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ABSTRACT

A lot of research is being carried out on power converters employed for grid interfacing
applications and multilevel converter is perceived as gen-next technique for grid
integration. Multilevel converters are advantageous over the traditional two-level
converter due to increased scalability, lower harmonics content, reduced filter
components, low switching frequency, less voltage stress across switching device and an
increased efficiency. Multilevel converters are widely used in recent years for high
voltage and high power grid applications such as integration of renewable energy sources,
FACT devices, HVDC, STATCOM and BESS. In the proposed work, the grid integration
of photovoltaic source is considered. Solar energy provides the clean, ever available,
reliable and environment-friendly electricity generation near the load centre. Many
multilevel converters (MLC) topologies like, diode clamped, flying capacitor and
cascaded H-bridge converter are reported in the literature. In the proposed work, cascaded
H-bridge multilevel converter is employed as it is the best suitable configuration for
photovoltaic (PV) power generation because multistring PV plant naturally provides the
isolated DC source for each bridge of the CHB converter.

A set of 7-level, 9-level, 19-level and 43-level multilevel converters for integration of
large photovoltaic system are investigated in the proposed work.

Multilevel converter has the advantage of direct interfacing with high and medium
voltage grid. Hence transformerless integration with the grid is employed in the proposed
work to avoid a bulky and expensive step-up transformer. This system is a single-stage
converter to eliminate DC-DC stage, for reducing the cost, losses and also control

complexity in the system.

The selection of optimum number of levels for given voltage rating is investigated in the

proposed work to obtain the proper ratio of performance versus cost and complexity. The



number of levels in the multilevel converter is selected in proposed work, considering all
design considerations like the cost of IGBTs, arithmetic and logical operations (ALOs),

THDs, and device voltage utilization factor (DVUF).

As well-known algorithms converge fast, so these algorithms like perturb and observe
(P&O), and incremental conductance (INC) methods are employed in proposed work.
Each PV array is provided with a separate maximum power point tracking (MPPT)
algorithm to overcome the unpredictable irradiance level variations, ambient
temperature, shading effect, and other relevant factors in proposed work. Decoupled

current control with SRF-PLL is used for VSC control in the proposed work.

This work focuses on investigation of a suitable modulation technique with improved
THD of MLC output voltage and grid current, and low switching frequency for the
symmetrical CHB multilevel converter. The phase shifted PWM, SHE-PWM and NLM
modulation techniques are investigated in this work. The major focus of this research
work is on the investigations of high power converter based PV grid tied system for
photovoltaic application, while satisfying the IEEE standards. The lower switching
frequency employed for switching the converter, reduces the switching losses and
reduces the acoustic noise. It ultimately reduces the size, hence the cost of the filter. The

reduction of switching losses at higher power rating system is significant.
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CHAPTER-I

INTRODUCTION

1.1 GENERAL

Today, the world is at crossroads for energy scenarios. Every country wants to be a
developed one. The per capita energy consumption is one key index to assess the progress
of a nation. Hence, developing nations are investing more in power generation. Most of
the nation’s, developed or developing, are focusing on increasing the percentage of
renewable energy generation in their countries overall energy generation. Renewable
energy is perceived as the solution to the future energy crisis and restoration of the

environment to its maximum pure form.

Developing nations want socio-economic growth without harm to the environment and
India is showing the path to them. Rather India is a sort of world leader on this front.
Currently, most of the investment is preferred in conventional energy sources. The source
wise installed power generation capacity in India as given in MNRES [1] is shown in fig.
1.1. The critical challenge now is to balance progress and the environment [1-6]. Rapidly
vanishing conventional energy sources have put an alarming energy crisis for the world.
Moreover it increases the greenhouse gases and the pollution due to fuel used in
conventional power plants [7]. The fuels used in a conventional power plant are depleting
and polluting in nature. Hence to obtain clean, ever available, reliable, and environment-
friendly electricity generation, the use of renewable energy sources, like solar and wind,
are increasing for the last two decades. The source-wise cumulative renewable energy

generation as given in MNRES report (31-12-2019) is shown in Fig.1.2 [1].
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Figure 1.1 Source wise installed power generation capacity (MW) in India as on
31-12-2019 (source: MNRES annual report) [1]
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Figure 1.2 Source-wise cumulative renewable energy generation (MW as on 31-12-
2019) (Source: MNRES annual report) [1]

After the Paris agreement (International Solar Alliance) 2016, in the United Nations
Framework Convention on Climate Change (UNFCCC), each signatory nation is bound
to reduce its carbon footprint. SPV power's unit cost has gone down with recent
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development in power converters and SPV (Solar Photovoltaic) generation. The SPV
power generating system is widely used to provide neat, clean, and maintenance-free
energy near the load centre [1, 3]. The best way is to utilize solar energy — the most
pristine of all renewable energy sources (RESs). Out of this concern, an International
Solar Alliance (ISA) has been established in 2016. ISA's focus is to provide affordable
solar power for every domestic household by the year 2030 [1-2, 4]. For example, India
has set an ambitious target to have 100 GW installed solar capacity by 2022 and reduce
emission intensity by 33-35 % by 2030 [1, 3]. With an objective to make India a global
leader in solar energy, National Solar mission (NSM) has been launched in January 2010.
It is the first mission opeartionalized under the National Action Plan on Climate Change
(NAPCC). Mission has adopted a three-phase approach for quick diffusion of solar
technology throughout the country by implementing conducive policy conditions. The
top states of India in solar installation as given in MNRES annual report (31-12-2019)

are shown in Fig. 1.3 [1].
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Figure 1.3 Top 10 states solar Installation (capacity in MW as of 31-12-2019)
(source: MNRES annual report) [1]




In 2015, India has set an ambitious target to have 175 GW renewable energy installed
capacity including all renewable sources by 2022. In just four years, the cumulative
renewable installed capacity stands at 85.90 GW as of December, 2019. This amounts to
almost 24 percent of total installed capacity of India, which is phenomenal. Over a period
of 5 years from 2013-14, the renewable energy capacity of India has doubled. Solar
energy being the biggest contributor as solar power installation has increased 14 times in

last five years, with total installed solar power capacity at 37739 MW as of August, 2020

[1].

1.2 STATE OF ART

The research on power converters for interfacing the renewable generation system to the
grid has gained an importance to maintain good power quality, reliability, and stability
of the grid [7-25]. The literature reports substantial research on the single-stage and
double stage grid interfaced two-level converters to integrate the photovoltaic system
[26-40]. For tracking the maximum power from the PV array, various MPPT techniques
are reported in the literature [41-62]. For a multi-string SPV system, each string is
provided with a separate MPPT, each controlled by a separate controller to overcome the
unpredictable irradiance level variations, ambient temperature, shading effect, and other

relevant factors [63-65].

However, in a conventional two-level converter for improving the THD of output current
waveform of the system to enhance the power quality, one has to increase the switching
frequency, which significantly increases the switching losses and the acoustic noise in
the system. For filtering this high acoustic noise, the filter size is increased, increasing
the system's cost. Multipulse converters are used in large solar PV grid-connected

systems to minimize harmonics in the voltage waveform resulting in good power quality,



lower switching losses, and good reliability compared to the two-level topologies. This
requires a good design of the transformer and interfacing magnetic for proper operation

of a multi-pulse-based system [66-67].

The higher voltage rating devices used in conventional 2-level inverter topology are
costly. On the other hand, the cascaded connection of low-voltage rated IGBT can be a
cost-effective solution for medium or high-voltage inverter applications; they are also
mature in construction [68-72]. The increased numbers of levels mean that medium or
high-voltage is attainable, and it is possible to connect the SPV plant to the medium or
high voltage AC network directly. This direct connection with the grid avoids a bulky
and expensive step-up transformer. The transformerless converter has a reduced cost,
weight, and size and improves conversion efficiency, reducing overall installation and

maintenance costs of converter and interfacing transformers [73-75].

An increased number of levels in a multilevel inverter leads to the output voltage having
more steps. The generated output voltage has a staircase waveform and harmonics
distortions are reduced. More number of levels increases the number of switches and
other circuitry around it like the snubber circuits and passive components. Accordingly
the control complexity increases and may create voltage-imbalances in the string.
Therefore, the optimal selection of the number of inverter levels is essential to achieve
the best performance versus cost ratio of the PV systems. Extensive coverage of the
topologies of the multilevel converter is reported in the literature [76-87]. These are
extensively used for interfacing the renewable energy sources with the grid, and in
STATCOM, back-to-back HVDC transmission, high voltage drives, and traction
applications [88-100]. However, due to naturally available separate DC sources in the

multi-string SPV system, CHB is most suitable for a large photovoltaic system [84].



VSCs are controlled to feed the current to the grid at the unity PF. The number of control

scheme’s for the VSC’s are reported in the literature [101-128].

The continuous research is going on for a better modulation technique [129-160]. While
devising control schemes for the controllers, the main challenge is to use suitable
modulation techniques, which improves the THD as per limits specified in the IEEE-519
standard. Selecting modulation techniques with lower switching frequency reduces the
switching losses and also contributes to reducing acoustic noise. As multilevel converters
are used for medium or high power applications; hence switching losses are the

significant parameter for selecting the appropriate multilevel converter.

1.3 GRID TIED PHOTOVOLTAIC INVERTERS

Given the above, one of the critical challenges for engineers is the grid integration of
renewable energy sources. The increasing number of renewable energy sources and
distributed generators require new strategies for the grid's operation and management to
maintain and to improve the power quality and reliability. Power-electronic technology
plays a vital role in the distributed generation and integrates renewable energy sources

into the electrical grid.

The large-scale grid integration of solar power plants, is the key focus area as the targets
cannot be met without it. The generation of bulk solar power using the available solar
panels, requires a series-parallel connection of solar panels to achieve the desired current
and voltage ratings [3]. Usually, two types of configurations are employed for connecting
the inverter with the PV array: central inverter and multi-string inverter, as shown in
Fig.1.4.[12] In the central inverter, the single inverter controls the whole PV array, and a

single MPPT tracks the maximum power [12-14, 19-26] from the PV array.



Hence in case of fault and shading in the part of PV array, the complete system is to be
affected. A converter is connected to a single string in a multi-string converter, and a
separate MPPT tracks the maximum power. Only that particular string is to be affected
under fault and partial shading conditions instead of the whole system. The control block
diagram of the grid interfaced converter [26] is shown in Fig.1.5. To extract the maximum
power from a PV array, it must operate the voltage and current on PV characteristic at

maximum power point under all varying environmental conditions,
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Fig. 1.4 Inverter configurations for solar PV array connection (a) Central inverter, (b)
Double-stage multi-string, (c) Single stage multi-string [12]

insolation level change, and partial shading. This can be achieved using the maximum
power point tracking (MPPT) algorithm [41-43]. The maximum power extracted from
the PV array is fed to the inverter after boosting the DC voltage by a DC to DC converter.
The DC-AC converter feeds extracted power from the PV array to the grid at unity PF

[26].
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Fig 1.5 Control block diagram for SPV generation system [26]

The grid interfaced SPV generating system can be classified into two categories

depending on the power processing stages as given in Table 1.1.

Table-1.1 Classification of grid-tied converter based on power processing

Stage Converter Used Task Performed

Single-stage DC-AC Inverter 1. MPPT control
2. It feeds extracted power
to the grid at unity PF.

Double Stage DC-DC Inverter MPPT control
DC-AC Inverter It feeds extracted power to the
grid at unity PF.

In double stage PV inverter, the DC to DC converter boosts up the DC voltage generated
by the PV array and also provides the galvanic isolation for protection against the leakage

current (The uncontrolled leakage current results in the risk of electrical shock, increased



power loss, and reduced reliability). Moreover, the cost of the system and control
complexity are increased. Hence it is preferable to use a single-stage SPV generation
system and galvanic isolation in case of a single-stage system may be provided through

a low frequency isolating transformer [27-40].

1.4 MULTILEVEL CONVERTERS

The power-electronics has undergone a fast evolution. Multilevel inverters are presented
as the solutions of choice for high-power and medium-voltage applications and the grid
interfacing. The conventional two level inverters have inherent shortcomings on account
of limitations due to increased switching losses at high frequency and device rating
constraints. In contrast, multilevel inverters work as a group of switching devices and DC
voltage supplies. They are capable of producing stepped output voltage and also keep
harmonics distortion at a low value. Main appealing factor in multilevel converter
topologies, is increased power rating with lower device ratings, reduced voltage stress on
the switching devices, high quality output voltages, and sinusoidal currents with less

distortion [76-82].

1.4.1 Multilevel Converter Topologies

Many multilevel converter topologies are proposed in the literature. Nevertheless,

mainly, three topologies of MLCs are preferably used [76-82].

(i) CHB with separate DC sources,

(i1) Diode clamped (or neutral clamped), and

(iii) Flying capacitors (or capacitor clamped).



Among various MLCs topologies reported in the literature [5-8], for large photovoltaic
applications, cascaded H-bridge (CHB) topology is an exciting topology as separate DC
sources for each H-bridge in CHB multilevel converter are naturally provided in the
multi-string solar PV system. Despite the increased hardware cost and complexity, multi-
string topology allows individual MPPT control of each string. It also provides increased
modularity, improves power output from the solar module despite possible module

mismatch and partial shading [10].

1.4.2 Multilevel Converter Applications

Multilevel converters can be used in the following applications in high power and
medium voltage grid applications [88-100].

(1) Interfacing of renewable energy sources,

(2) Battery energy storage system,

(3) STATCOM,

(4) VSC based HVDC back to back connection.

Only the first of the above applications, is considered in this work and also in interfacing

of renewable energy sources, only solar interface is investigated in this work.

1.5 SCOPE OF WORK

After carrying out the detailed literature review on the grid interfaced converters, it has
been identified that the conventional two-level converter cannot be applied for high or
medium voltage due to an increased per device voltage stress. The use of a multilevel
converter instead of two converters gives the lower per device voltage stress, improved

THD, scalability, and lower switching frequency, providing reliable, efficient, and
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enhanced power quality of grid interfacing systems. The performance of the system is

verified on the MATLAB Simulink platform.

The main objectives of this proposed work are as follows.

>

Y V VYV V¥V

To select the optimum number levels of multilevel converter corresponding to the
high voltage rating of systems interfaced to the grid.

To model and design the grid integrated multilevel converter.

To select distributed MPPT algorithm.

To develop the control algorithm for grid interfaced multilevel converter.

To choose a suitable modulation technique with improved THD and low
switching frequency.

To obtain both dynamic and steady-state performances of the system on
MATLAB Simulink.

To find the power quality improvement by using the FFT Tool of MATLAB

Simulink.

This proposed research work has been carried out on following objectives.

1.5.1 System Configurations

The multilevel converters are designed and modelled for different levels depending on

the voltage rating of the grid. The 7- and 9- level CHB multilevel converters are designed

for the 3.3 kV AC grid. The 19-level CHB multilevel converter is designed for 11 kV

grid. The 43-level multilevel converter is designed for a 33 kV grid. Because of the

natural availability of independent DC sources in the multi-string photovoltaic system,

CHB multilevel converter is employed in this research work.
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1.5.2 MPPT Algorithm

As the well-known MPPT algorithms converge fast, these algorithms are employed in
this research work. Among various known methods, therefore, a perturb and observe
(P&O), and an incremental conductance (INC) methods are used for tracking maximum
power from the PV array. Both techniques introduce small disturbances (perturbations)
to track the MPP and to determine the voltage at which, the PV array is able to deliver its
maximum power. Each PV array is provided with a separate MPPT algorithm and
separate controller to overcome the unpredictable irradiance level variations, ambient

temperature, shading effect, and other relevant factors.

1.5.3 VSC Control Algorithm

VSC feeds the extracted power from the PV array to the grid at unity power factor. The
decoupled current control based on SRF-PLL is applied for the VSC control. The voltage
oriented control with SRF-PLL is also used for the VSC control. PLL is used for
synchronization to the grid. The performance is tested on MATLAB/Simulink software.
Both, the steady-state and dynamic performances are studied. The power quality
improvement is observed using the FFT tool of the MATLAB. The THD of output
voltage and current waveforms for various levels are also compared in detail. Results are

also validated in hardware-in-loop (HIL) on OPAL-RT simulator.

1.5.4 PWM Control

The modulation schemes suitable for CHB multilevel converter are employed in this
thesis. Three modulation techniques are used, and their THD’s are compared. Firstly, a
simple and straightforward phase-shifted multicarrier sinusoidal is applied to a 7, 9, 19,

and 43- level CHB multilevel converters. The number of carrier signals and phase-
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shifting between them are calculated for different number of levels. Moreover, NLM, and
SHE PWM techniques are applied to the 9-level converter. Accordingly, the comparison
of different modulation techniques employed is also made for the output voltage and

current waveforms THDs in detail.

1.6 OUTLINE OF CHAPTERS

This thesis consists of eight chapters, including introduction, literature review, design
and development of grid interfaced multilevel converters, control algorithm, PWM
strategies, their comparison, MATLAB modelling, results and discussion, main

conclusions, and suggestions for further work followed by references.

Chapter-1: This chapter summarizes the shortcomings of the conventional sources and
the need for renewable energy and India's statistics. Solar energy statistics in India and
the mission launched to increase solar energy generation are discussed in brief. It covers
the grid interfaced photovoltaic converter and introduces the multilevel converters, its
topologies, and applications. The scope of the work includes system configurations of
multilevel converters for the given specifications of the grid, MPPT techniques, VSC
control, and PWM control. The scope of the work is discussed and the outline of chapters

is presented here.

Chapter-11: The detailed literature review on MPPT control algorithms for grid
interfaced converters, is described in this chapter. Further, a comprehensive review of
multi-pulse and multilevel converters for a large photovoltaic system is carried out in
detail. A review of PWM controls for obtaining improved THD and the low switching
frequency is also discussed in this chapter. Based on the exhaustive literature review, the

research areas are identified, and problem formation is presented at the end of the chapter.
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Chapter-I111: This chapter presents the design, modeling and control of grid interfaced
transformerless single stage 7-level CHB multilevel converter for photovoltaic system.
The maximum power is tracked from the PV array using an improved P&O algorithm.
The decoupled SRF-PLL control is used for VSC control to feed current to the grid at
unity P.F. Phase shifted PWM method is implemented for the modulation of multilevel
converter. MATLAB simulative results are presented out for validating the steady state
and dynamic performances. The THDs of converter voltage, grid voltage and current are
tested on FFT tool of MATLAB. The performance of the designed system is also tested

on the OPAL RT simulator.

Chapter-1V: This chapter includes the design, modeling and control of grid interfaced
transformerless single stage 9-level CHB multilevel converter for photovoltaic system
with phase shifted PWM, SHE (Selective Harmonics Elimination)-PWM and NLM
(Nearest level modulation)-PWM modulation method. The control scheme comprises an
improved P&O MPPT algorithm and decoupled current control with SRF-PLL. The
steady state and dynamic performances and THDs are presented and validated on

MATLAB Simulink and OPAL RT simulator.

Chapter-V: This chapter presents the design, modeling and control of grid interfaced
transformerless single stage 19-level CHB multilevel converter for photovoltaic system.
The number of levels in multilevel converter in this system is selected with all design
considerations like the cost of IGBTSs, arithmetic and logical operations (ALOs), THDs
and device voltage utilization factor (DVUF). The control scheme comprises an improved
P&O MPPT algorithm and decoupled current control with SRF-PLL. Phase shifted PWM
is used for modulation of MLC. The steady state and dynamic performances and THDs

are presented and validated on MATLAB Simulink and OPAL RT simulator.
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Chapter-VI: This chapter deals with the design, modeling and control of grid interfaced
transformerless single stage 43-level CHB multilevel converter for large photovoltaic
system. The number of optimum levels in multilevel converter in this system is selected
with all design considerations. The maximum power is tracked by using an incremental
conductance algorithm. The control scheme used for VSC control is SRF-PLL based
VOC control. Performances and THDs are simulated on MATLAB Simulink and

validated using the OPAL RT simulator.

Chapter-VII: This chapter present of the comparative analysis of different multilevel
converters on the basis of number of levels used and also on modulation techniques

implemented in detail.

