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A Quasi Z-Source Indirect Matrix Converter (QZSIMC) is proposed in this paper for
Permanent Magnet Generator (PMG) based Direct Drive Wind Energy Conversion
Systems (DDWECS) to enhance the voltage transfer ratio and also to control the
output voltage under various loading conditions. The QZSIMC comprises three
Quasi Z-Source (QZS) networks connected between PMG and load through a
three-phase Indirect Matrix Converter (IMC). Two different PWM control
techniques such as Carrier Based Pulse Width Modulation Technique and
Modified Space Vector Pulse Width Modulation Technique are proposed to
analyze the performance of QZSIMC. By changing the shoot through time
period, the duty ratio of quasi Z-Source network can be increased which in
turn increases the boost factor of both QZSIMCwithout affecting the efficiency of
the converter. A closed-loop control system has also been designed to sustain
constant parameters at the output. The proposed QZSIMC for PMG based
DDWECS along with two different PWM Control Schemes are to be modeled
using MATLAB/SIMULINK environment. To validate the simulation results, a 1 kW,
415 V, 50 Hz experimental setup with an FPGA SPARTAN-6 processor has been
developed in the laboratory for QZSIMC and the results are investigated based on
the parameters such as output voltage, output current, Switching Stress, Boost
Factor, inductor current, capacitor voltage, Total Harmonic Distortion.
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1 Introduction

With the increased demand for electrical energy, the generation
of electricity from alternate sources of energy has become essential
(Chalmers et al., 1999). As the fixed speed generators are running at
the same speed for different wind speeds, the fixed speed systems are
less efficient than variable speed systems. Mostly, the generators
used in variable speed systems are doubly fed induction generators
(DFIGs) and synchronous generators (SGs) (Chan and Lai, 2007).
At present, due to the development of permanent magnet
characteristics and price reduction, the direct-drive permanent
magnet generator (PMG) becomes more attractive. The PMG is
directly connected to the turbine without any gearbox, and thus, it
can be operated at a very low speed (Dubois et al., 1992).

Due to the fluctuating nature of wind, the PMG output
voltage and frequency vary continuously (Li and Chen, 2007).
To facilitate the regulation of the terminal voltage and frequency
of direct-drive wind energy conversion systems (DDWECS),
power conditioning circuits are required. The use of
conventional three-stage conversion produces high switching
stress, increased total harmonic distortion (THD), and
reduced efficiency (Shigeuchi et al., 2021). In addition, in
single-stage conversion, the problems of a matrix converter
include a limited voltage transfer ratio of 0.866, increased
complexity of control, complex commutation methods, and
sensitivity to input voltage disturbances (Zuckerberg et al.,
1996). The function of both the indirect and direct matrix
converters is the same, but the indirect matrix converter
(IMC) does not have any commutation problems like the
direct matrix converter (DMC) (Jussila and Tuusa, 2006;
Waghmare et al., 2023). Another disadvantage of the IMC is
that it is a buck regulator (Maheswari et al., 2019), which limits
the highest voltage gain to 0.866 (Nguyen and Lee, 2014). In order
to make the commutation easier and to allow short circuits, a
Z-source direct matrix converter (ZSDMC) has been proposed
recently. However, the disadvantages of the ZSDMC are the
limited voltage transfer ratio, inaccurate control, and
discontinuous input current (TrentinEmpringham et al.,
2016). In this paper, a quasi Z-source indirect matrix
converter (QZSIMC)-based DDWECS has been proposed to
enhance the voltage transfer ratio.

A new improved control scheme for the intermediate Z-source
matrix converter (ZSMC) has been proposed by Xiong et al. (Park
et al., 2009). The fictional dc link of the indirect MC has a Z-source
impedance network added to it. Two modulation schemes, with and
without current source rectifier null, have been proposed to obtain
buck–boost capability, and moreover, it is proven mathematically.
However, even though the voltage gain of the Z-source (ZS) network
integrated at the intermediate dc link of the IMC is prolonged, it
does not provide a complete silicon structure, which results in a
greater size than a conventional IMC.

Liu et al. (Maheswari et al., 2019) have investigated the
comparative evaluation of a three-phase ZS/QZS IMC. ZS and
quasi Z-source (QZS) circuits of current DMCs are employed for
an indirect topology to increase the voltage gain and simplify
commutation, but still, additional input filters are needed. Liu
et al. have discussed LC filter-integrated QZSIMC, which prevails
over the voltage limitations to the conventional IMC and also

eliminates the necessity of an input filter which is used to reduce
harmonics. A small-signal model has been developed to design the
voltage gain, LC filtering function, and QZS network parameters.

