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gain, reduced device count, and higher efficiency. In addition, the front-end
qZs converter provides wide input voltage regulation for eco-friendly photovol-

taic (PV) as well as fuel cell-based standalone/grid-connected applications. The
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use of high-frequency transformer blocks the leakage current from PV panels

soidal output waveform, which reduces the filter size. Therefore, the working
principle of the proposed configuration is tested in simulation, and an experi-
mental verification is performed to validate the effectiveness of the model. A
proportional-integral (PI) controller is designed in field-programmable gate
array (FPGA) using Xilinx blocks, and the dynamic response of the model is
evaluated for changes in input voltage and step changes in load. Moreover, a
brief comparative assessment of proposed configuration with existing seven-
level qZs-MLI is also presented.
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1 | INTRODUCTION

Recent advancements in Z-source-based converters have witnessed tremendous growth in terms of usage in potential
applications such as eco-friendly photovoltaic (PV)/fuel cell-based generations to meet the increasing power demands,
flexible alternating current transmission system (FACTS) devices, energy storage, and electric vehicles and wind energy
conversion systems." Z-source-based converters have emerged as a viable alternative among other converters because of
the obvious advantages of wide output voltage regulation with inherent buck-boost capability. This improves the overall
efficiency in single-stage conversion compared with the dc-dc converter-based two-stage conversion. The Z-source

List of symbols and abbreviations: B, boost factor; C;, C,, capacitances of the qZs network; CHB, cascaded H-bridge; Do, shoot-through duty cycle;
I, average inductor current; I, average capacitor current; L, L,, inductances of the qZs network; M, modulation index; MLI, multilevel inverter;
Np, number of turns of transformer primary winding; Ng;, Ng,, number of turns of transformer secondary windings; PV, photovoltaic; PWM,
pulse-width modulation; Vpc, dc-link voltage; Vpy, pv voltage; ipy, pv current; TBV, total blocking voltage; T, switching period; qZSI, quasi
z-source inverter; ZSI, z-source inverter
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inverter (ZSI) alleviates the shortcomings of traditional voltage source and current source inverters by adding an imped-
ance network comprising two inductors and two capacitors in the form of X-shape.? This introduction of impedance net-
work eliminates the failure of inverter due to misgating in the absence of dead band between the switches in a leg, and
thus reduces the waveform distortion. The output voltage is regulated by varying the duty cycle D, by allowing the
switches of a phase or all the phases to turn on for the duration of switching cycle.

A review of different shoot-through control techniques is reported.’ The conventional pulse-width modulation (PWM)
techniques are slightly modified to incorporate the shoot-through in zero states without altering the active states to enable
the desired output voltage. However, optimal placement of shoot-through state is mandatory, as it has prominence in
assessing the input current ripple, number of commutations of the switches, switching loss minimization, and soft
switching capability and efficiency.* In this context, an improved control scheme is investigated,’ which reduces the overall
switching commutations by switching at zero voltage (ZVS) features for simple control and higher efficiency. Both the legs
are utilized for shoot-through operation, which reduce the current stress among the switches. However, the upper and
bottom switches operate at different frequencies f; and 2f;, respectively, which increase the losses. In this paper, this control
technique is modified such that all the switches operate at equal switching frequency (f;) to reduce the switching loss.

Quasi Z-source inverter® (qZSI) is becoming popular for renewable applications because of the advantages of
continuous input current and reduced capacitor C, voltage stress and size compared with ZSIs. Recently, multilevel
inverters (MLIs) have been extended for low-power applications as well because of the significant advantages of low
dv/dt, low stress across the switches, better voltage and current profile, and reduction of filter size. The three popular
topologies, namely, cascaded H-bridge (CHB), neutral-point clamped (NPC), and flying capacitor (FC), are widely used
in industrial applications. Among these, CHB is most preferable because of its modularity feature and absence of
clamping diodes and FC voltage balancing problems. A lot of research has been carried out in MLIs’ to address the
issues of switch count, reduction in capacitors, diodes, capacitor balancing, ease of control, and number of dc sources.
Despite various advantages offered by MLIs, one of the major limitations is the limited output voltage gain. This neces-
sitates a proper upgrade of MLIs with suitable power conditioners that provide better voltage regulation and output
quality. Here, Z-source-based converter is chosen as the power conditioner to integrate with MLI.

