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ABSTRACT

The solar PV power generating systems are gaining importance and popularity nowadays
because of its salient and inherit features like abundant zero cost fuel (sunlight), zero pollution,
and less maintenance etc. However, these systems require high initial investment which is
basically due to the cost associated with the PV modules. Further, the low conversion efficiency
of the PV cells (sunlight to electricity) also increases the initial investment cost. This also puts a
constraint of high-efficiency operation for the power conditioning units used in the PV system.
Therefore, the selection of PV inverter topology plays a critical role in minimizing the cost and
efficiency of the overall PV system. Due to this reason, the transformerless PV inverter topologies
are becoming more popular. These configurations can meet the above requirement satisfactorily
both with respect to the cost and efficiency. However, the removal of the transformer eliminates
the galvanic isolation between the PV source and output load (grid/stand-alone load). This
increases the possibility for the flow of leakage current in the system. The flow of leakage current
in the PV system degrades the characteristics or performance of the PV panels and also creates
issues related to the safety of a person in contact with the panel. To prevent these safety-related
issues, a German standard VDE 0126.1.1 has been imposed which restricts the magnitude of
leakage current flowing in the PV system. Apart from meeting the VDE0126.1.1 standard, there
is another requirement of feeding high quality of AC power into the grid. This objective can be
fulfilled by incorporating the multilevel inverters (MLIs) in the PV power generating systems.
However, in literature, many transformerless PV inverter topologies for the minimization of
leakage current are proposed. But most of the topologies discussed in the literature are restricted
to a maximum of three levels in the inverter output voltage. Also, some of the topologies have
other drawbacks like high device count, high switching and conduction losses etc. Thus, there is
a requirement of an efficient and economical transformerless MLI topology in the PV system.
This thesis proposes such MLI configurations and PWM scheme for the minimization of leakage

current in the PV systems. The solutions are given for both single-phase and three-phase systems.

To meet the objective of low cost and efficient operation, a new cascaded multilevel
inverter (CMLI) for single-phase PV system is presented. The complete details of the operation
of the proposed CMLI in symmetrical and asymmetrical modes along with its extension to the
higher number of levels with simulation and experimental results are discussed in the thesis. The
comparison of proposed CMLI with the other existing MLI topologies in the literature is also
presented. However, the proposed CMLI using the existing PWM techniques requires additional

circuitry to minimize the magnitude of leakage current flowing in the system.



A new pulse width modulation (PWM) scheme is proposed for single-phase five-level
CMLI for the minimization of leakage current without the addition of any extra circuitry elements
is presented. The proposed CMLI is also integrated with the MPPT algorithm and is applied to a
five-level CMLI. The proposed PWM technique minimizes leakage current of PV panel and the
size of the electromagnetic interference filter required in the system without the addition of any
switches. Furthermore, the analysis of the terminal voltage across the PV array and the common
mode voltage of the inverter based on the switching function is presented. Also, the proposed
PWM technique requires a reduced number of carrier waves compared to the conventional
sinusoidal pulse width modulation technique for the given CMLI. However, using the proposed
PWM technique for the single-phase five-level CMLI, the objective of high efficiency is not

achieved.

To overcome this drawback, a new efficient and reliable transformerless PV MLI
configuration is proposed for the minimization of the leakage current in the single-phase systems.
Apart from a reduced switch count, the proposed CMLI topology has additional features of low
switching and conduction losses. The proposed topology with the given pulse width modulation
PWM technique reduces the high-frequency voltage transitions in the terminal and common-
mode voltages. Furthermore, the extension of the proposed CMLI along with the PWM technique
for higher levels in the output voltage is also presented. A comparison of the proposed CMLI with

the existing PV multilevel inverter topologies is also presented.

Apart from single-phase PV inverter topologies, a solution for the three-phase
transformerless PV inverter topologies based on DC and NPC DC decoupling methodologies are
also presented in the thesis. The new three-phase transformerless MLI topologies are presented
for the minimization of leakage current. The leakage current in the three-phase MLI topology is
minimized by reducing the transitions in the terminal voltage of the PV panel. The complete
details of the proposed three-phase transformerless MLIs, analysis of the terminal voltage using

switching functions, simulation and experimental were presented in the thesis.

Vi
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Chapter 1

Introduction

1.1. General

In recent years, the solar photovoltaic (PV) power generation has become a feasible
solution to cope with the increased electrical energy demand throughout the world. The
eminent feature in choosing the solar PV power generation is the energy that drives them.
The energy that drives the PV panels is the sunlight, which is abundantly and freely
available. The second important feature in opting the PV power generation is zero pollution
and green solution. The solar PV power generation does not create any pollution in terms of
air, water and noise. Another, attractive feature related to the PV power generation, is it
requires less or nearly zero maintenance. Since there are no moving parts associated with the
PV power generation. Further, the PV panels used in power generation typically have a long
lifetime of nearly 20-25 years. With all these added advantages, there is a lot of investment
done in the PV power generation in many countries. The Fig. 1.1 shows the statistics of PV
power generated in MW in various countries for the years 2014, 2015 and 2016 [1]. Nearly
for all the countries, the capacity of PV power generated has gradually increased from the
year 2014 to 2016.

Though a lot of investment is made in the PV power generation, one hurdle which
pulls back the growth in the PV power generation is its high initial investment. However, this
high initial investment is basically due to the cost associated with the PV modules. Besides
modules cost, the low conversion efficiency of the PV cells (sunlight to electricity) further
increases the initial investment cost. This also puts a constraint of high-efficiency operation
for the power conditioning units used in the PV system. Therefore, the selection of the PV
power conditioning unit plays a critical role in minimizing the cost and efficiency of the
overall PV system. In this way, the PV power conditioning units [2] are gaining the attention
of the researchers. The researchers have proposed various PV inverter topologies and
classified them into different categories in the literature.
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Power Generated in MW

China Japan |Germany| US Italy UK India France |Australia| Spain

2014 28.1 233 38.2 18.3 18.5 5.1 0.8 5.7 4.1 5.38

2015 435 344 39.7 25.6 18.9 8.7 5 6.5 5 54

2016 78.1 428 41.2 40.3 19.3 11.6 9 7.1 5.9 5.5

Countries

Fig. 1.1. The statistics of PV power generated in MW in various countries from 2014 to 2016.
1.2. Classification of the PV inverter topologies

One such classification is based on the inclusion of the transformer in the system [2].
The PV inverter topologies are classified into:

1.2.1. Transformer based PV inverter topology

The PV solution which typically uses a transformer between the PV source and load
comes under the category of transformer based solution. These configurations have the
benefits of both boosting of PV voltage and the galvanic isolation due to the inclusion of
transformer. The benefit of galvanic isolation further adds to the elimination of leakage
current problem. However, these systems suffer from the disadvantage of high weight, size
and losses. Based on the type of transformer used in the PV system, these systems can further

be classified into

1.2.1.1 Low-frequency transformer based PV inverter topology

In the category of low-frequency transformer based PV inverter topology [3-4], a
low-frequency (supply frequency) transformer is inserted in between the PV inverter output
and the grid/stand-alone load as shown in Fig. 1.2. As the power rating of the system

increases, the cost, size and weight of the low-frequency transformer are also increased. As a
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result the cost, weight, losses and the size of the complete PV system are increased which

makes the given solution unattractive and uneconomical.

\.

(
I
I
I
I
I
I
I

Fig. 1.2. The block diagram of a low-frequency transformer based PV inverter topology.
1.2.1.2. High-frequency transformer based PV inverter topology

The other category of high-frequency transformer based PV inverter topology [5-7] is
an elegant solution with respect to the size and weight of PV system. A high-frequency
transformer is inserted in between the PV array output and the input of inverter in the form
of a DC-DC converter as shown in Fig. 1.3. Usage of a high-frequency transformer reduces
the weight, cost and the size of the transformer. However, with the incorporation of the high-
frequency DC-DC isolation stage, increases the number of power processing stages in the

PV system. This results in the reduced efficiency and increased losses.

PV Panel  High-Frequency  Inverter Grid
DC-DC Converter

Fig. 1.3. The block diagram of a high-frequency transformer based PV inverter topology.

1.2.2. Transformerless PV inverter topology

In order to reduce the cost, size, losses and weight and to improve the efficiency of
the system, the transformer used in the PV system is eliminated as given in Fig. 1.4. This

idea had led to the development of many transformerless PV inverter topologies [8-12]. The
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removal of the transformer in the PV inverter makes them economical and improves the
efficiency. However, the removal of the transformer in the system results in elimination of
galvanic isolation between the PV source and output load. This may result in the flow of the

leakage current in the PV system.

— e — — — —— — — — — — — — — — — —

\

Fig. 1.4. The block diagram of transformerless PV inverter topology.

1.3. Leakage current

The removal of the transformer in the PV system results in the direct connection
between the PV array and the grid/stand-alone load. This may lead to the flow of leakage
current between the PV array and grid/stand-alone load via the parasitic capacitance of the
PV panel as shown in Fig. 1.5. The flow of leakage current between the ground and parasitic
capacitance of PV panel results in the mal-operation of PV cells. Further, the person in
contact with PV panel can get electric shock as depicted in Fig. 1.5. Thus, various standards
and regulations have been imposed on the PV system with respect to the flow of leakage
current. In addition to the above, there is another regulation with respect to residual ground

current which further restricts or put a constraint on the flow of leakage current in the PV

PV Panel Inverter

Fig. 1.5. The block diagram of showing the flow of leakage current in the transformerless PV inverter.
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system to avoid unwanted tripping of PV system due to the high value of ground current.
Considering all these effects, various standards are imposed on the PV systems, which
comment on the magnitude of the leakage current flowing through the PV panel. One
standard among them is VDE 0126-1-1 [13]. This standard specifies that the magnitude of
the leakage current flowing through the PV panel must be less than 300mA (peak). So, all the
commercially available PV inverter topologies are required to meet this VDE 0126-1-1
standard [14-18].

The leakage current path exists due to the presence of a parasitic capacitor between
the PV source and ground. The parasitic capacitance exists mainly due to the PV panel
structure which mainly consists of a solar cell, glass and frame as shown in Fig. 1.6. The
parasitic capacitance [2] of the PV panel is formed between the PV cell and metallic frame of
the PV panel. The value of parasitic capacitance formed mainly depends on the factors like
the surface area of PV cell and frame, the distance between the PV cell and frame,
atmospheric conditions, dust, humidity etc. So the value of parasitic capacitance is not
constant and it varies depending on the environmental conditions. The typical value of the
parasitic capacitance varies between 100pF to 3.6uF [2]. The current flowing through this
parasitic capacitance is called leakage current, and the voltage across the parasitic
capacitance is called terminal voltage.

——— GLASS

Fig. 1.6. The parasitic capacitances of the PV panels.

The magnitude of the leakage current flowing in the parasitic capacitance mainly
depends on the two factors. One factor is the value of the parasitic capacitance which is
determined by the environmental conditions. The other factor is the nature of the terminal
voltage. If the terminal voltage has high-frequency switching transitions, then the
parasitic capacitance offers minimum impedance for these high-frequency transitions. So,
the magnitude of the leakage current may become high. Considering this fact, in this
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thesis, various solutions were given to minimize the magnitude of leakage current

flowing in the transformerless multi-level inverter based PV systems.
1.4. Organization of the document

This thesis has been structured into eight chapters (including the present chapter)

which are arranged as explained below.

Chapter 2 addressed the comprehensive review of various single-phase PV inverter
topologies for the minimization of the leakage current. Based on this comprehensive review,
the PV inverter topologies are classified into DC decoupling, AC decoupling and
neutral point clamped (NPC) decoupling. The analysis of the terminal voltage is done by
using the switching function concept for each inverter topology. The PV inverter topologies
discussed are then compared in terms of number of devices used, number of capacitors used,
number of switches conducting in positive and negative half cycles etc. Finally, it sets
motivation for the research work carried out in this thesis.

In Chapter 3, a new low cost and efficient cascaded multi-level inverter (CMLI) is
proposed. The proposed CMLI is operated in both symmetrical and asymmetrical modes.
First, the operation of the CMLI for both symmetrical and asymmetrical modes of operation
is discussed. Then, the generalization of proposed CMLI for higher levels is presented. The
simulation and experimental results of the proposed CMLI for both the symmetrical and
asymmetrical operation are presented. Further, the proposed CMLI is compared with other
multi-level inverter topologies to show the advantages in terms of switching and conduction

losses.

Chapter 4 gives the details of a new pulse width modulation (PWM) technique for
the minimization of the leakage current in the grid-connected/stand-alone transformerless
photovoltaic (PV)-CMLI. First, the operation of the CMLI is discussed along with its
switching states. The proposed PWM technique for symmetrical and asymmetrical operation
along with its generalization is discussed. The procedure for integrating the maximum power
point tracking maximum power point tracking (MPPT) to the CMLI for both symmetrical
and asymmetrical operations is discussed. The analysis of the terminal voltage and common
mode voltage for the five-level CMLI is given. Next, the simulation and experimental results

were also presented to justify the correctness of given analysis.
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In Chapter 5, a CMLI based on a highly efficient and reliable configuration for the
minimization of the leakage current is proposed. First, the working principle and the
operation of the proposed five-level grid-connected CMLI along with the generalized
structure is described. The details of the PWM technique employed with its generalization
for ‘2m + 1’ levels are then explained. Next, the details of the MPPT algorithm which can be
applied to the proposed five-level CMLI were explained. This is followed by the analysis of
the terminal and CMVs for the proposed CMLI. The simulation and experimental results of
the proposed five-level CMLI were presented. Finally, the comparison of the proposed

CMLI with the other existing PV MLI topologies in the literature is presented.

Chapter 6 addresses the comprehensive review on analysis of terminal voltage for
single-phase extended three-phase transformerless PV inverter topologies. The analysis of

the terminal voltage is done by using the switching function concept for each inverter

topology.

In Chapter 7, a new DC decoupling based three-phase PV CMLI is proposed for the
minimization of the leakage current. First, the operation of the proposed three-phase CMLI is
presented along with the PWM scheme used for the minimization of the leakage current.
Next, the analysis of the terminal voltage for the proposed three-phase CMLI is given. The

simulation and experimental results of the three-phase CMLI are also presented.

Chapter 8 proposes a new NPC DC decoupling based three-phase PV CMLI for the
minimization of leakage current. In this chapter, the operation of proposed three-phase CMLI
is discussed. Apart from the operation, the analysis of the terminal voltage using switching
function concept for the proposed three-phase CMLI is presented. Then, the simulation and
experimental results of the proposed three-phase CMLI are given to support the operation

and switching function analysis.

Finally, Chapter 9 highlights the main findings of the research work reported in this

thesis and also suggests the scope for future work.
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Chapter 2
Literature Survey of Single-Phase Transformerless PV

Inverter Topologies

This chapter presents a comprehensive review of various single-phase transformerless
PV inverter topologies. The reviewed PV inverter topologies are analyzed for the leakage
current flowing through the parasitic capacitance of PV array using the terminal voltage
expressions. Further, in the given chapter, the expression of the terminal voltages are derived
for various PV inverter configurations using switching function analysis [19]. The given
switching function analysis is very simple and is expressed in terms of switching states of the
switches. Thus, the given analysis directly links the terminal voltage with PWM strategy or
switching states. In other words, a PWM strategy can be modified or altered such that, the
magnitude of leakage current can be minimized. Further, using the switching function
analysis, the nature of terminal voltage of the PV inverter can be directly obtained without the

help any simulation software.

In a given grid-tied PV system, mainly the topology or the configuration of the PV
inverter varies. While, the other basic elements like a filter, grid and parasitic elements are
nearly same in all the systems. Hence, the variables used in the schematic of the grid-tied PV
inverter along with PV panel parasitic elements are commonly defined for all the reviewed
configurations. The PV inverter output voltage ‘Vap’ is connected to grid ‘eg’ via an LCL filter.
The terms ‘L¢’ and ‘L’ refer to the PV inverter side and grid side filter inductors respectively
as shown in Fig. 2.1 (i). The terms ‘Rq’ and ‘Cq’ refer to the damping resistor and the filter
capacitor respectively. The currents ‘i, ‘ip” and ‘iy’ refer to the inverter output current, the
current flowing through the damping branch and the current flowing into the grid
respectively. The capacitor ‘Cpy’ is the buffer capacitor between the PV array and inverter.
The voltage across the capacitor ‘Cpy’ is represented as ‘Vpy’. The connection of parasitic
elements in the PV array is shown with dotted lines. The parasitic elements are connected to
the positive terminal (node ‘p’) of the PV array. The negative terminal of the PV array is
represented as node ‘n’. The terms ‘Rp’ and ‘Cp’ refer to the parasitic resistor and capacitor of

the PV array respectively. The term ‘iiea’ represents the leakage current flowing in the

2-2



parasitic branch of the PV array. The parasitic capacitor in the PV array forms a resonant
circuit with the low pass filter at the inverter output [20]. At the resonant frequency, the
circuit offers minimum impedance which results in the flow of high magnitude leakage
current [20].

The terminal voltage expressions for different PV inverter topologies are expressed in
terms of switching functions of the individual switches used in the inverter, grid voltage ‘eg’
and the PV array voltage ‘Vpy’. The switches in the inverter topologies are represented by Swy
where x=1, 2, 3, 4, 5, 6, 7 and 8. The switching states of the individual switch Swy are denoted
by Sx, where x=1, 2, 3, 4, 5, 6, 7 and 8. The pulses for the individual switches are generated
using the conventional sinusoidal pulse width modulation (SPWM) technique where the

modulating sinusoidal reference wave is compared with the triangular carrier wave.

Using the switching function variables, grid voltage ‘ey’ and the PV array voltage
‘Vpy’, the expressions for the terminal voltage have been derived. Once the terminal voltage
expressions are obtained, then the analytical waveforms of the terminal voltages ‘vpg’ and
‘Vng’ are plotted in MATLAB SIMULINK. In the present case, the terminal voltage
waveforms are obtained by considering the parameters ‘eg’=230V (RMS), the frequency of
grid voltage ‘fy=S0Hz, PV array voltage ‘Vpy’ = 400V and switching frequency of the
inverter ‘fsw’=500Hz. This is done to depict the switching transitions in the terminal voltage

clearly.
2.1. Full-bridge inverter with bipolar PWM technique

Fig. 2.1 (i) shows the complete schematic of the PV full-bridge inverter connected to
the grid via an LCL filter as described in previous sections. The output voltage of the inverter
consists of two levels (i.e., ‘Vpy” and *-Vpy’) in the case of bipolar PWM technique [21]. The
full-bridge inverter uses four switches Swi, Swz, Sws and Swy for the generation of two levels
at the output terminals. The pairs of switches (Swi, Sw2) and (Sws, Swa) are operated in a
complementary manner. The various modes of operation of the full-bridge inverter with the
bipolar PWM technique are shown in Fig. 2.1 (ii). Whenever the switches Swi and Swy are
turned ON, the inverter output voltage becomes ‘Vpy’. Similarly, the inverter output voltage

attains ¢-Vpy’, if the switches Sw», and Swy are turned ON.
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The waveforms of the gate pulses for the switches, output voltage and the terminal
voltage of the full-bridge inverter with bipolar PWM technique are shown in Fig. 2.1 (iii). The
bipolar PWM technique uses only one reference wave and a carrier wave. The switch pair
(Swi1 and Swa) is turned ON whenever the magnitude of the reference wave is greater than the
carrier wave. Otherwise, the other switch pair (Sw2 and Sws) is turned ON. The inverter
output voltage oscillates within the levels ‘Vpy” and ‘-Vpy’ during the complete cycle of the
grid voltage. The same can be observed from the waveform of the output voltage in Fig. 2.1
(iii). Due to the switching action of the individual switches, the inverter generates terminal
voltages ‘Vpg” and ‘Vng® at the nodes ‘p’ and ‘n’ with respect to the ground. From Fig. 2.1 (i),

the terminal voltages ‘Vpg” and ‘Vng’ are related as:
Vng= Vpg - Vv 2.1)

The pole voltages ‘Vag” and ‘Vbg” are expressed in terms of the terminal voltages “Vpg’ and ‘Vng’

as:
Vag= S1Vpg+(1-51)Vng (2.2)
Vbg= S3Vpg+(1-S3)vgg (2.3)

The voltages ‘Vag’ and ‘vbg’ are also expressed in terms of the grid voltage ‘eg’ and voltage

drops in filter inductors (‘L” and ‘L¢’) as [19],

Vag= %%+L7f%+eg (2.4)
T e
Adding (2.4) and (2.5) by assuming the currents i’="i’and ‘iy’="ig’ (Fig. 2.1) gives,
Vag™ Vbg= €g (2.6)
Adding (2.2) and (2.3) and substituting in (2.6) gives,
eg= (S1#S3)Vpg+((1-S1)+(1-S3))vng (2.7)

Substituting (2.1) in (2.7) and simplifying gives,
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Fig.2.1 (i) Schematic of the PV full-bridge inverter connected to a grid via an LCL filter; (ii) Modes of operation
of a full - bridge inverter with a bipolar PWM technique for the levels ‘Vpy’ and “-Vpy’; (iii) Generation of pulses
for the switches Swi, Swy, Sws and Sws from the reference wave and carrier wave, the output voltage of the

inverter ‘Vap’, analytical waveforms of the terminal voltages ‘Vpg” and ‘Vng” from the expressions.
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Vpg= 0.5e4+0.5((1-S1)+(1-S3))Vpy (2.8)

In the bipolar PWM technique, the pairs of switches (Swi and Sws) or (Swz and Swa) are not
turned ON simultaneously due to the absence of ‘0’ state. So, for the complete cycle of the
output voltage, either switch Swi or Sws is turned ON. Substituting the values of switching
states of the switches in (2.8), the terminal voltage ‘Vpg’ for the bipolar PWM technique is
given by

Vg™ O.5eg+ 0.5 Vpy (2.9)

The magnitude of the terminal voltage ‘Vpg’ is equal to the average of the instantaneous
magnitude of grid voltage ‘ey’ and the PV array output voltage ‘Vpy’. From (2.9), it can be
observed that the terminal voltage in the case of bipolar PWM technique is free from the
effect of switching states. Thus, the terminal voltage is a low-frequency (grid frequency) sine
wave with a DC offset equal to 0.5 times the PV array voltage “Vpy’. This avoids the high-
frequency switching transitions in the terminal voltages. The waveforms of the terminal
voltages ‘Vpg’ and ‘vng’, Shown in Fig. 2.1 (iii), are obtained using (2.1) and (2.9). From the
waveforms, it can be depicted that the terminal voltages in case of bipolar PWM technique are

free from high-frequency switching transitions.

2.2. Full-bridge inverter with unipolar PWM technique

The circuit schematic for full-bridge inverter remains same as shown in Fig. 2.1 (i).
Unlike the bipolar PWM technique, the output voltage of the inverter has three levels (i.e.,
‘Vpy’, ‘0’ and -‘-Vpy’) in the case of the unipolar PWM technique [21]. The modes of
operation of the full-bridge inverter using the unipolar PWM technique is shown in Fig. 2.2
(). Whenever the switches Swi and Swy are turned ON, the inverter output voltage becomes
‘Vpy’. Similarly, the inverter output voltage attains *-Vpy’, if the switches Sw» and Sws are
turned ON. For the ‘0’ voltage level, either of the top switches pair (Sw1 and Sws) or bottom
switches pair (Sw. and Swa) are turned ON. Hence, the inverter output current freewheels
through the top or the bottom pair of switches.

Fig. 2.2 (ii) shows the waveforms of the generated gate pulses for the switches, output
and the terminal voltages for the full-bridge inverter using the unipolar PWM technique. The

unipolar PWM technique uses two modulating/reference waves (i.e., reference wave-1 and
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reference wave-2) which are in phase opposition as shown in Fig. 2.2 (ii). The two generated
reference waves are now compared with a single carrier wave at low-frequency operation (10
times the modulating frequency is chosen to show clearly the switching transitions within the
cycle). This generates the PWM pulses for top switches of each leg of the inverter. Thus, in
the case of unipolar PWM technique, each leg of the inverter is controlled independently.
Reference wave-1 controls the first leg of the inverter and reference wave-2 controls the
second leg. If the magnitude of reference wave-1 is greater than the carrier wave, then the
switch Sws is turned-ON else turned OFF. Similarly, if the magnitude of reference wave-2 is
greater than the carrier wave, the switch Swz is turned ON else turned OFF. With the unipolar
PWM technique, the inverter output voltage switches between the levels ‘Vpy’ and ‘0’ during
the positive half-cycle of the grid voltage. During the negative half-cycle of the grid voltage,
the inverter output switches between the levels ‘0’ and ‘-Vpy’, which can be easily observed
from the waveform of the output voltage in Fig. 2.2 (ii). The expression for the terminal

voltage ‘Vpg’ is same as given (2.8).

During the active states of the inverter output voltage (i.e., ‘Vpv’ Or *-Vpy’), either the
switch pair (Swi, Sws) or (Swz, Swa) is turned ON. Substituting the switching states (or

switching function value) of the switches in (2.8) results in

Vpg: 0.599+ 0.5 VPV (210)

Similarly, during the zero state, for the switch pair combination (Swi, Sws), the magnitude of

the terminal voltage ‘vpg’ is equal to,
Vpg = 0.5¢g (2.11)

Now the value of terminal voltage during zero state using the bottom switch pair (Swz, Swa),

IS given by,

Vpg = 0.599 + VPV (212)

Similarly, the waveform of the other terminal voltage ‘vpg” can be obtained from (2.1)
by substituting the value of ‘vpg’. Thus, in unipolar PWM technique, the terminal voltage
switches between three values as derived in (2.10)-(2.12). This can be easily verified in the
waveforms of the terminal voltages given in Fig. 2.2 (ii). The given terminal voltage

waveform in Fig. 2.2 (ii) is drawn using the expression of ‘Vpg’ and ‘Vng’ as derived above.
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Fig.2.2 (i) Modes of operation of full-bridge inverter for the levels ‘Vpy’, ‘0’ and *-Vpy’; (ii) Generation of pulses
for the switches Swi, Swy, Sws and Swy from the reference wave and carrier wave, the output voltage of the

inverter ‘Vap’, analytical waveforms of the terminal voltages ‘Vpg” and ‘Vng* from the expressions.
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It can be noted that a switching transition in the terminal voltage occurs only during zero
state.This results in the flow of leakage current through the parasitic capacitance of the PV
array. Therefore, if the switching transition in the terminal voltage during zero state is
avoided, then the magnitude of leakage current can be minimized. Based on this concept,
various PV inverter topologies are proposed in the literature. Below it describes the various

PV inverter configurations given for the minimization of leakage current.

2.3. H5 inverter topology

Fig. 2.3 (i) gives the circuit schematic diagram for H5 inverter [22] topology for grid-
tied PV inverter. The H5 inverter topology consists of an H-bridge inverter with the additional
decoupling switch Sws. The switch Sws is used to isolate the grid and PV array during the ‘0’
state or freewheeling state. The pairs of switches (Swi, Swz) and (Swas, Sws) operate in
complementary mode. The H5 inverter generates three levels in the output voltage like full-
bridge inverter with unipolar PWM technique. Fig. 2.3 (ii) shows the modes of operation of
the H5 inverter for the three voltage levels ‘Vpy’, ‘0’ and ‘-Vpy’. The voltage level ‘Vpy’ is
obtained whenever the switches Swi, Sws and Sws are turned ON. Similarly, the voltage
level “-Vpy’ is obtained if the switches Swz, Swz and Sws are turned ON. During the ‘0’
voltage level, the switch Sws is turned OFF and the switches Swi and Sws are kept in turned
ON state so that the inverter output current freewheels through these two switches. This
provides isolation between the two sources, i.e., grid and PV array. Therefore, H5 inverter

uses DC decoupling methodology for the minimization of leakage current in the PV systems.