Sri Vidhya and Venkatesan (Deng, 2020) have proposed a
QZSIMC-based adjustable speed drive for the flow control of dye
in the paper mill. In the middle of the inverters and the IMC, a QZS
network is utilized. The shoot-through duty ratio of the QZSIMC is
controlled using a fuzzy logic controller to obtain the higher gain. In
addition, the space vector modulation (SVM) mechanism is used to
obtain the IMC vector control.

Amir and Mohammad (Thangavel et al., 2020) achieved a high
voltage gain by combining two ZS networks with an IMC to
integrate the sources of renewable energy into the grid. In this
paper, voltage boosting is divided between two ZS networks and
shoot-through duty ratios are varied to achieve an increased voltage
gain (Anderson and Peng, 2008). The presented topology not only
provides more voltage boost ability but also ensures smooth
waveforms. However, two ZS networks are used, which increases
the extra complexity that results in increased system cost, volume,
weight, etc. (Guo et al., 2023).

The QZS network links the source and conventional IMC (Li
et al., 2009; Shuo et al., 2013) to eliminate the voltage gain limitations
to conventional MC (Liu et al., 2012; Liu et al., 2016; Vidhya and
Venkatesan, 2018). In this paper, a quasi Z-source matrix converter
(QZSMC)-based DDWECS has been proposed to enhance the
voltage transfer ratio. Although different shoot-through boost
control methods used for traditional ZSMC can be applied to the
QZSMC, pulse-width modulation (PWM) techniques have become
the most important control methods. Mostly, the carrier-based
pulse-width modulation technique (CBPWM) is preferred for the
QZSMC. However, the use of conventional CBPWM for the
QZSMC results in high switching voltage and current stress,
increased losses, reduced THD, and less efficiency.

To overcome the drawbacks in conventional CBPWM, a novel
modified space vector pulse-width modulation scheme
(MSVPWM)-based variable shoot-through duty ratio in the
QZSMC applied to the DDWECS has been proposed. By
changing the shoot-through distribution in SVM, the duty ratio
of the QZS network can be increased, which, in turn, increases the
boost factor of the QZSMC without affecting the efficiency of the
converter.

The proposed novel MSVPWM is based on the space vector
representation of output voltages and input currents (Zahra et al.,
2015; Hakemi and Monfared, 2017). This MSVPWM algorithm is
able to get full control of both the output voltage vector and
displacement angle of the input current. The shoot-through
distribution is observed in the zero states, without disturbing the
active states of the QZSMC. Thus, the proposed QZSMC provides a
higher voltage gain, reduced switching voltage and current stress,
and continuous input current.

Several works of the literature have introduced new
topologies by interfacing ZS/QZS networks with an IMC. The
circuit is very compact by connecting ZS/QZS to the AC input
side. The experimental results proved the boost capability of the
ZS/QZS network (Bharanikumar et al., 2010a). However, the ZS
network provides discontinuous input current and high-
harmonic components. Among all the literature studies
reviewed in the QZSMC, the QZS network integrates the
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function of a filter and thus prevents the addition of an extra
input filter and also overcomes the commutation problem of
CMC. However, modeling, control, and application of QZSMC to
the PMG-based variable-speed DDWECS have not been
addressed yet. A comparison study has been conducted to
compare the converter topologies presented in the literature
with the proposed continuous QZSIMC. Supplementary Table
S1 shows the comparison of discontinuous QZSIMC and
continuous QZSIMC topologies. From the comparison, it is
ensured that the QZSIMC offers a high-voltage boost ratio,
good waveform quality, lower capacitor voltage stress, and
continuous input current.

Further in the paper, the operating modes of the QZSIMC have
been explained in Section 2. In Section 3, the QZSIMC has been
utilized as an interface between PMG-WECS and the standalone
load, and the controller is designed to obtain the desired output. In
Section 4, the performance of the proposed QZSIMC with the
MSVPWM control strategy has been compared with the
CBPWM strategy. Section 5 deals with the results and discussion
of the proposed system and its performance analysis. Finally,
Section 6 concludes this paper.

