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ABSTRACT This study introduces a new three-dimensional space vector modulation technique for a four-leg
quasi Z-source inverter (4L-qZSI) integrating a qZSN and a two-level four-leg inverter. The proposed
method encompasses three variants, namely 3DZSVM?2, 3DZSVM4, and 3DZSVMS, designed to enhance
steady-state operations and harmonic distortions for 4L.-qZSI. One of the main contributions of this research
is the establishment of a new modulation technique for the 4L.-qZSI. The proposed method amalgamates
the benefits of SVMs in both abc and afy coordinates. The design processes of the 3DZSVM algorithm
are carried out in the newly proposed po t coordinates, while the space vector diagram (SVD) of the 4L-
qZSl is utilized in the a8y location. The proposed algorithm is applied in a single sector, optimizing time
interval calculations and pulse creation without requiring trigonometric functions. Extensive simulation
studies were conducted to validate the performance of the introduced modulation scheme for the 4L.-qZSI.
The simulation results show excellent steady-state performance and benefit over the conventional space
vector modulation with zero sequences (CZPWM), including a power loss reduction of 50% and a 50%
decrease in the THD of the output voltage. In addition, applying this technique results in enhanced output
current quality, reduced power loss by 40%, and decreased inductive current ripple by 50% under unbalanced
load conditions. Furthermore, the proposed 3DZSVM control strategy for 4L.-qZS1 is experimentally verified
using the TMS320F28379D kit based on the Hardware-in-the-Loop (HIL) simulator. This demonstrates the
practicality and effective performance of the suggested control strategy under unbalanced load conditions.

INDEX TERMS Four-wire system, quasi Z-source inverter, harmonic spectrum, space vector modulation,
unbalanced load, power quality.

I. INTRODUCTION systems is getting more concerned, where it must comply
With the increased penetration of distributed solar and wind with several technical and performance standards [1], [2].
power, the output voltage quality in isolated power-supply According to IEEE Standard 1547-2014, the current har-
monic component, measured by the total harmonic distortion
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linear or nonlinear loads, with many single-phase loads.
Therefore, the absorbed inter-phase currents are of differ-
ent amplitudes, which causes the voltage to be unbalanced.
This unbalanced voltage generates inverse and zero current
components. However, the European standard EN 50160 rec-
ommends keeping the voltage unbalance factor (VUF) under
2% [3].

Nevertheless, unbalanced loading conditions occur in dis-
tributed energy generation systems in which the power is gen-
erated according to load demand. An unbalanced load absorbs
unbalanced currents, resulting in more than the neutral line
current in the three-phase systems. Moreover, it causes a high
harmonic distortion in the system voltage and current [4], [5].
Consequently, some converters are used to cope with the
neutral-line current, where the three commonly-used four-
wire VSI configurations are three-phase three-leg VSI (3L-
VSI) with capacitor midpoint, three-phase H-bridges VSI,
and three-phase four-leg VSI (4L-VSI).

The initial configuration employs a 3L-VSI in conjunction
with split dc-link capacitors [6], where the neutral line, also
known as the fourth wire, is linked via the midpoint of these
two capacitors. While this structure has its benefits, such as
simplicity and minimal switch usage, it faces the drawback of
low dc-link voltage utilization. This is caused by an uncon-
trolled 2w voltage ripple on the dc-link, necessitating larger
capacitors to prevent current ripples [7]. The three-phase H-
bridge setup includes three full-bridge inverters connected
to the three-phase four-wire system through single-phase
isolation transformers. Contrary to the 3L-VSI using split
capacitors, this setup utilizes a lower dc bus voltage since the
maximum voltage is seen across each H-bridge in the single-
phase voltage instead of the three-phase voltage. However,
the primary downsides of this three-phase H-bridge config-
uration are the augmented number of switch devices and the
necessity of using transformers [8]. For inverters functioning
in three-phase-four-wire systems, the third topology, the 4L-
VSI, is considered the most advantageous option [9], [10].
It employs another fourth leg to manage the zero component
current/voltage through the neutral wire. This setup boasts a
multitude of benefits, including i) enhanced dc-link voltage
utilization in comparison to the 3L-VSI configuration (15%
higher), ii) diminished voltage ripple in the dc-link, iii) less
necessity for a large dc-link capacitor, and iv) compactness in
terms of size and volume [11], [12].

An extra leg in the 4L-VSI expands the switching states
from 8 (23) to 16 (24). This enhancement leads to greater
control flexibility and improves the quality of output voltage
and current compared to the 3L-VSI.