Fig. 2.3 (iii) shows the generation of pulses for the switches, output voltage and the
terminal voltage of the H5 inverter. The H5 inverter requires two carrier waves which are
level shifted by 1V as shown in Fig. 2.3 (iii). Whenever, the magnitude of the reference wave
is greater than the upper carrier wave, the switches Swi, Sws and Sws are turned ON.
Similarly, whenever the magnitude of the reference wave is less than bottom carrier wave the
switches Swp, Sws and Sws are turned ON. The ‘0’ voltage level occurs whenever the
magnitude of the reference wave is less than upper carrier wave and greater than the bottom
carrier wave. The HS inverter output voltage oscillates within the levels ‘Vpy’ and ‘0’ during a
positive half-cycle of the grid voltage. During the negative half-cycle of the grid voltage, the

inverter output varies within the levels ‘0’ and ‘-Vpy’ which can be observed from the
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waveform of the output voltage in Fig. 2.3 (iii). The derivation for the terminal voltage ‘Vpg’ is

given below

The pole voltages ‘Vag” and Vg’ are expressed in terms of the terminal voltages ‘vpg’ and ‘Vng’

as:
Vag= S551Vpg+(1-51 Vng (2.13)
Vog= S5S3Vpg+(1-S3 JVpg (2.14)
Adding (2.13) and (2.14) and substituting in (2.6) gives,
eg = S5(S1+53)Vpg +((1-51)+(1-S3))Vng (2.15)
Substituting (2.1) in (2.15) and simplifying gives,

_ eg*((2-81)+(1-55))Vpy
P07 S5 (S+59)+((1-5,)+(155))

(2.16)

The switch pair (Swi, Swa) or (Swz, Sws) are turned ON along with the switch Sws during the
active states (i.e., ‘Vpv’ or ‘-Vpy’). Substituting the switching states of these switches in (2.16)

results in,

Vpg: O.5€g+ 0.5 VPV (217)

Equation (2.17) is the same as what was obtained for unipolar and bipolar PWM during the
active states. Now, during the ‘0’ voltage level, the switch Sws is turned OFF and the other
switches Swi and Sws are turned ON. Hence the magnitude of the terminal voltage ‘Vpg’

becomes:

Vpg= o0 (2.18)

Fig. 2.3 (iii) shows the waveforms of the terminal voltages ‘Vpg’ and ‘Vng’ obtained
from the (2.16) and (2.1). It can be observed that the terminal voltages are free from the high-

frequency switching transitions like in the case of bipolar PWM technique.
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Fig.2.3 (i) Schematic of the H5 inverter connected to a grid via an LCL filter; (ii) Modes of operation of H5 for
the levels ‘Vpy’, -Vpy’ and ‘0’; (iii) Generation of pulses for the switches Swi, Swy, Sws, Sw, and Sws from the
reference wave and carrier wave, the output voltage of the inverter ‘vay,’, analytical waveforms of the terminal

voltages ‘Vpg’ and ‘Vng’ from the expressions.
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2.4. HERIC inverter topology

The schematic of HERIC topology [23], connected to the grid via an LCL filter, is
shown in Fig. 2.4 (i). The term HERIC refers to Highly Efficient and Reliable Inverter
Configuration. The HERIC topology consists of an H-bridge inverter and the bi-directional
switches Sws and Swe. The switches Sws and Swe provide a free-wheeling path for the
inductor current at the ‘0’ voltage level. The HERIC topology also generates three levels in

the output voltage.

The modes of operation of HERIC inverter for the voltage levels ‘Vpy’, ‘0’ and ‘-Vpy’
are shown in Fig. 2.4 (ii). The voltage level ‘Vpy’ is obtained whenever the switches Sw1 and
Swy are turned ON. Similarly, the voltage level ‘-Vpy’ is obtained if the switches Sw. and
Sws are turned ON. For ‘0’ voltage level, grid current is freewheeled through AC-by-pass
switches Sws and Swe. The switches Sws and Swe are kept turned ON during the negative and
positive half cycles of the grid voltage respectively. During ‘0’ voltage level, the grid inductor
current ‘i’ (in Fig. 2.4 (i)) free-wheels through the AC-by-pass switches Sws and Sws. All the
switches in H-bridge are turned OFF at the ‘0’ voltage level. The turn-OFF switches in H-
bridge during ‘0’ voltage level result in isolation of grid and PV array [23]. Therefore, the
HERIC inverter uses AC decoupling methodology for the minimization of leakage current in

the PV systems.

The generation of pulses of the switches, output voltage and terminal voltage
waveforms for HERIC inverter is shown in Fig. 2.4 (iii). The HERIC inverter requires one
reference wave and two carrier waves, which are level shifted by 1V. Whenever the
magnitude of the reference wave is greater than the upper carrier wave, the switches Swi and
Swy are turned ON. Similarly, whenever the magnitude of the reference wave is less than the
bottom carrier wave, the switches Sw, and Swz are turned ON. From the waveform of output
voltage shown in Fig. 2.4 (iii), it can be observed that during the positive half-cycle of the
grid voltage, the HERIC output voltage varies between ‘Vpy’ and ‘0’. Similarly, in the
negative half-cycle of the grid voltage, the inverter output varies within the levels ‘0’ and °-

Vpv’. The derivation for the terminal voltage ‘Vpg’ for the HERIC is given below.

The pole voltages ‘Vag’ and ‘Vbg’ are expressed in terms of the terminal voltages ‘Vpg’ and ‘Vng’
as
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Fig.2.4 (i) Schematic of the HERIC inverter connected to a grid via an LCL filter; (ii) Modes of operation of
HERIC for the levels ‘Vpy’, -Vpy’ and ‘0’; (iii) Generation of pulses for the switches Swi, Swz, Sws, Swa, Sws
and Swe from the reference wave and carrier wave, the output voltage of the inverter ‘va,’, analytical waveforms

of the terminal voltages ‘Vpg” and Vg’ from the expressions.
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Vag= S1Vpg+SaVng (2.19)
Vog= S3Vpg+S4Vng (2.20)
Adding (2.19) and (2.20) and substituting in (2.6) gives
eg =(S1+S3)Vpg +(S2 +54 ) Vng (2.21)
Substituting (2.1) in (2.21) and then simplifying gives,

_ eg +VPV (82+S4)
PO S8y +Sa+S,

(2.22)

The switch pair (Swi, Swa) or (Swo, Swa) are turned ON along with the switch Swe or Sws in
the active states (i.e., ‘Vpy’ or ‘-Vpy’). Substituting the switching states of these switches in
(2.22) results in,

Vpg: 0.5€g+ 0.5 VPV (223)

During the ‘0’ voltage level, the switches Swi, Swz, Sws and Sws are turned OFF and the
other switches Sws and Swe are turned ON. From (2.22), the value of the terminal voltage

‘Vpg’ 1s equal to

Vpy= o (2.24)

Fig. 2.4 (iii) shows the waveforms of the terminal voltages ‘Vpg’ and ‘vng’ obtained
from the (2.22) and (2.1). It can be observed that the terminal voltages are free from the high-

frequency switching transitions.
2.5. H6 inverter topology

The schematic of H6 inverter topology [24] connected to the grid via an LCL filter is
shown in Fig. 2.5 (i). The H6 inverter topology consists of an H-bridge inverter with
additional two switches Sws and Swe. There is only one complementary switch pair (i.e., Swi
and Sws). The H6 inverter gives three levels in the output voltage. The modes of operation of
the H6 inverter for the voltage levels ‘Vpy’, ‘0’ and ‘-Vpy’ is shown in Fig. 2.5 (ii). The

voltage level ‘Vpy’ is obtained whenever the switches Swi, Sws and Sws are turned ON.
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Similarly, the voltage level ‘-Vpy’ is obtained, if the switches Sw, and Swe are turned ON.
During the ‘0’ voltage level, the inverter output current freewheels among the switches Swi
and Swa. This results in the isolation of grid and PV array. Therefore, the H6 inverter uses the

DC decoupling methodology for the minimization of leakage current in the PV systems.

The generation of pulses of the switches, output, and terminal voltage waveforms in
the case of the H6 inverter is shown in Fig. 2.5 (iii). The H6 inverter requires two carrier
waves which are level shifted by 1V. Whenever the magnitude of the reference wave is
greater than the upper carrier wave, the switches Sws and Sws are turned ON. Similarly,
whenever the magnitude of the reference wave is less than bottom carrier wave, the switches
Swo and Swe are turned ON. The ‘O’ voltage level occurs whenever the magnitude of
reference wave lies in between both the carrier waves. The switch Sw is kept in turned ON
state during the positive half-cycle of the grid voltage. Similarly, the switch Sws is kept in
turned ON state during the negative half-cycle of the grid voltage. The H6 inverter output
voltage oscillates within the levels ‘Vpy’ and ‘0’ during the positive half-cycle of grid voltage.
During the negative half-cycle of the grid voltage, the inverter output varies within levels ‘0’

and ‘-Vpy’. The derivation of the terminal voltage is given below:

The pole voltages ‘Vag’ and ‘Vbg’ are expressed in terms of the terminal voltages ‘Vpg’ and ‘Vng’

as:
Vag= S155Vpg+SoVng (2.25)
Vog= S6Vpg+SaVng (2.26)
Adding (2.25) and (2.26) and substituting (2.6) gives
eg= (Sp +S1S5)Vpg+(S2 +S4 ) Vg (2.27)
Substituting (2.1) in (2.27) and then simplifying gives,

o= eg+Vpy (S2+54)
P9 5,Sc+5,+5,+5s

(2.28)

2-15



(. —-p N
|Ieak*f SNW
5
Rp % SW1
a
C, 1 Ij CPV:ﬁVPV
= Swe Sw,
n
p """""""""""" I'K"I """""""""""""""" Reference wave Upper wave
Sws | :
SWla} F -1 L.ower wave
: + :
[] CovaVev el
§ Sw, } N Swi (V)
: : 0
‘n :
Z.. Vap = +VPV ...' 1 p (V)/
B e OO Ws
E p ........................................................ 0
Lyl A :
SWe Sw, [ Swioh o} St
. Vap = -Vpy g 0
e 40 || II
P I 0 || | .
: : Vab
: swi [& Sws [X ¢ | |-400 .
g a_\J_ 400 T O.5€g+0.5VpV
: CPV’ VPV <d 4 b : 7 g N
- - 4k —: || 200 Vpg (V) ¥ ©
N
: 0
N Y~
RO V=0 200 Sy vy )
. " ~_~
L (i) J |-400
0 0.01 0.02
Time (S) —
L (iii) )

Fig.2.5 (i) Schematic of the H6 inverter connected to a grid via an LCL filter; (ii) Modes of operation of H6 for
the levels ‘Vpy’, “-Vpy” and “0; (iii) Generation of pulses for the switches Swi, Swo, Swa, Swa, Sws and Swe
from the reference wave and carrier wave, the output voltage of the inverter va,, analytical waveforms of the

terminal voltages ‘Vpg® and ‘Vng’ from the expressions.

2-16



The switch pair (Swi, Sws, Sws) or (Swz, Swe) are turned ON in the active states (i.e., ‘Vpv’ or

-Vpy’). Substituting the switching states of these switches in (2.28) results in,

Vpg: 0.5€g+ 0.5 VPV (229)

During the ‘0’ voltage level, all the switches are turned OFF except the switches Swi and

Sws. From (2.28), the magnitude of the terminal voltage ‘vag” becomes:

Vpg= ® (2.30)
Fig. 2.5 (iii) shows the waveforms of the terminal voltages ‘Vpg” and ‘vng” Obtained from
the (2.28) and (2.1). It can be observed that the terminal voltages are free from the high-

frequency switching transitions.

2.6. Neutral point clamped full-bridge topologies for
transformerless PV grid-tied inverter proposed by Zhang
et.al. [25]

The schematic of inverter topology [25] connected to the grid via an LCL filter is
shown in Fig. 2.6 (i). The inverter topology consists of eight switches Swi to Sws. The input
PV voltage to the inverter is split into two halves with the help of two equal value capacitors
as shown in Fig. 2.6 (i). The inverter topology [25] also generates three levels in the output
voltage. The modes of operation of the inverter for the voltage levels ‘Vpy’, ‘0’ and ‘-Vpy’ is
shown in Fig. 2.6 (ii). The voltage level ‘Vpy’ is obtained whenever the switches Swi, Swa,
Sws and Swe are turned ON. Similarly, the voltage level ‘-Vpy’ is obtained, if the switches
Sws and Sws are turned ON. During the ‘0’ voltage level, the inverter output current
freewheels among the switches Swa, Sws, Swy and Sws. This helps in the clamping the
terminal voltage during zero state. Therefore, the given inverter topology uses neutral point
clamped (NPC) methodology for the minimization of leakage current in the PV systems.

The generation of pulses for the switches, output, and terminal voltage waveforms of
the given inverter is shown in Fig. 2.6 (iii). The inverter requires two carrier waves which are
level shifted by 1V. Whenever the magnitude of the reference wave is greater than the upper

carrier wave, the switches Swi, Swz, Sws and Swe are turned ON. Similarly, whenever the
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magnitude of the reference wave is less than bottom carrier wave, the switches Swz and Sws
are turned ON. The ‘0’ voltage level occurs whenever the magnitude of reference wave lies in
between both the carrier waves. The switches Sw2 and Sws are kept in turned ON state during
the positive half-cycle of the grid voltage. Similarly, the switches Sw7 and Swg are kept in
turned ON state during the negative half-cycle of the grid voltage. The given inverter output
voltage oscillates within the levels ‘Vpy’ and ‘0’ during a positive half-cycle of the grid
voltage. During the negative half-cycle of the grid voltage, the inverter output varies within

the levels of ‘0’ and ‘-Vpy’. The derivation of the terminal voltage is given below:

The pole voltages ‘Vag” and ‘g’ are expressed in terms of the terminal voltages ‘vpg’ and ‘Vng’

as:
V
V
Vog= S4Vpg+S5SeVng +Sg (vpg —%] (2.32)

Adding (2.31) and (2.32) and substituting (2.6) gives
_ Vpy
eg— (5182 +S4)Vpg +(83 + 8586)Vng +(S7 + 88) Vpg —T (233)
Substituting (2.1) in (2.33) and then simplifying gives,

eg +va (83+8536 )+VF;V(8287 + 8588)

Vpy= (2.34)
5152453454 %5556 +574-5g

The switch pair (Swi, Swa, Sws, Swe) or (Sws, Swa) are turned ON in the active states (i.e.,

‘Vpy’ or “-Vpy’). Substituting the switching states of these switches in (2.34) results in,

Vpg: O.5€g+ 0.5 VPV (235)
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Fig.2.6. (i) Schematic of the PV inverter topology proposed by Zhang et.al. connected to a grid via an LCL
filter; (ii) Modes of operation of H6 for the levels ‘Vpy’, “-Vpy” and “0°; (iii) Generation of pulses for the
switches Swi, Swp, Sws, Swa, Sws, Sws, Sw7 and Swg from the reference wave and carrier wave, the output

voltage of the inverter ‘Vap’, analytical waveforms of the terminal voltages “Vpg* and ‘Vng” from the expressions.
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During the ‘0’ voltage level, all the switches other than Swz, Sws, Sw7 and Swg are turned

OFF. From (2.34), the magnitude of the terminal voltage ‘vpg’ becomes:

Vpg: 0.5€g+ 0.5 VPV (236)

Fig. 2.6 (iii) shows the waveforms of the terminal voltages ‘Vpg’ and ‘Vng” obtained from the

(2.34) and (2.1). It can be observed that there is no undefined state in the terminal voltages.

2.7. H6-type transformerless single-phase inverter for grid-tied

PV system by Islam et.al.[26]

The schematic of inverter topology [26], connected to the grid via an LCL filter, is
shown in Fig. 2.7 (i). The given inverter topology consists of six switches Swi to Swes. The
given inverter topology also generates three levels in the output voltage. The modes of

2

operation of the given inverter for the voltage levels ‘Vpy’, ‘0’ and ‘-Vpy’ are shown in Fig.
2.7 (ii). The voltage level ‘Vpy’ is obtained whenever the switches Swi, Sws and Swe are
turned ON. Similarly, the voltage level ‘-Vpy’ is obtained if the switches Sw2, Swz and Sws
are turned ON. For ‘0’ voltage level, grid current is freewheeled through the switches Sws and
Swe. The switches Sws and Swe are kept turned ON during one-half cycle of the grid voltage
and operate at a high switching frequency in the other half cycle respectively. During ‘0’
voltage level, the grid inductor current ‘i)’ free-wheels through the switches Swsand Swe. The
remaining switches Swi to Sws are turned OFF at the ‘0’ voltage level. The turn-OFF of
switches Swi to Swa during ‘0’ voltage level results in the isolation of grid and PV array.
Therefore, the given inverter topology uses AC decoupling methodology for the minimization

of leakage current in the PV systems.

The generation of pulses for the switches, output voltage and terminal voltage
waveforms for given inverter are shown in Fig. 2.7 (iii). The given inverter requires one
reference wave and two carrier waves, which are level shifted by 1V. Whenever the
magnitude of the reference wave is greater than the upper carrier wave, the switches Swi, Swa
and Swe are turned ON. Similarly, whenever the magnitude of the reference wave is less than
the bottom carrier wave, the switches Swz, Sws and Sws are turned ON. From the waveform
of output voltage shown in Fig. 2.7 (iii), it can be observed that during the positive half-cycle

of the grid voltage, the inverter output voltage varies between ‘Vpy’ and ‘0. Similarly, in the
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Fig.2.7. (i) Schematic of the PV inverter topology proposed by Islam et.al. connected to a grid via an LCL filter;
(i1) Modes of operation of H6 for the levels “Vpy’, *-Vpy’ and ‘0’; (iii) Generation of pulses for the switches Sw,
Swa, Sws, Swa, Sws and Sws from the reference wave and carrier wave, the output voltage of the inverter ‘Vay’,

analytical waveforms of the terminal voltages ‘Vpg” and ‘Vng’ from the expressions.
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negative half-cycle of the grid voltage, the inverter output varies within the levels of ‘0’ and -
Vpyv’. The derivation for the terminal voltage ‘vpg” for the inverter topology [26] is given

below.

The pole voltages ‘Vag' and ‘vpg’ are expressed in terms of the terminal voltages ‘vpg” and ‘Vng’

as
Vag= S1Vpg+S5255Vng (2.37)
Vg = S3Vpg +S654Vng (2.38)
Adding (2.37) and (2.38) and substituting in (2.6) gives
eg =(S1+S3)Vpg +(S2S5 +S4S6 ) Vng (2.39)
Substituting (2.1) in (2.39) and then simplifying gives,

Vo= eg+VpV (85824‘8486)
PI 5 +55+555,+5,5g

(2.40)

The switch pair (Swi, Swa, Swe) or (Swaz, Swa, Sws) are turned ON in the active states (i.e.,

‘Vpy’ or -Vpy’). Substituting the switching states of these switches in (2.40) results in
Vpy= 0584+ 0.5 Vpy (2.41)
During the ‘0’ voltage level, the switches Swi1, Swo, Swsz and Sws are turned OFF and the

other switches Sws and Sws are turned ON. From (2.40), the value of the terminal voltage vpg

is equal to

Vpg= o0 (2.42)

Fig. 2.7 (iii) shows the waveforms of the terminal voltages ‘Vpg’ and ‘Vng’ obtained
from the (2.40) and (2.1). It can be observed that the terminal voltages are free from the high-

frequency switching transitions.
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2.8. A quasi-unipolar SPWM full-bridge transformerless PV grid-
connected inverter with constant common-mode voltage by
Xiao et. al. [27]

The schematic of inverter topology [27] connected to the grid via an LCL filter is
shown in Fig. 2.8 (i). The given inverter topology consists of an H-bridge inverter formed by
switches Swi to Swa, the AC-by-pass switches Sws and Swe and four diodes D1 and Das. The
input PV voltage to the inverter is split into two halves with the help of two equal value
capacitors as shown in Fig. 2.8 (i). The inverter topology [27] also generates three levels in
the output voltage. The modes of operation of the inverter for the voltage levels ‘Vpy’, ‘0’ and
-Vpy’ is shown in Fig. 2.8 (ii). The voltage level ‘Vpy’ is obtained whenever the switches Swi
and Swy are turned ON. Similarly, the voltage level ‘-Vpy’ is obtained, if the switches Sw»
and Sws are turned ON. During ‘0’ voltage level, the grid inductor current i free-wheels
through the AC-by-pass switches Sws and Swe. All the switches in H-bridge are turned OFF
at the ‘0’ voltage level. The turn-OFF switches in H-bridge during ‘0’ voltage level result in
the isolation of grid and PV array. Therefore, the given inverter topology uses NPC

methodology for the minimization of leakage current in the PV systems.

The generation of pulses for the switches, output, and terminal voltage waveforms of
given inverter is shown in Fig. 2.8 (iii). The inverter requires two carrier waves which are
level shifted by 1V. Whenever the magnitude of the reference wave is greater than the upper
carrier wave, the switches Swi and Sws are turned ON. Similarly, whenever the magnitude of
the reference wave is less than bottom carrier wave, the switches Sw» and Sws are turned ON.
The ‘0’ voltage level occurs whenever the magnitude of reference wave lies in between both
the carrier waves. The switches Swi and Sw; operate at higher switching frequency during the
positive half-cycle of the grid voltage. Similarly, the switches Sw. and Sws operate at higher
switching frequency during the negative half-cycle of the grid voltage. The given inverter
output voltage oscillates within the levels “Vpy’ and ‘0’ during a positive half-cycle of the grid
voltage. During the negative half-cycle of the grid voltage, the inverter output varies within

the levels ‘0’ and ‘-Vpy’. The derivation of the terminal voltage is given below:
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Fig.2.8. (i) Schematic of the PV inverter topology proposed by Xiao et.al. connected to a grid via an LCL filter;
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analytical waveforms of the terminal voltages ‘Vypg” and ‘Vng’ from the expressions.
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The pole voltages ‘Vag' and ‘Vbg’ are expressed in terms of the terminal voltages ‘Vpg” and ‘Vng’

as
V
V
Vog= S3Vpg+S4Vng +Sg (1- 83)(vpg —%] (2.44)

Adding (2.43) and (2.44) and substituting (2.6) gives
V
eg= (S1+S3)Vpg+(S2 +S4)Vng +(S5+Sp ) (1- Sl)(vpg —%j (2.45)
Substituting (2.1) in (2.45) and then simplifying gives,

V
eg +va (82+S4)+%(85 (1-Sl)+ SG (1'83))

= 2.46
Ypg S1+S7+53+54+S5 (1-S1 ) + S (1-S3) (2.40)

The switch pair (Swi, Swa) or (Swz, Swz) are turned ON in the active states (i.e., ‘Vpy’ or -

Vpy’). Substituting the switching states of these switches in (2.46) results in

Vpg= 054+ 0.5 Vpy (2.47)

During the ‘0’ voltage level, all the switches other than Sws and Swe are turned OFF. From

(2.46), the magnitude of the terminal voltage ‘Vag” becomes:

Vpg: O.5€g+ 0.5 VPV (248)

b

Fig. 2.8 (iii) shows the waveforms of the terminal voltages ‘Vpg’ and ‘Vng’ obtained
from the (2.46) and (2.1). It can be observed that the there is no undefined state in the terminal

voltages like the case of inverter topology proposed by Zhang et.al.
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2.9. High efficiency single-phase transformerless PV H6 inverter
with hybrid modulation method by Ji et.al. [28]

The schematic of inverter topology [28], connected to the grid via an LCL filter, is
shown in Fig. 2.9 (i). The given inverter topology consists of six switches Swi to Swes and two
diodes D: and D.. The given inverter topology also generates three levels in the output
voltage. The modes of operation of the given inverter for the voltage levels ‘Vpy’, ‘0’ and ‘-
Vpy’ are shown in Fig. 2.9 (ii). The voltage level ‘Vpy’ is obtained whenever the switches Swi,
Sws and Sws are turned ON. Similarly, the voltage level ‘-Vpy’ is obtained if the switches
Swy, Swz and Swe are turned ON. For ‘0’ voltage level, grid current is freewheeled through
the switches Sws and Swe. The switches Sws and Swe are kept turned ON during the positive
and negative half cycle of the grid voltage respectively. During ‘0’ voltage level, the grid
inductor current ‘ii’ free-wheels through the switches Sws and Swe. The remaining switches
Swi to Swy are turned OFF at the ‘0’ voltage level. The turn-OFF of switches Swi to Swy
during ‘0’ voltage level result in isolation of grid and PV array. Therefore, the given inverter
topology uses AC decoupling methodology for the minimization of leakage current in the PV

systems.

The generation of pulses for the switches, output voltage and terminal voltage
waveforms for given inverter are shown in Fig. 2.9 (iii). The given inverter requires one
reference wave and two carrier waves, which are level shifted by 1V. Whenever the
magnitude of the reference wave is greater than the upper carrier wave, the switches Swi, Swa
and Sws are turned ON. Similarly, whenever the magnitude of the reference wave is less than
the bottom carrier wave, the switches Swy, Sws and Swe are turned ON. From the waveform
of output voltage shown in Fig. 2.9 (iii), it can be observed that during the positive half-cycle
of the grid voltage, the inverter output voltage varies between ‘Vpy’ and ‘0’. Similarly, in the
negative half-cycle of the grid voltage, the inverter output varies within the levels ‘0’ and -
Vpyv’. The derivation for the terminal voltage ‘Vpy’ for the given inverter topology is given

below.

The pole voltages ‘Vag and ‘Vug* are expressed in terms of the terminal voltages ‘Vpg’ and ‘Vng’

as
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Vag= S1Vpg+S2S5Vng (2.49)
Vbg= S3Vpg+S654Vng (2.50)
Adding (2.49) and (2.50) and substituting in (2.6) gives
eg =(S1+S3)Vpg +(S255 +S456 ) Vng (2.51)
Substituting (2.1) in (2.51) and then simplifying gives,

o= eg +VPV (S3+S4)
P9 8185 +8286 +S3+S4

(2.52)

The switch pair (Swi, Swa, Sws) or (Swaz, Swa, Swe) are turned ON in the active states (i.e.,

‘Vpy’ or -Vpy’). Substituting the switching states of these switches in (2.52) results in

Vpg: O.5€g+ 0.5 VPV (253)

During the ‘0’ voltage level, the switches Swi, Swo, Swz and Sws are turned OFF and the
other switches Sws and Swe are turned ON. From (2.52), the value of the terminal voltage

‘Vpg’ 1s equal to

Vpg= @ (2.54)

b

Fig. 2.9 (iii) shows the waveforms of the terminal voltages ‘Vpg’ and ‘Vng’ obtained
from the (2.52) and (2.1). It can be observed that the terminal voltages are free from the high-

frequency switching transitions.

Apart from the minimization of leakage current, the losses in the PV inverter
configuration plays a dominant role in choosing the inverter topology. Therefore, it becomes
important to study the losses of the various PV inverter topologies. The next section describes

the switching and conduction losses of the discussed PV inverter topologies.
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2.10. Switching and conduction losses of various PV inverter

topologies

The switching and conduction losses for the various PV inverter topologies discussed
in the chapter are also calculated [28-29]. The parameters used for the calculation of
switching and conduction losses are given in Table 2.1. Fig. 2.10 shows the bar graph of the
(i) conduction and (ii) switching losses of the switches used in various PV inverter topologies

discussed in this chapter.

TABLE 2.1. PARAMETERS CONSIDERED FOR THE CALCULATION OF SWITCHING AND
CONDUCTION LOSSES

Parameter P Vbc fsw eg fq

Value 2.5kW 400V 10kHz 230V S50Hz

The switching and conduction losses of the switches in the unipolar and bipolar PWM
technique are almost the same. However, the overall efficiency of the bipolar scheme is quite
low. This can be attributed to the power fed back during the turn-OFF period of the switching
cycle, which decreases the effective power transfer from the PV to the grid. Apart from this, it
has a disadvantage of increased core losses in the filter inductor [30] due to two-level
operation.