2 Quasi Z-source indirect matrix
converter

2.1 Topology

The wind is the fundamental source of energy. The energy of
motion from the wind is changed to mechanical energy by the
wind turbine (Bharanikumar et al., 2010b; Xu et al., 2022). The
PMG, which is directly connected to the turbine without any
gearbox, is operated at a very low speed to generate a three-phase
sinusoidal voltage (Xu et al., 2020; Liao et al., 2022). The output
voltage and frequency of PMG will vary due to varying wind
speeds. So, the output from the generator can be held fixed with
the use of the QZSIMC (Lei et al., 2012; Liu et al., 2015). The
desired output parameters can be obtained by controlling the
switching operations of the QZSIMC (Yaramasu and Wu, 2014;
Ramalho et al., 2022).

The QZS network of the QZSIMC considerably enhances the
voltage gain and removes the input filter, which results in a
decrease in the system cost, size, weight, etc. (Kim et al., 2000;
Wheeler et al., 2002; Cho and Cho, 2013; Shuo et al., 2014).

FIGURE 1
Equivalent circuit of the QZS indirect matrix converter: (A) circuit diagram, (B) shoot-through state, (C) non-shoot-through state, (D) when Sb2 is
turned ON, and (E) Sc2 is turned ON.
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Figure 1A represents the circuit of the QZSIMC. To avoid the
problems of the dc link capacitor, the proposed circuit lacks a
huge capacitor in the dc bus. The ac–dc converter and the
inverter stages are controlled individually but are
synchronized. The foremost intention of the ac–dc converter
is to produce a maximal dc voltage and to provide minimum
distortion to the input source current (Hojabri et al., 2013; You
et al., 2016).

2.1 Operating modes

The proposed continuous QZS network comprises three
inductor pairs (Lx1 and Lx2, Ly1 and Ly2, and Lz1, Lz2), six
capacitors (Cx1, Cx2, Cy1, Cy2, Cz1, and Cz2), and three
switches (S1, S2, and S3). As the three switches have the same
switching behavior, a single pulse S0 can be used to control switches
S1, S2, and S3. Figures 1B, C indicate the equivalent circuit of the
QZSIMC for the shoot-through and active states.

FIGURE 2
Modified space vector diagram for the (A) front-end rectifier and (B) back-end inverter. (C) Switching sequence of the QZSIMC and (D) closed-loop
controller for the QZSIMC.

FIGURE 3
Simulated output voltage of (A) PMG; (B) QZS network for
CBPWM-based QZSIMC.
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2.2 Shoot-through state

During the shoot-through state, the power switches S1, S2, and S3
of the QZS network are turned off (S0 = 0), as shown in Figure 1B. At
the same time, the switches at the bottom of the rectifier are turned
ON, initiating the charging of QZS inductors in each phase. For a
total time period of Ts, the shoot-through state’s time interval is
given by DTs.

During this state, the voltage equations across the inductors Lx1,
Ly1, and Lz1 are given by Eqs 1–3, and the voltage across the
capacitors Cx2, Cy2, and Cz2 is equal to the voltage across the
inductors Lx2, Ly2, and Lz2, as shown in Eq. 4.

VX + VCx1 � VLx1, (1)
VY + VCy1 � VLy1, (2)
VZ + VCz1 � VLz1, (3)

VCx2 � VLx2 ;VCy2 � VLy2 ; VCz2 � VLz2. (4)

The current equations of inductor pairs during the shoot-
through state are given by Eqs 5, 6:

iLx1 � −iCx1 ; iLy1 � −iCy1 ; iLz1 � −iCz1, (5)
iLx2 � −iCx2 ; iLy2 � −iCy2; iLz2 � −iCz2. (6)

2.3 Active state

For the duration of the active state, all three switches are twisted
ON (S0 = 1), as shown in the equivalent circuit of Figure 1C. The
output voltage at the QZS network, across each phase, is the
summation of two capacitor voltages due to the discharge of the
inductor to the capacitors. However, the time period of the active
state is given by (1-D) Ts.

Furthermore, during the non-shoot-through state (Liu et al.,
2015), the voltage across the capacitors Cx1, Cy1, and Cz1 can be
given by Eq. 7, and the voltage across the inductors Lx1, Ly1, and
Lz1 can be derived, as shown in Eqs 8–10.

