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ABSTRACT

Solar power is one of the most popular form of renewable energy which can be easily
used in the distributed generation (DG) system through the use of photovoltaic (PV) module.
A Photovoltaic Distributed Generation (PVDG) system is well suited for clean power
generation. However, the power generated by the PV module is still considered to be
expensive and the spread of the PVDG system is subject to pace of its cost reduction. A lot
of research work has been carried out to obtain an efficient and cheaper PV module based
on new cell materials and manufacturing technologies. Moreover, an alternative way to
reduce the overall cost of PVDG system is by increasing the effectiveness of the whole
system using an improved power conditioning system and also by introducing an improved
power quality features in its control system. The primary goal of a power conditioning unit in
PVDG system is to increase the energy injection to the grid by optimizing the energy
extraction process from the PV module by keeping track of maximum power point (MPP), by
operating at a lower switching frequency thereby reducing the switching losses. In addition to
that the price of the power converter also plays a vital role in developing a cost effective
PVDG system. The main focus of this research is to optimally control the power conditioning
unit to improve the overall performance of the single phase PVDG system. These power
conditioning units are used to regulate the voltage and current for the power flow during grid-
connected operation, and also for the maximum power extraction. In order to analyze the
power converters for PVDG system, it is essential to model a PV module attached to the
converter. PV module presents a nonlinear I -V characteristic with several parameters to
be adjusted according to experimental data obtained from the datasheet of a practical
device. For the dynamic analysis of the converters, and maximum power point tracking
(MPPT) algorithms mathematical modelling of the PV module is useful. The first part of this
research work presents the modelling and simulation of PV module. However, the major
challenges in the modelling a PV module is that, all the parameters which are required for the
modelling purpose are not available on the manufacturer’s datasheet. Here the determination
of parameters of the PV module is performed by using Gauss Seidel iteration Method and
the modelling is carried out using all the known and the determined parameters..

At present the most commonly used converter topology for PVDG system is the two level
multistring inverter. This inverter consists of several PV strings that are connected with DC-
DC converters to form a common DC-bus. This topology has advantages of independent
tracking of the MPP of each string. However, the major challenges in such type of system
are, low efficiency of PV module and high implementation cost, thus it becomes necessary to
use these systems more optimally. For this, a fuzzy-logic based MPPT controller is

proposed.



Fuzzy-logic based MPPT technique offers fast and accurate converging to the MPP
during steady-state and varying weather conditions compared to the conventional perturb
and observe based MPPT method. The synchronization of PV inverter with the grid is made
with the help of a phase locked loop (PLL). The main task of the PLL is to provide a unity
power factor operation which includes synchronization of the inverter output current with the
grid voltage. There has been an increasing interest in PLL topologies for DG system. It is a
grid voltage phase detection structure which requires an orthogonal voltage system. In the
single-phase PLL, accurate and fast phase estimation can be obtained by processing a
signal in phase with the grid voltage (original signal) and another one which is 90° phase
shifted from it. The PLL that generates the orthogonal signal by delaying the original signal is
called a transport-delay based PLL(TDPLL). This type of PLL is simple and its transient
response is fast and smooth among all available PLL methods. The other methods for
generating orthogonal voltage are Hilbert transformation, Park transformation, etc. All these
methods have some shortcoming such as high complexity, nonlinearity and have slower
response than TDPLL. The main drawback of a conventional TDPLL is its sensitivity to the
grid frequency changes, since the delay is determined assuming constant frequency. Here, a
modified TDPLL is presented which uses two delay blocks to make TDPLL robust against
frequency variation.

In a PVDG system, the demand of local load is fulfilled by the combined action of PV
inverter and grid, based on the atmospheric and load conditions. During favourable
atmospheric condition (or light load condition), the local load demand is supplied by the PV
inverter and surplus power is fed to the grid. Similarly, during the unfavourable atmospheric
condition or overload condition, both PV inverter and the grid jointly meet the local load
demand. Thus, in both the aforementioned conditions the quality of the grid current is
decided by the load. In present day distribution systems, major power consumption has been
in reactive/non-linear loads, such as motor drives, fans, pumps, and power electronic
converters. These types of loads draw non-sinusoidal currents from the generation system.
The non-sinusoidal current is comprised of reactive and harmonic components in addition to
the active component. Excessive reactive component of current results into low power factor,
poor voltage regulation and reduction in active power capability of the distribution system.
Therefore, the electric power quality (PQ) has become an issue of concern and extensive
research is being done to improve the power quality. On the other hand, the PV distributed
system produces an amount of active power and injects it into the distribution system. This
active power is influenced by atmospheric condition, which causes voltage fluctuations at
PCC, because it changes independently of load power demand. This makes voltage
regulation in the distribution lines more difficult. On the other hand, harmonic regulations or
guidelines such as IEEE 1547 and IEC 61727 are applied to limit the current and voltage

harmonic levels. To meet these requirements, these harmonics must be mitigated by using



harmonic filters. Active and passive filters are used either together to form hybrid filters or
separately to mitigate harmonics. Recently, many researchers have devoted efforts to
develop a PV inverter with real power injection with improved PQ features such as
compensation of reactive power and local load current harmonics. One of the possible ways
of the PQ enhancement scheme in a DG system is by interfacing an external shunt active
power filter (APF) at the PCC. Here the PV inverter is only used for the active power flow in
PVDG system and shunt APF is responsible for the PQ enhancement in PVDG system.
However, the main drawback of such PVDG system is the high cost and underutilization of
hardware circuits. Therefore, to eliminate the complexity and underutilization of the above
mentioned topology of PVDG system, an enhanced power quality based PVDG system with
an integrated shunt APF mechanism is presented. The main advantage of this topology is
that it doesn’'t need any additional hardware circuit for reactive power and load current
harmonic compensation. With this approach, the PV inverter regulates the active power flow
between the PV module and the grid. In addition to this, the system also carries out the
compensation of reactive power and load current harmonics thereby making the grid current
sinusoidal. Moreover, one of the major drawbacks of the conventional grid-tie PV inverter is
that, it generates real power only during the daytime, with completely in idle state during
night-time. This leads to further underutilization of such an expensive system in the night-
time. To address the issue of underutilization in PVDG system, the PV inverter is utilized as a
shunt APF during night time. The main goal of this research work is to formulate and
implement the 1-¢ instantaneous reactive power theory in the PVDG system for the
enhancement of PQ to obtain the following objectives,