In the case of H5 inverter topology, due to the high-frequency operation of the switch
Sws in both the half cycles of the grid voltage, the switching loss of switch Sws is quite high.
The top switches of both the legs of the inverter are kept in a turn-ON state during the free-
wheeling period for both the cycles of the output voltage. This results in higher conduction
losses as can be observed in Fig. 2.10. In the case of HERIC configuration, inverter isolates
the PV array and the grid/load during the freewheeling period. This is achieved by turning
OFF the inverter switches during turn-OFF or free-wheeling period of the switching cycle.
The output current free-wheels through the AC-bypass switches Sws and Swe. These switches
operate during the free-wheeling period in both the half cycles of the grid voltage. However,
the output current flows through the switches Sws and Swe only during zero state. As a result,
the conduction loss of these switches is almost same as the Swi and Sws in the H-bridge.
The switches Swi and Sws in the H-bridge operate at high switching frequency in one of the
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positive half-cycle and turned OFF during the negative half-cycle. The other pair of switches
Sw. and Swsz operate at high switching frequency in the negative half-cycle and turned OFF
during the positive half-cycle. Due to this, the switching and conduction losses of the
switches Swi - Swy are almost the same in the case of HERIC inverter topology. In the case of
H6 inverter topology, the switch Swi operates at low-frequency (grid-frequency). As a result,
the conduction loss of the switch Swi is high as seen in Fig 2.10. The other switch Swz also
operates at low-frequency. The output current flows through Sws only at the zero voltage
level and the voltage ‘—Vpy’, the switch remains in turn ON state and no current flows through
the switch. Hence the conduction loss of the switch Sws is less than the switch Swi. The
switches Sws and Sws operate at high-frequency during the positive half-cycle and remain
turned OFF during the negative half-cycle. The other switches Sw> and Swe operate at high-
frequency during the negative half-cycle and remain turned OFF in the positive half-cycle. So

the switches Swy, Swa, Sws and Swes have almost similar switching and conduction losses.

In the case of PV inverter topology proposed by Zhang et.al., the switches Swi and
Swe operate at higher switching frequency in the positive half-cycle and remains turned OFF
during the negative half-cycle. The other pair of switches Swz and Swa operate at higher
switching frequency in the negative half-cycle and remains turned OFF during the positive
half-cycle. Because of which, the switching and conduction losses of switches Swi, Sws, Swa
and Swe are same. The switches Sw» and Sws remain turned ON in the positive half-cycle. As
a result, the conduction loss of these two switches are high. The remaining switches Sw7 and
Swgare turned ON only in negative half-cycle. But the output current flows through these two
switches only during zero state. As a result, the conduction loss of these two switches Swy and
Swg is same as the switches Swi, Sws, Swas and Swe. In the PV inverter topology proposed by
Islam et.al., The switch pair Swi and Swe operate at a high switching frequency in the
positive half - cycle and remains turned OFF in negative half-cycle. Similarly, the other
switch pair Swi and Swe operate at a high - switching frequency in negative half-cycle and
remains turned OFF in the positive half - cycle. This results in equal switching and
conduction losses in these four switches. The switch Sws is kept turned ON completely during
the positive half-cycle and operate at a high switching frequency in the negative half-cycle.
Similarly, the switch Swe is kept turned ON completely during the negative half-cycle and

operate at a high switching frequency in the positive half-cycle. As a result, the conduction
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losses of the switches Sws and Swe are high. In addition to conduction loss, the switches Sws

and Swe have same switching losses as the switches Swi, Swa, Sws and Swa.

By using the PV inverter topology proposed by Xiao et.al., the switch pair (Swi, Swa)
or (Swz, Swas) operate in higher switching frequency in one half-cycle and remains turned
OFF in the other half - cycle. Thus, the switching and conduction losses of the switches Swy,
Swo, Sws and Swy are same. The remaining two switches Sws and Swes operate at a high
switching frequency in both half cycles. Therefore, the switching and conduction losses of the
switches Sws and Swe are high compared to the remaining switches in the PV inverter
topology. In the PV inverter topology proposed by Ji et.al., the switch pair Swi and Swas
operate at a high switching frequency in the positive half-cycle and remains turned OFF in
negative half-cycle. Similarly, the other switch pair Sw» and Swz operate at a high-switching
frequency in negative half-cycle and remains turned OFF in the positive half-cycle. As a
result, the switching and conduction losses of the switches Swi, Sw, Sws and Sws are same.
The other switches Sws and Swe operate at the fundamental frequency. Hence the conduction
loss of the switches Sws and Swe are high. Apart from the switching and conduction losses of
the PV inverter topologies, a detailed comparison of various PV inverter topologies discussed

IS given in the next section.
2.11. Comparison of various PV inverter topologies

Based on the information obtained from the operation and loss calculation, a
comparison of the various PV inverter topologies discussed is given in Table 2.2. The
comparison is made based on a number of switches and diodes used in topology, number of
levels in output voltage, asymmetry in the inverter operation, etc. Further, PV inverter
topologies discussed are classified depending on the technique used for the minimization of
leakage current. The basic topologies like full-bridge inverter with bipolar and unipolar PWM
techniques are not using any decoupling methodologies for the minimization of leakage
current. The topologies like H5, H6 use DC decoupling methodology for the minimization of
leakage current. While the remaining inverter configurations use AC and NPC decoupling
methodologies for the minimization of leakage current as given in Table 2.2. And from the
economic point of view in terms of the number of switches, bipolar and unipolar schemes are

economical compared to the other topologies shown in Table 2.2. In terms of the switching
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TABLE 2.2 COMPARISON OF VARIOUS PV INVERTER TOPOLOGIES

Inverter
A B C D E F G H I J K L M N @)

Topology

(Watts) (Watts)

Bipolar - 4 - No 2 2 - 17672 4 4 0 0 17.16 No 2
Unipolar - 4 - No 2 2 2 17672 4 4 0 0 17.16 No 3
H5 DC 5 - No 3 3 2 19614 3 3 1 1 1287 Yes 3
HERIC AC 6 - No 2 2 2 132 2 2 1 1 858 Yes 3
H6 DC 6 - Yes 3 2 2 14189 2 2 1 1 858 Yes 3
Zhangetal NPC 8 - Yes 4 2 4 19578 2 2 2 2 966 No 3
Islametal. AC 6 - No 3 3 2 19578 3 3 1 1 1287 VYes 3
Xiaoetal. NPC 6 4 No 2 2 2 17636 4 4 - - 1716 No 3

Jietal. AC 6 2 No 3 3 2 15178 2 2 1 1 858 Yes 3

A- Decoupling methodology used.

B- Number of switches used in topology.

C- Number of diodes used (other than the switch body diode)

D- Asymmetry in the inverter operation during positive and negative half cycles of the grid voltage.

E- Number of switches and diodes conducting during the positive voltage level.

F- Number of switches and diodes conducting during the negative voltage level.

G- Number of switches and diodes conducting in the ‘0’ voltage level.

H- Total conduction loss for the inverter topology.

I- Number of switches operating at a higher frequency during the positive half-cycle of the grid voltage.

J- Number of switches operating at a higher frequency during the negative half-cycle of the grid voltage.

K- Number of switches operating at the fundamental frequency of the grid voltage during the positive half-cycle.
L- Number of switches operating at the fundamental frequency during the negative half-cycle of the grid voltage
M- Total switching loss for the inverter topology.

N- Undefined states in the terminal voltage.

O- Number of levels in the output voltage.
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and conduction losses, HERIC inverter topology has low losses compared to the other inverter

topologies. Further, there is an asymmetry in the operation during the positive and negative

half cycles of the output voltage, for the inverter topology proposed by Zhang et.al. and H6

inverter topology. This may result in DC offset in the inverter output voltage. From Table

2.2., it can be observed that the inverter topologies proposed by Zhang et.al. and Xiao et.al.

don’t have any undefined state in the terminal voltage because of neutral point clamping.

Finally, from Table 2.2, the following conclusions can be observed

2.12.

Among all the PV inverter topologies discussed, the full-bridge inverter with bipolar
and unipolar PWM technique is economical.

However, using the full-bridge inverter with unipolar PWM technique, the magnitude
of leakage current is quite high which restricts its application in PV systems.

In the case of the full-bridge inverter with bipolar PWM technique, the magnitude of
leakage current is very less. But the number of levels in the output voltage are two,
which results in higher THD in the output current.

Among the topologies discussed, the HERIC topology is efficient. However, the given

topology uses six switches for the generation of three-levels in the output voltage.

Motivation

Based on the above literature review, the following observations were made for the

various transformerless PV inverter topologies:

Most of the PV inverter topologies discussed in the literature are given for three-level
operation only. Further, the given topologies cannot be extended for higher-level
operation in the output voltage.

The topologies discussed in the literature require additional semiconductor devices for
obtaining low-frequency in the terminal voltage. So these topologies are not
economical.

Apart from the additional semiconductor devices, some of the inverter topologies
discussed require complex clamping circuitry for maintaining the terminal voltage
low-frequency. This further increases the cost of the system.

At last, not least most of the PV inverter topologies discussed above have high

switching and conduction losses. This make the complete PV system inefficient.
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2.13. Objectives

The objectives of the research work presented in this thesis are as follows:

To meet the objective of low cost and efficient operation, a new CMLI for single-
phase PV system is presented. The complete details of the operation of the proposed
CMLI in symmetrical and asymmetrical modes along with its extension to the higher
number of levels with simulation and experimental results are discussed in the thesis.
The comparison of proposed CMLI with the other existing MLI topologies in the
literature is also presented. However, the proposed CMLI using the existing PWM
techniques requires additional circuitry to minimize the magnitude of leakage current
flowing in the system.

A new PWM scheme is proposed for single-phase five-level CMLI for the
minimization of leakage current. The proposed PWM is also integrated with the
MPPT algorithm and is applied to a five-level CMLI. The proposed PWM technique
minimizes leakage current of PV panels and reduces the size of the electromagnetic
interference filter required in the system without the addition of any switches.
Furthermore, the analysis of the terminal voltage across the PV array and the common
mode voltage of the inverter based on the switching function is presented. Besides, the
proposed PWM technique require reduced number of carrier waves compared to the
conventional sinusoidal pulse width modulation technique for the given CMLI.
However, using the proposed PWM technique for the single-phase five-level CMLI,
the objective of high efficiency is not achieved.

To overcome this drawback, a new efficient and reliable transformerless PV MLI
configuration is proposed for the minimization of the leakage current in the single-
phase systems. Apart from a reduced switch count, the proposed CMLI topology has
additional features of low switching and conduction losses. The proposed topology
with the given pulse width modulation PWM technique reduces the high-frequency
voltage transitions in the terminal and common-mode voltages. Furthermore, the
extension of the proposed CMLI along with the PWM technique for higher levels in
the output voltage is also presented. A comparison of the proposed CMLI with the

existing PV multilevel inverter topologies is also presented.
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Apart from single-phase PV inverter topologies, a solution for the three-phase
transformerless PV inverter topologies is also presented in the thesis. The new three-
phase transformerless MLI topologies based on DC and NPC DC decoupling
methodologies are presented for the minimization of leakage current. The leakage
current in the three-phase MLI topology is minimized by reducing the transitions in
the terminal voltage of the PV panel. The complete details of the proposed three-phase
transformerless MLI, analysis of the terminal voltage using switching functions,

simulation and experimental were presented in the thesis.

2-36



CHAPTER 3

A New Low Cost and Efficient Cascaded Half-Bridge

3.1

3.2
3.3
3.4
3.5

Multi-Level Inverter with Reduced Number of

Switches
Operation of the proposed CIMLI ..........cooveiiiie i 3-2
3.1.1 Operation of the proposed CMLI in symmetrical Case.............ccocvvvvrirernennnn. 3-3
3.1.2 Operation of the proposed CMLI in asymmetrical case............c.cccceeveneneen. 3-4
Generalized configuration of proposed CMLI for symmetrical operation ............ 3-6
Comparison of proposed CMLI with the existing topologies ..........ccccvvvevveiienenn 3-8
Simulation and experimental reSultS ... 3-10
(@0 000 113 [0 o SRR 3-13

31



Chapter 3
A New Low Cost and Efficient Cascaded Half-Bridge

Multi-Level Inverter with Reduced Number of Switches

In order to meet the objective of economical and efficient inverter topology, a new low
cost and efficient CMLI configuration is proposed in this chapter. The proposed CMLI
configuration requires less number of switching devices and isolated power supplies
compared to the other basic MLIs given in the literature. Besides this, the proposed CMLI
eliminates the problem related to neutral point fluctuations, DC offset current, diode reverse
recovery as observed in the conventional neutral point clamped and flying capacitor
configurations. Further, the given CMLI has the advantage of low conduction and switching
losses. Thus, the proposed CMLI has the advantages of low cost and better efficiency. This
chapter also gives the generalized version of the proposed configuration for ‘2m+1’ levels.
All the details regarding circuit schematic, modes of operation (symmetric and asymmetric

operation) with simulation and experimental results are presented in this chapter.
3.1. Operation of the proposed CMLI

The circuit schematic for the proposed nine-level CMLI configuration is given in
Fig. 3.1. The given topology consists of ten switches and four isolated power supplies.

The pair of switches in each leg (Sw1, Swa), (Swa, Swa), (Sws, Sws) and (Swz, Sws) operate in

p
Swlk.
/DC 1
4 - SWZ\ \lSW3
|1

a

4 - SWG SW7
b

11
Vo'~ T\ Sws

Fig. 3.1. Proposed cascaded multi-level inverter configuration with reduced switches.
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a complementary mode with high-frequency and the switches Swy and Swio are operated at
the fundamental frequency of the reference voltage. Thus, these switches have a negligible
switching loss. Further, as only five switches are conducting in a given state, the proposed
configuration has the advantage of lower conduction losses compared to configuration given
by E. Babaei et.al. [31].

In all, the proposed CMLI is the low-cost solution with better efficiency. Further, the
proposed configuration can be used for both the symmetrical and asymmetrical operation.
Details of the symmetrical and asymmetrical operation of the proposed CMLI are discussed in
the next sub-section.

3.1.1 Operation of proposed CMLI in symmetrical case

During symmetrical CMLI configuration, the value of all the DC voltage sources
considered is equal. For example ‘V1’, ‘V2’, V3’ and ‘V4’ are four DC voltage sources, then
for symmetrical configuration

V
V1=V =V3 =V z% (3.2)

where ‘Vpc '’ is the total DC bus voltage .The equal value of DC voltages limits the number of
levels in the output voltage ‘vap” Of the proposed CMLI. There are nine levels in the output
voltage during symmetrical operation. The output voltage ‘vay’ attains the level “+Vpc’, if the

Voo' L) Py Vo, Vot Ll pt— — — — —
Ta | - E—— y
S B 4 Towd Tooe — 1] % T8N Nsw, |
+ [ — @ + == a | Vit | — —a |
Vog'=L— N Vpo'— \ L= | Sw |
4 - | L — H Swy 4 - | ] Swy | 4 | | J_. 4 |
} lsws  Swio N N, SWo SW11| R, SWe  SWio |
SINS | SW5 \ | TV5 |
VDC+——| | L Vot VTW+= — |
‘e Swl b \'Sw7 47 swe \ Swy | e 1) swy |
\ ¢'—= |§V =’ Vet L [ Sw. | Yoct N Swg |
ke SR i R ] B T |
Ve = +Voc (3) Vap=0 (b) Var=-Vpc (c)

Fig. 3.2 Operation of proposed CMLI in the symmetrical operation for phase voltage levels (a) ‘“+ Vpc’; (b) ‘0’;
(c) “-Voc’.
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switches Swi, Sws, Sws, Swg, Swg are turned ON. Fig. 3.2 shows the operation of the
proposed CMLI in the symmetrical case for the output voltage levels of ‘+Vpc’, ‘0’ and ‘-
Vpc’. Table 3.1 gives the details of the switching states and their respective output voltage

levels for the proposed CMLI in the symmetrical operation.

TABLE 3.1. SWITCHING STATES AND THEIR RESPECTIVE VOLTAGE LEVELS IN THE CMLI DURING
SYMMETRICAL OPERATION

Swi Sws Sws Swy Swg Output voltage level vap

[
[N
o
=

+Vbc

+3Vpc/4
+1Vpc/2
+1Vpcl/4

0

0
-1Vpc/4
-1Vpc/2
-3Vpc/4

1
0
0
0
0
0
0
0
0
1 -Vbc

O O B B B O Rk kB
B B P O O O O O K
m B P P O B B O O
O O O O O Fkr kB kB Bk

3.1.2 Operation of proposed CMLI in asymmetrical case

In asymmetrical CMLI configuration, the value of all the DC voltage sources are not
necessary to be equal. Now to show the operation of proposed CMLI in asymmetrical case,
the voltage values of DC sources can be taken as

\ \
V1 =Vo :% andV3 =Vy :% (3.2)

Fig. 3.3 shows the proposed asymmetrical multilevel inverter topology for thirteen-
level operation. The output voltage attains the level ‘+5Vpc /6, if switches Swi, Swa, Swe,
Sws, Swy are turned ON. Fig. 3.4 shows the operation of the proposed CMLI in the
asymmetrical case for the output phase voltage levels of “+5Vpc/6’, ‘0’ and ‘“—5Vpc/6’. To
summarize all the possible voltage levels with their details of the switching states are given in

Table 3.2 for the proposed CMLI in asymmetrical operation.
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Fig. 3.3 Proposed cascaded multi-level inverter configuration in asymmetrical case.

Lt Sw W
ViC’L_lSWL’I — Vet L | Vﬁ:*_st t——=—1
RS TV I 2 B i N R
—2 ——a —— a
Vocrdl N Vo L.\ | Ve = | |
3 o | S 3 swe || 3 T} Sw |
® J. P
.»lSWg SWioe Swy SWlIO N\ SWo Swio} :
Sw N\ I Sws I + Swi N I
Vo' == g Ve’ L VLC;_— _-l
S .\'Sw7 e B e SW6| T |
b b | —
b - q —_— 2 + -— I
& T _flSwe s [ te— Il|l% TL 1 1
Vap = +5Vpc/6 (2) Vap=0 (b) Vab = -5Vc/6 ()

Fig. 3.4 Operation of proposed CMLI in the asymmetrical case for output voltage levels (a) ‘+5Vpc /67; (b) 0;
(C) *-5Vpc /6°.
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TABLE 3.2. SWITCHING STATES AND THEIR RESPECTIVE VOLTAGE LEVELS IN THE CMLI DURING
ASYMMETRICAL OPERATION

Swi  Sws Sws Swz Swg Output voltage level vap

1 1 1 0 1 +Vbe

1 1 0 0 1 +5Vpc/6
1 1 0 1 1 +4Vpc/6
0 1 0 0 1 +3Vpc/6
0 0 1 0 1 +2Vpcl6
0 0 0 0 1 +1Vpc/6
0 0 0 0 1 0

0 1 0 0 0 0

0 1 0 1 0 -1Vpbc/6
0 1 1 1 0 -2Vpc/6
0 0 0 1 0 -3Vpbc/6
0 0 1 1 0 -4Vpc/6
1 0 0 1 0 -5Vpbc/6
1 0 1 1 0 -Vbe

3.2. Generalized configuration of proposed CMLI for symmetrical

operation

The proposed configuration can be extended to ‘2m+1’ levels by cascading the
individual two-level inverters where ‘m’ is the number of DC sources used in the topology.
The value of ‘m’ is an even number and it starts from ‘m’ =2. Fig. 3.5 shows the generalized
configuration of proposed CMLI for symmetrical operation. The expression for output voltage

‘Van’ for generalized configuration is given by

Vah=(V1S1+V2S3+.....Vm/2Sm-1+--YmS2m-1)S2m+1 —

_ (3.3)

(V181+V283+ ....... Vm/2 Sm_1+ ...... VmSZm_l )82m+1
where V1, ‘V2’,..... ‘Vi’ are the magnitudes of DC voltage sources used and Sy, Sa,........
Some+1 are the switching states of the switches Swi, Sws,........ Swam+1 Whose value is equal to

1’ if the corresponding switch is turned ON else equal to ‘0’. The expression for the number

of switches used in proposed CMLI for ‘2m+1° levels is given by,
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Nswitch = 2(m+1) (3.4)

As there are ‘m+1’ pairs of complementary switches, so the number of switches conducting is
always half of the total number of switches used in the configuration. Thus, the expression for

number of switches conducting Nconducting in the CMLLI is given by
Nconducting = m+1 (3.5)

The forward blocking voltage Veiock for the switches used in the topology can be calculated
using (3.6) to (3.8)

For the low-frequency switches Swam+1 and Swam+2

m
VBlock= 2 Vk (3.6)
k=1

Blocking voltage of the upper cell switches Swe and Swe.1 Where ‘e’ = 2,4... m is given by

T e W 1
v, J__sm UPPER |
L Swz,t N Sw; _ CELL |
3 m L | !
: V2 - ;‘ SW4 :
s NS !
: Vm/2_ Sh\\l/vvma :
| 1 M |
U U I — - ol
SWame1 o > SWoms2
! S A LOWER :
| Vm/z+1ﬁ h CELL |
Wm+5I SWm+3 |
1 Vi gWm-+ |
| T u
| : s |
| F SWam-g )
Vi % h b
: T g SWam :

Fig. 3.5 Generalized structure of proposed CMLI for ‘2m+1’ levels.
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e/2
VBIlock= 2, Vk (3.7)
k=1

Similarly, blocking voltage for the lower cell Swe and Swoe.1 is given by

e
VBlock= . Vk (3.8)
k=e/2+1

where ‘€’ =m/2+2, m/2+4, ....... 2m.
3.3. Comparison of proposed CMLI with the existing topologies

The proposed CMLI is compared with the various existing MLIs in terms of power
semiconductor device count, number of switches conducting etc. Fig. 3.6 shows the number
of voltage levels versus the total number of switches used in different MLIs operated in
symmetrical mode. For a thirteen-level output, the number of switches used in the proposed
MLI is fourteen, which is less when compared to the other MLIs. The number of switches
used is twenty four in case conventional MLIs and eighteen in case of the configuration
proposed by E.Babaei et.al. [31]. The proposed configuration eliminates the requirement of

clamping diodes [32], balancing capacitors [33] which are used in basic MLI.

50

Basic II\/ILI like I\IIPC, cas Hl-bridge, fI)IIing cap
40 -®- Configuration proposed in [31] for
symmetrical operation
30r ¢ Proposed CMLI for

symmetrical operation

20r

101

Number of switches used

0 5 9 13 17 21

Number of levels in the
output voltage

Fig. 3.6 Comparison of number of switches used in the proposed topology with other MLIs.

The proposed CMLI is also compared with respect to conduction losses. Fig. 3.7
shows the number of voltage levels versus the number of switches conducting for different
inverter topologies in symmetrical operation. For a nine-level CMLI, the number of switches

conducting is five. The number of switches conducting in the configuration proposed by
3-8



E.Babaei et.al. [31] is six, whereas in the other basic nine-level MLIs the number of switches

conducting is sixteen. Hence, the proposed configuration has the advantages of low

conduction loss and reduced number of switches.

é 30 Basic ML like NPC, cas H-bridge, flying ¢ap
S 5 |- Configuration proposed in [31] for
= S oor Symmetrical operation
[T e
S |*Proposed CMLI for b
=2 10 symmetrical operation Y B
oo - 7
€ ©° /‘/
>
zZ 0 | | ! I

0 5 9 13 17 21

Number of levels in the

output voltage

Fig. 3.7 Comparison of number of switches conducting in the proposed topology with other MLIs.

The switches Swaom+1, Swom+2 are operated at the low switching frequency, i.e. at the

frequency of the reference wave. So the configuration has less switching losses when

compared to configuration proposed by E.Babaei et.al. [31]. Fig. 3.8 shows the number of

levels in the output versus the number of switches used for the proposed inverter and cascaded

H-bridge in asymmetrical operation. Hence the proposed CMLI is economical as the number

of components used are less and it is efficient because of reduced switching and conduction

losses as observed from Figs. 3.6, 3.7 and 3.8 respectively.

22
20r
18

Number of switches
used
[EEN
N

-8-Cascaded H Bridge in
Asymmetric Operation 7
| -~ Proposed

Asymmetrical Operation,”
/l -6—-6-0

MLI for ._._._._.,

1357

9 111315 171921 23252729

Number of levels in the

output voltage

Fig. 3.8 Comparison of the number of switches used in proposed topology with cascaded H-bridge in

asymmetrical operation.
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3.4. Simulation and experimental results

To verify the operation of proposed CMLI, the simulation and experimental results
were taken at different values of modulation indices ‘ma’. The simulation was performed using
the MATLAB/SIMULINK software. The parameters considered in the simulation and
experiment setups are given in Table 3.3. The MOSFETS IRF 640 were used in the hardware
prototype developed. The driver IC HCPL 3120 were used for driving these MOSFETS. The
pulses for these switches are generated using the SPARTAN 6 FPGA board. The DPO 3034 is
used to capture the experimental waveforms from the hardware prototype developed. The
programmable DC sources were used to produce DC input voltage in the power circuit of the

proposed CMLI. The photograph of the experimental setup built is given in Fig. 3.9.

TABLE 3.3. SIMULATION AND EXPERIMENTAL PARAMETERS

Parameter Vpc fow fg Rioad

Value 100V 10kHz 50Hz 185Q

o w n&*‘—'ﬂ*”ﬁ;

78

‘ ;:sihaz ;
«‘. J”ej

po 0ooo

Fig. 3.9. Experimental prototype of proposed CMLI.

The waveforms shown in Fig. 3.10 are the output voltages of the proposed inverter for
different modulation indices in symmetrical operation. For this configuration in symmetrical
operation as the value of ‘ma’ increases from zero to one the number of levels in the output

voltage increases from three to nine. Further, the proposed configuration is simulated and
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50
-100}
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50}
-100}

100 f (50V/div)

50
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50 |
-100 |

Fig. 3.10 (i) Simulation and (ii) experimental waveforms of output voltage ‘va,’ for different modulation indices

‘ma’ (a) ‘ma” = 0.9; (b) ‘ma” =0.7; (¢) ‘ma’ = 0.45; (d) ‘ma” = 0.2 in symmetrical configuration.

verified using the experimental setup for its operation in asymmetrical operation. Fig. 3.11
shows the inverter output voltage waveforms for different modulation indices. It can be
observed that, with the increase of ‘ma’, the number of levels in the output voltage increases
from three to thirteen in the asymmetrical operation of the proposed inverter. Further, the

proposed CMLI is tested for leakage current to extend its application in the PV system.
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Fig. 3.11 (i) Simulation and (ii) experimental waveforms of output voltage ‘va,’ for different modulation indices
‘ma’ (a) ‘ma” = 0.9; (b) ‘ma” = 075; (¢) ‘ma’ = 0.65; (d) ‘ma’ = 0.45; (e) ‘ma’ = 0.3; (f) ‘ma’ = 0.15 in asymmetrical

configuration.
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Therefore, the proposed CMLI is tested for the magnitude of leakage current flowing
through its parasitic capacitance. To emulate the presence of parasitic capacitance in the
simulation and experimental setup, a series branch of resistance ‘Rp’ = 10Q and capacitance
‘Cp’= 10nF connected between the nodal point ‘p” and ground of the proposed CMLI. Fig.
3.12 shows the (i) simulation and (ii) experimental waveforms of (a) terminal voltage ‘vpg’
and (b) leakage current ‘iieak’ for the proposed CMLI. It can be observed from Fig. 3.12 that
the terminal voltage ‘vpg’ has high switching voltage transitions. This may result in leakage
current flow through the parasitic capacitance ‘Cp’ as can be seen in simulation and
experimental results. Thus, the given configuration needs to be modified or require high value
of EMI filters at the PV input to supress the leakage current magnitude.

