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ABSTRACT One of the disadvantages of the charging systems and voltage regulation systems in alternative
energy systems is that when the direct current (DC)/alternative current (AC) or AC/DC conversion is made
from the energy source, the energy flow at 2ω frequency between the direct current side and the alternative
current side causes ripples in the DC, inductors, and capacitors. The ripples that occur in 2ω frequency
increase the harmonic distortion and reduce the efficiency in the photovoltaic energy system. For addressing
this problem, different control methods are evaluated in this paper for the elimination of ripples that occur at
2ω frequency, both on the perspective of DC control side and AC control side with a thorough comparative
analysis with existing results in the literature. In the present study, the model of Single-Phase Quasi-Z
Source (QZS) inverter and closed-loop control methods of the inverter are examined and compared with
pulse width modulation (PWM) methods. In addition, the control methods are used to eliminate the ripples
at 2ω frequency in the use of inverters, and the advantages and disadvantages of these methods are presented.

INDEX TERMS QZS inverter, suppression of 2ω ripple, control methods, pulse width modulation.

I. INTRODUCTION
With the environmental pollution stemming from fossil fuels
and increased energy demand in recent years, the impor-
tance of distributed generation and renewable energy sources
is increasing. After the widespread employment of renew-
able energy sources along with the development both in the
smart grid and micro-grid structures, the studies on con-
trolling inverter topologies are gradually being underscored.
The DC/AC or AC/DC converter topologies are used widely
especially in solar energy systems, due to their capability of
handling wide range voltages [1]. However, the conventional
converter topologies face some serious problems which need
to be addressed with an efficient solution [2]. For instance,
ripples occur in converter topologies at 2ω frequency causes
a sudden increment in the harmonic level and decreases
system efficiency. As the aftermath of ripples, the passive
circuit elements and the DC windings are heated, the inverter
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output voltage is distorted, and current ripples occur at low
frequency at the DC side [3]. In addition, it also increases
harmonic distortions and reduces the efficiency in photo-
voltaic energy system because it affects the monitoring of
the maximum power points in such systems. In recent years,
Single-Phase Quasi-Z Source (QZS) inverters are preferred
because of their advantages of working in one stage, hav-
ing few elements, continuous current input, and a common
DC link. The number of active switches is reduced in QZS
inverters compared to traditional inverters, which perform
DC to AC conversion in one stage via the shoot-through
modulation method. In addition, the dead time event, which
occurs during the switching, is also eliminated in this respect.
Due to high reliability, low harmonic levels in the output,
and wide winding voltage range QZS inverters can be proved
more advantageous [4], [5]. QZS inverters are used widely as
modules in systems generating electricity from solar energy,
in alternative current motor drives, in electric vehicles, and
in cascaded inverters [6]–[9]. However, a detailed study is
required to propose an efficient control method for QZS,
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FIGURE 1. The circuit diagram of voltage-fed ZSI/QZS inverter topologies: (a) ZSI, (b) With non-continuous input voltage QZS inverter (c) With
continuous input voltage QZS inverter (d) Bi-directional QZS inverter.

which needs to be further extended to analyze a suitable
option for eliminating ripples at 2ω frequency. The contribu-
tion of this paper is basically focused on the topology of QZS
inverter along with its mathematical modeling. Further, dif-
ferent control methods have been explained with the intention
of finding out the viable control method for a certain appli-
cation. This paper also demonstrates the impacts of different
control methods for the elimination of ripples at 2ω frequency
carried out in the literature and draws out a better comparative
analysis which in turn proposes a better control method for
suppressing the negative effects caused by the ripples in the
perspective of algorithm used at both AC and DC side.

The rest of the paper is arranged as follows: Section II
describes the QZS inverter topology and the mathematical
model of QZS inverter is explained in Section III of this study.
In Section IV, the pulse-width modulation control methods
are explained for the QZS inverters. The methods used to
eliminate the ripples at 2ω frequency are compared and
explained in Section V. The results and detailed discussion
regarding QZS are illustrated in Section VI. Finally, the paper
is concluded in Section VII with a conclusion.