Integration of impedance source network with MLI provides better solution in renewable applications where
reliability is of major concern. Impedance-source-based multilevel converters have gained attention in recent years,
as they offer voltage buck-boost capability, better input voltage utilization, and high gain, in addition to the features
obtained from the MLI topologies. In this context, a single-phase three-level NPC converter® using two Z-source
networks is presented, which requires two sources and two impedance networks, and the neutral point is commonly
grounded. Further improvements have been made in this topology based on single-source, single Z-source network
and extended to three-phase systems. This idea is further extended to multilevel diode clamped ZSI.°'* However, all
these topologies suffer because of discontinuous current profile.

A single-phase NPC qZSI based on double qZs network topology is addressed'? for three-level operation. Some topol-
ogies have been proposed based on NPC with coupled inductors impedance network™ to address the issue of pure dc link
in ZSI and qZSI. A three-level NPC inverter based on LC switching®® is reported, in which the passive component count is
reduced. A seven-level inverter-based Z-source network'®is presented by a combination of Z-source with cascaded half-
bridge MLI with reduced switches. A new qZs-based cascaded five-level inverter is derived'” from the above topology
by the addition of switched inductor cell in the qZs network with coupled inductors to improve the voltage gain. The
qZSI-based CHB inverter'® for PV applications is addressed for seven-level operation. However, this requires more num-
ber of isolated dc sources and passive component count. A five-level boost inverter using two quasi-switched boost net-
works™ is presented with reduced passive component. A family of novel single-phase modified qZSI-based MLI*° is
introduced, which utilizes only one leg for shoot-through and the other leg for voltage inversion. It improves the harmonic
spectrum when compared with traditional qZSI. A single-phase modified qZSI hybrid three-level inverter*' is reported
with higher voltage gain using two inductors. In turn, this basic unit is cascaded with another unit in combination with
H-bridge to produce a five-level output. A comprehensive overview of some of the existing Z-source MLIs** is reported.

From the literature, it is evident that most of the Z-source-based MLI topologies are constructed from upgrading
impedance source-based converter with NPC and CHB, which demands more component count for multilevel output
realization. Also, integration of existing qZs-MLI to large-scale grid-connected PV systems is associated with large
leakage current due to the absence of isolation and grounding. Therefore, this necessitates the high-frequency (HF)
isolation between the input PV and the grid, which enables the reduction of leakage current, dc current injection into
the grid, and the provision of grounding the PV panel to enhance the system reliability and safety. In this context, a
front end isolated qZSI-CHB?? is introduced. A transformer-based ZSI-CHB** is reported with single Z-source network

85U0|7 SUOWIWOD 8A1Fe81D 3|cedldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO /8|1 UO (SUOTPUOD-pUR-SLLIBIL0D A8 | 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88S *[6Z0Z/TT/8Z] uo ArigiTauliuo 8|1 ‘JO 81nisu| feuoeN Aq €82 '880/-0G02/Z00T OT/I0pA0D A8 imAreiq Ul uo//:sdny wolj pepeojumod ‘S ‘6T0Z ‘8E00S02



JAMMY AND ANNAMALAI 3 0f 19
WILEY

for seven-level output realization. However, these topologies are bulky and suitable for medium voltage applications.
This motivates the authors to develop a qZs-MLI for low power applications.

Therefore, a new configuration of seven-level qZs-based isolated inverter*> intended for renewable applications
is presented. The working principle and control technique of the proposed configuration is presented in Section 2.
Section 3 presents the detailed comparison of various qZs-based seven-level inverters. Section 4 describes the mathemat-
ical model of PV with maximum power point tracking (MPPT) and dc-link voltage balancing control. Further, Section 5
presents the simulation results in grid-connected and stand-alone mode. The experimental verification and power loss
calculation are discussed in Section 6, and the conclusion is presented in Section 7.