Therefore, due to these advantages, 4L-VSIs are com-
monly utilized in different stand-alone and grid-connected
scenarios, mainly distributed generation [5]. The 4L-VSI
is typically linked with an inductive filter in grid-tied sys-
tems, facilitating controlled current injection into the grid.
Additionally, the 4L-VSI has seen wide-ranging applica-
tions in various grid-connected scenarios, such as shunt
active power filters [13] and distributed static compensators

94126

C:

AR 4L-VSI LCFilter | Thrre-phase
andlor single
ﬂé;m phase load
TJ JE& j@ J<}
1Sap[ Sew[ S Sup L Ry Li R
5 G M
Vin . == Ve ta p e O — .
: ic n C ACICIE
J J
¥ 5o Sﬁ‘ s@ Son —I in 1T

FIGURE 1. 4L-qZSI with an output LC filter.

(DSTATCOM) [14]. For stand-alone applications like an
uninterruptible power supply [15] and electric motor
drives [16], the 4L-VSI, equipped with an LC filter, maintains
regulated operation.

Renewable energy sources (RESs) typically require
two-stage power conversion to be integrated into the dis-
tributed power system. Therefore, a dc/dc converter is com-
monly used between the RES and the 4L-VSI to boost the
input dc voltage [5]. However, such a dual-stage conversion
increases the complexity of the control block, system cost,
and size and decreases the system’s efficiency [17]. Never-
theless, the single-stage inverter topology has several advan-
tages over the dual-stage one, including fewer active switch-
ing devices, better efficiency, and higher reliability [18].
The quasi-Z-source inverter (qZSI) is one of the successful
single-stage topology candidates for photovoltaic (PV) sys-
tems that have gained a lot of attention [19], [20]. Equipped
with a straightforward impedance (L, C) network, qZSI can
provide both buck/boost and dc/ac conversion operations in
a single stage [21]. Although the three-phase, three-leg qZSI
has found utility in numerous independent applications [22],
it has several constraints. One of its primary drawbacks,
which is also a driving reason for its design, is its capacity
to cater only to balanced three-phase loads. On the other
hand, the 4L-qZSI provides several benefits, including a fault-
tolerant feature, increased reliability owing to the absence of
a required dead time, and a diminished trip current resulting
from the short circuit in each leg [23], [24]. Figure 1 illus-
trates a typical example of how the 4L-qZSI is applied in a
stand-alone power system.

The literature review shows a few control schemes that
have been investigated for the 4L.-qZSI. These control strate-
gies utilize nonlinear controllers, such as finite control
set-model predictive control (FCS-MPC) [24], [25], [26].

The FCS-MPC has the following merits: simple concept,
handling nonlinearity and constraints, controlling multiple
variables in the same control law, and faster response dur-
ing transients [27], [28], [29]. However, the effectiveness of
FCS-MPC relies heavily on the system model’s precision.
Given the lack of a modulation stage, FCS-MPC functions
at variable switching frequencies with a broad spectrum.
However, this impacts the load harmonic spectrum, marking
the biggest drawback of these methods [30], [31].
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Numerous Pulse Width Modulation (PWM) strategies for
the 4L-VSI have been put forth in the literature. For instance,
Carrier-based PWM (CPWM) [31] requires the creation of an
unbalanced voltage by introducing an offset voltage (V) into
the three-phase voltage reference, which is then used as the
voltage reference for the fourth leg [32].

As a result, numerous improvements in discontinuous
Pulse Width Modulation (DPWM) techniques have been sug-
gested to reduce power loss in power devices by reducing the
commutation frequency [33]. For example, a selective har-
monics elimination (SHE) control approach for a three-phase
4L-VSI has been documented in [34]. This strategy helps
to eradicate certain lower-order harmonics in a switching
waveform, thereby enhancing the total harmonic distortion
of the output wave.

On the other hand, space vector modulation (SVM) has
proven to be an efficient PWM because it provides sig-
nificant flexibility for optimizing the switching waveforms
and is well-adapted for implementation [35], [36]. Three-
dimensional space vector modulation (3DSVM) [37] strate-
gies are commonly used for 4L-VSI. When comparing them
to carrier-based PWM, the 3DSVM provides many improve-
ments, such as high dc-link exploitation and low output
distortion [38]. On the other hand, it has some inherent limi-
tations due to the necessity of complex modeling and longer
computational time [32].

To minimize the complexity and computation time,
a streamlined 3DSVM for the four-leg multilevel inverter was
previously proposed, which employs a single prism in the
voltage space vector to determine all the switching sequences
for the 3ADSVM approach. However, as far as the authors
know, no research has been conducted on the 3DZSVM for
the 4L-qZSI up to this point. Consequently, this paper pro-
poses an optimized 3DZSVM for the 4L.-qZSI.

The optimized 3DSVM for the four-leg multilevel inverter
was suggested to decrease complexity and computation
time [39], [40]. This was accomplished by utilizing just one
prism, representing a defined region or sector within the
diagram where the proposed 3DZSVM strategy is applied,
in the voltage space vector to compute all the switching
sequences for the 3DSVM strategy. However, to the authors’
knowledge, there has been no application of the 3DZSVM for
the 4L-qZSI so far. Hence, this paper aims to introduce a new
3DZSVM for the 4L-qZSI.