II. QZS INVERTER TOPOLOGY
The basis of QZS inverter is developed by improvising Z
source (ZS) inverter with the intention of compensating its
disadvantages [10], [11]. ZS inverter possesses the ability
to convert DC to AC along with boosting up or down the
voltage in a single stage [12], [13]. However, due to their
characteristic of drawing up non-continuous current from the
input source, they comparatively impose higher stress than
QZS inverters [14]. QZS inverters have the feature that elim-
inates this weakness of ZS inverters and is enabled to increase
and turn the voltage from direct current to alternating current

in one stage [1], [2], [15]–[17]. Moreover, the QZS inverter
model is preferred because of its wide range of source volt-
age and fewer circuit components requirements [18]–[21].
In Fig. 1(a), the topology of the traditional voltage-fed ZS
inverter is presented. Voltage source QZS inverter that has
non-continuous input current are shown in Fig. 1(b), those
with continuous input current are shown in Fig. 1(c), and the
two-way indicator that replaces the diode (D1) with a switch
(S1) is shown in Fig. 1(d). The switch (S1) utilized in Fig. 1(d)
permits conduction in both ways, whereas signal blocking is
unidirectional. As shown in Fig. 2, the QZS inverter topology
creates shoot-throughmode by triggering the lower and upper
switches of the phase to increase the DC input voltage and to
achieve the desired output voltage. The inverter behaves as a
boost converter in shoot-through mode and acts as an inverter
in non-shoot-through mode.

The inverter also reduces the voltage stress on the switches
because it draws continuous current due to the L1 inductor.
For this reason, it also reduces the capacity of the capacitor
that is attached to the output of the solar panels [16], [22].
In traditional voltage source inverters, shoot-through mode is
not used since it creates a short-circuit phenomenon in the
voltage source, which may cause severe effects for the entire
device. In the QZS inverter module, the operation is altered
by connecting the LC and diode to the inverter bridge for
providing protection from short-circuit [23]. Shoot-through
mode increases the DC link voltage in the QZS inverter [24].
This feature protects the circuit effectively and increases the
reliability of the circuit [25].

Feedback control compares the inverter output parame-
ters such as voltage, current and DC link voltage with the
reference parameters to produce a reference signal for the
PWM control method [26], [27]. Control also constitutes
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FIGURE 2. QZS inverter equality circuit (a) Non-shoot-through status (b) Shoot-through status.

FIGURE 3. Circuit and block diagram to represent the DC side control of the QZS inverter to increase the DC voltage.

the reference value of the shoot-through from the duty cycle.
This reference and the shoot-through signal generate the
necessary signal for the switching of IGBTs. There are two
parts to the feedback control of the QZS inverter: the first
one is the control of the DC side to increase the DC voltage
in the entry, and the other one is the control of the AC side
where the increased DC voltage is converted to AC [25].
As seen in Fig. 3, the DC link voltage is increased by adjust-
ing the shoot-through duty ratio (D) [28]. For this reason,
the inverter output voltage increases via the DC link voltage.
It is used for closed-loop feedback control with capacitor
voltage (Vc1) [29]. The block diagram for controlling the
AC side of the QZS inverter is given in Fig. 4. According
to the block diagram, theDQ controlmethod is used to control
the AC side of the inverter. This method is used to convert
the signals from the rotating area to the fixed plane because
control is easier on a fixed plane where the network signal
must be monitored with phase-locked loop (PLL) [30]–[32].

When the use of QZS inverter topology was investigated in
the literature, it was determined that different additions were
made to the inverter model for different purposes. For exam-
ple, Jasem et al. conducted a simulation study and carried out
an application for battery storage systems working in parallel
with the QZS inverter in amicro-grid. The battery groups feed
the load in the island mode operation of the micro-grid, and
if the inverter is in shoot-through mode, power is shared at
different voltage and current rates between the battery groups.
The control of the unbalanced loads is ensured by sharing
the current among the battery groups and by adjusting the
inverter modulation index and shoot-through ratio. In this
way, the harmonic level of the system is reduced to 1% [33].

A new type of topology is formed according to the con-
nection of the battery groups to the topology. Since bat-
tery groups are used frequently for storage in photovoltaic
energy sources, Dongsen et al. studied the simulation of the
QZS inverter with battery for photovoltaic energy sources.
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FIGURE 4. Block diagram of AC side Control of the QZS inverter to convert DC to AC.

The battery was connected parallel to one of the capaci-
tors in the inverter. In this way, the fluctuations in both the
energy that is supplied to the network and the photovoltaic
energy were corrected. The control of the power flow of the
photovoltaic panels was achieved via the maximum power
point tracking (MPPT) algorithm that is employed on the
DC side [34]. QZS inverter design is made for each par-
allel branch to use the proposed topology in solar fields,
and cascaded multi-level inverter design is also made [35].
Umarani et al. performed the modeling and control of the
cascaded multi-level inverter by using the QZS inverter for
network-interactive photovoltaic energy. In this way, low-
level harmonic distortion and high gain and reliability are
obtained for photovoltaic systems. The ripple at 2ω frequency
was minimized by calculating the size of the L and C passive
elements with a formula. TheMPPT algorithmwas employed
for DC side control, and the open loop control method was
used for AC side control [36].

