVs by adjusting the zero-vector duty ratios in each switching
period. This adjustment keeps the ZSCC constant at zero with minimal oscillations and switching losses,
thereby improving the output current quality, particularly in mitigating the 3" harmonic and its multiples,
and enhancing the system’s efficiency, reliability, and operational lifespan. The proposed method offers the
advantages of being suitable for suppressing both the ZSCC and ZSC and not impacting the control purposes
or the system’s output quality. The efficiency and performance of the designed method are validated through
various Hardware-in-the-loop (HIL) tests under different conditions using the OPAL-RT-OP5700 real-time
simulator.

INDEX TERMS Parallel four-leg source voltage inverter, stand-alone power-supply systems, zero-sequence
current, modified three-dimensional space vector pulse width modulation, OPAL-RT-OP5700 real-time

simulator.
L. INTRODUCTION
The associate editor coordinating the review of this manuscript and Three-phase three-leg pulse width modulation (PWM) con-
approving it for publication was Pinjia Zhang . verters have been widely used in many industrial energy
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applications, such as renewable energy (RE) generation-
based grid-connected energy distribution systems or stand-
alone power-supply systems (SAPSSs) [1]. A high-efficiency
device is also considered for such power systems due to its
lower current total harmonic distortions (THDs), superior
current quality waveforms, and bidirectional power flow [2].
However, nonlinear and unbalanced loading conditions, such
as unbalanced single-phase nonlinear loads, are deterministic
situations that occur frequently in all power applications,
which makes the classical 3-leg PWM converter a non-ideal
option [3], [4]. Therefore, the use of 4-leg PWM invert-
ers as energy conversion systems or as SAPSSs is highly
recommended. These topologies are suitable for preserv-
ing balanced sinusoidal grid currents and voltages under
all loading and grid conditions, including unbalanced and
other disturbances. So, compared to the split-bus 3-leg 4-wire
inverter in which the fourth wire (neutral line) is connected
to the midpoint of the DC-bus capacitors, the 4-leg PWM
inverter is an advantageous 4-wire inverter and a better choice
for perfectly supporting all unbalanced loads. In this topol-
ogy, not only the capacitor number but also the capacitance
value is reduced, and the degree of freedom is enhanced [5],
[6]. Furthermore, this approach reduces the DC-bus volt-
age and increases the output voltage by approximately 15%
with a lower volume and weight than those of the split-link
3-leg 4-wire inverter [7], [8]. In addition, the 3-phase
4-leg PWM converter not only achieves the same functions as
the classical 3-phase 3-leg PWM converter but also provides
a zero-sequence current (ZSC) channel and preserves the
ability to handle all unbalanced problems and regulation [9],
[10]. However, in high-energy applications, such as dis-
tributed energy generation systems and EV charging stations,
4-leg PWM inverters cannot meet certain requirements, such
as reliability, power capability, and modularity. To address
these limitations, parallel PWM inverter configurations have
become common in these types of applications due to their
ability to increase system capacity, reduce the thermal stress
and current rating limitations of power switches, and increase
system stability and reliability [11], [12].

Unfortunately, a zero-sequence circulating current (ZSCC)
flow path can be formed in this configuration due to the
difference between the zero-sequence voltages (ZSVs) of
the parallel inverters, which is generally attributed to mis-
matches in the inverter filter inductances, unbalanced output
current sharing, or unequal switching frequency [13], [14].
The ZSCC is decomposed into high-frequency harmonic
components (HFHCs) and low-FHCs (ZSCC-LFHCs). The
ZSCC-LFHCs increase the inverter output current distortions
due to the presence of LFHCs, especially the third har-
monic and its multiples, causing the inverter filter inductances
to exhibit abnormal noise and vibrations [15]. In addition,
LFHCs increase the output voltage distortions and losses,
decrease the system efficiency and reliability, increase elec-
tromagnetic interference (EMI), and increase the current
stress of power switches [16].
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To eliminate ZSCC, several solutions have been pro-
posed in the literature. An inter-phase reactor-based varying
impedance method was proposed in [17], which accurately
reduced the ZSCC-HFHCs in parallel converters to a suit-
able level; however, this method was unable to suppress
the ZSCC-LFHCs and required high cost and necessarily
additional hardware circuits. Other efforts have proposed
a series of special PWM techniques. In [18] and [19],
a simple harmonic-elimination PWM (HEPWM) method was
proposed for ZSCC reduction in parallel PWM inverters
by reducing the magnitude of the triple harmonic compo-
nents. In [20] and [21], a carrier phase shift PWM strategy
(CPSPWM) for suppressing the ZSCC in modular interleaved
converters was proposed. These methods effectively suppress
all the harmonics of ZSCC at a high modulation index, but
they cannot successfully suppress the ZSCC-LFHCs at a low
modulation index, which degrades the quality of the output
voltages and causes extra switching and power losses in high-
power applications, impacting the efficiency and reliability
of the parallel system, as well as its operational lifespan.
Therefore, a series of SVPWM techniques have been sug-
gested for realizing parallel 3-leg PWM converter-based grid
connections with an active filter function and a SAPSS with
a load voltage imbalance mitigation function. Some efforts
include the use of 3-level SVPWM, while others use modified
two-level SVPWM. For example, simple and discontinuous
three-level SVPWM was suggested to minimize the ZSCC
and current undulation [22], [23]. These strategies are used
to control parallel PWM converters as if they were single
3-level PWM converters, which can minimize the ZSCC
while providing high efficiency and output voltage quality;
however, these strategies increase the computational com-
plexity and difficulty of implementation. Additionally, these
strategies are becoming increasingly difficult to implement
for multiple PWM converters connected in parallel. How-
ever, prior efforts [24], [25], [26], [27], [28] proposed an
adjusted two-level SVPWM based on the ZSCC-PI regulator
to reduce the ZSCC-LFHCs, especially the third harmonic
and its multiples; this strategy consists of adjusting or param-
eterizing the zero vector duty ratios of the SVPWM using
a command variable generated by the ZSCC-PI technique.
The notable advantages of this technique compared with
the above-mentioned command strategies are as follows:
(1) it provides a high impedance to the ZSCC-LFHCs and
is easy to realize; (ii) it is suitable for multi-parallel PWM
converters; (iii) it does not impact the control purposes or the
output power quality of the parallel system; and it enhanced
the efficiency and reliability of the parallel system, as well
as its operational lifespan. However, in the aforementioned
methods, the classical 3-leg PWM converter is considered
the main device for the parallel system, which means that
it cannot control or suppress the ZSCC in parallel 4-leg
converters. In contrast to classical parallel 3-leg converters,
which require the suppression of only the ZSCC, in parallel
4-leg converters, eliminating not only the ZSCC but also
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the ZSC that appears in the fourth leg of each converter is
necessary.