2 | SYSTEM DESCRIPTION

Figure 1 shows the proposed seven-level qZs-based inverter with HF galvanic isolation for grid-connected PV applica-
tions. The major parts of the circuit consists of front-end qZSI, an HF transformer with multiple secondary windings,
diode rectifier unit, and a six-switch seven-level inverter. The qZSI boosts the input voltage Vpy to attain the desired
dc-link voltage by inserting proper shoot-through duty cycle Do across the full bridge inverter. The HF transformer
enables the necessary galvanic isolation between the input PV source and the grid and also provides second stage of
boosting based on the turns ratio. A multi-winding transformer with turns ratio of 1:2 is considered and cascaded with
diode rectifier units followed by capacitors to provide stable dc bus voltages V; and V,. Further, it is interfaced with
asymmetrical seven-level inverter to generate the desired output voltage of 230 V for renewable applications. The
significant features of the proposed topology are as follows:

(1) The gZSI enables high boosting output voltage, continuous input current operation for PV panels with reduced
ripple to the sources, and additional step-up operation of HF transformer.

(2) The use of HF transformer introduces extra control degree, which improves the system performance and also
provides output voltage regulation.

(3) Itis capable to accommodate wide variations in input voltage because of its intermittent nature and is well-suited
for PV applications.

(4) Reduced parts count MLI is used for realizing seven-level output voltage, which reduces the overall system size and
cost and provides higher efficiency.

(5) Galvanic isolation eliminates the problems associated with leakage current while interfacing PV array with the grid.

2.1 | Analysis of qZSI network with HF transformer

The gZs converter enables buck-boost operation based on the input voltage generated from the distributed energy
sources by inserting the corresponding shoot-through duty cycle D,. During D,T, the inductor stores the energy, and
the energy transfer from source to load is zero. During(1 — D,)T, the energy is transferred from the source to load.*
The capacitor voltages V., and V,, are expressed as

@ Grid

P

1~ Vpy

J;}ST {jfss Co7

= : :
High Frequency High ‘ Sg s‘m.
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bus
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i

FIGURE 1 Seven-level quasi Z-source-based isolated inverter for grid-connected photovoltaic (PV) system
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(1 —Do)Vpy
1-2D, ’

DoV

Vo = = .
el 1-2D,

Ve €9)

Hence, the dc-link voltage can be expressed as

Vv

Vie=Va+Vea= B-va = 1_72&)- (2)
The dc-voltage gain in the primary winding (Np) of the transformer is
1
Yo 3)
Vow 1-=2D,
The dc-voltage gain in the secondary windings Ns; and Ng; is
e R TN @
pv - o pv - [
where n is the number of secondary windings.
The dc bus voltages V; and V, can be represented as
|4 n.v,
T— = T 5
'T1-2p, 7 1-2D, ®)
Finally, the output voltage Vo can be determined based on the duty cycle and turns ratio as
My NV py
\% == " = 6
olrms) = 0 ©)

2.2 | Shoot-through control technique

The control technique for the generation of control signals with shoot-through insertion is shown in Figure 2. Here,
the saw tooth waveforms are shifted and utilized for the generation of PWM signals and shoot-through states. The
saw tooth waveforms T and Ts, are compared with a value M equal to modulation index to generate the control
pulses for the top switches S; and S;. The saw tooth waveforms T,s and T,s are compared with a control variable
ST to generate the corresponding shoot-through, which are inserted alternatively at an instant through an OR gate
to generate the control pulses for bottom switches. Thus, shoot-through is inserted in only one leg at an instant, thus
reducing the switching loss. However, this improves the current stress among the switches during shoot-through
state. This control technique can be utilized for low power applications where the current flowing through the
switches is relatively low. All the switches are operated at switching frequency f, equalizing switching losses, which
improves the overall efficiency of the qZs inverter. The shoot-through states are distributed uniformly on either side
of the active state, thus reducing the input current ripple. The switching cycle consists of six switching states, out of
which the shoot-through states occurs twice. The switching scheme corresponding to each switching state is given in
Table 1.