100
Vpg 4
0fr (roovrdiv)
(i) FFT spectrum of vy (20V/div)
-100 . VA
0.98 0.99 1
0.5 : - . ’
ileak (A) iIeak
0 (500mA/div) (b)
- of ijeax (BMA/div)
i
05 , 0 | 8 N
0.98 0.99 1

Fig. 3.12 (i) Simulation and (ii) experimental waveforms of (a) terminal voltage ‘vyy’; (b) leakage current ‘fjeax .
3.5. Conclusion

This chapter proposed a new low cost and efficient CMLI topology with a reduced
number of switches, reduced switching, and conduction loss. This proposed CMLI requires
less number of switching devices and isolated power supplies compared to the basic MLIs.
The proposed CMLI operates in both symmetrical and asymmetrical modes. The operation of
proposed CMLI is further justified from the simulation and experimental results. The
simulation and experimental results presented are exactly matching. Further, the extension of

proposed configuration for ‘2m+1’ levels is also given.
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Chapter 4
Analysis of Modulation Strategy for the Minimization of
Leakage Current in the PV Grid Connected Cascaded

Multi-Level Inverter

In the previous chapter, the proposed low cost and efficient CMLI suffer with the
problem of high leakage current which may restrict its application to the PV system.
However, the magnitude of leakage current can be minimized by using a proper the PWM
technique. Hence, a new PWM technique needs to be developed to minimize the magnitude of
leakage current flowing in the CMLI based PV systems. This chapter presents a pulse width
modulation (PWM) technique for the minimization of the leakage current in the grid-
connected/stand-alone transformerless PV CMLI. The proposed PWM technique is integrated
with the MPPT algorithm and is applied to the five-level CMLI. Furthermore, using the
proposed PWM technique the high-frequency voltage transitions in the terminal and common
mode voltages are minimized. Thus, the proposed PWM technique minimizes the leakage
current of the PV array and electromagnetic interference filter requirement in the system
without the addition of any extra switches. Furthermore, this chapter also presents the analysis
for the terminal voltage across the PV array and the common mode voltage of the inverter
based on the switching function. Using the given analysis, the effect of the PWM technique
can be analyzed, as it directly links the switching function with the common mode voltage
and leakage current. Also, the proposed PWM technique requires reduced number of carrier
waves compared to the conventional sinusoidal pulse width modulation technique for the
given CMLI. Complete details of the working principle and analysis with the support of
simulation and experimental results of the proposed PWM technique are presented in the

below sections.

4.1. Operation of cascaded multi-level inverter

The detail regarding the operation of CMLI is formulated by considering a five-level
inverter topology [31]. The given configuration broadly consists of two converters (‘Conv 1’

and ‘Conv 2”) as shown in Fig. 4.1. The ‘Conv 1’ is a basic unit for the CMLI. It consists of a
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switch Swi and a bi-directional switch (Sw. and Sws). The purpose of switch Swz is to
eliminate the forward biasing condition due to the inherent diode in the switch Sw» during its
operation [31]. The switches Sw, and Sws of the first converter are operated simultaneously.
The ‘Conv 1’ output voltage ‘vz’ attains voltage level ‘Vpy’ when switch Swi is turned ON.
Similarly, it attains the voltage level ‘Vpv/2’ when switches Swz and Sws are turned ON
respectively. The voltage levels of ‘Vpy’ and ‘Vpv/2’ are generated using two PV sources
‘PV1’ and ‘PV>’ as shown in Fig. 4.1. The generated voltage ‘vzn’ of ‘Conv 1’ instantaneously
becomes the input to the ‘Conv 2’. The ‘Conv 2’ comprises of H- bridge inverter formed by
four switches Sws, Sws, Sws and Swy. The ‘Conv 2’ generates positive, negative and zero
voltage levels of ‘vz’ respectively. The pair of switches ((Swa, Sws) and (Swe, Swy)) in each
leg are operated in complement manner. Thus, there are three pairs of complementary
switches (Swi, Swa2 (Sws)), (Swa, Sws) and (Swes, Swy) in the given five-level CMLI. Using
the proposed PWM technique, the complementary action in one pair of switches (Swi, Sw>
(Swz)) is not considered. Forefend of complementary action during zero state helps in
minimizing the flow of leakage current through parasitic capacitance of the PV array. Also,
the zero state is incorporated in all the voltage transitions in the output voltage ‘van’. The

corresponding action is done to avoid the flow of the leakage current during the transitions

BRI ST T e R ~.
lleak )
:VT 2Rp ___Conv2z
[} o C \l :
P T
[} —— 1 =
[ I 2 5 (%|
: g = lleak SWG/} : ol
R TEREEY R <
D bi—! 2
:VT %ZRP 1 ZI
I
1 Cp SW7/} ! E|
I - [
\\'_’.- e Eiluielt (uluiuingl PP
/‘ P -===1

/ \

I \
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| o

sources | -RE

with : S = :

parasitic, iT 2 |
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Fig. 4.1. Circuit schematic for single phase grid connected five-level CMLI with parasitic elements.
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between voltage levels of ‘Vpy’ and ‘Vpv/2’. The complete details regarding the PWM
technique is broadly discussed in the next section.

The switching states with their respective voltage levels for the five-level CMLI using
proposed PWM are shown in Table 4.1. The given switching states can be used for
determination of pole voltage at various voltage levels. The pole voltages ‘Van’& ‘Vbn’ Can be

expressed as,

1 1
Van=| S1+0.5S5-—+— = |S,V 4.1
- ( T sy 54(51+52)j oY 4

1 1
Vin=| $1405S9- 4+~ |sav
bn [ 1 25 s (sl+32)] 6VPV (4.2)

where Sy, represents switching function for switch ‘x* with x € (1, 2, 3...7). The value of Sy is,
‘1’ or ‘0’ when the corresponding switch ‘X’ is turned ON or OFF respectively. Further, it can
be noticed that, the nodal point ‘z’ (Fig. 4.1) in ‘Conv 1’ is floating or undefined with respect
to ground nodal point ‘n’ during zero voltage state or turn-off period of switching cycle.

b

Hence, the pole voltages ‘Van’ and ‘vpn’ are undefined (i.e., 0/0) during zero state. Fig. 4.2
shows the operation of five-level CMLI during zero state. During zero state the active
switches or functioning unit are represented by dark lines. The output phase voltage ‘vap’ can

be obtained

TABLE 4.1. SWITCHING STATES OF SWITCHES FOR THEIR CORRESPONDING OUTPUT VOLTAGE
LEVEL

Output voltage +Vpy +Vpv/2 0 -Vpvi2 - Vpy

level (Vab)
Swi ON OFF OFF OFF ON
Sw2 OFF ON OFF ON OFF
Swy ON ON ON OFF OFF
Swe OFF OFF ON ON ON




| SW1 '
tr + I
VPV : Cp\/ i.
2 |- Swxyh
Swy 3 SWG}
SW3 : : |
of- : j 2 b Filter |_ €q
Vp\/ + E - E -

5 S_CPV Sws T

nt —
Fig. 4.2. Operation of five-level CMLI during zero state. Active or functioning circuit are shown with dark lines.

by subtracting the pole voltages ‘van’ and ‘vbn’. Therefore, the expression for output phase

voltage ‘Vap’ can be written as,

Vab=Van Vbn (4-3)

The inverter output voltage ‘Vap’ is connected to the grid via filter inductors (‘Lf’ and
‘L’) and resistors (‘Rg’ and ‘R’) as indicated in Fig. 4.1 [20-21, 34]. The resistance ‘R’ and
‘Re’ [21] refer to grid and ground resistance used in the system respectively. The filter
configuration [35] used in the system have two separate paths. The first path formed by the
components inductor ‘Lt’, capacitor ‘C1” and resistor ‘Ry’ are used for filtering the high-
frequency current ripple at the inverter output. The second parallel path formed by capacitor
‘C2’ and damping resistor ‘Rq’ is used to damp out the load and supply induced resonance.
The term ‘ey’ refers to instantaneous grid voltage and the terms ‘Rp’ and ‘Cp’ refers to
parasitic resistance and capacitance of the PV array respectively. The parasitic elements in the
PV system [20, 34] are represented using the dotted lines as shown in Fig. 4.1. Also, the
parasitic capacitance in the PV array forms a resonant circuit with the filter inductors at the
inverter output. The resonant frequency ‘f,” formed by resonant circuit is given by the

expression [21],

217\/111 (zt+L)Cp (4.4)

At resonant frequency the parasitic capacitance offers minimum impedance. Hence,
the magnitude of leakage current ‘ieak’ flowing through parasitic capacitance is high for the

harmonics in the terminal voltage with same frequency as resonance frequency ‘fi’. The
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proposed PWM technique minimizes the resonant frequency component in the terminal
voltage. Thus, it reduces the leakage current flowing at frequency ‘fy’. It also minimizes the

voltage transitions in common mode voltage.

4.2. Proposed PWM strategy and its generalization for

minimization of the leakage current

As discussed above, the given system requires two independent PV sources for five-
level output. The two PV sources required, can have symmetrical or asymmetrical
configuration. Thus, the proposed PWM strategy needs to operate in both symmetrical and

asymmetrical configurations for the two PV sources as discussed below.
4.2.1. PWM strategy for symmetrical configuration of PV sources

The proposed PWM technique minimizes the leakage current by eliminating the high-
frequency voltage transitions (ripple content) in the PV terminal voltage. The following action
can be achieved by isolating the PV array and grid during zero state. This is similar to H5
inverter topology [22]. Further, the flow of leakage current in switching between the
intermediate states ‘Vpv/2’ to “Vpy’ or vice versa can be achieved by switching between ‘0’ to
‘Vpy’ state or vice versa. In other words, the zero voltage level is maintained for all the
voltage transitions in the complete cycle of output voltage ‘vap’. During the zero state,
terminal voltage and common mode voltage achieve undefined state. The incorporation of
zero state results in avoiding the high-frequency transitions in the terminal and common mode
voltages. In order to accommodate ‘Vpy’ bus voltage for switching between ‘Vpy’ to ‘0°, the
magnitude of reference wave ‘Vmod’ is reduced to half of its original value. The change in
magnitude of reference wave is done only when switching is in between ‘Vpy’ to ‘0’ or vice

versa. The expression for modified reference wave is given below,

My Vv
Viog  TOT Os|vmod|<7 at —~

ref_modified — m 2 (4-5)
mTOd for T"‘s|vmod|<ma at Vpy

v

Vmod = Masinwt, where ‘Ma’ 1s amplitude of reference wave

The switching strategy of the proposed PWM technique for five-level CMLI is shown

in Fig. 4.3. The absolute magnitude of modified reference wave ‘Vref modified” 1S compared with
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the triangle carrier wave. The amplitude of triangular carrier wave ‘X2’ is ratio of bottom PV
source ‘PV2’ voltage ‘Vpv/2’ to the overall PV voltage ‘Vpyv’. So, the instantaneous magnitude
of triangular carrier wave varies from ‘0.5° to ‘0’ in case of symmetrical PV array
configuration. Therefore, the required triangular wave can be generated by multiplying ratio
‘X2” with the unit triangular carrier waveform (triangular waveform with unit amplitude).
Now, within positive half cycle of ‘Vap’, for the ranges of phase ‘wt’ varying from 0° to 30° or
150° to 180°, if the instantaneous magnitude of “Vret modifiea’” €XCeEAS the magnitude of carrier
wave then the output voltage attains the level ‘Vpy/2'. For the remaining range of ‘wt’ (i.e.
from 30° to 150°), the output voltage attains level ‘Vpy’ whenever the instantaneous
magnitude of ‘Vref modifiea” €XCeeds the magnitude of carrier wave. Similar sequence is
applicable for negative half cycle which helps in maintaining symmetry between positive and
negative cycle of the fundamental output voltage. This can be further observed in Fig. 4.3

which shows the output voltage of the CMLI.

N Carrier wave Modified
reference wave
0.5
0
1
0 HINIE NN RN NN SW1
1
0 [] [] [] [T | Sw2
§ 10000100 M sw
o [ D0 007l | Swe
Vpy
Vpyl/?2
o | [] H |_H_”_H_|H | i -
-Vpy/2
/! JUUUL
Output voltage
v Time (Sec) —

Fig. 4.3. Modified reference wave and the switching strategy of the proposed PWM technique.

The block diagram for the generation of modified reference wave is shown in Fig. 4.4.
The instantaneous absolute value of reference wave ‘Vmod’ is compared with the amplitude
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‘ma/2’. If the instantaneous value of reference wave is lower than ‘ma/2’, then there is no
change in the amplitude of modified reference wave ‘Vret modifiea’. However, when the
instantaneous value of reference wave ‘Vmod’ exceeds ‘Ma/2’, then the amplitude of modified
reference wave ‘Vret modified” 18 equal to half of the magnitude of reference wave ‘Vmod’ as given
in (4.5). The value ‘0.5’ is obtained from the ratio of bottom PV source ‘PV>’ voltage ‘Vpv/2’

to the overall PV voltage ‘Vpy’ as shown in Fig. 4.4.

_ VPV/2 [ et L)

T Ve L — x
X i 'l_-||-|_|-|- Vref_modified

L,\_[ 1+

/N | < |

AV Ll oy 1

Vref modified 9€NEration

Fig. 4.4 Block diagram for generation of modified reference wave Vet modifiea’ from reference wave “Vmog’, ‘X2’ and

‘m,” for five-level CMLI.

The five-level CMLI can be generalized for ‘2m+1’ levels. The term ‘m’ refers to
number of PV sources and its value is always an even number (i.e. ‘m’=2, 4...). Fig. 4.5 shows
the generalized topology of CMLI for ‘2m+1’ levels in the output voltage. In order to generate
more than five levels in the output voltage, the basic unit consisting of ‘Conv 1’ and ‘Conv 2’
needs to be cascaded as shown in Fig. 4.5. During zero state, all the switches in the basic unit
of ‘Conv 1’ are turned OFF so that the grid is isolated from the PV array. Further, the
intermediate states used in CMLI are replaced by zero state with the required modifications in
PWM technique. This helps in minimizing the flow of leakage current during other
intermediate states. Further, the magnitude of ‘Vmod’ should be modified to accommodate or
nullify the change in voltage level. This modification of ‘Vmod’ depends on the magnitude of
levels in the output voltage of CMLI. Fig. 4.6 gives the waveform of modified reference wave
for 2m+1’ level inverter which is also expressed in (4.6). The amplitude of modified
reference wave remains unchanged until the instantaneous value of reference wave ‘Vmod’ is

less than ‘ma/m’.

4-8



Swi
= SWZA Swa @ Swe @
SW{}} j Bas_ic —
!  — unit
~ Sws I/} Swr/, }

"UT

<
2
1+ | 1\ + |

_|

Basic Basic |............. Basic
unit unit unit

| Filter —
Grid
®

Fig. 4.5. Generalized topology of CMLI for ‘2m+1’ levels in the output voltage.

Modified
reference wave

Carriers wave

> Wt
J, Time (Sec) —

Fig. 4.6. Modified reference and carrier waves for ‘2m+1’ level CMLI.
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(4.6)

4.2.2. PWM strategy for asymmetrical configuration of PV sources

When there is an asymmetry in the PV configuration, the output voltages of PV
sources ‘PV1’ and ‘PV2’ are different. Let “Vpvi” and ‘Vpv2’ are the output voltages of the PV
sources ‘PV1’ and ‘PV2’ respectively as indicated in Fig. 4.7. The total PV voltage ‘Vpy’ is



Vey =Vpy1 +Vpy, 4.7)

Whenever the voltages ‘Vpyvi’ and ‘Vpyv2’ of source ‘PV1’ and ‘PV3>’ are different, then
the same proposed PWM technique can be used except for the value of ‘x2’. The value of
modified reference wave ‘Vret modified” depends on the ratio “Vpvo/ Vpy’. The terms ‘X1’and ‘X2’

can be represented in terms of ‘Vpv1’, ‘Vpv2’ and ‘Vpy’ as

VPVl
X =—— 4.8
VPV ( )
VPV2
X, == 4.9
? VPV ( )

o
0 A E =
= o
PVaol  [Vpv2 =

Fig. 4.7. Circuit schematic for single phase grid connected five-level CMLI for asymmetrical configuration.

The modulation index ‘ma’ is multiplied with a sine wave having unity magnitude to
obtain ‘Vmod’. The instantaneous magnitude of ‘Vmod’ is compared with ‘Xoma’. Whenever the
instantaneous value of reference wave ‘Vmog” exceeds ‘Xoma’, then the magnitude of modified
reference wave ‘Vref modified” becomes ‘VmodX2’. Once PWM strategy is defined for the given
system, MPPT algorithm needs to be integrated with the proposed PWM strategy. Below

section explains the MPPT operation for the system.

4.3. Integration of MPPT with the proposed PWM technique and

the design of PV source capacitors

In order to operate the two PV sources at maximum power [36], perturb and observe
(PO) algorithm [37] was employed in the given system. The PO algorithm requires average
values of sensed PV voltages and PV currents. The sensed averaged values of voltage ‘Vpv1’

and current ‘lpv1’ of source ‘PVi1’ are given to MPPT algorithm ‘MPPT1’ as shown in Fig.
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4.8. Similarly, voltage ‘Vpv2’ and current ‘lpv2’ of ‘PV2’ are given to another MPPT algorithm
‘MPPT?2’. Thus, the sensed average values of PV voltage and current are given to respective
MPPT algorithms. The individual MPPT algorithms ‘MPPT1’ and ‘MPPT2’ gives
modulation index ‘Ma1” and ‘ma2’ respectively as shown in Fig. 4.8. In other words, the two
PV sources are operated with their individual MPPT algorithms. The resultant modulation

index ‘ma’ is obtained by,
M, =My Xy + Myo Xy (4.10)

The resultant modulation index ‘ma’ is now multiplied by an unit amplitude sine wave
to obtain ‘Vmod’. The reference wave ‘Vmod’ is then used for generating modified reference

Wave ‘Vref modified’” @S indicated in Fig. 4.8. The obtained ‘Vret modifiea” 1S cOmpared with a

X2 1T T T T T T
Maz X —
« = VF>v1:17 | |
17 Vpy Ma } Vref_macified

Ipv1

|
|
Vpvi :
‘ V,
+ X mod lu] — generation :
| .
Vev2 M2 X | 1 - , from Fig. 4 :
lovs = Vpy2 -1/\/ : :
2 Vp\/ Xo—n ______ |
1
—>

WAVAVAS I Sw

ﬁ‘ % o —>SwW3

X2 § % _)SW4

= —>Sws

Vv o > >SW5

ref_modified Sw
| —— Sw-,

Fig. 4.8. MPPT and pulse generation for the single phase five-level CMLI.

triangular carrier wave having magnitude ranging from ‘0’ to ‘X2’ and the corresponding
pulses for the switches are generated accordingly. In single phase system, it can be noted that
the buffer capacitor used across PV sources plays an important role in the efficient operation
of MPPT. Thus, proper design value of buffer capacitors (‘Cpv1” and ‘Cpv2”) should be used in
the given MLI.
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4.3.1. Design calculation for PV source buffer capacitors ‘Cpv1’

and ‘va2,

The design of capacitor ‘Cpv1’ can be done by considering the non-active period of the
source ‘PV1’. In other words, value of ‘Cpyi’ should be such that it maintains the PV source
‘PV1’ near the maximum power point (MPP) voltage during the non-active period of PV
source ‘PV7’. Thus, source ‘PV1’ operating near MPP injects the current ‘lpy1’ (near to MPP

current) into the capacitor ‘Cpy1’. The value of capacitor ‘Cpy1’ is given by [38],
Covi=—"1— (4.11)

where ‘t1’ represents the non-active time period or duration in which the source ‘PV1’ is not
delivering any power to the output load, ‘AVpv1’ is the allowed ripple content in the source
‘PV1> voltage ‘Vpvi’. Let us consider five PV modules (where each module has ‘Voo’ =
21.05V and ‘lsc” = 3.84A at STC) are connected in series to obtain desired ‘Vpy1’ and ‘lpvi’.
For the fundamental value of grid frequency 50Hz, the PV source will not deliver any power
for a period of ‘60 or ‘3.33ms’ during symmetrical configuration. Also, considering the
ripple in “Vpv1’ as 2% (i.e. Voc™0.02=2.105V) and ‘lpv1’=3.74A, the calculated value of ‘Cpv1’

is given by

Similar, procedure can be used for the calculation of ‘Cpvi’ during asymmetrical PV
source configurations. Now, as the source ‘PV?’ is active in complete cycle of output voltage,

therefore the value of capacitor ‘Cpv2’ can be calculated as [3],

Pey
20, <VPV 2 >AVPV 2

CPvz =

(4.13)

where ‘Ppy’ is total power from both the PV sources, ‘wg’ is the fundamental value of grid
frequency in rad/sec, ‘<Vpv2>’ is average ‘PV2’ source voltage and ‘AVpy2 ' is the ripple in the
voltage ‘Vpyv2’. By substituting the values of ‘Ppy’=788W, ‘wq’=314 rad/sec, ‘AVpy2'= 2.105V
and ‘<Vpyv2>" = 105.25V, the calculated value of ‘Cpy2’ is given by,

Cpy, =5.66mF (4.14)
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4.4. Analysis of PV terminal voltage and common mode voltage

for five-level inverter

For analysis of leakage current, it is necessary to derive the expression for PV terminal
voltage with respect to ground point ‘g’ (Fig. 4.1). The expression for terminal voltage across
the parasitic capacitances are derived using switching functions. From Fig. 4.1 the terminal

voltage ‘Vpg® across the PV array can be expressed as,

Vog = $1Vpig * S2Vp2g (4.15)

where ‘Vpig’and ‘Vpog® are the terminal voltages at terminal ‘p” when switches Swiand Sw» are
turned ON respectively. Similarly, the terminal voltage ‘vog” across the PV array can be

expressed as,
Vog = S1Vo1g *+ S2Vo2g (4.16)

where ‘Voig’ and ‘Vozg’ are the terminal voltages at terminal ‘0’ when switch Swi and Sw are
turned ON respectively. When switch Swi is turned ON, then the terminal voltage ‘vpig’ and

‘Vng’ at terminal ‘n’ are related as,
Vng =Vplg ~Vpn (4.17)

where ‘vpn’ is the voltage across the terminals ‘p’ and ‘n’ (Fig. 4.1). Substituting Vpn= Vpy’ in
(4.17) gives,

Vng =Vpig —VPV (4.18)
Further, the voltage ‘vag’ (Fig. 4.1) can be expressed in terms of ‘Vp1g” and ‘Vng” as
Vag = S481Vp1g + (1- S4)vng (4.19)
Similarly, the voltage ‘vpg” can also be expressed in terms of “Vp1g” and ‘Vng’ a5,
Vbg = S651Vpig +(1—S6)Vng (4.20)

Now, the voltage ‘Vag’ can also be expressed in terms of grid voltage ‘eq’, drop in filter

inductors (‘L¢ and ‘L’) and resistances (‘R’ and ‘Rg’) [19] as,
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Lt di1+£diig+R_ R

G -
Vg = — —— —ig +—>ig +e (4.21)
M7 2 4 2dt 29 29779
Similarly, the voltage “vbg’ IS expressed as,
Lf diy Ldig R Rg
Vhg = — —— 4+ — —= 4+ — g +—2 i 4.22
9" g 2dt 29 2 9 (4.22)

Now neglecting the drop in resistances ‘Rg’ and ‘R/2’ and adding (4.21) and (4.22) with

assumptions of ig=-ig , iy=-i, and iz=-i1 [19] gives,

Now, replacing ‘Vag” and ‘vpg’ in (4.23) and then simplifying the expression for the terminal

voltage ‘Vp1g’ gives,

B eg+VpV (2—54—56)
Yplg = [54(51 ~1)+Sg(Sp -1 +2 (4.24)

Once ‘Vpig’ is known, then the other terminal voltage ‘Voig” (When switch Swi is ON) can be

calculated as,

V
Volg =Vplg ~ 7PZV (4.25)

Now to calculate terminal voltage ‘Vpg’, it still requires calculation of terminal voltage when
switch Swy is turned ON. When switch Swz is turned ON, then the terminal voltages ‘Vp2¢” and

‘Vozg™ are related as,
Vpv
Vp2g =Vo2g +T (4.26)

Also, the terminal voltage ‘Vozg” and ‘vng’ are related as,

Vng =Vo2g —Von (4.27)
Substituting ‘Von’ by ‘Vpv/2’gives,
V
Vng =Vo2g _% (4.28)

Again the voltage ‘Vag’ can be expressed in terms of ‘Vo2q” and ‘Vng’ @S,
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Vag ~>452V02g +(1-54 ) Vng (4.29)
Similarly, the voltage ‘vbg” can also be expressed in terms of ‘Vozg” and ‘Vng’ @S,
Yog =S652V02g +(1-56)Vng (4.30)

Substituting (4.29) and (4.30) in (4.23) and simplifying for terminal voltage ‘Vozq’ results in,

eg+VPV (2—84—86)

_ 2
Yo2g = S4(Sy —1) +Sg(Sy —1) +2 (4.31)

Once ‘Vozg’ 1s known, ‘Vpzg” can be calculated using (4.26). Using (4.15), the final expression

for terminal voltage ‘vpg’ for PV source ‘PV1’ is given by,

V V
PV PV

Similarly, using (4.16) the final expression for terminal voltage ‘Vog’ for PV source ‘PVy’ is

given by,
\Y; \Y
_ PV PV

where the terms S;1, Sz2, Szz and Sz4 in (4.32) and (4.33) are given by

o S, o (2-54-5¢)8,

2l S4(81-1)+Sg(sy-1)+2° 22 S4(51-1)+5g(sy-1)+2’
s P

S = 2 s, (2-54-36) 52

54(82-1)+86(82-1)+2’ 254(52—1)+s6(32—1)+2

To analyse the expressions (4.32) and (4.33) of terminal voltages containing switching
functions, simulation was performed for both conventional and proposed PWM techniques.
The simulation was done for given five-level CMLI using SIMULINK block set of
MATLAB/SIMULINK software. Specifications used in the simulation are, ‘Vpy’=250V, ‘eg’=
162.63V and ‘fy’= 50Hz. In order to show the undefined states clearly the switching frequency
‘fsw’ 1s limited to 1kHz. Fig. 4.9 (I) and (I1) shows the systematic approach for the generation

of terminal voltage waveform from the expressions given in (4.32) and (4.33) for
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conventional SPWM and proposed PWM techniques respectively. The subplots (a) to (d) in
Fig. 4.9 (1) and (11) shows the switching states S1, Sz, S4 and Se of switches Swi, Swz, Sws and
Sws respectively for conventional SPWM and proposed PWM techniques. The subplots (e) to
(h) of Fig. 4.9 (1) and (I1) gives the waveform of complicated switching expressions Szi1, Sz,
Szz and Sz in the terminal voltage. The effect of presence of high-frequency switching terms
in the complex expression can be easily observed. The subplots (i) to (k) of Fig. 4.9 (1)
clearly indicate that the presence of high-frequency transitions in terminal voltage waveforms
is eliminated in proposed PWM technique. Further, the instance of floating or undefined
voltage during zero state is present in both the PWM techniques. This results in discontinuity
in the terminal voltage waveforms as observed in subplots (e) to (n) of Fig. 4.9. This verifies
that the proposed PWM technique eliminates the high-frequency switching pulses in the
terminal voltage for PV sources as shown in bottom subplots (i), (j), (k) of Fig. 4.9 (II). This
further helps in reducing the leakage current [39] magnitude in PV systems. This can also be
justified with the fact that the impedance offered by parasitic capacitor is inversely
proportional to the frequency [20]. Further, the subplots (I) and (m) of Fig. 4.9 (I) and (II)
shows the voltage ‘van’ and ‘Von’ of the inverter for conventional and proposed PWM
techniques. Subplot (n) of Fig. 4.9 (I) and (I) shows the common mode voltage ‘Vem’ of
inverter for conventional and proposed PWM techniques. It can be easily observed from the
plot that a number of high-frequency switching transitions are absent in the proposed PWM
technique. Due to absence of high-frequency switching’s, the size of EMI filter required at the
output of inverter may be reduced [40]. This may further reduce the cost, size and weight of

the system.
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4.5. Simulation results