The proposed 3DZSVM technique can simultaneously
provide control objectives, i) output voltage reference track-
ing, ii) boosting the dc voltage at the desired value, and
iii) compensating the zero-sequence output current. Further-
more, the proposed 3DZSVM algorithm is implemented only
in one sector of the space vector diagram based on the idea
proposed in [41] for the multilevel four-leg diode clamped
converter (4L-DCC).

According to the chosen number of inserted shoot-through
(8T),the proposed 3DZSVM is divided into three categories:
3DZSVM with eight ST (3DZSVMS), 3DZSVM with four ST
(3DZSVM4), and 3DZSVM with two ST (3DZSVM2). These
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categories have been intensely discussed and investigated to
reduce the inductor current ripple in the 4L-qZSI. To recap,
the main contribution of this paper lies in proposing a new
3DZSVM algorithm for the three-phase 4L.-qZSI, including
a comprehensive investigation of its categories 3DZSVMx
(x=2,4, and 8).

The remaining structure of this paper is as follows:
Section II elaborates on the topology and operational prin-
ciples of the 4L-qZSI. The basic premise of the 3DZSVM
strategy is discussed in Section III. Section IV presents the
proposed 3DZSVM for 4L-qZSI. Section V verifies and
validates the efficacy of the proposed 3DZSVM through
simulation results obtained from MATLAB/PLECS mod-
els, utilizing a 0.6-kVA 4L-qZSI, and evaluates the power
losses compared to the CZPWM strategy. In Section VI, the
advantages of the proposed 3DZSVM method are validated
through the application of the Hardware-in-the-Loop (HIL)
simulation. Lastly, the conclusions drawn from this paper are
presented in Section VIL

II. FOUR LEG-QUASI Z-SOURCE INVERTER

A. CONVENTIONAL TOPOLOGY DESCRIPTION

Figure 1 depicts the 4L.-qZSI topology with an LC output
filter. There are two stages for investigating this topology: 1)
the gZS network and ii) the 4L-VSI with LC output filter and
ac load. The gZS network (qZSN) comprises LC impedance
components in the first stage of this topology, which can
increase the dc voltage in response to the shoot-through zero
states (ST) of the inverter switching cycle. The 4L-VSI will
be used in the second stage of this topology, where the load
neutral point is wired to the mid-point of the fourth leg to
enable the flow of the zero sequence current/voltage, as seen
in Figure 1. On the one hand, compared to the 3L-VSI,
the integration of an additional leg (that is, the neutral leg)
complicates the switching scheme. Nevertheless, adding a
phase leg to the inverter increases its efficiency and perfor-
mance. On the other hand, the 4L-VSI can be operated under
balanced or unbalanced three-phase loads, as well as the capa-
bility to feed both three-phase and single-phase loads [12].

B. PRINCIPLE OF 4L-qZSI

The qZSN, depicted in Figure 1, comprises two inductors (L
and L), two capacitors (C; and C3), and a single reverse
diode. These components are interconnected between the
direct current (dc) input source (Vj,), and the inverter is
utilized [26], [42]. The qZSI can either decrease (buck) or
increase (boost) the dc source voltage, eliminating the need
for an extra dc-dc converter. This is accomplished by activat-
ing one to four legs concurrently, a process known as the ST
state, something that traditional VSIs cannot perform. With
the LC filter at the ac end, the qZSI has the flexibility to oper-
ate in two modes: as a standalone system supplying single
or three-phase ac loads, or in a grid-tied mode. The qZSI’s
equivalent circuit, displayed in Figure 2, can be separated
into two operational stages. The first of these is the ST state,
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FIGURE 2. The 4L-qZSI's operational modes: (a) the ST state and (b) the
active states.
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during which both the upper and lower switches of the same
phase-leg are turned ON at the same time.

In the given scenario, the dc input power, in conjunction
with capacitors C| and C,, concurrently transfers energy to
inductors L; and Lj. First, the diode D is inhibited from
conducting due to the negative voltage, as illustrated in
Figure 2(a). The next mode is the active state (ACT), depicted
in Figure 2(b), during which diode D is activated. In this state,
the dc input power, assisted by the inductors, imparts energy
to the ac loads while simultaneously charging the capacitors.

From the reference [43], during a steady state, the average
voltages across capacitors V¢ and Vo can be calculated,
respectively.

1 — Dgr Dsr
Ver= —Vi, Veoo=—"—V; 1
Cl1 1= 2Dsr in Cc2 1 — 2Dsr in (D
The maximum voltage across the dc-link is defined as
1
Vpoe = V. Veo = —— Vi, =B.Y; 2
DC c1+ Ve 1 —2Dsr in in (2)

where B is defined as the boost factor.

The Dgr, which represents the ST duty ratio, is calculated
by dividing T’s7, the total ST duration by T’s, and the switching
period.