2.3 | Selection of passive components L and C

The inductance value is chosen so as to mitigate the oscillations in the input current due to low-frequency ripple during
shoot-through state D,T. During D,T, the current increases linearly, and the voltage across the inductor is positive,

Aif

V=L .
L D,T

(7
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FIGURE 2 Pulse-width modulation (PWM) control technique

TABLE 1 Switching scheme

State Sy S, Ss Sa Output Voltage
Zero 1 0 1 0 0

ST 1 0 1 1 0

Active 1 0 0 1 +Vae

Zero 1 0 1 0 0

ST 1 1 1 0 0

Active 0 1 1 0 —Vie

Assuming the acceptable input current ripple to be x;%, which is defined as

N
X% = 2 % 100, 8)
Iy

the inductance can be computed as

(Vin + VcZ)DoT

Lr=1L= xpI
LiL

9

From (1) and considering x;=20%, D, = 0.25, I} = 104, fs = 10 KHz, and V;, = 60 V, the computed inductance
value is
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Vin(1 — D,).D,

L :L =
! 2 XL‘IL(l - ZDO)

~1.125mH . (10)

S

Hence, an inductance value of 1.2 mH is chosen for the study. Similarly, the value of the capacitance is selected so as
to mitigate the oscillations due to the low-frequency voltage ripple and maintain constant dc-link voltage. During(1 — D,,)
T, the capacitors C; and C, are in series, hence the current flowing through the capacitor during the non-shoot-through
(1 = D,)T can be expressed as

AV,
=C 11
i (1= Dy)T 1)
The capacitance can be computed by
I.D
2. 1L D° X (1= Dy)Ts
Ci=C,= — 12
1=0C5 AVa T Va) (12)
Assuming the acceptable voltage ripple to be x-%, which is defined as
X% = ——= X 100. (13)

4

From (2), (12), and (13), considering the boost factor B = 2, I; = 10 A, D, = 0.25, Vi, = 30 V, x. = 0.01,
and fs = 10 kHz.
The capacitance can be computed as

2.I..D
Cp=Cp=—"1"0 ~830uF. (14)
B.xC.Vinfs

Hence, a capacitance value of 1000 uF is selected for both C; and C, with different voltage ratings.

2.4 | Asymmetrical seven-level inverter

The asymmetrical seven-level inverter is based on the packed U-cells***” configuration. It is superior compared with its

equivalent CHB topology in terms of switch count and reduced average switching power loss. This topology is utilized
for seven-level output realization. However, it requires switches of different voltage blocking capacity and isolated dc
sources to be in arithmetic progression. The number of strings decides the input dc sources, which can be in binary
or trinary form. Here, two-strings are considered to construct an asymmetrical MLI with binary arrangement of input
sources V and 2 V and to synthesize the seven-level output. The stable dc bus voltages, V; and V,, are generated from
the diode rectifier units, which are fed to the seven-level inverter. The dc sources were connected in such a way as to
synthesize all possible algebraic combinations of the input voltages. Figure 3A,B demonstrates the level-shifted PWM
and corresponding switching scheme for the seven-level inverter operation.

3 | COMPARISON OF PROPOSED WITH EXISTING QZS-MLI TOPOLOGIES

Table 2 shows the comparison in terms of number of active and passive components required for the proposed topology
with existing seven-level CHB-qZSI, seven-level cascaded qZSI, and seven-level transformer-based qZSI. It can be
noticed that the proposed inverter demands less number of dc sources, passive components, and switching devices when
compared with other topologies. The inductor frequency remains the same for all the topologies. Also, the proposed
topology demands only one HF transformer as compared with the transformer-based qZSI, which reduces the overall
size and cost of system. The limitations of the proposed topology are the requirement of additional diodes with use of
rectifier circuit. However, proper selection of rectifier integrated circuits (ICs) with low forward voltage drop leads to
reduced losses with better rectification. The galvanic isolation incorporated in the proposed inverter further enhances
the reliability, especially in PV-based applications. Table 3 shows the voltage stress across switches and total blocking
voltage (TBV) of the proposed inverter with other topologies. Here, the voltage stress is similar for switches S; to Sq
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FIGURE 3 A, Level shifted sine pulse-
width modulation (PWM) and B,
switching schemes for seven-level inverter
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TABLE 2 Comparison of proposed with existing seven-level qZSI-MLI

Components Proposed Inverter CHB-qZSI* Cascaded qZSI* Transformer-Based qZSI**
DC sources 1 3 3 1