The QZS inverter is preferred in motor drivers because
of its advantages over other topologies in present times
[37], [38]. Especially its high performance under load is
another reason for preference. Ping et al. proposed a model-
predictive control method to decrease the thermal stress that
occurs on the switches in the motor driver’s structure that is
designed with QZS inverter topology. The accuracy of this
proposed method was proven by comparing the simulation
and application of this proposed method, and it was found
that the thermal stress in normal conditions was decreased
10 times [39]. In recent years, QZS inverters are preferred
because of their advantages of working in one stage, hav-
ing few elements, continuous current input, and a common
DC link. The author controlled both the AC and DC sides
of the inverter. The sliding mode control (SMC), which is

preferred to regulate the capacitor voltage on the DC side,
enabled the system to respond quickly and dynamically in
case of change in the input voltage and output load [40]–[42].
By comparing the Proportional Integral (PI) Control and the
SMC Control, it was determined that the dynamic response
of the PI control was slower. On the AC side, on the
other hand, control was achieved with the current control
algorithm [43], [44].

The LCL filters are preferred to correct the oscillations in
the output voltage on the AC side and to ensure network con-
nectivity when DC/AC conversion is made in QZS inverters
[45]. The authors used the SMC algorithm on both theDC and
AC sides and the LCL filter to minimize the 2ω ripples. They
lowered the harmonic level to 1% with the help of the control
algorithms [46]. In another study, the PI control algorithm
was used to keep the VC1 capacitor voltage constant in the
DC side control of the QZS inverter. The inverter fixed the DC
160V input voltage to the reference DC 250 V level at 10 kHz
switching frequency. The DC link voltage was measured as
340V. The PI control parameters were determined according
to the Routh-Hurwitz stability criterion, and it was deter-
mined that the inverter was stable according to the specified
parameters by creating Bode response. The multi-loop Pro-
portional Resonant (PR) control algorithm, which performs
stable operation in alternative current and which is easy to
control, was preferred in the AC side control of the inverter.
The external voltage cycle produces reference current for
the internal current loop (PR control). As a result of the
study, the 3rd, 5th, 7th, and 9th harmonics were suppressed.
It was ensured that the output voltage is sinusoidal for linear
and nonlinear loads. In addition, high system stability level
and rapid dynamic system response were also achieved. The
harmonic level was found to be 1.15% [47].
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QZS inverters are also used as multi-level inverters by
attaching them to cascades with their powerful boost capabil-
ities [48], [49]. Since there are no transformers in the cascade-
attached H-bridge topology structure, it is also defined as
the Photovoltaic inverter topology. The authors achieved an
independent DC link voltage in their study by connecting
QZS inverter to each solar panel. The phase shift PWM was
used as the PWM control method. Unlike other multi-level
inverter models, this control method decreased the current
distortion connected to the network by creating a balanced
DC link voltage [50].

III. MATHEMATICAL MODEL OF THE QZS INVERTER
In non-shoot through and shoot-through state, the equality
circuit of the QZS inverter is given in Fig. 2. Mathematical
equations were created for both working states according to
the equality circuit [34], [36], [39], [43], [46]. For non-shoot-
through status, inductor voltages (VL1 and VL2), DC link
voltage (Vpn), and diode voltage (VD) were calculated as
follows.

VL1 = Vin − Vc1,VL2 = −Vc2 (1)

Vpn = Vc1 − VL2 = VC1 + VC2, VD = 0 (2)

Here, VC1 and VC2 are voltages across capacitor C1 and C2
respectively and Vin represents the input voltage. For shoot-
through status, the mathematical equations were obtained by
short-circuiting the inverter model. In this respect, inductor
voltages (VL1 and VL2), DC link voltage (Vpn) and diode
voltage (VD) are calculated as follows.

VL1 = VC2 + Vin, VL2 = VC1 (3)

Vpn = 0, VD = VC1 + VC2 (4)

The equations of the average voltage of the capacitors
during a switching period in a stable state are given below.

VC1 =
T1

T1 − To
∗ Vin (5)

VC2 =
To

T1 − To
∗ Vin (6)

To refers to the duration of the shoot-through state, T1
refers to the duration of the non-shoot-through state, and Vin
refers to the DC input voltage. The DC link voltage of the
inverter is calculated as follows.

Vpn = VC1 + VC2 =
T

T1− T0
∗ Vin = B ∗ Vin (7)

T represents the switching period (To+T1) of the QZS
inverter, and B represents the boost parameter of the inverter.
The average current values of the L1 and L2 inductor (IL1 and
IL2 respectively) are calculated by using the system power.