Ill. CONVENTIONAL 3DSVM FOR THE 4L-VSI

Generally, SVM strategies produce an average voltage vec-
tor identical to the reference voltage vector. Richard Zhang
created the theory of 3DSVM, and it was first presented
in [37]. Under an unbalanced load, the 3DSVM strategy has
been considered one of the best switching schemes for a
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FIGURE 3. Switching vectors of 3DSVM.

three-phase 4L.-VSI [44]. The main objective of the 3DSVM
algorithm is to produce the reference voltage vector by using
the time average of four adjacent switching vectors in oy
space. The switching voltage vector is defined during every
switching period and state in the 4L-VSI. Figure 3 shows the
three-dimensional representation of the switching vectors of
the 4L-VSIin af3y space. The matrix transformation between
the abc and affy coordinates is given by Clarke transforma-
tion as:

Ve ST =12 =12 ][V,
il= o v vzl o
v, V2 12 V2 [ Ve

The switching vectors with 14 positions in three-dimensional
space are viewed as a graphic domain of six prisms, as shown
in Figure 3. Two zero switching vectors (1111, 0000) are
placed in the middle layer of the «By space. According to
the various voltage levels of V,,, the other 14 active switching
vectors are placed at seven different layers. Meanwhile, V,,
presents the zero-sequence component and depends on the
neutral current value [37]. Two categories of switching strate-
gies were evaluated and analyzed in [37]. It was determined
that the Class II center-aligned strategy achieves an optimal
balance between switching loss and harmonic output value,
thus making it a popular choice for real-time applications.
Usually, the components of Vs = [Vy, V3, Vy]T can
be balanced or unbalanced and sinusoidal or non-sinusoidal.
When the components of V,, are sinusoidal and balanced, the
trajectory of Vs is a circle in o8 plane (V,, = 0) and is similar
to the conventional SVM circle. Moreover, in the unbalanced
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FIGURE 4. Vertical projection on «f plan (x can be 0 or 1) in case of an
unbalanced load.

load, the trajectory of the V. is an ellipse inclined, as illus-
trated in Figure 4.

IV. PROPOSED OPTIMIZED 3DZSVM for 4L-qZSI
Generally, the SVM algorithms for either the 3L-VSI or 4L-
VSI have three main steps to build the reference voltage
vector as follows, i) reference vector location, ii) switching
times calculation, and iii) switching sequence definition. The
first and second steps of the SVM algorithm are the same
as for the ZSVM for the qZSI. The difference between the
two algorithms (SVM and ZSVM) lies in the third step, i.e.,
how to define the switching sequence. Therefore, this section
focuses on the third step and how to insert the ST state in the
switching sequence [45].

To simplify and expedite the computation process of the
proposed 3DZSVM for the 4L.-qZSI, the optimized 3DSVM
algorithm, as referenced in [41], is utilized.

The core idea of the 3DSVM for the multilevel four-leg
diode clamped converter is to simplify the 3DSVM method
by employing just one sector of the space vector diagram.
This means that the phases mentioned above of the 3DSVM
are only done in one sector, significantly reducing computa-
tional time. The three steps of the proposed 3DZSVM for the
41.-qZSI are briefly described in the subsections below.

A. REFERENCE VOLTAGE VECTOR LOCATION

Before identifying the reference voltage vector must be
reconstructed to rotate only in the first sector S of the space
vector diagram (SVD) [41]. The reconstructed reference volt-
age vector (RRVV) is denoted by U*(U};, Uy, UY), whereas
the original reference voltage vector (ORVV) is v¥(v7:, vy, v¥).
The components of the RRVV are deduced based on the
sector number that contains the ORVV and its components
Vi, vy, Vi), as given in Table 1.

For the m-level of the 4L-DCC, all tetrahedrons situated in
S1 of the SVD can be categorized into six types. These form
two adjoining prisms (PR! and PR?), as depicted in Figure 5.
These neighboring prisms create a 3D parallelepiped with
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TABLE 1. Choosing the components of the RRVV.

S1 S2 S3 S4 S5 S6
U*, v¥, v¥, v¥, ¥, v¥, v¥,
U*, v¥, v, v¥ v v, v¥
U*. V¥, V¥, V¥, V¥, v¥ v

(a) (b)
FIGURE 5. (a) Three-dimensional parallelepiped, (b) the six categories of
tetrahedrons [41].

FIGURE 6. Tetrahedron type identification process (Particular case for
4L-VsI).

eight switching vectors (SWVs) vy, vo, ..., vg. Here, TeT;
represents the i tetrahedron situated within the j”* prism,
PR)).