Simulation of the proposed system was performed using the MATLAB/SIMULINK
software. To justify the performance of the system for leakage current and MPPT operation,

two separate simulations were performed as discussed in the following two subsections:
4.5.1. Simulation for leakage current

The simulation of the five-level CMLI shown in Fig. 4.1 was conducted in the
MATLAB/SIMULINK software using its POWERSIM block-set to justify the analysis done
with switching function. The conventional and proposed PWM techniques were applied to the
five-level CMLI configuration with identical parameters. The parameters used in the
simulation for proposed system are given in the Table 4.2. To deliver average active power
‘P’ into the grid, the inverter needs to generate a voltage ‘V,’ with an angle ‘6;’. The

magnitude of angle ‘dr’ and voltage V¢’ can be calculated as [21],

2Hfg (Lf + L)P

Sy = arctan 4.34

' e5 +RP (434)
RP 1

Vr —{eg +¥J Cosé‘r (4.35)

TABLE 4.2. PARAMETERS USED IN THE SIMULATION OF FIVE-LEVEL CMLI

Parameter P Vpc  fw €g fg L Re Rp

Value 2.5kW 250V 25kHz 162.63V 50Hz 1.4mH 0.1Q 0.01Q

Parameter R Ls C1 Rt Lt Co Ry Ce

Value 0.1Q 4mH 2pF  50m€Q 900uF 0.329uF 2Q  10nF

A system with ‘P’=2.5kW, then ‘V;’ = 233V and ‘0y’=0.158 rad was considered for
both the simulations. Fig. 4.10 (i) and (ii) shows the simulation results of cascaded five-level
CMLI with conventional SPWM and proposed PWM techniques respectively. The subplots
(@) and (b) of Fig. 4.10 (i) and (ii) show the output voltage of five-level inverter ‘Vap’ and the
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Fig. 4.10. Simulation waveforms of five-level CMLI with (i) conventional SPWM technique (ii) proposed PWM
technique. The subplots give the waveforms of: (a) output voltage ‘Van’; (b) grid current ‘ig’; (¢) terminal voltage
“Vpg’; (d) Terminal voltage ‘Vog’; () leakage current flowing through the parasitic capacitance ‘ijeax’; (f) common

mode voltage “Vem’.

corresponding grid current ‘ig” respectively. The Fast Fourier Analysis (FFT) of the five-level
inverter output voltage ‘Vap’ and the corresponding grid current ‘ig” was also shown inside the
corresponding subplots. It can be observed that the magnitude of higher order harmonics is

slightly high in the inverter output voltage ‘vap’ for the proposed PWM technique when
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compared to the conventional SPWM technique. However, these higher order harmonics can
be taken care by the proper design of filter. The subplots (a) of Fig. 4.10 (i) and (ii) also show
that the harmonic components at the frequencies in multiple of 25kHz are dominant in both
conventional SPWM and proposed PWM techniques. Therefore, design values of the filter
remain same for both the cases with the cut-off frequency of 25kHz. It can be easily verified
that Total Harmonic Distortion (THD) of the current waveform remains same for
conventional SPWM and proposed PWM technique. The THD of the grid current in both the
cases meets the requirement of standard IEEE 1547 [41] and it has nearly same value.
Another important observation is that, the common mode and terminal voltage waveforms
have high-frequency voltage transitions in the conventional SPWM as shown in subplots (c),
(d) and (f) of Fig. 4.10 (i). These high-frequency voltage transitions are absent or removed in
the case of proposed PWM technique as shown subplots (c), (d) and (f) of Fig. 4.10 (ii). The
terminal and common mode voltage waveforms are matching with the results obtained using
switching function analysis (Fig. 4.9). This also justifies the analysis done. The presence of
high-frequency voltage transitions in the common mode voltage for conventional SPWM
technique results in the flow of zero sequence current in the system. This may increase the
THD of grid current. Further, the subplots (e) of Fig. 4.10 (i) and (ii) shows the waveform for
leakage current ‘ijeak “of conventional SPWM and proposed PWM techniques respectively. It
can be observed that value of leakage current is around 0.2A in conventional SPWM whereas
with proposed PWM its value is less than 0.1A. This can be attributed to low-frequency

voltage waveform on the terminal voltages ‘Vog’ and “vpg’.

Further, proposed PWM also eliminates high-frequency transitions in common mode
voltage. This further helps in minimizing the EMI filter requirement for the system [40] using
proposed PWM technique compared to conventional SPWM technique. Because of reduction
in high-frequency transitions in common mode voltage, the size of EMI filter at the output of
inverter is reduced [40]. This may further reduce the cost, weight and size of grid connected
system. Again, the FFT was done to further analyze the presence of various high-frequency
components in the terminal voltage due to both PWM techniques. Fig. 4.11 shows the FFT
plots for terminal voltage of the five-level CMLI. It can be easily verified that the
conventional SPWM has significant percentage of high-frequency components more than 50
percent at resonant frequency around 43.316kHz as obtained from (4.4). However, with

proposed PWM technique, no significant high-frequency components are present at any value
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of high-frequency. Fig. 4.12 shows the FFT analysis of leakage current flowing through the
parasitic capacitance of the PV array for five-level CMLI with SPWM technique and
proposed PWM technique. The peak magnitude of the leakage current is around 65mA at
resonant frequency 43.316kHz calculated from (4.4). With the proposed PWM technique, the

T ST T T 12
10014 FFT of Vpg (VO|'[S) with 1004 |:|_—|- of Vpg (V0|'[S) Wlth
80l- conventional SPWM 1. proposed PWM
] : technlque : 80:-‘ technlque
601 : VR S
401 401
201 201
08— 2063 40e3 60e3 80e3 1003 0D 2083 4063 6063 80e3 100e3
Frequency (Hz)—> (i) Frequency (Hz)—> (ii)

Fig. 4.11. FFT analysis of terminal voltage ‘vpy’ of the cascaded five-level CMLI with (i) conventional SPWM
technique (ii) proposed PWM technique.
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Fig. 4.12. FFT analysis of leakage current ‘ieac’ flowing through the parasitic capacitance of the PV array for
five-level CMLI with (i) conventional SPWM technique (ii) proposed PWM technique.

peak magnitude of leakage current is reduced to 2mA at resonant frequency. Thus, the
proposed PWM technique minimizes the leakage current flowing through the parasitic
capacitor along with the reduction in size, weight and cost of the grid connected inverter
system. However, the switching losses are more in the proposed PWM technique compared to
that of conventional SPWM technique. Hence, the five-level CMLI may have slightly reduced
efficiency with the proposed PWM technique compared to that of conventional SPWM
technique. However, the THD of grid current remains almost same for both the conventional
SPWM and proposed PWM techniques.
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4.5.2. Simulation for MPPT performance

Simulation was again performed in SIMULINK environment using PV source model.
The model of PV module with short circuit current ‘lsc’ of 3.74A and open circuit voltage
‘Voc” of 21.05V at STC is used in the simulation. Two sets having series connection of PV
modules were used to form two PV sources ‘PVi’ and ‘PV2’ for the inverter. The two PV
sources ‘PV1’ and ‘PV>’ are connected to inverter through buffer capacitors ‘Cpyvi’ and ‘Cpyv2’
respectively of value 6000uF each. The output of five level CMLI is connected to resistive
load of 26Q through the ‘LC’ filter. Resistive load was used for simplicity in the simulation.
Further, the operation of five-level CMLI with the proposed PWM technique to eliminate
leakage current will remain nearly same for the grid-connected and stand-alone systems. This
can be justified with the fact that the modified reference wave ‘Vret modifiea” Will remain same
for both, except for the additional calculations of the load angle given in (4.34) and (4.35) for

the reference wave ‘Vimog’.

Fig. 4.13 shows the waveforms obtained from the simulation of the five-level CMLI
using two PV sources having same short circuit current of magnitude 3.74A under identical
environmental conditions. Fig. 4.13 (1) shows the waveforms for the case when both the PV
sources are symmetrical. The two PV sources have equal open circuit voltage given by 105.25
V. Fig. 4.13 (11) and (I11) show the waveforms of the five-level CMLI, for the case when both
the PV sources are asymmetrical. For Fig. 4.13 (II), the voltage magnitude ‘Vpv1’ for ‘PVy’
source is less than the voltage magnitude ‘Vpyv2’ for ‘PV2’ source as can be seen in subplots (e)
and (f) of Fig. 4.13 (1I). The open circuit voltage of the PV sources ‘PV1’ and ‘PV>’ are given
by 63.15V and 147.35V respectively. For Fig. 4.13 (III), the voltage magnitude ‘Vpv1i’ is
greater than the voltage magnitude ‘Vpv2’ as can be observed from subplots (e) and (f) of Fig.
4.13 (I1). The open circuit voltages of the PV sources ‘PV1’ and ‘PV2’ are 147.35V and
63.15V respectively.

The subplots (a) of Fig. 4.13 show the waveform of resultant modulation index ‘ma’
for the five-level CMLI. The sub-sub plot in subplots (a) of Fig. 4.13 show the value of
resultant modulation index ‘ma’ near MPP. Further, the power waveforms of both PV sources
‘Ppv1’ and ‘Ppy2’ are shown in subplots (b) and (c) of Fig. 4.13 respectively. The subplots (d)
of Fig. 4.13 show the output power ‘Pout’ of the resistive load. It can be observed that the
magnitude of power ‘Pout’ is nearly equal to sum of the two PV source powers ‘Ppyvi’ and
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‘Ppv2’. Further, it also justifies the power balance phenomenon for the two PV sources (‘PV1’
and ‘PV2’) in the system. Oscillations in the value of ‘ma’ and low ripple contents in PV
power for both the PV sources indicate operation near to MPP for the proposed system.

Further, the ripple content in the power ‘Ppv1’ is high in the case shown in Fig. 4.13 (II) when
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Fig. 4.13. Five-level CMLI with proposed PWM technique and MPPT for case when: (I) ‘Vpvi’ = ‘Vpv2’; (II)
Vpv1” < Vpyv2’; (III) “‘Vpv1” > ‘Vpv2’. The subplots give waveforms of :(a) resultant modulation index ‘ma’; (b)
power ‘Ppy1’ from the source ‘PV7’ in Watts ; (c) power ‘Ppy2’ from the source ‘PV>’ in Watts ; (d) output power
‘Pout’ at the resistive load ; (e) voltage “Vpyvi’ from the source ‘PVy1’; (f) voltage ‘Vpyo’ from the source ‘PV3’;
(g) current ‘lpyi’ from the source ‘PV1’; (h) current ‘lpy2’ from the source ‘PVy’; (i) output voltage ‘Vap’ of

inverter; (j) modified reference wave “Vret modified”-
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compared to the cases shown in Fig. 4.13 (1) and (I1I). This is due to the fact that non-active
power transfer period in the case of Fig. 4.13 (Il) asymmetrical configuration is more when
compared to that of symmetrical configuration. Therefore, the design value of capacitor
‘Cpv1’ will be still higher when compared to symmetrical configuration. Thus, ripple content
in the power ‘Ppy1’ can be minimized by choosing proper value of capacitor ‘Cpyi’ for the
asymmetrical configuration. The subplots (c) of Fig. 4.13 show the waveforms of PV power
for source ‘Ppyv2’. High ripple content in the power ‘Ppyv2’ can be observed in Fig. 4.13 (III)
when compared to Figs. 4.13 (I) and (Il). This can be attributed to lower value of source
voltage when compared to symmetrical configuration. Thus, again the ripple content in ‘Ppyvy’
for Fig. 4.13 (III) can be minimized by designing the capacitance ‘Cpyv2” with appropriate
voltage of ‘Vpy2’. The subplots (e) of Fig. 4.13 show the ripple content in the voltage ‘Vpv1’ of
Fig. 4.13 (I1) is high compared to Fig. 4.13 (1) and (I1I). Similarly, the ripple content in PV
voltage ‘Vpy2’ in subplot (f) of Fig. 4.13 (III) is higher compared to Fig. 4.13 (I) and (II).
Similar observations can be seen for the PV currents ‘lpv1’ and ‘lpv2’ given in subplots (g) and
(h) of Fig. 4.13. Another observation with respect to magnitude of voltage levels can be
observed in subplot (i) of Fig. 4.13. Asymmetry in the PV array configuration can be
observed from the magnitude of voltage levels. The last subplot (j) of Fig. 4.13 shows the
modified reference waveform ‘Vref modifies” for all cases. Increase and decrease in the non-
active period of ‘PVi” source for asymmetrical configurations compared to that of

symmetrical configuration can be easily observed as indicated by ‘t¢’ in the subplot.

4.6. Experimental results

To validate the analysis and simulation of the PWM technique, a lab proto-type was
fabricated. Specifications and values of the parameters used in the fabricated experimental
set-up are described in Table 4.3. Fig. 4.14 gives the photograph of the experimental set-up.
The built set-up consists of MOSFETSs with part number AOT10T60PLF in the power circuit

as a switching devices. Driver IC HCPL 316J is used for driving the switching devices. The

TABLE 4.3. PARAMETERS USED FOR EXPERIMENTAL SET-UP

Parameter P Vpoc  fsw L C  Rioad

Value 400W 200V 10kHz 2mH 50upF 100Q
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Flve level MLI with

LC filter driver ckt =

Fig. 4.14. Experimental set-up for five-level CMLI along with PV test source to measure the leakage current.

PV panel

input of inverter is connected to two programmable DC power supplies made by TDK
LAMBDA with model number ZUP120-1.8 as shown in Fig. 4.14. The output of inverter is
connected to LC filter and resistive load [42]. The switching pulses for conventional SPWM
and proposed PWM techniques for five-level inverter are generated using DSP
TMS320F28335. The required PWM pulses are generated in DSP using VISSIM software.
All the experimental waveforms were taken in Tektronix DPO 3034.

Fig. 4.15 (i) and (ii) shows the experimental results of the five-level CMLI without
inclusion of PV test panel (Fig. 4.14) for conventional SPWM and proposed PWM techniques
respectively. The subplot (a) of Fig. 4.15 (i) and (ii) show PWM pulses for switches Sws,
Swz, Sws and Swe. The waveform of voltage across resistive load ‘Viead” is shown in subplot
(b) of Fig. 4.15 (i) and (ii). The subplot (c) of Fig. 4.15 (i) clearly indicates the presence of
high-frequency voltage transitions in the terminal voltages ‘vpg’ and ‘Vog’ with the
conventional SPWM technique. Experimental waveform for terminal voltage ‘vpg’ and ‘Vog’
resembles with the waveforms given in the analysis and simulation. Similar observation is
applicable for waveforms shown in subplot (c) of Fig. 4.15 (ii). The terminal voltage
waveforms obtained from experimental results have low-frequency component and they are
similar to what is obtained by simulation and analysis. The presence of low-frequency
transitions in the PV terminal voltage justifies low leakage current. The subplot (d) of Fig.
4.15 (i) and (i1) shows the waveform of current ‘ijoad’ flowing through resistive load. The peak

amplitude of both the current waveforms is nearly same.
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Fig. 4.15. Experimental waveforms of the five-level CMLI with the (i) conventional SPWM technique and (ii)
proposed PWM technique. The subplots show: (a) PWM gating pulses for switches Swi, Sw2, Swa, Sws; (b)
voltage across load ‘Viead’; (c) terminal voltage ‘Vpg’, “Vog’; (d) load current flowing through resistive load ‘ijoad’

set-up for five-level CMLI along with PV test panel to measure the leakage current.

To measure actual leakage current ‘ileax’ again same set-up was utilized with the
inclusion of PV module (Fig. 4.14). However, in the given set-up the power supply DC
voltage is reduced to 50V. This is done to protect PV panel from damage. The positive and
negative terminals of PV panel are shorted and are connected to node ‘p’ as indicated in Fig.
4.14. The metallic frame or ground point from PV module is connected to node ‘g’ (Fig.
4.14). Current flowing through between metallic frame and node ‘g’ is measured using current

probe. Fig. 4.16 shows the experimental results obtained using (i) conventional SPWM and
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(i) proposed PWM techniques. It can be easily observed from the experimental result that the
magnitude of leakage current in proposed PWM technique is lower in comparison with

conventional SPWM.
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Fig. 4.16 Experimental waveforms of voltage across load ‘Vicad’, terminal voltage ‘vpg’, terminal voltage ‘Vog” and
current flowing through parasitic capacitance of PV test panel ‘iea’ for five-level CMLI with (i) conventional
SPWM technique (ii) proposed PWM technique.

Again, now the experiment was performed to capture the waveform of leakage current
with a series branch of resistance ‘Rp’ and capacitance ‘Cp’ connected at the nodal point ‘p’
(as shown in Fig. 4.1) of the fabricated inverter without inclusion of PV panel. The current
flowing through this branch is measured using the Tektronix current probe TCS0030. Output
of the inverter is connected to resistive load through a LC filter. The operation of five-level
CMLLI for the proposed PWM technique to eliminate leakage current will remain nearly same
for the grid-connected and stand-alone systems except for the additional calculations of the
load angle as given in (4.34) and (4.35) for ‘Vmod’. During the zero state, grid or stand-alone
load is isolated from the PV array. So, the concept for minimization of leakage current
remains same for both the grid-connected and stand-alone load systems. Table 4.4 shows the
value of different parameters considered for the experimental setup. Fig. 4.17 shows the

waveforms of voltage across the resistive load ‘Viead’, terminal voltage ‘Vpg’, ‘Vog” and the load

4-27



TABLE 4.4. VALUES USED FOR EXPERIMENTAL SET-UP

Parameter P Vpc

fSW

L

C

Rioad Rp

Cp

Value

54W 100V 10kHz 2mH 1.25pF 185Q 5 Q 330nF

n e ..
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Fig. 4.17. Experimental waveforms of voltage across load ‘Viead’, terminal voltage ‘vpg’, terminal voltage ‘Voq” and

‘load’ current flowing through load for five-level CMLI with (i) conventional SPWM technique (ii) proposed

PWM technique.

current flowing through the resistive load ‘ijoad’ for the conventional SPWM technique and
proposed PWM technique respectively. Fig. 4.18 shows the waveforms of terminal voltage
‘Vog” and leakage current ‘ilea’ flowing through the ‘Rp’ — ‘Cp’ branch for both conventional
SPWM and proposed PWM techniques. With the conventional SPWM technique the spikes in
the leakage current is observed for the complete cycle of terminal voltage ‘Vog’ as shown in
Fig. 4.18 (i). Using the proposed PWM technique, spikes of comparatively low magnitude is

observed in leakage current during the transition in the terminal voltage ‘vog’ as observed

from Fig. 4.18 (ii).

Fig. 4.18. Experimental waveforms of terminal voltage ‘Vog” and ‘ijeax” current flowing through ‘Ry’-‘C,” branch

for five-level CMLI with (i) conventional SPWM technique (ii) proposed PWM technique.
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Fig. 4.19. Experimental waveforms for five-level CMLI with (i) conventional SPWM technique (ii) proposed
PWM technique. The subplots shows: (a) output voltage ‘vap’ and FFT analysis of ‘vay’;(b) voltage across load
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Fig. 4.19 shows the FFT analysis or harmonic spectrum of various waveforms of five-
level CMLI with (i) conventional SPWM and (ii) proposed PWM techniques respectively.
The subplots (a), (b) and (c) of Fig. 4.19 shows the FFT analysis spectrum for output voltage
‘Vab” of the inverter, load voltage ‘Vioad” across the load and current ‘ijoad” flowing through the
resistive load respectively. It can be observed that the harmonic content in output voltage ‘Vap’
of the inverter, load voltage ‘Vioad” across the load and current ‘ijoad’ for both conventional
SPWM and proposed PWM technique is nearly same. The subplots (d) and (e) of Fig. 4.19
show the FFT analysis spectrum for terminal voltage ‘vpg” and leakage current ‘ijeak’ flowing
through series connected ‘Rp’-‘Cp’ branch. It can be observed that the harmonic component at
resonant frequency around 9kHz obtained using (4.4) is high in case of conventional SPWM
technique. Using the proposed PWM technique, the high-frequency components are absent in
the terminal voltage. Since the high-frequency components are absent with the proposed
PWM, the size of EMI filter required is reduced. This may further reduce the cost, size and
weight of the system. Hence, using the proposed PWM technique the leakage current flowing

through the parasitic capacitance is less compared to that of conventional SPWM technique.

4.7. Conclusion

This chapter presents a PWM technique for minimization of the leakage current in
transformerless grid tie PV inverter. The proposed PWM technique requires less number of
carrier waves when compared to the conventional SPWM technique. The proposed PWM
technique is also integrated with MPPT technique for the operation of two PV sources near
MPP. Using the proposed PWM technique, leakage current is minimized without addition of
any extra switches. The proposed PWM technique eliminates high-frequency voltage
transitions in PV terminal and common voltage of the inverter. The elimination of high-
frequency voltage transition results in reduction of leakage current magnitude flowing through
the parasitic capacitance. It may also reduce the requirement or size of EMI or common mode
filters required in the system. Further, the analysis for the PV terminal and common mode
voltages is also explained in the chapter. Using the proposed analysis, PWM technique can be
studied and modified, so that high-frequency voltage transitions can be avoided in the PV
terminal and common mode voltage. So given analysis is useful in defining the appropriate
PWM strategy for the minimization of the leakage current. The analysis given in the chapter

is verified with simulation and experimental results in the chapter.
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Chapter 5
A Highly Efficient and Reliable Inverter Configuration

Based Cascaded Multi-Level Inverter for PV Systems

Using the proposed PWM technique for the single-phase five-level CMLI in chapter 4,
the magnitude of leakage current is minimized. However, the objective of high efficiency is
not achieved. In order to meet the objective of highly efficiency, an improved Cascaded
Multi-Level Inverter (CMLI) based on a highly efficient and reliable configuration for the
minimization of the leakage current is proposed in chapter 5. Apart from a reduced switch
count, the proposed scheme has additional features of low switching and conduction losses.
The proposed topology with the given PWM technique reduces the high-frequency voltage
transitions in the terminal and common-mode voltages. Avoiding high-frequency voltage
transitions achieves the minimization of the leakage current and reduction in the size of EMI
filters. Furthermore, the extension of the proposed CMLI along with the PWM technique for
‘2m+1’° levels is also presented, where ‘m’ represents the number of Photo Voltaic (PV)
sources. The proposed PWM technique requires only a single carrier wave for all ‘2m+1’
levels of operation. The Total Harmonic Distortion (THD) of the grid current for the proposed
CMLI meets the requirements of IEEE 1547 standard. A comparison of the proposed CMLI
with the existing PV Multi-Level Inverter (MLI) topologies is also presented in the chapter.
Complete details of the analysis of PV terminal and common-mode voltages of the proposed
CMLI using switching function concept, simulations, and experimental results are presented

in below sections.

5.1. Operation of proposed cascaded five-level MLI

The schematic circuit diagram of the proposed five-level CMLI for PV system is
shown in Fig. 5.1. The given configuration consists of two converters (‘Conv-1" and ‘Conv-
2’). ‘Conv-1" is a half-bridge inverter comprising two switches Swi and Sws. The ‘Conv-2’
comprises of a highly efficient and reliable inverter configuration [43] with six switches (Sws
to Swg). Among the six switches, four switches (Sws to Swe) in ‘Conv-2’ constitute an H-
bridge circuit. The remaining two switches Swz and Swsg in ‘Conv-2’ are bi-directional

switches. The switches in the ‘Conv-1" are used to generate the voltage levels of ‘Vpy’ and
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‘Vpv/2’. When switch Swi is turned ON, the voltage Vpy is applied at the terminal ‘z’ with
respect to the terminal ‘n’. Similarly, the terminal ‘Z’ attains the voltage ‘Vpv/2” when switch
Sws is turned ON. The switches Swi and Sw. are complementary in nature. The generated
voltage levels at the terminal ‘z’ of ‘Conv-1" are given as an input to the ‘Conv-2’. The
‘Conv-2’ generates the positive, negative and zero levels of corresponding input voltage
(voltage between the terminals ‘z’ and ‘n’) across the load. The bi-directional switches Swy
and Swg provide the free-wheeling path during zero voltage state. The output of the five-level
CMLI is connected to the grid through an LCL filter as shown in Fig. 5.1 [20-21, 34]. It
consists of inverter side inductance ‘Lf’, capacitance ‘Cs and grid side inductance ‘L’. The
resistance ‘Rq’ in the shunt branch of the filter is used as a damping resistor. The resistance
‘R’ refers to the grid side resistance, and the resistance ‘Rg’ indicates resistance in the ground
path. The variable ‘ey’ refers to instantaneous grid voltage. The variables ‘Rp’ and ‘Cp’ refer to
the parasitic resistance and capacitance in the PV system, respectively shown with dotted
lines in Fig. 5.1. The parasitic capacitance in PV system forms a resonant circuit with the
filter inductances [21]. The variables ‘i/’, ‘ip” and ‘ig’ denote the output current of five-level
CMLLI, current flowing through shunt branch of the filter and the current flowing into the grid
respectively. The current ‘iieak’ indicates the leakage current flowing from the PV array into

the ground through parasitic capacitance (see Fig. 5.1).

The proposed MLI topology contains four pairs of complementary switches

(Swi, Swy), (Swa, Swa), (Sws, Swe) and (Swy, Swg) in the proposed configuration. However,

Fig. 5.1. Proposed five-level grid-connected CMLI with PV and parasitic elements.
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to minimize the leakage current, the complementary switching is employed only for the two
pairs of switches (Swi, Swz) and (Swy, Swg). Avoiding complementary action for the other

pairs of switches helps in isolating the PV and the grid source during zero voltage state.

Fig. 5.2 shows the operation of the inverter in all its switching states. The inverter
output voltage ‘vap’ at different voltage levels with the corresponding switching states of all
the switches are shown in Table 5.1. The inverter output voltage ‘vap’ attains the voltage
levels ‘“+Vpy’ or ‘~Vpy’ when switch Swi is turned ON along with other inverter switches
(Sws, Swe) or (Sws, Sws) respectively as shown in Figs. 5.2 (a) and 5.2 (e). Similarly, the
voltage levels ‘“+Vpv/2’ or ‘—Vpy/2’ are obtained at ‘Va,” when switch Sw> is turned ON with
the same switching combinations as shown in Figs. 5.2 (b) and 5.2 (d). The most important
feature to be noticed during zero voltage state or free-wheeling stage is the isolation or
disconnection between PV source and the grid. The isolation between the PV source and the
grid can be achieved by turning OFF all the switches of H-bridge inverter as shown in Fig. 5.2

(©).

The turn-OFF state of four switches in H-bridge during zero voltage state results in the
isolation of PV source from the grid. The bi-directional switches Sw7 and Swg provide a free-
wheeling path for the inductor current during the turn-OFF period of a switching cycle. This
action helps in minimizing the leakage current flowing through the parasitic capacitance. As
there is no direct connection between the two sources, the PV terminal points (nodes ‘p’, ‘0’
and ‘n’) float and have undefined voltages. The float or undefined value restricts the terminal
voltages from becoming zero. Thus, high-frequency voltage transitions at the PV terminals
are avoided. In other words, the possibility of the flow of leakage current can be minimized.
Also, in the other intermediate states like switching between ‘Vpy/2’ to ‘Vpy’ or vice-versa,
again the same principle can be used. The above action further helps in the minimization of
the leakage current in the PV system. The PWM technique for the proposed five-level CMLI
is broadly discussed in next section. The expression for the pole voltages ‘Van’ and ‘vpn> are

given in (5.1) and (5.2) respectively.