IL1 = IL2 = Iin =
P
Vin

(8)

The capacitor currents are calculated based on the Currents
Law as follows.

IC1 = IC2 = Ipn − IL1 (9)

The voltage gain (G) of the inverter, on the other hand,
is calculated with the equation given below. M refers to the
modulation index, Vin refers to the phase voltage of AC.

G =
Vin

0.5 ∗ Vpn
= M ∗ B (10)

IV. REVIEW OF PWM CONTROL METHODS
FOR QZS INVERTER
There are four classical carrier-based PWMmethods for QZS
inverter: Simple Boost Control (SBC) [2], Maximum Boost
Control (MBC) [47], Maximum Constant Boost Control
(MCBC) [50], and Modified Space Vector PWM (MSPWM)
[51]. A new PWM method is produced by adding differ-
ent shoot-through references to the traditional carrier-based
PWM methods [52].

In the SBCMethod, as seen in Fig. 5, two big straight lines
that are equal to or bigger than the maximum value of the
three-phase reference are used to control the shoot-through
duty ratio in the traditional sinusoidal PWM. When the trian-
gle waveform is bigger than the upper line (Vp) or when it is
smaller than the lower line (Vn), the circuit starts the shoot-
through mode. Aside from this, the SBC Method works as
carrier-based traditional DGM.Although the operation of this
method is simple, the voltage stress in high on the switches
[53], [54]. Decreasing the voltage stress under the desired
voltage gain is more important than controlling the QZS
inverter [55]. This is achieved by keeping the duty ratio as
wide as possible. The MBC Control method turns all the
traditional zero states into shoot-through states. In Fig. 6,
when the triangular carrier wave is bigger than the maximum
value of the reference Va, Vb, and Vc, or when it is smaller
than theminimum value of the references, the circuit switches

FIGURE 5. The waveform of the switching signals in Simple Boost Control.
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FIGURE 6. The waveform of the switching signals in Maximum Boost
Control.

to shoot-through state. Shoot-through duty ratio changes the
output frequency six times. The ripples in the duty ratio
will also cause ripples in the inductor current and condenser
voltage. When the output frequency is very low, the capacity
of the passive circuit elements will increase. For this reason,
the MBC method is recommended for applications that have
constant and high output frequencies [56], [57]. Keeping
the shoot-through duty ratio constant is always important to
decrease the size and cost. Meanwhile, a maxımum voltage
increase is needed for any modulation index to decrease the
voltage stress between the switches. The MCBC method
achieves maximum voltage gain while it keeps the shoot-
through duty ratio constant at all times [58]. The waveform
of the maximum constant shoot-through boost control is seen
in Fig. 7. Two straight lines control the Vp and Vn shoot-
through control time [59], [60]. The best way to decrease
the switching loss is the Space Vector PWMmethod. In each
sector in the traditional Space Vector PWM method, as seen
in Fig. 8, only one switch is changed in every range from
left to right (0 to 1 or 1 to 0). The traditional SVPWM
method is not applied directly to the QZS inverter. Modified
SVPWM that is suitable for QZS inverter is created as the
shoot-through status time by taking the zero vector time as
the references.

The traditional SPWM and MSVPWM methods are given
in Fig. 9. The Space Vector PWM (SVPWM) method is
widely used in industrial practice because of its low harmonic
level, efficiency at high voltages, and the highest modulation
index [61], [62]. Unlike the traditional SVPWM, Modified
Space Vector Modulation (MSVM) includes T1, T2 and Tz
time intervals as well as T0 shoot-through time to increase
the DC link voltage of the inverter. Shoot-through (ST) states
indicate each phase in the T0/6 time frame at zero voltage

FIGURE 7. The waveform of the switching signals in Maximum Constant
Shoot-through Boost Control.

FIGURE 8. Switching Status of Traditional Space Vector PWM Method.

period (Tz). The zero voltage-time is decreased to create ST
time, and T1 and T2 are not changed. In this way, the ST
duration does not affect the PWMControl of the inverter, and
Tz limits the zero state time [63], [64].
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TABLE 1. Summary of different st boost control method expressions.

FIGURE 9. Switching signal of a) Traditional SPWM b) MSVPWM method
waveform for the determination of the switching status of the inverter.