Inductors 2 6 6 2

Capacitors 4 6 6 2

Diodes 9 3 3 1

Switches 10 12 10 12

HF transformers 1 - 3

Inductor frequency 2fs 2fs 2fs 2fs

Galvanic isolation Yes No No Yes

Abbreviations: CHB, cascaded H-bridge; HF, high frequency; MLI, multilevel inverter; qZSI, quasi Z-source inverter.

for all the topologies. Particularly, the switches S; to S has higher voltage stress compared with CHB-qZSI. However, it
leads to more number of semiconductor devices. Moreover, the number of levels can be increased by using multiple
secondary windings with slight increase in switching devices as compared with other qZSI-MLIs.
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TABLE 3 Voltage stress across all switches
Item Topology Voltage Stress TBV
Switches Sl Sz S3 S4 SS S6 S7 Sg Sg SlO Sll SIZ
Voltage stress CHB-qZSI'® Vae Vae Vae Vae Vae Vae Vae Vae Vi Vi Vae Vi 12V
Cascaded-qZSI'® Vie Vae Vae Vae Vie Vae Ve 3Vae Ve Ve -  — 18V
Transformer-based qZSI**  Vae Vae Vae Vae Vae Vae Vae Vae Vi Vi  Vae Ve 12V
Proposed inverter Ve Vae Vae Vae Vae Vae 3V 3Vae 2Vge 2Vge - - 16V,

Abbreviations: CHB, cascaded H-bridge; qZSI, quasi Z-source inverter; TBV, total blocking voltage.

4 | MATHEMATICAL MODELING OF PV AND ITS CONTROL
4.1 | Modeling of PV array

The characteristics of the PV cell is built using the following expression given in Sun et al.'® In order to obtain increased
voltage and power level, the modules are constructed in series as well as parallel combinations.

Iy = Nyl — I (exp KnlgTo) (1%)] - 1> - Rlsh7 (15)

where V},, and I,,, are the voltage and current, respectively, obtained from the PV string, N;, and N; are the series and
parallel number of cells connected, respectively, n is the diode ideality factor, K is Boltzmann constant, q is the electron
charge, I is the reverse saturation current, and Ry, is the shunt resistance of the cell.

Here, the PV module is constructed based on the commercially available Solarex MSX-60 PV module.”® The
simulated family of I-V and P-V characteristics curves of the PV string under different irradiance levels modeled in
MATLAB environment is shown in Figure 4. The model parameters given in the datasheet are listed in Table 4. It

16 ! T ! T ! T !
: 2: : : : : ;
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FIGURE 4 Family of I-V and P-V characteristics of solarex MX-60
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TABLE 4 Parameters of the photovoltaic array model
Parameters Values
Open circuit voltage, Vo 211V
Short-circuit current, I 3.8 A
Voltage at maximum power, Vy,, 171V
Current at maximum power, I, 35A
Number of panels connected in series, Ny 4
Number of panels connected in series, Np 4
Maximum power of the panel P,y 60

can be observed that an increase in irradiance results in a corresponding change in power output. Moreover, the
development of a suitable controller plays an important role in maximum power extraction from the PV.

4.2 | PV voltage control with MPPT

Figure 5 shows the block diagram of the PV voltage control with MPPT. The PV voltage V,,, and PV current I,,, are the
inputs to the MPPT block. Various MPPT algorithms are available for the generation of reference voltage signal V;,.
However, the Perturb and observe algorithm (P&O) is adopted because of its simplicity and better tracking capability.*
A simple proportional-integral (PI) controller is used to track the reference signal V;V and the shoot-through duty cycle
D, generation to extract the maximum power for changes in irradiation and temperature. A limiter and gain K is
provided to ensure the range of D, within the limits of [0.1-0.3]. The control variable ST is utilized by the switching
scheme to generate the control signals for qZSI.