Van= Sls3+058283- ! + - VPV (51)
(S3+S4) (S3+54)(51+2)
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TABLE5.1. SWITCHING STATES WITH THEIR RESPECTIVE OUTPUT VOLTAGE

Swi Sw2 Sws Sws Sws  Swe Swz Swsg Vab

1 0 1 0 0 1 1 O + Vpy
0 1 1 0 0 1 1 0 +Vp/2
0 1 0 0 0 0 1 O 0

1 0 0 0 0 0 1 O 0

0 1 0 1 1 0 0o 1 -Vpv/2
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Vbn:(8185+0.58255— ! + - JVPV (52)
(S5+Sg) (S5+Sp)(S1+S2)

where Sy, (x=1, 2, 3...) is the switching state of switch Swy whose value can be either ‘1’

(stands for turn-ON) or ‘0’ (stands for turn-OFF) respectively.

Fig. 5.3 shows the switching pattern of all the switches for the corresponding inverter
output voltage ‘vap’. The switches Swi and Sw. in the half-bridge are operated at low
switching frequency. In order to eliminate the high switching frequency operation, the switch
Sw: is kept turned ON in zero state during voltage transition between the levels ‘0’ to “Vpv/2’.
Similarly, the switch Swi is kept turned ON, during voltage transition between levels ‘0’ to
‘Vpv’. The inverter switch pair (Sws, Swe) is operated with a high switching frequency during
positive half-cycle, and it remains at the turn-OFF state during the negative half-cycle of the
inverter output voltage ‘Vap’. A similar operation is applicable to the other inverter switch pair

(Swa, Sws), which is operated with higher switching frequency during the negative half-cycle.

Vey T -
o LU ks 210 00 %0
o = 1 il
SVPN [ e
N | | | Sw
N - — [ Swo,
L 1O0OO TN W3 ot
1
MO 0OOM TTIIO00 [0 Swa
0 —> ot
0 IONOO0TTO000 A0 Swsy,,
o L1000 T I00ann SWe ¢
é I SW7)mt
é [ Swg,u)t

Fig. 5.3. Gate pulses for the switches corresponding to inverter output voltage.

The switches Swy and Swg are turned ON during positive and negative half cycles of
the output voltage ‘vap’ respectively. The removal of complementary action from the pair of

switches (Sws, Swa) and (Sws, Swe) facilitates complete turn-OFF of the switches during each
5-6



half-cycle of the output voltage ‘Van’. Thus, the proposed system has the advantage of reduced
switching losses, realizing to a highly efficient and reliable inverter configuration which may

result in higher efficiency.

The generalized topology for ‘2m+1’ levels can also be obtained for the proposed
five-level CMLI. The number of PV sources in CMLI is denoted by the term ‘m’. The value
of ‘m’ is always an integral multiple of 2 (i.e., ‘m’ =2, 4...). The extended version of the
proposed CMLI for ‘2m+1’ levels is presented in Fig. 5.4. The generalized topology is
obtained by cascading the basic units consisting of half-bridge and H-bridge. The bi-
directional switches are connected in between the output terminals for the free-wheeling
period. The proposed generalized ‘2m+1’ level MLI is also compared with the half-bridge
and full-bridge modular multi-level converter. The half-bridge modular multi-level converter
requires less number of switches when compared to the proposed generalized ‘2m+1’ level
MLI. However, it is difficult to reduce or minimize the flow of leakage current in the half-
bridge modular multi-level converter. Also, the number of electrolytic capacitors used at the
input side of the half-bridge modular multi-level converter is high compared to the proposed
generalized ‘2m+1’ level MLI. The proposed MLI has a lesser device count when compared
to the full-bridge modular multi-level converter [44]. However, both can minimize the

leakage current flowing through the PV system.

j Basic —
+ unit | o
Basic Basic |............. Basic
unit unit unit
N y
iy
| Filter —
Gr|d®

Fig. 5.4. Generalized ‘2m+1’ level MLI topology derived from proposed five-level CMLI.
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5.2. Proposed PWM strategy along with generalized strategy for

minimization of the leakage current

The operation of the proposed PWM technique is explained by considering the given
five-level CMLI. The high-frequency transitions in the terminal voltages ‘Vpg” and ‘Vog’ of
five-level CMLI are minimized using the proposed PWM technique. The suggested action can
be achieved by switching from ‘Vpy’ to ‘0’ state or vice-versa instead of the switching from
‘Vpy’ to ‘Vpv/2’ state or vice-versa. Additionally, during the zero voltage state or free-
wheeling period of the switching cycle, the PV array is isolated from the grid. The isolation of
the PV array and the grid during zero voltage state is similar to the inverter configuration
reported in [43]. The magnitude of reference wave ‘Vmod” is lowered to 50% of its original
value whenever the switching is toggled amongst the levels ‘Vpy’ and ‘0. The above action is
mainly done to accommodate the value of PV voltage ‘Vpy’. The modification in the value of
‘Vmod’ 1s done whenever the instantaneous magnitude of modulating wave ‘Vmod’ exceeds the
value of ‘ma/2’, where ‘my’ refers to the modulation index. By incorporating the desired
modification, the output voltage includes the zero voltage state (i.e., free-wheeling state) in all

its switching periods. The expression for modified reference waveform “Vret modified” IS given in
(5.3).

m \
Vg TOF 0£|vmod|<7a from %to 0

Vref modified = 1\, . m
mol a
~-mod for T§|vm0d|<ma from Vp, to 0

° (5.3)
where, Vmod = Ma sinmt gives the magnitude of Vmod.

The output voltage of the proposed PWM technique for the five-level CMLI is shown
in Fig. 5.5. In Fig. 5.5 the modified reference wave is compared with the triangular carrier
wave. During the positive half-cycle of voltage ‘eq’, whenever the phase angle ‘wt’ lies in
range 0° to 30° and the instantaneous magnitude of “Vret modifiea’ €XCEES the carrier wave, then
‘Vap’ attains the voltage level of ‘Vpy/2’ otherwise, it is switched zero voltage state. Similarly,
when ‘wf’ lies in the range 30° to 150°, the inverter output voltage “Va,® attains the voltage
level of ‘Vpy” whenever the instantaneous magnitude ‘Vref modified” €xceeds the carrier wave or
attains zero value otherwise. In the same positive half-cycle, for the remaining range of ‘w?’

(i.e., between 50° to 180%), ‘vap’ attains the voltage levels ‘Vpy/2’ if the instantaneous
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magnitude of ‘Vref modified’ 1S greater than the carrier wave. A similar sequence is adopted
during the negative half-cycle of voltage ‘ey’. Thus, in the complete cycle if the magnitude of

‘Vref modified” 18 less than the carrier wave, then ‘vap attains zero voltage level.

N

0.5

0 1 ] I p 5 ot
Modified

N4 . 1o 2t Carﬂerwave‘/ '

Vey referende Wa\(g Pw : i
p |'| ["| |"| |'| 180O 210 33071 3607
2

-Vey

ey = THIEe

Viab

v

Fig. 5.5. The waveform of output voltage vay, for the proposed PWM technique.

For the implementation of the proposed PWM to a ‘2m+1’ level inverter, the
waveform of generalized modified reference wave ‘Vref modified_gen’ 1S shown in Fig. 5.6. The
term ‘m’ refers to the number of PV sources used. Whenever the instantaneous absolute
magnitude of ‘Vmod’ exceeds the value j(ma/m), the magnitude Of ‘Vret modified gen” becomes

K(|Vmoal/m) where j=1,2,... m-1, mand k=1, 2, ... m-1. The expression for the ‘Vref modified_gen’

is given in (5.4).

m V
Vinod for 0 £ |[Vineg| < Fa from %to 0

Vm_Od for % £ |V | < 2& from zvﬂ to 0
2 mod
m m m (54)

Vref_modified_gen™

v m-1)m
mod fop (M-Mg ¢ Vmod| <M from Vpy to 0
m m

Carrier wave_> Vref_modified gen

Fig. 5.6. The waveform of generalized modified reference wave Vret modified_gen-
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5.3. Integration of MPPT for proposed five-level CMLI

The well-known perturb and observe algorithm [45] is employed for the two PV
sources (considering five-level operation) individually to track Maximum Power Point
(MPP). Thus, each MPPT algorithm tracks the MPP for respective PV sources. To track the
MPP, the required information of (i) the average values of the two PV source voltages (‘Vpv1’
and ‘Vpv2’ for the PV sources PV and PV2 respectively) and (ii) the currents (‘lpv1’ and ‘lpv2’
for the PV sources ‘PV1’ and ‘PV2’ respectively) are sensed and then given to their respective
MPPT algorithms. The MPPT algorithms then use the sensed values of the PV voltages and
currents for the calculation of the individual values of the modulation indices ‘Ma1’ and ‘Ma2’
for the two PV sources ‘PV1’ and ‘PV>’ respectively. The outputs of two MPPT algorithms
are then utilized for the calculation of overall modulation index ma. The expression for ‘ma’ is

given in (5.5).

_ Ve o Vev2 (5.5)

My =My )
Vpy1t+Vpy2 Vpy1+Vpy2

The calculated modulation index ‘ma’ is then used by the PWM strategy as described in the
above section to generate the PWM pulses for the proposed five-level CMLI.

5.4. Analytical expressions of PV terminal voltage and common-

mode voltage for proposed cascaded five-level MLI

The analysis of the leakage current can be carried out from the expression of terminal
voltages ‘Vpg’, ‘Vog” and ‘Vng’. The expression for the PV terminal voltages can be derived from
switching function analysis [19]. From Fig. 5.1, using the superposition theorem, the PV

terminal voltages ‘Vpg’ and ‘Vog’ are expressed as follows:

Vog=S1Y019 +S2V02g (5.7)

The terms ‘Vp1g’ and ‘Vo1g’ are the voltages at terminals ‘p’ and ‘0’ respectively when switch

b

Swi is turned ON. Similarly, ‘Vp2gr and ‘Vozg’ are the voltages at terminals ‘p’ and ‘0’

respectively when switch Sw is turned ON.
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The expression for the voltage ‘vng” when switch Swi is turned ON is given in (5.8).

Similarly, the expression for terminal voltage ‘Vag’ when switch Swz is turned ON is given in
(5.9).

V
Vng=Vo2g- % (5.9)

With the use of switching function analysis, the voltages ‘Vag” and ‘vng” (from Fig. 5.1 and Fig.

5.2) expressed in terms of ‘Vp1g’ and ‘Vng’ are shown in (5.10) and (5.11) respectively.
Vag 28183v plg +S4Vng (510)

Similarly, the voltages ‘Vag’ and ‘vpg’ (from Fig. 5.1 and Fig. 5.2) expressed in terms of ‘Vozg’

and ‘Vng’ using switching functions are shown in (5.12) and (5.13) respectively.
Vag=S253V02g +S4Vng (5.12)
ng :SZ 85V02g +36Vng (5 13)

Now expressing the voltages ‘Vag” and ‘vbg’ in terms of the grid voltage ‘eq’, the voltage drop

in filter inductors (‘L and ‘L”) and resistances (‘R’ and ‘Rgy’) [19] can be given by:

Lt dip Ldi R. _
Vagziil"'* g+eg+5|g-R(;‘I|eak (5.14)

Vog= -t — -t g - Rglleak (5.15)

Now with the addition of (5.14) and (5.15), and by ignoring the voltage drop in resistances

‘Rg’ and ‘R/2’ with assumptions of ‘ig’= *-ig” and “i/’= *-i}” , [19] gives:
Vag +Vbg =g (5.16)

Substituting the values of ‘Vag” and ‘Vog’ from (5.10) and (5.11) in (5.16) and simplifying those

using (5.8) gives the expression for the terminal voltage ‘Vpig’ in (5.17).
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o = fgtVey (S4+S5)
P19 (5154+5155+54+5 )

(5.17)

Now, the other terminal voltage ‘Voig” (When switch Sx1 is ON) can be calculated by

subtracting ‘Vp1g’ and ‘Vpy/2’.

Similarly, substituting (5.12) and (5.13) in (5.16) and simplifying for terminal voltage ‘Vozg’
using (5.9) results in (5.18).

Vpy
—V (s4+S
g7, (Sa+S6 )

= 5.18
Yo2g (SpS3+59S5+54+Sg ) (>.18)

The other terminal voltage ‘Vp2g” can be calculated by adding ‘Vozg” and ‘Vey/2’. Now by using
(5.6) and (5.7), the complete expression for terminal voltages ‘Vpg” and ‘Vog’ is given in (5.19)

and (5.20) respectively.

Vpv Vpy

Vpg=egSz1+Vpy Sz2+eqSzat " Szat S, (5.19)
Vpv Vpv

Yog= 6gSz1+VpV Sz2+eqSza+ = Sz4-— =81 (5.20)

The terms Szi1, Sz2, Szz and Szs in (5.19) and (5.20) are given by,

S1 S1(S4+Sg ) S
S717 5z2= 1040 §z3= 2
(5153+5155+S4+56 ) (3183+3135+S4 +Sg ) (5233+52 Sg+S4+Sg )
Sy 52(S4+56 )
4 (S2S3+5,S5+54+5)

Substituting the values S3=0, S4=0, Ss=0 and Se=0 in the voltage state result in
undefined value (0/0) in the terminal voltages ‘Vpg’, ‘Vog” and ‘Vng’. The undefined value (0/0)
during a zero voltage state is mainly because of isolating the PV source and grid. The
isolation of PV source and grid can also be observed in Fig. 5.2 (c). The common-mode
voltage ‘Vem’ is obtained by taking the average of pole voltage ‘van’ and ‘vpn’ given in (5.1)

and (5.2) respectively. The expression for the ‘Vem’ is expressed in (5.21).

vcm{(SﬁO'SSZ) (83+85)+((53154)+(55156)J [(Slisz)&}j VF;V o
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Table 5.2 gives the values of pole voltages (‘Van’, ‘Von’) and common-mode voltage
‘Vem® at different levels in the output voltage ‘Vap’. During the turn-OFF period in a switching
cycle, all the switches in the H-bridge are in a cut-off state so that the switching states Ss, Sa,
Ss and Se are equal to zero value. Substituting the corresponding values of Ss, Sa, Ss, Se In
(5.21) results in an undefined value (i.e., ‘vem’= 0/0) during the zero voltage state. The
common-mode voltage attains the value ‘Vpy/2’ for both positive and negative levels of output
voltage ‘Vpy’ and attains the value ‘Vpy/4® for both positive and negative levels of output

voltage ‘Vpv/2’.

TABLE 5.2.VALUES OF COMMON-MODE VOLTAGE AND POLE VOLTAGES FOR CORRESPONDING

OUTPUT VOLTAGE
Vab Van Vbn Vem
+Vpy Vpv 0 Vev/2
+Vpv/2 Vpv/2 0 Vev/4
0 undefined  undefined undefined
-Vpv/2 0 Vpv/2 Vev/4
-Vpv 0 Vpv Vpv/2

The expressions for terminal and common-mode voltages can be verified with
MATLAB software using Simulink block-set. The parameters ‘Vpy’ =400V, switching
frequency of the carrier wave ‘fsw” =1kHz, ‘Vac’= 220V (RMS) and the grid frequency ‘fy’
=50Hz are considered for the simulation. The carrier wave frequency is restricted to 1kHz.
This is done to demonstrate the undefined states clearly. Fig. 5.7 shows the waveforms of
terminal voltages ‘Vpg’, ‘Vog’, ‘Vng” and common-mode voltage ‘Vem’. The discontinuity in the
waveforms occurs when the PV source and grid are isolated. The isolation of grid and PV
array results in an undefined value in the terminal and common-mode voltages (discontinuity
in the waveform). Since the value of the terminal and common-mode voltages is undefined
during the zero voltage state, they can be assumed to be restricted to the previous value. Thus,
transitions in the voltage waveform can be minimized. In other words, it results in minimizing
the high-frequency voltage transitions in the terminal and common-mode voltages.

Minimization or reduction of high-frequency voltage transitions in the terminal voltage
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further helps in reducing the leakage current in the PV system. The PV array parasitic
capacitance [20] offers a high impedance for the low-frequency transitions in the terminal
voltage. Thus, the magnitude of leakage current flowing through the parasitic capacitance is
less. In other words, the proposed PWM technique minimizes the leakage current by reducing

the high-frequency transitions in the terminal and common-mode voltages.
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4001, RN ng (V) /o~~~ (@) { 200}, RN Vog V) PSRN !
200 ] ’ ~ \ ” - N ”. O ] ’ ~ \ .’ 4 N \ /.
N\, 7 . 7 N\, ’ . \, 7
05 0.02 0.04200 5 0.02 0.04
200 v 400 )
ol Vng (V) ) | vem (V) (d)
NN NN 200
-200 h ’ 7 _ o - - -
N\, ’ . 7 I
400 5 0.02 004 00 0.02 0.04
Time (sec) — Time (sec) —>

Fig. 5.7. The analytical results of proposed five-level CMLI showing the waveforms of: (a) terminal voltage

“Vpg’; (D) terminal voltage “Vog’; (c) terminal voltage ‘Vng’; (d) cOmmon-mode voltage “Vem’.

5.5. Simulation results

To support the switching function analysis given in the previous section, the proposed
five-level CMLI is simulated using POWERSIM blocks in the MATLAB/SIMULINK
software. The PWM technique explained in section 5.2 is used for the proposed five-level
CMLI configuration. Table 5.3 gives the value of various parameters used for simulating the
proposed five-level CMLI. The proposed five-level CMLI needs to generate a voltage Vi’

having a phase ‘dinv’ [21] to feed the required amount of active power ‘P’ into the grid.

TABLE 5.3. PARAMETERS CONSIDERED FOR THE SIMULATION OF PROPOSED FIVE-LEVEL CMLI

Parameter P Vbc fsw €y fq
Value 2.5kW 400V  25kHz 230V 50Hz
Parameter L R Re Lt Cs
Value 4mH 0.01Q 0.1Q 4mH 0.1 uF
Parameter Rqg Cp Rp

Value 50mQ  200nF 1Q
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21f, (L+L, )P
d.,, = arctan > (5.22)
e, +RP
Viny = [eg +E] L (5.23)
€, )COS Jy,

For a power of ‘P’ =2.5kW, the value of ‘diny” = 0.117 rad and ‘Vin,®’” = 323 V are
calculated by substituting the parameters from Table 5.3 in (5.22) and (5.23) respectively. The
simulation waveforms of proposed five-level CMLI using the proposed PWM technique are
shown in Fig. 5.8. Fig. 5.8 (a) shows the output voltage of five-level CMLI. The presence of
zero voltage state in all the voltage transitions of ‘vap’ can be clearly noticed from the plot.
The grid current ‘ig’ is shown in Fig. 5.8 (b). The grid current is nearly sinusoidal. The Total
Harmonic Distortion (THD) of grid current ‘ig’ is around 1.76% and meets the requirement of

standard IEEE 1547.

The waveform of terminal voltages ‘Vpg’, ‘Vog’ and ‘Vng’ are shown in subplots

(c), (d) and (e) of Fig. 5.8 respectively. The crucial observation made from these subplots is

e - 2
500 Vab (V) @1 10} ig (A) (b) -
0 of
-200 10l THD=
800 - -20 L.76%
0.16 0.18 0.2 “7°0.16 0.18 0.2
600 . 400 ;
400t Vpg V) (©) | 200 Vog (V) (d) |
200} 1 o0 ;
0 616 0.18 2 200 '
200 g .
0 Vng (V) (&) | 0.2}
200 1.
-400 .
0.16 0.18
500
400
300
200
100
1%0 .
0.16 0.18 0.2
Time (sec) —>

Fig. 5.8. Simulation results of proposed five-level CMLI showing the waveforms of : (a) output voltage ‘va’;
(b) grid current “ig’; (c) terminal voltage ‘vpg’; (d) terminal voltage ‘vog’; (€) terminal voltage ‘vig’; (f) leakage

current ‘iieac’; (g) common-mode voltage ‘vem’.
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the absence of high-frequency voltage transitions. Also, these waveforms match with the
result obtained using switching function analysis (Fig. 5.7). This justifies the analysis given
in the previous section. Fig. 5.8 (f) shows the waveform for leakage current ‘ijeak’ flowing
through the parasitic capacitor. The proposed PWM technique reduces the value of leakage
current as can be observed in Fig. 5.8 (f). This is because of the low-frequency voltage
transitions in the terminal voltages ‘Vpg’, ‘Vog’ and ‘Vng’. The spikes in the leakage current are
observed when there is a sudden voltage transition in the terminal voltage. The RMS value of
“lleak” is less than 20mA which is as per the standard VDE0126-1-1[46]. Fig. 5.8 (g) shows the
waveform of common-mode voltage ‘vem’. The high-frequency voltage transitions in the
common-mode voltage are also avoided. This further brings down the size, weight and cost of
the EMI filter to be used in the grid-connected system [47].

Another simulation is carried out with the proposed configuration to demonstrate the
MPPT operation. The proposed five-level CMLI is operated using two MPPT algorithms to
extract the maximum power from the individual PV arrays. As explained in section 1V, the
two individual MPPT algorithms are used for the two PV sources ‘PV1’ and ‘PV2’ which are
identical (having same array configuration). Simulation is done considering a resistive load
connected to the output of the inverter via an ‘LC’ filter. The PV modules with an open circuit
voltage of 21.05V and short circuit current of 3.74A at STC are chosen for the array
simulation. The electrolytic capacitors of S000uF are used as a buffer between the PV sources
and inverter as shown in Fig. 5.1. The inverter is connected to a load of 20Q2 through an ‘LC’
filter with the inductor and capacitor values of 4mH and 2uF respectively. The two PV arrays
‘PV1’ and ‘PV2’ have an open circuit voltage of 126.90V and a short circuit current of 3.8A at

an insolation of 1.0 Sun and the temperature of 50°C.

Fig. 5.9 shows the simulation results of MPPT performance for the proposed five-level
CMLI. The subplots (Figs. 5.9 (a) and Fig. 5.9 (b)) show the waveforms of PV voltages ‘Vpv1’
and ‘Vpy2’ for ‘PV:1’ and ‘PV>’ sources respectively. The values of the operating voltages
‘Vpv1’ and ‘Vpv2’ of the two PV arrays are nearly equal. The PV currents ‘lpv1’ and ‘lpv2’ are
shown in subplots Fig. 5.9 (c) and Fig. 5.9 (d) respectively. The voltage-current (v-i)
characteristics of the PV array can be observed with the increasing value of current by
decreasing voltage or vice-versa. The power ‘Ppvi’ and ‘Ppyv2’ from the PV sources ‘PV- and
‘PV2’ are shown in subplots Fig. 5.9 (e) and Fig. 5.9 (f) respectively. The operation of two PV

sources near MPP can be confirmed with the low value of ripple in the PV power and small
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Fig. 5.9. Proposed five-level CMLI integrated with MPPT. The subplots give waveforms of : (a) voltage ‘Vpvi’;
(b) voltage ‘Vpv2’; (c) current ‘lpyi’; (d) current ‘lpvo’; (e) power ‘Ppvi’; (f) power ‘Ppv2’; (g) resultant
modulation index ‘ma.’; (h) output power ‘Pour’; (i) modified reference wave ‘Vrer modified’; (j) inverter output

voltage ‘Vap’.

oscillations in the modulation index ‘ma’, which can be observed in zoomed part of Fig. 5.9
(9). The waveform of output power across resistive load ‘Ploag’ is shown in subplot Fig. 5.9
(h). It can be observed that the power across output load is nearly equal to the sum of the
individual PV powers ‘Ppvi’ and ‘Ppv2’. The waveforms of ‘Vref modified” and ‘Vap’ are also
shown in subplots Fig. 5.9 (i) and Fig. 5.9 (j). Integration of MPPT for the proposed five-level
CMLI makes the inverter suitable for the PV systems.

5.6. Experimental results

To validate the analysis and simulation of PWM technique for the given five-level

CMLLI, an experimental setup is established. Fig. 5.10 shows the photograph of the fabricated
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experimental setup. The details of the parameters used for the experiment are given in Table
5.4. The MOSFET’s with part number IRF840 are employed as switches in the power circuit.
The driving pulses for the switches are generated using HCPL 3120. The programmable DC
power supplies give the input DC voltage ‘Vpc’ to the inverter [48-50] as shown in Fig. 5.10.
The output of the inverter is connected to a resistive load ‘Rioad’ through an LC filter. The
required PWM pulses are generated using DIGILENT ATLYS Spartran-6 FPGA board. The
frequency of carrier wave ‘fsw” and the modified reference wave ‘fy” are selected as 10kHz and
50Hz respectively. The measurement of leakage current is done by connecting a capacitor
‘Cp’ in series with resistance ‘Rp’ at point ‘p’ of the given five-level inverter as shown in Fig.
5.1.

bif

7

‘L: oW - Resitive
& load

Filter
capacitor

Programmable
DC sources

Driver circuit

Fig. 5.10. Photograph of the experimental setup containing five-level and nine-level CMLI.