The shoot-through task ratio (D0), boost rate (B), max-
imum shoot-through duty ratio (Dmax), maximum voltage
gain (Gmax), maximum voltage stress (Vs) parameters are
given for different shoot-through control methods in Table 1.
In this respect, comparisons of the control method parameters
are also seen [65]. The PWM methods are needed for the
operation of the QZS inverters and converters [66]–[68].
The SVPWM and MBPWM shoot-through control meth-
ods have the highest maximum shoot-through ratios and
voltage stresses. In addition, although the SVPWM method
has the highest boost factor, its maximum voltage gain is
constant [65], [69].

Input voltage (Vin), capacitor voltage (Vc) or DC link
voltage are used as the reference to keep the DC link voltage
or to create a shoot-through task ratio. The reference values

are controlled with the difference that is obtained by making
comparisons with the measured values or with error PI. The
IL coil current that is obtained from the result of the PI
control is controlled by comparing it with the measured IL
current with PI, and as a result of this, the shoot-through
duty ratio (D) is created. Fig. 10 shows a summary of the
single-loop control method. A feedback system is created
with a linear method and with two nested controls [70].
In non-linear control methods input voltage (Vin), capacitor
voltage (Vc) or DC link voltage are used as control variables,
as shown in Fig. 11. These variables are controlledwith Fuzzy
Logic Controller, Sliding Mode Controller, Artificial Intelli-
gence or Model-predictive methods to determine the shoot-
through duty ratio [60]–[62]. The single-loop control method
of the shoot-through duty ratio is given in Fig. 12. Although
the command signal is the shoot-through duty ratio (D) for
single-loop control, it is the inductor current for double-loop
control. (IL∗) The DC link voltage of the QZS inverter is
in the form of square-wave because of the zero conditions
of the shoot-through; and therefore, the measurements might
be incorrect [71]. Extra sampling circuits are needed for
correct measurements; however, additional circuits will also
cause hardware complexity [72]. The capacitor voltages are
used indirectly to control DC link voltage in QZS inverter.
DC link voltage is affected directly by the changes in the
DC input voltage in the single-loop control method [18],
[73]. The dual-loop control method with shoot-through con-
trol with the duty ratio performs the control process as the
internal and external loop, as shown in Fig. 13 [74]. The
determination of DC link voltage and rapid response are
ensured in the internal loop with the coil current and capacitor
voltage P (Proportional) control. In the outer loop, on the
other hand, the PI control method is used to enhance the
stability [75].
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FIGURE 10. Control of the shoot-through duty ratio of the QZS inverter with PI algorithm.

FIGURE 11. Non-linear control methods from reference voltage values with Shoot-through Control duty ratio.

FIGURE 12. Block diagram to represent single-loop control method of the Shoot through duty ratio.

V. ELIMINATION OF RIPPLES AT 2ω FREQUENCY
At present, the disadvantages of charging and voltage regula-
tion in alternative energy systems are that a separate DC/AC
or AC/DC conversion is applied to each energy source,
as shown in Fig. 14. These topologies create problems such as
harmonic distortions, 2ω frequency ripples, poor voltage and
current signal quality because they are used in high power
and distinct input voltages. Studies in the literature provide
several methods to address these disadvantages. According
to the literature review, there are two methods to minimize
ripples. The first one is adding additional keys to the existing
topology, and the second one is to use control methods.
However, it is seen that methods using control algorithms
provide minimum cost and maximum efficiency.

Compared to the conventional methods, control algorithms
are more effective and have low costs. Control algorithms

are used in all inverter and converter models no matter what
their power electronics topologies are. It is used widely on
the DC side of QZS inverter topology to eliminate or min-
imize 2ω frequency ripples [73]. In the control where there
is no control algorithm, in other words, in passive control—
extra inductor and capacitor groups are needed to suppress
the low-frequency voltage ripples in the coil current and
the ripples that occur at the DC side of the QZS inverter.
Furthermore, these capacitors and inductor groups are more
preferred in fixed power applications because their sizes vary
in proportion to the power of the system. The capacitors at
2ω frequency in the energy flow between the DC and AC
side, and the voltage ripples on DC link and the current
ripple on the inductors heat the passive circuit elements,
cause disruptions in the output voltage and decrease the
efficiency in photovoltaic systems in single-phase inverter
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FIGURE 13. Classification of the double-loop control method with a
shoot-through control duty ratio, showing two different external and
internal loop.

FIGURE 14. Block diagram of the topologies used in Alternative Energy
Sources (left), connected to the main grid (right) through corresponding
power electronics devices.

systems [76], [77]. For this reason, the 2ω ripples on the DC
side must be eliminated or decreased. The simplest method to
eliminate or decrease these ripples is to increase the inductor
and capacitor values used in the topology [43].