4.3 | DC-link voltage and output current control

The scheme implemented for the control of dc-link voltage and output current is shown in Figure 6. The reference
dc-link voltage V7 is set at its desired value, and the dc-link voltage error is utilized by the PI controller to determine

> -1 25 ST

+ Limiter +

MPPT

v,
-

FIGURE 5 Photovoltaic (PV) voltage control with maximum power point tracking (MPPT)
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& — - grid - | ontrol signals
- / >< / 'SPWM > to seven-level

—>» 4 + =  — inverter
Pl PR

Vpv * Ipv * V2
Varid

FIGURE 6 DC-link voltage and output current control
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*

the reference grid current I grid.3° The phase-locked loop (PLL) generates the output frequency of the grid; the current

error, which is fed to the PR controller, generates the modulating signal and improves the dynamic steady-state perfor-
mance. This modulating signal is utilized by the level shift sinusoidal pulse-width modulation (LS-SPWM) to generate
the control signals for the seven-level inverter.

5 | SIMULATION RESULTS

Initially, the model is tested in MATLAB environment in order to verify the performance of the proposed grid-connected
gZs-MLI topology. Table 5 shows the detailed specifications of various components selected for both simulation and
experimentation. This will enable easy validation of the proposed topology and dynamic response of the shoot-through
control. Moreover, the on-state resistances of the switches, diode's forward drop voltage, and the internal parasitic
resistances of passive components such as inductors and capacitors are also considered for the simulation study.

Figure 7A depicts the simulation waveforms of input voltage, input current, and dc-link voltage. Similarly, the
measured voltage across the capacitors V., and V., of the qZs network and the dc bus voltages V; and V,are shown in
Figure 7B. It is noticed that the capacitor voltage V., is boosted to a value of 56 V and V, to a value of 8 V under steady
state. The dc bus voltages V; and V, are equal to 63 V and 126 V, respectively, under steady state, with low-frequency
ripple amplitude of 1 V. These values are slightly reduced because of the nonidealities of the components being
considered. Figure 7C illustrates the response of seven-level output voltage, filtered output voltage, and output current
waveforms. Figure 7D shows the measured harmonic spectrum of the seven-level output voltage, filtered output voltage,
and the output current waveforms. It can be observed that the dominating harmonics occur around the switching
frequency of 3 kHz, which reduces the size of the filter. The seven-level inverter output voltage total harmonic distortion
(THD) is around 24%, while the %THD of filtered output voltage and output current waveforms are only 0.85% and well
within the limits of IEEE standards.

Moreover, the dynamic performance of the proposed topology is evaluated in grid-connected mode with PV and
simple P&O MPPT algorithm under varying irradiances in MATLAB environment. The Solarex MSX-60 PV module
is considered for the study. Figure 8 illustrates the simulated response of various measured parameters of PV modules
along with the ST duty cycle for changes in irradiance. Initially, the irradiation is maintained at 1000 W/m?, the module
voltage is maintained constant at 76 V, and the PV system power is around 1050 W, as shown in Figure 8.

The irradiation is decreased in step to 800 W/m? at 0.3 second, which leads to significant reduction in PV module
current and PV module power. However, the MPPT block regulates the shoot-through duty cycle in order to extract
the maximum power. The PV voltage decreases slightly during the transient state and retains voltage at maximum
power Vi, value under steady state. The power under steady state is about 800 W at 0.5 second; the irradiation is
increased in step to its initial level. It can be observed that the MPPT along with PI controller regulates the shoot-
through duty cycle accordingly, and all the parameters retain its original values. Figure 9 shows the seven-level inverter
output voltage, the grid voltage, and grid current during the variation in irradiation at 0.3 second. It can be observed
that the output voltage is maintained constant despite the variations in grid current.

TABLE 5 Simulation and experimentation parameters

Parameters Values

Output voltage, Voue 230 Vrms
Inductors (L;,L,) 1.2 mH

Capacitors (Cy,C3) 1000 pF

Filter inductor Lgcapacitor C¢ 4 mH, 25 puF/230 V
Switching frequency of qZs network, f 10 kHz

Switching frequency of MLI 3 kHz
Fundamental frequency 50 Hz

Abbreviations: MLI, multilevel inverter; qZs, quasi Z-source.
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FIGURE 7 Simulation results: A, input voltage, input current, dc-link voltage; B, capacitor voltages and dc bus voltages; C, seven-level inverter
output voltage, filtered output voltage, and current; D, harmonic spectrum of output voltage, output voltage (filtered), and output current