Despite these dynamics, there are a few studies on ZSCC
suppression dedicated to parallel-connected 4-leg PWM con-
verters. Parallel 4-leg converters with common DC and AC
bus topologies are adopted for their ability to provide ZSC
regulation and thus avoid voltage fluctuations at the point of
common coupling (PCC). The average model of this topology
and the equivalent models of the ZSCC were developed and
analyzed in [29]. A modified sinusoidal PWM (modified
SPWM) method in the dq0 reference frame was proposed
in [30] for eliminating the ZSCC in a parallel two 4-leg
inverter-based grid connected under unbalanced filter induc-
tors by controlling only the neutral current of the fourth
leg of the second inverter. In addition to the high switching
power losses and lower DC voltage utilization, this method
does not consider the control of the ZSCC, which impacts
the performance of the ZSCC suppression and power quality
of the output currents under unbalanced conditions such as
unbalanced filter parameter and unequal current sharing.

In [31], a sinusoidal PWM with a feedforward control
method based on the third harmonic injection in the abc
reference frame was proposed to reduce the ZSCC-LFHCs
and their impacts on the output currents of the parallel
two 4-leg inverters based SAPSS. This method can over-
come the output current distortions and effectively reduce
the ZSCC-LFHCs under mismatched filter inductors, but it
suffers mainly from lower DC voltage utilization and high
switching power losses [2]. Furthermore, the task of control-
ling both the ZSC and ZSV of the parallel inverters using this
approach is difficult, which is important in 4-wire systems as
these components are not regarded as separate components in
the abc reference frame [32].

An adjusting three-level three-dimensional space vector
PWM technique was proposed for controlling parallel-
connected three-level T-type 4-leg PWM converters in the
dqO reference frame [33]. This method offers effective sup-
pression of both the ZSCC and output current harmonics and
enables direct control of the ZSC and ZSV of each converter.
Unfortunately, the approach cannot be applied to the parallel-
connected two-level 4-leg topology.

An identical ZSV injection-based SPWM technique was
proposed for parallel grid-connected two-level three-leg con-
verters [34]. In [35], a modified SPWM based on ZSCC with
a PI regulator was proposed for a parallel 4-leg two inverter
system-based SAPSS by adjusting one of the two SPWM
modulation voltages using the adjusting ZSV offered by the
regulation of the ZSCC. The advantage of these techniques
is that they are suitable for two-level converter topologies, 3-
leg, and 4-leg converters, but they will provide a large ZSCC
peak-to-peak value and high output current harmonics, and
they also suffer from the SPWM technique issues. Moreover,
the utilization of the SPWM technique in these techniques
within the abc reference frame inherently limits the ability to
directly control the ZSVs of the parallel inverters, resulting
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in a significant difference between these ZSVs. Thus, a large
peak-to-peak value of ZSCC will occur, degrading the effi-
ciency and reliability of the parallel 4-leg inverters.

In this context, this study develops an efficient
ZSCC-LFHC and ZSC suppression method based on a
modified 3DSVPWM for a parallel connected 4-leg PWM
inverter system based SAPSS. The fundamental concept of
the proposed technique is to eliminate both the ZSCC and
ZSC by eliminating the difference between ZSVs through
the adjustment of zero-vector duty ratios of the modified
3DSVPWM method in each switching period. For this pur-
pose, the zero-vector duty ratios of the proposed modified
3DSVPWM method are parameterized by an adjusting vari-
able obtained from the regulation of ZSCC to zero using
a ZSCC-PI controller. The proposed modified 3DSVPWM
technique offers multiple advantages, including adjustable
zero-vector duty ratios for ZSCC suppression, avoiding their
effects on the output current quality under unbalanced current
sharing or with discrepancies in the output-filter parameters,
easy and direct control of the ZSCs and ZSVs, suppressing
the difference between the ZSVs, providing high impedance
to the ZSCC-LFHCs. The suggested approach is suitable for
multi-parallel 4-leg PWM converters, and does not impact
the control purposes and the output quality of the parallel
system or high input DC voltage utilization. Furthermore,
it has the potential to enhance the efficiency, reliability, and
operational lifespan of the parallel 4-leg inverter system
by optimizing the utilization of power switching devices,
minimizing unnecessary losses associated with ZSCC and
switching devices, and reducing stress on power switching
devices.

The remainder of this paper is organized as follows.
Section II describes the basic topology of parallel 4-leg PWM
inverters and explains how they can be used for RE gener-
ation as an SAPSS. Additionally, the mathematical model
of the system in different frames with average equivalent
circuits and the ZSCC mechanisms and characteristics are
analyzed and presented in this section. The proposed ZSCC
suppression technique based on the modified 3DSVPWM
technique and ZSCC-PI control loop is described in detail in
Section III. To clarify the validity and effectiveness of the
suggested technique, comprehensive Hardware-in-the-loop
(HIL) simulation (using OPAL-RT-OP5700 real-time simu-
lator) results are shown in Section IV. Section V provides the
main conclusions drawn from this work.

Il. SYSTEM MODELING AND DESCRIPTION
A. MODELING OF THE PARALLEL SYSTEM

Two parallel connected 4-leg inverters-based SAPSSs are
shown in Fig. 1.

The two inverters with common AC and DC buses are
connected to a 3-phase load via an LC output filter. The
LC filter is utilized to attenuate and avoid high-frequency
switching undulations at the parallel system output currents
and voltages. For convenience and simplicity, the common
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FIGURE 1. Two parallel 4-leg inverter topologies with an output LC
filter-based SAPSS.
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FIGURE 2. Average equivalent circuit model of the two parallel 4-leg
inverters in the 3-phase reference frame.

DC-bus is assumed to have a constant voltage, and the duty
ratio of the upper switch in phase-leg k (k=a, b, c, and n) of
the inverter x(x = 1 and 2) is dj,.

The output voltages of each inverter in the 3-phase refer-
ence frame as a function of the DC-bus voltage and average
duty ratios are given as follows:

Viax dax
Vibx dpx

= Vg 1
vfcx dc dcx ( )
Venx dnx

By applying Kirchhoff’s laws to the equivalent circuit
model depicted in Fig. 2, the mathematical model of the
parallel system in the 3-phase reference frame as a function
of the duty ratio can be obtained by Equations (2) to (5) as
follows:

di di

fo% =dax Ve — Vea + Ly ;:x
di di

Ly cj;x = dpxVge — Veb + L CZM (2
di di

fo% =dcx Vdc — Vee + fo dﬁ;x
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ide = da1if1 + dp1ip1 + derifel + duiipm 3)

dveq . .

f? = lpa — lUa
dav,

f'd_;b = ipp — b 4
dvec . .

f dr = lpc — lUc
dveq .

! dt = ICa
dav,

f d;b =icp Q)
dvee .

