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ABSTRACT

The importance of renewable energy sources need not be overemphasized in the
present scenario of the dwindling resources of conventional energy. The efforts to contain
environmental pollution resulted in the emergence of solar photovoltaic (PV) systems.
Declining costs, durability, and lower maintenance are the contributing factors to the
proliferation of solar energy systems. Solar PV systems are operated in stand-alone mode for
water pumping, rural electrification, and street lighting applications. Also, grid-tied PV

systems are gaining momentum due to the ever-increasing nature of electrical energy.

Conventionally, in grid-tied PV systems, the objectives of boosting the inadequate PV
input voltage and the DC-AC conversion are achieved with a two-staged system, consisting
of a boost converter and conventional VSI. These systems display a good maximum power
point tracking (MPPT) capability due to the availability of an additional DC/DC boost
converter. However, the demerits of these systems are low reliability, less efficiency, and
increased complexity. In recent times, quasi-z-source-based solar PV systems attract the
attention of researchers. Owing to their single-staged nature, these topologies can accomplish
both boosting and inversion with reduced switching resources, smaller sizes of passive

components, lower cost, and enhanced efficiency.

In the past two decades, multilevel inverters gained much attention as they are
suitable for high power and high voltage applications. With an increased number of voltage
levels, multilevel inverters (MLIs) reduce the voltage stress across the power semiconductor
switching devices and derive a superior harmonic performance compared to the conventional
two-level VSIs. However, owing to their buck-typed nature, conventional multilevel inverters
require that the input DC voltage be higher than the desired peak value of the AC output
voltage. Therefore single-stage systems aim to overcome this disadvantage by fusing a

multilevel inverter with a quasi-z-source network.

This thesis presents the investigation of single-stage quasi-z-source-based multilevel
inverter configurations for both multi-string and single-string applications. The thesis
attempts to address some major challenges associated with the quasi-z-source-based
multilevel inverters which are: (i) achieving higher voltage boosting and inversion

simultaneously (ii) the reduction of leakage current, (iii) reactive power capability (iv)



multilevel operation with reduced switching devices, etc. In an attempt to address these
challenges, four single-stage multilevel inverter topologies have been proposed in this thesis.

Firstly, a single-stage, four-level, cascaded multilevel inverter is proposed for multi-
string photovoltaic applications. The proposed configuration achieves voltage boosting using
three quasi-z-source networks, which are fused with the cascaded multilevel configuration.
The power converter employs a level-shifted space vector modulation technique. In
comparison with the conventional qZS-based cascaded H-bridge and Neutral point clamped
inverters, the power converter achieves a 50% higher boost factor. Moreover, compared to
the aforementioned configurations, the proposed converter outputs a higher number of voltage
levels, resulting in better spectral performance and alleviating the voltage stress across the
switches. Further, it is shown that the employed control technique implements the shoot-
through without any additional power loss in gqZS inverters. Moreover, the performance
characteristics of the proposed inverter were compared with existing topologies to highlight
its merits. However, the control complexity associated with the MPPT tracking with multiple
PV sources, DC-link voltage regulation, and the requirement of a large number of switching
devices to synthesize a 4-level output voltage waveform is the major demerits of the topology.

In the second proposal, a single-stage seven-level quasi-z-source-based MLI is
investigated to minimize the aforementioned drawbacks. The power converter employs only
two PV sources and requires a lower number of devices to generate a 7-level output voltage
waveform. Further, the power converter employs a modified level-shifted PWM scheme,
which achieves the twin objectives of boosting the input voltage and the generation of 7 levels
in the output voltage waveform. Moreover, this work aims to minimize the leakage current,
which is one of the major issues in transformerless inverters, by reducing the magnitude of
voltage transitions in the parasitic capacitor and the suppression of higher-order harmonics in

the ground leakage current.

To further, minimize the input PV sources and semiconductor devices a five-level
gZS-based PV inverter is proposed. In this topology, two symmetrical gZS networks with a
single DC source are fused with a 5-level hybrid inverter. Similar to the aforementioned
topology, the proposed power converter employs a modified level-shifted PWM to achieve
boosting and five-level operation. When compared to the existing gZS-based 5-level inverters

in the literature, the proposed power converter employs fewer semiconductor switching



devices, enhancing its reliability. Further, the power converter also minimizes the leakage
current to less than the standards dictated by VDE-0126-1-1.

Both the proposed qZS-based seven-level and five-level inverters suffer from high
voltage THD and conventional voltage boosting. To minimize these drawbacks a quasi-
switched capacitor-based five-level inverter is proposed. The proposed power converter
comprises two quasi-z-source networks and switched capacitor-based five-level inverter with
a single PV source. With the aid of a modified LSPWM scheme and switched capacitor
network the power converter achieves higher voltage boosting and five-level voltage
inversion. Further, the power converter minimizes the leakage current without any additional

need for filter components.

All the above-mentioned power configurations in this thesis are verified with
laboratory prototypes in the stand-alone as well as the grid-tied modes of operation.
Experimental studies validate the working principles of the proposed power converter
configurations along with the proposed modulation strategies in steady-state as well as

dynamic conditions.
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Chapter 1

Introduction

1.1 General overview

The impending shortage of conventional sources of electric power has accelerated
the prominence of research and development of alternative forms of energy. Of the
available renewable forms of energy, solar and wind display massive potential to
supplement conventional sources of energy. In particular, power generation with solar
photovoltaic (PV) panels offers several advantages such as reliability of the source and
clean energy. Reduced electricity bills and low maintenance costs are the contributing

factors to the proliferation of solar energy systems.

With these benefits, PV-based power generation is increasingly becoming popular
around the world, resulting in several large-scale installations with significant investments.
Most developed and developing countries have consistently promoted solar PV energy
systems through governmental support. Of all the nonconventional energy sources available,
PV power occupies 24.3% of the total share [1]. In India, solar power installations have
increased from 2.6 GW to more than 61is GW in the last 7 years. India is now in the 4th

global Position for overall installed renewable energy capacity [2].

In general, PV systems are configured either as stand-alone systems or grid-
connected applications. As the PV power is produced at low DC voltage, there is a need for
a power electronic interface between the PV source and load/grid to obtain the AC output
voltage of the required magnitude and frequency as shown in Fig .1.1. In this figure, ‘Cp’
and ‘Cn’ represent the parasitic capacitors of the PV panel, ‘Lg’ represents the grid

inductance and ‘Ry’represents the ground resistance.

——»
A
Lg
AC
s PV Vas @
Cp——_ch PANEL DC Vg
B
lN
Cn +_Vcn Rg iIeak
T MN———2

Fig .1.1: General layout of a grid-tied PV inverter.
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Further, there are also some disadvantages associated with PV generation. The
major drawbacks are the huge installation cost and low conversion efficiency of the PV
source. Therefore, the design and selection of the power electronic interface employed in
the PV system should offer higher efficiency. Hence, in recent years, researchers have
proposed several power configurations to achieve higher efficiency. The following sections
discuss the different types of power converters based on the modular structure of the PV

source [3-4].

1.2 Classification of PV inverters

The grid-connected PV systems can be classified into the central inverter, string inverter,
and microinverter based on the modular structure of the PV panels [5].

1.2.1 Central inverters

The central inverters are the primitive PV inverters that are used in PV farms. A large
number of PV panels are interconnected in series and parallel to provide high power level
(MW) and DC voltage to avoid further amplification (shown in Fig.1.2 (a)). However, the
drawbacks associated with these power converters are: (i) the requirement of high voltage
DC cables between inverter and PV modules (ii) higher power loss incurred due to
centralized MPPT (iii) the requirement of string diodes (iv) development of hotspots in the

PV panels up on the occurrence of significant unequal shading.
1.2.2 String inverters

These inverters are scaled-down versions of centralized inverters. Several PV modules are
connected in series to form a string that is directly interfaced with the inverter (shown in
Fig.1.2 (b)). There is no need for additional string diodes which improves efficiency.
Further, each string of PV panels can be associated with an individual MPPT controller
thereby improving the overall efficiency when compared to centralized inverters. However,
the following are the drawbacks associated with these converters (i) a higher number of
components (ii) each string requires a separate inverter (iii) the shaded PV panel restricts the

amount of power the PV string can produce.

1.2.3 Microinverter
The microinverter is an integration of a PV panel and inverter working as a single entity

(shown in Fig.1.2 (c)). As each PV panel is associated with an individual inverter, separate
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MPPT control can be implemented to improve the effectiveness of the MPPT [6]. Further,
the ‘plug and play’ feature of the microinverter simplifies the tasks of maintenance and
installation. The effect of shading is minimized on the overall system as all PV modules are
isolated. However, the following are the drawbacks associated with these converters (i) high
component count (ii) cost per watt increases (iii) a two-stage system is employed to boost
the input DC voltage and invert the DC to AC.

PV Array

Central Inverter

4?% 1
1

| A

v

@)

String Inverter
Set of strlngs

AC

=) o

Micro inverter
AC%\)

Fig .1.2: Overview of PV inverters (a) Central inverter (b) string inverter (c)

(©

Microinverter.

1.3 Interfacing PV source with grid

This section discusses the modifications in the PV inverter topologies based on the number

of power processing stages and the employment of a transformer [7].
1.3.1 Number of power processing stages

Solar PV systems often require the conversion of low output voltages of PV panels into AC
of required voltage and frequency to cater to the requirements of consumers. In practice, it is
often accomplished by a two-stage conversion process. Firstly, the low DC voltage output
by the PV panels is boosted to attain the required DC voltage level using a DC-DC boost

converter. Apart from voltage boosting, this converter plays the pivotal role of rendering the
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maximum power point tracking (MPPT) capability to the solar PV system. The DC voltage,
thus boosted, is then converted into AC using a conventional voltage source inverter (VSI)
to deliver AC power of the required voltage and frequency to the end-users (as shown in
Fig.1.3(a)). Despite its popularity, the two-stage conversion system increases the cost and

complexity, taxing the efficiency and reliability of the power circuit.

The improvement of system efficiency, decreasing the cost and increasing the power density
demands for the reduction of power stages of the converter. In contrast to the two-stage
conversion, the PV power is directly processed to load/grid through the inverter in the
single-stage conversion. A single-stage inverter executes both maximum power tracking and
grid current control through a single-power processing stage (as shown in Fig.1.3 (b)). These
incorporate advantages such as good MPP tracking, high efficiency, low component
requirement, compact design, and high reliability when compared to the two-stage inverter.

—_—— e — — — — — — — — — — — — 4

| |
I
I
|| DC-DC Boost DC-AC
PV d 2| Inverter :% @
! |
! |
I
|

Converter
Array Grid
(@
e
DC-DC Boost
+
PV MPPT @
Array + .
DC-AC Inverter Grid

(b)

Fig .1.3: Block diagram of (a) Two-stage power converter (b) Single-stage power

converter.

1.3.2 Isolated/Non-lIsolated inverter

The aforementioned single-stage and double-stage inverters are further classified into
isolated and non-isolated inverters. In isolated inverters, a high-frequency transformer is
employed in a DC-DC converter, or a line-frequency transformer is connected across the
grid. Galvanic isolation can be provided by both high-frequency and low-frequency
transformers, which eliminates the flow of leakage current. However, the utilization of a

low-frequency transformer increases the overall cost and makes the system bulky. Further,
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the inclusion of the high-frequency DC-DC isolation stage increases the number of power

processing stages in the system, which results in reduced efficiency.

In non-isolated power converters, due to the absence of a transformer, the power
converter becomes lighter, has a higher power density, and is more efficient. However, the

absence of galvanic isolation creates a resonant path that generates leakage current.

From the aforementioned discussion, it can be concluded that a single-stage non-isolated
power converter is the most viable solution to achieve high efficiency with less component
count. Therefore, the problem of leakage current should be addressed by modulation

techniques and semiconductor rearrangement.
1.4 Leakage current

Fig.1.1 shows the single-stage non-isolated inverter for a grid-connected PV system. It
may be noticed that, without the isolation transformer, there exists a direct ground current
path between the PV panel and the grid [8]. As PV cells accumulate a considerable charge
on their surfaces, parasitic capacitances are formed between the cell-to-frame (Cy1), cell-to-
rack (Cp2), and cell-to-ground (Cps) as shown in Fig 1.4. These capacitances depend on the
physical dimensions of the panel and atmospheric conditions. In a practical PV system, the
frame of the PV panel, and the mounting rack are grounded. Hence they assume equal
potential. Therefore, all three parasitic capacitances are connected in parallel and the
equivalent value of the parasitic capacitance is the summation of all partial capacitances
(Cp1, Cp2, and Cpg).

Grounding
i

Fig 1.4: Parasitic capacitances in a typical PV Panel.
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Further, the common-mode voltage of the power converter results in high-frequency
voltage transitions across this parasitic capacitor. In the absence of galvanic isolation, this
capacitive coupling facilitates the flow of leakage current from the PV panel to the ground.
This leakage current is constituted by both low-frequency and high-frequency switching
components which injects harmonics into the grid. This results in an increased power 10ss in
the system, reduced longevity of PV panels, and a compromise in the safety issues to

operating personnel [9].

Therefore, to ensure the safety of the operating personnel, this leakage current should be
limited to less than 300mA as per the stipulation laid out by the standard VDEO0126-1-1[10].
Since the parasitic capacitance varies greatly depending on atmospheric conditions and
construction, a lumped equivalent value of 100nF/kW was chosen for the experimental
studies of the proposed power converters in this thesis.

1.5 Single-stage non-isolated power converters with voltage boosting

In the last two decades, considerable research work has been carried out in the area of
single-stage non-isolated boost inverters to circumvent the disadvantages associated with
the traditional two-stage inverter topologies. The maotivation behind this research is to
improve the performance of the single-stage power converter regardless of its efficiency,

size, and complexity.

These single-stage boost topologies are categorized into the following topologies (i)
current source inverters (ii) active buck-boost inverters (iii) impedance inverters [11]. The
current source inverter is inherently a single-stage boosting converter. However, it requires a
bulky inductor at the input. The buck-boost functionality can be derived with the
employment of an additional Active Boost Network to buck-boost inverter. These power
converters typically employ an inverter that is cascaded to an AC/AC boosting network.
These power converters avail AC/AC boosting at an expense of additional active switches.
The disadvantages of bulky inductors and an excess number of switching devices for
boosting are overcome with the impedance source inverters. They are capable of handling
low PV voltages with a wide variation in voltage while providing inherent protection from
shoot-through faults [12-13]. In the year 2003, Peng introduced the first impedance power
converter namely the Z-source inverter (ZSl). This converter is capable of achieving the

twin objectives of boosting and inversion simultaneously. These impedance-based power
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converter has been extensively researched in the past two decades. Subsequently,
researchers have suggested various topological and modulation-based modifications to
improve the performance of the conventional ZSI. Among these, the quasi-Z-source
inverters are the most prominent. The disadvantage associated with the conventional ZSl,
namely the discontinuous input current, is successfully overcome with the quasi-Z-source
(9ZS) inverters [14]. Furthermore, the voltage rating of one of the capacitors is significantly

reduced in qZSls, compared to the conventional ZSls.

Based on the limitations of various transformerless power circuit configurations and their
modulation schemes reported in the earlier literature, this thesis investigates different qZS-

based topologies to improve their performance.
1.6 PV inverter standards in grid-tied operation

The PV inverters should be designed to comply with various international standards [15-
19] while injecting power into the grid. The following is the list of important parameters,
which should be considered for grid-tied operation (i) grid current THD (ii) injected direct

current (iii) range of grid frequency (iv) power factor (v) leakage current.

As per the PV standards (IEEE 1547, AS4777, EN 61000-3-2), the maximum THD
allowable in the grid current should be restricted to 5%. This improves the power quality at
the distribution feeder. Further, the injected DC into the grid is limited to 0.22% to 1% of
the rated output current. The range of grid frequency varies with different countries as
shown in Table 1.1. According to the standard stipulated by VDE-AR-N-4105, the inverter
should be capable of delivering reactive power within the power factor range of 0.8 to 0.95.
Finally, the leakage current should be limited to less than 300mA (RMS) according to the
standard stipulated by VDE 0126-1-1. Further, the circuit should be opened within 0.3sec
when the RMS current is higher than 300mA.

TABLE 1.1 VARIOUS CODES AND STANDARDS FOR PV SYSTEM

THD DC current injected Grid Power factor
frequency(Hz)
IEEE 1547 < 5% <0.5% of rated 57 -60.5 0.9 t0 0.97
output power
AS4777 < 5% <0.5% of rated 48-52 0.8-0.95
output power
EN 61000-3-2 < 5% <0.5% of rated 47.5-50.2 NA
output power
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1.7 Organization of the thesis
This thesis is structured into seven chapters, which are summarized as follows:

Chapter 2 presents a comprehensive review of several Z-source and quasi-Z-source three-
phase and single-phase topologies. The motivation for the problem formulation and

objectives of the thesis are also presented in this chapter.

Chapter 3, presents a three-phase quasi-Z-source based four-level cascaded MLI for
Photovoltaic application. In this chapter, a detailed view of the working principle of the
power converter along with the proposed modulation scheme is presented. Further, the
improved boost factor of the four level inverter is obtained using mathematical analysis. It is
shown that in the stand-alone mode of operation, the output voltage can be regulated by
controlling the shoot-through duty ratio of the quasi-Z-sources networks. In addition, it is
also shown that, during grid-tied mode of operation the twin objectives of MPPT and active
power injection into the grid is achieved by controlling the shoot-through duty ratio and
modulation index.Further, the experimental studies validates the concept and performance of
the proposed inverter. Finally, the proposed configuration is compared with the existing

multilevel inverter configurations to emphasize its features and merits.

Chapter 4, presents a single-stage dual quasi-Z-source 7-level inverter along with its PWM
technique. The working principle and various modes of operation of the proposed seven-
level inverter are presented. Further, the implementation of the proposed PWM scheme,
analysis of the boost factor, and design of the gqZS network of the power converter are
presented. In addition, it is also shown that the proposed topology can regulate the output
voltage in the stand-alone mode, and can inject active power into the grid in the grid-tied
mode of operation. This chapter also addresses how to minimise high-frequency voltage
transitions across the parasitic capacitor to reduce leakage current. The experimental studies
are presented to validate the operation of the power converter. Finally, the comparison of the
proposed power converter with the other existing qZS inverter is presented to highlight its
benefits.

Chapter 5, proposes a single-staged quasi-Z-source-based five-level inverter topology, as
well as a modulation technique. The working principle and different modes of operation of

the proposed power converter are presented. Analysis of leakage current is also presented for
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the proposed inverter. Furthermore, in this chapter, the performance of closed-loop control
schemes for the proposed power converter in both stand-alone and grid-tied modes of
operation is assessed. Experimental results are presented to validate the operation of the
proposed power converter. Finally, the benefits obtained by the proposed power converter,

compared to the other converters reported in the literature are presented.

Chapter 6, presents a single-stage quasi-switched capacitor-based five-level inverter for PV
systems. Various modes of operation of the proposed configuration are presented along with
its proposed PWM scheme. Also, the reduction of the leakage current in the proposed power
converter is analyzed with common mode and differential mode analyses of the power
converter. Experimental results are presented to validate the proposed configuration.
Further, a comparison with existing qZS-5L1 is presented to highlight the features of the
proposed configuration.

Chapter 7, summarizes the important findings of the research work reported in this thesis

and suggests possible extensions for future work.
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Chapter 2

Literature survey on Impedance source inverters

2.1 Introduction

As mentioned in the preceding chapter, impedance-source inverters belong to the
category of single-stage power converters. Power converters belonging to this class are
capable of deriving the twin objectives of voltage boosting as well as inversion from a single
entity. Two-stage power converters are currently being used required for low or variable-
voltage renewable energy sources. In such a scenario, it makes an interesting study as to

how the impedance-source inverters compare vis-a-vis the two-stage converters.

This chapter comprehensively reviews various impedance source networks and different

single-phase and three-phase impedance source inverters for PV systems.
2.2 The Impedance source inverter

The first impedance source inverter namely the “Z-source inverter” was introduced in
2002[12]. This power converter consists of the impedance network, which is made up of
inductors, capacitors, and diodes to boost or buck the voltage. The impedance network
employs two inductors (L1 and L») and two capacitors (C1 and Cz) connected in an X shape

to interface the inverter to the DC source as shown in Fig.2.1.

Fig 2.1: The Z-source inverter

To illustrate the operating principle of the Z-source inverter a three-phase voltage-fed Z-
source inverter is used as an example. In a conventional three-phase inverter we have six
active states and two zero states. In addition to these states, the Z-source inverter has a state
known as the “shoot-through state” where a single leg or multiple legs of the inverter are
short-circuited in an instant. The shoot-through states are forbidden in conventional VSls as

it leads to the short-circuiting of the input source and damage the switches.
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It should be noted that the conventional VVSIs and CSls are capable of operating as buck and
boost converters respectively. The shoot-through state is strictly forbidden for a VSI making
it work exclusively as a buck-type converter. On the other hand, the CSI uses the shoot-
through states to obtain the boost capability. In contrast, the impedance-source inverters,
with the shoot-through states can provide the buck-boost capability, which is unique to this

class of converters.

To analyze the voltage gain offered by the Z-source inverter, a brief mathematical analysis
regarding the operation of the power converter is presented below.

Z-source inverter operates in two modes namely, (i) shoot-through mode and (ii) non-
shoot-through mode. During the shoot-through mode, the inverter output terminals are short-
circuited and no energy is transferred from source to load. Further, the input source is
disconnected from the inverter, and both the inductors store energy from the capacitors. This
stored energy along with the input DC supply is fed to the load during the non-shoot-through

state.

Applying voltage sec balance during shoot-through and non-shoot-through states, and
considering the symmetry of the Z-source network the following voltage equations are

derived.

During Non-shoot-through

Vi="Vin=Vc (2.1)
Vae = 2Ve) = (Vi) (2.2)
During Shoot-through
VL = VC (23)
VdC =0 (24)

Application of the volt-sec balance to all of the inductor voltages over one switching time
period paves the way to the derivation of the boost factor obtained with the Z-source
inverter. Each switching time period consists of one of the NST modes (equations 2.1-2.2) &
the ST mode (equations 2.3-2.4). It may be noted that the symmetry of the Z-source

networks results in Vc1=Vc2=Vc and V1=V >=V|.
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The voltages across the capacitors are expressed as:

1-D
Ve1=Ver = ﬁ in (2.5)

Where ‘D’ is the shoot-through duty ratio, defined as Tsn/Ts. (where Tsh and Ts respectively

denote the shoot-through time and the time period of the switching cycle).

Hence, the boosted DC-link voltage from equation (2.2) is expressed as:

1

Vae = g5y Vi (2.6)
—_— 1 1
Where B = a1 the boost factor of ZSI.
Therefore, the peak fundamental output phase voltage of the inverter is expressed as:
7 =2%MxB*Vy 2.7)

Where ‘M’ is the modulation index and ‘B’ is the boost factor.

Despite these advantages of boosting, inherit shoot-through immunity, and single-stage
conversion, the ZSI also suffers from the following drawbacks (i) discontinues input current
due to the presence of input diode (ii) huge component size (iii) no common ground.
Therefore to address these drawbacks a modified ZSI known as a quasi-Z-source inverter
(9ZSl) is proposed in [14]. Fig. 2.2 shows the schematic of the gZSlI, it may be observed that
an input inductor is always in connection with the source which results in continuous input
current waveform. Further, the voltage rating of one of the capacitors is decreased in

comparison with ZSI which leads to reduce the size of the capacitor.