* To transmit the maximum possible real power from the PV module by using the
MPPT controller

* To meet the real power demanded by the local load

» To compensate the reactive and harmonic components of load current at PCC

* To utilize the PV inverter as a shunt APF during night time.
Thus, with an adequate control of PV inverter, all the above-mentioned objectives have been
achieved either separately or simultaneously. Hence, in this research work the PQ
requirements as per the utility standards at the PCC are accomplished without requiring any
additional hardware circuits. For the further improvement of PQ and also to increase the
overall power transmission capacity of the two-stage PVDG system a multilevel inverter
topology is introduced in place of the two-level inverter. In recent years multilevel inverter
topologies have become more attractive for researchers as they offer improved output
waveform as compared to the conventional two level inverter. With the improvement in the
output waveform, the harmonic content and hence the size of the filter can be reduced.
Among all these available MLI topologies, the cascaded H-bridge MLI (CHBMLI) requires

separate DC sources and hence constitutes a promising alternative, providing a modular



design that can be extended to allow a transformer less operation in grid connected PV
system. The power flow control in such type of PVDG system requires two control loops. The
inner current control loop is used to modulate the output current of the PV CHBMLI to meet
magnitude and phases of waveform whereas the outer voltage control loop regulates the
output power of the PV inverter according to the MPP of PV modules. These two control
loops are realized by two stages of power conversion. One is a DC to DC converter with
MPPT control and the other is a DC to AC inverter. But two stage operation may lead to
more power loss than that of a single-stage conversion. In a single stage PVDG system, both
the control loops are realized simultaneously in one power conversion stage, thus simplifying
the system topology and hence decreases the overall power loss in the system. However,
there is always a chance of imbalance in the input DC-link voltages of CHBMLI when fed
from PV module. This is due to the non-ideal conditions in PV modules. The most common
non-ideal conditions of a PV module include partial shading, dust collection and PV ageing.
Hence the balancing of the DC voltages is one of the important issues in the control of
CHBMLI when used in PV application. If this voltage balance is not perfectly accomplished,
the modulation methods create errors in the modulated output voltage. This leads to the
distortion in the output voltages and currents of the CHBMLI. To overcome the DC-link
voltage error of CHBMLI, a single phase space vector modulation (SVM) scheme for the
CHBMLI is proposed and implemented.

In order to verify the proposed control approach for CHBMLI based two-stage and
single stage enhanced PQ based PVDG system an extensive simulation is carried out using
MATLAB/Simulink environment. Both two-stage and single-stage PVDG system is actively
controlled to achieve sinusoidal grid current at unity displacement factor in spite of highly
non-linear load connected at PCC under varying atmospheric and load conditions. The
MPPT control of the two-stage PVDG system is accomplished by DC-DC converter, whereas
in single-stage PVDG system, it is achieved by each H-bridge cell of CHBMLI. Finally, for the
power flow control in PVDG system, the reference compensating current is derived from the
DC-link voltage controller and the PQ enhancement controller. A non-linear load consisting of
an uncontrolled rectifier and a RL element on the DC-side, have been taken for the analysis
of the system. The system is validated for different modes of controller action, varying
atmospheric and load conditions. Finally, based on the simulation results a comparative
analysis is made between two-level and five level CHBMLI based PVDG system with single-
stage CHBMLI based topology. In single-stage topology, the need of DC-DC converter for
MPPT is eliminated. This leads to more power injection to the grid as compared to two-stage
system.

To verify the simulations of 1-¢, 230 V, two-stage and single stage PVDG system, the
following prototypes have been developed in the laboratory:

(i) Enhanced PQ based Single-phase two-stage 2-level inverter in PVDG System

iv



(i) Enhanced PQ based Single-phase two-stage 5-level CHBMLI in PVDG System
(iii) Enhanced PQ based Single-phase single-stage CHBMLI in PVDG System
For the hardware development, two 128 W PV modules manufactured by Maharishi Solar,
India are used. A 1-¢ downscaled topologies has been designed and constructed to realize
the above mentioned PVDG topologies. In case of two-stage topology, the outputs of two
DC-DC converters are connected in a cascaded manner to have a single DC-link for the two-
level inverter. However, in case of 5-level CHBMLI, each DC-DC converter output is directly
connected across two individual H-bridge cells. Finally, the developed PV inverter output is
connected to the PCC with a series connected coupling inductor. A 35.8V (50 V peak), 50
Hz grid is developed in the laboratory by using a step down transformer and is interfaced
with the PV inverter through an isolation transformer. All the rquired controllers for the PVDG
system are implemented in dSPACE. The performance of the above mentioned single phase
two stage enhanced PQ based PVDG system is investigated for following modes of
operations (i) under different modes of power quality enhancement controller (PQEC) (ii)
under different modes of MPPT Controller (iii) under varying load condition. With the
integrated PQ enhancement scheme, in PV inverter, the grid current has been observed to
be sinusoidal and its corresponding THDs have also been found to be well within the limits of
IEEE 1547 and IEC 61727 recommended value of 5%. A smooth control of DC voltages
ensures the effectiveness of the DC voltage controller. Further, the experimental results of
the capacitor voltage balancing of the H-bridge cells in CHBMLI have been studied. The
experimental results have been found to be in good agreement with the simulation results.To
verify the viability and effectiveness of the enhanced PQ based single stage PVDG system
for power flow operation, harmonic elimination and reactive compensation, experimental
investigations have been conducted with non-linear loads. Here, the maximum power
extraction from each PV module is accomplished by PV CHBMLI itself. As in case of single-
stage CHBMLI based PVDG system, with the PV module directly connected across the H-
bridge cell, there is always a possibility of an input DC-link unbalancing in CHBMLI. This
voltage unbalance in CHBMLI leads to distortion in the output voltage and current of the
multilevel inverter. Therefore, to obtain an optimal output from CHBMLI fed from PV module,
the single stage PVDG system is operated with SVM controller. The experimental validation
of single stage CHBMLI based PVDG system is divided into two stages. In section-1, the 1-¢
SVM scheme for the CHBMLI under both balanced and unbalanced DC-link voltage
conditions are experimentally validated and in section-2, the experimental results of
enhanced PQ based single stage CHBMLI based PVDG system with SVM scheme under
varying load conditions is presented.