F g = e

where Vi = [VueVoxVier Vi T and Ire = [ifaxipxifexifn]
are the output voltages and current vectors of inverter X,
respectively; I, = [ipaipbipcipn]T is the parallel system output
current vector; I, = [ilailbilcil,,]T and V; = [vcavcbvcc]T
are the load current and voltage vectors, respectively; Icy =
[iCaiCbicC]T is the capacitor current vector; and Lg and Cy
are the output filter inductances and capacitances of inverter
X, respectively.

Equations (2)-(5) demonstrate that the mathematical model
of the two parallel connected 4-leg inverter system in the
3-phase reference frame is highly complex, which makes the
analysis and control design complicated to implement. For
simplicity, a low-complexity average model of this parallel
system in the synchronously rotating reference frame (dq0
frame) is obtained as shown in Equations (6) to (7) based on
Equations (2) to (5) using Park’s transformation.

dl:f'dx .
fo dr =dixVge — Vda + C‘)folqu
di
Ly ;fx = dgxV 4 = Vga — ©Lgxifax 6)
dirg
AL g :;tx = daxV ge
dveq
! d; =icd + wCyveq
dv,
f d;q = iCq - CL)CfVCd (7)
dveo .
=1
L f co
Vidx dayx
Vige | = Vac | dgx (®)
| Vfox dox

where, ifax, ifgx, irox and Vyax, Ve ,Vrox are the dgo-axis output
currents and voltages of inverter x, respectively. w is the load
voltage angular frequency. ipq, ipg, ipo and ijg, iy, ijo are the
dqp-axis output currents of both the inverters and the load
currents, respectively.

As mentioned, in parallel 4-leg inverters, in addition to
the ZSCC generated under the influence of the filter parame-
ters or unequal output current sharing, a ZSC also appears
in the fourth leg of each inverter and needs to be elim-
inated. According to the average equivalent circuit model
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FIGURE 3. Average equivalent circuit model of the two parallel connected
4-leg inverters in the dqO0 reference frame.

of the two parallel connected 4-leg inverters in the dq0
frame presented in Fig. 3, the dg-axes are coupled between
them by two voltage-controlled current sources and four
current-controlled voltage sources, while the 0-axis is decou-
pled from the dg-axes, which indicates that the zero-sequence
component is only present in the 0-axis (and is independent
of the d and q components). Therefore, the ZSC can be
controlled separately using the control of the neutral current
of the fourth leg in each inverter, which contributes to the
development of the proposed ZSCC technique and facilitates
its implementation.

B. ZSCC MECHANISMS AND CHARACTERISTICS

When inverters are connected in parallel through common
AC and DC buses, a difference in the zero-sequence voltages
between inverters is induced, which leads to the generation of
ZSCCs between these inverter phase legs. These ZSCCs are
complicated to model, analyze, and control. To facilitate the
realization of these targets, the phase-leg average technique
designed in [30] is adopted. The two parallel connected 4-leg
inverter average phase-leg models obtained using this method
are illustrated in Fig. 2. Thus, the ZSCCs of parallel modules
could be derived. According to this figure, the ZSCCs flowing
between the two 4-leg inverters have equal magnitudes and
opposite phases, as shown in Equations (9) and (10):

i1 = ifal + iﬂﬂ + if01 + if”] )
Iz = ifa2 + i + ife2 + if2
Ip =lz1 = —ip (10)

Considering Fig. 2, applying Kirchhoff’s voltage laws
results in:

dif1 dip
da Vg — Ly =dpVy — Li1—
al vV dc f1 dt b1V dc f1 dt
dif1 difn1
= clvdc_l{f'l fe = nlvdc_Lfl I
dt dt (11)
iV ge — L M2 4V o — 12 %P2
a2V dc f2 dt = ap2Vdc f2 dt
difn difn
| = d2Vae — Ly2 ;; =dpV4 — L ch
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By summing the two equalities of Equation (11), the fol-
lowing equality can be obtained:

> daVa—1Lp Y %

k=a,b,c,n k=a,b,c,n
dig
= 2 doVa-lp 3 == (12)
k=a,b,c,n k=a,b,c,n

The zero-sequence duty ratio of one 4-leg PWM inverter
can be defined as the total of the duty ratios of all phase legs
of this inverter and can be expressed by Equation (13) in the
two parallel 4-leg inverters as follows:

d;1 = Zk:a,b,c,n di1 = da1 + dp1 +de1 + dn
di2 = da2 +dp2 +dea + dp2

k=a,b,c,n

13
dn e (13)

By substituting Equations (9) and (13) into Equation (12),
a new average model can be obtained as follows:

dizl dizZ

@Nw-#q;=zﬂa—qhh

where d;1Vge = vzl and dpVye = v are the ZSVs of
inverters 1 and 2, respectively, which are expressed as:

[ Vasvl = (da1 +dp1 +de1 + dp1) Vae

(14)

(15)
Vo2 = (d2 +dp2 +der + d2) Ve
From Equations (10) and (14), the ZSCC average model
can be rewritten as follows:
di,
(Lr1 + L) i (dn —d1) Vg (16)
Using Equations (15) and (16), the ZSCC average model
can be written as a function of the ZSVs as follows:

di,
([{f'l + l{f'Z) E = Vzsv2 — Vzsvl an

Using the Laplace transform of Equation (17), the average
model of ZSCC becomes:

(18)

Equation (18) indicates that the difference between the
ZSVs of the two inverters Avy, is the main factor involved
in generating the ZSCC, which could be the result generally
of mismatches in the filter inductances, unbalanced output
current sharing, unequal switching devices, etc. If the zero-
sequence duty ratios d;; and dp, i.e., the ZSVs of the two
parallel inverters v, and v, are the same, ZSCC will
not be generated. Figs. 4a and 4b show the ZSVs of the
two inverters (v,s,1 and v;5,») and their difference Av_z,under
both unequal filter inductances and output currents, where
the modulation index is 1 and the load voltage frequency
is 50 Hz. These ZSVs have a triangular waveform with a
frequency equal to 150 Hz (triple load voltage frequency) and
equal magnitude but with a phase difference in both cases.
Additionally, the Av,;, waveform observed in both cases is
a square wave with a triple load voltage frequency. Theoret-
ically, the ZSCC generated by the difference between ZSVs
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has a triangular waveform with the characteristic of a triple
load voltage frequency, which was demonstrated in [26] and
[27]. Therefore, the ZSCC can be successfully suppressed
when Avy, is controlled and set to zero.

Based on applying a Fourier series transformation [29] to
the data of Figs. 4a and 4b, the ZSV of each inverter (v5,x)
can be approximated as follows:

Vasux (1) = dpx Vdc
- 8V, 00 (—1)(}1_1)/2

~ ? he13.5... Tsin(hant) (19)

where V; = V;; = V5 is the magnitude of the ZSV of each
inverter (v,5x) and w3 = 3w is the fundamental frequency of
the ZSVs.