VCx1 � −VLx2;VCy1 � −VLy2 ; VCz1 � −VLz2, (7)
VLx1 � VX − VCx1, (8)

FIGURE 4
Simulated outputs of CBPWM-based QZSIMC for (A) inductor current, (B) capacitor voltage, (C) DC link voltages, and (D) Vab, (E) Vbc, and (F) Vca line
voltages without a filter.
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VLy1 � VY − VCy1, (9)
VLz1 � VZ − VCz1. (10)

Hence, by substituting the values of VCX1, VCy1, and VCZ1 in Eqs
8–10, Eqs 11–13 can be obtained.

VLx1 � VX + VCx1 − V′
X, (11)

VLy1 � VY + VCy1 − V′
Y, (12)

VLz1 � VZ + VCz1 − V′
Z. (13)

The current equations during the active state are given by Eqs
14–16.

iLx1 − iLx2 � iCx2 − iCx1, (14)
iLy1 − iLy2 � iCy2 − iCy1, (15)
iLz1 − iLz2 � iCz2 − iCz1. (16)

For a total time period of Ts, the shoot-through time period is T0,
the active time period is T1, and the duty ratio at the time of shoot-
through is given as D = T0/Ts. Under a steady state, over one total
time period, the average voltages of the inductor and average
currents of the capacitor should be 0. From Eqs 1–16, the
following Eqs 17–20 have been derived:

iLx1
iLy1
iLz1

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � iLx2
iLy2
iLz2

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � ix
iy
iz

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦, (17)

VCx1

VCy1

VCz1

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � D

1 −D

VCx2

VCy2

VCz2

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦, (18)

VCx1

VCy1

VCz1

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � 1 −D

1 − 2D

VX

VY

VZ

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦. (19)

Combining Eqs 11–20, we obtain

V′
X

V′
Y

V′
Z

⎡⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎦ � 1 −D

1 − 2D

VX

VY

VZ

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦, (20)

where
VX,VY, andVZ—input voltages in three phases;
ix, iy, and iz—input currents in three phases;
V′

X, V
′
Y, V

′
Z—output voltages of the QZS network;

VCx1, VCy1, VCz1, VCx2, VCy2, VCz2—capacitor voltages of the
QZS network;

VLx1, VLy1, VLz1, VLx2, VLy2, VLz2—inductor voltages of the QZS
network;

iCx1, iCy1, iCz1, iCx2, iCy2, iCz2—capacitor currents of the QZS
network;

iLx1, iLy1, iLz1, iLx2, iLy2, iLz2—inductor currents of the QZS
network.

If Vs is stated as the amplitude of input voltages (VX, VY, and VZ)
andVo is denoted as the amplitude of the voltages at the output (V’X,V’Y,
and V’Z) (Siwakoti et al., 2015), then the boost factor is given in Eq. 21:

B � VO

VS
� 1
1 − 2D

; D< 0.5( ). (21)

The gain G of the QZSIMC is given by Eq. 22:

G � B*M, (22)
where

M = mim0 is the modulation index of the QZSIMC.
In the design of QZS, parameters such as QZS inductors have to

be chosen such that it should limit the high frequency current ripple
and the QZS capacitors must limit the voltage ripples in the circuit,
and hence, the QZS network must satisfy the aforementioned
functions of the filter.

3 Modified space vector modulation

The QZSIMC is made up of a rectifier and inverter. The rectifier
can be adjusted by the input current-fed MSVPWM to accomplish a
convenient power factor. Meanwhile, to adjust the output voltage,
the voltage-fed MSVPWM is utilized in the back-end converter.

FIGURE 5
Simulated outputs of CBPWM-basedQZSIMC for (A) line voltagewithout a filter, (B) line voltagewith a filter, (C) phase voltagewithout a filter, and (D)
phase voltage with a filter.
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FIGURE 6
Simulation results of CBPWM based QZSIMC (i) Phase Voltages without filter (ii) Phase voltages with filter (iii) Output Currents without filter (iv)
Output Currents with filter (v) Switching Pattern.
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3.1 The rectification stage input current
MSVPWM

The rectification stages of the new QZSIMC have an active
vector, shoot-through vector, and zero vector. The modified space
vector diagram of the rectification stage is separated into six separate
sectors.