ACKNOWLEDGEMENTS

Apart from personal efforts and steadfastness to work, constant inspiration and
encouragement given by a number of individuals acted as the driving force in attaining this
day in my life. To quote them all may be an onerous task, but direct and indirect assistance
and guidance received is gratefully acknowledged. | would like to express my feelings of
gratefulness and submit my acknowledgement for them further in the following lines.

| take this opportunity to express my sincere gratitude towards my guides Dr. Mukesh Kumar
Pathak, Associate Professor and Dr. Satya Prakash Srivastava, Professor, Electrical
Engineering Department (EED), Indian Institute of Technology Roorkee (IITR) for their
proficient and enthusiastic guidance, valuable suggestions, discussions, continuous
encouragement and constant inspiration throughout the course of this study and critically
examining the thesis write-up.

| also express my sincere gratitude towards my research committee members, namely Prof.
S.P. Gupta (EED), Prof. Promod Agrawal (EED), Dr. B. Anand (ECED) and Chairman,
Department Research Committee (DRC) for their valuable suggestions and cooperation.

My thanks are to the Head of the Electrical Engineering Department and all faculty members
of the department for their help, moral support, and providing the excellent infrastructure,
laboratory and computing facilities for the research work.

| acknowledge my sincere gratitude to the Ministry of Human Resources Development
(MHRD), Government of India for its financial support to carry out this research.

| thankfully appreciate and acknowledge my indebtedness to my friends and research
scholars for their instant help, cooperation, advice, suggestion, and moral support during my

stay. The list may go long, but some of them | would like to mention are Mr. Prabhash
Mishra, Dr. H.K.Narang, Dr. Rakesh Mourya, Dr. G. Durga Sukumar, Mr. Sukanta Haldar,
Mr. Sanjeev Saxena, Mr. Manmohan Garg, Mr. Y Srennevas, Mr. Dogg Ravendra, Mr. N.
Venkataramana Naik, Mr. Pradeep Synodiya, Mr. Rahul Patil, Mr. Anil Gambbhir, Mr. Arpit
Agrawal, Mr. Vipul Kumar, Mr. Kishore Pedapenki, Mr. Anubhav Agrawal, Mr.D. Suresh and
Janardhana Rao.

Finally, | wish to express my deepest gratitude to my parents Late Bhagirathi Panda
and Sradhanjali Panda, sisters, Niharika, Sagarika and Smaranika, brother-in-laws, Sharad,
Devraj and Chintamani, nephew, Prajwal, nieces, Nancy, Shivansi, Krishnansi and Nyasa for
their endless support, encouragement and patience.

May all praise be to the Almighty, the most beneficent, and the most merciful.

(Aurobinda Panda)

Vi



CONTENTS

1S I O P I
ACKNOWLEDGEMENTS.......oooiiiiiiiiciimiee e eeese e mne e e e s ssesssmmemr e e s se s s s emmsee e s s ee s mnee e e e e senennnnns Vi
L0708 O 5 Vil
LIST OF FIGURES ... ooeeieieiiccermne e e e e esee e e e s e e ss s s s mee e e e se s s smmm e e e e e ee s e e mmeeeeeeeennsnnnnns Xl
LIST OF TABLES. ... emn e e e e e e mmr e e e e e s smm e e s e e e mme e e e e e e mmmn e e e e e enannns XV
LIST OF ACRONYMS ... iiiiii i mree e e e ee s e e e e e s e e sae e mme e ee e e e e e e s ammmeee e e e aeaemmmneeeeeenaan Xvi
LIST OF SYMBOLS ......iiiieiiieeree e ee e e e se s s s e e e s e s se s mmmn e e e e s s eesssmmmeeeeeeaesenmmnmneesensan Xvii
CHAPTER 1: INTRODUCTION .......iiiiieierecemcmr e e e e ee s ssmmmee e e e e s s smme e e e e e s e e e mmne e e e e enaan 1
LIPS B © V=Y o T PR 1
1.2 History of the Distributed Photovoltaic Generation System and Motivation ................... 2
1.3 Literature REVIEW.........oeiiiiiii et 3
1.3.1 Distributed Generation System...........ccooiiiiiiii e 3

1.3.2 PV Sources: Characteristics, Advantages and disadvantages...........ccccccceeeee... 5

1.3.3 PV Module Modelling and Control .............ccoiiuuiiiiiiaeiiiiieiee e 6

1.3.4  Control of PVDG SYSEM .....uiiiiiiiiiiiiiii e ee et e e e e e 7

1.3.5  Grid-tie PV INVEIEI ..ot 8

1.3.6 Power Flow Control in DG System ........cccoiiiiiiiiiiiiiiiiiiieiiieeeee e 9
1.3.6.1 Voltage-Controlled VSIS iN DGS ......ccoooiiiiiiiiiiie e 10