Based on this value, when v_qis shifted from v, by a
phase equal to A, the two ZSVs can be written as:

(h=1)

8V, 00 (=) =z
vt (D~ 0 sin (hast)

h2
8V, ~—o0 (—DHh=b/z
vz (1) ~ n_2z Zh:l 3.5 Tsm(hagt —-A)

(20)

From Equation (20), the difference between the ZSVs
(Avg,) can be expressed as:

(h=1)
(9] -1 )
Avyy = A zh:l,S,‘. T(sm (hwst — A) — sin (hwst))
(21)
where A = %
Equation (21) can be rewritten in the following form:

(h—=1)

s 00 (- =z A
Astv ~ —2Asin (5) Zh:l,?},.. h—ZCOS (ha)3t — E)

(22)

From Equation (18), the ZSCC can be determined by divid-
ing Avg, in Equation (22) by its impedance at each harmonic
component frequency as follows:

()~

—2Asin (%) S (_1)7(}'51) A
—_ E ——5——cos hwst — —
(Ly1 + Lp2) 03 =13 h

(23)
As shown in Equation (23), the ZACC comprises sev-

eral odd harmonics with a fundamental frequency equal
to 150 Hz. These odd harmonics can be written as follows:

i~ O+ETO+E O+ @) (24)
where:
il (t) = Bcos (w3t — L), ig’d (t) = Bcos(Bwst — A),

(A
—2Asm(7)

l?rd ([) = Bcos (5(,()3l — 2.), ...... and B = W
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FIGURE 4. Zero-sequence voltages and their differences for parallel 4-leg

inverters with m = 1.0 and f = 50 Hz; (a) under unequal filter inductances
and (b) unequal output currents.

Ill. PRINCIPLE OF SUPPRESSING ZSCC USING THE
MODIFIED 3DSVPWM METHOD

A. CONVENTIONAL 3DSVPWM

The conventional 3-dimensional SVPWM (C3DSVPWM)
technique is widely used to command 4-leg PWM converters
due to its advantages, including a constant switching fre-
quency, low AC-side current harmonics, and less DC-bus
voltage undulations. This technique can produce symmet-
rical 4-leg inverter output voltages even under unbalanced
conditions [5], [6].

Compared to the 2DSVPWM used to control 3-leg con-
verters, 3DSVPWM has sixteen state vectors (vg, Vi...., Vig),
which have fourteen active vectors (AVs) and two zero-
vectors (ZVs) distributed in the 3-D space vector diagram
(the «B0 frame), as presented in Fig. 5a. These state vectors
are distributed across five voltages in 2-D space, and the
3-D space vector diagram is decomposed into six prisms.
Each prism consists of four tetrahedrons formed by the com-
bination of three AVs and two ZVs, as shown in Figs. 5b
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9, vi3(1100)

v;(1010)

(a)

FIGURE 5. Distributions of voltage vectors of the 4-leg inverter; a) 3-D
space vector diagram («30), b) tetrahedrons of prism 1, and c)
tetrahedron 1 of prism 1 and their voltage vectors.

and 5c (the first tetrahedron of the first prism is chosen as
an example).

In each tetrahedron, it is assumed that the duty ratios of
the three AVs inverter x are diy, day, and day, respectively,
and that the duty ratio of the ZVs is dy,. Then, the reference
voltage vector in the first tetrahedron of the first prism can be
synthesized in each switching period T as in Equation (25):

o dixvg + daxvio + d3xvia + dox (vo + vie)
= T
s

(25)

where, the sum of all vector duty ratios satisfies the following
constraint:

dlx + d2x + d3x + de =1 (26)

From Equation (26), the duty ratio of zero vectors dp, can
be expressed as:

dox =1 —dix — dox — dsx 27

As presented in Fig. 5c, which assumes that the reference
voltage vector of each 3DSVPWM in Equation (25) is located
in the first tetrahedron of the first prism as an example, the
state vectors and their duty ratios are distributed using a
switching sequence of nine segments, as shown in Fig. 6a.
The ZVs are orderly distributed with equal duty ratios dy
at the onset, middle and finish of a switching period, and
the AVs are distributed with consideration of the minimal
switching states in each switching period or low switching
losses.

Based on applying Equation (13) to the data shown in
Fig. 6a, the zero-sequence duty ratio d,, of each inverter is
linked to the duty ratios of the AVs and ZVs in each switching
period by:

dzx = dax + dpx + dex + dpx
= dlx + 2d2x + 3d3x + 2de (28)
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FIGURE 6. Distribution of the state vectors and their duty ratios (e.g.,
tetrahedron 1 of prism 1); (a) in C3DSVPWM; (b) Proposed modified
3DSVPWM.

Substituting Equation (27) into Equation (28) yields:
dyx = —dix + 2d3, (29)

The switching transition times Ty, Tpy, T¢x, and Ty, of the
state vectors in each 4-leg inverter are expressed as follows:

d,
Tax = T,
4
dlx d2x
Thy = Tax + TTS + TTs
s (30)
Tex = Tpy + TTs
di
Tox = Tax + TXTS

As the C3DSVPWM neglects the modulation of the ZSVs,
the ZSCC will exist between the parallel 4-leg inverters.
Therefore, the proposed modified 3DSVPWM technique
eliminates the effects of the ZSVs, ZSCC, and ZSC.

B. PROPOSED MODIFIED 3DSVPWM
Based on the aforementioned ZSCC analysis and to eliminate
the difference between the ZSVs of the two inverters Av,,
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and the ZSCC, a new modified 3DSVPWM technique is
developed in this study, in which the zero-sequence duty
ratios are adjusted by introducing an adjusting variable y,
obtained from the ZSCC regulation in each switching period
to the duty ratios of the ZVs.

Fig. 6b depicts the distribution of the state vectors and
their duty ratios in each switching period of the modified
3DSVPWM technique (the first tetrahedron of the first prism
is selected as an example). As depicted, an adjusting variable
vy can be introduced to adjust the zero-sequence duty ratios of
ZVs in each switching period to eliminate the zero-sequence
duty ratio difference Ad, between d;; and d», in which the
duty ratios do, of the two ZVs vy and vy are changed to
(dox /2 —2yy) and (dox /2 + 2y, ), respectively. These changes
in the duty ratios of the ZVs cannot impact the control pur-
poses or the output energy quality of the parallel system,
including the output currents, voltages, and input DC-bus
voltage. This Ad, can be regulated using the control of zero
vectors. Theoretically, by setting Ad, equal to zero, the ZSCC
can be eliminated. This purpose can be achieved using the
proposed new modified 3DSVPWM technique.

As shown in Fig. 6b, the designed proposed method is
satisfactory when the condition —5{70 <y < %" is verified.