We assume that the rectifier operates in sector 1 and that the
voltage at the input VX is positive with the highest value. This
results in the superior switch Sa1 of leg X being turned ON, and
the switches Sb2 and Sc2 in the next phase are modulated. The
zero current vector I0 and the two non-shoot-through vectors (I1
and I6) are used to create the input current reference vector Iref in
a specific sector. Figures 1D, E show the circuit of the rectifier
when Sb2 is in the ON state and Sc2 is in the ON state,
respectively.

The modified space vector diagram of the rectification stage
is shown in Figure 2A. To boost the voltage, the ac sources are

short-circuited when the shoot-through state is added to
the zero states of the rectifier, as shown in Supplementary
Table S2.

The constant shoot-through vector is included in the zero
vector, and the vector duty cycle can be given by Eq. 23.

dα � mi sin
π

3
− θi( ),

dβ � mi sin θi,

ds � const ds ≤ 1 − dα − dβ( ),
dor � 1 − ds − dα − dβ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(23)

where
mi—rectifier modulation;
θi—input current reference vector Iref angle within the vector;
dα anddβ—duty ratios of current vectors I1 and I6;
ds anddor—duty ratios of the shoot-through vector and zero

current vector, respectively.

FIGURE 7
Simulated outputs of MSVPWM-based QZSIMC for (A) inductor current, (B) capacitor voltage, (C) DC link voltage, (D) output voltage of the QZS
network, and (E) line voltage without a filter.
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3.2 The inversion stage output voltage
MSVPWM

The two switches in the output phases are operated
complementarily to one another to prevent switching states that
could lead to short-circuit of the dc link. The inverter comprises six
active and two zero vectors. Figure 2B shows the modified space
vector representation of the voltage inversion stage, which has six
sectors in the complex plane. The vector duty cycle can be calculated
as shown in Eq. 24.

dμ � mo sin
π

3
− θo( ),

d] � mo sin θo,

doi � 1 − dμ − d],

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(24)

where
mo—modulation index corresponding to the inversion stage;
θo—angle of the output voltage reference vector;
dμ, d]—duty ratios of the adjacent switch combination of voltage

vectors;
doi—duty cycle of the output zero voltage vector.
Supplementary Table S4 provides the switching sequence

of the inverter stage. By using two contiguous switching
voltage vectors (V1 and V2) and a zero vector V0,
the modified space vector of the required output can be
synthesized.

3.3 Rectification and inversion stage switch
combination synchronization

The control technique should combine all possible
combinations of switching states for rectifiers and inverters to
balance currents at the input and voltages at the output within a

switching time period. T0 is the time period of the shoot-through
state. In contrast, the time period of the active state T1 combines the
switching time period of both the rectification and inversion stages.
The duty cycle of the input current vector Iref in vectors I1, I6, and Io
is dα and dβ, which are then shared in proportion between the duty
cycle of output voltage vectors V1, V2, and V0, labeled as dµ and dυ.
This complete switching sequence is given in Figure 2C, and its duty
cycle can be given by Eq. 25.

dμα � dμ · dα,
dμβ � dμ · dβ,
d]α � d] · dα,
d]β � d] · dβ,
doiα � doi · dα,
doiβ � doi · dβ,

(25)

where Ts is the total switching period, and dμα, dμβ, d]α, d]β, doiα,
and doiβ are the duty cycles of various output voltage vectors in one
total time period.

4 Controller for the QZSIMC-based
WECS

The main function of the QZSIMC is to retain the fixed
voltage and frequency, regardless of the wind fluctuations at the
input side and variations in load conditions. The high-
performance QZSIMC should have distortion-free and
constant output voltage fed to the load. Thus, the closed-loop
controller for the QZSIMC (Amei et al., 2002) has been
emphasized in this section to keep up constant output
parameters and also to generate the reference sinusoidal
signals (Rodriguez et al., 2012). Figure 2D shows the
diagrammatic representation of the proposed PWM control
scheme for the QZSIMC, which includes two parts: the main
circuit and the modulation algorithm.

FIGURE 8
Simulated outputs of MSVPWM-based QZSIMC for the (A) line voltage without a filter, (B) line voltage with a filter, (C) phase voltage without a filter,
and (D) phase voltage with a filter.
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In the MPPT approach of the closed-loop controller, from
the obtained wind velocity, the reference rotor speed ωr* at
which utmost power can be extracted has been estimated. The
error signal acquired by subtracting the real rotor speed ωr

measured from the PMG and reference rotor speed ωr* at each
wind speed Vω is fed to a PI controller. Hence, the maximum
power is attained when the rotor speed tracks its reference
value ωr*.