AY)
/1

L]_ Dl L2
_fm__N__fm_ N
+

Fig .2.2: Quasi-Z-source inverter

Hence, it can be inferred that gZSI provides higher benefits like reduced
component rating, continuous input current, and common ground feature than ZSI with the

same boost factor.
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2.3 Classification of impedance source networks

To further minimize the drawback associated with the Z-source and the gZS inverter
topologies, several impedance networks are developed. These developments are primarily
classified into three types [20] (i) non-transformer (ii) Active switch (iii) Transformer
coupled impedance networks. Fig 2.3 presents different topologies associated with these
three different types of impedance networks. These new topologies are mainly developed to
reduce the ratings and quantity of passive components and to improve the boost factor when
compared to the Z-source network. These three classifications are further discussed in detail

in the following subsections.

Impedance source networks

| Non-Transformer | | Active switch | | Transformer coupled
Switched Boost
I:kZ: Trans Switched Lscoﬁlez
-source Boost
uasi-Z-source
source
—| Diode/capacitor assisted |
|| Embedded-Z- Improved Trans- |-
source ] Switched capacitor/inductor Z-source
HF-transformer [~
ZH converter — L
_|—, Distributed Z-source isolated Z-source
B4-ZS

— converter

Fig. 2.3: Classification of impedance source networks

2.3.1Non-transformer impedance networks
2.3.1.1 Embedded Z-source

Fig. 2.4 shows the schematic of the embedded Z-source network [21-22]. This impedance
network provides continuous input current and has low capacitor voltage. Therefore, it is
suitable for PV applications. Further, this topology employs two DC sources which reduce
the voltage and current ripple. However, these two input sources operate asymmetrically

which is the major disadvantage. Further, this increases the cost and no of components.

2-5



05V, L2

Fig. 2.4: Embedded Z-source network
2.3.1.2 Switched inductor/capacitor network

To improve the boost factor of the Z-source network and reduce the stress on passive
elements, inductors are replaced with switched inductors in this topology (as shown in Fig
2.5). This topology provides continuous input current with lower voltage stress. However,
these advantages are obtained at an expense of increased passive device count and cost [23-
25].

Fig. 2.5: Switched inductor Z-source network

2.3.1.3 Capacitor/Diode assisted network

Similar to the above-mentioned topologies, the capacitor/Diode assisted networks are
formed by the addition of some diodes and capacitors to the qZS network. These
modifications are implemented to increase the voltage gain of the qZS network. Fig.2.6
shows the different possible extended boost qZS topologies [26-27]. Similar to the above

impedance network, the voltage gain is obtained at the expense of increased passive devices.

D>
Pt
Cs
L, | D; L |D3 Ls
e 1wl NG _rrn_:
+
Vin Ci~ Cor= Ve

Fig. 2.6: Capacitor/diode assisted qZS network

2-6



2.3.2 Active switch impedance networks

The main aim of these active switch impedance networks is to achieve the advantages of
ZSI topology with only half of the number of passive components. These topologies namely
“switched inductor networks” consists of one inductor, capacitor, diode, and an active
switch as shown in Fig 2.7[28]. However, these networks could not overcome the drawbacks
of ZSI such as discontinuous input current, low boost, and high voltage stress on the
capacitor. Further, these topologies are extended by adding an inductor in the input to make

the current continuous as shown in Fig 2.7(b).

(b)

Fig. 2.7: (a) Switch Boost inverter (b) Trans-switch boost inverter

2.3.3 Transformer-coupled impedance networks

To improve the power density and overall system cost, coupled inductors and transformers
are employed in the Z-source and quasi-Z-source networks. The following topologies are

based on coupled or transformer impedance networks.

2.3.3.1 Trans-Z-source/Trans-QZ-source topologies

In topologies like ZS, gZS, and embedded Z-source inverters the gain offered by the
impedance network could be even infinity. However, when the gain is greater than ‘3’ the
voltage stress across the switches is high. Trans-Z-source and Trans-QZ-source with the
discontinuous and continuous operation have been proposed in [29-31]. These topologies
achieve higher voltage boosting, and lesser voltage stress by employing only one coupled

inductor, one diode, and one capacitor as shown in Fig .2.8.

D, ___nil D, __ml

+ Ly L, + + L, L, +

Vin C, = Vi Vin 4’?01 Vi
(@) (b)

Fig. 2.8: (a) Trans. ZSN (b) Trans.QZSN

/

Further based on the no of coupled inductor winding and their arrangement in Trans-Z-

source topologies the following impedance networks are derived (i) Y-source (ii) T-source
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and (iii) TZ-source. These topologies achieve a higher boost factor by changing the turns-
ratio of the coupled inductor. The drawbacks associated with these topologies are the
presence of leakage inductance. Furthermore, the coupled inductor in trans-Z-source
topology is replaced by a high-frequency transformer to derive an LCCT-Z-source topology
[32]. It employs an inductor-capacitor-capacitor-transformer as shown in Fig 2.9. The
structures for LCCTZSN and quasi-LCCTZSN are provided in Fig. 2.9(a) and Fig. 2.9(b)
respectively. The presence of the quasi counterpart makes the converter draw a smooth input

current from the source, which is essential for PV power generation.
D1 L, [D; 7G|
e wlE]
] SR
. Tr
Vin VdC Vin VdC

CiL CrL C
T T
(a) (b)

Fig. 2.9: (a) LCCT ZSI (b) LCCT QZSI

To address the shortcomings of the conventional ZSI and enhance its performance,
several changes and improvements have been proposed for the original ZSI. Some were able
to enhance the capacity more effectively, while others were able to lower the capacitor
voltage and the start-up inrush current. The aforementioned impedance network can be
integrated with existing MLI structures to form a single-stage boosting inverter based on the
application.

2.4 Multilevel Inverters

MLIs have recently received a lot of attention, both from the research community and
from industry, as they are emerging as a viable technology for a wide range of applications.
Baker and Bannister produced the first patent in the middle of the 1970s that described a
converter architecture capable of generating multilevel voltage from independent DC
voltage sources [33]. This power converter namely the “Cascaded H-Bridge inverter”
consists of a series of single-phase inverters connected to an isolated DC source. Further,
this power converter is modified to produce a multilevel output voltage from a single DC
source and with extra diodes connected to the neutral point. This topology is well known as
“Neutral point clamped MLI” [34]. Further, a flying-capacitor-based MLI is proposed in

[35], which was widely used for three-level and five-level applications.
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All the aforementioned MLI have several attractive features as follows (i) lower output
voltage THD waveform (ii) less dv/dt stress on the switches (iii) reduced filter size, and (iv)
electromagnetic interface. However, the requirement for more components, balancing
capacitor voltages, and increased control complexity limits the use of MLIs for higher-level
operations. In addition, MLIs are essentially buck-type power converters. Therefore, they
require a higher input DC voltage to achieve the desired output voltage. This necessitates a
boosting stage to increase the output voltage between PV and MLIs. Thus, the amalgamation
of impedance-network with multilevel inverters can inherit the benefits associated with both

of these topologies [37-39] for photovoltaic applications.

2.5 Impedance source Multilevel Inverter
In this section, the proposed impedance source multilevel inverter topologies in the literature
for both three-phase and single-phase systems are presented. Furthermore, a brief

description of their benefits and drawbacks is provided.

2.5.1 Three-phase impedance source multilevel inverter topologies

Most of the research work regarding the integration of Z-source and multilevel inverters is
carried out considering the conventional NPC and CHB converter topologies. In the work
reported in [40-41], two isolated DC sources are connected to two Z-sources to obtain the
required buck-boost capability. The boosted DC-link is connected to a three-level NPC MLI
at the back-end (shown in Fig.2.10). The resulting system is a typical single-stage system as
the shoot-through time period required for the Z-source is provided by the back-end three-
level inverter. However, it is an expensive proposition due to the additional clamping diodes
and the requirement of a complex modulation technique for proper balancing of the shoot-

though in Z-source network.

Vin c§<cz Ve
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L, B
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X
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Fig. 2.10: Z-source NPC three-level inverter
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The single Z-source topology, reported in [42], also requires two DC sources. Compared to
[9], it needs only one impedance network(shown in Fig 2.11(a)). However, the cost of the
system is not reduced, as the size and component ratings of the passive elements are
doubled. Following these developments, a few more power circuit configurations have been
proposed, which employ a single DC source and a single Z-source [43] (shown in Fig
2.11(b)). However, the main disadvantage of these topologies is the discontinuous input
current, which should be avoided in PV applications. The requirement of achieving a
continuous input current led to the development of three-level qZS-NPC topologies [44]
shown in Fig. 2.12. An early topology belonging to this category consists of a symmetrical

combination of two gZS networks, which form a T-type structure with a common neutral

pomt.
s S Se Dy L + s Ss Sg
= Ci C.
S S S 2
] b . S %S0 &Su
i B B Ve
S3 Sy Sy c leC_) T, H S 1 S 3 S B
3 3 . 7, 1
Sy S S - ¥ t
1 1 S S S
T L, T _
1)

Fig. 2.11: (a) Single Z-source NPC three-level inverter (b) Modified Z-source NPC three-level inverter
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Fig. 2.12: Quasi-Z-source NPC three-level inverter

A modified qZS-based power circuit configuration is proposed in [45], which needs fewer
switching devices. In this power converter, two gZS networks are connected to a 3-level T-
type inverter as shown in Fig. 2.13. Both of these topologies display drawbacks such as (i)
deviation of the neutral point voltage due to the unbalancing of the capacitor voltages (ii)
additional clamping diodes and (iii) the non-improvement of boost factor compared to the
traditional qZSI [44][45].
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Fig. 2.13: A three-level Quasi-Z-source based T-type inverter.

Cascaded H-Bridge Multilevel inverters (CHB-MLI) are comprised of multiple units of H-
bridge inverters, which reduce the requirement of the DC-link voltage for each inverter.
They also provide an output voltage waveform with much lesser THD and dv/dt [46-48].
Recently, a combination of gZS and CHB-MLI is proposed, which combines the advantages
of both CHB-MLIs and the quasi-Z sources [49-50]. In these configurations, individual qZS
networks are connected to each H-bridge inverter to obtain the required voltage boosting.

However, these systems require individual MPPT and DC-link voltage [51-52].

Figure 2.14 shows a single-stage, three-phase qZS-CHB MLI [51] that requires nine isolated
PV sources, 36 semiconductor switching devices, and the associated gate-drive circuitry.
Though the qZS-CHB MLI converter displays a higher efficiency, the cost, and complexity
of control increase with the number of levels in the output voltage. This is due to the
requirement of implementing MPPT individually for each gZS and controlling its dc-link

voltage.

qZS-HBI

qZS-HBI

qZS-HBI qZS-HBI

qZS-HBI qZS-HBI

] |

Fig. 2.14: Quasi-Z-source CHB inverter
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2.5.2 Single-phase impedance source multilevel inverter topologies

Initial investigations of single-stage systems were confined to the Z-source-based CHB and
the NPC systems. Fig 2.15 displays a seven-level inverter topology reported in [53], wherein
a cascaded Z-source network with two switches is connected to an H-bridge inverter. This
power converter requires fewer semiconductor switches compared to the ZS-NPC
topologies. However, this topology needs three isolated Z-source networks, which increases
the number of passive components. The drawback of discontinuous input current associated
with the Z-source-MLlIs is overcome by fusing the NPC and CHB topologies with a quasi-Z-

source.

L.

Fig. 2.15: Z-source seven-level inverter

A 3-level gZS-NPC topology was reported in [54], wherein two symmetrical qZS
networks are interfaced with an NPC inverter. This topology suffers from the drawbacks
associated with the conventional NPC such as additional clamping diodes and neutral-point
deviation [55-56]. In qZS-CHB topologies [57-58], each unit of the H-bridge inverters is
interfaced with a qZS network to boost the voltage of an isolated PV panel(as shown in
Fig.2.16). However, the extension of CHB topologies to a higher number of voltage levels
involves a corresponding increase in the number of gZS networks (and the associated
passive components). Other complexities associated with the qZS-based CHB inverters are:
(i) distributed MPPT control, and (ii) individual DC-link voltage regulation [59].

Fig. 2.17 presents a 5-level inverter [60], which employs only one inductor and one
capacitor in each gZS, halving the number of passive components, compared to the earlier
topologies. However, two diodes and two switches are additionally needed in this topology
to provide the boosting capability, increasing the switching power losses in semiconductors.

All of the aforementioned topologies [56-60] require more than one PV source.
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Fig. 2.16: Quasi-Z-source single-phase CHB inverter

AC@

Fig. 2.17: Quasi-switched boost inverter

In an attempt to minimize the number of input sources and inductors, a modified power
converter is proposed in [61]. As shown in Fig. 2.18, the power converter employs eight
switching devices, two inductors, and one PV source to produce a 5-level output voltage
waveform. However, this topology results in increased voltage and current stresses in the
devices when compared to the multiple-source qZS-CHB topologies. Furthermore, the input

current from the DC source is discontinuous., which doesn’t auger well for PV applications.

The qZS-based 5-level topology presented in [62] employs eight switching devices and is
a combination of NPC and T-type inverters. This topology suffers from the drawbacks of

additional clamping diodes which are required for freewheeling operation.
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Fig. 2.18: Modified quasi-Z-source five-level inverter

Leakage current is another major issue in PV-fed grid-connected transformerless inverters
[68-69]. High-frequency transitions in the Common mode voltage (CMV) of the MLI charge
the parasitic capacitance of the PV panel, facilitating the flow of leakage current. If this
leakage current is not restricted to the prescribed limits, the safety of the PV system could be
compromised. Apart from the regular switching transitions, the shoot-through states (which
are deliberately introduced in ZS / gZS-based MLIs to achieve the required voltage

boosting) also contribute to the high-frequency transitions in CMV.

In conventional single-phase inverters, the CMV is reduced either with modulation
schemes of inverters or by devising newer topologies. In modulation methods, appropriate
voltage vectors are employed to reduce the CMV [63-64]. Alternatively, additional
semiconductors are used to decouple AC and DC sides to eliminate the leakage current [65].
For three-phase qZSlI topologies, the CMV is reduced by the modification of SVPWM [66-
67] and the addition of a fast recovery diode in the negative path of the PV panel [68].

To minimize the high-frequency voltage transitions in CMV for a single-phase gZSlI, a
modified PWM technique is suggested in [69], which chooses appropriate zero states. The
power converter topology described in [70] employs two additional switches to create an
alternative path between the negative DC terminal of the PV panel to the grid (as shown in
Fig 2.19). These switches are operated at the grid frequency to clamp the parasitic voltage
across the capacitor either to zero or to the grid voltage. The proposed power converter in
[71], connects two extra switches and diodes across the grid terminals (shown in Fig. 2.20).
These additional devices are switched during the zero states to isolate the PV source from
the grid, paving the way to the minimization of voltage transitions in the CMV. However,

the
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Fig. 2.20: Quasi-Z-source with AC decoupling switches

aforementioned literature [69-71] is limited to the minimization of leakage current in gZS-

based single-phase 2-level inverter topologies.

2.6 Motivations

Based on the above literature review, the following observations were made w.r.t the

existing Impedance source Multilevel inverter topologies:

1. In three-phase impedance source MLI, the majority of the literature is confined to only
three-level systems. Further, these investigations are carried out with conventional CHB
and NPC-based topologies. Therefore, the drawbacks associated with the conventional
CHB and NPC are also manifested in these topologies.

2. In the three-phase Z-source MLI, the single-stage operation with voltage boosting and
multilevel output is achieved with the expense of large voltage stress across the switching
devices and discontinuous input current which is not favorable for PV applications.

3. The three-phase qZS-CHB topology achieves low switching stress across switches with a
continuous input current. However, the complexity of MPPT control and DC-link voltage
regulation increases with an increase in voltage levels.

4. Further, most of the existing three-phase impedance source MLI have the conventional
boosting of ZS / qZSI. Therefore, a higher shoot-through duty ratio ‘D’ is implemented

which limits the modulation index ‘M’ to a lower value.
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5. The 5-level and 7-level single-phase impedance source inverters have some drawbacks
such as the employment of multiple DC sources, increased switch count, and
discontinuous input current.

6. In addition, the leakage current minimization in ZS/qZS inverters is only confined to the

two-level inverters.

The above-mentioned limitations of the three-phase and single-phase ZS/qZSI are the

motivations for the research carried out in this thesis.
2.7 Objectives

The research work presented in this thesis puts an effort to fulfill the following objectives:

1. Development of three-phase and single-phase impedance source multilevel inverter
configurations with high gain for multiple and single string PV modules with minimum
switching devices and continuous input current.

2. Propose new modulation techniques to simultaneously achieve higher voltage boosting
with output voltage inversion.

3. To minimize the high-frequency voltage transition across the parasitic capacitor of the PV
panel thereby reducing the leakage current within the stipulated limit set by the
VDEQ0126-1-1 standard.

4. Analyses of the steady-state and dynamic performances of the quasi-z-source multilevel
inverter during the stand-alone and the grid-tied modes of operation.
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Chapter 3

A Quasi-Z-Source Based Space Vector Modulated Cascaded

Four-Level Inverter for Photovoltaic Applications

3.1 Introduction

In Chapter 1 it is stated that the gZS based NPC topologies suffer from the drawbacks such
as (i) deviation of the neutral point voltage due to the unbalancing of the capacitor voltages
(ii) additional clamping diodes and (iii) the non-improvement of boost factor compared to the
traditional gZS. The gZS-based CHB topologies also incur a higher cost and complexity of
control with the number of levels in the output voltage. This is due to the requirement of
individual MPPT for each qZS network and the regulation of its DC-link voltages.

In general, multi-level inversion can be obtained with a relatively new topology known as
the Cascaded Multilevel Inverter (CMI) [72]. This topology brings in a considerable reduction
in the number of DC sources and switching devices compared to the CHB-MLI configuration.
Unlike the NPC and the flying capacitor (FC) MLI topologies, the CMI doesn’t require
clamping diodes/capacitors. For a comparable number of voltage levels in the output (phase
voltage) waveform, CMIs require fewer DC input power supplies and power semiconductor
switching devices. Owing to the reduced number of components, the reliability of a CMI

would be higher compared to the aforementioned power converter configurations.

Therefore, this chapter proposes a new power converter configuration, which is obtained by
the amalgamation of qZS networks with a Four-level CMI (FCMI) to achieve single-stage
conversion. It is shown that, when the proposed power converter is modulated with a carrier-
based Level-shifted Space Vector PWM (LSPWM) scheme, it would result in 50% higher
boosting capability compared to the NPC 3-level and the CHB-based systems. Furthermore,
better spectral performance is obtained by the proposed converter as it outputs more voltage
levels, compared to the aforementioned topologies. It is also shown that the proposed LSPWM
scheme implements the shoot-through state, required for the gZS, using the FCMI without any
additional power loss in the semiconductor switching devices. The principles of the proposed
power converter topology, as well as the PWM technique are experimentally verified with a
laboratory prototype.
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3.2 The proposed Quasi-z-source based four-level cascaded MLI(QZS-
FCMI)

The proposed PV fed qZS based four-level cascaded multilevel inverter (qZS-FCMI)
is shown in Fig.3.1. In this circuit configuration, four-level inversion is achieved by the
cascaded connection of three basic 2-level voltage source inverters (VSIs). Two of these
inverters are pivotal in implementing the shoot-through mode, which is essential for the
operation of the qZS networks. Thus, these are named as Shoot-Through Inverter-1 (STI-1)
and Shoot-Through Inverter-2 (STI-2) respectively. The output terminals of STI-1 (A1, By,
C1) and STI-2 (A2, Bz, Cy) are connected to the DC input terminals of the third VSI (Fig. 3.1),
which steers the output of these two shoot-through inverters to the load/grid. Hence, it is

named the Output Inverter.
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Fig. 3.1: Proposed qZS-FCMI.

These VSIs are fed with three identical gZS networks, which boost the low input
voltages of isolated PV panels to the desired levels. The middle gZS network is accompanied
by a switch (S19), a DC-link capacitor (C7), and a diode (D4). These components provide a

constant DC-link voltage at terminal points (Asz, Bs).

Similar to the conventional Z-source inverter the gZSI operates in two modes, namely:
(i) the shoot-through mode and, (ii) the non-shoot-through mode. In the shoot-through mode,
energy from the PV source as well as the capacitors (C1, C») is stored in the inductors (Ly, L2)

by turning on the switches in each phase of the inverter. This stored energy in the inductors is
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then transferred to the load during the non-shoot-through mode of the qZSI. The presence of
the impedance networks before the inverters avoids the requirement of the dead-band circuitry
for protection against the shoot-through fault. This topology consists of 19 power
semiconductor switching devices (S1-S19). The shoot-through mode is inserted for the top and
the bottom quasi-Z sources through the phase-legs of the STI-1 and the STI-2 Inverters. A

separate switch (S1) is used to introduce the shoot-through mode in the middle gZS.

3.2.1 Switching states and the output voltage of the Four-level Inverter

The pole voltages (the voltages of the ‘A’, ‘B’, and ‘C’ points shown in Fig. 3.2 w.r.t
the point ‘O”) of the qZS four-level inverter are denoted as Vao, Veo, and Vco respectively.
Table 3.1 shows the details regarding the switching states of the individual devices pertaining
to the A-phase of the proposed FCMI and the pole voltage (Vao). In Table 3.1 and for the
rest of the work, the logic levels ‘1’ and ‘0’ respectively indicate the ‘on’ and the ‘off” states
of the switching devices present in the proposed power converter. From Table 3.1, it is evident
that each pole voltage of the proposed converter is capable of assuming four levels, thus

making it a four-level VSI.

TABLE 3.1: POLE VOLTAGE (Va0) FOR DIFFERENT SWITCHING COMBINATIONS

Switching states (1-ON, 0-OFF)
Pole .
Pole (A) terminal
State type | Voltage Level .
(Vo) NoO connection Sa1 Sar Sp2 | Sz | Sas | Saz
#o (See Fig.3.1)
NST Vbe 3 P 1 0 1 0 0 0
NST 2Vpe ’ 0 0 1 1 0 0 0
UST 3 1 1 1 0 1 0
NST % 1 T 0 0 0 1 1 0
NST 0 0 0 1 0 1
0 0 U
LST 0 1 0 1 1 1
*NST-Non shoot-through,*UST-Upper shoot-through,*LST-Lower shoot-through.

The shoot-through switching states for phase-A of the STI-1 and STI-2 Inverters are
also shown in Table 3.1. From this table, it may be noted that whenever a shoot-through state
is inserted in any given phase in the STI-1, the pole voltage of that phase falls from a level of
“Vpc’ to alevel of 2Vpc/3’. Similarly, whenever a shoot-through state is inserted in any given

phase-leg in the STI-2, the pole voltage of that phase becomes 0 V.
The pole voltages of the cascaded qZS four-level inverter can be expressed as:

3.1)

v (Sa2*Sp)  (Sp*Su)*2
VAo:SAz SA1+ A23 A3 + Al 3A2
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VBO = SBz *Ssl + (SBZ' *883) + (SBIV *SBZ)*Z (32)
3 3

* * *
Veo =S¢ *Sci + (802‘3 Ses) + ey 2(:2) 2 (33)

Common mode voltage will be the average of three-pole voltages as shown
Vew = (VAo +Vio +Vco)/3 (3.4)

Phase voltage of the inverter using the above equations

VAN :VAO _VCM (3.5)
VBN :VBO _VCM (3-6)
VCN :Vco _VCM (3-7)

Thus, the phase voltages are expressed as:

V= (2*%V,0) 13— (Vo /3) — (Vo /3) (3.8)
Van =(2%Vg) 3= (Vo /3) = (Va0 13) (3.9)
Ven = (Z*Vco) /13— (VBo /13)— (Vco /3) (3.10)

3.3 Control strategy for the proposed QZS-FCMI
3.3.1 Implementation of the SVPWM scheme

In general, the Space Vector Pulse Width Modulation (SVPWM) is preferred as it
results in 15% more utilization of the DC-link voltage compared to the sine-triangle PWM
(STPWM). In this work, the SVPWM is implemented by adopting the switching scheme
described in [73], wherein the concept of imaginary switching time periods is introduced.
Operating only on the references (denoted by v, v;, and v;), this scheme directly outputs the
gating waveforms for a two-level VSI. The on-time periods of the gating signals pertaining to
the top switching devices in a two-level VSI (i.e. devices connected to the positive DC rail)
are denoted by the time periods Ty, Ty, and T,..These time periods replicate the waveforms
of the references (i.e. vg, vy, and v;). This work uses the normalized modulating signals
denoted as Ty, Tg, and Ty, which are the per-unit values, obtained on the base value of the

sampling time period of T.