Another method was proposed as a parameter design
method with a dynamic photo-voltaic panel and terminal
capacitors. However, these methods cause large volume and
weight, together with high costs, and decrease the efficiency
and reliability of the system because of their large-valued
capacitors and inductors [16]. One of the methods that are
employed to eliminate the ripples at 2ω frequency is the
Active Power Filter method, which is preferred widely in
QZS inverters to suppress the ripples in the current and
voltage on the DC side [78]. In such inverters, there is an addi-
tional arm that consists of switches to activate or disable the
filter circuit. In this way, the ripples in the capacitor voltage
and in the inductor current on the DC side are decreased. The
disadvantage of using the Active Power Filter is that the cost
is high, and control is complex because of the extra circuit
[79]. It is recommended in the feedback control methods to

control the ripples at 2ω frequency. To do this, the current and
voltage ripples at 2ω frequency in the inductor current on the
DC side with the low-pass filter were used as the reference
to create the shoot-through signal [80], [81]. Another method
that is employed to suppress 2ω ripples is forward control
methods. In these methods, 2ω current in DC link is observed
to follow the output current of the inverter [82]. Furthermore,
Virtual Active Power technology is another viable option,
which will increase the cost because it will require a filter or
a sensor to capture the 2ω ripple component. For this reason,
the relation between the 2ω ripple on the DC side, the change
in the shoot-through duty ratio, and the 2ω ripples must also
be suppressed without hardware.

Decreasing the modulation rate of the QZS inverter also
effectively decreases the ripples on theDC side of the inverter.
However, decreasing the modulation rate and increasing the
shoot-through duty ratio increases the harmonic distortion in
the output voltage of the inverter and the losses in the switch-
ing elements [57]. When the studies in the literature were
reviewed, it was seen that there are modified new modulation
methods. Different from the traditional modulation method,
the shoot-through control line is modified on a 2ω component
line [83]. In this respect, a new double switching frequency
modulation method has been created by combining the low-
frequency sinusoidal PWM and the high-frequency PWM.
With this method, the relation between the shoot-through
duty loop and the inverter modulation index is eliminated
[84]. In addition to the use of the New Space Vector Mod-
ulation Method, the shoot-through time interval is designed
according to the active and passive status of the switches to
reduce the ripples in the coil current [85], [86]. In [87], the
limited control-cluster model minimized the 2ω ripples in
the DC side with the predictive control algorithm. In [88],
a current control-based model is proposed for the ripples
in the inductor and capacitor voltages on the DC side. This
approach decreases the ripples in the coil current on the DC
side for the QZS inverter with a single-phase, grid-connected
with LCL filter and with active suppressing and constant
virtual time.

The fluctuations in the 2ω frequency occur due to the
imbalances in the power flow between DC and AC in DC-AC
or AC-DC converters. This fluctuation occurs both in the
traditional inverter models and in the QZS inverter model.
In the traditional method, large-value DC link capacitors
are employed to suppress this fluctuation. In their study,
the authors used anActive Power Decoupling Control method
by adding an extra arm to the existing single-phase QZS
inverter topology. An AC capacitor and the high-frequency
coil are connected in this arm. In this way, they established
a second AC power line to eliminate the fluctuations. The
ripples in the current and voltage on the DC side were
decreased by 70% [89]. B. Ge et al. conducted a simulation
and experimental study by using the method of suppress-
ing current fluctuations to minimize the current and volt-
age fluctuations at 2ω frequency that is caused by the DC
side of the single-phase QZS inverter system. They reported
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that the results were consistent by comparing the results of
both studies. The capacity and inductance sizes that were
employed in the topology were minimized the via preferred
control method. In addition, it was also seen that the control
method eliminated the ripples in the inductor current at 2ω
frequency and decreased the voltage ripples that occurred
in the DC link at the same frequency. The verification of
the theoretical analyses, simulations, and the results obtained
from experimental studies were carried out in [90]. In another
study, the ripples at 2ω frequency, which caused the power
imbalance between AC and DC in the inverter, were sup-
pressed by using the Power Decoupling Control Method.
The ripples in the DC link voltage were decreased by more
than 50%. In the simulated study, the capacitor and induc-
tor capacities were decreased by 1/100 by controlling the
ripples [91].