Chapter-VIII: A brief summary of the conclusions drawn for the different level MLCs,
various control algorithms, using a variety of PWM schemes and their comparative
analysis is provided in this chapter. At the end of the chapter, some suggestions are also

given for the further work in the areas covered in the thesis.
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CHAPTER-II

LITERATURE REVIEW

2.1 GENERAL

The integration of distributed renewable energy resources with the grid provides the
substitute to the large conventional central power stations and give neat, clean, pollution-
free and non-depleting power generation. The specifications of a power electronic
interface are related not only to the renewable energy source itself but also to its effects
on the power system operation. Substantial research is being carried out for power
electronics used on the grid interfaced converters, and several related research
publications are available in the literature [19-25]. The extensive literature survey is done
for a grid-connected converters, maximum power point techniques, multilevel inverters,
their control, and modulation techniques. The multilevel converter provides efficient,
economical (without a transformer and with a low-size filter), a reliable interface for
medium or high voltage grid with enhanced power quality. This chapter deals with the
detailed literature review of renewable energy sources integration to the grid, multilevel
converters, maximum power point tracking for PV array, PWM control, and VSC control

for feeding power from the SPV generation system to the grid at unity PF.

2.2 LITERATURE SURVEY

The grid integration of renewable energy sources covers various aspects like choice of
converter topology, energy source and modulation techniques etc. In case of solar PV
systems, choice of appropriate algorithm for harnessing maximum power from the PV
arrays is also important. A detailed review of various aspects, is presented here in the
following sub-sections, covering the basic two level converter to the multilevel

converters for high voltage and power applications.
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2.2.1 Review of Two-Level VSC for Grid Connected Converters

Solar photovoltaic (PV) energy generation systems can be broadly classified into two
main categories that are standalone and grid interfaced systems. Several standalone
systems for PV power generation systems considering rural electrification, three-port
converters for PV application, PV-based battery charging station, and battery energy
management are shown in [8]. The batteries are an integral part of a standalone PV-based
system. However, they require frequent maintenance and timely replacement. Therefore,
battery-less grid interfaced PV generation systems are preferred where the grid is
available. There are many challenges in integrating SPV generation with the grid-like
efficiency, power quality, stability, cost of the energy conversion, load management, fault
ride through, and reliability. However, while integrating renewable energy of any source
to the electric grid, it has to fulfil standard power quality requirements so that the grid is

not polluted due to such interface [26].

Several single-stage and double stage grid interfaced two-level converters are
reported in the literature [27-40]. Various single-stage grid-connected SPV systems given
in the literature are UVT based control described in [28] and decoupled adaptive neural
network [29]. Various controls of double stage grid interfaced SPV systems reported in
the literature are as follows: adaptive noise cancellation based harmonic elimination
presented in [30], adaptive noise reduction control presented in [31], modified EPLL
based control discussed in [32], Takagi—Sugeno—Kang probabilistic fuzzy neural network
control reported in [33], Luenberger observer based control algorithm explained in [34],
ANF based control approach described in [35], adaptive DC link voltage for CPI voltage
variations given in [36], an adjustable DC-Link voltage-based control is reported in [37],

damped-SOGI-based control algorithm given in [38], a decoupled adaptive noise
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detection based control approach presented in [39], and adaptive pseudo-linear control

reported in [40].

2.2.2 Review of MPPT Techniques for Grid Connected Converters

As the output of solar PV array is highly dependent on parameters such as insolation level
and surrounding temperature, hence its V-l characteristic is non-linear. Only a single
operating point on V-I characteristic provides maximum power output from a given PV
array. However, the operating point varies with the variation in surrounding conditions.
To track maximum power point even in varying surrounding conditions, MPPT
(Maximum Power Point Tracking) techniques are used. Extracting maximal power from
the solar PV array is a big challenge, and researchers have tried different techniques
reported in the literature for implementing the concept of MPPT. Various conventional
and intelligent algorithms for varying characteristics are developed and reported in the
literature [41-62]. An incremental conductance, P&O method, improved P&O method,
curve-fitting technique, fractional open-circuit voltage (FOCV) technique, fractional
short-circuit current (FSCI) technique, linearization-based MPPT technique, parasitic
capacitance technique, current sweep technique, forced oscillation technique are various
conventional MPPT algorithms are reported in the literature [41-43]. Particle swarm
optimization-based MPPT (PSO-MPPT) technique, artificial neural network (ANN)-
based MPPT technique, adaptive perturb and observe, estimated perturb and observe,
fuzzy logic (FL)-based MPPT technique, adaptive fuzzy and particle swarm optimization
(PSO) techniques are various intelligent techniques are also reported in the literature [41-
43]. A combination of fractional open circuit voltage [47] and fuzzy-based MPPT

technique is given in [50] wherein a constant offset is added at the fuzzy controller's
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output to improve the MPPT performance. The application of the sliding mode controller

to the MPPT algorithm is reported in [52].

An intelligent algorithm gives an improved accuracy but the converged time is more. As
a conventional algorithm converges fast, so usually well-known algorithms are
employed. Among well-known methods, perturb and observe (P&O), and an incremental
conductance (INC) methods are popular and find wide acceptance in commercial
products [53]. Both introduce small disturbances (perturbations) to track the MPP and to
determine the voltage at which, the PV array is able to deliver its maximum power. Its
simplicity and ease of implementation characterize the P&O algorithm. However, it tends
to oscillate around the maximum power point. The improved P&O algorithm is a
modification of the P&O algorithm, which considerably reduces the ripple in the PV
voltage. At the insolation change, the standard P&O technique fails to differentiate
between variation in the power on account of insolation variation and the perturbation,
which is taken care of by an improved P&O algorithm [54-57].

These improvements in the P&O algorithm have resulted in a slower response, especially
under rapid weather changes. It is reported that tracking is improper. During cloudy
weather, the efficiency is dragged down. In contrast, the InC algorithm has fast tracking
and better accuracy, as reported in the literature [58-62].

It is essential to ensure extraction of maximum power from a PV array under all weather
conditions and during steady-state as well. Failure to do so may render all efforts of
maximizing efficiency of an inverter fruitless. The available literature reports many
MPPT algorithms, which are optimized for extracting maximum power from the PV
array. Despite this maximum extraction of power is seldom achieved due to PV array
mismatch. This is especially true for medium and large scale PV plants. They are very

sensitive to partial shading owing to long nature of PV strings. It is reported that even a
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passing cloud or nearby hindrances may affect the performance as they create conditions
for partial shading. Hence, each PV array is provided with a separate MPPT algorithm to
overcome the unpredictable irradiance level variations, ambient temperature, shading

effect, and other relevant factors [63-65].

2.2.3 Review of Multilevel and Multipulse VSCs for Grid Connected Converter

The main problem with a large SPV connected grid system is to design the voltage source
converter (VSC) using high rating components with lower switching losses. Multilevel
and multi-pulse converters are generally used to feed large photovoltaic power into the
grid. Multipulse converters are used in large solar PV grid-connected system to minimize
harmonics in the voltage waveform resulting in good power quality, lower switching
losses, and reliability in comparison to the two-level topologies, but the excellent designs
of the transformer and interfacing magnetic are required for proper operation of multi-

pulse based system [66-67].

Since the multilevel converter is designed for high voltage and power applications, it can
efficiently, reliably, and economically be employed to integrate the large solar plant with
the grid. The low switching frequency employed in multilevel converters used for high
power applications reduces the switching losses and reduces the acoustic noise, which
reduces the size of filter and further contributes to the reduction of cost of the system [84-
87].

As a multilevel converter is designed for high or medium voltage applications, it can
directly connect to the medium voltage grid. It eliminates the need for a large size,
heavyweight expensive step-up transformer for grid interfacing. Only a low-frequency

transformer is sufficient for providing galvanic isolation to limit the leakage current. The
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transformerless converter has reduced cost, weight, size and improved conversion

efficiency [68-71].

2.2.3.1 Review of multilevel converter topologies

A substantial literature has reported many multilevel converter topologies [78-82]. The
use of CHB multilevel converters for applications such, as an interface with renewable
energy sources, STATCOM and battery energy storage system (BESS) have been
proposed in [84-90]. Peng et.al. [88] have reported a prototype CHB multilevel converter
based STATCOM connected in parallel with the electrical system. It has been reported
that it is capable of supplying or drawing reactive current from an electrical system.
Through proper control, this converter can either regulate the power factor of the current
drawn from the source or the bus voltage of the electrical system where the inverter is
connected. Peng et.al.[88] and Joos et.al.[89] have demonstrated direct series connection
of CHB multilevel converter with the electrical system for STATCOM. A cascaded

converter system for HVDC application is used in [90].

Nabae et. al. [91] in 1981 have proposed the neutral point converter, which has essentially
a three-level diode-clamped inverter. In diode clamped multilevel converter, all phases
share a common DC bus so the converter's capacitance requirements are minimized.
Therefore, a back-to-back connected topology can be realized for the use in a back-to-
back high-voltage inter-connection or an adjustable speed drive. Post 1990, many
researchers have reported experimentally backed results for four to six level diode
clamped converters. They have used MLCs in applications like STATCOM and high-
voltage system interconnections [93-97]. Other reported applications of the multilevel
diode-clamped inverters are an interface between a high-voltage DC transmission line

and an AC transmission line [93] and STATCOM [94]. Many other applications are
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variable speed drives for high-power medium-voltage (2.4 kV to 13.8 kV) motors [95-
97]. The quadratic relationship between number of levels and clamping diodes required,
makes the scheme very cumbersome for higher number of levels.

Meynard and Foch [98] have introduced a flying-capacitor-based inverter in 1992. In
case of a flying-capacitor-based inverter, the output voltage can be synthesized using any
valid switch combination due to inner voltage redundancies. Moreover, there is no
requirement for the conducting switches to be in series like the diode-clamped inverter.
Whereas, the diode-clamped inverter has only line-line redundancies, the flying-capacitor
inverter has phase redundancies [76]. This allows the choice of specific capacitors for
charging / discharging and helps in designing the control scheme for voltage balancing

across various levels.

With increasing number of levels, the flying capacitor topology becomes bulky and
expensive and packaging also becomes difficult owing to large number of capacitors.
One application for medium-voltage motor drive is given in [99]. For electric aircraft
applications, the design of a GaN-based interleaved nine-level flying capacitor multilevel

inverter is described in [100].

2.2.3.2 Review of optimum selection of numbers of levels in multilevel converters

In high voltage range (3.3, 4.5, 6.5 kV), costly IGBTSs are available in the market, but
lower voltage (0.6, 0.9, 1.2, 1.7, and 2.5 kV) IGBTSs are comparatively lower in cost and
have better technology. Hence, a cascaded connection of low voltage IGBTs for
achieving medium voltage can be used for developing a low-cost inverter, and the
designed system can facilitate a direct connection to a medium voltage AC network, with
an improved output power quality. At the same time, this leads to a linear increase in
component number and control complexity. Hence, to realize a better performance versus
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price and control complexity ratio, finding the optimum value for the number of levels is

essential.
The following factors should be considered for selecting the optimum number of

levels for the given voltage rating of the system [68-72].

> As the cost of a semiconductor device is significant for a medium voltage system, a
higher device voltage utilization factor (DVUF) is necessary for making the system
design a cost-effective one.

» The count of arithmetic and logical operations (ALOs), which are required in a
switching section and count of IGBTSs for different levels.

> Insemiconductor devices, the inverter section losses are the sum of conduction losses
and switching losses. As one increases the number of levels in a multilevel converter,
the carrier frequency reduces, and the active switching device count increases
linearly. Hence, switching losses are reduced, and at the same time, conduction
losses are increased. Moreover, the device voltage ratings determine an IGBT's on-
state voltage drops and diode's forward voltage. For these reasons, total losses in the
inverter section are almost constant and, therefore, despite the change in the number
of levels, multilevel inverter's efficiency remains almost constant. Therefore, the
efficiency is not a consideration in the selection of levels while designing a multilevel
inverter.

» For comparing a variety of the inverter systems based on performance and control

complexity comprehensively, a normalized index which is defined as [68],

law = (W - Wmin) /( Wmax = Wmin)

is considered. Where w is scored value and Wmin and Wmax are the lowest and highest
values of the indicator. The normalized index should be lowest for the number of the

level selected for the system's given voltage rating. Choosing the number of levels
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beyond the selected, one provides negligible power quality improvements and the
reduction in semiconductor cost and only increases the part (component) count and

control complications.

2.2.3.3 Review of VSC control scheme

In grid interfaced converters, the VSC should be controlled such that it should feed power
to the grid at unity PF and works stably both in steady-state and dynamic conditions. The
PLL is used for grid synchronization for operation at unity power factor as required by
grid standards or by some other method as described in [101]. Various control schemes
for VSC are reported in the literature [102-128]. For CHB multilevel grid-tied PV system,
the sliding mode control based power balancing is described in [102] and energy sampled
data modelling is given in [103]. The control scheme is discussed in [104] for energy
balance control modelling of a cascaded H-bridge multilevel converter for single-phase
grid-connected H-bridge multilevel inverter linking n independent photovoltaic (PV)
arrays to the grid. The model predictive control suitable for multilevel CHB converters
is presented in [105-107]. However, it has a fast dynamic response, easy inclusion of
nonlinearities and constraints of the system, and the flexibility to include other system
requirements in the controller. Moreover, this control scheme is complex in
implementation. Some single-phase grid interfaced system is considered in [109-112].
The decoupled current control with PLL-SRF for a single-phase grid is reported in [109-
110]. The SRF theory is simple control scheme in the implementation. In control scheme
based on SRF theory, detection of real power component of load current is done in a
coupled manner. Under unbalance condition of the load currents, this results in
oscillations of second harmonic. These oscillations can be suppressed using a low-pass
filter. Hence, SRF-control provides zero steady-state error with a good dynamic

performance [108]. Some literature has also described the control of CHB multilevel
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converter for grid interfaced PV system [113-122]. The grid integrated large PV plant

with CHB multilevel convert has been given in [122-128].

2.2.3.4 Review of PWM techniques

While devising control schemes for the MLCs, the main challenge is to use a suitable
modulation technique, which controls the rectangular output pulses to realize the desired
waveform as it generates the voltage at the required frequency as per limitations specified
in IEEE-519 standard [17]. Various high switching frequency PWM methods such as
sinusoidal PWM, space vector PWM, and fundamental switching frequency modulation
techniques such as selective harmonic elimination modulation, selective harmonic
mitigation (SHM), space vector control, synchronous optimal pulse width modulation,
etc. are reported in the literature [129-130]. The high switching frequency SPWM method
is simple in implementation, the modular multilevel converters with phase-shifted carrier
SPWM are given [129-130]. The level shifting SPWM for the asymmetric 7-level
converter is used in [110,114-115]. The level-shifting SPWM has phase redundancy,
hence not suitable for symmetric CHB. Usually, phase-shifted SPWM is employed for
the CHB multilevel converter [130]. As in these converters, the output voltage of
individual H-bridges is almost identical, the rotation of switching patterns is not required
and also switching devices operate at the same switching frequency and conduction time.
llves et al. [131] have discussed the modular multilevel converters with phase-shifted
carrier PWM. A 27-level symmetric CHB multilevel converter is described in [116]. A
simplified phase shift PWM- based feedforward method is given in [132] for grid-
connected cascaded PV inverter. The generalized theory of phase-shifted carrier PWM is
given in [133], and modified SPWM for cascaded CHB is presented in [134]. Pa and

Peng [135] have discussed "a novel PWM method with voltage capability for multilevel
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rectifier and inverter system". However, high-frequency PWM techniques suffer from
two disadvantages like the inability for the complete elimination of the low order
harmonics and high switching losses owing to high switching frequency operation [15].
For medium and high power applications, the switching losses are the crucial parameter
for design consideration; hence the low switching frequency method is preferred [15].
The space-vector PWM method, a fundamental frequency method, has good utilization
of the DC-link voltage, low current ripple, and low losses due to fundamental switching
frequency [137]. Yi Deng et al. [138] have presented a fast and generalized space vector
modulation scheme to obtain “the switching states, duty cycles, and switching sequences
by simple calculation scheme, no lookup table is needed, and the scheme is
computationally fast”. Ahmed et al. [139] have proposed “simplified space vector
modulation techniques for multilevel inverters”. However, space vector modulation
suffers from dramatic increase in redundant switching states and switching state selection

complexity with an increase in the number of levels [15,136].

SHE-PWM technique, which is developed based on the harmonics elimination theory
proposed by Patel et. al.[140-141], is used for modulation in given work as it has better
THD as compared to other modulation technique with lower rating switches. The power
quality can also be improved by using several switching per quarter cycle, but the
increased switching frequency increases the switching losses. SHE is a fundamental
switching frequency method, and the fundamental frequency employed reduces the
switching losses. Reduced THD and low switching frequency employed in SHE further
reduce the size and, hence, the filter's cost. In this method, the non-linear transcendental
equations are written to implement SHE-PWM from Fourier analysis of output waveform
to eliminate various order harmonics. The main challenge in SHE-PWM method is to

solve transcendental equations for the determination of switching angles. Several
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methods, iterative, algebraic, evolutionary, and intelligent, have been proposed in the
literature for the solution of these equations [15, 143-149]. Al-Hitmi et al. [142] have
given selective harmonic elimination method in multilevel inverter using modified
Newton-Raphson method. Ahmad et al. [143] have described “the derivative-free
iterative method under varying voltage conditions”. The iterative procedure requires a
good initial guess. Moreover, the solution is not guaranteed, which renders it non-feasible
to calculate a large number of switching angles in the absence of good initial guess [143].
The evolution and swarm based optimization techniques are reported in the literature such
as “harmonics optimization of multilevel using genetic algorithms” in [144], “modified
species-based particle swarm optimization” in [145]. "genetic algorithm and artificial
neural network angle generation” is used in [146], “harmonic elimination through a
colony of continuously exploring ants” is presented in [147], “application of the Bee
algorithm” is given in [148]. “Hopfield neural network” is discussed in [149] and “new

fundamental modulation technique with SHE using shuffled frog leaping algorithm” in

[150]. The evolution and swarm-based optimization techniques are dependent on various
parameters (objective function, number of evolution, initial population, number of
particles, the number for generation, accuracy in the solution) selected for
implementation of the technique. They may fail to converge sometimes [143]. Ahmed et
al. [151] have provided “real-time solution and implementation of SHE” and Kundu et.
al. [152] have given “comparative study between different optimization techniques for

finding precise switching angle” for SHE-PWM.

For solving non-linear transcendental equations, the resultant theory method is employed
in the proposed work. The resultant theory method is an algebraic method that converts
the transcendental equations into polynomial equations for calculating switching angles

corresponding to each voltage source and efficiently removing the lower order harmonics
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[153]. Higher-order harmonics are easily filtered using a low-value inductive filter. The
third harmonic and its multiples are cancelled out in line voltages. No initial guess is
required in this method and also not dependent on so many parameters [143]

The nearest level modulation (NLM) given in the literature, is also a suitable and more
straightforward modulation technique for symmetric CHB multilevel converter. It is a
fundamental switching modulation strategy that is simpler than SHE-PWM method. In
order to implement NLM strategy for cascaded inverter, the solution of the complex
transcendental equations is not required to get turn ON and OFF angles. Because of the
fundamental switching frequency employed in NLM, switching losses are also reduced.

This modulation scheme can be easily implemented for any number of levels [154-160].

2.3 IDENTIFIED RESEARCH AREAS

After surveying the available literature on multilevel converters, controls, and
applications for SPV energy generation systems, the following research areas have been

identified to be explored in the present research work:

» To design a multilevel converter for optimum level in order to improve the current
and voltage THDs. An optimum level needs to be decided as increasing the number
of levels in the multilevel inverter, the number of switching devices, gate amp, diodes,
and other passive elements increases, leading to increased control complexity in
inverter and creates possible voltage unbalance.

» To design a cascaded multilevel converter without transformer interfacing, with the
same DC voltage source. To perform simulation, implementation, and analysis in
detail.

» Design and simulation of a SPV energy generation system with suitable MPPT are to

be carried out to achieve distributed maximum power point tracking for all-weather
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and transient condition and feeding power extracted from PV array to grid at unity

PF with lowest THD.

» To select a suitable modulation control strategy for the multilevel converter to achieve

low THD (adhering to IEEE-519 standard specifications) and low switching

frequency.