In general, the implementation of SVPWM can be either sample-based or carrier-based.
This work uses the latter, as it is more convenient to implement for the present system. Of the

several variants of the carrier-based implementations, the Level-Shifted PWM (LSPWM) is
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selected to implement the SVPWM scheme, as it offers advantages such as ease of
implementation. In the LSPWM technique, phase-disposed (PD) carrier waveforms are used,
where the three triangular carrier waves are in phase and are displaced vertically by an equal
amount of 1/3. These reference waves ( T4, Ty, and T,,) are compared with the top, middle,

and bottom carrier waves to produce the switching signals for the three two-level inverters
shown in Fig. 3.2.
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Fig. 3.2: Implementation of phase-A switching for gZS-FCMI.

3.3.2 Insertion of the shoot-through in the FCMI

In order to introduce the shoot-though, the maximum and minimum envelope of the

reference waves are generated using equations (3.11) & (3.12).

Tymax = MAX (Tg;’Tgl’TgZ) (3.11)
Tgmin = MIN (Tg*a’Tg*b’Tg*c) (3.12)

These envelopes ((Tgmax) and(Tym;) are modified by shifting them in opposite directions
by half of the required shoot-through time (denoted as Ts;). The modified references are
respectively denoted as (Tymaxy) and(Tymin;) Which are given in the following expressions
(13) & (14).

Ty maxu = Tgmax +(D/2) (3.13)
Tgminl :1_Tgmin —(D/2) (3.14)
The shoot-through duty factor ‘D’ is defined as D = %
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The modified envelopes given by equations (3.13) & (3.14) are compared with the
respective carriers to obtain the shoot-through pulses for the STI-1 and STI-2 as shown in Fig.
3.2. To obtain the desired gating signals to implement the required shoot-through time period,
a logical ‘OR’ operation is performed between the shoot-through pulses (St1, St2) and the

original gating signals (which are produced by the comparison of the original references T,

Ty, and Ty, and the carrier waveforms). Thus, the required voltage boosting is obtained.

The implementation of shoot-through for the proposed converter is explained with the space
vector diagram of the FCMI, which consists of three concentric hexagons (Fig.3.3) which
consist of three concentric hexagons. While the tip of the reference vector is located in the
innermost hexagon for the 2-level operation, it is located in the middle and the outer layers
respectively for three-level- and four-level operations. From Table 3.1, it is evident that each
pole-voltage assumes four switching states independent of the other two, resulting in a total
of 64 (4%) useful switching states for the four-level FCMI. These (64) switching states result
in 37 voltage space vectors. It may be noted from Fig. 3.3, that the entire space-vector diagram

is divided into 54 sectors.

Fig. 3.3: Space vector diagram of FCMI.

Let an instant be considered, wherein the reference voltage vector (ﬁ) is situated in the
sector ‘HVW ’as shown in Fig. 3.3. The objective of the LSPWM scheme is to synthesize this
reference voltage vector in the average sense, over the sampling time period (denoted as'T;").
The switching sequence required to synthesize this reference voltage is given by: [210]-[310]-
[320]-[321] as shown in Fig. 3.4. The phase-disposition (PD) strategy ensures that the nearest
vectors, which are situated in the closest proximity to the reference voltage vector, are

switched while allowing only one transition between the switching of the successive vectors.
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A typical sequence [210] denotes that pole-A is connected to point ‘Q’, pole-B is connected
to point ‘T’ and pole-C is connected to point -U as shown in Fig. 3.5(a). It may be noted that
all three output points of the STI-1 (Az, B1, C1) are clamped to the negative rail of the top qZS
network when the vector [210] is switched (i.e. the STI-1 is operated with a null-vector. This
facilitates the introduction of the shoot-through state in the STI-1, by turning on switch Sa1)
as shown in Fig. 3.5(a). The implementation of the shoot-through state in the [210] state is
shown in Fig. 3.4 (the region in red color).

1
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Fig. 3.4: Switching sequence of FCMI when reference phasor is in sector HVW.

When a transition occurs from the vector [210] to the vector [310], as shown in Fig. 3.5(b)
the rising edge of the gating signal to the top-device Sa: is advanced by a duration of 3Tsh/2,
while the turn-off of the bottom-device Sai’ remains unaltered (i.e. it occurs at ‘t1” as before).
Thus, the insertion of the shoot-through state does not incur additional switching power loss.
In the state [310], it may be noted that: (i) the pole-A is connected to the point ‘P” of STI-1
(ii) the pole-B is connected to the point ‘T’ of STI-2 and (iii) the pole-C is connected to the
terminal ‘U’ of the STI-2 (as shown in Fig. 3.5(b)). Consequently, both STI-1 and STI-2 are
in their active states, and power is transferred from their respective quasi-Z-sources to the load
through the output inverter. When the proposed converter is switched to the [320] state, the
poles A, B, and C are connected to the ‘P’, ‘Q’, and ‘U’ terminals as shown in Fig.3.5(c).
Thus, both STI-1 and STI-2 are in their active states as in the case of the state [310].

The occurrence of shoot-through in the A-phase of the STI-1 leads to the boosting of the
DC-link of the top gZS network. To ensure a balanced operation between the top- and the
bottom-gZS networks, the shoot-through time is equally distributed in the STI-1 and STI-2 in
a given sample time period (7). When the vector [321] is switched, the STI-2 is operated
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with a null-vector. All three output points of the STI-2 (A2, B2, and C2) are clamped to the
positive rail of the bottom qZS network, as shown in Fig.3.5 (d). Thus, this state is also

amenable for the introduction of the shoot-through state by turning on the switch Scs:.

When the proposed converter is switched to the [320] state, the poles A, B, and C are
connected to the ‘P’, ‘Q’, and ‘U’ terminals as shown in Fig.3.5(c). Thus, both STI-1 and STI-

2 are in their active states as in the case of the state [310].

*
Sa3 Ses
| L_r, L6 AZ'
va3 CS B
Sasy Sesy Scs'ﬁ_ ]
0,
Sci/;
<! ()
v
G

o

Fig. 3.5: Circuit diagrams for switching states mentioned in Fig. 3.4 (a) [210] state (b) [310] state (c) [320] state
(d)[321] state in a given sample time Ts.

The occurrence of shoot-through in the A-phase of the STI-1 leads to the boosting of the
DC-link of the top qZS network. To ensure a balanced operation between the top- and the
bottom-qZS networks, the shoot-through time is equally distributed in the STI-1 and STI-2 in
a given sample time period(T). When the vector [321] is switched, the STI-2 is operated with
anull-vector. All three output points of the STI-2 (A2, B2, and C2) are clamped to the positive
rail of the bottom gZS network, as shown in Fig.3.5 (d). Thus, this state is also amenable for

the introduction of the shoot-through state by turning on the switch Scs-.
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From the foregoing discussion, it is obvious that there is no mechanism to introduce the
shoot-through state in the middle qZS. Hence, an additional switch is provided (S19, Fig. 3.1)
to implement the shoot-through state and boost the low voltage output by the middle string of
the PV panels.

3.3.3 Analysis of the Boost factor of the Quasi-Z-source with the proposed PWM

Scheme

The references and the carrier signals corresponding to STI-1 are shown in Fig. 3.6.

/E/{/ \
I
1/3 |
I
i \

|
| -
t]_ t2 Ts ZTS>

Fig. 3.6: Scaling of boost factor by LSPWM technique.

This diagram is drawn for a period, wherein the maximum value amongst the three references
is assumed by the A-phase. This diagram helps to evaluate the modified boost factor in the
proposed power converter. It may be observed that the slope of the top carrier wave (C1) is
1/3.

From Fig. 3.6, the point of intersection between the upper carrier wave and the reference

occurs at (t;,y;).The coordinates t; and y,are related by the following expression:
1 2
yi=3tt3 (3.15)
1 2
Y2 =3l t3 (3.16)

The difference in eq (3.16) and eq (3.15) results in

Y2 =1 =7 (2 — t) (3.17)
From Fig. 3.6, it may be noted that

Y2 =y1=(D/2)
Hence,

t,—t; = (3D/2) (3.18)
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From the above equations, it is evident that an increment of (D/2) to the modulating
signal ‘Tj,’ manifests as an increase in the shoot-through time period of (3D/2) (introduced
in phase-A) for STI-1. Thus, it can be stated that the LSPWM results in the scaling-up of the
shoot-through time period by a factor of 3, when compared to the shoot-through time period
of a Z-source or a quasi-Z-source fed two-level inverter (which is equal to ‘D’). A similar
conclusion can be drawn for the STI-2 as well by decrementing the reference signal T,.by D/2

on the lower carrier wave (Fig.3.6).

The increment in the shoot-through time period increases the boosting capability of
the inverter. As the shoot-through duty factor is modified to (3D/2), the equation governing
the relationship between the shoot-through duty period (D) and the boost factor (B) is also
modified. The relationship between the shoot-through duty (D) and the boost factor (B) for
the conventional Z-source or quasi-Z-source fed inverter proposed in [14] is given by:

1

Beony = 1-2D (3-19)

The boost factor for the proposed converter operated with the proposed control scheme is

obtained by simply replacing the shoot-through duty (D) with (3D/2).

11
1-22)  1-(3D)

Bnew -

(3.20)

Equation (3.20) suggests that there is a considerable improvement in the boost factor with the
proposed control strategy, compared to the conventional scheme. For example, when D = 0.2,
the boost factor in the conventional scheme is given by 1.667. For the same shoot-through
duty, the boost factor increases to 2.5 with the proposed power converter (an increase of 50%).

1

V= 73 * M * By * Vinput (3.21)

Equation (3.21) express the peak fundamental output phase voltage (‘V*) of the qZS four-

level inverter.
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3.4 The control scheme of QZS-FCMI for stand-alone and grid-

connected operation

3.4.1 Stand-alone mode

The overall gain of the proposed converter is given by the product of the boost factor (B) of
the front-end gZS section and the modulation index (m) of the back-end 4-level inverter. It is
evident that both of these sub-sections are mutually dependent on each other. While the front-
end gZS provides the DC-link for the 4-level inverter, the latter facilitates the much-required
shoot-through state for the former. As the shoot-through state is inserted in the zero (null)
state, the momentary short-circuiting of the DC-link (due to the insertion of the shoot-through
state) doesn’t affect the waveform of the output voltage of the 4-level inverter. Generally, the
modulation index (m) that controls the output voltage of the 4-level inverter is held constant

in the stand-alone mode.

As the DC-link voltage of the 4-level inverter varies due to the fluctuations in the PV voltage,
the boost factor (B) of the gZS is adjusted to regulate the DC-link voltage with closed-loop
control and also to regulate the output voltage of the 4-level inverter at the required voltage
level. As the boost factor (B) depends on the shoot-through duty factor (D, Eqn. 3.20), the
output voltage is regulated simply by controlling the shoot-through duty ratio ‘D’. Fig. 3.7
shows the control scheme for the regulation of the DC-link voltage for the 4-level inverter
using the shoot-through duty ratio. As the DC-links of STI-1 and STI-2 are fed from gZS
networks, a pulsating voltage waveform is produced at the terminals of the DC-links
(terminals P, Q, R, S, and T, U as marked in Fig. 3.1) when the shoot-through mode is inserted

in each phase leg.
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Fig.3.7: DC-link voltage control scheme for the proposed FCMI.

This pulsating waveform, such as the voltage across the points ‘P’ and ‘Q’ (Fig. 3.1), can

neither be sensed directly nor can it be used as the feedback signal to regulate the DC-link
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voltage. Hence the actual DC-link voltage is estimated by sensing the capacitor voltage and

the shoot-through duty ratio (D) of the individual inverters.

The DC-link voltages Vpc1 and Vpcs are compared with the references V'pc1 and V'pcs
respectively and the corresponding errors are input to the individual P1 controllers. The Pl
controllers then produce the control signals, which control the shoot-through duty ratios ‘D1’
and ‘Ds’. These duty ratio signals are then utilized to generate the gating signals for STI-1 and
STI-2, using the LSPWM scheme, as explained in the earlier section. As the shoot-through
state for the middle gZS is inserted using the switch (S19), the DC-link voltage of the Output
Inverter is regulated by controlling its duty-ratio ‘D>’(Fig. 3.7). Thus, the three peak DC-link
voltages (Voc1, Voez, and Vpcs) of the inverters are regulated using the closed-loop feedback

control to obtain a regulated output voltage at the consumer end.

3.4.2 The Grid-connected mode of operation

The following objectives should be fulfilled by the FCMI for grid connectivity: (i)
independent MPPT control for the three gZS networks (ii) voltage control of the DC-link (iii)
maintaining UPF with the grid. As the proposed converter is operated with two control
parameters, namely, the shoot-through duty ratio (D) and the modulation index (m), the first
of these three objectives is achieved by the exclusive control of the shoot-through duty ratio

‘D’, while the latter two objectives are realized by the exclusive control of ‘m’.

Fig. 3.8 shows the block diagram to implement the grid control for the proposed converter.
To extract the maximum power from the PV panels, the well-known Perturb & Observe
algorithm is adopted. The respective voltages and currents of the three isolated PV sources
are sensed and fed to the individual MPPT controllers to generate the required shoot-through
duty ratio signals ‘D1’, ‘D2’, and ‘D3’. To track the maximum power from the top and bottom
PV sources the shoot-through duty ratios ‘D1’ and ‘D3’ (which are equal to ‘D’ in steady state
conditions as shown in Fig. 3.4) are fed to the LSPWM scheme to implement the shoot-
through in STI-1 and STI-2 respectively. The shoot-through time period of the middle gqZS
network is controlled by an individual switch Sig. Consequently, the MPPT for PV-2 is
implemented by controlling the duty ratio of the switch ‘Si9’.

To control the total DC-link voltage (Vdctotar) Of the FCMI, each DC-link voltage ‘Vpct’,
“Vbe2’, and ‘Vpes® are to be estimated. As in the case of stand-alone operation explained

earlier, the total DC-link voltage (Vdctotal) is the sum of Vpci, Vbcz, and Vpes, which are
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estimated by sensing the capacitor voltages and duty ratios. The PI controller, which is present
in the outer voltage loop compares the actual DC-link voltage (Vactotal) With its reference
(V" deotal) and outputs the d-axis reference current (i"g) to the inner current loop. However, the
g-axis component (i"q) is set to zero to achieve the UPF operation. These current references
(ig, ig) are compared with the actual d- & g-components of the grid currents (which are
obtained by using Park’s transformation to the measured 3-phase currents) to generate the d-
and the g-axis references voltages (V*q, V'q) which determine the required modulation index
[74].

V dcma1 Dc-link voltage

control
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Fig. 3.8: Block diagram of the grid control scheme.

3.5 Experimental Results

A scaled-down experimental prototype of the proposed power converter has been developed
to validate the working principle of the power converter (Fig. A.1). The details regarding the

hardware components and the operating parameters are summarized in Table 3.2.

TABLE 3.2: HARDWARE PROTOTYPE PARAMETERS

Parameters Values
DC input voltage(Vin) 210V
Total boosted DC-link voltage 420V
Rated power 870w
Nominal output phase voltage | 135V (RMS)/50Hz
Switching frequency 10kHz
Modulation Index (m) 0.77
Inductors 3mH, EE65 CORE
Electrolytic Capacitors 400uF,300V
Fast recovery diode MUR1560CT
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Three programmable DC sources with CV-CC characteristics are employed to emulate the PV
supply. The DC-link voltage control of the proposed four-level inverter is implemented with
an SPARTAN-6 FPGA. The proposed modulation technique has been implemented using the
Xilinx block set available with the MATLAB & Simulink environment. The code is deployed
to the Spartan-6 FPGA module. The DL850E Yokogawa power oscilloscope is used for

capturing the hardware results.

The top trace of Fig. 3.9 shows the input voltage (Vin1) applied to all three gZS networks,
each of which is equal to 70 V. It may be observed that the DC-link voltages (Vdc1, Vac2, Vdcs)
of all three inverters are boosted to 140V. Thus, the boost factor of 2 is obtained with
experimentation, which is in agreement with the analytical results (Eqn. 3.20). From Fig. 3.9,
it is also evident that the DC-link voltages of STI-1 and STI-2 pulsate between the levels of 0
and 140V as the shoot-through time period is inserted in each phase leg of these inverters. In
contrast, the DC-link voltage of the output inverter is regulated at a constant voltage of 140V

by the gZSI network and the capacitor Cs.

| Ving (100V/div)
. Trov 140V Ve1 (200Vv/div)

14OV T -Vdcz(ZOOV/div)-
T r vy

t (100us/div)

Fig. 3.9: Experimental results of input voltage (Vin1) and DC-link voltages (Vac1, Vacz, Vacs) of FCMI.

The benefit obtained with the gZS in terms of the alleviation of voltage stresses across the
capacitors is demonstrated in the experimental result presented in Fig. 3.10(a). With an input
DC voltage of 70V (top trace) and a shoot-through duty factor (D) of 0.166, a pulsating DC-
link voltage of 140V is obtained (second trace). The voltage of the DC-link (140 V) is
distributed in the ratio of 1-3D/2: 3D/2 in the capacitors C1 and C». The lower two traces of
Fig. 3.10(a), which present these voltages verify these results experimentally, as the voltages
across these two capacitors are 105 V and 35 V respectively. Fig. 3.10(b) shows the DC link
voltage(Vdc1) and inductor current(iLy) of the gZS network. It may be noted that an average
current of 3.75A flows through the qZS inductors. These experimental waveforms clearly
show the effect of the
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Fig. 3.10: Experimental results of (a) input voltage (Vin1),DC-link voltage (V4c1)and capacitor voltages(Ve1,Ve2)
of top gZS network (b) DC-link voltage (Vqc1) and inductor current (I.1)

the shoot-through time period on these inductor currents, as they increase linearly during these
time periods. During the non-shoot-through states, these currents decrease linearly.

The output of the back-end 4-level inverter is presented in Fig. 3.11 when the modulation
index (m) is set to a value of 0.77, as indicated in Table 3.2. The pole voltage of the A-phase
(Vgoin Fig. 3.11), presented as the top trace, displays four distinct levels ranging from 0 V
to 420 V in steps of 140V. The line and phase voltages (Ven and Vac in Fig. 3.11) are presented

in the middle and the bottom traces in this figure respectively.

Voo (400VIi)

(300\/div)

T(10ms/div

Fig. 3.11: Experimental results of Pole voltage waveform (Vgo), Line voltage (Vgc), Phase voltage (Ven), and
Phase current (ig) of FCMI.

Fig. 3.12 shows the harmonic spectrum of the output phase voltage, and the phase
current wherein the RMS value of the fundamental component is 135V (RMS) and 2.19A.
The fundamental output voltage is in agreement with the theoretical value calculated based on
the overall gain of the proposed converter, which is given by the product of the modulation
index (m) and the boost factor (B) derived in Eqgn. 3.21. For an input voltage of 70V,
modulation index (m) of 0.77, and the shoot-through duty factor (D) of 0.166, the theoretical
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value of the output phase voltage would be 135 V (RMS). Thus, the practically obtained phase

voltage is concurrent with the theoretically obtained value.

isn (2A/div) ]

1 1 4ms

Fig. 3.12: Harmonic spectrum of the output phase voltage (Ven) and phase current(isn).

Fig. 3.13 shows the effectiveness of the closed-loop control scheme (shown in Fig. 3.7) for
the proposed power converter against the load disturbance while operating in the stand-alone
mode. The top three traces of Fig. 3.13(a) show the DC-links voltages (Vdc1, Vdc2, and Vcs).
The bottom trace of this figure shows the voltage and current in one of the load phases. To
study the effect of the load disturbance, the load current is suddenly doubled (from 0.67 A to
1.35 A) and is then restored to the pre-disturbance value. Figures 3.13(b) and 3.13(c) display
the zoomed pictures of the DC-link voltage, the output phase voltage, and the output phase
current. From Fig. 3.13(a), it is evident that sudden changes in the load current disturb the
DC-link voltages momentarily and the closed-loop controller effectively regulates the DC-

links against the load disturbances.

Fig. 3.14 demonstrates the regulation of the DC-link voltages against the supply disturbance
with the closed-loop controller. In this experiment, all three DC inputs (Vin1, Vin2, Vin3, Fig.
3.14(a)) are initialized to 50 V. Then, each input is disturbed by about 25%. Firstly, the input
voltage Vin1 is decreased by 10 V and then the other two input voltages are increased by 10
V. It may be observed that the corresponding DC-link voltages, which are displayed below
their respective input voltages show momentary changes; they are quickly regulated by the
closed-loop action of the controller. As in the case of the load disturbance, the controller
automatically adjusts the respective shoot-through duty ratios to regulate the DC-link

voltages.
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Fig. 3.13: Experimental results (a) DC-link voltage waveforms of ZS-FCMI and the load voltage and current
in phase C (b) Zoom-in view of the DC-link voltages (C) Zoom-in view of the load voltage and current in
phase C.
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Fig. 3.14: Experimental results (a) DC-link voltages and input voltage waveforms of FCMI during source
disturbance (b) Zoom-in view of the DC-link voltages of the FCMI.

To evaluate the dynamic performance of the MPPT controller of the qZS converters,
programmable DC sources are used to emulate the Ppy vs Vpy characteristics of the PV panels
[79-80]. The Programmable DC sources are operated in the constant voltage mode with a
variable current limit. Fig.3.15 and Fig.3.16 show the experimental validation of MPPT

3-18



control for the top and middle PV sources. The top traces in Fig.3.15 and Fig.3.16 show the
power, while the middle and the bottom traces respectively show the voltage and the current

of the PV source.

To verify the dynamics of MPPT, the source current limit is first decreased and is then
restored to its pre-disturbance value to emulate varying irradiation as shown in Fig.3.15 and
Fig.3.16. When the change in irradiation is detected by the respective MPPT controllers, they
immediately control the shoot-through duty ratio, thereby extracting the maximum power
from the PV sources. Fig. 3.15 and Fig. 3.16 clearly demonstrate the tracking capability of the
MPPT controllers corresponding to the top and the middle PV sources. The MPPT algorithms
for both of the sources are run at a sampling frequency of 1 kHz. Since in the day-to-day
experience, the change in irradiation is a slow phenomenon, it is evident that the dynamic
response of the MPPT controller is satisfactory for the bandwidth corresponding to the chosen

sampling frequency.
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Fig.3.15: Experimental results of MPPT control of PV-1
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Fig.3.16: Experimental results of MPPT control of PV-2.

Fig. 3.17 shows the real-time simulation results pertaining to the synchronization of the
proposed converter with the grid. These simulations are carried out using the OPAL-RT
simulator (OP4500) [75]. OP4500 is equipped with a high-end Intel multicore processor,
Xilinx kintex 7 FPGA with analog and digital channels. Thus, the RT-Lab environment
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enables parallel processing and provides real-time simulation results, which are often
considered equivalent to the experimental results obtained with a hardware prototype [76].
From Fig. 3.17, it is evident that, when the insolation level is suddenly decreased and then
increased (from 1000W/m2 to 700W/m2 and vice versa), the PV current also changes
correspondingly (from 3.5A to 2.1A, as shown in the top trace). It may be observed that the
DC-link voltage is regulated at 770 V (middle trace) despite a change in insolation as
explained in the previous section (Fig. 3.8). Also, the 3-phase currents injected into the grid
undergo a corresponding variation (bottom trace) depending on the maximum power extracted
from the PV sources using the MPPT algorithm explained earlier. Figure 3.17(b) shows the
grid voltage (Vga) and grid current (iga) of phase-A. The effectiveness of the proposed control
method is evident as the converter injects active power into the grid at UPF. Fig. 3.18
demonstrates the capability of the proposed power converter to inject power into the grid in

the grid-tied mode of operation.
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Fig. 3.17: Experimental results (a) PV current (lpv1), total dc-link voltage (Vactota), grid currents (lganc) (b) grid
voltage and grid current.