In the present study, by minimizing the ripples at 2ω
frequency with the recommended control algorithm without
employing any passive circuit or switching elements, the sys-
tem efficiency was increased. The DC side of the inverter
was realized by employing the PI Control Method, and the
AC side by using the SMC method. The efficiency of the
system was calculated to be 90% with the control method.
With the help of the SMC on the AC side, the stable state
error was eliminated [92]. The ripples at 2ω frequency on the
DC side can be eliminated by adding additional filters to the
inverter structure. The authors proposed a single-phase QZS
invertermodel that was combinedwith an active filter to avoid
the ripples at 2ω frequency in their study. They conducted
the analysis of the inverter, its parameter design, topology
and modeling of the active filter in their study. As a result
of their study, the ripples in the current and voltage signals
were eliminated, and the system efficiency was increased to
90.49% [93]. The authors applied a model-predictive control
method to the QZS inverter model with active power filters
in their study and eliminated the ripples at 2ω frequency.
They created a new topology by adding an active power
filter to the single-phase system. Most of the fluctuations
at 2ω frequency that occurs on the DC side was suppressed
with an active power filter that was attached to the AC side
[94]. The authors reduced the ripples at 2ω frequency in
the photovoltaic systems between DC input and AC output
by using film converters in their study. They obtained both
experimental and practical results by using MPPT on the DC
side and PI and PR control methods on the AC side [95].
In their study, the authors proposed a newmodulation strategy
by using Ripple Vector Cancelation method to eliminate the
ripples on the current at 2ω frequency coil and on the voltage
on the capacitor. This modulation method works according
to the principle of measuring the change ratio at the shoot-
through duty ratio at 2ω frequency and adding this changing
ratio to the fixed shoot-through duty ratio. This method was
compared with the traditional modulation method. In this
respect, the current ripple at 2ω frequency on the DC side
decreased to 1.69% from 40.15%, and the voltage ripple at the
same frequency decreased to 7.75% from 9.40%. In addition,

there are significant decreases in capacitor and coil sizes
compared to the traditional modulation method [96].

The studies in the literature conducted with QZS inverter
topology to suppress or minimize the current and voltage
fluctuations at 2ω frequency are summarized in Table 2. As it
may be seen in this table, the inverter is used with a single-
phase network in an interactive manner in general. It is seen
that the modulation index is selected between 0.0 and 0.8.
A direct current source is preferred as the input source of the
inverter. The voltage of the source is between 40 VDC and
200 VDC. In addition, solar panels are also used as the source
of input in the inverter. In general, the switching frequency of
the topologywas preferred as 10 kHz, and the SPWMMethod
was used as the PWM method. The SPWM Method is more
preferred because it is simple and easy when compared to
the other PWM methods [97]. The control methods, which
are used as the method of eliminating or minimizing the
fluctuations at 2ω frequency, and the effect of these methods
on the current and voltage fluctuations are given in Table 1.
The control method, which eliminates this negative effect,
is the most successful one. The simulations and applications
of the inverter model are given comparatively in studies.
In this way, the theory of the system in the simulation envi-
ronment and its work in actual application settings are given
together to show the consistency of the study.

VI. RESULTS AND DISCUSSIONS
In this current study, the QZS inverter topology, which has
the ability to decrease/increase voltage in one stage and con-
vert voltage from direct current to alternating current, was
examined. Since this topology is derived from ZSI topology,
a new topology has been created with the positive attributes
of Z-source inverter topology by eliminating or improving
its negative aspects. ZSI topology has several drawbacks
such as being insufficient in providing constant current in a
photovoltaic system, lacking weld voltage in a wide range,
having more circuit components, and high source stress.
QZS inverter topology has high reliability and can lower
or raise the voltage in one stage with the continuous input
current. It performs converter and inverter operation with
fewer circuit elements compared to the other topologies that
are employed in the literature. QZS inverters have a reduced
number of active switches when compared to traditional
inverters, and perform DC-AC conversion in one stage via
the shoot-through modulation method. In addition, the dead
time that is created during switching disappears. It is used
widely in photovoltaic energy systems because it provides
continuous current.

The disadvantage of QZS inverter is the ripples in the
current at 2ω frequency coil on the DC side and the volt-
age fluctuations in the capacitor. This negative situation
causes that the harmonic level and stress are increased on the
switches. In addition, disruptions occur in the DC link voltage
and inverter output voltage. Additional hardware structure
or control methods are employed to eliminate the negative
aspects of the QZS inverter. Extra inductor and capacitor
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TABLE 2. Summary of the studies in the literature to suppress the current and voltage fluctuations at 2� frequency.
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TABLE 2. (Continued) Summary of the studies in the literature to suppress the current and voltage fluctuations at 2� frequency.

groups are required in the additional equipment structure.
This method, which is used as passive control is more pre-
ferred in fixed power applications because the sizes of the
capacitors and coil groups vary in proportion to the power
of the system. However, the sizes of the capacitors and coil
groups, which increase according to the power of the system,
increase the cost of the system and the complexity of the
control and the inverter size. In the Active Control Method,
which uses the additional equipment structure, there is an
additional arm that consists of switches to activate or deac-
tivate the capacitors and inductor components. In addition to
the negative aspects of the switch-free control, the harmonic
level is increasing because of the increase in the number of the
keys, and the difficulty of the system control is increasing.