In the case of two-level 4L-VSI (m = 2), the PR? in
Figure 5(a) does not exist, and therefore, only three types of
tetrahedrons remain to be identified (7,7, TeTzl’ and T,T;
(see Figure 5(b)). Therefore, new axes called p-o-t (see
Figure 5(a)) are used to identify the type of tetrahedron,
select the appropriate SW'Vs, and calculate the corresponding
switching times for m-level 4L-DCC by putting m = 2 for
two-level 4L-VSI, it yields:

u: 1 -1 o[ur

m—1 a
Ur | = o 1 -1l @
ve| Ve lo o 1 ||ur

The fractional parts of the components of the RRVV U* in
(4) are denoted by p, ¢, and r. Based on these values, the
tetrahedron type for two-level 4L-VSI is easily identified,
as illustrated in Figure 6.
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TABLE 2. Duration periods of the neighboring switching vectors.

Tetrahedron types
TeT'; TeT'; TeT's

Adjacent Vi V2 V3 Vs V6 V2 V3 Vs V6 V7 V3 Vs
vectors
Time t1=Ty(1-p-q-r) te=Typ +q+r-1) te=Tp
intervals L=Tp 6L=Ty(1-q-r) t,=Ty(q+r-1)

t:=T,q t;=Tr t;=T(1-r)

ts=Tr t5=T(1-9-¢) t5=T(1-p-q)

TABLE 3. Interchanging of switching states in all sectors.

Sector 6
a, c b n

Sector 5

¢, a bn

Sector 4
¢, ban

Sector 3
b, c an

Sector 2
b,a cn

Sector 1

a b cn

B. COMPUTATION OF SWITCHING DURATIONS

During each switching period, T, the adjacent SWVs of the
RRVYV are selected to be applied at precalculated times. Then,
the duration intervals for the different types of tetrahedrons

are computed using straightforward formulas, as presented in
Table 2.

C. SWITCHING SEQUENCE DEFINITION

In the switching process of a 4L.-qZSI, when facilitated by
the 3DZSVM, there are 14 active voltage vectors, a duo
of standard zero vectors, and an extra ST vector. For each
tetrahedron, the reference voltage vector for the 4L.-qZSI is
defined as

To Tst

T + Vsr Ts )
duration (7s7) should be added to the switching time (7, T2,
T3, and Tp) of the traditional 3DSVM by switching between
the ST and active states. In this way, the capacitors and
inductors are charged and discharged.

A technique is employed to minimize extra switching
operations and the accompanying energy losses to enhance
the dc-link voltage of the 4L-qZSI and achieve the intended
ac output voltage. The ST intervals are incorporated prior
to or after each active time’s initiation or conclusion (77,
T», T3). The total desired duration of the ST intervals is
evenly distributed across various segments within a switching
period. This distribution is implemented by activating every
two switches in a single phase leg at a time. Consequently,
the ST state can be introduced by adjusting the modulation
where Vgr is the ST voltage vector. Figure 4 illustrates the
respective voltage space vectors of the 4L.-qZSI within the
off coordinate framework.

For the implementation of the 3DZSVM of 4L.-qZSI, the
conventional 3DSVM technique should be modified. A new
reference while maintaining a constant output voltage refer-
ence vector V.

Alternatively, the single-leg ST state can be employed by
introducing ST states in one leg during the zero-state in the
proposed 3DZSVM of the 4L.-qZSI. The number and place-
ment of ST periods in a switching period are modified in

V=i o2y By,
ref = ITS 2TS 3TS 0
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a switching period to generate different schemes. 3DZSVM
schemes are possible by introducing 8, 4, and 2 for ST periods
within a switching period, namely 3DZSVMS, 3DZSVM4,
and 3DZSVM2, respectively. Figure 7a-c shows their various
switching patterns.

Figure 7(a) illustrates the switching sequence for the
3DZSVMS throughout the switching period. The operating
periods of the eight switches are modified such that the total
time interval of ST states is divided into eight equal portions
for every control period. In addition, each ST duration is
incorporated into the transition time between zero and active
states. Consequently, each of the four legs naturally meets the
(Tsn/8) ST time interval eight times within a single switching
period without requiring additional switching activities.

As depicted in Figure 7(b), the ST time interval for the
3DZSVM4 is likewise partitioned into four sections within
a single control cycle. Similarly, the 3DZSVM2 splits the
total ST time interval into two portions in one control
period, involving modifications in the switching times of
four switches (see Figure 7(c)). Consequently, the reference
voltage is generated using four nearby switching vectors.
Again, the primary goal is to reduce harmonic content in the
output voltage/current via a strategically arranged switching
transition. Table 3 provides a summary of the implemented
exchanges between phases a, b, ¢, and n across all sectors,
further illustrating the specific arrangements and interactions
involved in the modulation techniques [41].

Lastly, Figure 8 provides a detailed flowchart of the pro-
posed optimized 3DZSVM method for the 4L-qZSI. The
flowchart demonstrates the step-by-step procedure of the
modulation technique, including the calculation of time inter-
vals, determination of switching sequences, and control of the
inverter operation. This comprehensive visualization helps to
illustrate the intricacies and sequence of operations involved
in implementing the 3DZSVM method, providing a clear
understanding of its application in the 4L-qZSI system.