The gZS-FLI injects a current (per phase) of 1.34 A (RMS) at UPF while the grid voltage (per
phase) is maintained at 115V (RMS). The inverter line-to-line voltage (Vag) is also shown in
Fig. 3.18 to validate the operation of the proposed qZS-FLI during the grid connection mode.
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Fig. 3.18: Experimental result of inverter line voltage (Vag) and grid voltage (Vg) and grid current (ig)
waveforms.

To summarize, the experimental results serve as the proof-of-concept for the proposed

power converter and its control scheme.

3.6 Comparison with the proposed QZS FCMI

To show the advantages of the proposed topology, comparative analyses have been
carried out, which are summarized in Table 3.3. As there are no impedance-source-based four-
level topologies available in the literature, all the recent three-level topologies along with a
seven-level topology are considered for comparison. Table 3.3 presents the component count
of passive and active elements and compares the boost factor, voltage stress, gain, and inductor
current ripple for these converters. The proposed converter produces a higher number of
voltage levels when compared to all the topologies except qZS-CHB [51]. Except for the
topologies described in [45] and [82], the proposed FLI uses an equal or lesser number of
power diodes. As the number of voltage levels (NL) is not identical across the compared
topologies, the number of switches (Nsw) and the Total Standing Voltage (TSV) (the sum of
blocking voltages of all the switches and diodes w.r.t the peak voltage value) is calculated
[84]. The ratio (Nsw/NL) is a figure of merit, which quantifies the switching resources required
per voltage level. In this aspect, the proposed topology works out to be better than the one
described in [51] and almost equivalent to the topologies described in [81-83]. Similarly, the
ratio (TSV/NL) is another holistic figure of merit, which quantifies the specific blocking

voltage of any given topology.

The proposed topology registers a lower (TSV/NL) ratio compared to the other MLI
topologies. This signifies that even though the switch count is higher in the proposed
converter, the blocking voltages are lower when compared to other MLI configurations. As

seen in Table 3.3, the gain and the boost factor of the proposed four-level inverter are

3-21



Table 3.3: Comparison of different impedance topologies with the proposed topology

Zs- qZS-CHB LC- qSB-
NPC[41] 51] NPC[81] gZS-3LT[45] 3LT[82] Al-3LT[83] Proposed
Levels(N.) Three Seven Three Three Three Three Four
Sources 2 9 2 1 1 1 3
Capacitors 4 18 2 4 2 2 7
Inductors 4 18 2 4 1 1 6
Nasw/N_ 4 5.1 4.66 4 4,66 433 475
Diodes 8 9 8 2 4 2 4
TSVINL 3.32 2.16 4 3.33 3 25 1.91
Boost 1 1 1 1 1 2 1
008 (1-2D) (1-2D) | d-2D) (1-2D) (1-2D) | (1-2D) (1-3D)
Gai M M M M M M M
an M —1) eM-1) | GM-1) eM-1) eM-1) | @eM-1 GM=-2)
SV‘I’t'tCh 1 1 1 1 1 1 1 1
Vsotr:s%e (1-2D)2 (1-2D)3 | (1-2D)2 | (1-2D)2’(1-2D)| (1—2D)2| (1-2D) (1-3D)3
P (1-D) (1-D) (1-3D/2)
C\?S?;g:r (1 - D) (1-2D)3 for G, 1 (1—ZD)zf0r CaCa 1 1 (1-3D)3 for G,
1-2D)2 @) 1-2D)2 @) 1-2D)2 1-2D (3b/2)
stress ( ) o for G ( ) ot C1.Ca ( ) ( ) (oo fOr G
D:?de 1 1 1 1 1 1 1
e | a-zp2 | (1-20)3 | (1-2D)2 (1—2D)2 (1—-2D)2| (1-2D) (1-3D)3
IQL?I}:'Cetr?tr (1-D)DT | (1-D)DT | (1-D)DT (1-D)DT DT 2D(1-D)T (1-D)DT
ripple (1-2D)2L | (1-2D)3L | (1-2D)L (1-2D)2L 2L (1-2D)L (1-2D)3L

dependent on the shoot-through duty ratio and vary exponentially with D. When D > 0.25, the
proposed MLI displays a higher boosting factor and gain when compared to all other
topologies. For D < 0.25 the proposed MLI shows a better-boosting factor and gain than all
other topologies except [83]. For all of the seven power converters, voltage stresses across the
devices and the passive elements are calculated based on the per-unit basis, with V. (the total
DC-input voltage) as the base value. All the topologies are evaluated for a total input voltage
of 300 V DC from the PV source so that the desired phase voltage of 230 V (RMS) is output
by them. The proposed topology results in lesser voltage stress across the switches, capacitor,
and diodes except [51], as all the three-level topologies require a higher boost factor to derive
the required output voltage of 230V/Ph (RMS) for the input of 300V DC. Assuming identical
values for switching frequency, duty ratio, and inductors, the value of the ripple current in the
inductors is minimum for the proposed topology when compared to the topologies reported in
[41][81][45][83], which lowers the size of the inductor. From the above comparison, it is
evident that, despite the higher number of components, the proposed four-level inverter results
in lower voltage stress on the switches, diodes, and capacitors, which leads to the lower ratings
of the devices compared to the three-level topologies. The proposed FCMI shows a better
boost factor when compared to all other topologies for higher duty ratios. Also, the inductors

have a lower current ripple, which leads to a lower value of inductors.
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3.7 Power loss analysis for the proposed QZS-FCMI

In this section, the power losses incurred in the power semiconductor devices and the passive
components are assessed for the proposed configuration. In order to evaluate these power
losses, the proposed configuration is simulated with the thermal models of the semiconductor
devices for a power output of 1kW in the PLECS software. A reference power model of IGBT
along with body diode (IKW30NG60T) is considered for simulation. The following power loss
components are considered while analyzing the converter loss: (i) switching and conduction
losses in the IGBTs (denoted by Psw and Pcon), (i) diode switching and conduction losses
(denoted by Psp and Pcp) (iii) inductor conduction loss (Ping) (iv) Capacitor ESR 10sS (Pcap).
Apart from these losses, the conduction losses in the inductors and the ESR losses in the
capacitors are calculated based on the equivalent parasitic resistance [77]. These losses have
been evaluated at M = 0.77, D=0.2, Vin1 = Vinz= Vin3=100 V, V4c1 =243V, fs =10 kHz, Po
=1kW, PF =1, Vo (ph-RMS) = 230V. The summary of the losses is presented in Fig.3.19.

60 55.1W
50
40
30
20 8.04 10.71 103 94 1
10 1.65
0

Power loss [W]

Pcon Psw Pcd Psd Pind Pcap Total
loss

Fig .3.19: Loss distribution in the device for gZS-FCMI.
Such data are generated for various values of the output power ranging from 0.5-2.5 kW for
the input voltages of 100 V and 120 V. The data so generated is plotted in Fig. 3.20. These
data suggest that the efficiency curve is practically flat with average efficiencies of 93% and

94% respectively for the aforementioned values of the input voltages.

These data further suggest that the efficiency of the proposed power converter increases as
the input voltages increase. This is because, an increased input voltage results in the decrease
of the boosting factors, leading to the reduction of the power loss. It may be observed from
Fig.3.20 that at a dc input voltage of 120V, we require a shoot-through duty ratio of 0.17 to
achieve the desired output voltage of (230V). This requires a lower voltage boosting, which
helps in the reduction of the inductor losses thereby increasing the efficiency when compared

to the lower input voltage of 100V.
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Fig. 3.20: Calculated efficiency of the proposed qZSI-FLI for two different input voltages.

To validate the hardware efficiency of the prototype a precision digital power meter
(Yokogawa WT332E) is used to measure the input power of the proposed qZS-FLI and a
power analyzer (UNI-T UT283A) is used to measure the output power. The experiment is
conducted for a step change of 100W ranging from 400W to 870W. Fig. 3.21 shows the
experimental efficiency curve of the qZS-FLI. From the plot, it may be noted that the average
experimental efficiency of the prototype hovers around 92%. It may be observed that the
experimental efficiency is in close approximation to the simulated efficiency (shown in Fig.

3.20), which is around 93% to 94%.
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Fig. 3.21: Experimental efficiency of the proposed qZSI-FLI.

3.8 Summary

This chapter reports the research work investigated in the single-stage solar PV power
conversion systems with 3-phase output for stand-alone and grid-connected applications.
Single-stage power conversion is obtained by the amalgamation of two mutually
interdependent sub-systems, namely, the front-end gZS networks and the back-end FCMI. It
is shown that the LSPWM technique increases the boost-factor by 50% when compared to the
power circuit configurations reported in the earlier literature. Also, this power circuit
configuration is structurally simpler and requires fewer components compared to the NPC or
the CHB-based systems. The steady-state and the dynamic performance of the proposed four-

level inverter in the stand-alone mode have been verified with experimental validation. The
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experimental results indicate that the DC-links of the proposed power converter are regulated
by the adjustment of the shoot-through duty factor. This feature makes the proposed four-level
inverter suitable for stand-alone applications. Further, real-time simulations and
experimentation validates the performance of the proposed four-level inverter in grid-
connected mode of operation. It is shown that it is possible to implement the MPPT by varying
the shoot-through duty factor, while the output of the FCMI is controlled by varying the
modulation index. It is also shown that the proposed four-level inverter, injects active power
into the grid with the help of a PLL. The power loss analysis, carried out with simulation

studies, reveals that the proposed converter is capable of achieving an efficiency of 94%.
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Chapter 4

An Asymmetrical Dual Quasi-Z-Source Based 7-Level Inverter

for PV Applications

4.1 Introduction

In the previous chapter, a single-stage four-level qZS-based cascaded MLI has been
investigated to reduce the complexity associated with NPC and CHB topologies. The
proposed power converter achieves a higher boost factor, and lesser voltage stress across the
switches, diodes, and capacitors, which leads to lower ratings of the devices compared to the
three-level NPC and CHB topologies. Further, the closed-loop control schemes in stand-alone

mode and grid-connected mode of operation are investigated and validated experimentally.

However, the control complexity associated with the MPPT tracking with multiple PV
sources, DC-link voltage regulation, and the requirement of a large number of switching
devices to synthesize a 4-level output voltage waveform are the major demerits of the
topology. Further, as the proposed power converter in chapter 1 avoids galvanic isolation
between the PV panel and the grid there would be a flow of leakage current. This leakage
current contains components corresponding to the switching frequency, which inject
harmonics into the grid current. Some of the well-known ill-effects of the leakage current are:
increased power loss, poor electromagnetic compatibility, and decreased operational safety
(possible electric shock).

These shortcomings are the impetus for the development of the single-stage dual quasi-z-
source 7-level inverter (DgZS-7L1) topology proposed in this chapter. This power converter
configuration, which utilizes a lower number of devices, is obtained by combining two
antiparallel gZS networks with a cascaded 7-level H-bridge circuit. This chapter also proposes
a modified level-shifted PWM scheme, which achieves the twin objectives of input voltage
boosting and generation of 7 levels in the output voltage. Along with the proposed PWM
technique, an LCL filter is used to reduce the high-frequency voltage transitions across the
parasitic capacitance. This restricts the leakage current within the safety standards stipulated
by the VDE0126-1-1[10]. Steady-state and dynamic performances of the power converter are
experimentally verified both in stand-alone and grid-connected modes with the aid of a

hardware prototype.
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4.2  The proposed DQZS-7LI

4.2.1 Proposed Power converter

The proposed PV fed dual- quasi-z-source 7-level inverter (DgZS-7LI) topology is shown in
Fig. 4.1. This configuration employs two PV sources, PV-1, and PV-2, with an unequal
voltage ratio of 1:2 respectively. Also, this power converter consists of two quasi-z-source
networks and a cascaded 7-level H-bridge inverter. The outputs of the PV sources are input to
the quasi-z-source networks as shown in Fig. 4.1. The gZS networks boost the input PV
voltage to suit the requirements of the 7-level inverter. The top qZS network (qZS-1) employs
switches S1 and S» to obtain the required shoot-through. Similarly, switches Sz and S4 are used
to obtain the shoot-through for the bottom qZS network (qZS-2). As shown in Fig. 4.1, the
midpoints of switches Si1, Sz, and Sz, Sa respectively serve as the positive and negative DC
rails for the output H-bridge inverter, which is constituted by switches Ss-Sg. The midpoints A
and B of the H-bridge are interfaced with the grid with a symmetrical LCL filter. The detailed
description of the parameters Cp, C, Rp, and Rg are explained in section 4.5.
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Fig. 4.1: Proposed DgZS-7L1I.

4.2.2 Output voltage levels and corresponding switching states of the power converter

The proposed configuration is capable of generating seven levels in the output phase
voltage waveform Vag (see Column-2, Table 4.1). In Table 4.1, the ‘on’ and the ‘off” states of
the semiconductor devices are indicated as logic ‘1’ and ‘0’ respectively. These switching
states are classified into two types namely, the non-shoot-through states (NST), and the shoot-
through states (ST). The NST states are further subdivided into six active states and two zero
states. These active -states generate six distinct voltage levels +V, +2V, and +3V in the

output voltage waveform (considering Vin = V).
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TABLE 4.1 SWITCHING COMBINATIONS TO ACHIEVE 7-LEVEL OPERATION

State (Y/zégi%er Switching states (1-ON, 0-OFF)
type V\I/?r::';:\z/\fc S1 S2 S3 S4 Ss Se S7 Ss
NST 3V 1 0 0 1 1 1 0 0
NST 2V 0 1 0 1 1 1 0 0
NST 1 0 1 0 1 1 0 0
NST 0 0 0 0 0 1 0 1 0
NST 0 0 0 0 0 0 1 0 1
NST -V 1 0 1 0 0 0 1 1
NST -2V 0 1 0 1 0 0 1 1
NST -3V 1 0 0 1 0 0 1 1
ST 0 1 1 0 0 1 0 1 0
ST 0 0 0 1 1 1 0 1 0
ST 0 1 1 1 1 1 0 1 0

Fig. 4.2 presents the operating modes of the proposed converter during the NST and the
ST states. While Fig. 4.2(a) - Fig. 4.2(e) represent the NST modes of the power converter,
Fig. 4.2(f) - Fig. 4.2(h) represents the ST mode. From Fig. 4.2(a), it may be noticed that by
turning on S1 and S4, the combined DC-link voltage (Vdc1+Vacez, Fig. 4.1) is equal to +3V,
which is applied to the H- bridge inverter terminals. Fig. 4.2(b) shows the operating mode to
synthesize the voltage level of +2V, wherein the switches S> and S4 are turned on. The
operating mode to generate the level of +V is demonstrated in Fig. 4.2(c), wherein the switches
S1 and Ss are turned on (Table 4.1 and Fig. 4.2(c)). It may be noted that the switches Ss and
Sg are turned on in all these three modes to connect the rails of the H-bridge to the outputs of
the gqZS networks. The method of synthesizing the three negative levels (-V, -2V, and -3V)
can readily be deduced with the aid of Table 4.1. In the zero states, the H-bridge is completely
isolated from the gZS networks by turning off all four switches S1 - Saas shown in Fig. 4.2(d)
and Fig. 4.2(e). During these two states, there is no power transfer between the PV source and
the load. Thus, it is evident that the shoot-through (ST) mode of operation can be inserted in
the zero-state.

In the proposed topology, the shoot-through mode of operation can be implemented in three
different ways. These are: (i) ZS-1 shoot-through (Fig. 4.2(f)) (ii) gZS-2 shoot-through (Fig.
4.2(g)) (iii) both gZS-1 and gZS-2 shoot-through (Fig. 4.2(h)). In (i) and (ii) shoot-through
modes of operation the respective DC-link voltages (Vdc1, Vac2) of the gZS networks drop to

zero, and in (iii) the total DC-link voltage (Vdc1+Vdc2) of the power converter drop to zero.



TC: Viu

+

3 Ve
4 -

=~

Fig. 4.2: Circuit diagrams for NST and ST states of the power converter.

In this configuration, the zero-state (which includes the ST state) is inserted in all 7 levels
of operation to obtain the required boosting of the DC-link voltage. Consequently, the output
voltage displays pulsation (from zero to the synthesized voltage level) in any given time

period.

4.3  The control scheme for the proposed dual QZS 7-level inverter

4.3.1 Implementation of the MLS-PWM scheme

Generally, two control techniques are commonly employed to obtain a multilevel
output waveform: (i) level-shifted PWM (LSPWM) and, (ii) phase-shifted PWM. In this work,
a modified level-shifted PWM (MLSPWM) is implemented to synthesize the desired 7-level
phase voltage waveform with input voltage boosting. To synthesize the required 7-level output
voltage waveform despite the asymmetry in the input voltages, the sinusoidal modulating

signal (v,, = m sin(wt)) should be modified to v,,, as shown in Fig. 4.3. The PWM scheme
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is implemented by comparing a modified reference signal (v,,,) with a single carrier signal.
Initially, the modulated sine wave (v,,,) is divided into three regions of operation Zn1, Zn2, and
Zn3 (shown in Fig. 4.3) based on the value of modulation index (m) and ‘R1’, ‘R2’, where ‘Ry’
and ‘R2’ are defined as the multiplication factors which are taken into consideration for

asymmetry of the input voltages. The multiplication factors ‘R1” and ‘R>’ are expressed as:

I/inl _.LQnZ

Ry = Vin1 + Vinz’ Ry = Vin1 + Vina (4.1)

In region-1, wherein 0 < v,, < (R;.m), the modulated sine wave (v,,) is not modified. In
region-2 (R;.m < v, < R,.m), the sine wave (v,,) is scaled down to v,, /2 and in region-3
(R,.m < v, < m), itis scaled down to v,,/3. The summation of the references in regions 1,
2 & 3 synthesizes the modified reference wave (v,,) as shown in Fig. 4.3. The modified
reference wave (v;,), shown in Fig. 4.3, is plotted considering the voltage ratio of the input PV

sources (1:2). Hence Ry and Rz are selected as 1/3 and 2/3.
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Fig. 4.3: Implementation of modified reference wave (v,,) for DgZS-7LI.

The modified reference wave (v,,,) is compared with the carrier wave (C) in the three regions
mentioned above, for both positive and negative half-cycles. The voltage level in the output
is determined by the output of the comparator and the region of operation (Zn1, Zn2, and Zn3)
as shown in Fig. 4.3. Table 4.2 shows the generation of gating signals for the power devices
to synthesize various voltage levels. Fig. 4.4 presents the PWM pulses (S1-Ss) required to
synthesize the 7-level output voltage waveform. Further, to implement voltage boosting in
gZS networks, two shoot-through pulses S;; and Sy, are generated by comparing the DC
references vqp1, Vsno With the carrier signal (C). To facilitate the boosting operation with qZS-
1 and gZS-2, logical ‘OR’ operations are respectively performed between the shoot-through
pulse train (Sy;) and the signals (S1-Sz), the shoot-through pulse train (Shz), and the signals
(S3-S4). The signals obtained after these logical ‘OR’ operations are employed to gate the
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switches Si-Sa. It may be noted that the gating signals (Ss -Sg) are directly used to gate the

switches Ss-Sg to generate polarity in the output voltage.
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Fig. 4.4: Implementation of modulation technique.

4.3.2 Boost factor of the proposed DgZS-5LI

vial ool

1] il

Fig. 4.5 shows the equivalent circuit for the proposed DqZS-7LI during shoot-through
(ST) and non-shoot-through (NST) states of operation.

During the ST, the inductor voltages (VL1, Vi2) and DC-link voltages are presented in
equations (4.2), (4.3) & (4.4):

Vit =Vina + Vo, Via = Vg (4-2)
Viz =Ving + Vea, Vg = Vi3 (4.3)
Vic1 =0, Vg2 =0 (4-4)

Similarly, in the NST state, these are given by:

Vi =Vip1 = Ver, Vip = =V (4-5)
Viz = Ving = Vez, Vg = —Vea (4.6)
Vac1 = Ver + Vo Vaer = Vs + Ve (4-7)

Applying the volt-sec balance to the inductors (equations 4.2, 4.5, 4.3 & 4.6) over one

switching time-period (Ts) the following equations are derived:

D,

1-D

Ve = 1__2D11Vin1a Voo = 1__2]32 Vina (4-8)
1-D D

Ves = 1__2])11 in2: Vea = 1__22[)2 Vina (4-9)
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Fig. 4.5: Equivalent circuit of DqZS-7LI during (a) shoot-through state (ST) (b) non-shoot-through (NST)
state. (c) Simplified equivalent circuit.

where ‘D1 & D>’ are the shoot-through (ST) duty ratios, which are expressed as Tsw/Ts; where
Tsh is the ST time.

From equations (4.7), (4.8) & (4.9), the boosted DC-link voltages are expressed as:

1 1

Vacr = 1557 Vinty Vaez = 1557 Vinz (4.10)

4.3.3 Design of gZS network of proposed DgZS-7LI

In the proposed power converter the design of the quasi-z-source inductors and
capacitors are derived based on the allowable low frequency current ripple of the inductor and
DC-link voltage ripple of the inverter. This low-frequency ripple is caused by the second
harmonic component of the output power. Further, to simplify the design equations only the
low-frequency ripple component is considered neglecting the switching frequency ripple of
the inductor current. The simplified equivalent circuit of the power converter is shown in Fig.
4.5(c). The current source i5. shown in Fig. 4.5(c), represents the fundamental component of
the DC-link current and X;;_4) 10 X.(;_4) represent the reactive components of the quasi-z-

source network.
From the equivalent circuit, the low-frequency component of i,, is derived as:

i, = W2 k(Pour) . (4-7” _0yXe (4.11)

T 2 .XL1+XC2

3w’ Vour )

Where the variable ‘k’ represents the percentage of the power delivered by the PV-1. From
equation (4.11) and the power balance of the power converter the low-frequency inductor
ripple ‘x’ is expressed as

— ﬂ Vina T?

" 31 Vour (16m2L1C,—T2)
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Similarly, the low-frequency voltage across the capacitor ‘C1’ is given by

~ _ W2k(Pour) Sin(4'”'t _ E) XL2Xea (4.13)

1% = .
1 3t Vour T 27 X12+Xc1

From equation (4.13) the low-frequency voltage ripple ‘y’ across the capacitor ‘Cy’ is
expressed as:
y — ﬂ k(POUT)'(D) 4nTLy (414)

3w Vour -(1-2D)Vipq (16m2L,C1—T?)

Solving the equations (4.12) and (4.14) and considering L1=L> and C1=C, the inductor and
capacitor values of qZS-1 are obtained. A similar analysis is applied to the inductor and

capacitor of qZS-2 to derive Ls, L4, and Cs, C4 parameters.

4.4  Stand-alone and grid-connected control strategies of DQZS-7LI

4.4.1 Stand-alone mode

It is well known that the output voltage of the quasi-z-source MLI is determined by
the gain, which is the product of the boost factor ‘B’ and modulation index ‘m’ and obtained
by the qZS network. In the stand-alone mode of operation, the modulation index (m) is held
constant while controlling the output voltage. In such a situation, the gain of the power
converter is solely determined by the boosting factor (B), which needs to be controlled to

regulate the output voltage against the load and source disturbances.