Based on Fig. 6b, after adjusting the variable y,, the new
zero-sequence duty ratios d, of the proposed new modified
3DSVPWM technique can be calculated using the new duty

ratios (d,.d), .d/,, and d},,) as follows:

dz/x = dt;x + déx + dL/'x + dr/m
= dlx + 2d2x + 3d3x + 2d0x - 8yx (31)

Substituting Equation (27) into Equation (31), the
zero-sequence duty ratio dz/2 of the proposed modified
3DSVPWM technique is adjusted by the ZSCC control loop
output variable y, as follows:

dyy = (=d1x + d3x +2 — 8yx) (32)

For the two parallel connected 4-leg inverter system, as the
ZSCCs in the two inverters have equal magnitudes and oppo-
site signs, if the ZSCC of one inverter is controlled, the ZSCC
in the other inverter will be controlled accordingly, which
ensures that the ZSCC in one inverter is sufficient to suppress
the ZSCC in the whole system. Therefore, the ZSCC is
controlled by adjusting the 3DSVPWM of the second inverter
using the variable y, while the variable y; is set to zero (the
first inverter is controlled by the C3DSVPWM).

From Equation (32), the difference between the zero-
sequence duty ratios of the two inverters Ad,, of the proposed
new modified 3DSVPWM technique can be expressed as
follows:

ro_ oyt
dzx_dz2 z1

=dy1 —dip +d3 — d31 — 8y, (33)

Similarly, when the reference voltage vector is situated
in other tetrahedrons and prisms, the difference in the
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zero-sequence duty ratio Ad,, between the two inverters can
be determined via the same process.

Substituting Equation (33) into Equation (18), the new
average model of ZSCC can be written as follows:

11 —di2 +d3 — d3; — 8yx
(Lr1 + Ly2)
Assuming that A1y = dj1 —d12+d32—d31, the new average
model of ZSCC becomes:
L(s) = Ap — 8yx
(Lr1 + Ly2)
As shown in Fig. 6b and using Equation (30), the

new switching transition times of the proposed modified
3DSVPWM are expressed as follows:

I(s) = d Vae (34)

Vae (35)

dop
TL/,Z =—T;+ y2
4 d d
TI;Z - Ta/Z + ETY + ETY
2 2
ds> (36)
T =Typ+ TTs
diz

C. ZSCC REGULATION

The new average model of the ZSCC after adjusting the
zero-sequence duty ratio is a first-order model, which enables
the design of the closed-loop ZSCC technique. Many linear
controllers, including the PI controller [25], PI with feedfor-
ward loop controller [26], PI-deadbeat controller [27], and
PI-quasi-resonant controller (PIQRC) [28], [29], have been
designed for controlling the ZSCC in recent years. Here, a PI
controller is used to block the path of the ZSCC harmonics
affecting the inverter output harmonic currents, as shown in
Fig. 7. The purpose of PI-based ZSCC command is to sup-
press the difference between the zero-sequence duty ratios of
the two inverters Ad,, by acting upon the adjusting variable
y7 as follows:

kiz ok .
y2 = (kpz + 7)(% —Iz) (37)

where kj, and k;; are the ZSCC-PI controller parameters,
which are calculated using the pole placement technique as
follows:
(L1 + Lp2) &0

\Z% 38

_ I tLp) ol G
1z — Vdc

where w,; and &, are the cut off frequency and the damping
factor of the ZSCC-PI, respectively.

kp; =
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including the designed ZSCC suppression technique.

IV. CONTROL STRATEGY OF THE PARALLEL 4-LEG
INVERTER TOPOLOGY FOR AN SAPSS
A diagram of the control block of the parallel connected 4-leg
inverter topology-based SAPSS, including the ZSCC regula-
tion and the proposed new modified 3DSVPWM, is shown
in Fig. 8. The technique is based on the cascading of load
voltages and filter current command loops in the dq0 frame,
in which the filter current references are provided from the
load voltage control loop. The outer loop is used to regu-
late the load voltages and mitigate their imbalance, while
the inner loop is used to improve the current transient and
steady-state performances and to guarantee perfect current
sharing between the parallel inverters. Therefore, the ZSCC
can be eliminated by the proposed technique while load
current sharing is achieved. The reactive power required by
the LC filter can be obtained by the two parallel connected
inverters, as shown in Fig. 8.

Using PI controllers in the inner current loop, the reference
voltages of both 3DSVPWMs in the dq0 frame obtained from
this loop can be calculated as follows:

| kiia\ (. . :
Vi = (kpid + %) (l}‘dx - lfdx) + Vea + oLpify

kiia '\ (. . :
Vi = (kpid + %) (i = 1) + veq — L

kiio ) i
Viox = (kpio + %) (l}(()x - %) +veo
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(39)

where kpiqq0 and k;jqq0 are the inner current loop PI controller
parameters and can be calculated using the pole placement
technique as follows:

kpidqx = 2fo5iwci

(40)
Kiidgx = L@’
8
kpio = —=Lgc&iwei
N @)
0= —L o
u \/§ i ci

where w and &; are the cut off angular frequency and
the damping factor of the inner current loop PI controllers,
respectively, and i]’?d 0x denote the filter’s current references,
which are obtained from the outer load voltage loop as
follows:

» (kpv + ]%) (Vig = vea) +ira + @Crveq
Lax = B
kiv :
(o) (5 —ve) ti oG g
Ygx = 2
» (kpv + I%) (VZO - VCO) +iLo
lrox = )

where k;, and k;,, are the outer loop PI controller parameters
and can be calculated using the pole placement technique as
follows:

kpv = chéva)cv

(43)
kiy = Cr a)zv
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H# OP 8660 HIL
Controller

Opal-RT OP5700
Real-time simulator

DSOX3034A
Oscilloscope

FIGURE 9. Configuration of OPAL-RT OP5700 real-time simulator setup.

TABLE 1. System and HIL simulation parameters.

Symbol Quantity Value

V. Grid voltage (RMS) 220V
f Load voltage frequency 50 Hz

Uy DC-link voltage 600 V

Ly,Lp Filters inductances 10 mH, 5 mH
Cr Filter capacitor 60 uF

R Load resistance 10Q
s Switching frequency 8 kHz

T; Sampling time 10 us

where, w,, and &, are the cut off angular frequency and the
damping factor of the outer loop PI regulators, respectively.

V. HIL SIMULATION RESULTS DISCUSSION
To evaluate the viability and effectiveness of the designed
ZSCC suppression technique and the overall system behav-
ior, multiple HIL simulation tests were conducted using
the OPAL-RT OP5700 real-time simulator executing in a
MATLAB environment. In this section, the characteristic
of the designed ZSCC suppression technique is compared
with those of the conventional 3DSVPWM, identical ZSV
injection-based SPWM technique designed in [34], and the
modified SPWM based on ZSCC with PI regulator designed
in [35].