Control methods that are employed to minimize or elimi-
nate the fluctuations at 2ω frequency without using passive
circuit or switching elements in QZS inverter are less cost-
effective compared to hardware control methods, and give
the system the ability to be dynamic and have a smaller
size. Although the current fluctuation suppression method

eliminates the ripples at 2ω frequency of the coil current,
it decreases the voltage ripples that occur in the DC link at
the same frequency. The Power Decoupling Control method
reduced the ripples in DC link voltage by more than 50%
and decreased the capacitor and coil capacities by 1/100.
In the control carried out at the DC side of the inverter with
PI Control Method and the AC side with the SMC method,
the efficiency of the system was increased to 90%, and the
stable state error was eliminated via the SMC on the AC side.
In the control that was carried out with the Model-Predicted
Control Method and Active Power Filter together, it was
ensured that the ripples at 2ω frequency were eliminated. It is
seen that the Active Power Filter, which is connected to the
AC side, eliminated most of the ripples. The Ripple Vector
Cancelation Control method, on the other hand, decreased
the current ripples at 2ω frequency on the DC side to 1.69%
from 40.15% and decreased the voltage ripples at the same
frequency to 7.75% from 9.40%. In addition, it significantly
reduced the size of the capacitor and the coil when compared
to the Traditional Modulation Method.
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Although the operation of the SBC switching method is
simple, the voltage stress is high on the switches. In the MBC
switching method, on the other hand, the ripples in the duty
ratio will also cause ripples in the coil current and capacitor
voltage. When the output frequency is too low, the capac-
ity of the passive circuit elements will increase. For this
reason, the MBC method is recommended for applications
that have constant and high output frequencies. The MBBC
method keeps the shoot-through duty ratio constant at all
times and achieves maximum voltage gain. The space vector
PWM method is used widely in industrial practice because
of its low harmonic level, efficiency at high voltages, and
the highest modulation index. However, the SVPWMmethod
is not applied to the QZS inverter directly. It is necessary
that QZS inverter appropriately-modified SVPWM is created
taking the zero vector time as the reference. The SVPWM
method has the highest maximum shoot-through ratio and
voltage stress like the MBPWM method. In the Single-Loop
Control method, the DC link voltage is directly affected by
the changes in the DC input voltage [98], [99]. In this way,
because of the zero states of shoot-through, it has a square-
wave shape, and the measurement can be incorrect. An extra
sampling circuit is needed to measure the DC link voltage
accurately. However, increasing the number of circuits will
make control more complex. In the double-loop, the DC-link
voltage and system stability are high due to the PI control
method in the internal and external loops. When the litera-
tures were reviewed, it was determined that the use of Active
Control method, Algorithm Control or hybrid algorithms on
the DC and AC side were recommended to minimize the
fluctuations at 2ω frequency in QZS inverter. In this method,
the distortions on the output of the inverter and in the DC
link will be corrected. Keeping the shoot-through duty ratio
constant is always important to reduce the size and cost. It is
also important to select the modulation index as a large value
to reduce the voltage stress between the switches [100]. High
shoot-through duty ratio will ensure that the DC link voltage
is high; and therefore, the inverter output voltage will also be
high. For this reason, an appropriate PWM Method must be
selected.

VII. CONCLUSION
This paper has presented the topology of QZS inverter with
corresponding mathematical modeling and has explained the
related advantages along with some challenges regarding the
effect of ripples generated at 2ω frequency. The challenge
has been considered as major motivation for performing this
research. Different control methods have been evaluated in
this research to determine the most appropriate solution. The
impacts of different control methods and as well as their
effects on ripples and different switching models have been
studied meticulously. A detail comparative analysis has been
drawn to propose the most viable option of control methods
for suppressing ripples at 2ω frequency. For certain applica-
tions, the analysis of this study can be used fruitfully as it
covers all possible positive and negative effects introduced

by different control methods to utilize QZS inverter more
significantly than ever. The efficacy of different control algo-
rithms has been presented on the basis of their performances
on reducing ripples, harmonic levels and voltage gain. It is
clearly depicted from this research that, QZS inverter can
be utilized profoundly for addressing all negative effects
introduced by conventional converters and can become state-
of-the-art to be implemented in renewable power systems as
well as in diverged applications.
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