2.4 PROBLEM FORMULATION

The design, analysis, and control of grid tied multilevel converters for SPV generating

system are carried out with keeping in view research gaps, and the following features are

selected for investigations.

Shading effect or any other mismatch of PV array.
THDs of the output voltage and current.
Converter switching frequency.

Feeding power to the grid at unity pf.

Suitable PWM technique for MLC.

Reduced cost and complexity.

The design, analysis, and control of grid integrated multilevel converters for SPV

generating system are considered in the presented research work in the following manner.

Distributed MPPT for each PV array to mitigate the issue of shading effect and
mismatch or unbalance of PV cell.

Design for the optimum number of levels to reduce the THDs of output voltage and

current.

Control the VSC to feed power to the grid at unity pf.
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e Selection of the modulation technique with improving THD and low switching
frequency, which reduces switching losses and also acoustic noise (which
consequently reduce the size of filter and cost).

e This use single-stage SPV generating system to reduce the cost and control
complexity

e Transformerless grid interface to reduce the cost, size, and weight of system and
conversion efficiency, and

e Lower acoustic noise because of the lower switching frequency.

2.5 CONCLUSIONS

An exhaustive literature review has revealed that the research work carried out in
integration of MLCs to the grid, good power quality and reliability in grid are mainly
influenced by the technical developments in power electronics, control algorithms and
modulation strategies. The main focus of this work is to develop topologies for the
multilevel converters in a cost-effective way with simple controlled manner and an

improved power quality for the grid interfacing of large SPV energy generation systems.

30



CHAPTER-III

CONTROL AND DESIGN OF SEVEN LEVEL CASCADED
MULTILEVEL CONVERTER BASED PV SYSTEM

3.1 INTRODUCTION

In this chapter, the design, modelling, and control of three-phase seven-level symmetrical
CHB multilevel converter are carried out for the grid integration of the photovoltaic (PV)
system without bulky line frequency step-up transformer. The presented work is
implemented with a single-stage photovoltaic converter to reduce cost and control
complexity. The control algorithm employed in this work consists of the MPPT algorithm
and VSC control. The outer loop of the control algorithm comprises a different maximum
power point techniques (MPPT) controller for each PV array. The improved perturb and
observe (P&O) MPPT algorithm is used to track the PV array's maximum power. VSC
control comprises a decoupled current control with synchronous reference frame (SRF)
transformation and phase-locked loop (PLL) with low switching frequency phase-shifted
pulse width modulation (PWM) technique to feed the current to the grid at unity pf with
a low THD output current waveform. PLL achieves synchronization to the grid. A low-
value inductive filter is sufficient for filtrating in this work because of the reduced THD
of output voltages and currents, and lower switching frequency (lower acoustic noise).
Simulations are carried out in MATLAB/Simulink and validated in HIL on OPAL RT
simulator. Both the steady-state and dynamic performances are validated, and the THDs
of output voltage and the current waveforms are verified as per the IEEE-519 standard
by using the FFT tool of MATLAB and results of OPAL RT simulator. The system
configuration, design, modelling, control, simulation, and results are discussed in detail

in different sections of this chapter.
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3.2 SYSTEM CONFIGURATION

As shown in Fig. 3.1, the system is designed for a 1.48 MW, 3.3 kV, 50Hz, 3-® seven-
level cascaded H-bridge (CHB) converter with a low switching frequency of 500Hz. The
SPV system is connected to the grid through an interfacing inductor for reducing ripple
content in the current. As the PV system is designed for medium and higher power rating,
this is feeding power to the grid only for power transmission purposes. If the L is the
number of levels in the cascaded multilevel converter, the H-bridge number per phase

selected is calculated as [10].
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Fig. 3.1 Seven level grid interfaced converter PV system

L= (2*number of H-bridge perphase+1) =7 (3.1)

Number of H-bridges per phase (s) =3
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So for a 7-level symmetric CHB converter, 3 H-bridges per phase are required, and each
H-bridge is fed by the separate and equal PV array, which is easily available in a large

multi-string SPV system.

The variables measured for implementing the control algorithm are grid voltages (Vsanc),
grid currents (isanc), converter voltages (Vcanc), converter currents (icanc), DC link voltage
(Vdc), photovoltaic array voltage (Vpv), and photovoltaic array current (lpv).

3.3 DESIGN OF 7-LEVEL SYMMETRICAL CHB MULTILEVEL CONVERTER

FOR GRID INTEGRATED PV SYSTEM

The system design includes the design and modeling of the PV array, DC link capacitor,
DC link voltage, and coupling inductor for a seven-level of the multilevel converter. As
per the parameters obtained, the PV array is selected from the PV library. Depending on
the PV module chosen, the number of series and parallel connected PV modules in a PV

array is selected. The other design specifications of the system are given in Table 3.1.

3.3.1 Selection of V4 Voltage for 7-Level Converter

For L-level CHB multilevel converter, the DC-link voltage (V) for each H-bridge
connected to the PV array is calculated as [10],

rms = 0.612*(L-1)*Vgc (3.2)
Ve = 898.692V.

Ve is taken as 905V.

3.3.2 Design Calculations and Selection of PV Array for 7-Level Converter
The required power rating of each PV array for a 7-level CHB converter consisting of
nine PV arrays (i.e. three per phase) for feeding 1.48MW power to the grid is calculated

as,
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_ (power rating of the system)
Pmmp = (3.3)

(number of total PV array)

=1.48MW/9=164.44 kW

To obtain the PV array of 164.44 kW power (Pmmp) and Vqc of 905V, a Sharp ND H230Q2
model is chosen from the PV array library. The numbers of PV modules connected in

parallel and series in PV array are selected as,

Ns = Vde/Vmmp (3.4)
=30

Np = Prmmp/(Ns* Immp™Vimmp) (3.5)
=23

3.3.3 Design of DC-link Capacitor for 7-Level Converter
The DC-link capacitor (Cqc) for each H-bridge connected to the PV array is obtained
following the principle of conservation of energy. As per this principle, for V4 recovery

in 5 ms and 1.2 overloading factor ‘a’, as [11],
Y*Cao(V2de —V24c1) = Ki*3*V*a*|*t (3.6)

Where K1 denotes variation of energy during dynamics, taken as 10% (K1 = 0.1).

Therefore, from eqn. (3.6) the DC link capacitor value is found as,
Cdc = (0.1*164444*0.005)/(0.5*(905*905-898.7*898.7))
Cqc = 14471.5pF

It is selected as, Cqc(C) = 14500 pF
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3.3.4 Design of Interfacing Inductor for 7-Level Converter

Interfacing inductor is essentially a low-pass filter, which should satisfy ripple current
requirements and cause a low voltage drop. Keeping this in consideration, a 4.5mH
inductor is selected for getting the required result of THD of grid current waveform for
7-level as per IEEE-519 standard. The per unit value of inductor corresponding to 4.5mH

is calculated as [13]

Le(p.u.) = (2*n*f*L*P) / V2

= (314%4.5x103x1.48x10°)/ (3.3x10°x3.3x10%)

=0.192 p.u.

Table-3.1 Component specifications
Component Value
Power 1.48 MW
Voltage(Vims) 3.3kV
Frequency 50 Hz
Switching Frequency 500 Hz
Inductor (L) 4.5mH
No of parallel paths in SPV array (Np) 23
No of series paths in SPV array (Ns) 30
The voltage of the PV module at maximum power (Vmmp) 30.2V
The current of PV module at maximum power (Immp) 7.95 A
Open circuit voltage of PV module (Vo) 375V
Short circuit current of PV module (lsc) 8.61A
DC-link voltage (Vdc) 905V
DC-link capacitor (Cqc) 14500uF
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34 CONTROL OF 7- LEVEL SYMMETRICAL CHB MULTILEVEL
CONVERTER FOR GRID INTEGRATED PV SYSTEM

The control algorithm used for controlling the SPV system tied to the three-phase AC
grid is shown in Fig. 3.2. The maximum power developed by the PV array is tracked,
employing an improved P&O algorithm. The decoupled current controller has a feed-
forward term, separate controller for each DC-link capacitor, SRF and PLL to control

the voltage source converter (VSC) [115-116].
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Fig. 3.2 Control algorithm

3.4.1 Implementation of Improved P&O MPPT Algorithm

By using an improved P&O MPPT algorithm, the maximum power is extracted from the
PV array, and a suitable reference DC voltage (Vac_ref) iS generated in this work. In the

improved P&O MPPT algorithm, the detail of variation in PV current (Alpy) is also
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considered along with the variation in PV voltage (AVpv) and PV power (APpy). Vdc_ref IS

generated by an improved P&O using logic, as shown in the flowchart shown in Fig. 3.3.
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Fig. 3.3 Flowchart for improved P&O MPPT algorithm

3.4.2 Implementation of VSC Algorithm

The voltage measured from each DC link of H-bridge is compared with the individual
Vdc_ref Obtained by each MPPT algorithm, as shown in Fig.3.4. A proportional-integral
(P1) controller processes the error voltage (the difference between the two). The output
of the PI controller provides the active current loss component I*4, through the DC link,
which is given as,
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I"a(K) = I"a(k-1) + Kp{Ve(K) — Ve(k-1)}+ Ki*Ve(K) (3.7)

Where Ve(K) and Ve(k-1) are the error voltages at given sampling instants k and (k-1).
The K, & K are proportional and integral gain constants. The sum of all reference DC-
link currents and the feed-forward term are compared with the direct current component

(la). lais obtained by Park’s transform from the grid currents as,

[sin(6) sin (9 — 2?“) sin (9 + 2—“)]

Id 3 Ia
Iq| = 2 cos oS (9 — 2?“) cos (6 + z?n) [Ib] (3.8)
I 1 1 1 Ic

L 3 2 ;|

The grid detection angle (0) for Park’s transformation is obtained from three-phase PLL.
I"g, the reference quadrature current is set to zero for feeding grid current at unity power
factor. It is compared with the quadrature current component obtained from Park’s
transformation.

Similarly, using Park’s transformation, direct and quadrature components of grid voltages

(Va & V) are calculated as follows.
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Fig.3.4 Control algorithm for generating 1”4

38



sin(0) sin (9 — 2?“) sin (9 + 2?1[)

Vy Va
Vql = % cos(0) cos (6 — 2—“) cos (6 + 2—“) A (3.9)
3 3
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2 2 2

The reference direct-axis voltage and quadrature-axis voltage are calculated as,

V7 a(K)=V"a(K-1)+Kpo{ lde(K)-lae(K-1) }+Kiz*lge(K)+Vg-1* gL (3.10)

V*q(k):V*q(k' 1)+ Kp3{|qe(k)‘ Iqe(k' 1)}+ Ki3*|qe(k)+Vq+ I *d(,l)L (3 . 1 1)

Where lge =(1"q - 14), lge =(I'q — lq), and oL is the coupling reactance. Kp2, Kiz, denote the
direct-axis current controller's proportional and integral gains, and Kps and Kis are the
proportional and integral gains of the quadrature-axis current controller. The reference
voltages (modulating signal) for the PWM controller are obtained using the inverse

Park’s transform.

3.4.3 Implementation of Phase Shifted Multi-Carrier PWM Control 7-Level
Converter

For the PWM controller, a phase-shifted modulation technique is used. In phase-shifted
SPWM, the gate signals are generated by comparing the modulating signal with the
triangular carrier waves, as shown in Fig.3.5. A multilevel converter with L-levels in
output staircase waveform requires (L-1) triangular carrier’s waveform having the same
frequency and amplitude (unit amplitude). The phase shift between two adjacent carrier

waves is calculated as in [10]
Per= 3600/(L-l) (312)

=360°/6 = 60°
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Each carrier (Vcr1 to Vers) is compared with Vyer signal to generate pulses, as shown in

Fig.3.6. The bipolar phase-shifted SPWM method is used for modulation [8,10].
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Fig.3.5 Generation of pulses for 7-level converter
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Fig.3.6 Phase shifted PWM scheme for 7-level converter

40



3.5. MATLAB BASED MODELLING OF 7-LEVEL SYMMETRICAL CHB
MULTILEVEL CONVERTER FOR GRID INTEGRATED PV SYSTEM

This section presents the MATLAB based modelling of a seven-level CHB multilevel
converter for grid interfaced SPV system. MATLAB R2015a is used for simulation.
MATLAB modeling of the grid-connected converter, PV array fed 7-level CHB
multilevel converter for phase A (remaining phase modeling is the same as phase A),
single H-bridge module, MATLAB model for MPPT block, control algorithm, and phase-
shifted sinusoidal PWM is also developed. MATLAB model is implemented by selecting
a block from both Simulink and simscape simpowersystems specialized technology

library of MATLAB.

3.5.1 MATLAB Model of Grid Connected Converter

The developed MATLAB model of grid-connected multilevel converter for three-phase
system is shown in Fig. 3.7. The system is interfaced through the coupling inductor. The
grid voltages (Vsanc), grid currents (ianc), converter voltages (Vcanc), and converter currents
(icanc) are sensed from three-phase VI-measurement. Phase to neutral and phase to phase
voltage of 7-level CHB multilevel converter are also measured. Discrete powergui
environmental block is selected from simscape simpowersystems specialized technology
library. Three-phase sources block of rating 3.3kV is chosen from the same library for

the grid.
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Fig. 3.7 MATLAB implementation of Grid-connected converter
3.5.2 MATLAB Model of PV Array Connected Seven-Level H-Bridge Converter

For getting a seven-level converter, three H-bridges are connected in a cascade. Each PV
array is fed by separate H-bridge as shown in Fig. 3.8. A single H-bridge module is shown
in Fig.3.9. For the photovoltaic system, the insolation level is taken as 1000W/m? and at
a temperature of 25°C. The insolation level's value is given to the PV array through a
limiter block, and the temperature is provided through a saturation block, selected from
the Simulink library. A Sharp ND H230Q2 PV array is selected from simscape

simpowersystems specialized technology PV array library. The photovoltaic voltage and
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Fig. 3.8 PV array fed 7-level CHB multilevel converter

current of arrayl (Vai_pv & la1_pv), array2 (Vaz_pv & laz_pv) and array 3 (Vas_pv & las pv)
are measured for MPPT. Vg1, Vdc2, and Vcs are the DC-link voltages across the DC link

capacitor, measured to control the DC-link and give 1”4 for active power loss component.
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3.5.3 MATLAB Model of the Control Algorithm

Fig.3.10 shows the control algorithm for VSC control. To implement the decoupled
current scheme, the abc to dgO transformation block and PLL block are selected from
simpower systems specialized technology library. The measured value of grid currents
(isanc) and grid voltage (vsanc) are input to abc to the dgoO transformation block. The dg-
components of voltage and currents obtained from transformation are filtered by 2" order
Butterworth filter of 12 Hz frequency. The reference direct current obtained from the
MPPT block and the feed-forward term are compared by a comparator block selected
from Simulink library with direct current 14 and error signal given to Pl-controller. A
saturation limit is fixed on the output of the controller to avoid unwanted oscillation.

Similarly, the quadrature-component of current is compared with zero-reference and the
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error voltage is passed through a Pl-controller with saturation limit fixed at the output.
The reference dg-components of voltages so obtained is transformed to V"anc (modulation
signal) and given to the PWM block. The synchronous signal (wt) is provided by the PLL

to abc to dq0 and dqgO to abc.
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Fig.3.10 MATLAB implementation of Control algorithm for 7-level converter

Each PV array is provided with a separate MPPT algorithm as shown in Fig.3.11, and
every MPPT algorithm is controlled by a separate Pl-controller with a saturation limit.
The MPPT algorithm is implemented by writing the MPPT algorithm on a user-defined
block of Simulink library of MATLAB. Param block gives the upper and lower limit of
Vdc_ref and increment step for algorithm. The MPPT algorithm provides the Vqc rer for
controlling each DC-link of PV array. It also provides power generated by each PV array

for finding the feed-forward term.
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3.5.5 MATLAB Model of Phase-shifted PWM

F'I{s)_,"l |'

Pl Controller1

Pl{s)

Pl Contrallers

The six carrier signals of 500 Hz switching frequency are generated by selecting a triangle

generator block from simpowersystems specialized technology control and signal

generation library for implementing the phase-shifted PWM. The triangle generator block

generates a symmetrical triangle waveform with a peak amplitude of +/-1. These carrier

signals are compared with the modulating signal, as shown in Fig. 3.12, and pulses are

generated. Comparator and NOT-gate block are selected from the Simulink library for

the generation of pulses.
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3.6 RESULTS AND DISCUSSION

The three-phase grid-tied SPV system, as shown in Fig.3.1, is designed, modeled, and
controlled with a seven-level H-bridge multilevel converter. This system is simulated in

MATLAB/Simulink and OPAL RT simulator, and the results are discussed as follows.

3.6.1 Steady-State Performances for 7-level Converter

The steady-state response of the system is studied at an insolation level of 1000 W/m?
and temperature 25°C and the results are depicted in Fig.3.13. For validating the system
performance, the simulated results are consisting of the grid voltages (Vsanc), converter

voltages (Veanc), SPV voltage (Vpv), SPV current (lpv) and power (P). The grid voltage
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and the grid current are in phase in steady-state response, so the maximum active power
transfer is evident at a power factor of unity. The PV array generates almost constant

voltage and delivers almost constant current and power as shown in figure.
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Fig.3.13 Steady-state performance at insolation level 1000 W/m? and temperature 25°C
for 7-level symmetrical CHB grid-tied system

3.6.2 Dynamic Performances of 7-level Converter

The dynamic response is studied with constant temperature of 25°C and an insolation
change from 1000 W/m? to 400 W/m? at 0.6 sec, as shown in Figs. 3.14 (a) and (b).
Simulated results consist of the voltages & the currents for a PV array 1 of A-phase (Vaipv
& laipv), B- phase (Vbipv & Ibipv), C— phase (Veipv & le1pv). In dynamic response, with the
decrease of the insolation level, the remarkable change in the PV current is observed,
while there is no significant change seen in the PV voltage. The PV voltage and the
change in PV array current are same for three phase array 1, which verifies that the

distributed MPPT control of each array is achieved as shown in Fig. 3.14 (b). The grid
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current, PV array power and PV array current change proportionally and PV voltage and

grid voltage remain constant with the change in insolation level as shown in Fig. 3.14 (a).