The characteristics of the three techniques are compared in
the following five scenarios:

Scenario 1: unbalanced filter inductances (UFIs) with
equal output current sharing under a balanced 3-phase load;

Scenario 2: unbalanced output current sharing (UOCS) and
equal filter inductances under a balanced 3-phase load;

Scenario 3: UOCS with UFIs under a balanced 3-phase
load;

Scenario 4: UOCS with UFIs under an unbalanced three-
phase load;

Scenario 5: UFIs with equal output current sharing under
unbalanced nonlinear single-phase loads.
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TABLE 2. Pl controllers’ parameters.

Symbol Quantity Value

Wei Cut off angular frequency of PI 3500
inner loop controllers

& Damping factor of PI inner loop 0.707
controllers

Wy Cut off angular frequency of PI 800
outer loop controllers

& Damping factor of PI outer loop 0.707
controllers

We= Cut off angular frequency of PI 700
ZSCC controller

& Damping factor of PI ZSCC 0.707
controller

The corresponding setup of the experiment platform is
depicted in Fig. 9, which is an integral part of the LTII labora-
tory’s energy converter platform. The system, HIL simulation
platform, and PI regulator parameters are listed in Tables 1
and 2.

To obtain immunity against the ZSCC and harmonic volt-
ages and currents, the PI controllers have the damping factors
and the cut off angular frequencies listed in Table 2.

A. SCENARIO 1: UNBALANCED FILTER INDUCTANCES
In this case, the output current sharing is balanced, and the
filter inductances are unbalanced, where Ly; = 10mH, Ly, =
5 mH, and ifg01 = ifag02 = 50% of ig0. To evaluate the
characteristic of the proposed method, the HIL simulation
results of all techniques are presented in Figs. 10a to 10c.
Fig. 10a shows that a very large ZSCC is generated with a
peak-to-peak value of approximately 8A due to the difference
between the ZSVs of the two inverters created under the
unbalanced filter inductances. This ZSCC circulates among
the inverters with triple the load voltage fundamental fre-
quency (150 Hz), and as can be observed, it causes high
distortion and asymmetry of both inverter output currents
as well as a large magnitude of the 3" harmonic, as shown
in the FFT analysis of these output currents illustrated in
Fig. 11a. The THDs of i and if» are 6.71% and 6.59%,
respectively, which do not fit the IEEE Std 519 standard
for current distortion limits. In this case, the output current
harmonics with high magnitudes are mainly 3" harmonics.
Figs. 10 and 11 show the results of this test with the iden-
tical ZSV injection-based SPWM technique, the modified
SPWM technique, and the proposed modified 3D SVPWM
technique. Both the identical ZSV injection-based SPWM
and the modified SPWM techniques achieve the poorest
results in terms of ZSCC suppression performance and
inverter output current THD reductions. The identical ZSV
injection-based SPWM technique results in a ZSCC with a
peak-to-peak value of approximately 2.4 A (Fig. 10b) and
the THD values of both iz, and if,2 are equal to 3.82% and
4.37%, respectively (Fig. 11b). While the modified SPWM
technique produces a ZSCC with a peak-to-peak value of
about 1.6 A (Fig. 10c) and the THD values are equal to 2.37%
and 3.68% for both if,1 and if;,respectively (Fig. 11c).
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Figs. 10d and 11d show the obtained results when
the proposed modified 3DSVPWM technique is adopted.
By comparing these waveforms with those obtained using
both the identical ZSV injection-based SPWM and the mod-
ified SPWM technique based on PI-ZSCC control methods,
as shown in Figs. 10b and 10c, the ZSCC is demonstrated
to be completely suppressed. Fig. 10d demonstrates that
both inverter output currents become sinusoidal, balanced,
and identical, and the problems of distortion and asymmetry
in Fig. 10a are mitigated efficiently, indicating that perfect
sinusoidal current sharing accuracy between parallel 4-leg
inverters can be achieved using the designed technique. The
maximum neutral current oscillations in the two inverters are
also clearly reduced.

Fig. 11d shows the FFT analysis of the inverter output
currents if, and if». The THDs of these currents are further
minimized to small values (1.29% and 2.59%), which is in
concordance with IEEE Std. Consequently, the inverter out-
put current distortions are almost mitigated, and as expected,
the magnitude of the 3" harmonic is perfectly minimized in
both inverter output currents. This observation validates that
the designed modified 3DSVPWM can perfectly suppress the
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ZSCC generated under unbalanced filter inductances and can
mitigate the impact of ZSCC on the parallel system better
than the modified SPWM technique can.

B. SCENARIO 2: UNEQUAL OUTPUT CURRENT SHARING
In this case, the filter inductances are equal, and the reference
output currents are unequal, where L1 = Ly, = 10 mH with
ifago1 = 710% of ifz40 and ifzg02 = 30% of ify,0. Figs. 12 and 13
show the results of the three control methods, respectively.

As shown in Fig. 12a, a large ZSCC is generated with
a peak-to-peak value of approximately 13.4 A because of
the difference between the ZSVs of the two inverters caused
by the unequal reference output currents, which seriously
distorts both inverter output currents. The THDs of if;; and
ifa2 are 6.15% and 14.27%, respectively, as shown in Fig. 13a,
which do not fit the IEEE Std 519 for current distortion limits.
These high THDs are mainly due to the high magnitude of the
3" harmonic component.

Figs. 12b and 12c show the results of the modified SPWM
technique and the identical ZSV injection-based SPWM tech-
nique, respectively. Figs. 13b and 13c display the output
current THDs of both ZSCC suppression techniques. The
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TABLE 3. Comparison of the peak-peak values of the ZSCC, output current quality, output current THD, and 3’ harmonic component in the output
currents for the three ZSCC control methods.

Scenario Unbalanced filters inductances Unbalanced output current sharing
Without Method Method Proposed Without Method Method Proposed
Method Z8cC in[34]  in[35]  method ZSCCcontrol  in[34]  in[35]  method

control

Peak-to-peak value of ZSCC (A) 8 2.4A 1.6A 0.6A 13.4A 7.6A 5.6A 0.6A

THD of i1 (%) 6.71 3.82 2.37 1.39 6.15 3.62 2.89 1.11

THD of irz (%) 6.59 437 3.68 2.59 14.27 7.38 5.74 243

3" harmonic in in (%) 6.4 3.7 225 0.04 5.95 3.28 24 0.05

3" harmonic in i (%) 6.15 4.1 3.15 0.4 13.7 6.8 5 0.4

Output currents quality Zt:ﬁ:;fr?;? Accept Accept High Zt:ﬁ:;fr?;? Poor Poor High

data shown in these figures demonstrates that both ZSCC
suppression techniques have the worst performance. The
identical ZSV injection-based SPWM technique provides a
ZSCC peak-to-peak value of 7.6 A (Fig. 12b), along with a
THD of 3.62% for iz and 7.38% for i (Fig. 13b), while
the modified SPWM technique has a peak-to-peak ZSCC of
5.6 A (Fig. 12c) with a THD of 2.89% for if,1 and 5.74% for
ira2(Fig. 13c).