1.3.6.2 Current-Controlled VSIS in DGS ......coooiiiiiiiiiiiee e 11

1.4 Power quality requirement in PVDG system .........coooiiiiiiiiiiiieeee e 11
1.5 Harmonic DIStOrtion .........ooo i e 11
1.5.1 Effects of HArmonics ........cc.uveiiiiiii e 12

1.5.2 Harmonic Standards.............ueeieiiiiiiiieee e 13

1.5.3 DC current INJECHON. ..o 14

1.5.4  Current HarmONICS .....cooii ittt e e e e e e e e e e 14

1.6 Average Power Factor and Reactive Power Burden .............coooooiiiiiiiiiiiiiiiiiees 14
1.6.1 Sources of Reactive POWET .........cooiiuiiiiiiiii e 15

1.6.2 Problems due to High Reactive POWEr ..............cuuuiiiiiiiiiiiiiiiiiiiiiiiieeceeeeeee e 16

1.7 Solutions to Power Quality Problem in PVDG System ..........ccccccviieiiiiiiiiineeeeeee 16
1.7.1  Harmonic CoOmMPENSAtION .........ooiiii it e e e e e e e 16
1.7.1.1 Passive POWET FIErS .........cuuiiiiiiiiiiiiiiiiiee e, 16
1.7.1.2 Harmonic Compensation using Pl Controller ...........cccccccvviiiiiii . 18
1.7.1.3 Harmonic Compensation using PR Controller............ccccccveeeiiiii . 18
1.7.1.4 Harmonic Compensation using non-linear Controller..............ccccccceeeviinnnnee. 19
1.7.1.5 Active POWET FIltErS ........uuiiiiiiiiiiiieiieieeeeee e, 19

Vii



1.8 Scope of Work and Author's Contribution ... 20

1.9  Organization Of the ThESIS .......cuiiiiiiiiieee e 22

CHAPTER 2: PHOTOVOLTAIC MODULE WITH MPPT CONTROL.........ccccinieerennnee 23
b0 B o (oo [¥ex 1 o] o FA U TP P TR 23
2.2 Working PrinCiple Of PV Cell........couiiiiiieeiieeeeeeee e 23
PG T |V (o T F=Y [T aTo Jo ) il VAN 1Y (o o U1 = 25
2.3.1 Parameter Determination from Datasheet Values............ccccccceiiiiiiiiinnnns 27

2.3.2 Gauss Seidel Method for determination of unknown parameters..................... 31
2.3.2. 1 INItANZALION ... e et e e e e e aaaa e 31
2.3.2.2 A CaSE SUAY ... e e e e 32

2.4 Modeling of StriNgS @Nd AITAYS .......oeviiiiiiiiiii e 34
P T B =TT 1o | o N 4 - Y 35
251 Array Parameters ... 35

2.6 Temperature and Irradiance Dependence..........ccccccuvvieiiiiiiiiiiii 36
2.7 Simulation of PV MOQUIE........coouuiiiiiii e 37
2.8 Maximum Power Point Tracking Control ..o, 44
2.8.1 DC-DC Boost Converter Modelling ............ooooeiiiiiiiiiiice e 46

2.8.2 Small Signal Analysis of boost converter...............oooiiiiiiiiiiiicii s 47

2.8.3 Design of boost converter for MPPT ... 48

2.8.4 OpEN [00OP ANAIYSIS. ...ceiiiieiiiiiiiiie ettt e ettt e e e e e et ee e e e e e e e eannreeeaaeeeanes 49

2.8.5 Closed 100P ANAIYSIS ....coeeeiieeieeeeceeee e 50

2.8.6 Perturb and Observe algorithm for MPPT Control ...........cccceveiiiiiiiiiieeeee s 51

2.8.7 Fuzzy Logic Based MPPT CONtroller...........cooiiiuiiiiie i 53

2.8.8 Simulation Results for MPPT CONrol ..........coooiiiiiiiiiiiiiiieee e 56

2.9 CONCIUSION ...ttt e et e e e et e e e e e 59
CHAPTER 3: TWO STAGE TWO- LEVEL PVDG SYSTEM WITH IMPROVED POWER
QUALITY FEATURES .......cocoeoeiee et s e e e e e e srs e e e e e s e s mmr e e e e e e emmme e e s e a e mmnmnnneas 61
3. INFOAUCTION .. 61
3.1.1 Power quality enhancement of PVDG System by an external APF.................. 62

3.1.2 Power quality enhancement of PVDG System by PV Inverter ......................... 62

3.2 Block Diagram of System Controller ... 63
3.3  Control Scheme of PV INVEIET ........cooiiiiiiiiiii e 64
3.3.1 DC-link Voltage Controller.........cccccoiiiiiiiiiiii e e e eeeeeee e 65

3.3.2  Grid Synchronization Controller..............uoiiiiiiiiie e 67

3.3.3 PV Inverter Reference Current estimator..............ceeviiiiiiiiniiie s 70

3.3.4 Current Controller and Firing Pulse Generator.............ccccuvvvviiiiiiiiieieeirieeereeeen, 73

viii



3.4  Design of DC CapacitOr ..........eceiiiaiiiiiiiiie e e e e eiieie e e e eeeeee e e e e e e eeee e ea e e e e e snneeaeeaaaens 73