TABLE 5.4. PARAMETERS USED FOR EXPERIMENTAL SETUP

Parameter P Vbc fow fq L
Value 54W 220V 10kHz 50Hz 4mH
Parameter C Rioad Cp Rp

Value 1.25uF  370Q 200nF  5Q
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Fig. 5.11 shows the experimental waveforms of the proposed five-level CMLI. Fig.
5.11 (a) shows the waveform of switching states of switches Swi, Sws, Sws, Sws, Swe and
Swyz. The switches (Swi, Swz) and (Swz, Sws) are operated at low switching frequency. The
remaining switches (Sws, Swe) and (Swas, Sws) operate only in positive and negative half
cycles of the inverter output voltage ‘Vap’ respectively. The inverter output voltage ‘Vap’ is
shown in Fig. 5.11 (b). The zero voltage state is present in all the switching’s of the inverter
output voltage. This may increase the filter inductor value at the output of MLI. However, the
minimization of high-frequency transitions in the terminal voltage reduces EMI filter
requirement for the proposed system. The waveforms of the voltage across resistive load
‘Vioad’ and the current flowing through the resistive load ‘ijoad” are shown in Fig. 5.11 (c). The
waveforms of the terminal voltages ‘Vpg’, “Vog” and ‘Vng” are shown in Fig. 5.11 (d). It may be
noted that the terminal voltage is free from high-frequency transitions, which demonstrates
the effectiveness of the proposed PWM technique. Fig. 5.11 (e) shows the leakage current
‘lieak’ flowing through the C,-Rp branch. The magnitude of leakage current is less than 100mA
and is as per standard VDE0126-1-1.
To demonstrate the upgradability of the proposed topology to any generalized ‘2m+1’ level
inverter, a hardware prototype for the nine-level CMLI is fabricated. The nine-level
configuration of proposed CMLI is obtained by cascading two basic units in generalized
configuration with the bi-directional switches as shown in Fig. 5.4. Fig. 5.12 shows the
experimental waveforms obtained from the developed hardware prototype of the nine-level
inverter connected to a resistive load. The parameters shown in Table 5.4 are again used,
except the input DC voltage which is reduced to 100V. Fig. 5.12 (a) shows the waveform
of inverter output voltage ‘vap'. The nine levels of the inverter output voltage can be clearly
observed in the voltage waveform. The presence of zero voltage state for a complete cycle of
the output voltage is also observed from the plot. The waveforms of the voltage across the
resistive load ‘Vicad” and the current flowing through resistive load ‘iicad’ are shown in Fig. 5.
12 (b).
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Fig. 5.11. The experimental waveforms of : (a) switching functions of switches Swi, Sws, Swa, Sws, Sws, Swy;
(b) output voltage ‘vap’; (c) voltage ‘Viead” across and current ‘ijpad’ flowing through resistive load; (d) terminal

voltage waveforms of ‘Vpg’ , “Vog” and ‘Vng; (€) leakage current ‘iieak’ in the parasitic capacitance for the proposed

five-level CMLI.
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Fig. 5.12. The experimental waveforms of nine-level CMLI: (a) output voltage ‘Van’; (b) voltage ‘Vioag” across
and current ‘ijoag” flowing through the resistive load.
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5.7. Comparison of proposed CMLI with the existing MLI
topologies

The proposed five-level CMLI is compared with the existing PV MLI topologies from the
literature available. Table 5.5 gives the comparison details of the proposed five-level CMLI
with the existing PV MLI topologies. It can be observed that the other topologies (Table 5.5)
require almost the same number of devices for the generation of three levels in the output
voltage. The proposed CMLI also requires nearly the same number of semiconductor devices
for the generation of five levels in the inverter output voltage. Hence, the proposed five-level
CMLI is economical. Furthermore, the proposed five-level CMLI have reduced switching and
conduction losses. The other existing topologies shown in Table 5.5 have either high switching
loss or conduction loss. The problem of asymmetry in the output voltage of the inverter is also
avoided in the proposed CMLI topology. Also, the number of devices conducting during zero
voltage state always remains two. Thus, the proposed CMLI is expected to show high
efficiency. To support the efficient operation of proposed CMLI, loss calculation (switching
and conduction losses) for the controlled switching devices is done under identical conditions.
The losses in other MLI topologies are also calculated under the same conditions of output
power P=2.5kW, switching frequency ‘fsw’=25kHz, ‘Vpc’=400V and ‘ma’=0.8125. The
expressions for switching and conduction losses used for the calculation are obtained from
[28-29]. Fig. 5.13 and Fig. 5.14 show the calculated value of conduction and switching losses
in the form of bar charts for various MLI topologies reported in the literature. Furthermore, in
Figs. 5.13 and 5.14, the terms ‘Pc’ and ‘Psw’ refer to the conduction and switching losses
respectively, for each of the MLI topologies reported in the literature. Conduction and
switching losses of the individual switches in each MLI topology are shown in different color
blocks in the bar chart of ‘Pc” and ‘Psw’ respectively. It can be observed that the proposed five-
level CMLI shows higher efficiency compared to the other existing topologies. Hence, the

proposed five-level CMLI is efficient and economical.
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TABLE 5.5. COMPARISON OF PROPOSED CMLI WITH THE EXISTING TOPOLOGIES

Author name [Refno], A B C D E F
S.No number of levels in

output voltage sd pn pn pn

1 Zhang et al. [25], 3-L Yes 4 8 - 42 22 22

2 Islam et al [26], 3-L No 2 6- 33 33 11
3 Xiao et al. [27], 3-L No 2 64 22 44 00
4 Jietal. [28], 3-L No 2 62 33 22 11

5 Kerekes etal[42],3-L No 3 55 22 33 00

6 Islam et al [41], 3-L Yes 2 73 23 33 11
Wu et al [51], 3-L
7 Yes 4 96 66 44 00
(HBI MODE)
Wu et al [51], 5-L
8 No 4 82 66 88 00
(CHI MODE)
9 Proposed 5-LCMLI No 2 8- 33 22 33

A- Asymmetry operation during positive and negative cycle of the MLI;
B- Number of devices conducting in zero voltage state including switches and diodes;
C- Number of devices used in the MLI:
s- Number of switches used in the ML,
d- Number of diodes used in the MLI;
D- Number of devices including switches and diodes conducting:
p- During the positive half-cycle of the grid voltage;
n- During the negative half-cycle of the grid voltage;
E- Number of switches operating at high switching frequency;
F- Number of switches operating at low switching frequency;
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Fig. 5.14. The value of switching loss ‘Psw’ of switches used in various MLI topologies presented in the literature.

5-23



5.8. Conclusion

In this chapter, an improved five-level CMLI with low switch count for the
minimization of leakage current in a transformerless PV system is proposed. The proposed
CMLI minimizes the leakage current by eliminating the high-frequency transitions in the
terminal and common-mode voltages. The proposed topology also has reduced conduction
and switching losses which makes it possible to operate the CMLI at high switching
frequency. Furthermore, the solution for generalized ‘2m+1’ levels CMLI is also presented in
the chapter. The given PWM technique requires only one carrier wave for the generation of
‘2m+1’ levels. The operation, analysis of terminal and common-mode voltages for the CMLI
is also presented in the chapter. The simulation and experimental results validate the analysis
carried out in this chapter. The MPPT algorithm is also integrated with the proposed five-
level CMLI to extract the maximum power from the PV panels. The proposed CMLI is also

compared with the other existing MLI topologies in Table 5.5 to show its advantages.
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Chapter 6
Comprehensive Review on Analysis of Terminal Voltage in
Single Phase Extended Three Phase Transformerless PV

Inverter Topologies

This chapter presents an insight view for the extension of single-phase to three-phase
transformerless PV inverter topologies. Based on the method of isolation between the load
and PV array, the transformerless PV inverters are classified into four categories, i.e., DC
decoupling, AC decoupling, NPC DC decoupling and NPC AC decoupling. The single-phase
PV inverter topology along with its extension to three-phase for each category is reviewed in
the chapter. Apart from the three-phase extended topology, the analysis for the terminal
voltage using the switching function concept for each PV inverter topology is also presented

in the chapter.
6.1. Classification of transformerless PV Inverter topologies

Based on the method of isolation between the PV array and the inverter output load

during zero state, the transformerless inverter topologies can be classified as,

6.1.1. DC decoupling

This category typically consists of PV inverter topologies which uses extra circuitry at
the inverter DC bus. The extra circuitry is used to isolate the PV array and inverter output
load during zero state. The isolation during zero state creates an undefined voltage condition
at the PV terminals. The undefined voltage at PV terminals further helps in minimizing
voltage transitions or switchings during zero state. This again helps in minimizing leakage
current. The most popular H5 inverter topology [52] is one of the single-phase PV inverters,
which employ the DC decoupling methodology. The schematic of the H5 inverter connected
to a resistive load ‘R’ via a filter ‘L¢ is shown in Fig. 6.1. The load current ‘ian’ flows through
the resistive load. The PV array ‘PVi’ output voltage is given by ‘Vpy’. The parasitic
resistance and capacitance are represented as ‘Rp’ and ‘Cp’ respectively. The nodes ‘p’ and
‘n’ represent the positive and the negative terminals of the PV array. The node ‘g’ represents
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the ground point of the PV array. The term ‘vpg’ represents the terminal voltage across the
‘Rp’-‘Cp’ branch. The HS5 inverter topology contains an H-bridge formed by switches Swa,
Swaz, Swh: and Swi, and a decoupling switch Sws. The H5 inverter topology generates three
levels at the inverter output voltage ‘Vap’. During the voltage level ‘Vpy’, the switches Swa,
Swh2 and Sws are turned ON. Similarly, during the voltage level ‘-Vpy’, the switches Swa,
Swh: and Sws are turned ON. During the zero state, only the switches Swai and Swyp; are
turned ON. The turn-OFF of switch Sws results in the isolation of the PV array and the load
during zero state. The load current ‘ian’ freewheels among the switches Swa: and Swhp: during
the zero state. The isolation of the PV array and the load during zero state, results in an

undefined value of terminal voltage “Vpg’.

....................................................................
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Fig. 6.1. The circuit schematic of H5 inverter topology.

Using the same concept, H7 inverter topology [50] is proposed for the three-phase
systems. The schematic of the H7 inverter topology is shown in Fig. 6.2. The H7 inverter
topology uses a conventional two-level inverter formed by switches Swai, SwWa2, SWh1, SWi2,
Swer and Swe and a decoupling switch Swr. The operation of H7 inverter topology along
with the pulse generation for the individual switches is given in [50]. During the zero state,
the switch Swy is turned OFF, and the switches Swai, Swp: and Swe; are turned ON. This
action results in a freewheeling of load current among the top switches of the two-level

inverter topology.
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Fig. 6.2. The circuit schematic of H7 inverter topology.

6.1.2. AC decoupling

The AC decoupling based transformerless PV inverter topologies uses extra circuitry
like switches and diodes to isolate the PV array and load during the zero state at the output
side of the inverter. The transformerless inverter topology discussed in [52] is one example of
the PV inverter using AC decoupling. The schematic of the given inverter topology is shown
in Fig. 6.3. The circuit consists of an H-bridge inverter formed by switches Swai, SWa2, SWp1
and Swy, along with a single-phase diode rectifier formed by diodes D1, D2, D3z and D4 and a
decoupling switch Sws. The given inverter topology generates three levels in the inverter
output voltage. And for the inverter output voltage of ‘Vpy’, the switches Swai and Swe, are
turned ON. For the voltage level ‘-Vpy’, the switches Swaz and Swy: are turned ON. During
the zero state, all the switches in the inverter topology are turned OFF and the decoupling

switch Sws is turned ON. This results in the isolation of the PV array and the load during

.............................................................................
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Fig. 6.3. The circuit schematic of single-phase inverter topology using AC decoupling.
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zero state which further lead to an undefined value of PV terminal voltage ‘Vvpg’. Thus, during
zero state the load current free-wheels through the diode rectifier and the switch Sws.

The given single-phase inverter topology can be extended to three-phase inverter
topology. The extended three-phase inverter topology consists of seven switches with a three-
phase diode rectifier circuit [53] as shown in Fig. 6.4. The seven switch inverter topology
consists of a conventional two-level inverter topology formed by the switches Swai, Swaz,
SWh1, Swhz, Swer and Swez along with the three-phase diode rectifier formed using six diodes
and a decoupling switch Sw7. During the zero state, all the switches in the two-level inverter
are turned OFF. The decoupling switch Swy7 is turned ON. The load current free-wheels

through the diode rectifier and the switch Sws.

....................................................................................

PV, +
Cpv T

SWy i,

cesscccscscssscccscsccsscsassnnd

F—i
O
K
1
=
<
QD

....................................................................................

Fig. 6.4. The circuit schematic of three-phase inverter topology using AC decoupling.

6.1.3. NPC DC decoupling

In the case of NPC DC decoupling based transformerless inverter topology, the PV
array output voltage is equally shared between the capacitors connected in series at the PV
array output. The extra circuitry elements are used clamp the terminal voltage during the zero
state to previous active state value. Apart from the isolation during the zero state, the terminal

voltage ‘Vpg’ is clamped to its previous value with the help of the diodes and switches.

The single-phase transformerless PV inverter topology [54] shown in Fig. 6.5 employs
NPC DC decoupling concept. The inverter topology consists of an H-bridge formed by the
switches Swai, Swa2, Swh1 and Swie, along with clamping circuitry formed by the switches
Sws and Swe, diodes D; and D2 as shown in Fig. 6.5. The clamping circuit is further

connected to the two capacitors connected in series as shown in Fig. 6.5. The magnitude of
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Fig. 6.5. The circuit schematic of single-phase inverter topology using NPC DC decoupling.

the voltage across each capacitor is maintained to the half of PV array voltage. This helps in
clamping the terminal voltage to previous value during the zero state. During zero state, the
switches Swa1 and Swii or Swaz and Swiz are turned-ON, so that the load current freewheels
among these switches. The decoupling switches Sws and Swe are turned OFF. The diodes D
and D> clamp the terminal voltage to the previous value so that the transition in terminal

voltage is avoided.

The same inverter topology can be extended to three-phase using eight switches [55].
The H8 inverter topology consists of the conventional two-level inverter formed by the
switches Swai, SWaz, SwWh1, SwWhz, Swer and Swez, along with the clamping circuitry formed by
the switches Sw7 and Sws, diodes Dy and D2 as shown in Fig. 6.6. The clamping circuit is
connected to the three series connected capacitors at the output terminals of the PV array as
shown in Fig. 6.6. The magnitude of the voltage across each capacitor is equal to the 1/3™ of

the PV array voltage. This helps in clamping the terminal voltage to previous value during the

Fig. 6.6. The circuit schematic of three-phase inverter topology using NPC DC decoupling.
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zero state. During the zero state, the switches Swz and Swg are turned OFF. For the zero state
formed by turning ON the top switches Swai, Swpr and Swei (+++), the terminal voltage is
clamped to a voltage of 2/3 Vpy. Similarly, the other zero state formed by turning ON the
bottom switches Swa, Swnz and Swe. (- - -), the terminal voltage is clamped to a voltage of
“1/3 Vpy'.

6.1.4. NPC AC decoupling

In the case of NPC AC decoupling based transformerless inverter topologies, the PV
array is equally shared among the capacitors like in the case of NPC DC. However, the

clamping of terminal voltage to previous active state is done at the load side.

Fig. 6.7 shows the inverter topology employing the NPC AC decoupling [42]. The
topology consists of an H-bridge formed by the switches Swai, Swa2, Swp1 and Swhz, along
with the clamping circuitry formed by single-phase diode rectifier (formed by diodes D1, Dy,
D3 and Ds), switch Sws and diode Ds. The clamping circuit is then connected to capacitors
like in the case of NPC DC as shown in Fig. 6.7 so that the terminal voltage is clamped to the
previous value during zero state. During zero state, the switches in the H-bridge inverter are
turned OFF. The switch Sws is turned-ON, so that the load current free-wheels through the
diode rectifier and switch Sws. The diode Ds is used to clamp the terminal voltage to previous

value so that the transitions in terminal voltage are avoided.

T A
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Fig. 6.7. The circuit schematic of single-phase inverter topology using NPC AC decoupling.

The same topology is extended to the three-phase as shown in Fig. 6.8. The extended
three-phase topology consists of a conventional two-level inverter topology formed by the

switches Swai, SWaz, SWh1, SWh2, Swer and Swep along with the clamping branch formed by
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the three-phase diode rectifier (formed by diodes D1, D2, D3, D4, Ds and Ds), switches Swy,
Swg and Swy. During the zero state, the switch Swy is turned ON so that the load current free-
wheels through the diode rectifier and switch Swy. In order to clamp the terminal voltage to
level 2/3 Vpy’, the switch Swg is turned ON. Similarly, in order to clamp the terminal voltage

to level “1/3 Vpy’, the switch Swy is turned ON.

% Rpp Coy d
_L Cp PV,
T E? Cev
<=9 7T
OV
n

Fig. 6.8. The circuit schematic of three-phase inverter topology using NPC AC decoupling.
6.2. Analysis of terminal voltage in extended three-phase

transformerless PV inverter topologies

The expression for the terminal voltage for the extended three-phase transformerless PV

inverter topologies for each category is given by

6.2.1.DC decoupling

From Fig. 6.2, the expression for the voltages ‘Vag’, ‘Vbg” and ‘Veg’ are expressed in

terms of ‘Vpg” and ‘Vng” as [19]

Vag=S7Sa1Vpg +Sa2Vng (6.1)
Vog =S7 b1V pg +Sh2Vng (6.2)
Vog=S7S¢1Vpg +Sc2Vng (6.3)

Also, the voltages ‘Vag’, ‘Vbg’ and ‘Veg’ can be expressed as
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diy ..

Vag= Lt d—f‘+R|a (6.4)
dip | .

ng: Lf d_it:)+RIb (65)
dic .

Veg= Lt d—f+R|C (6.6)

Adding (6.4), (6.5) and (6.6) results in

d (i +ip+ic)

Vag tVpg HVeg™= L¢ o

+R (lig +ip+ic ) (6.7)

In case of a balanced three-phase system, the sum of currents ‘ia’, ‘iv’ and ‘i’ is zero.

Therefore (6.7) can be modified as
Vag HVog +Veg= 0 (6.8)
Now adding (6.1), (6.2), (6.3) and substituting in (6.8) results in
S7(Sa1+So1+Sc1) Vpg+(Sa2+Sp2+Sc2 ) Vng=0 (6.9)
The voltage ‘Vng’ can be represented in terms of ‘Vpg’ and ‘Vpy’ as
Vng=Vpg-~ Vpv (6.10)
Substituting (6.10) in (6.9) and simplifying it results in

Vo= Vpy (Sa2+Sp2+Sc2)
Pd (S7Sa1+Sa2+S7Sp1+Sp2+57Sc1+S¢2)

(6.11)

The analytical waveforms for the terminal voltage are obtained from (6.11) using
MATLAB software. The parameters taken are ‘Vpy’=200V, switching frequency ‘fsw’=
500Hz. The switching is chosen very less to show the transitions clearly. The subplots (a) to
(f) of Fig. 6.9 (1) clearly shows the waveforms of the switching states of the switches in the
inverter topology. The subplot (h) of Fig. 6.9 (I) shows the waveform of the terminal voltage

‘Vpg’. There are two levels (‘Vpy /3’ and ‘2Vpy /3”) in the waveform of terminal voltage “vpg’.
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The discontinuity in the terminal voltage is observed at zero state. During zero state the value

of terminal voltage from (6.11) becomes ‘o’ or undefined.

6.2.2. AC decoupling

From Fig. 6.4, the expression for the voltages ‘Vag’, ‘Vbg” and ‘Veg” are expressed in

terms of ‘Vpg’ and ‘Vng’ as

Vag=Sa1Vpg+Sa2Vng (6.12)
ng =Sp1v pg +Sb2VI”Ig (6.13)
Veg=Sc1Vpg +Sc2Vng (6.14)

Adding (6.12), (6.13), (6.14) and substituting in (6.8) results in
(Sal"'sbl"'scl) Vpg +(Sa2 +3p2 +SCZ) Vng=0 (6.15)
Substituting (6.10) in (6.15) and simplifying gives

vo=_ Vv (Sa2+Sp2+Sc2)
P9 (Sa1+Sa2+Sh1+Spa+Sc1+Sc2)

(6.16)

Fig. 6.9 (1) shows the waveforms of switching states of individual switches and the
terminal voltage for the inverter topology obtained from (6.16). The subplots (a) to (g) show
the waveforms of the switching states of individual switches. The subplot (h) shows the
waveform of terminal voltage ‘vpg’. The terminal voltage ‘vpg® have same two levels (‘Vpy /3’

and ‘2Vpy /3”). During zero state, the value of the terminal voltage becomes ‘oo’ or undefined.

6.2.3. NPC DC decoupling

From Fig. 6.6, the expression for the voltages ‘Vag’, ‘Vbg’ and Vg’ are expressed in
p g g 9 g p

terms of ‘Vpg’ and ‘Vng’ as

2V V
3 3
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2Vpy Ve
ng :S7 Sblv ng +SS szvng +Sbl (1-87 )(V pg -~ 3 j+8b2 (1-88 )(V pg” T (6 18)

2V V
VCg :S7 SCleg +88 Sczvng +SCl (1-87 )(Vpg - gv j+SC2 (1-88 )(Vpg - %j (6 19)

Adding (6.17), (6.18), (6.19) and substituting in (6.8) results in

S7(Sa1*+Sp1+Sc1) Vpg+Sg (Sa2+Sp2+Se2) Vng*

2V Vv (6.20)
(Vpg - 3P v J(1'37 )(Sa1+sb1+scl)+(vpg - %J (1-Sg )(Saz+Sp2+Sc2 )=0
Substituting (6.10) in (6.20) and simplifying it results in
2 1-87 1+288
Vpy ( (3 )(Sal"'sbl"'scl)"'( 3 )(Sa2+sb2+SCZ)J
Vpg = (6.21)
P9 (Sa1*+Sa2+Sp1+Sp2+Sc1+Sc2 )

The waveforms of the switching states of the individual switches and the terminal
voltage ‘vpg” obtained from (6.21) are shown in Fig. 6.9 (111). The terminal voltage ‘vpg” have
only two values (‘Vpv /3’ and ‘2Vpy /3’). During zero state, the value of terminal voltage is

either clamped to “Vpy /3” and ‘2Vpy /3.

6.2.4. NPC AC decoupling

b

From Fig. 6.8, the expression for the voltages ‘Vag’, ‘Vbg’ and ‘Veg’ are expressed in

terms of ‘Vpg’ and ‘Vng’ as

2V \Y

Vag =Sa1Vpg +Sa2Vng +88 (Vpg - ;V +Sg (Vpg - %j (622)
2V Vv

Vbg =Sp1Vpg +Sb2Vng +S8 [vpg - ;V ]+s9 (vpg %) (6.23)

6-11



2V V
Veg=Sc1Vpg +ScaVng +Ss (vpg - :EV j+59 (vpg -ﬂ) (6.24)

Adding (6.22), (6.23), (6.24) and substituting in (6.8) results in

2V V
(Sa1*Sp1+Sc1)Vpg+(Sa2+Spa+Sc2 )Vng +3 (V pg” %) Sg+3 (V pg" %j Sg=0 (6.25)

Substituting (6.10) in (6.25) and simplifying gives

o= Py (Sa2*Spa*Sca+25g+Sy) (6.26)
P9 (Sa1+Sa2+Sh1+Spa+Sc1+Sca+Sg+Sg)

Fig. 6.9 (IV) shows the waveforms of the switching state of the individual switches
and the terminal voltage waveform obtained from (6.26). The waveform of terminal voltage is

same as that of the NPC DC decoupling.
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Fig. 6.9. The analytical waveforms of switching states of individual switches and terminal voltage ‘vpy” for (I)

DC decoupling; (11) AC decoupling; (111) NPC DC decoupling; (IV) NPC AC decoupling.
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6.3. Conclusion

The single-phase extended three-phase transformerless topologies for different
decoupling methods were presented in the chapter. Thereafter the analysis of the terminal
voltage for each inverter topology is presented in the chapter. The analysis given uses the
switching function concept. Further, the analytical waveforms of the terminal voltage are
obtained using its expressions. All the extended topologies are given only for two-level
operation in the output. In the next chapters, the single-phase extended three-phase topologies

are further extended for three-level operation.
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Chapter 7
DC Decoupling Based Three-Phase Three-Level
Transformerless PV Inverter Topology for Minimization

of Leakage Current

Based on the knowledge obtained from chapter 6, the three-phase two-level topologies
are further extended to three-levels in their output voltage. This chapter presents a three-
phase three-level cascaded PV inverter configuration using DC decoupling strategy. The
given configuration minimizes the leakage current by using two DC decoupling switches. The
leakage current is minimized by avoiding or restricting the change in terminal voltage, during
common zero state. And to identify or realize the common zero state in all the three phases,
the phase opposition disposition PWM technique is utilized. Once, the common zero state is
realized, then the DC decoupling switches are used to isolate the PV source and output load.
Apart from the terminal voltage, the proposed configuration reduces the change in common
mode voltage also. Further, the chapter also presents an analysis of the terminal voltage using
the switching function concept. From, the given switching function analysis, the analytical
waveforms of the terminal voltage is obtained. The analytical waveforms obtained using the
derived expressions match with the simulation results. These results are further supported

with the experimental waveforms which match both simulation and analytical waveforms.

7.1. Schematic of proposed DC decoupling based three-phase

three-level transformerless CMLI

The circuit schematic of the proposed DC decoupled based three-phase three-level
transformerless CMLI is shown in Fig. 7.1. The proposed topology consists of two converters
‘Conv-1" and ‘Conv-2’. The ‘Conv-1" consists of conventional three-phase three-level CMLI
[56] configuration formed by switches with three output and input terminals (‘a’, ‘b” and ‘C’)
and (‘0’, ‘v’ and ‘W’) respectively. The ‘Conv-1’ is formed by the switches Swxy where ‘X’ =
‘a’, ‘b’ and ‘¢’ and ‘y’=1, 2... 4. The output terminals of ‘Conv-1’ are connected to a star

connected three phase load ‘R’ through a filter inductor ‘L¢’. The terms ‘ia’, ‘in’ and ‘i¢’ refer
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’

to a load current of the corresponding three phases ‘a’, ‘b’ and ‘c’ respectively. The term ‘g
refers to the ground point of the load. Further, the ‘Conv-1’ is connected to ‘Conv-2’ via a
three terminals ‘U’, ‘v’ and ‘W’ as indicated in Fig. 7.1. The ‘Conv-2’ consists of two DC
decoupling switches Swpci and Swpco. The two switches Swpci and Swpco are used to isolate
the PV array and the load during the common zero state. The ‘Conv-2’ is connected to the
input PV arrays ‘PV1’ and ‘PV.’ via the terminals ‘p’, ‘0’ and ‘n’ respectively. The terms
‘Cpv1’ and ‘Cpy2’ refer to the buffer capacitors connected across PV panels ‘PV:i’ and ‘PV>’.
The parasitic resistance ‘Rp’ and capacitance ‘Cp’ are connected at node ‘p’ (shown in dotted

lines). The leakage current flowing through the parasitic resistance and capacitance is denoted

by “lleak’.

Fig.7.1. Circuit schematic of proposed DC decoupled three-phase three-level CMLI.

7.2. Working principle for the minimization of leakage current

The proposed three-phase configuration uses DC decoupling strategy [50] for the
minimization of leakage current. Thus, there is a requirement of common zero state in all the
three phases. Once common zero state in all three phases is achieved, then DC decoupling
switches are used to isolate PV source and output load. To achieve the objective of common
zero state in all the three phases, a level shifted phase opposition disposition (LS-POD) pulse
width modulation (PWM) technique [57] is used as shown in Fig. 7.2 (a). Fig. 7.2 (b), (c), (d)
and (e) shows the waveforms of the inverter output line voltages ‘Van’, ‘Voc’, ‘Vea’ along with
the terminal voltage ‘vpg’ for the proposed topology. The common zero state in the inverter
line voltages can easily be seen in Fig. 7.2. Thus, using the DC decoupling technique during
the common zero state with the help of switches Swpci and Swpc2 results in the undefined or

infinite state in the terminal voltage ‘Vpg’. This can be easily identified in Fig. 7.2,
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Fig. 7.2 (e) shows the waveforms of the terminal voltage for one complete
fundamental cycle of the output voltage (0° to 360°). The terminal voltage is divided into two
regions (Region 1 and Region 2) as shown in Fig. 7.2 (e). The Region 1 consists of the period
between 0° to 60° 120° to 180° and 240° to 300° for one cycle of the output voltage.
Similarly, the Region 2 consists of periods between 60° to 120°, 180° to 240° and 300° to 360°
of the output voltage. Now, during the common zero state in the Region 1, the load current
free-wheels through the switches (Swai, SWas, SWho1, Swhz, SWe1 and Swes) of the CMLI, while
keeping the switches Swpci and Swpce turned OFF as shown in Fig. 7.3 (a).

Similarly, during the common zero state in the Region 2, the load current free-wheels
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Vev/2 |
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Fig. 7.2. The waveforms of the (a) carrier and reference waves; (b) output voltages ‘van’; (C) “Vie’; (d) ‘Vea’; (€)
terminal voltage “vpy” for the proposed CMLI.



through the bottom switches (Swas, Swha and Swes) of the CMLI while keeping the switches
Swpci and Swpce turned OFF as shown in Fig. 7.3 (b). The isolation during common zero
state results in an undefined value in the terminal voltage. This action results in minimizing
the number of transitions in the terminal voltage for one switching cycle. As a result, the
magnitude of the leakage current flowing through the parasitic capacitance is minimized. In
the voltage levels other than common zero state, both the decoupling switches Swpci and

Swpc2 remain turned ON.

S [B | swn |5 | Sw [

Lo (@

Swa3 ? SwWp3 ? } .
- b*‘“:::::::;:_'_%%}g

(b)

b= Presa
SWag ? \:/ SWpg | SWeq i}

Fig. 7.3. Operation of the proposed CMLI during zero state in (a) Region 1; (b) Region 2.

7.3. Analysis of terminal voltage across the PV parasitic
capacitance using the switching function concept
The magnitude of the leakage current flowing through the parasitic capacitance mainly

depends on the nature of the terminal voltage. So, it is necessary to obtain the expression for

the terminal voltage. The expression is derived using the switching function concept [19, 58].