In the proposed topology, a pulsating DC-link is produced across the gZS-1 and qZS-
2 networks, when shoot-through (ST) is inserted in the shoot-through leg constituted by S,
S2, S3, and Sa (Fig. 4.1). An indirect measurement of the DC-link voltage is required as the
pulsating DC voltage cannot be measured directly or it can be used as a feedback signal. In
the present work, the DC-link voltage V4c1 and Ve of the 7-level inverter are estimated using
shoot-through duty ratios (D1, D2) and the capacitor voltages (Vc1, Ve3) (Eqn. 4.8&4.9). Fig.
4.6 presents the closed-loop control scheme to control the DC-link voltages (Vqc1and Vgc2) of

the proposed converter.

S1-Sg
—>

MLS-PWM

Fig. 4.6: Closed-loop DC-link voltage control for the proposed DgZS-7LI.
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The estimated DC-link voltages Vqc1 and Ve are then compared with the reference voltages
Va1, and Vg2 respectively, and the error generated is compensated by the PI controllers.
The outputs of the PI controllers determine the required shoot-through duty ratios (D1, D>).
These duty ratios are translated into the reference signals ‘Vshiand Vsn2” (Fig. 4.6), which are
compared with the carrier signal to implement the shoot-through mode as discussed in Section
4.3. Thus, the output voltage of the DgZS-7LI is regulated solely with the closed-loop
feedback control of DC-link voltages (Vdc1, Vdc2).

4.4.2 The Grid-connected mode of operation

The grid-connected mode of operation requires the fulfilment of three objectives: (i)
DC-link voltage regulation (ii) Injection of power into the grid at unity power factor (iii)
Independent MPPT control of the two quasi-z-source networks. The two degrees of freedom
offered by the qZS converter namely, the shoot-through duty ratio ‘D’ and the modulation
index ‘m” and are utilized to control these three objectives. Fig. 4.7 shows the control scheme

for the closed-loop control of the proposed DgZS-7L1 in the grid connection mode.

V dc Sl'sﬁ

Vdc

V(cie3 Do

Fig.4.7: The grid control scheme for DqZS-7LI.

Perturb & Observe MPPT algorithm is employed to extract the maximum power from
the PV panels. The currents (Ipv1, Ipv2) and voltages (Vpv1, Vpv2) of the PV panels are sensed
and fed to the respective MPPT controllers. These controllers generate the required duty ratios
(D1 and D2), which are multiplied by R: and Rz (equation 4.1) to generate the shoot-through
duty ratio (D)[87]. Further, the duty ratio is fed to the MLS-PWM to implement the ST mode
with the help of the shoot-through leg.

As stated in the previous section, the total DC-link voltage is assessed by sensing the
voltages across capacitors and the duty ratios of the qZS-1 and gZS-2 networks. The error
between the reference DC-link voltage (V'ac) and the estimated value (Vaca+Vac2) is
compensated by the PI controller that is present in the outer voltage loop. The control signal

generated by the PI controller is multiplied with a unit-sine signal (sin wt) to generate the
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reference value for the inner current loop (i*g) which is synchronized to the grid using a PLL.
The reference grid current (i"g) is then compared to the actual grid current (ig) and the resultant
error is compensated by a PR controller. The output of the PR controller then generates the
required modulation signal vm, which is employed by the MLS-PWM control scheme to

control the magnitude of the active power injected into the grid. [86].

4.5 Reduction of leakage current

In transformerless PV systems, due to the absence of galvanic isolation, the leakage
current flows through the path that is formed by the frame of the PV panel, the parasitic
capacitance, and the common ground. The VDEQ126-1-1 standard [10] specifies that the
maximum leakage current is limited to 300mA. As mentioned earlier, quasi-z-source
multilevel inverters boost the input voltage with the insertion of the shoot-through mode in
the zero states of the switching period. Although PV sources are isolated from the grid during
the zero-states (Fig. 4.2 (d) and 4.2(e)), the addition of the shoot-through state introduces high-
frequency transitions in the voltage impressed across the parasitic capacitor. These high-
frequency transitions generate the leakage current, which flows from the PV source to the
ground. Thus, it stands to reason that maintenance of a constant voltage across the parasitic
capacitance eliminates the leakage current. Though it is generally desirable to eliminate the
leakage current, it is not possible in qZS-based multilevel inverters owing to the insertion of
the shoot-through in the zero-states. In such a scenario, the leakage current is reduced by
reducing the magnitude of high-frequency transitions in the voltage, which is impressed across
the parasitic capacitor. It is well known that the magnitude of these high-frequency transitions

is determined by the common-mode voltage (CMV), which is defined as follows:

Vo = ~4272 (4.15)

As shown in Fig. 4.1 the gZS-2 network is connected with a reversed orientation compared to
the qZS-1 network (Fig. 4.1). This facilitates the inclusion of inductor Lz and the capacitor C4
between inverter negative terminal ‘O’ and negative terminal of PV panels ‘N’ throughout the
shoot-through (ST) as well as the non-shoot-through (NST) states. Hence, the effective CMV

(Vmem) is represented as:
Vinem = Vem + Viz = Vea (4.16)

Furthermore, an LCL filter is connected across the inverter output terminals (AB), as shown

in Fig. 4.8(a), to achieve the dual objectives of (i) reducing higher-order current harmonic
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components in the leakage current induced by the effective CMV (Vmem) and (ii) filtering the
output voltage of the inverter. To damp out the oscillations in the leakage current, a damping
resistor (Rp) is connected between the midpoint of the filter capacitor and the negative
terminal of the PV source (N) as shown in Fig. 4.8(a). In Fig. 4.8(a), Cp and Cy, respectively

represent the parasitic capacitance formed between the PV cells and their metallic frame,

while Rg represents the ground resistance [85].

The mathematical model of the system shown in Fig. 4.8(a) may be resolved into the

differential-mode and the common-mode models.

P Al "L1—>+ —> iy

Vo= G

Dual ZS —D‘TR’ v,
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B Lot s |
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Fig. 4.8: (a) DgZS-7LI with leakage ground current path (b) equivalent circuit of the differential-mode
model(c) equivalent circuit of the common-mode model.

The equations corresponding to the differential-mode model are given by:

2Lf ildm = Viam — chdm (4.17)

v (4.18)

2Lg lgam = Vefam — Vg
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Cr 5 . .
?fchdm = Uam — lgam (4.19)

where the symbols iigm, igam, Vam, and Vcfam respectively denote the differential-mode inverter
current ((iin+ii2)/2), differential-mode grid current ((igi+ig2)/2), differential-mode inverter
voltage (Van-Ven) and the differential-mode filter voltage (Mo +Ver1). A pictorial
representation of equations (4.17-4.19) results in the differential-mode equivalent circuit
presented in Fig. 4.8(b).

On the other hand, the equations corresponding to the common-mode model are given by:

Ly V, L

— liem = 79 — leakRe — Ve = Vinem — 7gileak (4.20)
L tiem = Vinem — Vegem + iRp (4.21)
2C, V. = 1ok (4.22)
2Ct Vepem = lieak — tiem (4.23)

where the symbols iicm and Vcrem respectively denote the common-mode inverter current ((ii-
I1)) and the common-mode voltage of the filter ((Vcfo -Ver)/2).

A pictorial representation of equations (4.20-4.23) results in the common-mode equivalent
circuit presented in Fig. 4.8(c). In this analysis, it is assumed that both PV parasitic capacitors
have the same value of capacitance (i.e. Cp=Cn=CL).

From Fig. 4.8(c), it may be noted that the leakage current (iiax) is split into two
components iicm and iv (the high-frequency current flowing through the midpoint of capacitors
‘R’ and the ‘N’ terminal, Fig. 4.8(a)). This mid-point connection creates an alternate path to
the current produced by the high-frequency voltage transitions in Vmem. This branch bypasses
higher-order components of leakage current (on account of the presence of the capacitor 2Cy)
and allows only lower-order components of currents to flow through the ground path. From

this analysis, it is evident that the LCL filter reduces the leakage current significantly.

4.6 Experimental Results

A low-scale hardware prototype of the proposed DgZS-7LI is fabricated to verify the
MATLAB-Simulink results. Fig.A.1 shows the fabricated hardware prototype.
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To emulate the PV source two programmable DC power supplies with CC-CV characteristics
are employed. The PWM scheme is implemented with a Spartan-6 FPGA board, which
outputs gating pulses that are employed to drive the switches Si-Sg (power MOSFETS). A
Yokogawa DL850 power oscilloscope is utilized to capture the experimental waveforms.

Table 4.2 presents the details of the component and the specifications of the hardware

prototype.
TABLE 4.2 HARDWARE PROTOTYPE SPECIFICATIONS
Parameters Values
Input DC voltage(Voc) 105V
Total boosted voltage 210V
output voltage 110V (RMS)-50Hz
Switching-frequency(fs) 20kHz
Modulation-Index (m) 0.75
Inductors EE65CORE, 3-mH
Capacitors (Electrolytic) 1400uF,300V
Ultra-Fast rectifier diode MUR1560CT
Parasitic capacitor C, 100nF
Rop, Ly, Cs,, Lg 1lohm,1mH, 6uf, 2.5mH
Power 300W

Fig. 4.9 demonstrates the applied input voltages (Vin1, Vin2) and boosted DC-link
voltages (Vdc1, Vdc2) of the 7-level inverter. As shown in the figure the input voltages of 35 V
(Vin1) and 70V (Vin2) are input to the top and bottom qZS networks respectively. As stated in
the earlier sections, the proposed converter utilizes dual-quasi-Z source networks to achieve
the required voltage boosting. In the present experimental studies, a shoot-through duty ratio
(D) of 0.25 to achieve a boosting factor of 2 (Eqn. 4.10). A modulation index (m) of 0.75 is
chosen to obtain the required output voltage (110 V). From Fig. 4.9 it may be observed that
the input voltages are boosted to 70 and 140V as indicated by the traces of Vgc1 and Vyco. It
may also be noted that the waveforms of the DC-link voltages are typically pulsating, as they
drop to a value of zero whenever a shoot-through mode is inserted.

V;i n2 (100V/div)

T7ov |
R Ve (100vidiv) T

T {7

— ) T

t (50us/div)

Fig. 4.9: Experimental results of DC-input voltages (Vin, Vin2) and DC-link voltages (Vdc1, Vaez) of DGZS-7LI.
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The experimental waveforms of inductor current (irs) and the capacitor voltages (V¢3) and
(Vca) of the qZS-2 are shown in Fig. 4.10. For a shoot-through (ST) duty ratio (D) of 0.25, the
input voltage (top trace) of 70V is boosted to 140V DC-link (second trace). From the figure it
is evident that the boosted DC-link voltage of 140V is distributed across the capacitors Cs and
Cs in the ratio of (1-D): (D). Fig. 4.10 also shows that the voltages across the capacitors (Cs,
C.) attain steady-state values of 105 and 35V respectively. It may be observed that whenever
the DC-link voltage drops to a value of zero (during the ST time period), the inductor current
(iLa) (third trace) increases linearly. During the non-shoot-through time period, the inductor

current decreases linearly.

70V Vin2 (100V/div)
Vge2 (100V/div)

W T

F *) Y SV . f‘ \r = \f‘
|L4 (3A/div)
1$5v Vg oovrdiv)

t (50us/div)

Fig. 4.10: Experimental results of the DC input voltage (Vinz), DC-link voltage (Vac2) and inductor current (ip4),
and capacitor voltages (Vcs, Ves) Of the gZS-1 network.

Fig. 4.11(a) presents the output voltage and the load current of the proposed DgZS-
7LI in the stand-alone mode of operation. The output voltage displays seven distinct levels
between its negative and positive peak values (-210V to +210V). It may be noted that the
phase voltage is a pulsating waveform that drops to a value of zero during the shoot-through
period. The terminal voltage of the PV parasitic capacitor (V¢p) and leakage current (ijeax) are
shown in Fig. 4.11(b).

Vs (200V/dliv)

\_/\ 4 i|oad(5A/diV

(@ t (5ms/div)

Wep (lOOV/dI V)/ AR
i M \ \Jﬂ/“ l“‘f\\#Jf‘H“J M

wiea (0. 2A/d|v)

(b) t (5ms/div) ‘

Fig. 4.11: Experimental results of (a) Output voltage waveform (V ag), Load voltage (iLoad) (b) Parasitic
capacitor voltage (V¢p), and Leakage current (ieax) of DgZS-7LI.
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It may be observed that all high-frequency voltage transitions in the terminal voltage of the
parasitic capacitor (V¢p) are filtered out, resulting in a low leakage current (ijeak) 0f 11.97mA
(RMS). This leakage current, which flows between the PV source and the ground, is well
within the limits of 300mA stipulated by VDE0126-1-1.

The dynamic performance of the power converter with closed-loop control in the stand-
alone mode of operation is shown in Fig. 4.12. The control scheme shown in Fig. 4.6, which
regulates the DC-link voltage, is employed for experimentation. The top three traces of this
figure show the DC-link voltage of the top gZS (Vdc1) and the capacitor voltages (Vc1, Vcz)
of the corresponding gZS network. The bottom two traces show the output voltage (Vag) and
the load current (icad) Of the power converter. The load on the proposed converter is suddenly
reduced (2.2 A to 1.4A) to evaluate its dynamic response against load disturbances. Fig. 4.12
reveals that neither the DC-link voltage (Vdc1) nor the capacitor voltages (which add up to the
DC-link voltage) show any noticeable change despite a sudden change in the load. It may also
be noted that the output voltage (Vag) remains unperturbed as its magnitude is solely
determined by the DC-link voltage in the stand-alone mode of operation.

Ve (100V/di v)i I | .

[’

Vo (100V/div)

t (qus/div)

Fig. 4.12: Experimental results of DC-link voltage (V4c), capacitor voltages (Vci, Ve2), output voltage (Vas),
and the load current (ijoad).

Further, the dynamic response of the power converter against the source disturbance is
assessed. In this experiment (Fig. 4.13), Vin1 and Vin2, which are initially maintained at 70V
and 45 V respectively, are suddenly changed to 80V and 35 V. It may be noted that the second
and the last traces of Fig. 4.13, which respectively show the two DC-link voltages, do not

show any appreciable transients following the source disturbance.
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Fig. 4.13: Experimental results of (a) DC input voltages (Vin1, Vinz) and DC-link voltages waveforms of DgZS-
7LI in the course of source disturbance (b) Zoomed view of the DC-link and DC input voltages of the DgqZS-7L

Fig. 4.14 demonstrates the dynamic behavior of the proposed power converter while it feeds
the grid. In this experiment, the active power of 135 W is fed into the grid initially. The shoot-
through duty factor (D), which is automatically adjusted by the controller (Fig. 4.7) based on
the insolation, is then increased to inject higher power into the grid. This action momentarily

disturbs the DC-link voltage, which is quickly regulated by the action of the outer loop PI

controller. This increases

current which should be fed into the grid to maintain the DC-link voltage and the output

voltage. The PR regulator

index.

the reference grid current, which determines the magnitude of the

injects the required current into the grid by adjusting the modulation

2 Vc3(10 oV/div)

Vaa(200V7dIV) S

i|_3 5A/d|V W
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Fig. 4.14: Experimental results (a) Capacitor voltage (V¢3), Phase voltage (Vag), Inductor current (i.3) Grid

voltage (Vy), and Grid current (ig) (b) Zoom-in view at 300W.
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Fig. 4.14 clearly shows the action of the controller, which automatically adjusts the
modulation index. The adjustment of the modulation index results in (a) restoration of the DC-
link voltage, which is evident from the first and second traces (b) an increase in the source
current iL3 (from 1.3 A to 3 A, third trace), and (c) increase in the power injected into the grid
(fourth trace, wherein the grid current increases from 1.23 to 2.2 A, RMS). The zoomed
picture of the aforementioned quantities and waveforms clearly shows the power injection

into the grid at UPF.

Fig. 4.15(a) demonstrates the reactive power capability of the power converter. The power
converter is tested for a 0.8 lagging (R=40Q, L=95mH) power factor. From Fig. 4.15(a) it
may be noted that, load current ‘ijoad’ is lagging w.r.t to load voltage ‘Vout” which displays the

reactive power capability of the proposed power converter.

Vag (200V/div)
P

iload (5A/dIV
b o
Vout (200V/div)

t (5ms/div)

t (20ms /div) Vag(250V/div) Vour (250V/div)
1
~<— Fundamental <+—Fundamental
THD=72.9% THD=2.8%
i L
(b) FET(50V/12.5kH2) (c) FFT(50V/12.5kHz)

Fig.4.15: (a) Output voltage (Vag), load voltage (Vou), and load current (ioaq) for 0.8 lagging power factor (b)
FFT of inverter output voltage ‘Vag’ (¢) FFT of output voltage ‘Vou’

4.7 Comparison with the proposed DQZS-7LI

This section summarizes the merits of the proposed topology over the other
impedance-source-based topologies, which have been reported so far in the literature. As qZS-
based 7-level inverters available in the literature are scanty, a comparison with recent 5-level
inverters is also considered. Table 4.3 presents the comparison of the number of components

required, boost, and voltage stress across the devices in these topologies.

The proposed power converter (DgZS-7L1) requires a lesser number of capacitors, inductors,
and switches when compared to the seven-level topologies presented in [53] and [59]. It may
be observed that the proposed power converter requires an equal number of passive
components and switches when compared to the 5-level topologies described in [54], [62].

Further, it is seen that the proposed power converter requires a lesser number of power diodes.
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TABLE 4.3 COMPARISON OF THE PROPOSED POWER CONVERTER WITH QZS TOPOLOGIES

ZS-
Parameters ZS- 7L[53] d gZS-CHBJ59] MqZS[61] gZS-5L [62] Proposed
NPCI[54]
Levels(N.) 7 5 7 5 5 7
Sources 3 1 3 1 1 2
Capacitors 6 4 6 4 4 4
Inductors 6 4 6 2 4 4
Nsw 10 8 12 8 8 8
Diodes 3 6 3 3 4 2
Input current discontinuous continuous continuous discontinuous continuous continuous
Boost 1/(1-2D) | 1/(1-2D) 1/(1 - 2D) 2/(1-2D) 1/(1-2D) 1/(1—2D)
xV2 forS,,S,
Switch voltage (xv2)/3
siress D) (x/V2) (xV2)/3 (x/V2) (x/V2) (xV2)/3 for S, S,
X
(x.2v2)/3 for SstoS,
1/V2 V2/3 forC
1/V2 for C,| 2/3 forc, 1/V2 for ¢, !
Capacitor 7 for Cy,Cy (x.D.N2)/3 for C,
2/3
voltage stress (x.D)/N?2 x.D)/V2 (2V2)/3 for G
(x.D.N2)/3 for| (x.D)/V2 for
forC, forC,,C, (x.D.2V2)/3 for C,
Diode voltage (xV2)/3 for D,
(xV2)/3 (x/V2) (xV2)/3 (x/V2) (x/V2)
stress (x.2v2)/3 for D,
TSVINL 1 14 0.71 15 12 1
Voltage THD 23.3% 76.4% 29.3% 38.2% 73.2% 72.9%
6*263=
Rs.1578/-
Nsw* cost of the 10*263= 8*263= 8*263= 8*263=
o 6*117= 8*263= Rs.2104/-
high-side driver Rs.2630/- Rs.2104/- Rs.2104/- Rs.2104/-
Rs.702/-
Total = 2280/-

*x = 1/(1 — D) where D is shoot — through duty ratio; cost of high side driver(1EDF5673K) = Rs.263;
cost of low side driver(1IED44173N01B3K) = Rs. 117

compared to all of these topologies. It may be noted that the voltage stress in [59] is lower

when compared to all other topologies.

However, this advantage is overshadowed by the increased number of switches,
diodes, and passive components needed in this topology. As seen from the Table, it may be
noted that all these power converters have the same boost factors for a given shoot-thorough
duty ratio ‘D’ except [61]. The voltage stresses on the capacitors, diodes, and switches in all
these topologies are calculated on a per-unit basis, taking the output voltage (RMS) value as
the base value. It may be observed that the voltage stress in [59] is lower when compared to
all other topologies. However, this advantage is overshadowed by the increased number of
switches, diodes, and passive components needed in this topology. As the numbers of diodes,
switches, and the voltage levels of the compared topologies are unequal, the Total Standing

Voltage (TSV) (the sum of blocking voltages of all the switches and diodes w.r.t the peak

4-19



voltage value) per number of voltage levels (NL) is calculated [71]. It may be noted that the
proposed power converter registers a lower (TSV/ Np) ratio when compared to the topologies
[53], [54], [61], and [62].

The proposed power converter has a higher voltage THD when compared to [53], [59],
and [61] as the zero-level is inserted in each level of operation to boost the input voltage,
achieve 7-level operation, and minimize the leakage current. However, the inverter output
voltage is filtered by the LCL filter to provide a sinusoidal output voltage with a THD of 2.8%
(as shown in Fig. 4.15(c)) to load/grid.

All the topologies compared in Table 4.3 except [59], requires high-side drivers for
multilevel operation. All the topologies are evaluated for M = 0.75, P, =1kW, and Vo (RMS)
= 230V. The minimum available high side gate driver is rated for 600V, hence cost of the
600V high side gate driver is considered for all the topologies. As the number of switches is
equal in the topologies presented in [54], [61], [62], and the proposed power converter, the
cost (w.r.t high side driver) is also equal. Further, the proposed power converter incurs a lower
cost (w.r.t to high side gate driver) when compared to topologies [53], as the number of
switches is less. The power converter [59] has 6 low-side drivers, however, this advantage is
offset by an equal number of high-side switches.

4.8 The Loss analysis for the DQZS-7LI

The efficiency of the proposed power converter is assessed by evaluating the following
losses (i) switching loss (Psw) and conduction power losses (Pcon) occurring in the
semiconductor switches S1 — Sg (ii) switching loss (Psq) and conduction losses (Pcq) in anti-
parallel and quasi-z-source diodes (Fig. 4.1). To this end, the Powersim (PSIM) software is
employed, which possesses thermal models of several popular switching devices. These
simulation studies are carried out by employing MOSFET IRFP460 and the power diode
150EBUO04 to construct the power converter. Further, the ESR losses (Pcap) in the capacitors
and the conduction losses (Ping) in the inductors are calculated using the method described in
[77]. The loss distribution for the proposed converter for 300W power output is shown in Fig.
4.16(a). From Fig. 4.16(a) it may be noted that the simulated efficiency of the converter is
around 94% at 300W output power. These losses have been evaluated assuming Vin1 = 35V,
Vina= 70V, fs =20 kHz, M = 0.75, D=0.25, Vo (ph-RMS) = 110V, PF = 1.
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Fig. 4.16: (a). Power Loss distribution in DgZS-7LI at 300W. (b) Experimental efficiency of the proposed
DqgZS-7LlI.

Fig. 4.16(b) shows the experimental efficiency of the power converter for a step change of
power ranging from 50W to 300W. To validate the efficiency of the power converter, a power
analyser (UNI-T UT283A) is employed to measure the output power. The input power is
measured by a digital power meter (Yokogawa WT332E). From Fig. 4.16(b), it may be
observed that the efficiency of the prototype reaches 91 % at 300W output.