—_ — PV array voitage remains almost constant with change in insofation level
?,> 2,000 T T T T T
> 1’008 | | 1 1 1
- — PV array current changed proportionally with change in insolation fevel
< 220 T T T T T
_a 1 18 [ l l 1 1 1 .
— — DC-link voltage remains almost constant with change in insolation level
30 2,000 T T T T T

S 1000
> 0 ! ! L L L
o —— PV array power changed proportionally with change in insolation level
Z 2000 ) | T T .
= 1000 F -
o 0 1 I 1 1 1
= 5,000

: of
>*-5,000
~ 500 T T T
<
3 0p
_g 500 | | | |

0.5 0.55 0.6 0.65 0.7 0.75 0.8
Time(sec}
(@)

—PVY array voftage of aray 1 of phase A ramains constant with change in insalation level
C 1 T 1 T
L L l l ]
— P\ arvay voltage of array 1of phase B remalns constant with chamge n fnsolfation feyvel
T T T T

—
o=ty

[l PSS
T

e
]

—PV array voltage of array 1of phase & remalng cansgant with change In insolafion Jewvel
I | I |

P
]
T T
Il

[

=PV array cinmant of aray 1 of phase A chenged proportionally with change in insolafion lawel
| 1 | | |

T

Pt T T
|
|

] |

1 |
— PV arvay current of arcay 1 of phase B changsd proportionadly with change in insofation fevel
bt I I T

—

—_— -
_
|

[
R

—PV array current of array 1 of phase C changed proportionaily with change it fnsolation level
| |

I;A:I I|__-||1-M.-|:ﬂ]‘ II-L-'|_F'|‘|'(A} VU-|FU{V}V|;1PV{U]VH'IF‘V':V\'I
——

L et L |

I||
|
II
II
|

=P

I - I

(b)

|
=
&
=
on

Fig.3.14(a) and (b) Dynamic performance when insolation level is changed from 1000
to 400 W/m? at 0.6 sec for 7-level symmetrical CHB grid-tied system
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Fig.3.14 (c) and (d) show the value of lpy, Vpv, isabe, Vsane, P and Vgc with the increase in
insolation level from 400W/m? to 1000 W/m? at 0.6 sec.
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Fig.3.14(c) and (d) Dynamic performance when insolation level is changed from 400 to
1000 W/m2 at 0.6 sec for 7-level symmetrical CHB grid-tied system
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3.6.3 Power Quality Performances for 7-level Converter

Fig. 3.15 shows the waveforms for the line voltage, line current (ia), and converter line
voltage (Veoe) and harmonic spectra along with THD levels at 1000 W/m?level. The THD

values of 0.62 %, 1.15%, and 12.55% at insolation of 1000 W/m? and temperature
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Fig. 3.15 Waveform and harmonic spectra of (a) line voltage (b) line current

(c) converter current

of 25°C, respectively, are observed for line voltage, line current and converter line
voltage. The THD of the supply current is observed to be within limits set by the IEEE-
519 standard [17]. A minor variance is seen, though; the power factor is also close to

unity.
3.6.4 Validation of Results in HIL on OPAL-RT Simulator

Simulation results obtained in previous section are validated in hardware-in-loop (HIL)on
OPAL-RT platform. The procedure and parameter settings and other system details for
using OPAL-RT are shared in the appendix. Fig.3.16 to Fig.3.18 show the steady state
performance of the system at 1000W/m? and 25°C temperature. Fig. 3.16 gives the steady
state performance of PV arrayl voltage of phase A (Vp), PV arrayl current of phase A

(lpv), phase A grid current (isa) and converter voltage (vca). Fig. 3.17 and Fig. 3.18 give
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the steady state performance of phase A, B and C of converter voltages (Vca, Veb and Vee)
and grid currents (isa, isb and isc) respectively. Fig. 3.19 and Fig.3.20 show the dynamic
performance of the system with increase and decrease in irradiance and show the change
in Vv, lpy, isa @and converter voltage with the change in irradiance. Vpv and converter
voltage remains constant and Ipy and isa changes with change in irradiance as shown in
Fig. 3.19 and Fig. 3.20. THD of converter phase voltage, converter line voltage and grid
current are 17.31%, 12% and 1.2% respectively, as shown in Fig. 3.21, Fig.3.22 and
Fig.3.23. Above values of the THDs validate the results obtained in MATLAB/Simulink

environment.
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3.7 CONCLUSIONS

The design, modelling and control of transformerless single-stage seven-level H-bridge

cascaded multilevel converters have been carried out with the improved P&0O MPPT,

decoupled current controller based on SRF-PLL, and phase-shifted SPWM at 500 Hz

switching frequency for the photovoltaic grid-tied plant. Enhanced power quality is

observed because of the increased output multilevel converter voltage waveform steps

compared to a two-level converter. It has attributed to the reduction in the supply current

THD. Only an inductive filter is used for filtrating, which further results in a reduction of

the cost. The system's performance is observed satisfactory at 1000 W/m? insolation level

and 25°C temperature and has been validated in accordance with the IEEE-519 standard

[17].
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CHAPTER-IV

CONTROL AND DESIGN OF NINE LEVEL CASCADED
MULTILEVEL CONVERTER BASED PV SYSTEM

4.1 GENERAL

The design, modeling, and control of nine-level symmetrical CHB MLC for
transformerless grid integration of the photovoltaic system with SHE-PWM, NLM, and
phase-shifted multicarrier PWM are given in this chapter. Power quality improvement is
the major issue in grid integrated converters as they inject harmonics into the grid. Many
modulation techniques are developed for a multilevel converter (used for medium or high
voltage grid) to meet the challenge of eliminating harmonics. Selective harmonic
elimination—pulse width modulation (SHE-PWM) method, nearest level method (NLM),
and phase-shifted PWM are investigated in this chapter for a 9-level cascaded H-bridge
(CHB) multilevel converter for the grid integration of a large PV (Photovoltaic) system.
The SHE-PWM method is applied to eliminate its fifth, seventh, and eleventh order
harmonic contents. The converter's control scheme comprises a decoupled current control
with a synchronous rotating frame- phase-locked loop (SRF-PLL). Separate improved
perturb and observe (P&0O) maximum power point tracking (MPPT) algorithm is used to
track maximum power from each PV array to overcome the unpredictable irradiance level
variations, ambient temperature, and shading effect, and other relevant factors of multi-
string SPV system. The system steady-state performance and dynamic performance at
different insolation levels are simulated in the MATLAB software platform. The
performance is validated as per the IEEE-519 standard by using the FFT tool of
MATLAB. The 9-level CHB converter with SHE-PWM technique is also tested and
validated using OPAL-RT simulator platform. Hardware in loop (HIL) validated results

obtained on OPAL-RT system are in conformity with simulated results obtained in

56



MATLAB/Simulink environment. The system configuration, design, modelling, control,

simulation, and results are discussed in detail in different sections of this chapter.

4.2 SYSTEM CONFIGURATION

As shown in Fig. 4.1, the system is designed for a 1.48 MW, 3.3 kV, 50Hz, 3-® nine-
level cascaded H-bridge (CHB) converter. The SPV system is connected to the grid
through an interfacing inductor for reducing ripple content in the current. If the L is the
number of levels in the cascaded multilevel converter, the H-bridge number per phase

selected is calculated as [10].
L= (2*number of H-bridge per phase +1) =9 (4.1)
Number of H-bridges per phase (s) = 4

So for a 9-level symmetric CHB converter, 4 H-bridges per phase are required, and each

H-bridge is fed by the separate and similar PV array, which is easily available in a
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large multi-string SPV system. The variables measured for implementing the control
algorithm are grid voltages (vsac), grid currents (isac), converter voltages (Veane),
converter currents (icanc), DC link voltage (Vac), photovoltaic array voltage (Vpv), and

photovoltaic array current (Ipv).

43 DESIGN OF 9-LEVEL SYMMETRICAL CHB MULTILEVEL
CONVERTER FOR GRID INTEGRATED PV SYSTEM

The system designed includes the design and modeling of the PV array, DC-link
capacitor, DC-link voltage, and coupling inductor for a nine-level of the multilevel
converter. As per the parameters obtained, the PV module is selected from the PV library.
Depending on the PV module chosen, the number of series and parallel connected PV
modules ina PV array is selected. The other design specifications of the system are given

in Table 4.1.

4.3.1 Selection of V4 Voltage for 9-Level converter
For L-level CHB multilevel converter, the DC-link voltage (V) for each H-bridge
connected to the PV array is calculated as [10],
ms = 0.612%(L-1)*Vc (4.2)
Ve =674.02V.
Ve is taken as 680 V.
4.3.2 Design Calculations and Selection of PV Array for 9-Level converter
The required power rating of each PV array for a 9-level CHB converter consisting of

twelve PV array for feeding 1.48MW power to the grid is calculated as,

power rating of the system)
mmp (number of total PV array) ( 3)

=1.48MW/12 =123.334 kW
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TABLE-4.1 Component specifications of grid tied 9-level CHB multilevel
converter for photovoltaic application

Component Value
Power 1.48 MW
Voltage(Vms) 3.3kV
Frequency 50 Hz
PSPWM switching frequency 500 Hz
SHE-PWM switching frequency 50 Hz
NLM switching frequency 50 Hz
Inductor for SHE-PWM & NLM (L) 2.5 mH
Inductor for PSPWM (L) 4mH
No of parallel paths in SPV array (Np) 36

No of series paths in SPV array (Ns) 19

Voltage of PV module at maximum power (Vmmp) 35.86 V

Current of PV module at maximum power (Immp)  5.02 A

Open circuit voltage of PV module (Vo) 448 V
Short circuit current of PV module (lIsc) 56 A
DC-link voltage (Vdc) 680 V
DC-link capacitor (Cqc) 15240 pF

To obtain the PV array of 123.334 kW power (Pmmp) and Vqc of 680V, a Sharp NT-180U1
model is chosen from the PV array library. The numbers of PV modules connected in

parallel and series in PV array are selected as,

s = Vdc/mep (44)

= 680/35.86
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=19
Np = Prmmp/(Ns*lmmp™Vmmp) (4.5)
=123.334*1000/19*35.86*5.02
=36
4.3.3 Design of DC-Link Capacitor for 9-Level converter

The DC-link capacitor (Cqc) for each H-bridge connected to the PV array is obtained
following the principle of conservation of energy. As per this principle, For Vg recovery

in 5 ms and 1.2 overloading factor ‘a’, as [11],
1/2*Cdc(V2dc —Vzdcl) = K(*3*V*a*1*t (4.6)

Where K1 denotes variation of energy during dynamics, taken as 10% (K1 = 0.1).

Therefore,
Cac=(0.1*123334*0.005)/(0.5*(680*680—674.02*674.02))
Cqc = 15231.9867pF
It is selected as, Cqc(C) = 15240uF
4.3.4 Design of Interfacing Inductor for 9-Level converter

Inductor selection for phase shifted PWM modulation

A 4mH inductor is selected for getting the required result of THD of grid current
waveform for 9-level as per IEEE-519 standard for phase shifted PWM modulation. The

per unit value of inductor corresponding to 4 mH is calculated as [13]

Le(p.u.) = 2**f*L*P) / V%
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= (314x4 x107°x1.48x10°)/ (3.3x10%x3.3x103)
=0.17 p.u.

Inductor selection for SHE-PWM and NLM-PWM

The 2.5mH inductor is selected for getting the required result of THD of grid current
waveform for 9-level as per IEEE-519 standard for selective harmonic elimination
modulation and nearest level modulation. The per unit value of inductor corresponding

to 2.5mH is calculated as [13]

Le(p.u.) = 2*n*P*L*P) / V%

= (314x2.5x103x1.48x10°)/ (3.3x103x3.3x10°%)

=0.1p.u.
44 CONTROL OF 09-LEVEL SYMMETRICAL CHB MULTILEVEL

CONVERTER FOR GRID INTEGRATED PV SYSTEM

The algorithm for the control of the PV inverter system connected to the three-phase AC
grid is as shown in Fig.4.2. The maximum power developed by the array is tracked using
the improved P&O algorithm. The decoupled current controller has a feed-forward term,
separate controller for each DC-link capacitor, SRF, and PLL used to control the voltage

source converter (VSC) [115-116].

4.4.1 Implementation of Improved P&O MPPT Algorithm

By using an improved P&O MPPT algorithm, the maximum power is extracted from the
PV array, and a suitable Vqc ref is generated, as apart from the benefits of the P&O
algorithm, it also takes care of drift effect owing to increased insolation by taking into
account the change in current apart from change in voltage and power [54-57]. The

governing equations for MPPT are as follows.
Vor*(K) = Vov*(K-1) +AVopy, if dPw<0 and dVp<0 or dPpv> 0, dVpv> 0 and dlpv< 0 (4.7)

Vo*(K) =Vpv*(k-1) — AVpy, if dPpv< 0 and dVp> 0 or dPpv >0, dVp>0 and dlp> 0 or
dPp> 0 and dVp< 0 (4.8)
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Fig. 4.2 Control algorithm for 9-level CHB converter

4.4.2 Implementation of VSC Algorithm

The voltage measured from each DC link is compared with the individual Vgc ref given
by each MPPT algorithm, as shown in Fig.4.3. The error voltage (the difference between

the two) is processed by a proportional-integral (PI) controller to provide the active

current loss component 1*4, through the DC link, which is given as,

I"a(K) = I"a(k-1) + KpfVe(K) — Ve(k-1)}+K*Ve(K)

(4.9)

Where Ve(k) and Ve(k-1) are the error voltages at given sampling instants k & (k-1) and
Kp & Ki are proportional and integral gain constants. The sum of all reference DC-link

currents along with the feed-forward term is compared with the direct current component

obtained by Park’s transformation from the grid current as [115-116],
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The grid detection angle (0) for Park’s transformation is obtained from three-phase PLL.
I"q, the reference quadrature current (set to zero for feeding grid current at unity power
factor), is compared with the quadrature current component obtained from Park’s
transformation. Similarly, using Park’s transformation, direct and quadrature components
of grid voltages (Va & V) are calculated. The reference direct-axis voltage and

quadrature-axis voltage are calculated as follows.
V7 a(K)=V"a(k-1)+Kp2{lde(K)-lge(K-1) }+Kiz*lge(K)+ V- 1*qoL (4.10)
VoK)=V q(K-1)+Kps{lge(K)-lge(K-1) }+Kiz*lge(K)+Vg+I*aoL (4.11)

Where lge =(1"g - l4), lge =(I"q — lg), and oL is the coupling reactance. Kpz, Kiz, and Kps,
Kiz denote the direct axis current controller and quadrature axis current controller's
proportional and integral gains, respectively. The reference voltage (modulating signal)
for the PWM controller is obtained using the inverse Park’s transform.

4.4.3 Implementation of PWM Control for 9-Level Converter

For devising the control scheme for a multilevel converter, the selection of an appropriate
modulation scheme improves both THD and switching frequency. Three modulation
techniques are implemented for the 9-level converter.

4.4.3.1 Phase-shifted multi carrier PWM

In phase-shifted SPWM, the gate signal is generated by comparing the modulating signal
with the triangular carrier waves, as shown in Fig. 4.4. The modulating signal is a
sinusoidal signal of adjustable amplitude and frequency. A multilevel converter with L-
levels in output staircase waveform requires (L-1) triangular carriers waveform having
the same frequency and amplitude. The phase shift between two adjacent carrier waves

is calculated as in [10]

®cr =360°/(L-1) (4.12)
= 360/ (9-1)

=45°
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4.4.3.2 SHE-PWM

SHE-PWM switches the switching devices at the fundamental frequency and eliminates
lower order harmonics present in output voltage waveform. A series of switching angles
are calculated for a multilevel converter to obtain the desired output voltage waveform,
depending on the number of levels. A 9-level CHB multilevel converter produces a
staircase voltage waveform by synthesizing the number of DC voltages, as shown in Fig.
4.5 [15]. Fourier series expansion of staircase waveform for equal DC voltage sources is
given as [15],

V(Wt) = Y 1-135(4 * Vdc/n * m) * (cos(n * ay) + cos(n * &) + cos(n * az) +

wr oo F cOS( * @) * sin(not) (4.13)

Where 's' (s =4) is the number of H-bridges in the multilevel converter, the switching
angles must satisfy the condition 0< o, <o, < ag............. < /2 for applicability of this

method. This results in a narrow band of possible modulation index [15].
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In a three-phase system, the third harmonic and its multiples need not be eliminated for
each phase voltage as they are cancelled in the line voltage on its own. Only low order
harmonics are eliminated by the SHE-PWM method, and the higher-order harmonics can
be eliminated by connecting an inductive filter. For eliminating lower order harmonics
5t 7 and 11™, the following equations are formulated in terms of Fourier series as [15,
153],

coS(a;) + cos(a,) + cos(as) + cos(a,) =m
cos(5a,) + cos(5a,) + cos(5a;3) + cos(5a,) =0
cos(7a,) + cos(7a,) + €c0S(7as) + cos(7a,) =0

4.14
cos(11ay) + cos(11a,) + cos(11as) + cos(11a,) =0 (4-14)

Where m is the modulating index. For converting these transcendental equations into the
polynomial form, one can consider cos a1 = Cy, €0s a2 =C», c0s az = Cz and cos as = C4 and

the cosine terms can be expanded as,
Cos5a= 16 Cos® « — 20C0s® « + 5C0s «

Cos7a = 64C0s’ o — 112C0s°a +56C0s%« — 7Cosa

Coslla = 1024Cos'ta — 2816C0s°« + 2816C0s’a - 1232C0s°« +220C0s%x -11Cosa (+13)
Substituting the egn. (4.15) in eqn. (4.14), one gets,

C1+C2+C3+Cs=m

16C1° — 20C13+5C1+16C2° — 20C*+5C+16Cs° — 20C3*+5C3 +16C4° — 20C43

+5C4=0

64C1’ — 112C1° +56C1% -7Cy +64C2°-112C23 + 56C, — 7C2 +64Cs® — 112C4® +56Cs — (4.16)

7C3 + 64C4° — 112C4* +56C4 — 7C4 = 0

1024C,1! — 2816C1° + 2816C1" — 1232C1° + 220C:* — 11Cy1 + 1024C,M — 2816C,° +
2816C,"- 1232C,° + 220C,° — 11C, +1024C3M — 2816C3° +2816Cs’ - 1232C5°+220Cs55-

11C3 +1024C4™ — 2816C4° + 2816C4” - 1232C4° + 220C4* -~ 11C4=0
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Fig.4.5 Staircase waveform generation[153]

By solving these polynomial equations for unity modulation index by resultant theory
method, the switching angles are obtained as o,= 10.0154, o, = 22.1424, o= 40.7521
and a, = 61.7681 [15,153]. Remaining switching angles o5, t0 «, are calculated by
quarter-wave symmetry of staircase waveform as shown in (Figure 4.5) and given as, as
= (180- a,), ag = (180- a3), a, = (180- a,), ag = (180- a;), ag = (180+ ay), o = (180+ ),
ay; = (180+ a3), ay, = (180+ ), a3 = (360- @), ;4 = (360- a3), a5 = (360- a,) and a4 =
(360- «,). After these angles calculation, the magnitude of L1, Lo, La...... Lie, as shown
in Fig.4.5, are calculated as, Li=sin(«,), L2=sin(a;), La=sin(a;), similarly for L4 to Lis.
The value of the modulating signal (mref) is compared with the calculated magnitude (L1
to Li6) for selecting corresponding switching sequence for a level as shown in flowchart
given in Fig. 4.6. From this flowchart, it is observed that, if Li<myes< L then first level
is essential and switching sequence for first level is chosen from Table 4.2. The selection
of other levels is done based on the value of mres from Table 4.2 as per the flowchart. The

switching combination for the other two phases is given similarly.
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TABLE-4.2 Look-up Table for Switching Sequence Corresponding to Output Level

Outputs | Sequence Outputs | Sequence

0 S11513521523531533541S43 | -Ve S13514521523 S31533541543
Ve S11512521523531S33541S43 | -2Vc S13514S23524 S31533541S43
2Vc S11512521522531533541S43 | -3Vc S13514523524533534541S43
3Vde S11512521522531582541843 | -4Vc S13514523524 533534543544
4 Vyc S$11512521522531532541S 42

4.4.3.3 Nearest level modulation (NLM)

In the case of NLM-PWM, an online calculation is performed to obtain the required

predefined level. The required level for a specific time duration is found first by taking

the ratio of the value of the modulating signal at the particular instant and a predefined

step. After determining the required level, an appropriate switching sequence is selected

from the corresponding look-up table. Table 4.2 specifies the switching sequence for a

particular level. Switching sequences for the other two phases are determined similarly

[154-160]. The required predefined step is found as,
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GRp =1and G = (L — 1)/2

Where “G" is the number of positive steps in a 9-level inverter, “Rp” is predefined steps,
and “L" is the number of levels. From eqn. (4.17), R, = 1/G. After this, the ratio of the
instantaneous values of the modulating signal (mrer) and predefined step (Rp ) is obtained.
The quotient of this ratio gives the required level for that particular value of the
modulating signal. The above steps are illustrated graphically through a flowchart
depicted in Fig. 4.7. If the value of N is between zero and one, then Level ‘0’ is selected,

if N is between one and two, Level '1' is selected, and so on. The corresponding switching

sequence for the selected level is picked from Table 4.2 [154].
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A 4

Find predefined level R, =1/G = 1/4

v
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Fig.4.7 Flowchart for NLM
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45 MODELLING OF 9-LEVEL SYMMETRICAL CHB MULTILEVEL
CONVERTER FOR GRID INTEGRATED PV SYSTEM

This section presents the MATLAB based modelling of a nine-level CHB multilevel

converter for grid interfaced SPV system. MATLAB R2015a is used for simulation.