3.5  ResUIt and DiSCUSSION ........uuiiiiiiieii ittt 74

3.5.1 PVDG system without and with PQEC ............cccoiiiiii e 75

3.5.2 PVDG system under varying load conditions.............cccceevieiiiiiiiiiiiiniee e 80

3.5.3 PVDG system under varying atmospheric conditions ...........cccccccevvvevevirirennnn.n. 85

3.5.4 PVDG system under night mode operation..............cccceueeeieviiiiiiiiiiiiieeeeeieeeeee 89

K G B 0o oo 1F = o o PR 93
CHAPTER 4: CHBMLI BASED TWO-STAGE AND SINGLE-STAGE PVDG SYSTEM

WITH AN IMPROVED PQ FEATURES .........c ot 95

Bt B [ 01 (oo [8 o3 1 o] TR PRSP PPPPPR PP 95

4.2 Two-stage CHBMLI based PVDG System .........ccoooiiiiiiiiiiiiiciecce e 97

4.2.1 CHBMLI CoNtrol SChEME .......cooiiiiiiiiiiie e 98

4.2.2 DC Voltage ReguIation ... 100

4.2.2.1 Cluster Voltage Balancing Control ...........ccceeiiiiiiiiiiiiiiie e 100

4.2.2.2 Individual Voltage Balancing Control..............coooiiiiiiiiiiiiiee e 102

4.2.3 Reference current estimator for PV Inverter ...........cooooiiiiis 103

4.2.4 Current Controller and Firing Pulse Generator for two-stage PVDG system.. 103

4.2.5 Modulation Scheme for 5-level CHBMLI...........ccccoiiiiiiiieee e 103
4.2.5.1 Single Phase Space Vector Modulation Scheme for CHBMLI..................... 104
4.2.5.2 Control Region of 2-Cell 1-¢ CHBMLI under balanced condition................. 104
4.2.5.3 Selection of switching vector and estimation of switching duty cycle........... 106
4.2.5.4 Control Region of 2-Cell 1-¢ CHBMLI under un-balanced condition............ 106
4.2.5.5 Selection of switching vector and Estimation of switching duty cycle under
unbalanced CONAItION ... e 108
4.2.5.6 Simulation Results of 1-¢ SVM scheme for 2-cell CHBMLI with any DC-link
A7) =T T =1 o PSPPSR 110

4.3 Single Stage CHBMLI based PVDG System............ccoooiiiiiiiiiiiiiie e 114

4.3.1 Development of MPPT with CHBMLI.........ccoiiiiiiiiiiiii e 115

4.3.2 DC-link Voltage Controller for Single Stage PVDG System ............ccccccceeens 116

4.3.3 Control of CHBMLI for single stage PVDG system ...........ccccccvvvvvimmnenenennnnnns 117

4.4 Design of 1-¢ 230V CHBMLI based PVDG SyStem.........ccccuiiiereiiiiiiiiiieeee e 118

4.4.1 Selection of Cascade Number (N) for a 1-phase utility System..................... 118

4.4.2 Selection of Reference DC Voltage for each H-bridge Cell............cccccccceee. 118

4.4.3 Selection of Passive Parameters for PV CHBMLI.............ccccoiiiiiiennns 119
4.4.3.1 Selection of DC CapacCitOrS...........uueeiiaaeiiiieieieiee e ee e e e e e e e e e e 119
4.4.3.2 Selection of Coupling INAUCION .........cooiiiiiiiiie e 120

4.5 Simulation Results and DiSCUSSION ...........ceiiiiiiiiiiiiiiiie e 120

4.5.1 CHBMLI based PVDG system without and with PQEC...............ccccocvveeeiinns 122

ix



4.5.2 CHBMLI based PVDG system under varying load conditions........................ 131

4.5.3 CHBMLI based PVDG system under varying atmospheric conditions ........... 140

4.6 Comparative ANAIYSIS .......cooiiiiiiiiiiiie et 149
A ©7o 4 o 11 o o P SORPPRRRR 151
CHAPTER 5: SYSTEM DEVELOPMENT AND EXPERIMENTATION ........ccccccnirnnne. 153
5.1 INIrOAUCTION ... e 153
5.2 Development of System Hardware.............ccooooiiiiiiiiiiiiiiieiee e 155
5.2.1 Development of Power CirCUit ..........coooiiiiiiiiiii i 156

5.2.2 Measurement CirCUILS...........eiiiii i e e e e e e 157
5.2.2.1 SensiNg Of AC CUIMENL ......eiiiiiiiiiiie et e e e 157
IV ST a1 aTe I ) Yo | - To [ TR 158

5.2.3 Development of System Software...........cccooiiiiiiiiiiii e 158

5.2.4 Development of Control Hardware............c.ooouiiiiiiiiiiiiieeieee e 161
5.2.4.1 Dead-band CirCUit...........ueeiiiiiiiiii e 162
5.2.4. 2 MOSFET Driver CirCUIS .......couiiuiiiiiiieeiiiiee et 162

5.3 Experimental Validation of single phase PVDG system ..........cccccocoiiiiniiiiniiiiniinnnns 164
5.3.1 Characteristic curves of PV module from experimental data......................... 164

5.3.2 Two-stage 2-level inverter and 5-level CHBMLI based PVDG System with PQE
SCNEIME .ottt e e e e et e e e e e e et e e e e e e e aanees 166
5.3.2.1 Two stage PVDG system under different modes of PQEC......................... 170
5.3.2.2 Different Modes of MPPT Controller ............ccccooiiiiiiiiiiiiiieee e 177
5.3.2.3 Under varying 10ad coNdition..............ueeiiiiiiiiiiiiiiiiiiiiiiieeee e 186

5.3.3 Performance of 1-¢ single-stage CHBMLI based PVDG System with PQE
SCNEIME ...t e e e e e e e 195
5.3.3.1 Validation of 1-¢ space vector modulation scheme..................c...cc 196
5.3.3.2 Experimental Validation of single stage CHBMLI based PVDG system under