49 Summary

This chapter proposes a single-stage dual-quasi-z-source 7-level inverter (DgZS-7L1), which
is suitable for stand-alone as well as grid-connected PV applications. In this single-stage
power converter, a modified LSPWM achieves the twin objectives of boosting the input PV
voltages (using dual-gZS networks) and synthesizing the 7-level output voltage waveform
(using the 7-level output inverter). Being a seamless structure, this power converter requires
fewer semiconductor switching devices, compared to the other qZS and ZS-based seven-level
topologies reported in earlier literature. Experimental studies are carried out to assess the
steady-state and dynamic performances of the proposed power converter in the stand-alone
mode as well as the grid-connected modes of operation. It is also shown that the leakage
current is minimized by the combined effort of the modulation technique and the symmetrical
LCL filter. Experimentation results demonstrate that the leakage current is well within the
limits of the standards set by the VDE 0126-1-1. Based on the experimental results, it can be

concluded that the proposed power converter could be effective for solar PV applications.
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Chapter 5

A Single-Stage Quasi-Z-Source Based 5-Level Grid-tied PV

Inverter with Reduced Leakage Current
5.1 Introduction

The proposed power converter in chapter 4 achieves seven-level operation and voltage
boosting with fewer semiconductor devices when compared to existing gZS and ZS 7-level
inverter topologies. Further, the power converter is capable of operating in both stand-alone
and grid-connected modes of operation with reactive power support. However, the following
limitations are the demerits of the power converter: (i) The asymmetrical distribution of PV
sources in the ratio 1:2 which increases the complexity of the closed control technique (ii) a
higher THD in the output voltage (iii) conventional boosting factor of gZS inverter (iv)

decrease in efficiency due to increased conduction losses of power diodes and switches.

These shortcomings are the motivating factors for the proposal of a 5-level, gZS-based
PV inverter (5L-qZSI) in this chapter. In this topology, two symmetrical qZS networks with
a single DC source are fused with a 5-level hybrid inverter. When compared to the existing
gZS-based 5-level inverters in the literature, the proposed power converter employs fewer
semiconductor switching devices, enhancing its reliability. The objectives of boosting the
voltage of the input PV source, as well as the synthesis of a 5-level output voltage, are

achieved with a modified level-shifted PWM scheme.

This chapter also discusses the closed-loop control schemes for the proposed power
converter in both stand-alone and grid-tied modes of operation. It is shown that during the
stand-alone mode of operation, the output voltage of the inverter is regulated for both source
and load disturbances. Also, it is demonstrated that with the aid of a PLL, the grid-tied current
control injects active power into the grid. It is also shown that the proposed topology is capable
of reducing the leakage current, which is one of the major safety concerns in transformerless
PV systems. The experimentally obtained steady-state and dynamic performances of the
proposed power converter in both the stand-alone and the grid-tied modes of operation are
presented in this chapter. Finally, the loss distribution among the switching devices of the

power converter is simulated using PSIM software.
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4.2The QZS-Based 5-level Hybrid inverter

4.2.1 Power converter

Fig. 5.1 shows the proposed single-stage PV-fed qZS-based 5-level hybrid inverter. This
converter employs a single PV source, two quasi-z-source networks (qZS-1 & qZS-2), and a
hybrid 5-level inverter. The output terminals of the PV source are input to the gZS networks,
which boosts the low voltage of the PV source. The hybrid 5-level inverter consists of three
independent legs (S1, S2), (S3, S4) & (Ss, Se). The switching legs (S1, S2) & (Ss, S4) are
connected in cascade, which serves to provide a short circuit path to the quasi-z-source
networks when they are operated in the shoot-through mode. A separate switching leg (Ss, Se)
is connected across the positive terminal of the top qZS network (shown as ‘Q’ in Fig. 5.1)
and the negative terminal of the bottom gZS network (shown as ‘O’ in Fig. 5.1). This
facilitates five-level inversion across the output terminals ‘A’ and ‘B’. The 5-level inverter is
interfaced with the grid through a symmetrical LCL filter.The role of the circuit components

Rp, Rg, Cp, and Cn are discussed in detail in the section pertaining to the leakage current.
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Fig. 5.1.The Proposed 5L-gZSlI.
4.2.2 Switching states and corresponding output levels of the power

converter

The switching combinations of the proposed power converter, along with the corresponding
voltage levels which reveals that it can achieve 5-level inversion are presented in Table 5.1.
Of the six switching states shown in Table 5.1, five correspond to the non-shoot-through
(NST) states. These NST states synthesize the required voltage levels from the inverter. The
remaining state, which is known as the shoot-through (ST) state, is used to boost the voltage
of the input PV source. Fig. 5.2 shows the operational modes (NST and ST) of the proposed
power converter corresponding to the switching states shown in Table 5.1. From Fig. 5.2(a),
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TABLE 5.1 DIFFERENT SWITCHING LOGIC TO OBTAIN 5-LEVEL OPERATION

Switching states (1-ON, 0-OFF) Output Ve for (Vaa=
State-type I°s TS, [Ss [ S [ S5 [ Ss | Voltage Vae’ Vae=0.5Vee)

NST-1 1 0 1 0 0 1 Vic1t Ve Ve
NST-2 0 1 1 0 0 1 Vdc2 0.5Vqc
NST-3 0 1 0 1 0 1 0 0

NST-4 0 1 1 0 1 0 -Vier -0.5Vqc
NST-5 0 1 0 1 1 0 -(Mder +Vde2) -Vie

ST-1 1 1 1 1 0 1 0 0

Fig. 5.2. Circuit diagrams for NST and ST states of the power converter.

it may be observed that switches S1, S3s & Se are turned on to apply the total DC-link voltage
of “Vde1+Vac2” across the load. When switches Sz, Sz & Se are turned on, only half the total
DC-link voltage ‘Vqc2’ is applied across the load terminals as shown in Fig. 5.2(b). Fig. 5.2(c)
demonstrates the zero state where only two switches S4 and Se are turned on to produce the

freewheeling path. Similarly, the corresponding operational modes, which produce the

negative voltage levels in the output voltage across the load are shown in Fig. 5.2(d),(e).

During the NST state, the voltages across the four inductors and the total DC-link voltage are

expressed as :




ViintViz=Vin =V =V (5.1)

Vie==Ve2 (5.2)
Via==Vey4 (5.3)
Vac =Vt Vacz=Ver+Vea) + (Vg +Viea) (5.4)

It may be observed that during the zero-state, there is no power transfer between the PV
source and the load. A fraction of the zero-state (Fig. 5.2(c)) is allocated to insert the ST state,
which is pivotal to the implementation of the boosting operation, wherein all four switches
S1-S4 are turned on to provide the short circuit path to gZS networks (Fig. 5.2(f)).

The PWM scheme adopted in this work attaches a zero-state to all of the NST states. As an
ST state is inserted in every zero-state, the DC-link voltage falls periodically to a value of
zero, making it appear as a pulsed waveform. The pulsation in the DC-link voltage causes a
corresponding pulsation in the output voltage. Thus, the instantaneous value of the output

voltage falls to a value of zero at all voltage levels.

During the ST state, the voltages across the inductors and the total DC-link voltage are
expressed as:

Vin+Viz=Vin+Vea +Ves (5.9)
Viz=Ve1 (5.6)
Via=—-V¢3 (5.7)
Vae =V +Vaz = 0 (5.8)

4.2.3 Boost factor

Application of the volt-sec balance to all of the inductor voltages over one switching time
period paves the way to the derivation of the boost factor obtained with the proposed power
converter. Each switching time period consists of one of the NST modes (equations 5.1-5.3)
& the ST mode (equations 5.5-5.7). It may be noted that the symmetry of the qZS networks

results in Vci1=Ves and Veo=Ves.

The voltages across the capacitors are expressed as:

1-D) Vi
Ver=Ves = ﬁj (5.9)
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(D) Vin
a0y 2 (5.10)

Vea=Ves =

Where ‘D’ is the shoot-through duty ratio, defined as Tsw/Ts. (Where Tsh and Ts respectively
denote the shoot-through time and the time period of the switching cycle).

Hence, the total boosted DC-link voltage from equation (5.4) is expressed as :

1

Vie=V 1 Va2 = ) Vin

5.3 Modulation scheme

(5.11)

The proposed power converter is modulated with a level-shifted PWM technique, which
is capable of achieving the twin objectives of boosting the PV voltage as well as the generation
of a 5-level output voltage waveform. Fig. 5.3 presents the schematic diagram of the
modulator, which generates the modulation signal v'n which is compared with the carrier C;
to synthesize the gating signals for the power semiconductor switching devices. The
modulator (Fig. 5.3) performs two tasks namely, (i) zone selection (ii) level selection. In Zone
selection, the sinusoidal control signal ‘v’ is divided into two zones (z1 & z2) based on the
value of the modulation index ‘m’ as shown in Fig. 5.3. In zone-1 (0 < vm < m/2), the
modulating signal doesn’t undergo any change. In zone-2 (m/2 < vm < m), the modulating
signal vm is scaled down to vm/2. The summation of the references generated in zone-1 & 2
synthesizes the modulation signal v'm as shown in Fig. 5.3.

*

——————— v

Vim ( __ Zone-l p7, )
*@ > | Carrier(C) Zl_-D— BO'SVdC

Vm .
/< o Vm
e T i D RPN "

|m/2—> Z é—l—D— -0.5Vc

m=Ls B, \

! m= M0 o 0 'Vdc

=) ) 0
Zone selection Level selection

Fig. 5.3. Implementation of the modulation scheme for 5L-qZSlI.

In level selection, the required output level is selected based on the following factors (i)
polarity of the control signal ‘v’ (ii) zone of operation (21 & z,) (iii) comparison output of vy
and carrier signal ‘C’. For example, if the control signal vim> 0 and itis in zone-1 (0 < vm <
m/2) of operation, then the output voltage is switched to zero volts when v’y < carrier(C) and
switched to ‘+0.5V4:® when V' > carrier(C). Further, the required gating sequence of the
selected level is chosen from Table 5.1 (NST-1 to NST-5).
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To augment the functionality of shoot-through to the generation of voltage levels
described above, the power devices corresponding to the ST state should also be turned on
(see the last row of Table 5.1). The generation of the shoot-through signal (St) is accomplished
by the comparison of a DC reference signal (vsn) with the carrier wave (C, Fig. 5.4). Thus, it
is evident that the actual gating signals to the power devices S1-S4 are obtained by the logical
OR operation of the level-generating gating signals (S11 — Sa4, Fig. 5.4) with the shoot-through-
generating gating signals (St, Fig. 5.4). It should be noted that the switching devices Ss and
Se are low-frequency signal operated at grid frequency (Fig. 5.4). These signals are generated

based on the polarity of the control signal ‘v’ (Fig. 5.3).

10 ® @@ @ Vi, 1,0
v T TN N Valiv e awiNANAVA AR -ALI N VSh
V41 <7l C e ON W AT T A A TS N
y ~> ot
S11 annnnOnnnnn annoonnononnnAocnMnn
S2>
533ﬂﬂrﬂﬂﬂﬂﬂﬂrlﬂﬂﬂﬂﬂﬂ anonnnonnoonm—
S;panannonnnnnnnnn annnnnnnnn |
srponnnnnnnonononninnnnnRonnnnnnonnenonn
S;[L00 prOonfononnnnooAnnOn
S, npononononnan
S3 MMEINO T T I} (N —
S,OO00NNON0N0DNN000ONOCIN0 MM T ]
Ss |
Ss |
o PP T T Ry e w
I

Fig. 5.4. Implementation of the modulation technique.

5.4 Proposed control strategy for stand-alone and grid-connected 5L-
QZSI

The controllers used in the stand-alone and grid-connected mode which are introduced in

chapter 4 are reproduced here for ready reference.
5.4.1 Stand-alone mode

The proposed power converter offers two degrees of freedom to regulate the output
voltage to the desired RMS value (i) modulation index ‘m’ (ii) shoot-thorough duty ratio ‘D’.
Generally, in the stand-alone mode of operation, the output voltage is regulated with exclusive

control of the ST duty ratio ‘D’ while keeping the modulation index ‘m’ constant. By
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controlling the duty ratio ‘D’ the DC-link voltage of the converter is regulated to a constant

value, irrespective of the source and load disturbances.

In the proposed 5L-gZSlI, the total DC-link voltage (Vac1+Vdc2) drops to a value of zero
whenever a shoot-thorough state is inserted in the zero-state (shown in Fig. 5.2(f)) and
assumes the value of the boosted DC-link during the non-shoot-through (NST) states. This
results in a pulsating signal, which cannot be directly used as a feedback signal to the PI
controller. Hence an indirect closed-loop control of the DC-link voltage of the proposed power

converter is shown in Fig. 5.5.

Vg .
- PI— 2] 1S 1555
Voo | pre Vo@Dt y,, Im

e Ve [A-DIE v/,

Fig. 5.5. Indirect DC-link voltage regulation of the proposed 5L-qZSI.

As shown in Fig.5.5. the total DC-link voltage (Vac) is estimated by sensing the voltage
across the capacitors ‘Vc1, Ve’ and ‘D’. This estimated DC-link voltage (Vqc) is then compared
with the reference DC-link voltage (V'4c) and the error generated is compensated by the Pl
controller. The duty ratio ‘D’ is generated by comparing the output of the PI controller (the
DC reference signal Vsn shown in Fig. 5.4) with the carrier C to introduce the shoot-through

state in the switches Si-S4.

5.4.2 Grid-tied mode of operation

Fig. 5.6 presents the control scheme for the proposed power converter to inject active power
into the grid. This control scheme has an independent MPPT control (to extract the maximum
power from the PV source), an outer voltage loop to regulate total DC-link voltage, and an
inner current control loop to inject active power at UPF. As discussed earlier, the two degrees
of freedom, namely the modulation index (m) and the shoot-through duty factor (D) are

utilized to achieve these objectives.

5-8



VOLTAGE CONTROL _ _ _CURRENTCONTROL

Fig. 5.6. The control scheme for grid-tied 5L-gZSlI.

To track the maximum power point of the PV panel, a simple P&O algorithm is
implemented. The Voltage (Vin) and current (lin) of the PV source are sensed and fed to the
P&O algorithm. The MPPT tracks the maximum power, by generating the reference input
voltage (V'in). Further, the reference input voltage (Vi) is compared with the actual input
voltage of the PV panel (Vin). The resultant error is compensated by the PI controller by
controlling the shoot-through duty ratio ‘D’ of the power converter, which directly controls

the total DC-link voltage (Vdc) of the proposed power converter.

As mentioned earlier, the DC-link voltage is indirectly estimated by the capacitor voltages
(Vc1, Ves) and the shoot-through duty ratio (D). The outer voltage loop regulates the total DC-
link voltage (V) to its reference value (V*qc). The control signal generated by the P1 controller
is multiplied by a unit-sine, which is synchronized to the grid using a single-phase SOGI-PLL.
The synchronized reference current (i*g) is then compared with the grid current and the error
is compensated by a PR controller. The output of the PR controller is a sinusoidal control
signal (vm), which is further modified to v'm as discussed in section I11. This modulation signal
V'm is compared with the carrier ‘C’ to produce the PWM for the switches S1-Se thereby,
controlling the active power injected into the grid [86],[88].

5.5 Reduction of leakage current

Leakage current is an issue of paramount interest in transformerless PV systems. The ill effects
of leakage current are well-researched and documented. It leads to the distortion of grid
voltage, electromagnetic interference, and safety issues [90]. The VDEO0126-1-1 standard
stipulates that the maximum value of current be limited to 300mA (RMS) [10].

Additional shoot-through pulses, which are inserted in gZS inverters to boost the input PV
voltage, result in high-frequency voltage transitions across the parasitic capacitor formed
between the PV array and the ground. This capacitive coupling induces leakage current when

galvanic isolation is absent. Therefore, it is desirable to maintain a constant voltage across the
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parasitic capacitor to eliminate the leakage current. Nevertheless, in qZS-based multilevel
inverters, it is not possible to eliminate the leakage current owing to the insertion of shoot-
through in the zero-state. Hence, in the proposed power converter, the leakage current is
reduced by limiting the magnitude of the high-frequency voltage transition across the parasitic

capacitor.

In the proposed power converter, these high-frequency voltage transitions are determined by
the effective CMV (v,.,,), Which is defined as:

Veern = Vemy T Vi3 — Vcq (5.12)

Where v,,,,, is the common-mode voltage which is expressed as :
_ VaotVBo 5 13
vcmv - 2 ( . )

The difference between inductor voltage ‘v;;’ and the capacitor voltage ‘v.,’ during shoot-

through (ST) and non-shoot-through (NST) states are expressed as:

Vi3 — Vs = 0.25V,;.  for the ST state (5.14)
Vi3 — Vey = (1__(;)))% for the NST state (5.15)

Table 5.2 presents the pole voltages (v40,v50), CMV (V). and the effective CMV
(Veem) OF the power converter in the non-shoot-through (NST) and the shoot-through (ST)
states. As an illustration, the effective CMV is calculated based on the equations (5.12) when
the shoot-through duty ratio ‘D’ is equal to 0.25. It may be noted that the voltages across L3
and C4 of the qZS-2 network reduce the effective CMV in the range of 0 to 0.5 V¢ (eqn.5.12).

TABLE 5.2 EFFECTIVE CMV OF THE POWER CONVERTER FOR D=0.25

State-type Output voltage Va0 Vgo Vemw Veem
NST-1 Ve Ve 0 0.5 Vg 0.25 Vg
NST-2 0.5V 0.5 Vgc 0 0.25 Vg 0
NST-3 0 0 0 0 0.25 V¢
NST-4 -0.5Vc 0.5 Vgc Ve 0.75Vqc 0.5 Vgc
NST-5 -Vic 0 Ve 0.5Vqc 0.25 Ve

ST-1 0 0 0 0 0.25 Ve

As mentioned above, the effective CMV (v,.,) of the power converter introduces
current harmonics of higher order in the leakage current. To minimize these higher-order
harmonics, a symmetrical LCL filter is connected across the output terminal of the inverter

‘A’ & ‘B’ as shown in Fig. 5.7. A damping resistor (Rp) is connected between the negative
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terminal of the PV source ‘N’ and the midpoint of the filter capacitors ‘M’ to dampen the
oscillations in leakage current, which arise due to the ringing of the LC components. In Fig.
5.7, the symbols ‘Rg’, ‘Cp’, and ‘Cy’ respectively denote the ground resistance, and the
parasitic capacitances formed between the PV panel and the ground. Both of the parasitic

capacitors of the PV panel are assumed to have the same capacitance value (Cp= Cy = C) [85].

The common-mode model of the power converter shown in Fig. 5.7 is assessed to

evaluate the effect of the LCL filter on the leakage current.

The common-mode model equations are expressed as:

Ly o Vg Lg .

5 temi = 5 7 7 lieak T lleakRe — Ve — Veem (5.16)
L . .

?f lemi = Vems — Veem + WwRD (5.17)
ZCﬁC - ileak (518)
ZCf ﬁcmf = ljeak — lemi (5.19)

where, v, represents the common-mode filter voltage ((v¢ro — v¢r1)/2) and icp,; denotes

the common-mode inverter current (i;, — i)

The equivalent circuit shown in Fig. 5.8 presents the pictorial representation of the
common-mode equations (5.16-5.19). The simplified equivalent circuit of the Common mode

model of the filter is shown in Fig. 5.9.

’-f Ly

[ | Quasi-Z-Source |al 7> .| 7 |
Vesor= Gy

pv.1| | 5-Level hybrid S

P

inverter B =L
" R i ot
At G Lt L

2CH

Fig. 5.8. Equivalent circuit of the common-mode model.
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Fig. 5.9. The simplified equivalent circuit.

From the simplified equivalent circuit (Fig. 5.9) the voltage ‘v’ induced across the parasitic

capacitor is expressed as follows:

— TPemc(w) | Vg
ve= B+ (5.20)
v = “emelt) 4 2 (5.21)
1=z

Where ‘w,’ is the resonance frequency of the filter ((L/2),2Cs) and ‘w’ is the switching

frequency of the inverter.

From equation (21) it may be observed that an extra term of -1/(1 — Z—z) is multiplied by the

effective CMV (v,,c). Hence, the attenuation gain(dB) of 20 log |1 - Z—z is applied to vy,

which increases with lesser resonance frequency ‘w,-’. Thus, the main contribution of the high-

. This

2
frequency component in the parasitic capacitor ‘v,,,.’ is attenuated by 20 log |1 - %

T

leaves only the grid frequency component to be present across the parasitic capacitor which
reduces the leakage current to be within the grid standards. As the AC filter ((Lf/2),2Cy)

forms a closed path, a current i,, circulates in the closed loop as shown in Fig. 5.8. From the

Fig. 5.9 the current i,, is expressed as follows:

i, = leme@w (5.22)

As the resonance frequency ‘w,.” is far less than switching frequency ‘w’ the magnitude of the
circulating current‘i,,” in the LC filter is very small. Hence, there is no need for a damping

resistor in the LC filter.
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5.6 Experimental Results

The proposed power converter is experimentally validated with the laboratory prototype

shown in Fig. A.1

In this system, a programmable DC source is employed to emulate the CC-CV characteristics
of the PV source. A SPARTAN-6 FPGA board is used as the digital control platform, which
outputs the required gating signals to the power semiconductor switching devices Si-Se
(Fig.1). Table 5.3 presents the specifications of the parameters considered for hardware

experimentation.

TABLE 5.3 EXPERIMENTAL SPECIFICATIONS

Operational Parameters | Values System Parameters Values
Input voltage (Vin) 105V (E:Eng: g[CC;SE) 3mH
Total DC-link voltage 210V Capacitors (Electrolytic) 300V,1000uF
Output RMS voltage 110V Ultra-Fast rectifier diode MUR1560CT
Modulation-Index (m) 0.75 MOSFETs IRFP460
Output Power (Po) 400W Parasitic capacitor (Cp) 100nF
Switching frequency(fsw) | 20kHz Ro, Lt, Cr, Lg lohm,1mH,6uf, 2.5mH

As shown in Fig. 5.1, the gZS networks are fed by the emulated PV source with an
input voltage (Vin) of 105V. As this voltage is inadequate to obtain the output voltage of the
required magnitude (110 V (RMS)), the input voltage is boosted to the required magnitude
(which is twice that of the input voltage) by implementing a shoot-through duty ratio of 0.25
(Egn. 5.9). The input voltage (Vin) and the DC-link voltages (Vdc1 & Vdc2), i.e. the outputs of
the gZS networks of the power converter, are shown in Fig. 5.10. It may be observed that the
voltage of each DC-link is boosted to 105V resulting in a total DC-link voltage of 210 V (i.e
Vdec = Vder + Vde2). As shown in Fig. 5.10, the DC-link voltages ‘Vdc1, Vdc2’ are pulsating
waveforms, which drop to a value of zero whenever the shoot-through mode is switched using
the devices S1- Sa (Fig 5.2(f))). The voltage of each DC-link is boosted to 105V resulting in a
total DC-link voltage of 210 V (i.e Vic = Vet + Vdce2). As shown in Fig. 5.10, the DC-link
voltages ‘Vqc1, Vdc2’ are pulsating waveforms, which drop to a value of zero whenever the

shoot-through mode is switched using the devices Si- Sa (Fig. 5.2(f))).
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Fig. 5.10. Experimental results of input voltage (Vin) and DC-link voltages Vi1 & Vico.

Fig. 5.11 presents the experimental waveforms of input voltage (Vin), DC-link voltage
(Vdc1), inductor current (iL1), and the capacitor voltages (Vc1 & Vc2) of the power converter
(Fig. 5.1). It may be observed that, when the shoot-through-mode (ST-mode) is inserted into
the power converter, the DC-link voltage drops to a value of zero. During the ST-mode, the
inductor current (iL1) increases linearly and stores energy from the input source. In contrast,
during the non-shoot-through-mode (NST-mode), i.e. when the DC-link voltage assumes a
value of 105V as shown in Fig. 5.11, the inductor current (iL1) decreases linearly while
discharging its energy into the load. Theoretically, the capacitors ‘C1’ and ‘Cz’ of the qZS
network-1 should share the DC-link voltage (V1) in the ratio of (1-D): D. The traces of the
capacitor voltages, presented in Fig. 5.11, confirm that the DC-link voltage output by the qZS
network-1 (105V) is distributed in the ratio of 0.75:0.25 across these two capacitors (78 V and
26 V respectively).

v Vin (lOOV/div.)
T105V v Ve (100v/div)

N1 (3Ardiv)

: v Ve1 (100V/div)

| Trsv |
1 26v _ v Ve (100V/div)
A ' : ;

t (50us/div)

Fig. 5.11. Experimental results of the input voltage (Vin1), DC-link voltage (Vc1), inductor current (ir1), and
capacitor voltages (Vc1, Ve2).
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The proposed power converter is operated with a modulation index of 0.75 and a shoot-
through duty ratio of 0.25 to obtain the required output voltage of 110V (RMS) at the output.
The waveforms of the output voltage (Vas) and the load current (ioad) are shown in Fig. 5.12.
The experimental result of the output voltage clearly shows 5 distinct voltage levels namely,
0V, £105V, and £210V. The magnified view clearly reveals that the output voltage pulsates

between the values of zero and the current-voltage level output by the converter (Fig . 5.12).