V. SIMULATION RESULTS

The simulation utilizes the parameters specified in Table 4.
Three scenarios were assessed to showcase the performance
of 3DZSVM for 4L-qZSI in both steady-state and transient
conditions.

o Case (CI): Balanced peak reference voltages (V,, =
Vob = Voe = 88 V) and balanced loads (R, = R, =
R, =209,L, =L, = L. = 10 mH)).

o Case (C2): Balanced peak reference voltages (V,, =
Vob = Voc = 88 V) and unbalanced loads (R, = 30 €,
R, =10 Q, R, =60 @, L, =0 mH, L, =5 mH,
L. =10 mH).

e Case (C3): Unbalanced peak reference voltages
(Vou =88V, V,, =44V, V,. = 22 V) and balanced
loads (R, =Ry, =R, =202, L, =Ly =L, =10mH)).

The input voltage is established at V;, = 130 V for all sce-
narios, with the ST duty ratio fixed at 0.2. Consequently, the
theoretical peak voltage of the V¢ is expected to reach 216V.
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FIGURE 7. Switching pattern for 4L-qZSI for different modulation schemes (a) 3DZSVMS, (b) 3DZSVM4, and (c)
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FIGURE 9. Simulation results of case C1.
Finally, a simulation of an RL load is performed, with the load
connected to the inverter through an LC filter, as illustrated in Figures 9-11 display the simulation outcomes for the
Figure 1. 4L.-qZSI using the proposed 3DZSVM4 technique, which
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FIGURE 10. Simulation results of case C2.

TABLE 4. General parameters of the 4L-qZSI system.

Circuit parameters Value
qZS network C1.2, L1.2 2,5 mF, ImH
Internal resistance 7, R 0.38Q,0.1 Q
Filter inductance Ly, 7 3mH, 0.1 Q
Filter capacitor Cr 50 uF
Switching frequency f; 10 kHz
Input dc voltage Vin 130V
Line frequency f' 50 Hz

includes the dc-link voltage, the inductor current, the output
current, the output voltage, and the neutral current.

The proposed modulation approach is validated through
simulations conducted on a 4L-qZSI using Matlab/Simulink.

Every simulation outcome demonstrates that the output
voltage (Vga, Vi, V) aligns considerably with their references
v Vb , VF). The peak Vpc voltage is also elevated to 216 V
from an initial Vj, (fixed to 130 V), accompanied by a mod-
ulation index M of 0.7. The Vp¢ remains constant under all
the tests mentioned above.

In case C1, a balanced three-phase load is supplied by the
4L.-qZSI. The reference peak voltage is set to 88 V, and as
can be seen in Figure 9, the peak ac voltage is at its reference,
i.e., at 88 V. In the case of balanced references and load,
the neutral current, the sum of the three-phase load currents,
is zero.

Also, the Vpc has a pulsating shape, where its peak
equals 215 V during the active vectors and zero during the
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FIGURE 11. Simulation results of the steady-state analysis with
unbalanced reference voltages and balanced loads.

shoot-through vectors. As a result, the average inductor L
current equals approximately 4.5 A, with a peak-peak ripple
(Airy) value of 1 A. On the other hand, the neutral current
flows through the fourth leg of the inverter in case C2, which
corresponds to unbalanced loads (see Figure 10). The output
voltage tracks the output reference while the output current
reaches the unbalance loads.

In contrast, under case C2, the neutral current navigates
through the inverter’s fourth leg for unbalanced loads (refer
to Figure 10). The output voltage adheres to the output refer-
ence, while the output current mirrors the unbalanced loads.

In case C3, we intentionally created an unbalanced refer-
ence voltage by decreasing the amplitude of V,,s for phases
(b) and (c) to 50% and 25%, respectively, as shown in
Figure 11. The results obtained from Figure 11 demonstrate
that the system successfully aligns the unbalanced output
voltages with their respective reference values. This indicates
that the system can regulate its output voltages accurately,
even when faced with varying degrees of reference voltage
across different phases. It highlights the system’s ability to
maintain output consistency and accuracy efficiently, even
under unbalanced voltage references. It is worth noting that
in all three cases, the peak value of Vp¢ remains the same at
215V, as they have the same V;, and ST value of 0.2.

A. INDUCTOR CURRENT RIPPLE ANALYSIS
Figure 12 presents the inductor current of the 4L-qZSI over
two fundamental cycles (equivalent to 40 ms) using the
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FIGURE 12. The simulation outcomes illustrate the i;; behavior of the
4L-qZSI strategy throughout a single cycle in scenario C2.