FIGURE 9
(A) Simulation on results of MSVPWM based QZSIMC for phase voltages without filter. (B) Simulation results of MSVPWM based QZSIMC for phase
voltages with filter. (C) Simulation on results of MSVPWM based QZSIMC for output currents without filter. (D) Simulation results of MSVPWM based
QZSIMC for output currents with filter. (E) Switching pattern of MSVPWM based QZSIMC.
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The closed-loop controller consists of two loops to control active
and reactive powers. The closed-loop controller is mainly built on
Park/Clarke transformation, which transforms the electrical quantities
into a dqo reference frame. In this closed-loop controller, the three-
phase load voltages and currents are converted to dq axis components
such as Vds, Vqs, id, and iq using Park/Clarke transformation. The
error signal generated by comparing the actual capacitor voltage with
the reference capacitor voltage is managed through the PI controller to
produce the reference d-axis current id*. Similarly, the current
reference component of q-axis iq* is estimated from the measured
reactive power and d-axis voltage Vds.

Furthermore, error signals obtained by comparing the actual
dq-axis current and reference dq-axis current are processed
through the controllers to produce the dq-axis reference
voltages, which are then compared with the actual dq-axis
voltages (Vds and Vqs) to generate the two-phase dq axis
voltages (Vd and Vq). Furthermore, the two-phase voltages
are converted into the three-phase reference voltages (Vx, Vy,
and Vz) using inverse Park/Clarke transformation. The obtained
sinusoidal reference signal is set as input to the PWM controller,
which, in turn, generates PWM pulses for the QZSIMC.

5 Results and discussion

The simulation of the QZSIMC topology suggested in the
previous section has been performed in a MATLAB/SIMULINK
platform along with the modeled wind turbine and radial flux
permanent magnet generator (RFPMG) (Alizadeh and Shokri
Kojuri, 2017). To obtain stable voltage and current in the output
from a variable voltage source of PMG, a suitable controller has been
designed. Figure 3A shows the simulated PMG-generated output
voltage for a wind speed of 7 m/s with the turbine speed and output
voltage of approximately 130 rpm and 173 V, respectively.

5.1 Performance analysis of the QZSIMC-
based WECS

The performance analysis of the QZSIMC with two PWM
schemes has been carried out based on the parameters like
switching voltage stress, current stress, shoot-through duty ratio,
voltage gain, and THD for various wind velocity and load
conditions. The two PWM schemes considered are CBPWM and

FIGURE 10
(A,B) Simulated output line voltage THD of QZSIMC, (C,D) Simulated output current THB of QZSIMC (E) Comparsion of output line voltage and
current THB for QZSIMC.
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MSVPWM schemes, and the results are analyzed under two cases to
predict the better PWM scheme for the QZSIMC.

5.1.1 Case 1: QZSIMC with carrier-based pulse-
width modulation

Figure 3B presents the voltage waveform of the QZS network for
CBPWM-based QZSIMC with a value of 548 V. Figure 4A–C shows
the current of an inductor, the voltage of the capacitor, and the
intermediate dc link voltage of QZSIMC with a carrier-based PWM
technique for a wind velocity of 7 m/s.

The output line voltage of the QZSIMC with the PMG-based
WECS under the CBPWM scheme is shown in Figure 4D–F
separately for three phases without a filter. Figure 5 demonstrates
the constant three-phase voltages of the QZSIMC without a filter
and with a filter, respectively. Figure 6A, B denotes the constant
output 230-V phase voltage of the QZSIMC corresponding to three
phases separately without a filter and with a filter. The constant
output voltage is obtained for a D value of 0.3 and an M value of 0.7.

The output currents of CBPWM-based QZSIMC without a filter
and with a filter at a load of 0.25 kW are shown in Figure 6C, D
respectively. In addition, the switching pattern for the inverter part
of the QZSIMC under the CBPWM scheme is shown in Figure 6E.

5.1.2 Case 2: QZSIMC with modified space vector
pulse-width modulation

The QZSIMC performance under the MSVPWM scheme is
investigated for a wind velocity of 7 m/s. The inductor current,
voltage across the capacitor, and inter-link voltage waveforms under

the MSVPWM scheme are presented in Figure 7A–C. When
compared to CBPWM, the magnitude of the current and voltage
ripples of the QZS network under the MSVPWM scheme are very
much reduced, and thus, the switching loss is also reduced.