By using the designed modified 3DSVPWM, excellent
ZSCC suppression is achieved, as shown in Fig. 12d.
As expected, the inverter output current waveforms are sinu-
soidal and balanced, and the problems of distortion and
asymmetry in Fig. 12a are efficiently eliminated. The max-
imum neutral current oscillations in the two inverters are
also perfectly reduced. In addition, Fig. 13d shows that the
THDs of the output currents if;1 and if, are minimized to
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FIGURE 14. Results of the parallel connected 4-leg inverters under both unbalanced output current sharing and filter inductances when the three-phase
load is balanced. (a) Without ZSCC suppression. (b) Method in [34]. (c) Method in [35]. (d) Proposed modified 3D SVPWM method.
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FIGURE 15. The spectra of both inverter output currents under both unbalanced output current sharing and filter inductances when the three-phase
load is balanced. (a) Without ZSCC suppression. (b) Method in [34]. (c) Method in [35]. (d) Proposed modified 3D SVPWM method.

1.11% and 2.43%, respectively, using the proposed modi-
fied 3DSVPWM technique. This indicates that a very low
3" harmonic component is included in both inverter output
currents. These findings confirm that the designed modified
3DSVPWM can efficiently suppress the ZSCC and its impact
on the parallel system is also suppressed even under unbal-
anced output current sharing.

Table 3 presents a qualitative comparison between the
proposed modified 3DSVPWM technique and the other three
techniques. The peak-to-peak values of ZSCC, the output
currents THDs, the 3™ harmonic component in the out-
put currents, and the output current quality demonstrate
the full dominance of the designed modified 3DSVPWM
technique.

C. SCENARIO 3: UNBALANCED FILTER INDUCTANCES
AND OUTPUT CURRENT SHARING

To further test the proposed ZSCC technique, both the filter
inductance and reference output currents are unequal, where,
Ls1 =10mH, Ly, =5 mH, ifgg01 = 70% of ifz40, and ifgg02 =

VOLUME 12, 2024

30% of ifg40. The results for this case are presented in Figs. 14
and 15. Based on Fig. 14a, a ZSCC is generated with a peak-
to-peak value of 18 A, and the inverter output currents are
both seriously distorted due to the presence of a large ZSCC
peak-to-peak value.

Figs. 14b, 14c, 15b, and 15c illustrate the results of using
both the identical ZSV injection-based SPWM and modified
SPWM techniques under unequal filter inductance and output
current references. Similar to scenarios 1 and 2, these two
techniques perform the poorest in terms of ZSCC suppression
performance and output current quality. Figs. 14b and 14c
show that the identical ZSV injection-based SPWM tech-
nique reduces the ZSCC peak-to-peak value from 18 A to
about8.8 A, while the modified SPWM technique reduces it
to 7.2 A. The identical ZSV injection-based SPWM technique
reduces the output current THD value from 8.98% to 4.08%
for if;1 and from 21.30% to 8.59% for if,, as depicted in
Fig. 15b, while the modified SPWM technique, as shown
in Fig. 15c, reduces it to 3.27% for i, and 7.33% for ifs,
as depicted in Fig. 15c.

101133



IEEE Access

A. A. M. Al-Dwa et al.: Real-Time Implementation of a New Modified 3DSVPWM Control Method

AN A AN e N e
' &z (R g/ R\ / Yaz, / \\
B N B/ \; p & B / B
NG / \\\// \\ o \,h// \J
/ 4 4 . sk /a4

Sms Sms ’ Sms 3 =/ Sms

(a) (b) (c) (d)
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load is unbalanced. (a) Without ZSCC suppression. (b) Method in [34]. (c) Method in [35]. (d) Proposed modified 3D SVPWM method.

TABLE 4. Comparison of the output current THD values of both inverters with their corresponding 34 harmonic components for the three ZSCC
techniques under unbalanced filter inductances, output current sharing, and three-phase linear loads.

Method Without ZSCC Method in [34] Method in [35] Proposed
suppression Method
Phase current ifa i ife Ifa in i i in i i in i
THD values of the inverter 1 currents (%) 7.2 9.5 10.95 3.22 3.92 435 3.05 3.81 4.21 1.45 1.95 2.3
THD values of the inverter 2 currents (%) 18.11 20.09 2219 7.04 7.21 859 697 6.74  10.15  3.65 387 413
3" harmonic in currents of inverter 1 (%) 6.7 8.8 10.5 2.76 3.45 3.8 2.55 3.22 3.55 0.42 0.59  0.66
3" harmonic in currents of inverter 2 (%) 17.2 19.1 21 5.81 7.13 8.21 5.11 6.4 7.8 0.98 1.12 1.27

F k. Ac, ? %, G, ?

] [ [

FIGURE 17. Topology of the unbalanced single-phase nonlinear loads
considered in this work.

.3

In contrast, the designed modified 3DSVPWM technique
produces a much lower peak-to-peak value for the ZSCC
(0.3 A), as well as sinusoidal, symmetrical, and balanced
output currents; moreover, the problems of distortion and
asymmetry in Fig. 14c are effectively mitigated, as shown
in Fig. 14c. The oscillations in both neutral currents are also
considerably reduced, and the THDs of the output currents
are minimized to 1.29% for if and 3.22% for ip, with a
reduced 3™ harmonic component using the designed modi-
fied 3DSVPWM technique, as shown in Fig. 15c.

D. SCENARIO 4: UNBALANCED FILTER INDUCTANCES,
OUTPUT CURRENT SHARING, AND THREE-PHASE

LINEAR LOADS

To evaluate the characteristics of the suggested modified
3DSVPWM technique under critical operating conditions,
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a scenario of unbalanced three-phase resistive loads (R, =
10 Q, R, = 15 @, and R, = 20 2) is considered. Fig. 16
shows the characteristics of the two parallel inverters with the
three ZSCC methods. Fig. 16a clearly shows that the peak-
to-peak value of the ZSCC is approximately 14A. Due to
the ZSCCs, the output currents of both inverters are asym-
metrical and distorted with high oscillations in the fourth leg
currents, as shown in Figs. 16a and 17a. At this time, the
ZSCC suppression characteristic and output current quality of
both the identical ZSV injection-based SPWM and modified
SPWM techniques are weak, as shown in Figs. 16b, 16¢, 17b,
and 17c. Compared with these techniques, the proposed
modified 3DSVPWM technique has better performance in
suppressing the ZSCC and improving the output current qual-
ity, as shown in Figs. 16d and 17d. The peak-to-peak value of
ZSCC decreases from 16A, 8A, and 6.8 A to approximately
0.4 A. In Fig. 16d, the asymmetry in both inverter output
currents is suppressed, and the output harmonic currents
and fourth leg current oscillations are perfectly mitigated.
The THDs of the output currents of both inverters with
their 3™ harmonic components in this case are listed in
Table 4. The results in Table 4 demonstrate that the proposed
modified 3DSVPWM technique-based parallel 4-leg inverter
system can provide good THDs values for the output currents
with a very small 3" harmonic component percentage when
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FIGURE 18. Results of the parallel connected 4-leg inverters under unbalanced single-phase nonlinear loads and unbalanced filter inductances.
(a) Without ZSCC suppression. (b) Method in [34]. (c) Method in [35]. (d) Proposed modified 3D SVPWM method.