[0ad varying CONAITION .........cciiiiiiiiiiiii s 199

5.4 CONCIUSION .....ciiiiieiii et e e et e e e e e et e e et e e e s s ne s 203
CHAPTER 6: CONCLUSION AND FUTURE SCOPE .........cccocirrrmrrrieee e 205
& T 00T o Tor U 1= (o o PR 205
6.2 FULUME SCOPE ..coeiieiii it e e e e s 207



LIST OF FIGURES

Fig.1.1 (a) World Primary energy supply (b)Trend in CO, Emissions from fossil fuel

(oZe o110 aa] o1 ile) o] I [PPSR 1
Fig.1.2:Percentage of PV Power by application as per IEA[2] .......coovevviviiiiiiiiiiiiiie, 3
Fig. 1.3: General structure of distributed generation system ............occoiiiiiiiiiie e 5

Fig.1.4:PVDG system topologies (a) Two-stage Centralized topology (b) Single-stage (c)
Multi string topology (d) Latest AC MOAUIE...........uuuiiiiiiiiiiiiiie e 9
Fig.1.5: A small power System MOdEl...........uueiiiiiiiiiiiiiiiiiie e 15

Fig.1.6:Shunt passive filters:(a) Single-tuned; (b)Double-tuned; (c) Second-order high-pass

AAMPEA....c e 17
Fig.1.7: Structure of the harmonic compensator attached to the resonant controller of the
fundamental CUITENT ... ..o e e e e e e e e 18
Fig.1.8: A voltage source inverter based shunt active power filter....................ccccco e, 19
Fig.2.1: Physical Structure of @ PV Cell ..........uuviiiiiiiiiiiiiiiiee e, 24
Fig.2.2: Equivalent circuit of an ideal and practical PV Cell............ccooiiiiiiiiiiiiieeeees 26
Fig.2.3: 1=V curve of the PV Cell ........oouiiiiiii e 26
Fig.2.4: 1 —V Characteristics of PV MOAUIE ............coeviiiiiiiiiiiiiiiieeeeeee e 27
Fig.2.5 : Manufacturer datasheet of PV module [103] .......cooiiiiiiiiiiiie e 32
Fig.2.6: Gauss-Seidel algorithm for the determination of unknown parameters.................... 33
Fig.2.7: Equivalent lumped circuit for a string consisting of modules in series...................... 34
Fig.2.8: Equivalent lumped circuit for an array consisting of strings in parallel ..................... 35

Fig. 2.9: P-V characteristics of the PV module at a temperature of 25 °C with varying
3= Lo = 14 o] o [ PP PP PP TP TP 39
Fig. 2.10: I-V characteristics of the PV module at a temperature of 25 °C with varying
3= Lo = 14 o] [ PP UPPPTP TP 39
Fig. 2.11: P-V characteristics of the PV module at an irradiation of 1000 W/m? with varying
LEBIMPEIALUIES ... . e e e e e e e e e e e e e e e e e e et eas 40

Fig. 2.12: I-V characteristics of the PV module at an irradiation of 1000 W/m? with varying

LEBIMPEIALUIES ... . e e e e e e e e e e e e e e e e et e as 40
Fig. 2.13: P-V characteristics of the PV module at STC with varying series resistance......... 42
Fig. 2.14: I-V characteristics of the PV module at STC with varying series resistance.......... 42
Fig. 2.15: P-V characteristics of the PV module at STC with varying shunt resistance ......... 43
Fig. 2.16: I-V characteristics of the PV module at STC with varying shunt resistance .......... 43
Fig.2.17: Block diagram of MPPT control with DC-DC Converter...........ccccccoeeeveeiieiiiieeee. 45
Fig.2.18: Boost Converter with PV array linear model.............ccccoiiiiiiiiiii e 46
Fig.2.19 : Bode plots of the transfer function G, (S) with different values of R, and R......50
Fig.2.20: Bode plot of the open-loop system and compensated system.............cccccceeeenneee 51

Xi



Fig.2.21: Simulation results of input and output voltage of the boost converter with transfer

function model and physiCal MOAEI ...........uuuiiiiiiiiii e 51
Fig.2.22: Flow Chart of P&0O MPPT algorithm ............oooiiiiii e 53
Fig.2.23: Membership functions for inputs (a) Error (E), (b) Change in Error(CE) and (c)
output Duty Cycle (D) in Fuzzy logic controller based MPPT ..., 54

Fig.2.24: Simulation result of P&0O based MPPT controller with (a) Varying irradiation and
constant temperature (b) Varying temperature and constant irradiation .....................ccvvuee. 57
Fig.2.25: Simulation result of Fuzzy logic based MPPT controller under (a) Varying irradiation

and constant temperature (b) Varying temperature and constant irradiation ........................ 58
Fig.2.26: Comparative analysis of P&O and fuzzy based MPPT ..........cccooiiiiiiiiiiiieeeee 59
Fig.3.1: Single line diagram of a PVDG system with an external shunt APF at PCC............ 62
Fig.3.2 : Single line diagram of @ PVDG SYSte€M.........ocviiiiiiiiiiiiiiiieeeeeee, 63
Fig.3.3: Block diagram of two-stage 2-level PVDG system with an enhanced PQ feature....64
Fig. 3.4: System Controller for 1-¢ PVDG SyStem ........ccooiiiiiiiiiiiiieeiiiiiee e 65
Fig.3.5: Equivalent diagram of DC-liNK...........cuuuiiiiiiiiiiiiiii e, 66
Fig. 3.6: Controller for grid synChronization ..., 69
Fig. 3.7: (a) Output phase angle (b) input and output signal with conventional and proposed
PLL when input signal frequency other than 50HZz ...........ccccoiiiiiii e, 70
Fig. 3.8: Input and output signal of proposed PLL with frequency variation ......................... 70
Fig.3.9 : Test load used in thiS WOrK..............ueueiiiiiiiiiii i, 71
Fig.3.10: Simulink model of 2-level Inverter based PVDG System ...........ccccooeveiiieiniiinennn. 74
Fig.3.11.: Simulation results two-stage 2-level PVDG system under different modes of PQEC
............................................................................................................................................ 79