Figure 7D illustrates the output voltage waveform of the QZS
network for the MSVPWM-based QZSIMC with a value of 777 V.
The output line voltage of the QZSIMC with PMG-based WECS
under the MSVPWM scheme is shown in Figure 7E separately for a
single phase without a filter. Figure 8 shows the three-phase voltage
waveforms of QZSIMC without a filter and with a filter. Figure 9A, B
denotes the constant output 230-V phase voltage of QZSIMC
corresponding to three phases separately without a filter and with
a filter, respectively, under the MSVPWM scheme.

The individual output currents of MSVPWM-based QZSIMC
without a filter and with a filter for all three phases at an RL load of
0.25 kW are shown in Figure 9C, D respectively. To obtain the
required value of current and voltage at the output, the pulses
generated for a D value of 0.23 and an M value of 0.74 with a
switching frequency of 10 kHz are shown in Figure 9E.

5.2 Performance analysis of QZSIMC under
different loading conditions

The fast Fourier transform spectra of output parameters are
analyzed under one-fourth load conditions. Figure 10A–C shows the
simulated THD of the output voltage and current of the QZSIMC
with a filter under both CBPWM and MSVPWM schemes with an

FIGURE 11
(A) Current stress versus shoot through duty ratio of QZSIMC. (B) Voltage stress versus Shoot through duty ratio of QZSIMC. (C) Current stress of
QZSIMC at different loading conditions. (D) Voltage stress of QZSIMC at different loading conditions.
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RL load of 0.25 kW. The figure perceived that the output line voltage
THD values of CBPWM and MSVPWM schemes are 2.44% and
1.8%, respectively, and the fundamental line voltage is different for
both PWM techniques. Since the reference waveforms and the
modulation index are different for the two PWM techniques, it
may be realized that the notch instances may not occur at regular
time intervals.

However, the output current THD of CBPWM and MSVPWM
schemes are 2.4% and 1.6%, correspondingly, as shown in
Supplementary Table S4. The output voltage and current THD of
the QZSIMC for CBPWM and MSVPWM schemes are given in
Figure 10E. From Figure 10E, it is suggested that the voltage THD of
the MSVPWM scheme based on the QZSIMC is almost 0.64% lesser
than that of the CBPWM scheme.

However, the output current THD of the MSVPWM scheme-
based QZSIMC with a filter is almost 0.8% lesser than that of the
CBPWM scheme. As the THD of MSVPWM-based QZSIMC is less,
the conduction loss in the switches will also be less, which, in turn,
results in an increased efficiency.

5.3 Analysis of switching stress

Figure 11A shows the switching current stress of MSVPWM-
based QZSIMC is 3 A lower than that of CBPWM-based QZSIMC at

all operating points. Figure 11B shows the variation in switching
voltage stress in the power switches of the QZSIMC with the
variation in the shoot-through duty ratio under both CBPWM
and MSVPWM schemes. The voltage stress in the MSVPWM
scheme is approximately 150 V lower than that of the CBPWM
scheme.

Figure 11C, D shows the variation in current stress and voltage
stress across power switches of the QZSIMC under both CBPWM
and MSVPWM schemes correspondingly for different load
conditions. For a load of 1 kW, the current stress and voltage
stress of the MSVPWM scheme are approximately 2.5 A and
80 V lesser than those of the CBPWM-based QZSIMC.

5.4 Experimental setup

An experimental prototype of the three-phase rectifier, inverter,
and QZS network has been set up to validate the experimental and
simulation results, as shown in Figure 12A. The prototype model of
the QZSIMC has been developed, and the experiments are conducted
to obtain the output voltages for different loading conditions.
Figure 12B depicts the block diagram of the experimental setup of
the proposed QZSIMC. The experimental prototype consists of four
parts: the FPGA processor, power circuit, gate driver circuit, and
measurement circuits. The FPGA Spartan-6 processor is used to

FIGURE 12
Experimental outputs of QZSIMC (A), prototype (B), and (C) PWM pulses for QZSIMC, (D) output line voltage, and (E) phase voltage.
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control the proposed matrix converters. The analog signals are
measured with the help of voltage and current sensors. The
measured analog signals are processed through signal conditioners
and fed as input to the add-on card of the FPGA processor. The add-

on card is utilized to convert the input analog signal into the digital
signal, which is then fed as input to the FPGA for further processing.