3DZSVM?2, 3DZSVM4, and 3DZSVMS strategies, in com-
parison with the traditional CZPWM technique [23], when
applied under conditions of unbalanced loads (case C2). The
instantaneous inductor current ripples for the 4L.-qZSI uti-
lizing all strategies display a periodic fluctuation within one
fundamental cycle. For example, for one cycle, the maxi-
mum instantaneous current ripples Air with the 3DZSVM2,
3DZSVM4, 3DZSVMS8, and CZPWM methods are 5 A,
2.5A,5.2 A, and 3.5 A, respectively. Notably, the maximum
instantaneous current ripple Aizj in the 3DZSVM4 strategy
sees a reduction of 49% in comparison to the 3DZSVM2 and
3DZSVMS strategies.

These findings highlight the efficiency of the 3DZSVM4
strategy in mitigating ripple inductor current. Furthermore,
it suggests that the 3DZSVM4 strategy is the most effective
in controlling the magnitude of current ripples, leading to a
smoother and more predictable system performance, espe-
cially under unbalanced loads. This is of particular impor-
tance in applications where stability and reliability of the
output are crucial.

B. POWER LOSS EVALUATION

Furthermore, to assess the influence of the proposed
3DZSVM techniques on the efficiency of the inverter, the
switching and conduction losses of the IGBTs and antipar-
allel diode were measured using the PLECS toolbox. The
IGBT and antiparallel diode D models are FSSOR0O6W1E3
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FIGURE 13. (a) Measured switching and conduction power losses
distribution in the 0.6 kVA 4L-qZSI different IGBTs and input D under case
C2 by PLECS for CZPWM and proposed 3DZSVM strategies, (b) Total power
loss of the 4L-qZSI in different switching frequencies.

30kHz

and VS30EPHOGPDF, respectively. The analysis was based on
our study’s findings and the reference papers by [46] and [47].
Figure 13(a) depicts the breakdown of these losses specifi-
cally for scenario C2. The conventional CZPWM [23] tech-
nique and the proposed 3DZSVM strategies were evaluated
to compare their impact on loss distribution. The total power
loss (Ppptq1) in each modulation technique, as described by

Protal =Psw 16T +Pc—16BT +Protai—p+PTotal—inp  (6)

where the Psw_—iGr,Pc—1GBT> PTotai-p, and Prya—inp are
the switching power loss and the conduction power loss in
the IGBT, the total loss in the antiparallel diode D, and the
total loss in the input diode, respectively.

The examination of various switching frequencies provides
detailed insights into the total power losses of the 4L-qZSI
when utilizing the proposed 3DZSVM modulation strategies,
as depicted in Figure 13(b).

The results indicate that the proposed modulation strate-
gies increased switching loss when using more ST divisions.
Figure 13(a) clearly illustrates how the power loss increases
with more ST divisions. The 3DZSVM?2 approach exhibits a
smaller total power loss than the other 3DZSVM methods.
This can be attributed to reduced commutations while main-
taining the same average switching frequency. Conversely,
the CZPWM technique demonstrates the highest power loss
across all switching frequencies, suggesting its less efficient
performance in terms of power utilization. These findings
shed light on the comparative performance of the different
modulation strategies, enabling a more comprehensive under-
standing of their impact on power losses in the 4L-qZSI
system.
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FIGURE 14. THD spectrum at different switching frequencies for
(a) output currents and (b) output load voltage.

TABLE 5. THD of the load voltage with the proposed 3DZSVM methods
under case C2.

3DZSVM2 3DZSVM4 3DZSVMS8
a b c a b c a b c
Cl 0.79 0.72 0.7 0.63 068 069 15 14 13
C2 081 1.9 14 075 085 0.7 09 17 16
C3 1.33 3.1 3.1 134 326 3.1 4.7 7 4.5

Case

C. OUTPUT CURRENT AND VOLTAGE QUALITY

Figure 14 shows the THD spectrum for both the three-phase
output currents and voltages in case C2. The THD values for
the three-phase output currents are 0.75%, 0.21%, and 0.75%
for phases a, b, and ¢, respectively. In addition, the THD value
of the voltage is documented in Table 5, indicating compli-
ance with the IEEE 519 standard. These results highlight the
system’s effectiveness in minimizing harmonic distortion and
ensuring the output currents and voltages meet the required
standards for quality and performance.

VI. HIL VALIDATION RESULTS

The proposed system was tested and confirmed using a
Hardware-in-the-Loop (HIL) emulator constructed with the
C2000TM- microcontroller- LaunchPadXL TMS320F28379D
kit. The HIL emulator operates by simulating a specific
system component, in this case, the power component, within
the computer as a MATLAB model [48], [49].

The MATLAB software simulates and hosts the planned
system power units, such as power converters and filters.
In contrast, the microcontroller kit implements the control
algorithms, specifically the proposed 3DZSVM. Commu-
nication between the PC and the kit is facilitated through

94134

Optimal Switching States

i Control variable/Inputs Features

Host PC (TMS320 F28379D)

Target LAUNCHXL F28379D

1. Mini USB Port

2.40 Pin Bosster Pack

3. Boost configuration switches
4. Serial Communication

5. Rest Bottom

6. Digital signal processor (DPS)
CCS: Code Composer Studio

Mini-USB Cable :
1- Build, Download,
2- Kit Power Supply
3-Serial Communication.