TABLE 5. Comparison of the proposed modified 3DSVPWM technique with the existing PWM techniques.

Ref. [20,21] [22-28] [30] [31] [33] [34] [35] Prop.

Suitability Yes No Yes Yes No Yes Yes Yes
Very

Peak value of ZSCC Large  --—-- Large Large -—-- Large Large smaller
Output current quality Poor - Poor Poor - Poor Poor Better
Switching power losses High - High High - High High Lower
Controllability of ZSVs No - No No - No No Yes
DC voltage utilization Lower - Lower Lower - Lower Lower High
System efficiency Lower - Lower Lower - Lower Lower High
System reliability Lower  -—--- Lower Lower ---- Lower Lower High
I‘n verter's operational Lower - Lower Lower - Lower Lower Large
lifespan
Complexity Lower  -—--- Lower Lower --—--- Lower Lower Complex

the parallel inverter system is operating under unbalanced
3-phase loads, filter inductances, and output current sharing
conditions.

Based on the results of these tests, the proposed mod-
ified 3DSVPWM technique can effectively suppress the
ZSCC, fourth leg current oscillations, and output current
harmonics, especially the 3" harmonic component, with
good steady-state performance under both balanced and
unbalanced three-phase linear loads. These results verify the
viability of the theoretical analysis and the efficiency of
the designed modified 3DSVPWM technique for regulating
two parallel connected 4-leg PWM inverter-based SAPSSs in
terms of ZSCC suppression, sharing of output currents, and
elimination of 4-leg inverter output current harmonics, espe-
cially low-frequency harmonics under an unbalanced filter
and unequal output currents when the three-phase linear load
is balanced or unbalanced.

E. SCENARIO 5: UNBALANCED FILTER INDUCTANCES
AND SINGLE-PHASE NONLINEAR LOADS

Finally, to investigate the characteristic of the suggested
modified 3D SVPWM in terms of ZSCC mitigation under
unbalanced single-phase nonlinear loads, three single-phase
diode rectifiers, depicted in Fig. 17, are considered in this
section as three-phase unbalanced nonlinear loads [36], [37].
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The parameters of these loads are R, =80 Q2; C, = 1100 1 F,
R, =20 Q; Cp, =500 uF, and R, = 100 ; L. =30 mH. The
results obtained in this test using the three methods are shown
in Figs. 18a to 18d. In this evaluation, the output current THD
is not considered a comparison factor because nonlinear loads
generate naturally high current harmonics.

These results demonstrate that the updated modified 3D
SVPWM technique works more steadily under unbalanced
nonlinear single-phase loads than do the other techniques, and
the proposed technique remains capable of providing suitable
ZSCC peak-to-peak values and fourth leg current oscillations.

Table 5 presents the ZSCC, output current quality, switch-
ing power losses, controllability of ZSCs, DC-bus voltage
utilization, system efficiency and reliability, and parallel
4-leg inverters operational lifespan of the proposed modified
3DSVPWM technique and other existing PWM techniques
they are suitable for parallel connected 4-leg inverters system
control [20], [21], [30], [31], [34], [35]. Similar parameters
of system and control algorithms are used for comparison
including loads, switching frequency, DC-bus voltage, filter
inductors and capacitors, PLL, and PI controllers. The com-
parison results show the superiority of the proposed modified
3DSVPWM technique in terms of ZSCC and ZSC control
and suppressions, output current quality enhancement, lower
switching power losses, high DC-bus voltage utilization, high
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efficiency and reliability of the parallel system, and large
operational lifespan of the parallel system. These gains some-
how dampen the implementation complexity of the proposed
technique.

VI. CONCLUSION

In this paper, a new ZSCC suppression technique for parallel
connected four-leg inverter-based stand-alone power supplies
under different imbalance conditions is presented. The pro-
posed technique mainly eliminates the difference between the
zero-sequence duty voltages of the parallel inverter system by
using a newly modified 3DSVPWM in which the zero-vector
duty ratios are adjusted by an appropriate factor provided by
a ZSCC-PI command loop. This operational strategy has a
significant impact on the ZSCC. The resulting control system
is able not only to suppress the ZSCC but also to compensate
for the fourth leg currents and mitigate the 3'¢ harmonic
component of the output currents.

To evaluate the performance of the designed ZSCC sup-
pression technique, comprehensive real-time simulations in
which OPAL-RT5700 is used are performed under various
unbalanced conditions. Compared with existing ZSCC sup-
pression methods in parallel four-leg inverters, the proposed
modified 3DSVPWM technique has the lowest ZSCC peak-
to-peak value. This peak value does not exceed 0.6 A when
the filter inductance and sharing current are unbalanced under
balanced and unbalanced 3-phase linear loads. Additionally,
the proposed technique has lower output current harmon-
ics when compared to the other existing PWM techniques
because the 3" harmonic component is reduced to very small
values in all cases of linear 3-phase loading. This result
corroborates that the problems of distortion and asymmetry
caused by the ZSCC under unbalanced filter inductances and
unequal current sharing under both balanced and unbalanced
3-phase loads are efficiently mitigated using the suggested
technique. In addition, this approach does not require any
additional hardware, which makes it affordable. Further-
more, the HIL simulation results verify that the suggested
control can suitably suppress the ZSCC when these paral-
lel inverter-based standalone power supply systems supply
unbalanced nonlinear loads. In future work, a simplified and
generalized 3DSVPWM for multi-parallel 4-leg PWM invert-
ers will be designed.

NOMENCLATURE

SAPSS Stand-alone power-supply system

ZSCC Zero sequence circulating current

ZSC Zero sequence current

ZSV Zero sequence voltage

C3DSVPWM  Conventional three-dimensional space
vector pulse width modulation

SPWM Sinusoidal pulse width modulation

PCC Point of common coupling
LFHCS Low frequency harmonic components
HFHC:s High frequency harmonic components
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HEPWM  Harmonic elimination PWM method
CPSPWM  Carrier phase shift PWM method
PI Proportional-integral controller
PIQRC Proportional-integral quasi resonant con-
troller
3HIPWM  Third harmonic injection PWM method
dq0 The synchronous rotating reference frame
a0 Stationary reference frame
AVs Active vectors
ZVs Zero vectors
DC Direct current
AC Alternative current
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