MATLAB modeling of the grid-connected converter, PV array fed 9-level CHB

multilevel converter for phase A (remaining phase modeling is the same as phase A),

MATLAB model for MPPT block, control algorithm, and phase-shifted sinusoidal PWM

is also developed. MATLAB model is implemented by selecting a block from both

Simulink and simscape simpowersystems specialized technology library of MATLAB.
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Fig. 4.8 MATLAB model of grid interfaced 9-level CHB multilevel converter
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4.5.1 Model of Grid Connected Converter

The developed MATLAB model of grid-connected multilevel converter for the three-
phase system is shown in Fig.4.8. The grid voltages (Vsanc), grid currents (isanc), converter
voltages (Vecanc), and converter currents (icanc) are measured from three-phase VI-
measurement. A three-phase source block of rating 3.3kV is chosen from the same library
for the grid. Discrete powergui environmental block is selected from simscape

simpowersystems specialized technology library. The sampling time is set at 5e-06 s.
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Fig. 4.9 PV array fed 9-level CHB multilevel converter
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4.5.2 Model of PV Array Connected Nine-level H-Bridge Converter

For getting a nine-level converter, four H-bridges are connected in a cascade. Each PV
array is fed by a separate H-bridge, as shown in Fig. 4.9. For the photovoltaic system, the
insolation level is taken as 1000W/m? and given through a limiter block, and temperature
25°C is provided through a saturation block, selected from the Simulink library. A Sharp
NT-180U1 PV array is selected from simscape simpowersystems specialized technology
PV array library. The photovoltaic voltage and current of arrayl (Va1 pv & la1_pv), array2
(Va2 pv & la2 pv), array 3 (Vas pv & laz pv) and array 4 (Vas pv & laa pv) are measured for
MPPT. Vdc1, Vde2, Vaez and Vyes are the DC-link voltages across the DC link capacitor,

measured to control the DC-link and give 1”4 for active power loss component.
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Fig.4.10 MATLAB model of Control algorithm of 9-level CHB multilevel converter
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4.5.3 Model of Control Algorithm

Fig.4.10 shows the developed model of the control algorithm for VVSC control. To
implement the decoupled current scheme, the abc to dq0 transformation block and PLL
block are selected from simpower systems specialized technology library. The reference
direct current obtained from the MPPT block and the feed-forward term are compared by
a comparator block selected from Simulink library with direct current Iq and error signal
given to a Pl-controller. Similarly, the quadrature-component of current is compared with
zero-reference (unity pf), and the error voltage is passed through a Pl-controller with a
saturation limit fixed at the output. The reference dg-components of voltages so obtained
are transformed to Vs (modulation signal) by a dqg0 to abc transformation block and
given to the PWM block. The synchronous signal (wt) is provided by the PLL to abc to

dg0 and dq0 to abc transformation.
4.5.4 Model of MPPT Controller

Each array is provided with a separate MPPT algorithm controlled by a separate PI-
controller, as shown in Fig.4.11. The MPPT algorithm is implemented by writing the
algorithm on a user-defined block of the Simulink library. Param block gives the upper

and lower limit of Vqc_rer and increment step for implementing the algorithm.
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Fig.4.11 MATLAB model for MPPT controller of 9-level CHB multilevel converter

4.5.5 Model of PWM Technique

The three PWM techniques, phase-shifted PWM, SHE-PWM, and NLM, are investigated
for modulation of a 9-level symmetrical CHB multilevel converter. The MATLAB model

of these algorithms is described in the following given section.
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Fig. 4.12 MATLAB model for Phase shifted PWM of 9-level CHB multilevel converter

4.5.6 Model of Phase-shifted PWM

The eight carrier signals of 500 Hz switching frequency are generated by selecting a
triangle generator block from Simpower systems specialized technology control and
signal generation library for implementing the phase-shifted PWM. The triangle
generator block generates a symmetrical triangle waveform with a peak amplitude of +/-
1 for implementing carrier signal. These carrier signals are compared with the modulating
signal, as shown in Fig. 4.12, and pulses are generated. Comparator and NOT-gate block

are selected from the Simulink library for the generation of pulses.
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4.5.7 Model of SHE-PWM

The developed MATLAB model of SHE-PWM is shown in Fig.4.13. The model of SHE-
PWM is developed by comparing the modulating signal, as per switching Table 4.2,
obtained from the control algorithm with a constant for generating the pulse signal. The
value of the constant is obtained by switching angles calculated offline for eliminating

the selected harmonics.
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Fig. 4.13 MATLAB model for SHE-PWM of 9-level CHB multilevel converter
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4.5.8 Model of Nearest Level Modulation (NLM)

The MATLAB model is developed by comparing the modulating signal with a constant,
as per switching Table 4.2, for generating the pulses as shown in Fig.4.14 of NLM-PWM,
an online calculation is performed to obtain the required predefined level for finding the

constant value.

CO—

V"a[modulating signal)) ‘ P

5

Product

Constant

Fig. 4.14 MATLAB model for NLM of 9-level CHB multilevel converter
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4.6. RESULTS AND DISCUSSION

The three-phase grid-tied SPV system, as shown in Fig.4.1, is designed, modelled, and
controlled with a nine-level H-bridge multilevel converter. This system is modelled and
its performance is simulated in MATLAB/Simulink, and the results are discussed here.
Moreover, a 9-level CHB converter with SHE-PWM technique is tested on OPAL-RT

simulator platform to validate the results obtained in MATLAB/Simulink.

4.6.1 Steady-State Performance for 9-Level Converter

The system's steady-state response is studied at an insolation level of 1000 W/m? and
25°C temperature. Simulated results consisting of the grid voltages (vsanc), the grid
currents (isanc), the AC line voltages of VSC (Vcanc), SPV voltage (Vpv), SPV current (lpy),
and power (P) are obtained to validate the system performance. The steady-state response
for the three modulation techniques, phase-shifted PWM, SHE-PWM, and NLM, are
shown in Figs. 4.15, 4.16 and 4.17. As the grid voltages and the grid currents are in phase
in the steady-state response hence the maximum active power transfer is evident at a
power factor of unity. PV array generates almost constant voltage and delivers almost

constant current and power as shown in figure.

4.6.2. Dynamic Performance for 9-Level Converter

Fig.4.18 shows the dynamic response of SHE-PWM only. The dynamic response is
studied with a constant temperature of 25°C and an insolation change from 1000 W/m?
to 400 W/m? at 0.6sec. as shown in Fig. 4.18 (a) and (b). Whereas reverse change is
studied in Fig. 4.18 (c) and (d). Simulated results consist of the voltage and the current
for a PV array 1 of A-phase (Vaipv & laipyv), B- phase (Vbipv & lb1pv), C— phase (Veipy &
lc1pv). In dynamic response, with the decrease of the insolation level, remarkable change
in the PV current is observed, while there is no significant change seen in the PV voltage.
As the dynamic response shows a change in PV voltage and current with insolation level,
for the same PV array and insolation level change, the dynamic response for all three

modulation techniques is almost similar. The PV voltage and the change in PV current is
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similar for three phase array 1, which verifies that the distributed MPPT control of each
array is achieved as shown in Fig. 4.18 (a). The grid current, PV array power and PV
current are changed proportionally and PV voltage and grid voltage remains constant with

change in insolation level as shown in Fig. 4.18 (b)
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Fig. 4. 18 Dynamic response for the SHE-PWM technique for (a) and (b) decrease in
insolation level from 1000 W/m?to 400 W/m?, (c) and (d) increase in insolation level
from 400 W/m2 to 1000 W/m2 at 0.6 s
4.6.3 Power Quality Performance for 9-level Converter
Fig.4.19 shows waveform of the converter line voltages (Venc), and harmonic spectra
along with THD levels at 1000 W/m? levels by using the fast Fourier transform tool in
MATLAB for (a) SHE-PWM (b) PSPWM (c) NLM. The converter voltage THD values
of 6.96%, 11.70 %, and 9.18% at insolation of 1000 W/m? and temperature of 25°C

respectively, are observed for 9-level grid interfaced 3.3 kV SPV system with modulation

index of unity.

Fig.4.20 shows waveform of the supply voltages (Vsanc), and harmonic spectra along with
THD levels at 1000 W/m? levels by using the fast Fourier transform tool in MATLAB

for (a) SHE-PWM (b) NLM (c) PSPWM. The grid voltage THD values of 0.32%, 0.39
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%, and 0.62% at insolation of 1000 W/m? and temperature of 25°C, respectively, are

observed for 9-level grid interfaced 3.3 kV SPV system with modulation index of unity.

Fig.4.21 shows waveform of the supply currents (isac), and harmonic spectra along with

THD levels at 1000 W/m? levels by using the fast Fourier transform tool in MATLAB

for (a) SHE-PWM (b) PSPWM (c) NLM. The grid current THD values of 0.47%, 0.80

%, and 0.58% at insolation of 1000 W/m? and temperature of 25°C, respectively, are

observed for 9-level grid interfaced 3.3 kV SPV system with at modulation index of unity.

Therefore, obtained results confirm the elimination of lower-order harmonic fifth,

seventh, and eleventh order harmonic for which, the SHE-PWM transcendental equation

is written.
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The steady state and dynamic performances and converter output THD are also validated
in HIL on OPAL-RT simulator. The obtained results are shown in Figs. 4.22, 4.23 and
4.24. Figs. 4.22 (a)-(b) show the steady state real-time performance. PV voltage and
current of array are shown with maximum power operation. The grid voltage and grid
current maintain unity power factor. Moreover, three phase converter voltages with nine
level output are achieved in Fig. 4.22 (b). Figs. 4.23 (a)-(b) show the steady state and
dynamic performance of PV arrays of each phase. Moreover, THD of phase and line
voltages are achieved as 9.14% and 6.26% respectively under the SHE scheme. Fig. 4.24
(a) and (b) show the THDs for converter phase voltage and line voltage for SHE-PWM,
whereas Fig. 4.24 (c) and (d) show the THDs for phase voltage for NLM-PWM and PS
PWM respectively. Grid current THD is 0.53% as shown in Fig. 4.25. Fig. 4.26 (a) — (b)
show the real time converter line voltage THD for NLM-PWM and PS PWM, whereas
Fig. 4.26 (c¢) — (d) show the grid current THDs for NLM-PWM and PS-PWM. The
simulation results of converter voltage and grid current THDs and their real time results

are in close agreement.
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4.7 CONCLUSIONS

The design, modelling, and control of transformerless single-stage nine-level H-bridge
cascaded multilevel converters for the photovoltaic grid-tied plant have been carried out
with the improved P&O MPPT, decoupled current controller based on SRF-PLL with
phase-shifted PWM, SHE-PWM, and NLM modulation techniques. To solve nonlinear
transcendental equations obtained from Fourier transform in SHE-PWM, the resultant

theory algebraic method is employed, which eliminates lower order harmonics, i.e., fifth,
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seventh, and eleventh in this work. Higher-order harmonics are reduced by using an
inductive filter. The THD of grid current obtained by these modulation techniques is
validated as per the IEEE-519 standard. The system's performance is observed
satisfactory at 1000 W/m? insolation level and 25°C temperature and validated as per the

IEEE-519 standard [17].
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CHAPTER-V

CONTROL AND DESIGN OF NINETEEN LEVEL CASCADED
MULTILEVEL CONVERTER BASED PV SYSTEM

5.1 GENERAL
This chapter deals with design, modeling, and control of a medium voltage symmetrical
CHB multilevel converter for the direct grid integration of a large photovoltaic (PV)
system. It presents the design considerations for selecting an optimum number of levels
in the multilevel converter, which are to be both efficient and economical. This system is
designed for the medium voltage of 11 kV, hence it can be directly interfaced with the
grid without a step-up transformer. It contributes considerable cost savings in the
installation, operation, and maintenance of the large solar plant. With the increased
number of levels, the converter output voltage waveform is a close to the sine waveform.
The control employed is a decoupled control with the synchronous reference frame —
phase-locked loop (SRF-PLL), and a 19-level cascaded converter is operating at the low
switching frequency. The separate improved perturb and observe (P&QO) maximum
power point tracking (MPPT) algorithm is used to track the maximum power from each
array of multi-string solar photovoltaic (SPV) system. Simulated results are obtained both
for steady-state and dynamic performances of the system by using the FFT tool of
MATLAB and validated in accordance with the IEEE-519 standard. Simulation results
are validated in hardware-in-loop (HIL) on OPAL-RT platform. The system
configuration, design, modelling, control, simulation, and results are discussed in detail
in different sections of this chapter.
Earlier chapter 3 is focussed on design and development of a seven-level cascaded

converter whereas chapter 4 is focussed on nine-level CHB converter and its performance
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analysis using various PWM techniques. In this chapter, the focus is on an optimum
selection of number of levels and use of low-voltage rating devices.

5.2 SELECTION CRITERIA FOR OPTIMUM NUMBERS OF LEVELS

In high voltages (3.3, 4.5, 6.5 kV), costly IGBTSs are available in the market, but the lower
voltage (0.6, 0.9, 1.2, 1.7, and 2.5 kV) IGBTSs are comparatively low in cost and have
better technology. Hence, a cascaded connection of low voltage IGBTs for achieving
medium voltage can be used to develop a low-cost inverter. The designed system can
facilitate a direct connection to the medium voltage AC network, with an improved output
power quality. At the same time, this leads to a linear increase in the component number
and control complexity. Hence, to achieve an improved performance versus price ratio,
finding the optimum value for the number of levels is essential [68-72]. Usually, the 7-
level to 21-level multilevel inverters for 11 kV are considered suitable for feeding the
power at the given system voltage [68].

As the cost of a semiconductor device is significant for a medium voltage system, a higher
device voltage utilization factor (DVUF) is necessary for making the system design a
cost-effective one. The DVUF for an 11kV system with different levels is summarized in

Table 5.1 [68].

Table-5.1 DVUF in an 11 kV system for different levels [68]

Number of Rated Device DVUF
levels voltage in kV (%)
11 33 90

15 2.5 96

19 1.7 99

21 1.7 90
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In semiconductor devices, the inverter section losses are the sum of conduction losses
and switching losses. As one increases the number of levels in a multilevel converter, the
carrier frequency reduces, and the active switching device count rises linearly. Hence,
switching losses are reduced, and at the same time, conduction losses are increased.
Moreover, the device voltage ratings determine an IGBT's on-state voltage drops and
diode's forward voltage. For these reasons, total losses in the inverter section are almost
constant and, therefore, despite the change in the number of levels, multilevel inverter's
efficiency remains virtually constant. Thus, the efficiency is not a consideration in the
selection of levels while designing multilevel inverter.

Table 5.2 [68] gives the count of arithmetic and logical operations (ALOS) required in a
switching section, the count of IGBTS for different levels, THD (%), and the cost in US$

for an 11 kV system for comparing the performance, cost, and complexity of the system.

Table-5.2 An 11kV system [68]

Number of 11 15 19 21
levels

IGBTs 60 84 108 120
ALOs 55 77 99 110
THD(%) 8.55 6.00 4.27 4.25
Cost (US$) 142080 198912 8748 9720

For comparing the variety of the inverter system based on the cost, performance, and

control complexity comprehensively, a normalized index is defined as [68],

law= (W' Wmin) / ( Wmax - Wmin) (5.1)
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where w is a scored value and Wmin, and Wmax are the lowest and highest indicators.

The normalized index values for 11kV are given in Table 5.3 [68].

Table-5.3 Normalized index for 11kV system [68]

Number of levels 11 15 19 21
Performance 1.00 0.41 0.01 0.00
IGBT Cost (US$) 0.70 1.00 0.00 0.005
Complexity 0 0.17 0.5 1.00
Total Index 1.7 1.58 0.51 1.005

For an 11kV inverter, the total index value is lowest for the 19-level, so a 19-level is an
appropriate choice for an 11kV PV system. Beyond a 19-level, power quality
improvements and the reduction in semiconductor cost are negligible, and it only
increases parts (components) count and control complications as their increase are linear

with the increase in the number of levels [68-72].

5.3 SYSTEM CONFIGURATION

Fig.5.1 shows the system's configuration with a 19-level, 3-phase grid interfaced
multilevel converter of power rating of 1MW and 11kV with 50 Hz power frequency and
a switching frequency of 500 Hz. This PV system is connected to the grid through an
interfacing inductor for reducing ripple content in the current. If the L is the number of
levels in the cascaded multilevel converter, the H-bridge per phase selected is calculated

as [10].
L= (2*number of H-bridge perphase+1) =19 (5.2)
Number of H-bridges per phase (s) =9

So for a 19-level symmetric CHB converter, 9 H-bridges per phase are required, and each

H-bridge is fed by the separate and equal PV array, which is easily available in a large
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multi-string SPV system. The variables measured for implementing the control algorithm
are the grid voltages (vanc), the grid currents (isanc), the converter line voltages (Vcanc), the
DC link voltage (Vdc), PV array voltage (Vpv), and PV current (lpv). The designed system
includes design of the PV array, the DC link capacitor, and the DC link voltage. Other

design specifications of the system are given in Table 5.4.
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Fig. 5.1 19-level grid interfaced converter PV system

54 DESIGN OF 19-LEVEL SYMMETRICAL CHB MULTILEVEL
CONVERTER FOR GRID INTEGRATED PV SYSTEM

The system includes the design and modeling of the PV array, DC-link capacitor, DC-
link voltage, and coupling inductor for a nineteen-level multilevel converter. As per the

parameter obtained, the PV module is selected from the PV library. Depending on the PV
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module chosen, the number of series and parallel connected PV modules in a PV array is

selected. The other design specifications of the system are given in Table 5.4.

Table-5.4 Component specifications for a 19 level system

Component Value
Power 1MW
Voltage (Vims) 11 kv
Frequency 50 Hz
Switching Frequency 500 Hz
Inductor (L) 4 mH
No of parallel paths in SPV array (Np) 6

No of series paths in SPV array (Ns) 25

The voltage of the PV module at maximum power (Vmmp) 405V
The current of PV module at maximum power (Immp) 6.05 A
Open circuit voltage PV module (Voc) 48.8V
Short circuit current of PV module (lsc) 6.43 A
DC link capacitance (Cgc) 2000uF
DC link voltage (Vdc) 1010 V

5.4.1 Selection of V4c Voltage for 19-Level Converter

For L-level CHB multilevel converter, the DC-link voltage (V) for each H-bridge
connected to the PV array is calculated as [10],
Vims = 0.612*(L-1)*Vc (5.3)

Ve = 998.5V.

V. is chosen as 1010 V
5.4.2 Design Calculations and Selection of PV Array for 19-Level Converter
The required power rating of each PV array for a 19-level CHB converter consisting of

nine PV array for feeding LMW power to the grid is calculated as,
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_ (power rating of the system)
Pmmp = (5.4)

(number of total PV array)

=1MW/27 = 37.04kW

To obtain the PV array of 37.04 kW power (Pmmp) and Vgc of 1010V, a Sun Power SPR-
245NE-WHT-D model is chosen from the PV array library. The numbers of PV modules

connected in parallel and series in PV array are selected as,
Ns = Vao/Vimmp (5.5)
=1010/40.5 =25
Np = Pmmp/(Ns* Immp™Vimmp) (5.6)
= 37.04 x 10% /(25*6.05*40.5) = 6
5.4.3 Design of Capacitor for 19-Level Converter

The DC-link capacitance (Cqc) for each H-bridge connected to the PV array is obtained
following the principle of conservation of energy. As per this principle, for V4 recovery
in 5 ms and 1.2 overloading factor a, and K1 denotes variation of energy during dynamics,

taken as 10% (K1 = 0.1) as [11],
Yo*Cae(V2ae —V2ae1) = Ki*3*V*a*|*t (5.7)
Cac=(0.1*37.04*10%*1.2*0.005)/(0.5*(1010*1010-998.5%998.5))
Cac = 1924.35F.

It is selected as Cqc (C) = 2000 UF.
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5.4.4 Design of Interfacing Inductance for 19-Level Converter

The 4mH inductor is selected for getting the required result of THD of grid current
waveform for 19-level as per IEEE-519 standard for phase shifted PWM modulation. The

per unit value of inductor corresponding to 4mH is calculated as [13]

Le(p.u.) = (2*T*P*L*P) / V
= (314x4 x107°3x1x10°)/ (11x103x11x10%)
=0.01 p.u.