FIGURE 15. Schematic of the HIL simulator for the proposed system.

300 | 300
200
2w
2. 100
5 0
0.15 0.2
6 :
= b1 0.15 0.2
_ 10 —Ia—Ib—Ic
SNV Vi Vin Vi Vi
015
100’_ Va—Vb
z f\f yﬁ \P\f \
N 100
10'
z 0/\/\/\/\/\
T
0.1 0.15 0.2
Time [s]

FIGURE 16. Validation results under case C2 c.

virtual serial COM ports [50], [30], allowing MATLAB to
provide measured signals from the power circuit to the kit.
These signals include the DC bus voltage, inductive current,
capacitor voltage, load voltages, and load currents. The kit
then processes the control algorithms to generate the 4L-qZSI
switching signals. Figure. 15 provides a schematic represen-
tation of the HIL implementation of the proposed 3DZSVM.

Figure 16b-e provides a detailed representation of the
HIL validation results for the proposed 3DZSVM4 with
41.-qZSI under a specific set of conditions, referred to as
case C2. In this particular case, the 4L.-qZSI is operating
under an unbalanced load. The figures illustrate the system’s
response and performance characteristics when subjected to
these unbalanced load conditions, offering a comprehensive
view of its operational capabilities and robustness under such
circumstances.

In the case C2, 4L.-qZSI is responsible for supplying an
unbalanced three-phase load. The reference peak voltage is
established at 88 V, and as demonstrated in Figure 9, the
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peak ac voltage aligns with its reference, maintaining at 88 V.
The output voltage successfully follows the output reference,
while the output current is directed towards the unbalanced
loads. The Vpc exhibits a pulsating pattern, reaching a peak
of 215 V during the active vectors and dropping to zero during
the shoot-through vectors. Consequently, the average current
for inductor L; is approximately 4.5 A, with a peak-peak
ripple (Aip1) value of 2 A. The neutral current is chan-
neled through the inverter’s fourth leg for unbalanced loads,
as depicted in Figure 10.

Finally, the experimental validation of the proposed
3DZSVM control strategy for the 4L-qZSI, using the
TMS320F28379D kit, has been successfully carried out. The
HIL simulator was instrumental in this process, demonstrat-
ing our proposed control strategy’s practical applicability
and robust performance under unbalanced load conditions.
The negligible discrepancies between the simulation and
HIL results further underscore the success of the proposed
3DZSVM for 4L-qZSI in terms of practical implementation.

VIi. CONCLUSION

A new three-dimensional space vector modulation technique
for a 4L-qZSI, which combines a qZSN and a two-level four-
leg inverter, has been developed in this study. The proposed
method includes three variants aiming to achieve superior
steady-state operations and harmonic performance for 4L-
qZSI, called 3DZSVM2, 3DZSVM4, and 3DZSVMS. The
main achievement of this investigation is to propose a new
modulation technique applied to the 4L-qZSI with enhanced
output current quality, reduced power loss, and reduced
inductive current ripple under unbalancing load. The pro-
posed method combines the benefits of SVMs that are applied
in both abc and @By coordinates. The proposed approach
utilizes the SVD of 4L-qZSI in the coordinates, whereas the
3DZSVM algorithm’s designing processes are carried out in
the newly proposed po t coordinates. While performing the
localization process of the RRVYV, calculating the duration
time intervals of neighboring switching vectors, and design-
ing switching sequences in the pot coordinates, it utilizes
the SVD of the 4L-qZSI in the afBy location. In practice,
there is only one sector where the proposed algorithm is used.
Moreover, without using trigonometric functions, the time
interval calculation can be done while integrating the ST state
and the creation of pulses.

To validate the performance of the introduced modulation
scheme for the 4L.-qZSI, extensive simulation studies were
conducted. The results of these studies not only demonstrate
the exceptional steady-state performance of the proposed
technique and reveal its advantages over CZPWM. The pro-
posed scheme exhibits lower power loss and reduced induc-
tive current ripple, enhancing its effectiveness.

Since all the calculations are based on the first sector,
which reduces the computational capacity, the proposed
3DZSVM control strategy for 4L.-qZSI has been experimen-
tally validated using the TMS320F28379D kit. The validation
was conducted within the framework of a HIL simulator. The

VOLUME 11, 2023

results from this experimental validation underscore the prac-
tical applicability and robust performance of our proposed
control strategy, particularly under conditions of unbalanced
load.

The proposed 3DZSVM for 4L-qZSI is suitable for the
fuel-cell or PV applications in stand-alone mode, with the
ability to provide a high control for unbalanced systems,
and can also be applied to other improved Z-source net-
works. Moreover, the proposed 3DZSVM can be applied
for grid-connected power to improve the utility grid’s power
quality.
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