6 | EXPERIMENTAL VERIFICATION

A prototype model is built as proof-of-concept to demonstrate the working principle of the topology. Figure 10 depicts
the developed experimental prototype setup in the laboratory, and the selected parameters are given in Table 5. The
power circuit of qZSI is built using IRF640N MOSFETs, and the readily available insulated-gate bipolar transistor
(IGBT) module with CT60AM-18F is used for realization of MLI. The values of inductances L, and L, are selected as
1.3 mH, and capacitances C; and C,are 1000 uF. The switching frequency is taken as 10 kHz for the qZSI network, while
the switching frequency of the seven-level inverter is considered as 3 kHz. One Schottky diode MBR20200CT and two
diode rectifiers KBJ1510 are also used. The values of filter inductance and capacitance are 4 mH and 25 uF/230 V. An
Atlys Spartan 6 LX45 FPGA processor is used for the generation of control pulses. The control pulses are generated
using MATLAB Xilinx system generator blocks. Further, TLP250 optocoupler driver ICs are preferred to step-up the
field-programmable gate array (FPGA) output control pulses and also to isolate the driver from power circuits.
The input voltage Vi, is varied from 40 V to 60 V, while the output voltage V, is maintained constant at 110 Vrms.
The experimental results are captured using Tektronix DPO 3034 with the help of differential voltage probe TMDP0200
and current probe TCP 0030.
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FIGURE 9 Simulation results of inverter output voltage, grid voltage, and grid current

6.1 | Open loop response

Initially, the open loop response of the experimental setup is tested for an input voltage of 48 V, shoot-through duty
cycle of 0.13, and for a load of 150 Q. Figure 11A shows the voltage and current stresses of the top switch S; and the
bottom switch S,, respectively, to demonstrate the soft switching capability. It is evident that S; switches on at zero
voltage, and S, switches off at zero current, thus incorporating the feature of ZVS turn on and ZCS turn off.
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FIGURE 11 Experimental results: A, voltage and current stress of top and bottom switches; B, input voltage, input current, and dc link
voltage ; C, capacitor voltages; D, dc bus voltages; E, seven-level inverter output voltage, filtered output voltage, and current; experimental
fast Fourier transform (FFT) spectrum of F, seven-level output voltage ; G, filtered output voltage; H, output current
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Figure 11B illustrates the input voltage Vi,, input current Ij,,and dc link voltage Vyeink. The dc-link voltage is
pulsating in nature. It can be seen that during the shoot-through period, the input current increases linearly, which
stores the energy in the inductors. The energy gets transferred to the load in the non-shoot-through period; hence,
the input current decreases linearly. Figure 11C shows the measured voltages of 15 V and 63 V across the capacitors
C; and C, of the qZSI, respectively. Figure 11D shows the stable dc bus voltages of 63 V and 126 V, which are fed to
the MLI. Figure 11E shows the output voltage V,, before and after LC filter along with the filtered output current I,.
The measured output voltage is 110 Vrms.

The quality of the waveform can be evaluated from the THD present in it. The experimental fast Fourier transform
(FFT) spectra and THD of the seven-level Inverter output voltage, filtered output voltage, and output current are
extracted from the MATLAB computation of .csv file and are added to the respective FFT spectrum obtained from
DPO 3034 as shown in Figures 11F-H. It can be observed that the introduction of LC filter effectively eliminates the
dominating harmonics around the switching frequency and reduces the %THD in the output voltage from 25.22% to
3.78%, and the load current is also around 3%, within the IEEE-519 limits.

6.2 | Dynamic response

A simple PI controller is realized in FPGA using Xilinx system generator blocks to control the peak dc-link voltage. The
measurement of peak dc-link voltage requires two individual voltage sensors for computing V., & V,. However, from the
model, it can be observed that the peak dc-link voltage is equal to dc bus voltage V3. Therefore, the dc bus voltage V; is
selected as the control parameter, which needs to be controlled, as it requires only one voltage sensor. Further, the voltage
signal is scaled down to required level and fed into the FPGA through PMOD AD1 for analog to digital conversion. The
reference value of the peak dc bus voltage V7, is set equal to 125 V in order to obtain 110 Vrms ac output. The error is
computed and then fed to the PI controller, which produces the output control variable D, as follows:

D,y — (Kp + ’%) (Vieet = V7). (16)

The PI controller regulates the shoot-through duty cycle by reducing the dc bus voltage error (Vi — V7). A limiter is
provided to ensure the shoot-through duty cycle range within [0.1-0.25], whereas the modulation index is fixed at 0.75.
Further, the control variable ST is regulated accordingly for intermittent variations in input voltage and load. The logic
implemented for the generation of control pulses using Spartan-6 FPGA is shown in Figure 12.