The voltage transducers are employed to measure the output
voltage. The measured output AC signal is given as input to the A/D

FIGURE 13
Experimental output for QZSIMC (A) load current, (B) line voltage THD, and (C) output current THD.
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converter through a signal conditioning circuit. Likewise, the current
transducers are utilized to measure the output currents. The function
of the signal conditioning circuit is to modify the measured ac output
signal from the current transducer and fed as input to the A/D
converter. The digital outputs obtained from the A/D converter are
linked to the I/O ports of the FPGA interface board.

To attain the preferred output voltage, the time period of the
QZS network is properly adjusted according to the input variations.
The Spartan-6 FPGA processor is utilized to produce the PWM
pulses along with the shoot-through period. From the simulation
results, it could be inferred that the MSVPWM scheme is more
suitable for the QZSIMC than the CBPWM scheme. Hence, the
PWM pulses for the proposed QZSIMC are generated by
implementing the MSVPWM strategy. The PWM pulses for the
IGBT switches in the first leg of the rectifier with a duty ratio of
0.23 and modulation index of 0.74 are shown in Figure 12C, D.

For a wind velocity of 7 m/s, the experimental output line
voltage obtained for the QZSIMC is 414.1 V, 50 Hz with an input
voltage of approximately 173 V, which is represented in Figure 12E.
Due to the intermittent nature of wind, the output of the PMG and
proposed QZSIMC will be varying. By adjusting the duty ratio and
modulation index, the desired constant output line voltage has been
obtained for a standalone load. Figure 12F illustrates the output
phase voltage of the proposed QZSIMC under the MSVPWM
scheme. The output phase voltage obtained experimentally is
approximately 239 V. For a load of 0.25 kW, the output load
current with a filter is 0.5 A, as shown in Figure 13A–C, which
represents the experimental output line voltage THD of 4.2% and an
output current THD of 4% for the QZSIMC with the MSVPWM
scheme, respectively. As the output line voltage THD and current
THD with the MSVPWM scheme are very less, the loss in the
converter will be reduced, which, in turn, increases the efficiency.

6 Conclusion

To overcome the drawbacks of conventional power converters, in
this paper, a QZSIMC has been proposed. The novel QZSIMC topology
provides advantages such as a simpler structure, easy operation, and
filtering function that avoids the need for an extra LC filter. The carrier-
based PWM technique has been suggested to control the proposed
QZSIMC, and it has been found that even though the shoot-through
insertion is simple, it is complex to implement and provides high
switching loss and poor power quality. Hence, a modified space vector
modulation scheme with easy control overshoot was proposed in this
paper, which effectively enhance the voltage transfer ratio and reduces
the voltage stress at the capacitor of the QZS network. To predict
suitable PWM techniques and also to verify the simulation results, an
experimental prototype set up for the QZSIMC has been fabricated and
tested. Two different switching schemes have been implemented and
compared based on the parameters like switching stress, shoot-through
period, boost factor, and THD. From the result analysis, it could be
observed that the switching stress of the MSVPWM scheme is lesser
than that of the CBPWM scheme, and moreover, the shoot-through
variation according to the input voltage variation is faster inMSVPWM
than that in CBPWM. For a load of 0.25 kW, the experimental output
line voltage harmonic spectra and output current harmonic spectra of
MSVPWM are 4.2% and 4%, respectively. It has been concluded that

among the two switching schemes, the MSVPWM scheme is a better
choice for the QZSIMC. Wind’s unpredictable nature creates voltage
instability, frequency oscillation, and minor signal stability concerns in
wind power systems. As a result, the transient stability of PMG-based
WT must be investigated. The limitations in voltage amplification, the
complexity of the control circuit, and the vast amount of energy
electronic devices are some of the key restrictions in implementing
the QZSIMC for the WECS. The future perspective is to investigate the
performance of the proposed converter under the over-modulation
region of SVPWM and to develop a flexible and efficient intelligent
control algorithm for maximum power point tracking (MPPT) with
independent wind turbine characteristics. The intelligent algorithm can
capture maximum power under varying wind velocities and air density
by utilizing its estimate mechanism and adaptive memory. As the
algorithm is trained, it continuously adjusts to its given turbine by
developing system characteristics throughout the system operation.
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