Ve (200V/div)

Zoomed view

(SA/div) t (5ms/div) t (50us/div)

Fig. 5.12. Experimental waveforms of output voltage (V ag) and load current (ijoad).

Fig. 5.13 provides the zoomed view of (i) voltage across the parasitic capacitor ‘V¢p’ (ii)
leakage current ‘ijeak’ and (iii) FFT spectrum of the leakage current. It may be noted that the
high-frequency voltage transitions across the parasitic capacitor are effectively bypassed with
the use of the LCL filter and the additional path ‘MN” (Fig. 5.7). Consequently, the parasitic
capacitor is exposed only to the low-frequency content in the voltage transitions, leading to
an effective reduction in the leakage current. It may be noted that the leakage current with the
proposed power converter is 10.15mA (RMS), which is well within the limits of 300mA
stipulated by VDE0126-1-1.

Y
2

» L _ t (20ms/div)
Zoom Factor: 5 X ZooEm Position: 9.61ks i i _
t (2ms/div)¥ Zoomed-view ./ (250V/div)

| _ JM ijea (SOMAVdiv)
FET(5mA25kHZ) & ieaRMS)=10.15mA

Fig. 5.13. Experimental results of parasitic capacitor voltage (V¢p), leakage current (iieax) 0f the PV source, and
harmonic spectrum of leakage current.

The DC-link voltage regulation of the power converter in stand-alone mode of operation is
demonstrated in Fig. 5.14 & Fig. 5.15.The dynamic performance of the proposed 5L-qZSI
(with the controller shown in Fig. 5.5) against the load disturbance is presented in Fig. 5.14.

The top two traces in Fig. 5.14 present the DC-link voltages (Vdac1&Vac2), while the bottom
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two traces show the output voltage and the load current waveforms. Initially, both the DC-
link voltages are boosted to 105V (peak) by maintaining a shoot-through duty ratio (D) of
0.25, while delivering a load current of 1.76A. Then, the load current is suddenly increased to
3.53A and is then decreased back to 1.76A. With this change in the load current, the
disturbance in the DC-link voltage is sensed and the closed-loop DC-link controller
automatically adjusts the shoot-through duty ratio to maintain the DC-link voltage at 105V. It
may also be noticed that both DC-link voltages are regulated at 105V despite the load
disturbances (Fig. 5.14). The settling time of the DC-link voltage after the load disturbance is
less than 2 fundamental cycles. As the output voltage (Vag) is solely dependent on the DC-
link voltages of the power converter in the stand-alone mode of operation, it is regulated at

the set value of the reference (i.e.110V (RMS)) despite the load disturbances (Fig. 5.14).

<+Half load—»<+—— Full load ——» <+— Half load——»

Voltage dip vVer (100V/div

Voltage swell — Y2 (100V/div)

. Nag (200V/div)

W 1 k Hioad (5AVdiV)
(QF W

. t (1s /div
Zoomed-view ( )

,,,,,,,,,,,,,,,,,

WS

Voo

uuuuu

Fig. 5.14. Experimental results of DC-link voltages (Va1 & Vac2), output voltage (Vag) and load current (iioad)-

Fig. 5.15 shows the dynamic response of the proposed power converter against supply
disturbances. In this experiment, the input voltage (Vin), which is initially maintained at 100V
is subjected to a quick disturbance of 30V. It may be observed that the DC-link voltages
(bottom two traces) are well regulated at a constant value of 105V with a quick dynamic
response. Thus, it may be concluded that the closed-loop controller (Fig. 5.14) effectively

regulates the DC-link voltages for both source and load variations.
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Fig. 5.15. Experimental results of (a) input voltages (Vin1) and DC-link voltages (Va1 & Vac2) (b) Zoomed view
of the plot (a).

Fig. 5.16 presents the behavior of the proposed power converter in the grid-tied mode of
operation. With the controller shown in Fig. 5.6, the active power of 230W is initially injected
into the grid. As mentioned earlier, the value of irradiation determines the value of the shoot-
through duty ratio ‘D’. To emulate the behavior of the PV source, which increases the output
power with an increase in the value of irradiation, a step change is introduced in the value of
the shoot-through duty ratio ‘D’ (0.18 to 0.21). The corresponding increase in the input power
can be noticed from the change in the input current (lin) from 2.4A to 3.8A RMS (third trace).
This momentarily increases the DC-link voltage (second trace). However, the error between
the reference and the actual (feedback) values of the DC-link voltage is compensated by the
Pl controller (Fig. 5.6), which increases the reference value of the grid current. The PR
controller, which is present in the inner current loop compensates for the current error by
readjusting the modulation index ‘m’ to increase the current injected into the grid. This
automatically restores the value of the DC-link voltage (Vqc) and the output voltage (Vag) of
the inverter. Fig. 5.16 clearly shows the increase in the value of the grid current from 2.11A
to 3.56 (RMS) at UPF.

|||||||||||I||||||||||I|||||||||||||||||||||||||||||||||||||||WWMnnm“nnnmnnm“nm““““““m“m
tG0ms/div) | Zgom-in vie

VLLLAR AR AR KRR AR R

Tt AR LA
Fig. 5.16. Experimental results of the total DC link voltage, output voltage of the inverter (Vag), grid voltage
(Vg), and current (ig).
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Fig. 5.17 (a) and Fig. 5.17(b) show the harmonic spectrum of the inverter voltage ‘Vag’,
and grid current ‘ig’ wherein the RMS value of the fundamental component is 110V (RMS)
and 3.6A. The voltage THD and current THD obtained are 75.5% and 3.65%. The measured
voltage THD of the power converter is on the higher side due to the insertion of a zero-state
in each voltage level of operation to boost the input voltage. However, the inverter voltage
‘Vag’ s filtered by the LCL filter to provide sinusoidal output voltage ‘Vout’ of THD 1.8% to
load/grid (as shown in Fig. 5.17(c)).

To validate the reactive power capability, the power converter is tested for a 0.8 lagging
(R=26Q, L=61mH) power factor. Fig .5.17(d) demonstrates the experimental waveforms of
inverter output voltage ‘Vag’, load voltage ‘Vout’, and load current ‘ijoad’. It may be observed
that the load current is lagging w.r.t to load voltage (Vout) which shows the reactive power

capability of the power converter.
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<—F£Jndamental 4— l%u:ndame:n%al N
l THD=74.5% THD=3.65%
Im (a) FFT(56V/12.5kHz) ‘ Im(b) FFT(2A/12.5kHz)
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Fig .5.17 (a) FFT of inverter output voltage ‘Vag’ (b) FFT of grid current ‘i’ (c) FFT of output voltage
“Vout’(d) output voltage (V ag), load voltage (Vout) and load current (iag) for 0.8 lagging power factor.

5.7 Comparison of proposed topology with 5-Level gZSI

This section critically compares the proposed power converter vis-a-vis the previously
available topologies in literature, which are based on the 5-level-gZS inverter. This
comparison is based on the number of semiconductor switching devices and passive
components and summarizes the voltage stress across devices for all of the five topologies.
From Table 5.4, it may be observed that the proposed topology (5L-qZSl) has a lower number

of semiconductor switches, compared to other 5-level qZS inverters. It may also be

5-18



noted that, while the proposed power converter uses fewer power diodes when compared to

the topologies [54], [61], and [62]. The proposed topology 5L-gZSI is on par with the other

quasi-z-source converters, in terms of the number of capacitors. While it appears that the

MqZS-5LI [61] has an advantage w.r.t the proposed power converter in terms of inductors, it

results in a discontinuous input current which is not favorable for PV applications. The RMS

value of the output voltage is the base value for the calculation of the per-unit voltage stress

across the switching devices as well as the passive components It may be observed that all

five topologies have equal voltage stress across the capacitor and diodes. Even though the

voltage stresses on the diodes and active switches are comparable in all of the five topologies,

the requirement of a higher number of diodes/switches in the compared topologies leads to

lower reliability [54], [59], [61] and [62]. As the number of switches and diodes are unequal

across the compared topologies, the Total Standing Voltage (TSV) of the power converters is

calculated [89].

TABLE 5.4 COMPARISON OF THE PROPOSED POWER CONVERTER WITH 5-LEVEL QZS TOPOLOGIES

qCHB-

qZS-NPC[54] FLBI[59] Mqzs- 5LI1[61] qZS-5L[62] Proposed
Levels 5 5 5 5 5
Sources 1 2 1 1 1
Capacitors 4 2 4 4 4
Inductors 4 2 2 4 4
Active
Switches 8 8 8 8 6
Diodes 6 4 3 4 2
Input current continuous continuous discontinuous continuous continuous
1/V2 1/v2(1 - D) 1/V2
Capacitor C1,Co Ci C1,Co INZ CiCs | 1V2 CuGs
voltage stress D/N2(1—D) 1/7/2(1 - D) D/N2(1 - D) D/N2(1 - D) D/N2(1 - D)
Cs,Cs C; C3,C4 C2,C4 C2,C4
Diode voltage
stress g 1/v/2(1 - D) 1/v2(1 - D) 1/72(1 - D) 1/v2(1 - D) 1/v2(1 - D)
_ ' for S.-S. 1/4/2(1 — D)for
Switch 1N2(1-D) | 1/¥2Z(1-D) e 1/¥2(1 - D) 5155
voltage stress V2/(1 — D)for 1/¥2(1 — D) for
Ss-Sg S4-Se
TSV 7 5 75 6 5.5
Voltage THD 76.4% 42.73% 38.2% 75.2% 75.5%
Leakage
current 720mA 1.1A 590mA 325mA 210mA
Without filter
Leakage
current 520mA Not applicable 70mA 22mA 12mA
With filter

5-19




It may be noted that the proposed power converter (5L-gZSlI) registers a lower TSV
when compared to qZS-NPC [54], MgZS-5L1 [61], and gZS-5L [62] topologies. From Table
5.4, it may be observed that the proposed topology results in a lower leakage current of 210mA
(which is under the stipulated limit of 300mA) when compared to topologies [54], [59], [61]
and [62] even without the filter. This is because the proposed modulation technique applies a
zero-state in each level of operation. Further, with the employment of the ‘LCL’ filter and
with the additional path ‘MN’, the leakage current of the proposed topology drops to 12 mA.
It may be noted that the points ‘M’ and ‘N’ cannot be connected in a cascaded H- bridge
topology with an LCL filter and isolated PV sources due to the lack of a common point (Fig.
5.1) [59]. The proposed power converter has a higher voltage THD when compared to
[59],[61] as zero level is inserted in each level of operation to boost the input voltage.
However, the inverter output voltage is filtered by the LCL filter to provide a sinusoidal output

voltage to the load/grid.

5.8 Power Loss for the 5L-QZSI

The power loss of the proposed 5L-qZSI is assessed by evaluating it using the Powersim
(PSIM) software, at 400W. Thermal models of the MOSFET-IRFP460 and the power diode-
ISL9R3060G2 are employed to evaluate power loss incurred in semiconductor switches (S1-
S6), and power diodes (D1-D2). Further, conduction losses in the inductor (Ping) and the ESR
losses (Pcap) in the capacitors are estimated using the method described in [77]. These losses
are evaluated with (i) input voltage (Vin) of 105V (ii) output voltage of 110V (RMS) (iii)
switching frequency (fs) of 20kHz (iv) shoot-through duty ratio (D) of 0.25 and, (v) the
modulation index (m) of 0.75. Fig. 5.19 (a) displays the power loss incurred in switching

devices and passive components at 400W.

Fig. 5.19(b) presents the efficiency curves of the topologies compared in Table 5.4. The
efficiencies of the power converters are assessed by evaluating the power loss incurred in it
using the Powersim (PSIM) software, in the output range of 0-400W. Thermal models of the
MOSFET-IRFP460 and the power diodelSL9R3060G2 are employed to evaluate the losses.
It may be observed that the proposed power converter (5L-qZSI) registers a higher efficiency
when compared to all of the compared topologies due to lower semiconductor switch and
diode count. It may be noted that the average efficiency of the proposed power converter is
about 95%.
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Fig. 5.18 (a) Power Loss distribution in 5L-gZSl.(b) Efficiency comparison with the 5L-gZSI (c)
Experimental efficiency of the 5L-qZSI

The experimental efficiency of the power converter is validated by using a precision digital
power meter (Yokogawa WT332E) to measure the input power and output power is measured
by a power analyzer (UNI-T UT283A). The experimentation is implemented for a step change
of 50W ranging from 50W to 400W. The hardware efficiency curve of the 5L-qZSI is shown
in Fig. 5.18(c). From Fig. 5.18(c) it may be noted that the experimental efficiency of the
prototype achieves 93% at 400W output.It may be observed that the hardware efficiency is in
close approximation to the simulated efficiency(shown in Fig. 5.18(b)), which is about 95%.
In addition to this, the CEC efficiency of the proposed power converter is also estimated using
the method shown in [91]. The CEC efficiency is found to be 92 %.

59 Summary

This chapter proposes a single-stage, 5-level quasi-z-source-based hybrid inverter (5L-gZSI)
for stand-alone, as well as grid-tied PV applications. The voltage boosting as well as 5-level
inversion are simultaneously achieved with the proposed single-stage converter and the
associated modulation technique. When compared to the existing qZS 5-level inverter
topologies, the proposed power converter employs fewer switching devices to synthesize the
5-level output voltage waveform. It is shown that the use of an LCL filter reduces the leakage
current. It is also demonstrated that, due to the combined efforts of the filter and the PWM
strategy, the leakage current is suppressed to 10mA which is well within the stipulated limit
of 300 mA by the VDE 0126-1-1 standard. The steady-state and dynamic performances of the
power converter in the stand-alone mode and the grid-tied mode are experimentally
demonstrated. It is shown that in the stand-alone mode of operation, the output voltage of the
power converter is solely regulated with the control of the shoot-through duty ratio against the
source and load disturbances. Further, the dynamic performance of the current controller in
the grid-tied mode of operation is demonstrated experimentally. It is shown that the current
control strategy achieves the injection of active power into the grid at UPF. The power loss
analysis of the proposed power converter, evaluated using the PSIM software, reveals that the

efficiency of the proposed power converter is around 95%.
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Chapter 6

A Quasi-Switched Capacitor Based Grid-connected
PV Inverter with a Reduced Leakage Current

6.1 Introduction

In the previous chapter, a single-stage, 5-level quasi-z-source-based hybrid inverter
(5L-gZSI) with only six switching devices is investigated. When compared to existing qZS-
based 5-level inverter topologies in the literature, the power converter achieves 5-level
operation with fewer switches devices. In addition to this, the power converter minimizes the
leakage current to less than 300mA with the help of both modulation techniques and a
symmetrical LCL filter connected across the load/grid. Despite these advantages, the power
converter also suffers from the following drawbacks: (i) higher voltage THD (ii) conventional
voltage boosting of qZS inverter (iii) utilization of additional LCL filter for leakage current

minimization.

To overcome these limitations a quasi-switched capacitor-based five-level inverter
(gSC-5L1I) is proposed in this chapter. The power converter operates with a single DC source
and draws continuous current from the input supply. Further, the power converter
simultaneously achieves higher voltage boosting capability and five-level voltage inversion
with the aid of a modified LSPWM scheme. In addition, the power converter minimizes the
high-frequency voltage variations across the stray capacitance thereby minimizing the leakage
current without any additional filter. The measured leakage current is determined to be
substantially within the VDE0126-1-1-specified limit. [10].

Furthermore, it is demonstrated that the power converter's output voltage is solely
regulated against source and load disturbances when operating in stand-alone mode. It is also
shown that the closed-loop current control strategy injects active power into the grid at UPF.
In addition to this, the loss analysis of the power converter is evaluated using thermal modules
in PSIM software. Additionally, the experimental results pertaining to the dynamic
performance of the five-level inverter in both stand-alone and grid-connection operations are

presented in this chapter.



6.2 The QSC-Based five-level T-type inverter

6.2.1 Power Converter

The proposed quasi-switched capacitor-based five-level inverter (qSC-5L1) is shown
in Fig. 6.1. The power converter comprises two quasi-z-source networks (gZS-1 and qZS-2)
with a single PV source and a switched capacitor-based five-level inverter. To boost the input
voltage to the desired DC-link voltage, the output terminals of the quasi-z-source networks
‘Q’ and ‘O’ are short-circuited by turning on the switches (Si-S4). Further, two switched
capacitor units ‘S1, D3 Sc1” and ‘Ss, Scz, D4’ are used to synthesize five levels in output voltage

waveform. The load/grid is interfaced to the inverter to the mid-points of switches Ss, Se, and

the ground.
Co |
Q
+ D:w
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Ci Vi1 S - Ve + S5
PV + 53
. L
C3 ~ S 9
4252 Vaer | 5, F——16—3
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4m‘\_|,__{_rm<—'ok
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Fig. 6.1.The Proposed qSC-5LI

6.2.2 Switching logic of the qSC-5LI

The voltage levels obtained with the proposed qSC-5L1I, along with their corresponding
switching logics are shown in Table 6.1. Among the 8 states presented in Table 6.1, states
NST-1 to NST-5 are the non-shoot-through states which synthesize 5 output levels, and states
ST-1to ST-3 represent different shoot-through states to obtain boosting in gZS networks. Fig.
6.2 displays the circuit diagram of the proposed topology during the non-shoot-through mode
of operation. From Fig. 6.2 (a) it may be noticed that both the gZS diodes (D1 and D) are
forward-biased to provide a total DC-link voltage of ‘Vac1+Vdc2’ across the inverter input
terminals (Q, O). Further, Fig. 6.2(b) to Fig. 6.2(e) show the non-shoot-through states NST-1

6-3



TABLE 6.1 SWITCHING STATES TO ACHIEVE FIVE-LEVEL OPERATION

State-type Switching logic (0-OFF,1-ON) (VdclS S/E?zlit\\//sfllia\gl/fc;zlngc)
NST-1 110 (1 1]0 |1 |0 ]01]0O (Vder+ Vsci) Ve
NST-2 0O (110|210 |0|0O Vi 0.5V
NST-3 0|1 1|0 |0 |0 |1 |1 0 0
NST-4 of1(1j0{12|1]0|0O0 V2 -0.5Vqc
NST-5 o(1(0|12|0}|212]0|0O0 -(Vae2 +Vsc2) Ve
ST-1 1{1|1(1(1|0|0]0O Vsc1 0.5Vgc
ST-2 1{1|1(1(0|1|0]O -Vsc2 -0.5Vgc
ST-3 11110 |0]|1]1 0 0

(d) NST-3

(b) NST-1

S,
_Vsc1‘.

(C) NST-2

Q 51'

- Vsc1+

o7

(€) NST-4

(f) NST-5

Fig. 6.2. (a) Schematic of qZS network during NST states (b-f) Schematic of MLI during NST-1 to NST-6.

to NST-5 shown in Table 6.1 to generate +Vj. , £0.5V,, 0 voltage levels. During the NST

states, it may be observed that the charging currents of the switched capacitor (Sci, Sc2) are

provided by the inductors of the quasi-z-source network. Therefore the inrush charging
currents of the switched capacitors are reduced to a lower value.

During the Non-shoot-through state, the voltages across the inductors (L1-L4) and the total
DC-link voltage(Vqc) are stated as:

6-4

ViintViz=Vin—=Vez =V
Vio==Ve2
Via==Veq

Vac=V tVaz=Ver + V) + (Vg +Vie3)

(6.1)
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Fig. 6.3 presents the different shoot-through states (ST-1 to ST-3) of the gSC-5LI1 shown
in Table 6.1. From Fig. 6.3(a) it may be noticed that the terminals ‘Q and O’ of the power
converter are short-circuited by turning on the switches ‘S1 to S4’ thereby storing energy in
the quasi-z-source inductors. This shoot-through can be implemented in three different ways
in the proposed power converter as shown in Fig. 6.3(b), Fig. 6.3(c), and Fig. 6.3(d). During
ST-1 and ST-2 the power converter outputs +0.5V,;. and —0.5V. across the grid, as shown in
Fig. 6.3(b) and Fig. 6.3(c). Further, during ST-3 the switches S7 and Sg are turned on to output
0 V across the grid as shown in Fig. 6.3(c).

+ -
VSC 2

-Vs+ D,
N Ls C
()+z‘/§ o (b) ST-1 (c) ST-2 (d) ST-3

a)q -

Fig. 6.3. (a) Schematic of qZS network during ST states (b-d) Schematic of MLI during ST-1 to ST-3.

During the Shoot-through state, the voltages across the inductors (L1-L4) and the total DC-

link voltage (Vuc) are expressed as:

Viint+Viz=Vin+Vea +Ves (6.5)
Viz=Ve1 (6.6)
Via==Vc3 (6.7)
Ve =V +Vaz = 0 6.8)

6.3 Modulation Technique

6.3.1 Proposed modulation technique for qSB-5LI

For the proposed topology, the level-shifted PWM technique is implemented to
perform the following operations: (i) boost the input PV voltage and (ii) five-level output
voltage inversion. From Fig. 6.4(a) it may be noticed that the modulating signal ‘Vm’ is
compared with the carriers C1- C4 to produce the level-generating signals S11-Sas and Ss-S.
Further, to generate shoot-through pulses ‘Shi and Shz’, two DC reference signals ‘Vsh1 and
Vsh2” are compared with carriers ‘Cs’and ‘C1’.Moreover, the modulation signal ‘Vm’ is divided
into four equal zones °Z1,22,2z3, and z4’. To implement boosting, logical operations are

performed between the shoot-through pulses ‘Shy and Shy’ and level-generating pulses “S11-
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Fig. 6.4. Implementation of the modulation technique.

S44’ based on the zone of operation as shown in Fig. 6.4(b). Finally, the desired PWM signals

‘S1-S4” is obtained from the logical operations and are fed to the power converter.

Fig. 6.5 presents the switching states of the power converter during the positive and
negative half-cycles of the output voltage waveform. As shown in Fig. 6.5(a) the modulation
signal ‘Vm’ is compared to carrier ‘Cs’ to generate voltage levels 0 and 0.5V. It may be
observed that the DC reference signal (Vsn2) is incremented by ‘D’ (where ‘D’ is defined as
the ratio of shoot-through time and sample time) and is compared with carrier ‘C1’ to insert a
shoot-through pulse in ‘S1” and ‘S4’.From Fig. 6.5(a) it is evident that the shoot-through duty
ratio ‘D’ is scaled up by a factor of 4 (shown in red color) by the level-shifted PWM. The
implementation of shoot-through in voltage level 0.5V to V is shown in Fig. 6.5(b). In contrast
to Fig 6.5(a), the shoot-through is generated by a decrement of the DC-reference (Vsh1) by D.
The DC-reference signal (Vsn1) is compared with carrier ‘C4’ to insert shoot-through pulse in
‘S1” and “S4’. A similar conclusion can be drawn from Fig. 6.5(c) and Fig. 6.5(d), where Vsh1
and Vsh2 are utilized to insert shoot-through in voltage levels from (0 to -0.5V) and (-0.5V to
-V).