In order to test the dynamic performance of the model, the system is tested in two different conditions, ie, (a)
changes in input voltage and (b) step change in load. Figure 13A shows the response of qZs network during changes
in input voltage from 40 to 60 V and from 60 to 48 V for a constant loading condition. It can be noticed that the dc link
voltage is maintained constant throughout the operation during input voltage changes. Further, the model is tested for
step increase in load by 40% and also for 55% decrease in load, and their corresponding experimental results are given in

Sawtooth generator

Limiter

FIGURE 12 Generation of control pulses using field-programmable gate array (FPGA)
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Figures 13B,C, respectively. In both the cases, the filtered output voltage and dc bus voltage V; are maintained almost
constant for step changes in load. It is clearly evident that the model exhibits fast dynamic response, within one cycle of
operation for wide variation in input voltage as well as load, which validates the effectiveness of the controller.
Furthermore, the developed topology is tested for an increased output voltage of 230 Vrms for step changes in input
voltage and changes and loading conditions. Figure 14A illustrates the measured inverter output voltage, filtered output
voltage, and output current for an input voltage of 70 V. Figure 14B shows response of dc bus voltage V; for changes in
input voltages from 80 to 95 V and from 95 to 85 V at different intervals under constant loading conditions. Similarly,
Figure 14C shows the response for different loading conditions. It can be noticed that the output voltage remains
unchanged for changes in input voltage and/or loads. This shows the effectiveness of the developed system and its
suitability to accommodate intermittent power changes in PV systems and fuel cell applications.

6.3 | Power loss, efficiency, and %THD

It can be noticed that the developed model is tested for which the qZSI and HF shares equal amount of boosting gain
apart from the galvanic isolation. The gain of qZSI can be enhanced by increasing the shoot-through duty cycle. How-
ever, to achieve better efficiency of the proposed topology, the D, is limited to 0.25, otherwise it leads to more switching
losses. Also, the selection of devices is important to estimate the actual efficiency of the system. Therefore, the following
devices are considered for the calculation of efficiency: IRFP4668PbF MOSFET switches, IGBSON60T IGBT switches,
MBR30300CT Schottky diodes, and KBJ1510 rectifier diodes. Figure 15A illustrates the efficiency curve of the proposed
configuration calculated for 1 kW output power. The efficiency is estimated analytically to be around 94% for an output
power of 1 kW.
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Furthermore, Figure 15B illustrates the power loss distribution among various components of the system at an
output power of 1 kW. The percentage power loss incurred by various components is given in Figure 16B. The loss
incurred in inductors, capacitors of qZs network, and dc bus capacitors due to the parasitic resistance is calculated based
on the expression given.*' The conduction and switching losses of the seven-level inverter is computed.*>** Also the
core loss and winding loss of HFT is calculated.*® It can be observed that major loss of around 44% occurs in qZs
network. So, the overall efficiency of the proposed topology can be improved further by replacing the diode with an
active switch in qZs network.
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Figure 16A illustrates the measured THD of inverter output for different values of modulation index, Ma = 0.2, 0.4,
0.6, 0.8, and 1, and for various level generations. It can be noticed that higher levels in the output leads to lower %THD,
which result to reduction in size of the filter components. Figure 16B shows that the %THD of filtered output voltage is
within the 5% limits of IEEE 519 standards.

7 | CONCLUSION

A new seven-level qZs-based isolated inverter is presented, suitable for PV and fuel cell-based distribution generations.
This topology provides better input voltage regulation, high efficiency, and high quality sinusoidal output voltage and
output current with low filter size. The performance of the model is compared with existing qZs-based MLI topologies
in terms of component count and voltage stress. A prototype model is developed and tested for different conditions of
input voltage variations and step changes in load. The simulation and experimental results confirm and validate the
effective performance of the model.
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