5.5 CONTROL OF 19- LEVEL SYMMETRICAL CHB MULTILEVEL
CONVERTER FOR GRID INTEGRATED PV SYSTEM
The algorithm for controlling the SPV system integrated to the three-phase AC grid is
shown in Fig.5.2. The maximum power tracking from the array using converter voltages
and currents, is necessitated. A decoupled current control having a feed-forward term,
the control for the DC-link capacitor, synchronous reference frame (SRF), and phase-

locked loop (PLL) for synchronization are used for controlling VSC [115-116].
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Fig. 5.2 Control algorithm for 19-level CHB multilevel converter
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5.5.1. Implementation of Improved P&O MPPT Algorithm

The maximum power is extracted from the PV array, and a suitable Vqc ref IS generated
by using the MPPT algorithm. Out of many reported MPPT algorithms, the improved
P&O algorithm is preferred owing to its superiority vis-a-vis other algorithms. In the
literature [54-58], it is reported that the P&O algorithm is PV array independent. It is a
true MPPT algorithm and implementable in both digital and analog forms, devoid of
periodic tuning requirements, and easy to implement. As far as an improved P&O
algorithm is concerned, apart from the P&O algorithm's benefits, it also takes care of the
drift effect due to increased insolation by taking into account the change in the current
apart from the change in voltage and power. The MPPT governing equations are as

follows,

va*(k ) = va*(k‘l) +Ava, |f dev<O and dev <0 or dev > O, dev > 0 and dlpv < 0

(5.8)

Vov*(K) =Vpv*(K-1) — AVyy, if dPpy < 0 and dVpv> 0 or dPpy >0, dVpy>0 and dlpv> 0 or

dPpv> 0 and dVp< 0 (5.9)
5.5.2. Implementation of VSC Control Algorithm

The voltages obtained from the measurement of each DC link (Vq4c) and given by each
MPPT algorithm (Vdc_ref), are compared, and the error voltage (Ve) between the two is
processed by a proportional-integral (PI) controller as shown in Fig. 5.3, which is given
to the improved P&O MPPT algorithm. To integrate the solar PV power generating
system with the grid synchronization of the grid voltages and currents with the value of
I*4c, the reference DC-link current, expressed at k and (k-1) instant as,

Iac(K) = Iae(k-1) + Kp{Ve(K) — Ve(k-1)} + Ki*Ve(K) (5.10)
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Where Kp & K; are the proportional and integral gain constants for the PI controller. The
sum of all reference DC-link current along with the feed-forward term is compared with
the direct current component obtained by the Park’s transformation from the grid
currents [9,115-116] as given earlier in chapter 3.

The grid detection angle (0) for the Park’s transformation is obtained from a three-phase
PLL. I'q the reference quadrature current (set to zero for feeding the grid current at unity
power factor) is compared with the quadrature current component obtained from the

Park’s transformation.

4—
Vv W,
|pv2 < MPPT é’ m T
Vdcz_ref T H E _>
Vch : : i -;- I*dc
E Vd027_ref : —

=

Vivar MPPT

Ipv27
Vdc27

Fig. 5.3 Generation of 14 for 19-level CHB multilevel converter

Similarly, the direct (Vg4) and the quadrature (Vq) components of the grid voltages are
calculated using the Park’s transformation as given in the earlier chapter.
The reference direct-axis and quadrature-axis voltages at instants k and (k-1) are

estimated as follows,
V7 a(K)=V"a(k-1)+Kp2{lde(K)-ldge(k-1) 3+ Kiz*lge(K)+Va-1*qoL (5.12)

Vo (K)=V g (K-1)+Kpa{lge(K)-lge(k-1) 1+ Kis* Lo (K)+Vo+ *aoL (5.13)

where lge = (I - 1a), lge = (I'q — lg) and oL is the coupling reactance. Kpz, Kiz, Kpz and
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Kiz are the respective proportional and integral gains of the direct axis Pl current

controller and the quadrature axis P1 current controller.

5.5.3 Implementation of Phase Shifted Multi-Carrier PWM Control for 19-Level
Converter

A multicarrier PWM technique is most widely used in the multilevel converter. The
phase-shifted PWM technique with a low switching frequency (500Hz) is used for
modulation. For a 19- level CHB, a total of 27 H-bridges are used; hence a total of 108
pulses are generated. The phase shift between the carrier signals in case of CHB is
calculated as

360°/ (L-1) = 360° / (19-1) = 20°, (5.14)
where 'L’ denotes the number of levels. For a 19-level, the phase shift between the carrier
signals is 20° [10]. The modulating signal is compared with the carrier signal to generate

the pulses for three phases, as shown in Fig. 5.4.
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I
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carrier signal —
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carrier signal 7L>
' ' I | - ["108
l l | | Bridgé 9 |
160°phase shift ! !
carrier signal .. NOT |
I
I
I
I

V) (Mmodulating
signal) —)l Phase B, 36 pulses —>
V¢ (modulating | Phase C. 36 pulses

signal)

Fig.5.4: Scheme for the generation of PWM signals for 19-level CHB multilevel
converter
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5.6 MODELLING OF 19-LEVEL SYMMETRICAL CHB MULTILEVEL
CONVERTER FOR GRID INTEGRATED PV SYSTEM

This section presents the MATLAB based modelling of a nineteen-level symmetrical
CHB multilevel converter for grid interfaced SPV system. Simulation software,
MATLAB R2015a, is used for simulation. MATLAB modelling of the grid-connected
converter, PV array fed 19-level CHB multilevel converter for phase A, MPPT block,
control algorithm, and phase-shifted sinusoidal PWM is also developed. MATLAB
model is designed for phase A only. Phase B and Phase C modelling are similar as phase
A. MATLAB model is implemented by selecting a block from both Simulink and

simscape simpowersystems specialized technology library of MATLAB.

5.6.1 Model of Grid Connected Converter

The developed MATLAB model of grid-connected multilevel converter for the three-
phase system is shown in Fig. 5.5. The grid voltages (Vsanc), grid currents (isanc), converter
voltages (Vecanc), and converter currents (icanc) are measured from three-phase VI-
measurement. A three-phase source block of rating 11kV is chosen from the same library
for the grid. Discrete powergui environmental block is selected from simscape

simpowersystems specialized technology library. The sampling time is set at 5e-06 s.
5.6.2 Model of PV Array Connected Nineteen-Level H-Bridge Converter

For getting a nineteen-level converter, nine H-bridges are connected in a cascade. Each
PV array is fed by a separate H-bridge, as shown in Fig. 5.6. For the photovoltaic system,
the insolation level is taken as 1000W/m? and given through a limiter block, and
temperature of 25°C is provided through a saturation block. Both are selected from the

Simulink library. A Sun Power SPR-245NE-WHT-D array is selected from simscape
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Fig. 5.5 MATLAB model of PV array fed 19-level CHB multilevel converter

simpowersystems specialized technology PV array library. The photovoltaic voltage and
current of array 1 (Va1 pv & la1_pv), array 2 (Va2 pv & laz pv), ...., array 8 (Vas pv & lag pv)
and array 9 (Vag pv & lag pv) are measured for MPPT. Vc1, Ve, -...., Vdes and Vyco are

the DC-link voltages across the DC-link capacitor, measured to control the DC-link.

5.6.3 Model of Control Algorithm

Fig.5.7 shows the developed model of control algorithm for VSC control. To implement
the decoupled current scheme, the abc to dgO transformation block and PLL block are
selected from simpower systems specialized technology library. The reference direct
current obtained from the MPPT block and the feed-forward term are compared by a
comparator block selected from Simulink library with direct current Iq and error signal
given to a Pl-controller. Similarly, the quadrature-component of current is compared with

zero-reference (unity pf), and the error voltage is passed through a Pl-controller with a
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saturation limit fixed at the output. The reference dg-component of voltage so obtained
is transformed to Vs (modulation signal) by a dqO to abc transformation block and
given to the PWM block. The synchronous signal (wt) is provided by the PLL to abc to

dg0 and dqO to abc transformation.
5.6.4 Model of MPPT Controller

Each PV array is provided with a separate MPPT algorithm controlled by a separate PI-
controller, as shown in Fig.5.8. The MPPT algorithm is implemented by writing the
algorithm on a user-defined block selected from the Simulink library. Param block gives
the upper and lower limit of Vg _ref and increment step for implementing the algorithm.
This MPPT block provides the Vqc_ref for controlling DC-link. Vqc _ref is compared with
Vdc by a comparator, and the output is controlled by a Pl-controller (with saturation limit)

to obtain the 1"yc.
5.6.5 Model of Phase-shifted PWM

The eighteen carrier signals of 500 Hz switching frequency are generated by selecting a
triangle generator block from simpowersystems specialized technology control and
signal generation library for implementing the phase-shifted PWM for a 19-level CHB
multilevel converter. The triangle generator block generates a symmetrical triangle
waveform with a peak amplitude of +/-1 for implementing carrier signal. The phase shift
is kept 20° between the carrier signal for implementing a 19-level converter. These carrier
signals are compared with the modulating signal, as shown in Fig. 5.9, and a total of 36

pulses are generated for switching of phase-A switches. Switching pulses for
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the remaining two phases are generated in the similar way. Comparator and NOT-gate

block are selected from the Simulink library for the generation of pulses.

5.7 RESULTS AND DISCUSSION

A 19-level CHB based MLC for an 11kV grid interfaced PV system with an optimum
selected number of levels is designed, modelled, and analysed in a MATLAB
environment and validated in HIL on OPAL RT simulator. The results obtained are as

follows.
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5.7.1 Steady-state Performance for 19-level Converter

The system's steady-state response is studied at an insolation level of 1000 W/m? and
temperature 25°C, and the results are depicted in Fig. 5.10. Simulated results consisting
of the grid voltages (Vsanc), the grid currents (ianc), the AC line voltages of VSC (Vcanc),
SPV voltage (Vpv), SPV current (lpv), and power (P) are obtained to validate the system
performance. As the grid voltage and the grid current are in phase in steady-state response
hence the maximum active power transfer is evident at a power factor of unity. PV array

generates almost constant voltage and delivers almost constant current and power as

shown in figure.
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>g 0 \\->< ! /><l‘\ /><
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e
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Fig.5.10: Steady-state response of PV system with a 19-level CHB multilevel converter

5.7.2 Dynamic Performance for 19-level Converter

As shown in Figs. 5.11 (a) and (b), the dynamic response is studied with a constant

temperature of 25°C and an insolation change from 1000 W/m? to 500 W/m? at 0.7s,
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whereas Fig. 5.11 (c) and (d) show the system response for increased insolation from 500
W/m? to 1000 W/m?at 0.7 s. Simulated results consist of the voltage & the current for a
PV array 1 of A-phase (Vaipv & lapv), B- phase  Vbipy & lb1pv), C— phase (Veipy & leipy).
In dynamic response, with the decrease of the insolation level, the PV current's
remarkable change is observed, while there is no significant change seen in the PV
voltage. The PV voltage and the change in PV current are same for three phase array 1
which verifies that the distributed MPPT control of each array is achieved as shown in
Fig. 5.11 (a) and (c). The grid current, PV Power and PV current are changed

proportionally and PV voltage and grid voltage remains constant with change in

insolation level as shown in Fig. 5.11 (b) and (d).

—PV array 1 voltage of phase A remains almost constant with change in insofation level
T T T T

s
oo

XY

l l l l
—PV array 1 voltge of phase B remains almost constant viith change in insolation level
T T T T T

coan
OO

OO0 OO0
1
1

—PV array 1 voltage of phase G remains almost constant with change in insofation level
T T T T T T T

—_

Y
[ =2
OSSO

OO OO0

! | ! | ! ! | ]
—PV array 1 current of phase A changes proportionally with change in insolation level
T | T T

(") VerpvV) Vi (V10 (V)

—=INICO

I I I I I =
—PVarray 1 current of phase B changes proportionally with zhange in insolation level
T T T T

—PV array 1 current of phase C changes proportionally with change in insofation levef
T T T T T

YOI OO
T
11

loapy(A) ThapyA) laipy
P e ST N — NI

(@)

110



1
]

—PV array voltage of array T of phase A renain consfant with increase in insofation fevel

= 00 I I I I I
:,;"" 'ULE:| ! ! N ! ! ‘I
— PV aray cuivrent of arsy 1 of phase A changed proportianatly with Increase (n fnsclation fowel
i 45L T ___———F t
L 20 ———— 1
- :Il 1 | | |
_ — DSk 1 voltage of plase A remain constant with Incresse In Insolation jevel
= EEI'EE T T T T T
=7 'ULE.I‘ I I I I I ‘I
. —— Powar chanped proporfionally with increass in insofation levs!
£ 200 1 i [ —— I
I:'i m[,!' C 1 L — 1 1 1 ]
— : it
-.'5__ \(\\ i l;.fr‘-. 4 1{' Y P’ ‘/ y .- _\ "' ?r ; -.‘: o o ?r :,r'"\' ':f .__..I .
E -EJ A, 5! " "".{‘ A .| P .-'r ;\z ) ".}‘-\. llll II i .J'IIII.' }\f ki "h.l/ * l’\"’ \' { A hl.‘\"l ..‘ .ll r' ..‘ ':::.-
o
anc
- . - '-.1 T a
L O vﬂ(xﬁ(ﬁ‘xﬁaf“\/’“v’f\\cf x%“ 2 W f SR
g o -
= 0.6 0 135 i,'l.? IZI.TS ;'-.EI 0 55 0.8
Time(sez)
(b)
S 1 500 — PV array voltage of array 1 of phase A remains almost constant with increase in insolation level
< T T T T T
2 1,000
>E 508 C | ! | | ! ]
S — PV array voltage of array 1 of phase B remains almost constant with increase in insolation level
2 1500 I T T | T
2 1,000
= 500~ .
S 0 | | | | 1
_ —PV array voltage of array 1 of phase C remains almost constant with increase in insolation level
2 1500 T T T T |
z 1,000
>5 508 C | | | | | ]
P —PV array current of array 1 of phase A increases with increase in insofation level
< T T T : f
z 20F .
50 | | | | |
2 — PV array current of array 1 of phase B increases with increase in insofation level
< 4 T T T :
i 20k ]
& 0 l | 1 I |
= — PV array current of array 1 of phase C increases with increase in insolation fevel
< 40 T T T : :
2 20F -
R | | | | |
0.6 0.65 0.7 0.75 0.8 0.85 0.9

Time{sec)

(©)

111



— PV array voltage of array T of phase A rentain corstant with increase in insolation sevel

S 200 | | I | T

E] "
=5 'DEE 1 I I I I

— PV array ctirrent of array 1 of phase 4 changed proport onatls with Increase i Msolation fevel

€ 4 | —— .

o AR —— .
- :I | | | |
_ — DC-fink 1 voltage of phase A remain constant with incresse in insalstion evel
= 2000 T T T T T

g 1,000
s 0 1 | I 1 1
~ — Powr ¢hanged proworfipnally with ingreese In Ingofation feval
3 .20 T | R — ]
< EO0E —_— .
o 0 “I 1 I I 1 |
E__ éf':""l,-’ﬁ". J( ,:-'\., l"“:( ,:"“*. }4"":".\'/;'}“"'.-"#:-, f‘-.-"f“-,,..{\

P qeAASARS *’ ,U SAEV OV VAV VAR VAN AN VAN ISV IRV VA,
o
P 1 T T T - NN A PV

T, S 5 T - .'i' W LR W "

5-3 : E Mﬁx{fﬁ{?ﬁ-m -x,\C/\I“x PIEEBENNANY 1 SO ’}>

5 =300
= 06 01.£5 n7 0.75 :.ﬂ [1.55 ne

Tirne/se)
(d)

Fig.5.11 Dynamic response for the SHE-PWM technique for (a) and (b) decrease in
insolation level from 1000 W/m? to 500 W/m?, (c) and (d) increase in insolation level
from 500 W/m2 to 1000 W/m2 at 0.7 s

5.7.3 Power Quality Performance for 19-level Converter

Fig. 5.12 shows the waveforms for the line voltage (Vsanc), the line current (isanc), and the
converter line voltage (Veane) and harmonic spectra along with THD levels at 1000 W/m?
and 25°C temperature levels. The THD values of 0.30%, 0.79% and 4.27%, respectively
are observed for the line voltage, the line current, and the converter line voltage for a 19-

level grid interfaced 11 kV SPV system. The supply current THD is well within limits

set by the IEEE-519 standard [17].
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5.7.4 Validation of Results in HIL on OPAL-RT Simulator

Fig.5.13 to Fig. 5.16 show the steady state performance of the system at 1000W/m? and
25°C temperature. Fig. 5.13 and Fig. 5.14 give the PV array1 voltage of phase A (Vp),
PV arrayl current of phase A (lpv), phase A converter voltage (vca), phase A grid voltage
(vsa). Fig. 5.15 and Fig. 5.16 give phase A, B and C of grid currents (isa, isb and isc) and
converter voltages (Vca, Veb and vec) respectively. Fig.5.17 to Fig.5.21 show the dynamic
performance of the system with increase, decrease and both increase and decrease in
irradiance. Fig. 5.17 to Fig. 5.21 show the change in Vpy, lpy, isa, Vsa @nd converter voltage
with the change in irradiance. Vv, Vsa and converter voltage remains constant and isa and
lov changes with the change in irradiance as shown in Fig. 5.17 to Fig. 5.21. Fig. 5.22 to
Fig. 5.24 show the THD of converter phase voltage, converter line voltage and grid
current are 6.9%, 4.6% and 0.75% respectively. THDs values of convertor line voltage
and grid current are similar to the values obtained through MATLAB simulation, thus

validating the performance of the designed system and the developed MATLAB model.
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5.8. CONCLUSIONS

The modelling and design of a medium voltage grid interfaced cascaded multilevel
converter for PV system with selected number of levels have been carried out with
decoupled current controller based on SRF-PLL and phase-shifted PWM at low
switching frequency for a medium voltage and large scale PV direct grid integrated plant.
Eliminating step-up transformers from the traditional system for integration with the grid
contributes to large cost savings in installation, operation, and maintenance of such a
large solar plant. The cost of IGBTs and voltage stress on each switching device are
reduced at an optimum level. The low switching frequency employed minimizes the
switching losses and lowers the acoustic noise. The converter line voltage THDs for a
different number of levels is compared. The improved power quality of the system owing
to reduced THDs is observed. The system performance is found satisfactory as per the

IEEE standard 519 [17].
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CHAPTER-VI

CONTROL AND DESIGN OF FORTY-THREE LEVEL CASCADED
MULTILEVEL CONVERTER BASED PV SYSTEM

6.1 GENERAL
Megawatt solar plants are the reality now, with nations looking for GW installed
capacity. This is possible because of increased power levels in photovoltaic (PV) energy
conversion systems. The multilevel converter is the emerging technology for interfacing
medium and higher voltage grid. Various topologies of multilevel converters are
available, but because of the natural availability of separate DC sources in multi-string
large solar plants, a cascaded multilevel converter is most suitable. This chapter presents
the design and control of a single-stage, transformerless grid interfaced 43-level CHB
cascaded multilevel converter for integrating large solar PV plants with an improved
THD (Total Harmonic Distortion) of the grid current. The control scheme comprises
VOC (Voltage Oriented Control) with SRF (Synchronous Reference Frame) and PLL
(Phase Locked Loop). Fundamental frequency employed for phase-shifted PWM (Pulse
Width Modulation) suitable for the cascaded multilevel converter is used for
modulation. The incremental conductance MPPT (Maximum Power Point Tracking)
algorithm is used to track the solar PV array. The simulation is carried out in
MATLAB/Simulink software platform and validated in HIL on OPAL RT simulator.
The considered system's steady-state and dynamic performances are evaluated at 1000
W/m? and 25°C in this chapter. The THD of converter output voltage and the current
waveform are evaluated on MATLAB's FFT tool in this chapter. The selection criteria
for the number of levels, system configuration, design, modelling, control, simulation,
and results of a 43-level converter are discussed in detail in different sections of this

chapter.
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6.2 SELECTION CRITERIA FOR OPTIMUM NUMBER OF LEVELS

A cascaded connection of low voltage IGBTs for achieving medium voltage helps to
develop a low-cost inverter. At the same time, this leads to a linear increase in the
component number and control complexity. Hence, to realize an improved performance
versus price ratio, finding the optimum value for the number of levels is essential.
Usually, the 15-level to 55-level multilevel inverters for 33 kV are considered suitable

for feeding the power at the given system voltage [68-72].