V1 4+ D
V. G h Cy Vm DY Vsh1 c
m G [ C c
3
Ez C, G v, P
pte——t==tr——Ver | | [ % _—11]| G - ‘;m
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2 s S; s,
53 4D[4D S s
A 3 14D S3
54 _ ﬂ 54 54
0] osv [ 0sv |0 [osv] v v Josv] [-osv] o o J-05v] v [-05v]-05v] v
T, (a) Ts Ts (b) Ts Ts (C) Ts Ts (d) Ts

Fig. 6.5. Generation of switching states in positive and negative half cycles.
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6.3.2 Analysis of the Boost Factor

To derive the boost factor of the power converter, volt-second balance is applied to inductor
voltage equations during non-shoot-through (equations 6.1-6.3) and shoot-through states
(equations 6.5-6.7).

From the volt-sec balance, the voltage across the gZS capacitors is expressed as:

Ve1=Ve3 = Vin (6.9)
4D
Vea=Ves = ﬁ in (6.10)

Where the shoot-through duty ratio (D) is defined as the ratio of shoot-through time (Tsh) and

sample time (Ts).

The total DC-link voltage (Vuc) of the power configuration during the NST state is expressed

as.

2

Vae=V tVaor =V + Vo +Va+ V= )

Vin (6.11)

6.4 Proposed closed-loop control schemes for gSB-5LI

To facilitate an easy reference, the controllers for stand-alone and grid-connected modes are

reproduced from the earlier chapter.
6.4.1 Stand-alone mode

The primary goal of the power configuration in stand-alone mode is to maintain the output
voltage at its rated value against load and source disturbances. To this end, the closed-loop
control scheme (shown in Fig. 6.6(a)) is implemented to regulate the output voltage at the
desired RMS value. In general, the output voltage of the inverter (m.V,,) is controlled by
regulating the total DC-link voltage (V;. = Vg1 + Vye2) at a constant value of the modulation
index. It may be noticed that the DC-link voltage pulsates from a value of zero to the boosted
DC voltage as a consequence of inserting the shoot-through mode of operation using the
inverter switches (S1-S4). As the direct measurement of DC-link voltage is not feasible, it is
estimated with an indirect measurement as shown in Fig. 6.6(a).As shown in the figure the
total DC-link voltage ‘Vqc’ is estimated by sensing the voltage across the capactors Ve1, Ves’

and shoot-through duty ratio ‘D’.
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Ve D (b)

Fig. 6.6. (a) Control strategy for stand-alone mode and (b) Control strategy for a grid-connection mode of
operation.

The error generated by the comparison of V. and Vqc is compensated by the Pl controller.The
PI controller generates a DC signal, corresponding to the duty ratio ‘D’, which in turn
determines the shoot-through DC-reference signals “Vsn1, Vsn2 ', which are needed to implement
the LSPWM. These DC-reference signals are compared with carrier signals ‘Ci, C4’ to
generate the shoot-through signals ‘Shy and Sk2” (as discussed in section 111 (a)).

6.4.2 Grid-connected mode

The closed-loop control scheme for the grid-connection mode of operation is presented
in Fig. 6.6(b). This scheme enables the controller to inject active power into the grid. In this
control scheme, an outer voltage loop is employed to control the DC-link voltage, while an
inner current loop injects current into the grid. Further, an independent MPPT control is

implemented to extract the peak power from the PV source.

The perturb & observe (P&O) MPPT algorithm is employed to track the peak power
of the PV source. Both PV voltage (Vin) and current (lin) are sensed and are input to the P&O
algorithm. The algorithm generates the required shoot-through (ST) duty ratio ‘D’ to track the
maximum power point of the PV source. The change in duty ratio ‘D’ results in the change in
the total DC-link voltage ‘Vq’ of the 5-level inverter. The assessed DC-link voltage ‘Vac’ is
compared with the reference DC-link voltage (V") and the produced error is compensated by
the output loop PI controller. The Pl controller generates the current reference (i”g), which is
in sync with the grid employing a PLL. The difference in the current reference (i) and the
actual grid current is compensated by a PR controller by varying the modulation signal (vm).

The change in modulation signal (vm) results in a change in the current inigjected into the grid
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[86], [88]. Thus, in the grid-connection mode, both degrees of freedom offered by the power
converter namely, the shoot-through duty ratio (D) and the modulation index (m) are
effectively utilized to realize the objectives of MPPT and injection of current into the grid

respectively.

6.5 Reduction of Leakage current

Transformerless inverter configurations are widely reported in the literature for grid-
connection applications. They offer advantages such as higher power density, and higher
efficiency. However, the elimination of the transformer results in the flow of leakage current,
which is highly undesirable. In general, high-frequency voltage variations across the stray
capacitance formed due to the grounded frame of the PV panel paves the way to the genesis

of the leakage current.

The harmful effects of the leakage current in terms of performance and safety are well
documented [90]. The standard VDEO0126-1-1 [10] specifies that the maximum leakage
current is restricted to 300mA (RMS). The most popular strategies to minimize/restrict the
leakage current include clamping the voltage across the stray capacitance to a constant value

or reducing the high-frequency voltage content across it.

This high-frequency voltage content is caused by the common-mode voltage of the
multilevel inverter. This calls for the assessment of high-frequency voltage content applied
across the stray capacitance. To realize this objective, a common-mode model of the power
converter is developed, which is shown in Fig. 6.7(a). Further, the common-mode voltage is
resolved into the common-mode and the differential mode components as shown in Fig
6.7(b).

From Fig. 6.7(b) the parasitic voltage (v.,) across the PV capacitor is determined by the
following expression:
Uep = Vi3 + Vea + Veemy (6.12)

Where the effective common mode voltage is defined as viemy = Vemny — 0.5Vgm

The sum of inductor and capacitor voltages ‘v;3 + v, during the non-shoot-through (NST)

and shoot-through (ST) states are stated as:

Vi3 + Vg = @Vdc for the NST state (6.13)

(1-4D)
4

Vi3 + Vs = Vac for the ST state (6.14)
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(b)
Fig. 6.7 (a) Common-mode model of gSC-5L1 (b) Simplified common-mode model.

The pole voltages (v40,v50), effective common mode voltage (vicmy), the sum of voltages
V3 + V¢4 and the parasitic voltage across the PV capacitor (v,,,) during ST and NST states are
shown in Table 6.2. For example, the ‘v, is calculated for a shoot-through duty ratio of 0.1.
It may be observed that, the ‘v,,,” remains to be constant at a value of 0.15Vc for both ST and
NST states. As the parasitic voltage ‘v, across the PV capacitor remains constant, the leakage

current which flows from the PV source to the grid is minimized.

TABLE 6.2 PARASITIC VOLTAGE OF THE POWER CONFIGURATION FOR D=0.1.

State- V4B Vao Vpo Viemv | Vi3 T Vca Vep
type

NST-1 | Ve 15Ve |05V | 9°Vee | 035ve | 0.15Vg

NST-2 | 0.5V Ve 05Vee | 99Vee | 035ve | 0.15Ve

NST-3| 0 05Vee |05V |99V | 035V | 0.15Vi

NST-4 | -0.5Ve 0 05Ve | 05Ve | -0.35Ve | 0.15Vg

NST-5 | -Vae | -05Ve | 05V | 05Ve | -0.35Ve | 0.15Vi
ST-1 | 0.5V | 0.5V 0 0 0.15Ve | 0.15Ve
ST-2 | -05Vas | -0.5Vee 0 0 0.15Ve | 0.15Ve
ST-3 0 0 0 0 0.15Ve | 0.15Ve

6.6 Reduction of Leakage Current

The operating principles of the proposed power configuration are validated with a scaled-
down prototype which is shown in Fig .A.1. A programmable DC power supply is utilized to
replicate the CC-CV behavior of the PV panel and FPGA (Spartan-6) is utilized to output the
gating pulses for the power converter. Table 6.3 displays the hardware specifications as well

as the experiment's operational settings. In this experimental setup, an input voltage (Vin) of
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TABLE 6.3 OPERATING PARAMETERS OF HARDWARE PROTOTYPE
Operational conditions | Values Components Values

Input voltage (Vin) 70V EE65CORE Inductors 3mH
Total DC-link voltage 200V Capacitors (C1-Ca) 300V,1300uF

Switched capacitors

Switching frequency 20kHz (SC4, SCy) 200V,400 pF

Output voltage(RMS) 110V Fast recovery diode MUR1560CT

Modulation Index (m) 0.8 MOSFETs IRFP460
Output Power (Po) 400W PV capacitor (Cp) 100nF

70V is applied across the gZS networks to acquire the output voltage of 110 V (RMS).
However, this input voltage (70V) is not adequate to achieve 110 V (RMS). Therefore, the
input voltage (Vin) is boosted to obtain the required magnitude, by inserting an ST duty ratio
of 0.08, which realizes a boost factor of 2.83 (Eqn. 6.11).

The experimental waveforms of the input voltage (Vin) and the boosted DC-link voltages
(Vder & Vace2) of the gSC-LI are shown in Fig. 6.8. It may be noticed that the DC-link voltage
(Vder & Vde2), are pulsating waveforms which switch between the voltage levels of 100 V
during the NST state and 0 V during the ST state. Thus, the total DC-link is boosted to 200V
(i.e. Vdc = Va1 + Vae2) indicating that a boost factor of 2.83 is obtained. Further, the last two
traces of Fig. 9 present the output voltage (Vag) and the load current (ijoag). It may be noticed
that the output voltage has 5 distinct voltage levels namely 0V, +100V, and £200V. The
zoomed view of Fig. 9 clearly shows the voltage transitions in the DC-link voltages and output

voltage of the power converter.

Fig. 6.9 presents the inductor current (i1) and capacitor voltages (Vc1 & Ve2) of the top
quasi-z-source network-1 of the power converter (Fig. 6.1). Theoretically, in qZS -1 the
boosted DC-link voltage (Vdc1), is distributed in the ratio (1-4D: 4D) across the quasi-z-source
capacitors ‘C1’ and ‘Cz’. It may be noted from Fig. 6.9 that the capacitors ‘C:” and ‘C2’
respectively support the voltages 70V and 30V, which add up to the total DC-link voltage
(Vdc1) of 100V. The experimental values are in close agreement with the theoretical values of
68V and 32V. Further, the last trace shows the rise and fall of the inductor current (iL1) during

the shoot-through and the non-shoot-through modes of operation.

The input voltage (Vin1), the DC-link voltage V41, and the voltage across the switched

capacitors (Vsc1 and Vscz are presented in Fig. 6.10. In the proposed power converter, both
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(iL1) of the gSC-5LI.
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Fig. 6.10. Input voltage (V.nl) DC-link voltage (V1) and switched capacitor voltages (Vsc1, Vsc2) of the
qSC-5LI.

switched capacitors (SC1, SC») are charged to half the total DC-link voltage to obtain the five-
level output voltage waveform. It may be observed that the switched capacitors are charged
to 100V each which is half of the total DC link voltage of 200V. The experimentally obtained
parasitic voltage (V¢p) and the leakage current (iieak) are shown in Fig. 6.11. It may be observed
that the parasitic voltage is constant at 31V with only the switching frequency ripple present
in it. It is evident that the induced leakage current is minimized due to the absence of high-
frequency voltage transitions in ‘V¢p’. The experimentally measured leakage current is 8.1mA

(RMS), which falls within the standard VDEO0126-1-1 limit of 300mA (RMS) [10].
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Fig. 6.11. PV capacitor voltage (V¢p) and leakage current (ijeax) of the gSB-5LI.

Fig. 6.12 depicts the dynamic response of the power converter in the stand-alone mode of
operation against the load disturbance. In this experiment, both the DC-link voltages
(Vac1&Vae2) of the power converter, are regulated at 100V (peak) to generate an output voltage
of 110V (RMS). Initially, the power converter is loaded to 1.4 A, which is half of its full-load
value. When the converter is suddenly loaded to its rated value of load current (2.82 A), the
DC-link voltages (Vdc1&Vdc2) remain practically unperturbed (Fig. 6.12) due to the control
action exerted by the closed-loop controller shown in Fig. 6.6(a). This regulatory action also
manifests at the output, as the output voltage of the proposed power converter is solely
dependent on the DC-link voltages (Vdc1&Vc2).

[}
Vm(zoovgmv)\ Halfload|_Fullload , 70V ‘
Ve (200V/div)~ | 100V K ‘

V.o (200V/div) S

Vs (200V/cliv)

ipad (BA/iV) ~

t--(zorllns/div) >

Fig. 6.12. Input voltage (Vin), DC-link voltages (Vac1 & Vac2), output voltage (Vag) and load current (iioad)
during load disturbance.

The dynamic response of the proposed topology to source disturbances is shown in
Fig. 6.13. In the experimental result presented in Fig. 6.13, the input voltage (Vin) is initially
maintained at 70V with a total DC-link voltage of 200V (i.e. 100 V per each qZS) and a quick
disturbance of 30 V is created in the supply voltage. From Fig. 6.13, it may be observed that
both DC-links (V4c1&Vdc2) are maintained at 100V irrespective of the changes in the supply
voltage. Thus, it is experimentally verified that the closed-loop controller shown in Fig. 6.6(a)

is capable of regulating the DC-link voltages against the supply disturbances as well.
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Fig. 6.14 presents the experimental result pertaining to the grid-connection mode of
operation. In this mode, the controller shown in Fig. 6.6(b) is employed. Initially, the active
power of 250W is injected into the grid by the controller. As mentioned in section V, the
controller dynamically adjusts the value of the shoot-through duty ratio ‘D’ based on the
insolation level on PV panels. As the insolation of the PV panel increases the output power
injected into the grid also increases. When a quick increase of the shoot-through duty ratio
‘D’ is introduced (which follows an increase in the insolation level), the input current (Iin,
third trace) is correspondingly increased from 2.7A to 4A (RMS), in turn increasing the DC-
link voltages. The outer loop PI controller (Fig. 6.6(b)) responds to this disturbance by
increasing the reference value of the grid current. The inner current loop's PR controller
compensates for the difference between the reference and actual grid current values by
increasing the modulation index 'm'. This increases the grid current thereby increasing the
active power pumped into the grid. In consequence, the DC-link voltage automatically returns
to its actual value. The corresponding increase of grid current (ig) is clearly visible in Fig. 6.14
(from 2.26 A RMS to 3.39A RMS at UPF).
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I
t (50ms/div)

Fig. 6.14. Total DC link voltage (Vqc), Inverter output voltage (Vag), input voltage (Vin), grid voltage (V)
and grid current (ig).
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6.7 Comparison between the proposed qSC-5LI and the gZS-based five-

level inverter topologies

In this section, the proposed power converter (qSC-5LI) is compared with the
previously reported 5-level qZS inverters. In Table 6.4 all of the 5-level gZS inverters are
compared in terms of device count, boost factor, voltage stress, voltage THD, and leakage

current.

It may be noticed that the proposed gSC-5LI employs an equal number of switches
but requires two additional capacitors when compared to the other quasi-z-source topologies.
The topology reported in [61] needs fewer inductors when compared to the proposed power
converter. However, the input current drawn by this power converter is discontinuous which
is not ideal for Photovoltaic applications. It may also be observed that the proposed topology
results in a higher boost factor when compared to the other five-level quasi-z-source
topologies. The voltage stress across the switches, diode, and capacitors is calculated on a per-
unit (p.u.) basis. For these computations, the output voltage (RMS) is considered to be the
base value. It may be noticed that the proposed topology and converters [54], [59], and [62]
have equal voltage stress across the switches and diodes. It may be noted that the quasi-z-
source capacitors of the proposed topology are subject to higher voltage stress when compared
to the other qZS topologies. However, this may not be a disadvantage as the power converter
(gSC-5L1) results in a higher boost factor. As the total switching device count is unequal in
the topologies presented in Table 6.4, the Total Standing Voltage (TSV) is calculated [88].

In comparison with topologies [54] and [61] the proposed converter has a minimum
TSV value as shown in Table 6.4. Further, the voltage THD and the leakage current of all
topologies listed in Table 6.4 are analyzed. It may be noted that the proposed converter
registers lower voltage THD when compared to topologies [54], [59], and [62]. The topologies
presented in references [54], [59], and [61] do not address the issue of leakage current. Hence,
to compare the leakage current, these topologies are simulated with the parasitic capacitor
‘C,’ of value 100nF. It may be noted that, when compared to the other four topologies, the

proposed power converter has a lower leakage current (10.02 mA).
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TABLE 6.4 COMPARISON OF THE QSC-5L1 WITH 5-LEVEL QZS MLIS

qZS-

qCHB-

NPC[54] FLBI[59] Mazs- SLI61] GZS-5L[62] | gsc-5L1 (proposed)
NLevels Five Five Five Five Five
Nsources One Two One One One
Ninductors Four Four Two Four Four
Ncapacitors Four Four Four Four Six
Ndiodes Six Two Three Four Four
Nswitches Elght Elght Elght Elght Elght
Boost 1/(1—-2D) | 1/(1—2D) 2/(1 - 2D) 1/(1 — 2D) 2/(1 — 4D)
continuous
input Yes Yes No Yes Yes
current
V20| 7 @) | INZ (€C) | 1N (Cucy | (4RI -D)
(C1,C2) (C1,Cy)
voltage
stresih D D D D (4D)/N2(1 - D)
across the _— _—
Capacitor \/7(1 - D) \/E(l - D) \/E(l - D) \/E(l - D) (CZ,C4)
(C3,Cas) (C3,Cs) (C3,Cs) (C2,Co) \gé(ll S_Clz)))
voltage
stress D D D D D
across V2(1-D) | v2(1-D) V2(1-D) V2(1-D) V2(1-D)
Diode
voltage 1/+/2(1 — D) for
across the | 2(1 - D) V2(1-D) V2/(1 — Dfor V2(1-D) V2(1-D)
Switch S-S
5-98
TSV 7 5 7.5 6 6
THD 75.4% 42.73% 38.20% 74.2% 38.206
(Voltage)
Leakage 720mA 11A 590mA 325mA 10.02mA
Current
6.8  Loss Distribution in gSC-5LI

In this section, the power loss analysis of the proposed power converter has been performed

in Powersim (PSIM) software to estimate the efficiency. The power converter is simulated by

employing the thermal models of the power diode (ISL9R3060G2) and semiconductor switch
(MOSFET-IRFP460). The switching losses (Psq, Psw) and conduction (Pcd, Peon) l0sses incurred
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in the diodes and the switches (S:-Sg) are evaluated for output power in the range of 0-400W.
Further, the ESR losses in the capacitors (Pcap) and conduction losses in the inductors (Pind)
are estimated using equations given in [77]. From Fig. 6.15 it may be observed that the power
converter displays an average efficiency of 95 %. Furthermore, at 400W, the power loss in

switches (S1-Sg) and passive components is depicted in Fig. 6.15.

100
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92
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Fig. 6.15. Efficiency curve of gSC-5LI.
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loss

Fig. 6.16. Loss distribution in switches, diodes, inductor, and capacitors at 400W in qSC-5LI.

6.9 Summary

In this chapter, a single-stage quasi-switched capacitor-based five-level inverter (QSC-
5LI) is investigated for PV applications. The proposed topology, along with its modulation
scheme, simultaneously achieves voltage boosting and five-level operation. The power
converter offers a higher boost factor when compared to other quasi-z-source-based five-level
topologies in the literature. In addition to this, the proposed topology reduces the leakage
current to 8.01mA, which is far lower than the stipulated limit set by the VDE 0126-1-1
standard (300mA RMS ) [10]. In stand-alone mode, a closed-loop DC-link control system is
employed to regulate the output voltage by controlling the shoot-through duty ratio ‘D’. It is
also shown that in the grid-connection mode of operation, the control is decoupled in that the
objective of MPPT is addressed with the shoot-through duty factor while the control of grid
current requires that the modulation index be controlled. Finally, experimentation is carried
out to evaluate the dynamic performance of the proposed system in both stand-alone and grid-

connected modes.
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Chapter 7

Conclusion and Future Scope

7.1 Conclusion

The principal focus of this thesis is to investigate different single-stage quasi- z-source
based multilevel inverter configurations for multi-string and single-string Photovoltaic
applications. The thesis consists of six chapters of which, the first is introductory and the rest

are contributory in nature.

Chapter 2 reviews the available impedance source multilevel configurations in both
single- and three-phase and further specifies the major demerits of these topologies. These

disadvantages are the impetus to embark on the research problem in this thesis.
Important contributions of this thesis are summarized as follows:

1. A single-stage, qZS-based cascaded four-level inverter with a space-vector modulation
technique is presented in Chapter 3. The power converter is a fusion of three quasi-z-
source networks and a cascaded four-level inverter. The proposed configuration with the
aid of implemented modulation scheme achieves 50% higher voltage boosting in
comparison with the conventional qZS-CHB and qZS-NPC topologies. Furthermore, the
power converter achieves higher voltage levels, which reduces voltage stress across the
switches. It is shown that the output voltage can be controlled in stand-alone mode using
shoot-through duty ratio control of qZS networks. Further, the power converter is also
capable of injecting power into the grid at UPF.

2. A single-stage qZS-based seven-level inverter is presented in chapter 4. This power
converter is a fusion of asymmetrical dual quasi-z-source networks with 7-level cascaded
MLI. This power converter achieves boosting and seven-level output voltage waveform
with less no of switching devices when compared to existing gZS and ZS-seven level
topologies in the literature. Further, with the assistance of the modulation technique and
symmetrical LCL filter, the high-frequency transitions across the parasitic capacitor are
reduced. This paves the way for the flow of low leakage current and from
experimentation, it is shown that the RMS value of the leakage current is well below the
German standard DIN VDE 0126-1-1.
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3.

To remove the asymmetry and to reduce the no of input sources, a seamless 5-level,
single-stage qZS-based MLI is presented in chapter 5. In this power converter, a single
DC source is interfaced to two symmetrical quasi-Z-sources networks which are
amalgamated with a five-level hybrid inverter. The power converter employs only six
semiconductor switches to simultaneously achieve boosting and 5-level output voltage
inversion.The proposed topology employs fewer semiconductor devices in comparison
with the existing qZS-based five-level inverters in the literature. With the aid of a
modified level-shifted PWM scheme and LCL filter the power converter minimizes the
leakage current to less than 300mA. Further, the performance of the closed-loop
operation of the proposed topology in stand-alone mode and grid-tied mode is assessed
and validated with hardware experimentation.

To improve the boosting capability and achieve less voltage THD output voltage
waveform a single-stage 5-level gZS based switched capacitor MLI is proposed in
chapter 6. The proposed power converter comprises dual quasi-z-source (qZS) networks
and switched capacitor based 5-level inverter with a single PV source. The power
converter achieves higher voltage boosting with the modified LSPWM scheme. Further,
the power converter minimizes the high-frequency oscillation across the parasitic
capacitor of the PV panel without any additional requirement of a filter. This minimizes
the leakage current to be less than 300mA complying with the VDE0126-1-1 standards.
The principle of the proposed topology is verified with an experimental prototype in both

stand-alone and grid-connection modes of operation.

7.2 Future Scope

Based on the research done in this thesis, the recommendations for future work are as follows:

i) Investigation on high-frequency transformer-based impedance networks with new MLI

topologies for PV-grid connected system.

1) Further investigation on quasi-switched capacitor-based MLI topologies with less
component count and leakage current minimization.

iii)As shoot-through implementation in the switching cycle results in additional switching
losses, it would be an interesting proposition to implement soft switching to improve

efficiency.
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iv)Implementation of advanced predictive algorithms and advanced control schemes at

various platforms for efficient tracking in PV systems.
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Appendix-I

Description of the Experimental Prototype

Figure A.1 presents the photograph of the experimental prototype, which was

developed to validate the proposed gZS based multilevel inverter configurations in this thesis.

T o = AN U
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Fig. A.1: A view of the fabricated laboratory prototype
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