From Fig.7.1, the voltages ‘vag’, ‘vbg” and ‘veg’ are expressed in terms of ‘vpg’, “Vog” and ‘vng’

as

Vag= Spc15a15a3V pg tSa25a3Vog +SpC25a4Vng (7.1)
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Vbg = Spc15b15p3Vpg + Sh2ShaVog +SpC2ShaVng (7.2)
Vog = Spc1Se15¢aVpg +Sc25¢3Vog +Spc25¢4Vng (7.3)

where Swpc1 and Swpcz represent the switching states of the decoupling switches Swpc: and
Swpcz. The term Syy represents the switching states of switch Swyy, where ‘X’= ‘@’, ‘b’ and
‘c’, ‘y’=1, 2, 3 and 4. The value of Ssxy = ‘1’ is when switch Swyy is turned ON, else will be
‘0’. The same is applicable for the switching states Swpci and Swpcz also. The terminal

voltages ‘Vog” and ‘Vng’ are expressed in terms as ‘Vpg’ and “Vpy’ as

V,
Vog = Vpg — 72\/ (7.4)

The same is applicable for

Vng = Vpg — Vpv (7.5)
In the case of balanced three-phase systems,

Vag +Vbg +Veg =0 (7.6)

Now, adding (7.1), (7.2) and (7.3) and simplifying the expression by using (7.4), (7.5) and
(7.6) results in (7.7)

_ VPV (25 DC2 (Sa4 +Sb4+sc4 )+Sa25a3+sb2 Sb3"'sc2 SC3 ) (7 7)
pg— 25 '
den

Where 8o, =S,3(SpciSat +Sa2)+Sh3 (SpciShr + Sba2 )+ Sea (SpciSer + Se2 )+ Spc2 (Saa +Sha +Sca)

In order to obtain the analytical waveforms of the terminal voltage ‘vpg’, the
expression (7.7) is simulated in the MATLAB software. The parameters considered for the
simulation are ‘Vpy’=200V, switching frequency ‘fsw’=500Hz and the reference wave
frequency ‘fy” = 50Hz. The switching frequency is kept low (500Hz) in order to clearly
indicate the transition in the terminal voltage ‘vpg’. Fig. 7.4 shows the analytical waveform of
‘Vpg’ for the proposed CMLI. A discontinuity in the terminal voltage waveform can be
observed in Fig. 7.4, which result in avoiding the transitions in the terminal voltage. The
discontinuity in terminal voltage is mainly because of the isolation of the PV array and load
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during common zero state. The reduced transitions in the terminal voltage, further help in
minimizing the magnitude of leakage current in the proposed CMLI.

200 ,

150 b Veg (V) ]

o A

0 0.98 0.99 . 1
Time (sec

Fig. 7.4. Analytical waveform of the terminal voltage ‘vpy’ obtained using the switching functions.

7.4. Simulation and experimental results

To justify the operation of the proposed DC decoupled three-phase three-level CMLI
and its given analysis, the simulation and experimental results are presented. The simulation
is performed in the MATLAB SIMULINK software using the POWERSIM block sets. The
parameters considered for the simulation and experiment setups are shown in TABLE 7.1.
The MOSFETS IRF 640 are used in the developed hardware prototype. The driver IC HCPL
3120 is used for driving these MOSFETS. The pulses for the switches are generated using the
SPARTAN 6 FPGA board. The DPO 3034 is used to capture the waveforms of hardware
prototype. And the programmable DC sources were used to produce DC input in the power

circuit.

TABLE 7.1. SIMULATION AND EXPERIMENTAL PARAMETERS

Simulation Parameters

Parameter Vpc  fsw L Ry ©Cp Riad
Value 200V 10kHz 2mH 1Q 10nF 100Q

Experimental Parameters

Parameter Vpoc  fsw L Ry ©Cp Riad
Value 100V 10kHz 2mH 1Q 10nF 100Q

Fig. 7.5 shows the (a) simulation waveforms and (b) experimental waveforms of
the (i) three-phase three-level CMLI or conventional CMLI [56] and (ii) proposed CMLI. The
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Fig. 7.5. The (a) simulation; (b) experimental waveforms of the terminal voltage and the leakage current for the

(i) conventional and (ii) proposed CMLIs.

subplot (a) of Fig. 7.5 show the waveform of terminal voltage ‘vpg’ for both the cases.
It can be observed that the number of transitions in the terminal voltage ‘vpg® are less with the
proposed CMLI when compared with the conventional CMLI. Because of these reduced
transitions in the terminal voltage ‘vpg’, the magnitude of the leakage current flowing through
the parasitic capacitance is less in the proposed CMLI compared to the conventional CMLI.
This can be observed from Fig. 7.5.

Fig. 7.6 shows the expanded view of Fig. 7.5 to justify the operation of the convention
CMLI and proposed CMLI in Region 1 and Region 2. In the case of conventional CMLI,
there are four levels in the terminal voltage in Region 1 and Region 2 as seen in subplots (a)
and (b) of Fig. 7.6 (i). So, the number of transitions in the terminal voltage is six for one

switching cycle. By using the proposed CMLI, the transition in the common zero state is
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Fig. 7.6. The (a) simulation; (b) experimental waveforms of the terminal voltage vpq in the Region 1 and Region

2 for (i) conventional and (ii) proposed CMLIs.

avoided in Region 1 and Region 2 as observed in the subplots (a) and (b) of Fig. 7.6(ii).
However, a small transition is observed in the terminal voltage during the common zero state
which is almost negligible. Further, the number of transitions in the terminal voltage in one
switching cycle is reduced to four using proposed CMLI when compared to six in the case of
conventional CMLI as can be seen in Fig. 7.6. Therefore, using the proposed CMLI with the
given PWM technique, the size of common mode filter used at the input and output of the
CMLI may be reduced.

The experimental waveforms of output voltages ‘van’, “vbe’ and ‘vea’ and the currents

‘Ia’, “Ip” and ‘ic” flowing through the resistive load for the (i) conventional and (ii) proposed
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CMLlIs are shown in the Fig.7. It can be observed that the transitions in output voltages are
observed from ‘0’ to ‘Vpv/2’, “Vev/2’ to ‘Vey’ and vice versa using the conventional CMLI.
But using the proposed CMLLI, the transitions in the output voltages are done from ‘0’ to
‘Vpv/2’, 0’ to “Vpy’ and vice versa. Further, it can be clearly observed that the THD of the

output current is nearly same for both conventional and proposed CMLIs [58].

i (200mA/div) ' i3 (200mA/div)

ip 200mA/div) S ip (200mA/div)

i (200mA/div) i (200mA/div)

0 )

Fig. 7.7 The waveforms of output voltages ‘Vap’, ‘Voc” and ‘Vea’ and the currents ‘ia’, “ip” and ‘ic” flowing through

the resistive load for the (i) conventional; (ii) proposed CMLIs.
7.5. Conclusion

This chapter presents a three-phase three-level transformerless PV inverter topology
for the minimization of the leakage current. The topology is built by cascading the three-phase
three-level conventional CMLI with the DC decoupling switches. The proposed topology with
the given PWM technique minimizes the leakage current by reducing the transitions in the
terminal voltage. This further helps in reducing the transitions common mode voltage which
may further reduce the size of EMI filter required both at the inverter input and the output.

Apart from this, the proposed CMLI uses the common DC bus for all three phases.
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Chapter 8
NPC DC Decoupling Based Three-Phase Three-Level
Transformerless PV Inverter Topology for Minimization

of Leakage Current

This chapter presents a three-phase three-level cascaded PV inverter configuration
based on NPC DC decoupling methodology [55]. The given configuration minimizes the
leakage current by using decoupling switches, clamping switches and capacitors. The leakage
current is minimized by avoiding or restricting the change in terminal voltage, during
common zero state. Further, the common zero state in all the three phases is obtained using
phase opposition disposition PWM technigque. Once, the common zero state is realized, then
the magnitude of terminal voltage is restricted to the previous active state value using the
proper clamping switches and the capacitors. Further, the chapter also presents an analysis of
the terminal voltage using the switching function concept. From, the given switching function
analysis, the analytical waveform of the terminal voltages are obtained. The obtained
analytical waveforms using the derived expressions match with the simulation results. The
obtained results are further supported with the experimental waveforms which match both

simulation and analytical waveforms.

8.1. Schematic of proposed NPC DC decoupling based three-phase

three-level transformerless CMLI

The schematic of the proposed NPC DC decoupled three-phase three-level CMLI is
shown in Fig. 8.1. The proposed CMLI consists of two converters ‘Conv-1" and ‘Conv-2’ as
shown in Fig. 8.1. The ‘Conv-1’ is a three-phase three-level CMLI [56] formed by the twelve
switches Swyy where ‘X” = ‘@’, ‘b’ and ‘¢’ and ‘y’=1, 2... 4.. The three-phase output terminals
(‘a’, ‘b’ and ‘c’) of “‘Conv-1’ are connected to the star connected three-phase resistive load ‘R’
via a filter inductor ‘Lf’. The terms ‘ia’, ‘ip’ and ‘i¢’ refer to the output currents flowing
through star connected the resistive load. The neutral point of star connected resistive load is

connected to ground °‘Q’. Further, the input terminals of the ‘Conv-1’ is connected to the
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‘Conv-2’ via the terminals ‘U’, ‘v’ and ‘W’. The ‘Conv-2’is a neutral point clamped
decoupling circuitry formed by the two decoupling switches Swpci1, Swpc2 and two clamping
switches Swpi and Swp2 along with six capacitors of equal value ‘Cpy’ and sharing equal
voltage of ‘Vpy/6’. The input to the ‘Conv-2’ is connected to two PV panels ‘PV1’ and ‘PV>’
via the terminals ‘p’, ‘0’ and ‘n’. The terms ‘Rp’ and ‘Cp’ connected at node ‘p’ refer to the
parasitic resistance and the capacitance of the PV panel. The voltage ‘vpg’ is the terminal
voltage across the parasitic resistance and capacitance of the PV panel. The term ‘ijeak’ refers

to the leakage current flowing through the parasitic capacitance of the PV panel.

ey = 7 u3
. . V IIJI H
: |IeakJ7 %ICPV
§ ) Ve Lt Swpct |
: PViL v6 T /.
1 2= SWp1
TCp 0! 76 TCrv
— ﬂ;&"cw
= M LB N—
Vpy LT Sw
PV, - Cev TTD2
T oS | |
n A
Conv-2 ¥ :

Fig.8.1. Circuit schematic of proposed NPC DC decoupled three-phase three-level CMLI.

8.2. Working principle for the minimization of leakage current

The proposed topology with the given PWM strategy minimizes the leakage current.
This is achieved by clamping the terminal voltage during common zero state to its previous
active state value and thus, eliminates the transition in the terminal voltage using the clamping
circuit in ‘Conv-2’. To achieve the objective of the common zero state in all the three phases,
a level shifted phase opposition disposition (LS-POD) PWM technique [57] is employed as
shown in Fig. 8.2 (a). Fig. 8.2 (b), (c), (d) and (e) shows the waveforms of the inverter output
line voltages ‘Van’, ‘Vboc’, ‘Vea’ along with the terminal voltage ‘vpg’ for the proposed topology.
The common zero state in the inverter line voltages can easily be seen in Fig. 8.2. Thus, using
the NPC DC decoupling technique during the common zero state with the help of switches
Swpc1, SWpc2, SWp1 and Swp; the terminal voltage ‘Vpg’ is clamped to its previous active state
values 2Vpv/3” in Region land ‘Vpy/3’ in Region 2 as observed in Fig. 8.2. Fig. 8.2 (e)
shows the waveform of the terminal voltage for one complete fundamental cycle of the output
voltage (0° to 360°). The terminal voltage is divided into two regions (Region 1 and Region 2)

as shown in Fig. 8.2 (). The Region 1 consists of the period between 0° to 60°, 120° to 180°
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and 240° to 300° for one cycle of the output voltage. Similarly, the Region 2 consists of
periods between 60° to 120°, 180° to 240° and 300° to 360° of the output voltage. Now, during
the common zero state in the Region 1, the load current free-wheels through the

switches (SWai, SWaz, SWh1, SWhs, Sweiand Swez) of the CMLI, while keeping the switches
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Fig. 8.2. The waveforms of the (a) carrier and reference waves; (b) output voltages Vab; (C) Voc; (d) Vea; (€)

terminal voltage vyg for the proposed NPC DC decoupled CMLI.

Swpc1 and Swpc: are turned OFF and the switches Swp: and Swp; are turned ON as shown in
Fig. 8.3 (a). Thus, the magnitude of terminal voltage is clamped to ‘2Vpv/3’, which is Same as
the previous active state value. Similarly, during the common zero state in the Region 2, the
load current free-wheels through the bottom switches (Swas, Swhs and Swes) of the CMLI
while keeping the switches Swpci and Swoc2 turned OFF and the switches Swp: and Swp2
turned ON as shown in Fig. 8.3 (b). As a result, the magnitude of terminal voltage is clamped

to ‘Vpv/3’, which is same as the previous active state value. In this way, the magnitude of
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terminal voltage during common zero state is clamped to its previous active state value in
both Region 1 and Region 2. This action results in minimizing the number of transitions in the
terminal voltage for one switching cycle. As a result, the magnitude of the leakage current
flowing through the parasitic capacitance is minimized. In the voltage levels other than
common zero state, both the decoupling switches Swpc: and Swpcz remain turned ON and the

clamping switches Swpz and Swpz remain turned OFF.

Crv 2 4A swa,B ()

TS S

g oy | py |

Fig. 8.3 Operation of the proposed NPC DC decoupled CMLI during zero state in (a) Region 1; (b) Region 2.

8.3. Analysis of terminal voltage across PV parasitic capacitance

using switching function concept

The magnitude of the leakage current flowing through the parasitic capacitance mainly
depends on the nature of the terminal voltage. So it is necessary to obtain the expression for
the terminal voltage. The expression is derived using switching function concept [19, 58-59].
From Fig. 8.1, the voltages ‘Vag’, ‘Vbg” and ‘Veg’ are expressed in terms of “Vpg’, ‘Vog’ and ‘Vng’

as
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V 2V,
Vag= Spc1Sa15a3Vpg +Sa25a3vog +Spc2SasVng +Sa15a35p1 (Vpg - F;Vj"'samSDZ (Vpg - ;V j

(8.1)

V, 2V,
Vbg= Spc1Sh1Sh3V pg +Sb2Sh3Vog TSDC2Sh4aVng +Sh1Sh3SD1 (V pg- ZV )+3b4302 (V g~ 3P Y j

(8.2)

_ Vey 2Vpy
Veg= Spc15¢15¢3Y pg HSc25c3Vog +SDC2Sc4Vng HSc15:3S D1 (V pg” TJ+SC4S D2 (V PI" 3

(8.3)

Where Spi1, Spb2, Spci and Spco represent the switching states of the switches Swpi, Swpa,
Swpcz and Swpcz. Similarly, the term Sxy represents the switching state of the switch Swyy.
The value of Swyy is ‘1’ whenever the corresponding switch is turned ON else it is ‘0’. The

same is applicable for the switching states Swp1, Swpz, Swpci and Swpca.

The terminal voltages ‘Vog’ and ‘Vng” are expressed in terms as ‘Vpg” and Vpy as

Vog=Vpg~ ~B (8.4)

Vng= Vpg- Vpv (8.5)
In the case of balanced three-phase systems,

Vag +Vpg +Veg =0 (8.6)

Now, adding (8.1), (8.2) and (8.3) and simplifying the expression by using (8.4), (8.5) and
(8.6) results in

_ Vpv Vey 2Vpy
Vpg=VpvSpc2Sat > Spt 3 Sp1S3t 3 Sp2Sa (8.7)
Where S;1, Sz2and S;3 are given by

g =SaatSpatSca . o _ Sa2Sa3+Sh25h3*+Sc2Sc3 . ¢ _ Sa1tSh1tSer
z1 S 1 972 S v 973 S
den den den




Sden=Sa3 (Spc1Sa1*+Sa2 )+Sb3 (Spc1Sh1+Sh2 )+Sc3 (SpciSc1+Se2 )+
Spc2 (Saa+Sha+Sca )+Sp1 (Sa1+Sp1+Sc1)+Sp2 (Sa4+Sba*Sca)

In order to obtain the analytical waveforms of the terminal voltage ‘vpg’, the
expression (8.7), are simulated in the MATLAB Software. The parameters considered for the
simulation are ‘Vpy’ =200V, switching frequency ‘fsw’ =1kHz and the reference wave
frequency ‘fy” = 50Hz. Fig. 8.4 shows the analytical waveform of ‘vpg’ for the proposed
CMLL. It can be observed that using the proposed CMLI, the number of transitions in the
terminal voltage for one switching cycle is four as seen in Fig. 8.4. The transition in the
terminal voltage is avoided by clamping the terminal voltage to the previous value in the

common zero state [55].

200 '
150 | VPg (V) i
100
S0 | (iii) |
0 2
0.98 0.99 1

Time (S) —>

Fig. 8.4. Analytical waveform of the terminal voltage ‘vpy’ Obtained using the switching functions for proposed
NPC DC decoupled CMLI.

8.4. Simulation and experimental results

In order to justify the operation of the proposed CMLI and the presented analysis, both
the simulation and experimental results are presented. The parameters used in the simulation
and experiment are listed in Table 8.1. The simulation is done in MATLAB software using
the POWERSIM block sets. The photograph of the experimental prototype developed is
shown in Fig. 8.5. The programmable DC sources were used instead of the PV panels to
provide input DC voltage for the proposed CMLI. The MOSFETs IRF640 and IGBT
IXXH30N60B3 were as power semiconductor switches. The driver IC HCPL 3120 is used to
drive the power semiconductor switches. The input PWM pulses for these driver ICs are
generated using the Digilent ATLYS SPARTAN 6 FPGA board.
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TABLE 8.1. SIMULATION AND EXPERIMENTAL PARAMETERS

Simulation Parameters

Parameter Vboc fsw L Rp  Cp Ricad
Value 200V 10kHz2mH 1 Q10nF100Q2

Experimental Parameters

Parameter Vpc  fsw L Rp Cp Riad

Value 100V 10kHz2mH 1 Q10nF100Q

= _ DPO 3034

Programmable DC Sources

Fig.8.5. Photograph showing experimental setup for proposed NPC DC decoupled three-phase three-level
CMLLI.

The (a) simulation and (b) experimental waveforms of the (i) conventional three-phase
three-level CMLI [56] and (ii) proposed CMLI are shown in Fig. 8.6. It can be observed that
using the proposed CMLI, the transitions in the terminal voltage ‘Vpg’ can be minimized
compared to the conventional CMLI. This minimizes the high-frequency switching transitions
in the terminal voltage. Since the parasitic capacitance offers a high impedance to this low-
frequency switching transitions [60], the magnitude of leakage current flowing through the
parasitic capacitance is less in the proposed CMLI compared to the conventional three-phase

three-level CMLI which can be clearly observed from Fig. 8.6.

In order to clearly show the reduced transitions in the terminal voltage ‘Vpg’ for the
proposed CMLI compared to the three-phase three-level CMLI, the zoomed view of the
terminal voltage vpg in both the regions Region 1 and Region 2 are shown in Fig. 8.7. It can
be seen that for one switching cycle ‘fsw” in both regions Region 1 and Region 2, the number
of switching transitions in the terminal voltage is 6 in the case of conventional CMLI.
Whereas using the proposed CMLI, the switching transitions in the terminal voltage is

reduced to 4. This clearly justifies the reduction in the magnitude of leakage current.
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Fig. 8.6. The (a) simulation; (b) experimental waveforms of the terminal voltage and the leakage current for the
(i) conventional CMLLI and (ii) proposed NPC DC decoupled CMLLI.
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Fig. 8.7 The (a) simulation; (b) experimental waveforms of the terminal voltage ‘Vpy” in the Region 1 and Region
2 for (i) conventional CMLI and (ii) proposed NPC DC decoupled CMLI.

8.5. Conclusion

This chapter presents a new NPC DC decoupling method based three-phase three-level
CMLI for the minimization of leakage current in PV systems. The proposed inverter is
obtained by clamping the three-phase three-level CMLI with the clamping circuitry formed by
using switches and the capacitors. The proposed clamps the magnitude of terminal voltage
during the common zero state to the previous active state value using the clamping circuit.
This results in the reducing the number of transitions in the terminal and common mode
voltage. The proposed CMLI reduces the number of transitions in the terminal to four from
six compared to the conventional CMLI. Due to a reduction in the number transitions in the

terminal voltage, the magnitude of leakage current flowing through the parasitic capacitance

8-10



of PV array in case of proposed CMLI is less compared to the conventional CMLI. This may
further help in reducing the size of common mode choke and EML filter required in the
proposed CMLI. The simulation and experimental results presented in the chapter also justify

the given switching function analysis.
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Chapter 9

Conclusion

9.1. Summary

The work presented in this thesis mainly confers on the various transformerless multi-
level inverter schemes for PV systems. Multi-level inverter solutions presented in the thesis
minimizes the leakage current flow in the PV systems. The proposed solutions are either
based on the PWM methods or configurations for the transformerless multi-level inverter
based PV systems for the single-phase and three applications. The entire thesis is divided into

nine chapters, including the present chapter.

Chapter 1 gives an introduction to the PV systems, classification of PV systems
based on the inclusion of transformer, highlighting the problem of leakage current in the

transformerless PV inverter topologies.

Chapter 2 addresses the comprehensive review of various single-phase PV inverter
topologies for the minimization of the leakage current. The PV inverter topologies
discussed are then compared in terms of number of devices used, number of capacitors
used, number of switches conducting in positive and negative half cycles etc. Further, the
analysis of the terminal voltage is given using the switching function concept, for reviewed
inverter topologies are also presented. Finally, it sets motivation for the research work

carried out in this thesis.

Chapter 3 presents a new low cost and efficient CMLI. The proposed CMLI is
operated in both symmetrical and asymmetrical modes. Further, the generalized structure
of proposed CMLI for higher levels in the output voltage is presented. The proposed
CMLI operation in both symmetrical and asymmetrical modes is further supported by

the simulation and experimental results.

Chapter 4 gives the details of the new PWM technique for the minimization of the
leakage current in the grid-connected/stand-alone transformerless PV-CMLI. First, the
operation of the CMLI is discussed along with its switching states. Next the analysis of the

terminal voltage and common mode voltage for the five-level CMLI with proposed PWM
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technique is given. The proposed PWM technique is further generalized for higher level
operation. Further, the procedure for integrating the MPPT to the CMLI for both
symmetrical and asymmetrical operations is discussed. Next, the simulation and

experimental results were also presented to justify the correctness of given analysis.

In Chapter 5, a CMLI based on a highly efficient and reliable configuration for the
minimization of the leakage current is proposed. First, the working principle and the
operation of the proposed five-level grid-connected CMLI along with the generalized
structure is described. The details of the PWM technique employed with its generalization
for ‘2m + 1’ levels are then explained. Next, the details of the MPPT algorithm which can
be applied to the proposed five-level CMLI were explained. This is followed by the
analysis of the terminal and CMVs for the proposed CMLI. The simulation and
experimental results of the proposed five-level CMLI were presented. Finally, the
comparison of the proposed CMLI with the other existing PV MLI topologies in the
literature is presented.

Chapter 6 addresses the comprehensive review of various existing three-phase
transformerless PV inverter topologies for the minimization of the leakage current. The
analysis of the terminal voltage is done by using the switching function concept for each
inverter topology.

In Chapter 7, a new three-phase PV inverter configuration based on CMLI is
proposed for the minimization of the leakage current based on the DC decoupling
methodology. First, the operation of the proposed three-phase CMLI is presented along
with the PWM scheme used for the minimization of the leakage current. Next, the analysis
of the terminal voltage for the extended three-phase CMLI is given. The simulation and

experimental results of the three-phase CMLI are also presented.

Chapter 8 proposes a new three-phase PV inverter configuration based on CMLI is
proposed for the minimization of the leakage current based on the NPC DC decoupling
methodology. First, the operation of the proposed three-phase CMLI is presented along
with the PWM scheme used for the minimization of the leakage current. Next, the analysis

of the terminal voltage for the extended three-phase CMLI is given. The simulation and
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experimental results of the proposed three-phase CMLI are presented to justify the

switching function analysis.

9.2. Contributions

This section highlights the research work in the order they appear in the thesis.

Analysis of terminal voltages of various single-phase transformerless PV inverter

topologies using the switching function concept

A comprehensive review of various single-phase PV inverter topologies for the
minimization of the leakage current is presented. The analysis of the terminal voltage
of various single-phase transformerless PV inverter topologies is done by using the
switching function concept. The PV inverter topologies discussed are then compared
in terms of number of devices used, number of capacitors used, number of switches

conducting in positive and negative half cycles etc.

A new low cost and efficient CML topology

A new low cost and efficient CMLI for single-phase PV system is presented. The
complete details of the operation of the proposed CMLI in symmetrical and
asymmetrical modes along with its extension to the higher number of levels with
simulation and experimental results are discussed. The comparison of proposed CMLI

with the other existing MLI topologies in the literature is also presented.

A new PWM technique for the minimization of leakage current in CMLI based
single-phase PV systems

A new PWM scheme is proposed for single-phase five-level CMLI for the
minimization of leakage current without the addition of any extra circuitry elements is
presented. The proposed CMLI is also integrated with the MPPT algorithm and is
applied to a five-level CMLI. Furthermore, the analysis of the terminal voltage across
the PV array and the common mode voltage of the inverter based on the switching

function is presented.

A new efficient and reliable transformerless PV CMLI configuration for the

minimization of the leakage current in the single-phase systems

9-4



Vi.

A new efficient and reliable transformerless PV CMLI configuration is proposed.
Apart from a reduced switch count, the proposed CMLI topology has additional
features of low switching and conduction losses. Furthermore, the extension of the
proposed CMLI along with the PWM technique for higher levels in the output voltage
is presented. A comparison of the proposed CMLI with the existing PV multilevel
inverter topologies is also presented.

Review single-phase extended three-phase transformerless PV inverter topologies

A comprehensive review of various single-phase extended three-phase
transformerless PV inverter topologies for the minimization of the leakage current.
The analysis of the terminal voltage is done by using the switching function concept

for each inverter topology.

The new MLI topologies for the minimization of leakage current in three-phase

systems

The new three-phase transformerless MLI topologies based on DC and NPC DC
decoupling methodologies are presented for the minimization of leakage current. The
complete details of the proposed three-phase transformerless MLI, analysis of the
terminal voltage using switching functions, simulation and experimental were also

presented.

9.3. Future scope of the research work

below:

The research work presented in this thesis can be further investigated as pointed

Further, optimized PV multi-level inverter topologies for both single-phase and three-
phase systems can be proposed which may require the reduced number of power
semiconductor devices, components etc.

The NPC decoupled MLI topologies can be extended using a switched capacitor for
single-phase and three-phase systems.

PWM techniques given for single-phase can be extended for three-phase systems.

The proposed CMLI configurations and PWM techniques can be extended to the

multi-phase system.
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APPENDIX-I

Voltage/current ratings of switches used in CMLI topology

discussed in chapter 4

The voltage ratings of switches used in CMLI topology used in chapter 4 is illustrated
here. The switches in the Conv 1 (half —bridge) are connected across the PV panel PV1 have a
voltage of ‘Vpv/2’. So the blocking voltage of the switches Swi, Sw2 and Sws is equal to
“Voc/2’, where ‘Voc’ is the open circuit voltage of the PV panel and its voltage is equal to 1.2
times ‘Vpy’. The switches in the Conv 2 (full-bridge) are connected across the complete DC
bus so the blocking of the switches Swa, Sws, Swe and Swyr is ‘Voc’. So the total KV rating of

the switches used in the five-level inverter is 5.5 Voc.

Voltage/current ratings of switches used in CMLI topology

proposed in chapter 5

The voltage ratings of switches used in CMLI topology used in chapter 5 is illustrated
here. The switches in the Conv 1 (half —bridge) are connected across the PV panel PV having
a voltage of ‘Voc/2’, where ‘Voc’ is the open circuit voltage of the PV panel and its voltage is
equal to 1.2 times ‘Vpy’. So the blocking voltage of the switches Sw1 and Sw» is equal to
‘Vpv/2’. The switches in the Conv 2 (full-bridge) are connected across the complete DC bus
so the blocking of the switches Sws, Swa, Sws, and Swe is ‘Voc’. The switches Swz and Sws
are equal to ‘Voc’. So the total KV rating of the switches used in the five-level inverter is
TVoc.
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