Since semiconductor devices' cost is significant for a medium voltage system, a higher
DVUF is necessary to make the system design a cost-effective one. The DVUF for a

33kV system with different levels is summarized in Table 6.1 [68].

Table-6.1 DVUF in a 33 kV system for different levels [68]

Number of levels Rated device voltage (kV) DVUF (%)
23 4.5 98
29 3.3 96
43 2.5 96
55 1.7 100

In semiconductor devices, the inverter section losses ( Pioss_ivr) are the sum of conduction
losses (Pc_ivr) and switching losses (Psw ivr). The approximated value of Psw ivr IS given as
[68]

Psw_ivr = (Alav+BI%4)Fc (6.1)
Where Fc and lqv are the carrier frequency and device current, respectively, as one
increases the number of levels in a multilevel converter, the carrier frequency reduces;

hence, switching losses are reduced. Simultaneously, the active switching device count
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increases linearly, resulting in increased conduction losses. For an L-level multilevel
converter, the total conduction losses can be approximately given as, [68]

Pc_ivi= 6(L-1) (Pc_swi*+Pc_ pv) (6.2)
Pc_swi and P¢_py are the conduction losses for switching device and antiparallel diode,
respectively, of the multilevel converter. Moreover, the device voltage ratings determine
an IGBT's on-state voltage drops and diode's forward voltage. For these reasons, total
losses in the inverter section are almost constant and, therefore, despite the change in the
number of levels, multilevel inverter's efficiency remains practically constant. Thus, the
efficiency is not a consideration in the selection of levels while designing multilevel

inverter.

Table 6.2 [68] gives the count of THD(%), the cost, ALOs required in a switching section

and the count of IGBTSs for different levels for a 33kV system to compare the system’s

Table-6.2 A 33KV system [68]

Number of 23 29 43 55
levels

IGBTs 132 168 252 324
ALOs 121 154 231 297
THD(%) 4.54 4.12 3.28 3.17
Cost (US$) 301356 233016 150696 100764
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performance, cost, and complexity. To enable comparison between a variety of the
inverter system based on the cost, performance, and control complexity comprehensively,

a normalized index is defined as follows [68],

law = (W' Wmin) /( Wmax - Wmin) (63)

Where w is a scored value and Wmin, and Wmax are the lowest and highest indicators. The

normalized index values for 33kV are given in Table 6.3 [68].

Table-6.3 Normalized index for 33kV system [68]

Number of levels 23 29 43 55
Performance 1.00 0.69 0.08 0.00
IGBT Cost (US$) 1 0.66 0.25 0.00
Complexity 0.00 0.19 0.625 1.00
Total Index 2 1.54 0.955 1

As shown from Table 6.3, for a 33kV inverter, the total index value is lowest for 43-level
MLC, so a 43-level MLC is an appropriate choice for a 33kV PV system. Beyond 43-
levels of MLC, power quality improvements and the reduction in semiconductor cost are
negligible, and it only increases parts (components) count and control complications.

Their increase is linear, with an increasing number of levels.

6.3 SYSTEM CONFIGURATION
Fig.6.1 shows the system's configuration with a 43-level, 3-phase grid interfaced

multilevel converter of power rating of 10MW and 33kV with 50 Hz power frequency
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and a switching frequency of 50 Hz. This PV system is connected to the grid through an
interfacing inductor for reducing ripple content in the current. As the PV system is
designed for medium and higher power ratings, so the SPV system is feeding power to

the grid.

3-9, 33KV,
50Hz

I
—eeeeeemeeeeemsesezieseeeeeeeeeeeees aY
v A-Phase Cluster o
H V. pval E
E dcal vaall
o ] * P CL L

i 6} chjcaz | vaaz E
E E B- Phasg| | C-Phase
: — C T ]

'| Cluster | | Cluster

m
)
(@)

Hex —Iﬁ x|

Fig 6.1 43-level grid interfaced CHB multilevel converter

In CHB multilevel converter, the number of H-bridges required is obtained as [10],

Number of levels = (2* H-bridges per phase+1) (6.4)

H-bridges per phase = 21

So for a 43-level CHB converter, 21 H-bridges are required per phase, and a separate PV

array is connected to each H-bridge, which is readily available in a large-scale multi-
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string PV system. An incremental conductance MPPT algorithm is used to extract the
maximum power of the PV array. The variables measured for implementing the control
algorithm are the grid voltages (Vsanc), the grid currents (isanc), the converter line voltages

(Veane), the DC link voltage (Vdc), PV array voltage (Vpv), and PV current (lpy).

6.4 DESIGN OF 43-LEVEL SYMMETRICAL CASCADED H-BRIDGE
MULTILEVEL CONVERTER FOR GRID INTEGRATED PV SYSTEM

This section of PV system includes the design and modeling of the PV array, DC link
capacitor, DC link voltage, and coupling inductor for a 43-level of the multilevel
converter. As per the parameter obtained, the PV module is selected from the PV library.
Depending on the PV module chosen, the number of series and parallel connected PV
modules ina PV array is selected. The other design specifications of the system are given

in Table 6.4

6.4.1. Selection of V4 Voltage for 43-Level Converter

For L-level CHB multilevel converter, the DC-link voltage (V) for each H-bridge
connected to the PV array is calculated as [10],

Vims = 0.612*(L-1)*Vc (6.5)

Ve = 1284V.

Vqc is taken as 1300V.

6.4.2. Design Calculations and Selection of PV Array for 43-Level Converter
The required power rating of each PV array for a 43-level CHB converter consisting of

63 PV array (21 per phase) for feeding 10MW power to the grid is calculated as,

_ (power rating of the system)
Pmmp = (6-6)

(number of total PV array)
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=10 MW / 63=158.73 kW

To obtain the PV array of 158.73kW power (Pmmp) and Vg of 1300V, an LG Electronics
LG295N1C-G3 model is chosen from the PV array library. The numbers of PV modules

connected in parallel and series in PV array are selected as,
Ns = Vde/Vmmp (6.7)
=1300/31.8 =41
Np = Pmmp/(Ns*lmmp*Vmmp) (6.8)
=158.73*10° /(41*9.34*31.8) =13

6.4.3 Design of DC-Link Capacitor for 43-Level Converter
The DC-link voltage (Vqc) for each H-bridge connected to the PV array is obtained
following the principle of conservation of energy. As per this principle, for V4 recovery

in 5 ms and 1.2 overloading factor a, as [11],
V5*Cao(Vie —V2ae1) = Ki*3*V*a*[*t (6.9)

Where K1 denotes variation of energy during dynamics, taken as 10% (K1 = 0.1).

Therefore,
Cac=(0.1*158.73*10%*1.2*0.005)/(0.5*(1300*1300-1284*1284))
Cdc = 4700.33uF.

It is selected as, Cqac (C) = 4700 pF.
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6.4.4 Design of Interfacing Inductor for 43-Level Converter
A 2.5mH inductor is selected for getting the required result of THD of grid current
waveform for 9-level as per IEEE-519 standard for phase shifted PWM modulation. The

per unit value of inductor corresponding to 2.5mH is calculated as [13]

Le(p.u.) = (2**P*L*P) / V¥
= (314x2.5 x10°3x10x10°%)/ (33x103x33x10%)

=0.0072 p.u.

Table-6.4 Component specifications for 43-level system

Component Value
Power 10MW
Voltage 33 kV
Frequency 50 Hz
Switching frequency 50 Hz
Inductor (L) 2.5 mH
No of parallel paths in SPV array(Np) 13

No of series paths in SPV array (Ns) 41

The voltage of PV module at maximum power (Vmmp) 318V
The current of PV module at maximum power (Immp) 9.34 A
Open circuit voltage of PV module (Vo) 39.3V
Short circuit current of PV module (lsc) 9.94 A
DC link capacitance (Cqc) 4700 pF
DC link voltage(Vdc) 1300 V
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6.5

CONTROL OF 43- LEVEL SYMMETRICAL CASCADED H-BRIDGE

MULTILEVEL CONVERTER FOR GRID INTEGRATED PV SYSTEM

Fig. 6.2 shows the control scheme for the 43-level MLC based three-phase AC grid

integrated SPV system. An incremental conductance algorithm is used for tracking

maximum power from the PV array, as shown in Fig. 6.3. A voltage-oriented control with

a feed-forward term, the controller for DC-link capacitor, SRF, and PLL for

synchronization with the grid, controls the VSC [115-116].
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6.5.1 Implementation of Incremental Conductance Algorithm
In this InC algorithm, the change in maximum power output and voltage for PV array is

given as [60-61],

dppy _ dipyVpy . @ . h
vy = dvpv_ = lpv + Upv vy = lp‘U + vp‘l? Avpy (610)
Using above equations, the solution for MPPT is given as,

. . dppy _
maximum power point, =0

Avpy

Sov — _ D gt mpp (6.11)

Avpy Vpy .
Zpv % on left side of MPP, and (6.12)
Avpy Vpy
Apy v g right side of MPP (6.13)
Avpy Vpy

Thus, for tracking MPPT incremental conductance Aip/Avpy and instantaneous

conductance ipy / Vpyv is compared.

6.5.2 VSC Control Algorithm

The control scheme used in this work is shown in Figure 6.2. The voltage oriented control
is used to regulate interactions between the CHB and the grid. It is based on the
transformation of three-phase co-ordinates to a grid voltage oriented synchronous frame.
The outer control loop determines the reference for the overall active power (P) required
for controlling the system. In this voltage loop, the voltage obtained from each DC-link
measurement is compared with reference voltage Vqc ref received from each MPPT

algorithm, as shown in Figure 6.3.
The controller gives the value of 1”4, which is the reference DC-link current for the active

127



( Start )

»i
<

v

/ Input Vpy,lpy /
v

Pov() = V() * ()
deV: va(j) - va(j'l)
dlpy = Ipv() - 1pv(i-1)

V= 0L

no

vtV *(dlp/dVp,)=0
no yes @ no
yes IvtVp*(dlp/dV,,)>0

no

Decrease Increase Decrease Increase
Vdc_ref Vdc_ref Vdcﬁref Vdciref
) 4 v v ‘ ¢ ¢ v

Fig.6.4 Flowchart for incremental conductance algorithm

power control of the system expressed at j and (j-1) instant as,

a() = 1"a(-1)+Ko{Ve()-Ve(-1)}+Ki*Ve(ij) (6.14)

Where K & K; are proportional and integral gain constants for the controller. The direct
current component (174) is obtained by Park’s transformation. Three-phase PLL is used

to find the grid voltage angle (0) for Park’s transformation.

Similarly, the direct (V4) component of the grid voltage is calculated using the Park’s
transformation. The sum of all I, along with the feed-forward term, is compared with
the lg. Quadrature currents, 1"y (set zero for unity power factor), and lq are compared
where the ‘I"y> component represents the reference quantity, and the component Iq is
obtained from Park’s transformation. The reference direct-axis and quadrature-axis

voltages calculations are as follows.

V4(0)=V d(-1)+Kp2{lae()-lde(j-1) }+Kiz*le(j) (6.15)

128



V4(0)=V o(-1)+Kps{lge()-lae(i-1) }+Kia*lge(j)

(6.16)

Kpz, Ki2, Kps, and Kijz are the respective proportional and integral gains of the direct axis

current controller and quadrature axis current controller. The inverse Park’s

transformation is used for getting reference voltage for the PWM controller.

6.5.3 Phase Shifted Multi-Carrier PWM Control for 43- Level MLC

The modulation of 43-level MLC is realised using phase-shifted PWM [10,129-133], in

which, for 43-level (L) converters, 42 (i.e. (L-1)), carrier signals are displaced by 8.57°

(i.e. 360°/ (L-1)), each carrier is compared with Vet signal, respectively [10].
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6.6 MODELLING OF 43-LEVEL SYMMETRICAL CASCADED H-BRIDGE
MULTILEVEL CONVERTER FOR GRID INTEGRATED PV SYSTEM

This section presents the MATLAB based modelling of a 43-level CHB multilevel
converter for grid interfaced SPV system. MATLAB R2015a is used for simulation.
MATLAB modeling of the grid-connected converter, PV array fed 43-level CHB
multilevel converter for phase A (remaining phase modeling is similar as phase A) is
done. MATLAB models for MPPT block, control algorithm, and phase-shifted
sinusoidal PWM are also developed. MATLAB model is implemented by selecting a
block from both Simulink and simscape simpowersystems specialized technology library

of MATLAB.

6.6.1 Model of Grid Connected Converter

The developed MATLAB model of grid-connected multilevel converter for the three-
phase system is shown in Fig. 6.6. The grid voltages (Vsanc), grid currents (isanc), converter
voltages (Vecanc), and converter currents (icanc) are measured from three-phase VI-
measurement. A three-phase source block of rating 33 kV is chosen from the same library
for the grid. Discrete powergui environmental block is selected from simscape
simpowersystems specialized technology library. The sampling time is set at 5e-06

seconds.

6.6.2 Model of PV Array Connected 43-Level H-Bridge Converter

For developing a model of a 43-level converter, 21 H-bridges are connected in a cascade.
Each PV array feeds a separate H-bridge, as shown in Fig. 6.7. In the figure, only one PV
array with a single H-bridge is shown. For a 43-level VSC, 21 modules per phase are

connected in cascade. For this photovoltaic system, the insolation level is taken as
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1000W/m? and given through a limiter block, and temperature of 25°C is provided

through a saturation

Discrete,
Ts = 5e-06 5

—
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Fig. 6.6 MATLAB model of grid interfaced 43-level CHB multilevel converter

block, selected from the Simulink library. An LG Electronics LG295N1C-G3 PV
module is selected from simscape simpowersystems specialized technology PV array
library. The photovoltaic voltage and current of arrayl (Vai pv & la1_pv), array2 (Va2 pv
& la2 pv),........, array 20 (Va0 pv & la20 pv) and array 21 (Vaz21_pv & la21_pv) are measured
for MPPT. Vdc1, Vdez, .. ... .. , V20 and Vyeo1 are the DC-link voltages across the respective

DC link capacitors, measured to control the DC-link.
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6.6.3 Model of Control Algorithm

Fig.6.8 shows the developed model of control algorithm for VSC control. To implement
the decoupled current scheme, the abc to dqO transformation block and PLL block are
selected from simpower systems specialized technology library. The reference direct

current obtained from the

1
pulseal

»Vov al
v pv.8 Subsyster
- [}
|-}-< Ipwv_a1 o
_|
Conn1
{ {

e

Fig.6.7 MATLAB model of Single PV array with H-bridge

MPPT block and the feed-forward term are compared by a comparator block selected
from Simulink library with direct current lq and error signal given to PI- controller.
Similarly, the quadrature-component of current is compared with zero reference (unity
pf), and error voltage is passed through PI- controller with a saturation limit fixed at the
output. The reference dg-component of voltages so obtained are transformed to V anc
(modulation signal) by a dg0 to abc transformation block and given to the PWM block.
The synchronous signal (wt) is provided by the PLL to abc to dq0 and dq0 to abc

transformation.
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6.6.4 Model of MPPT Controller

The model of each PV array is provided with a separate MPPT algorithm controlled by a
separate Pl-controller, as shown in Fig.6.9. For a 43-level VSC, a total of 21 independent
MPPTSs are connected in cascade, whose output is added to give the Vc_rer. The MPPT
algorithm is implemented by writing the algorithm on a user-defined block of Simulink
library for obtaining the Vqc_rer. Param block gives the upper and lower limit of Vgc_rerand

increment step for implementing the algorithm.

6.6.5 Model of Phase-shifted PWM

A set of 42 carrier signal of 50 Hz switching frequency is generated by selecting a triangle
generator block from simpowersystems specialized technology control and signal
generation library for implementing the phase-shifted PWM. The triangle generator block
generates a symmetrical triangle waveform with a peak amplitude of +/-1 for
implementing carrier signal. The phase shift between the two carrier signals is kept at
8.57°. These carrier signals are compared with the modulating signal, as shown in Fig.
6.10, and 84 pulses are generated. In the figure, pulse generation for the single H-bridge
is shown for phase A. The remaining 20 H-bridge pulses of phase A are generated in
similar way. Comparator and NOT-gate block are selected from the Simulink library for

the generation of pulses.

6.7. RESULTS AND DISCUSSION
A 43-level CHB MLC for 33 kV grid interfaced photovoltaic system is modelled and
analysed in a MATLAB environment and its performance is validated in HIL on OPAL

RT simulator, and the following results are obtained.
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6.7.1 Steady-State Performances for 43-Level Converter

The system's steady-state response is studied at insolation level of 1000 W/m?* and
temperature of 25°C and the results are depicted in Fig. 6.11. Simulated results consisting
of the grid voltages (vsabc), the grid currents (isavc), the AC line voltages of VSC (Veabe),
SPV voltage (Vpv), SPV current (Ipv), and power (P) are obtained to validate the system
performance. As the grid voltage and the grid current are in phase in steady-state

response; hence, the maximum active power transfer is evident at a unity power factor.
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Figure 6.11 System steady-state performance at constant insolation level 1000 W/m?
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PV array generates almost constant voltage and delivers almost constant current and
power as shown in figure.6.7.2 Dynamic Performances for 43-Level Converter as shown
in Figs. 6.12 (a) and (b), the dynamic response is studied with a constant temperature of

25°C and an insolation change from 1000 W/m?to 400 W/m? at 0.55s.
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Figure 6.12 (a) and (b) System response to an insolation change from 1000 W/m? to 400
W/m?at 0.55 sec for 43-level CHB multilevel converter, (c) and (d) System response to
an insolation change from 400 W/m? to 1000 W/m? at 0.55 sec for 43-level CHB
multilevel converter
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Whereas Fig. 6.12 (c) and (d) show the system response to increase in insolation from
400 W/m? to 1000 W/m? at 0.55 sec. Simulated results consist of the voltage & the current
for a PV array 1 of A-phase (Vaipv & laipv), B- phase (Vbipy & lbipv), C— phase (Veipy &
lcipv). In dynamic response, with the decrease of the insolation level, the remarkable
change in PV current's is observed, while there is no significant change seen in the PV
voltage. The PV voltage and the changes in PV current are same for three phase array 1
which verifies that the distributed MPPT control of each array is achieved as shown in
Fig. 6.12 (a). The grid current, PV power and PV current are changed proportionally and
PV voltage and grid voltage remain constant with change in insolation level as shown in

Fig. 6.12 (b).

6.7.3. Power Quality Performances for 43-Level Converter

Figure 6.13 shows waveforms of grid voltage (vsanc), grid current (isanc), and converter
line voltage (venc) and harmonic spectrum along with the THD levels at isolation level of

1000 W/m?and a temperature of 25° C by using fast Fourier transform tool in MATLAB.
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25°C

The observed THD values are presented in Table 6.5. The supply current THD is well

within limits set by the IEEE-519 standard with reduced size of filter [17]. The power
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Table-6.5 THD Values (%) at the insolation level of 1000 W/m? and ambient
temperature 25°C

Quantity % THD Values
Grid voltage 0.13
Grid current 0.49
Converter line voltage 3.28

6.7.4 Validation of Results in HIL On OPAL-RT Simulator

Real time results of the 43 level MLC are obtained in HIL on OPAL-RT simulator as per
the details given in appendix. Both the steady state and dynamic responses are obtained
in real time. Fig. 6.14 to Fig. 6.17 show the steady state performance of the system at
1000W/m? and 25°C. Fig. 6.14 and Fig. 6.15 show the PV arrayl voltage of phase A
(Vpv), PV arrayl current of phase A (lpv), phase A converter voltage (Vca), phase A grid
voltage (vsa) and phase A, B and C grid currents (isa, iso and isc ). Fig. 6.16 gives the
zoomed view of Fig.6.15. Fig.6.17 gives the 120°displaced phase A, B and C converter
voltages (Vca, Veb and vee). Fig.6.18 to Fig. 6.22 show the dynamic performance of the
system with an increase, and a decrease and both increase and decrease in irradiance at
25°C. Fig. 6.18 to Fig. 6.22 show the change in Vpy, lpv, isa, Vsa @and converter voltage with
the change in irradiance, Vpv, Vsa remains constant and Iy, isa changes with the change in
irradiance. Fig. 6.21 and 6.22 show the variation of phase A, B and C of grid currents

with decrease and increase in irradiance respectively. Fig. 6.23, 6.24 and 6.25 give THD
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results, THD of converter phase voltage, converter line voltage and grid current are
3.04%, 1.8% and 0.44% respectively.