Fig.3.12: Simulation results of two-stage 2-level of PVDG system under varying load
(o7o] aTo |11 o] o JRS PP P PRSPPI 84

Fig.3.13: Simulation results of two-stage 2-level PVDG system under varying atmospheric

CONILION . e 89
Fig.3.14: Simulation results of PVDG system during night mode............ccccccccooee. 93
Fig.4.1: Schematic diagram of two-stage CHBMLI based PVDG system with improved power
QUAILY FEALUIES ... ettt e e e e e e et e e e e e e e e et e e e e e e e annneneas 98
Fig.4.2:Equivalent DC-link for two-stage CHBMLI ...........ccooviviiiiiiiiii, 99
Fig.4.3: DC voltage controller for a 5-level CHBMLI based PVDG system (a) cluster voltage
balancing control; (b) individual voltage balancing control................ccccccvviiiiiiiiiiiiiiiiiiiiiens 100
Fig.4.4:Schematic diagram of PV CHBMLI control scheme..........cccccccviviviiiiiiiiini, 102
Fig.4.5: Schematic diagram of a 1-¢ 2-cell CHBMLI............ocovviiiiiiiiiiiiiieee, 104
Fig.4.6: Flow Chart for single phase SVM ..........ooo i 107
Fig.4.7: Control region for balanced and unbalanced DC-link voltage condition.................. 108

Xii



Fig. 4.8:Duty cycle (7, and T,) for the upper and lower state of H-bridge-1,H-bridge-2

respectively, while the DC-link voltage ratio is (a) 1:1 (b) 2:1 (€) 3:1 .ooiiiiiieieeeiiieeeee, 111
Fig.4.9: DC link voltages and CHBMLI output voltage when DC-link voltage ratio is
=) IR o) 220 T (3 < SRS 112
Fig. 4.10: Harmonic spectrum of output voltage of CHBMLI when DC-link voltage ratio is
= R (o) Y228 T (e 1< 0t PSRRI 113
Fig.4.11: Schematic diagram of single-stage CHBMLI based PVDG system ..................... 114
Fig.4.12: P&O based MPPT algorithm for single-stage PVDG system ............ccccccceeeenneee. 117
Fig.4.13: Matlab Simulink model of (a) Two-stage CHBMLI based PVDG System (b) Single-
stage CHBMLI based PVDG System ........coooiiiiiiiii i 121
Fig.4.14: Simulation results of two-stage CHBMLI based PVDG system under different
MOAES Of PQEEC ... .. ittt e e e e e e e ettt e e e e e e e et ee e e e e e e ennnnneeaaaeans 127
Fig.4.15: Simulation results of single-stage CHBMLI based PVDG system under different
MOAES Of PQEC ... .. e e e e e ee e e e as 130
Fig.4.16: Simulation results of two-stage CHBMLI based PVDG system under varying load
(o7o] oo {11 ] o ISP PP PR 136

Fig.4.17: Simulation results of single-stage CHBMLI based PVDG system under varying load
(oTo] a0 {110 ] o 1 PP RPPPPPR 139
Fig.4.18: Simulation results of two-stage CHBMLI based PVDG system under varying
AtMOSPNEriC CONAITION ....uuuei e e e e e e e e 145
Fig.4.19: Simulation results of single-stage CHBMLI based PVDG system under varying
atmospheric CONAILIONS ... et ee e eeaeeees 148

Fig.5.1: Schematic diagram for hardware implementation of two-stage 2-level PVDG system.

Fig.5.2: Schematic diagram for hardware implementation of two-stage CHBMLI based PVDG

LS C=1 0 0 155
Fig.5.3: Schematic diagram for hardware implementation of single-stage CHBMLI based
PVDG SYSIEIM. .ttt e ettt e e e e e e e ettt et ae e e e ettt e ee e e e e e e e nnnnaeaaaaeens 156
Fig.5.4: AC current SENSING CirCUIL. .......ceiiiiiiiiiiiiiie e 157
Fig.5.5: AC/DC voltage Sensing CirCUIL. .........couveiiiiiiiiiiiieiee e 158
Fig.5.6: Total Development Environment of dSPACE with MATLAB. ..........ooiiiiiiiieeeannnes 159
Fig.5.7: DSP (dSPACE-DS1104) circuit board interfacing. .............occcoeeieeiiiiiiiiieee e 161
Fig.5.8: Schematic diagram of interfacing firing pulses from dSPACE controller board to
SWItCHING AEVICES ....oieiiiiieiiiec et rnneees 162
Fig.5.9: Dead-band circuit for single-leg of an H-bridge cell. ...................cco i, 162
Fig.5.10: Firing signals for the switches S;; and Sy, with dead-band circuit........................ 163

Fig.5.11: (a) MOSFET driver circuit for isolation and amplification (b) waveform at different



Fig. 5.12: General view of the experimental test bench.............cccccoiiiiiii 165

Fig.5.13: 1 -V curves of PV module from experimental data ..............ccccovveeeeiiiiciiiiennnenn. 166
Fig.5.14: P—V curves of PV module from experimental data..........cccccccvvvvvviiiiiinennnnnnnn. 166
Fig.5.15: 1-¢ nonlinear load consisting of uncontrolled rectifier with RL elements............. 167

Fig.5.16: (i) PCC voltage, load current waveform (ii) harmonic spectrum of load current for