6.8 CONCLUSIONS

The modelling and design of medium voltage grid interfaced CHB multilevel converter
for a 10MW multi-string photovoltaic system with the selected number of levels have
been carried out with voltage-oriented control based on SRF-PLL and phase-shifted
PWM at the low switching frequency. The cost of IGBTs and voltage stress on each
switching device are reduced with an optimum number of levels. The use of low
switching frequency leads to reduced switching losses and lowers the acoustic noise. The
system's improved power quality due to reduced THDs of supply current is observed. The
elimination of step-up transformer from the conventional system for integration with the
grid contributes appreciable savings in the CapEx (capital expenditure) and O&M
(operation and maintenance) cost of such large solar plants. The system's performance is

found to be satisfactory as per the IEEE standard 519 [17].
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CHAPTER-VII

COMPARATIVE STUDY OF DIFFERENT CONVERTERS

7.1 GENERAL

This chapter presents a comparative study of the output voltage waveform of different
symmetrical CHB multilevel converter based on the number of levels and modulation
techniques employed for modulation. Multilevel converters have the advantage of low
total harmonic distortion (THD) of output voltage, and selecting a suitable modulation
technique further improves its THD. This chapter compares the results of different
modulation techniques such as phase-shifted multicarrier pulse width modulation
(PWM), selected harmonic elimination (SHE), and nearest level modulation (NLM)
employed for symmetric cascaded H-bridge (CHB) multilevel converter for THD and
switching frequency. The implementation of these modulation techniques for a nine-level
CHB multilevel converter is already given in chapter 4.

With an increase in the number of steps (corresponding to the number of levels achieved)
in the AC voltage output waveform in the multilevel converter, the THD in the output
grid current waveform is improved. This chapter also compares the result of the CHB
multilevel converter for the different number of levels, 7-level, 9-level, 19-level, and 43-
level, to study the effect of an increased number of levels on the multilevel converter.
The graphical results of the comparison of number of levels and PWM technique are also
given. The design, modelling, control, and MATLAB based simulation modelling of the
grid-tied CHB multilevel converter for photovoltaic application with 7-level, 9-level, 19-
level, and 43-level converters have already been mentioned in the previous chapters.
This chapter gives in its various sections, the comparison based on the number of levels

used, comparison on modulation technique employed, results, and conclusion.
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7.2 COMPARISON OF CONVERTERS FOR DIFFERENT LEVELS

The selection of the optimum number of levels for a given voltage rating in a multilevel
converter is a necessary consideration for designing the multilevel converter.

With the increase in the number of levels in a multilevel converter, each device's voltage
stress is reduced for a given voltage rating. The multilevel converter is used for medium
or high voltage applications, so the reduction in voltage stress on switching devices is
remarkable.

A low voltage rating device is more matured in construction and readily available in the
market at a low cost. Using more cascade devices for getting the required voltage rating
increases the scalability and, hence, the system's reliability. The multilevel converter can
operate even in case of a fault in a single unit of switching device with the reduced voltage
rating.

As the number of levels increases, the number of steps in the staircase waveform
increases, and the output waveform reaches nearer to the sine wave with improved THD.
With improved THD of the converter's output voltage waveform, the filter's size for
required filtering also reduces and further contributes to lowering the filter's cost.

The increase in the number of levels definitely enhances the system performance, but the
number of components and hence cost and control complexity increases. Therefore, while
selecting the number of levels in a multilevel converter, a proper trade-off between
performance and complexity is made. Criteria for choosing the optimum number of levels
for a given voltage rating are already given in the earlier chapter. The 7-level, 9-level,
11-level, 19-level, 25-level, and 43-level grid interfaced CHB multilevel converter for

photovoltaic application with phase-shifted PWM are considered for comparison.
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7.3 COMPARISON OF CONVERTER ON DIFFERENT PWM TECHNIQUES

Multilevel converters have the advantage of low total harmonic distortion (THD) of
output voltage and employed a low switching frequency. Selecting a suitable modulation
technique further improves the THD and reduce switching frequency. However, the low
switching frequency employed in a multilevel converter at a high power-rating reduces
the switching losses. Moreover, the multilevel converter is used for medium or high
power applications; hence switching losses are the significant parameter for the selection
of converter.

A comparison of different modulation techniques such as phase-shifted multicarrier pulse
width modulation (PWM), selective harmonic elimination (SHE), and nearest level
modulation (NLM), usually employed for symmetric cascaded H-bridge (CHB)

multilevel converter, is made as follows.

7.3.1 Frequency Based Comparison

The phase shifted SPWM is a high-frequency PWM method. The higher switching
frequency employed in the PSPWM method has high switching losses and, consequently,
low efficiency. As the multilevel converter is used for medium or high power
applications; hence switching losses are the significant parameter for the converter
selection. Moreover, high switching frequency produces high acoustic noise, which
increases the size of the filter for filtering the high noise, and further, it adds up the cost

component of the system.

SHE-PWM and NLM are the fundamental switching frequency methods and the

fundamental frequency employed reduces the switching losses and enhances efficiency.
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7.3.2 THD Based Comparison

A converter with low THD enhances power quality. A multilevel converter has low THD
compared to the two-level converter, which can be improved by opting for a good
modulation technique. The THD converter output voltage and grid current of SHE-PWM
is better than NLM and NLM is having better THD compared to PSPWM. In the SHE-
PWM, higher-order harmonic are easily filtered using a low-pass filter. The third
harmonic and its multiples are canceled out in line voltages. Hence, the better power
quality is achieved by SHE-PWM, which further contributes to the reduction of the filter

size and also the cost.

7.3.3 Complexity Based Comparison

The PSPWM is a simple modulation method that can be employed for symmetric CHB
up to any level. To implement the SHE strategy for cascaded inverter, one must solve the
complex transcendental equations to get the turn ON and OFF angles. It is implemented
only to eliminate lower order harmonics as with the increase of levels, the size of
transcendental equations is increased that complicates the solution of equations. For the
elimination of higher-order harmonics, a filter is used. NLM is simpler than SHE-PWM,
as it is not involved with transcendental equations. It is applicable for any number of

levels for symmetric CHB multilevel converter.

7.4 RESULTS AND DISCUSSION
A comparative study of different CHB multilevel converters based on the number of
levels used in the converter and modulation technique implemented is carried out here.

The following results are obtained using the MATLAB software platform's FFT tool.
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7.4.1 Different Number of Levels

The converter output waveform along with their THD of 7-level, 9-level, 11-level, 19-
level, 25-level, and 43-level CHB multilevel converters for photovoltaic system
applications are shown in Fig.7.1(a)-(f). The grid current waveform with harmonic
spectra is shown in Fig. 7.2 for a 7-level, 9-level, 11-level, 19-level, 25-level and 43-level
converters. The THD result is shown in Table 7.1 for different number of levels of CHB
multilevel converter. From these results obtained for various converter levels, it is clearly

depicted that the THD is improved with the increase in the number of levels.

Table-7.1 THD for different number of levels

Number of levels | Converter voltage THD(%) | Grid current THD(%0)
7-level 12.55 1.15
9-level 11.7 0.8
11-level 8.55 0.75
19-level 4.27 0.7
25-level 3.98 0.64
43-level 3.28 0.49
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The graphs of converter voltage and grid current THD versus number of level are shown

in Fig. 7.3.

7.4.2 Different Modulation Techniques

The modulation techniques, phase shifted PWM, SHE-PWM, and NLM, suitable for the
9-level symmetric multilevel CHB multilevel converter, are implemented in chapter 4
and compared in this chapter for unity modulation index. The following results are
obtained by using the FFT tool of the MATLAB software platform.

7.4.2.1 PWM strategies

In PSPWM, the modulating signal is compared with eight carriers in the PSPWM

modulation technique, and the output waveform is shown in Fig.7.4.
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This figure shows the pulse generation after comparison, voltage waveform across each
H- bridge (Vdc1, Vde2, Vdes, and Vaes), and the resultant waveform across the series-
connected bridge. The bipolar PWM method is used for modulation [10]. In SHE-PWM,
the switching angle is calculated offline, and switching is selected from the flowchart
(given in chapter 4); accordingly, switching for different levels is done as given in
switching Table 4.2 (given in chapter 4). In NLM, the switching is done by first obtaining
the nearest level by calculation. Then, switching is done as per switching Table 4.2 for

the corresponding level by using the logic of the flowchart given in chapter 4.
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7.4.2.2 Power quality

Fig. 7.5 shows waveforms of the converter voltages (Vcanc), and harmonic spectra along
with THD levels for (a) SHE-PWM, (b) PSPWM, and (c) NLM modulation techniques
by using the fast Fourier transform tool in MATLAB. Fig. 7.6 shows waveforms of the
supply voltages (Vsanc) and harmonic spectra along with THD levels for (a) SHE-PWM,
(b) PSPWM, and (c) NLM modulation techniques. Fig.7.7 shows waveforms of the
supply currents (isanc) and harmonic spectra along with THD levels for (a) SHE-PWM,
(b) NLM, and (c) PSPWM modulation techniques by using the fast Fourier transform
tool in MATLAB. The THD values of Vcane, Vsabe, and isanc for three modulation
techniques at modulation index unity are given in Table 7.2 for comparison.

These results shown in Figs. 7.5, 7.6, and 7.7 confirm that the THD for SHE-PWM s
lower than PSPWM and NLM, and also THD for NLM is lower than PSPWM. The graph

of grid current, grid voltage and converter voltage versus PWM technigues is shown in

Fig. 7.8.
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Table 7.2 Modulation techniques and corresponding THD values for a 9-level converter

S.No. Modulation Technique  Vcane THD(%)  Vsabc THD(%) Isabc THD(%)
1. PSPWM 11.70 0.62 0.8
2. NLM 9.19 0.39 0.58
3.  SHE-PWM 6.96 0.32 0.47
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7.4.3 Reduction in Filter Size
The size of filter in p.u. for various level is shown in Table 7.3 and from the table the

reduction of the size of filter with number of levels is clearly observed.

Table 7.3 Inductor value (p.u.) corresponding to number of levels

Number of levels Inductor value (p.u.)
7-level 0.192

9-Level(PS) 0.17

9-level(SHE & NLM) 0.1

19-level 0.01

43-level 0.0072

7.5 CONCLUSIONS

The THDs of converter output voltage and grid current for the different number of levels
are compared. The number of steps in the staircase waveform increases with the increase
of level, and the waveform reaches close to sinusoidal waveform with improved power
quality. Even a 19-level converter is having THD 4.27%, which is sufficient for feeding
the grid as per the IEEE-519 standard with a small size filter, which further saves the
filter cost.

The modulation technique used in the converter affects the performance of the system.
PSPWM, SHE-PWM, NLM are some suitable modulation techniques usually employed
for symmetric CHB multilevel converter. PSPWM is a more straightforward technique
but it has a high switching frequency and higher switching losses. The multilevel
converter is used for medium or high power applications; hence switching losses are the
significant parameter. SHE-PWM and NLM are the fundamental frequency methods.
Due to the fundamental switching frequency employed, the switching losses are reduced,
and also the acoustic noise is reduced in these modulation techniques. Lower acoustic
noise further contributes to reduced size filter resulting in lower cost. In the SHE-PWM

method for finding the switching angle for the corresponding level, the complex
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transcendental equation is to be solved. It increases the system's complexity, increasing
further with the increase in the multilevel converter levels. Moreover, SHE-PWM s
eliminating only the lower order harmonics. For removing the higher-order harmonics,
the number of the transcendental equations to be solved increases, or higher-order
harmonics are removed by using an inductive filter. In SHE-PWM, the better THD is
obtained; hence a better quality output waveform is obtained. NLM has the advantage of
the fundamental frequency and being simple than SHE-PWM, but the THD of SHE-

PWM is better than NLM.

Among the three techniques, the SHE-PWM is the best technique. It is having lowest
THD with elimination of lowest harmonics, having fundamental switching frequency

(hence reduced switching losses).
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CHAPTER-VIII

MAIN CONCLUSIONS AND SUGGESTIONS FOR FURTHER
WORK

8.1 GENERAL

For enhancing the power quality, reliability, and efficiency of power to be fed to the grid,
designing the converter used for grid integration is a challenging task for the researcher.
Conventionally, a two-level converter is employed for the grid integration. However, for
medium or high voltage grid in the two-level converter case, the entire high voltage stress
is transferred on a single device. Moreover, for improving the THD of the MLC output
AC voltage and the grid current, the switching frequency is increased, which ultimately
increases the switching losses. Moreover, the switching losses are the significant
component for medium and high power applications. The researchers have to design a
multilevel converter with a low switching frequency, low THD of grid current, and low

voltage device stress for medium or high voltage grid integration.

The main objective of this research work, has been to design, model, and control the
multilevel converters for transformerless integration to high or medium voltage grid for
the large photovoltaic plant. The multilevel converter has the advantage of low switching
frequency and low THD due to the staircase output voltage waveform, which can be further
improved by selecting an optimum number of levels and a suitable modulation scheme.
The symmetrical CHB multilevel converter is selected for an integration as multi-string
photovoltaic system naturally provides the independent DC sources. In this work, each
string is provided with a separate MPPT and each controlled by the separate controller to

remove the effect of partial shading, uneven temperature and insolation level, and other
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unbalancing effects. The improved P&O and incremental conductance MPPT algorithms
are employed to track the maximum power from the PV array, and the decoupled current
control with SRF-PLL is used for VSC control. The phase-shifted PWM, SHE-PWM, and
NLM modulation techniques are employed for modulation in this work, and their
comparative study is also carried here. The low switching frequency reduces the switching
losses and also reduces the acoustic noise. Low acoustic noise reduces the filter size, and
only a small size inductive filter is sufficient for filtrating. The transformerless integration
and low-size filter increase the conversion efficiency and reduce the cost of installation
and maintenance. The converter is designed for different levels; 7-level, 9-level, 11-level,
19-level, 25-level, and 43-level to study the effect of increasing levels on the THD of grid
current and the voltage stress across each device. Simulated performance is achieved with
MATLAB R2015a software. Performance validation for SHE-PWM based 9-level
converter is also done on OPAL-RT platform. This chapter gives the main conclusions and

further scope of the work.

8.2 MAIN CONCLUSIONS

In this work, the transformerless grid interfaced single-stage multilevel CHB multilevel
converters are designed, modelled, and controlled for photovoltaic application. The
MATLAB modelling of the system designed for different levels and PWM carried out
and the results are validated as per the IEEE-519 standard. Additional validation is also
done on OPAL-RT platform. The multilevel converter is designed for both high switching
frequency and fundamental switching frequency in this work. The developed system's
performance is evaluated based on switching frequency, THD of output voltage and grid

current, cost, and complexity of the control as follows.
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» CHB multilevel converters have been designed for 7-level, 9-level, 19-level, and 43-
level configurations. The optimum number of multilevel converter levels is selected
for a given voltage rating with the proper performance and cost complexity ratio. The
number of levels in the multilevel converter in this system is chosen with all design
considerations like the cost of IGBTSs, arithmetic and logical operations (ALOS),
THDs, and device voltage utilization factor (DVUF). The results obtained for 7-level,
9-level, 11-level, 19-level, 25-level, and 43-level have shown that THDs are
improved with an increase in the number of CHB multilevel converter levels, and

voltage stress per device are reduced for the grid interfaced applications.

> For large PV plant applications, CHB converter topology is an exciting topology. It
naturally needs a separate DC source for each H-bridge in CHB multilevel converter;
hence CHB multilevel converter is employed in this work. Despite the increased
hardware cost and complexity, multi-string topology is employed in this work,
allowing individual MPPT control of each string. Each string is controlled by a
separate controller to overcome the unpredictable irradiance level variations, ambient
temperature, shading effect, and other relevant factors [18]. In this work, an improved
P&O technique and an incremental conductance MPPT algorithms are employed, as
these algorithms, although having low accuracy compared to intelligent algorithms

but are fast to converge.

» The VSC is controlled in this work for feeding current to the grid at unity P.F. The
control scheme employed is a decoupled current control with dg-transformation and
PLL. It provides zero steady-state error with excellent dynamic performance. PLL is

used in this work for the grid synchronization.
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» The selection of a suitable modulation technique is a challenging task in designing
the multilevel converter for improving the THD and reducing the switching losses. In
this work, phase-shifted modulation, SHE-PWM and NLM are employed for
modulation. The phase-shifted modulation is a high switching frequency modulation
technique suitable for CHB multilevel converter. SHE-PWM is a fundamental
frequency switching modulation. A transcendental equation is written for eliminating
selected harmonic, and on solving these equations, the switching angle is obtained.

NLM is also a fundamental switching frequency method used in these MLCs.

» A comparative analysis of different modulation techniques suitable for the CHB
multilevel converter is also carried out in this work. The phase-shifted PWM is a high
switching frequency method that has high switching losses, which is a significant
parameter for a multilevel converter used for medium or high power applications.
SHE-PWM and NLM are the fundamental frequency method, which are having low
switching losses. The THD obtained in the SHE-PWM method is found superior as
compared to phase-shifted PWM and NLM. The THD of the NLM is better to phase-
shifted PWM. The phase-shifted PWM and NLM are found simple in implementation
and can be employed to any level. Still, SHE-PWM is a complicated method in
implementation involving solutions of the non-linear transcendental equations and
cannot be employed up to any level. The PWM method, which has low THD and low
fundamental switching frequency, requires a small size filter and contributes to cost

reduction.
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» The system considered in this work is the transformerless system as a multilevel
converter system is designed for medium and high voltage. So, it saves the capital
and maintenance cost of a bulky and expensive step-up transformer.

» The system considered in this work is a single-stage system to save the cost and
reduce control complexity.

» The performance analysis of the designed system is validated as per the IEEE-519

standard by using the MATLAB and OPAL RT simulator.

8.3. SUGGESTIONS FOR FURTHER WORK

In this research work, MLCs are designed, modelled and controlled in this the single stage
CHB multilevel converter for transformerless integration of the grid for large
photovoltaic system with optimum number of levels. The research areas for further work

are suggested as follows.

e Some advanced VSC control schemes like adaptive control, model predictive control
method with the cost functions as stability and voltage balancing can be applied for
improved results.

e Asymmetrical CHB multilevel converter can be taken if the multi-string photovoltaic
system has devices of different voltage ratings.

e For a cost-effective solution, these multilevel converters can supply some reactive
power together with the active power to the grid.

e Some new topologies with reduced switches and other components can be designed to

feed the grid with the same THD.
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APPENDIX

The plant and controller of a MATLAB model acts as master and console in RT-LAB
environment and OPALRT enables it to run at physical clock time. The schematic of the
same is shown in Fig.1. Fig. 2 shows auto generated real-time window after successful
execution. The high sampling speed of OPAL-RT, makes it a dynamic real time system.
Moreover, Table | shows specifications of the real time OPAL-RT simulator.

i R v i Yk u -
He R few Dy ks Cwwowa dwbon Dwe beh Hil
E-3| % ok e R RV R b e = W e by
o laeatondt X EEH ks L.t T T B ko) akro-i L R B | T penEmi B i e © P
& AL A
&
-

El ]

i

vty T e

ST 5 el

F-Lup_-
r

Fig. 1 Schematic of master slave RT-LAB model execution
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Fig.2 Successfully generated real-time window

Table 1 : OPAL-RT Specifications
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Features Hyper-sim Phasor-sim FPGA-sim Mega-sim
Mode Mode Mode Mode
Research Areas | Power Sector | Power Sector | Power Sector Power

electronics and
Power Sector

Network Size 9000 real - - 9000 real-time
time nodes nodes

Processing 200 ns-100 1z | 1-10 ms 200 ns-2 u's 200 ns-100 i s
Speed s
Simulation EMT Phasor EMT EMT
Type

Compatible Simulink and Simulink, PLECS, NI-sim, Simulink and

Sim-scape CYME Simulink Sim-scape

Fig.3 shows flowchart of the execution in real time environment. The real time controller
blocks named as “OPComm” and “OPController” provide real time acquisition. The large
scale solar PV plant is built and code generation is adopted for assessment in real-time.
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Fig.3 Flowchart of real-time execution
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