6= I Lo T= Lo B I { o) I [0 T= Lo B USRS 168
Fig.5.17: Experimental results of 2-stage 2-level inverter based PVDG system under different
MOAES Of PQEC. ...ttt e s e e e e e 172
Fig. 5.18: : Simulation results of two-stage 2-level inverter based on experimental parameters
under different modes of PQEC ... 173
Fig.5.19: Experimental results of 2-stage 5-level CHBMLI based PVDG system under
different modes of PQEC. ... 176
Fig.5.20 : Simulation results of 2-stage 5-level CHBMLI based PVDG system based on
experimental parameters under different modes of PQEC ...........cccoeiiiiiiiiiiiieieeiee, 177

Fig.5.21: Experimental results of enhanced power quality based PVDG system without and

WIth MPPT CONTIOIIET. ...ttt ettt e e et e e et e e e e e e e e e aeaaaaaaaaaaaaaaaas 180
Fig.5.22: Simulation results based on experimental parameters under different modes of
MPPT CONIOIET ...ttt e s e e e e e e e nebeee s 181
Fig.5.23: Experimental results of 2-stage 5-level CHBMLI based PVDG system under
different modes of MPPT CONtroller. .........coooi it 184
Fig.5.24: Simulation results of 5-level CHBMLI based PVDG system under different modes of
MPPT controller based on experimental parameters............cccccoeiiiiiiiiiiiciiic e, 185

Fig.5.25: Experimental results of 2-stage 2-level inverter based PVDG system with varying
[o7=To I eoTaTo 1 i o] o TR PP OO PPPPPPPTPP 188
Fig.5.26: Simulation Results based on experimental parameters............ccccccceeviiiiieeenee.n. 189
Fig.5.27: Experimental results of two-stage CHBMLI based PVDG system under varying load
(o0 o 1o [11T0] o1 PP PP PPPPPPPO 192

Fig.5.28: Simulation results of CHBMLI based PVDG system under varying load conditions

Fig.5.29: Simulation results based on experimental parameters ............ccccccceiiiiiiieenne.n. 193
Fig.5.30(a) Duty cycle for upper and lower H-bridge switching vector(b) switching pulses . 198
Fig.5.31: Output voltage and its harmonic spectrum of CHBMLI when the DC-link voltage
= {0 N PO PPP PP 198
Fig.5.32: Experimental results of single stage CHBMLI based PVDG system under varying
[0Ad CONAILION. ... ettt eeeeaebeeeeees 201
Fig.5.33:Simulation results of single stage CHBMLI based PVDG system under varying load

[oT0] o [1110] o 1= PR 202

Xiv



LIST OF TABLES

Table 1.1:Prime sources of NarmONICS. .......cooi i 12
Table 1.2: DC current injection limitation................cccoo oo 14
Table 1.3: Maximum current NAarMONICS .........oovveiiiiiei e 14
Table 2.1 : Datasheet values of PV Module ... 33
Table 2.2 : Parameters of PV MOAUIE ..........ooiiiiiiiiiiei et 34
Table 2.3 : Datasheets values of an array in relation to a module .............cccccoiiiiiiiiiiinnnnns 36
Table 2.4: Estimated Parameters of an array in relation to a module ...............cccccccvninnnnne. 36
Table 2.5 : Voltage, Current and Power at MPP during varying Irradiation conditions........... 41
Table 2.6 : Voltage, Current and Power at MPP during varying temperature conditions....... 41

Table 2.7 :Values of Voltage, Current and Power at MPP at STCs with varying series
(TS ] £= 1 g ot PP PP TP UPP P PP TP 44

Table 2.8 :Values of Voltage, Current and Power at MPP at STCs with varying shunt

(]IS 2= Lo T PP PP PPP T OTPPTPPRPRR 44
Table 2.9: Influence of Rc and R, in open loop transfer function .............ccooeiviiinine. 50
Table 2.10: Fuzzy rule base for MPPT control .............coooiiiiiiii i 55
Table 3.1. Parameters used in the simulation study...............ooooiiiiiiiiiiiiii e 75

Table 4.1. Possible Switching vectors and the corresponding output voltage of H-bridge
1)Y= Y PP PP PPPPPRTT 105
Table 4.2: Different voltage levels under balanced and unbalanced condition ................... 105
Table 4.3. Calculation of reference point, zone width and switching sequence during
(B1a] o= 1 =T aTet=Yo Il eTo] oo 11 o] o H PP PP PPPPPPPPPR 109
Table 4.4: Parameters used in the simulation study.................oooi oo 122
Table 4.5:Generated PV inverter Power and Grid Power under different Irradiation level for
three different topologies of PVDG SyStem .........cooiiiiiiiiiiiee e 149
Table 4.6: Inverter current, load current and grid current THD under different modes of

operation for three different topologies of PVDG System .........cccccooiiiiiniiiiiiiiiiiiiiiiiiiees 150
Table 4.7: Inverter Power, load Power and grid Power under different modes of operation for
three different topologies of PVDG System...........oooiiiiiiiiiiiii e 150
Table 5.1: Number of I/Os and ADCs required for each PVDG topology..........ccceceeennnnenes 160
Table 5.2: Experimental and simulated Maximum power output of each module under
different atmospheric CoONAItioNS ...........ooiiiiiiii e 166
Table 5.3:Parameters used for the experimental validation of 1P2W PVDG System ......... 169
Table 5.4: The parameters used in the simulation studies. .............cccccovviiiiiiiiicen. 169

Table 5.5: Comparison of experimental and simulation results for 2-stage 2-level and 5-level
inverter based PVDG system under different modes of operation..........cccccccvvvviieennnn. 194
Table.5.6: Output voltage of two cells CHBMLI with 1:1, 2:1 and 3:1 DC-link Voltage ratio 197

XV



LIST OF ACRONYMS

1P2W Single-phase, two-wire

ac, AC Alternating Current

APF Active Power Filter

ASD Adjustable Speed Drive

CHB Cascaded H-bridge

CSD Custom Power Device

CsSli Current Source Inverter

dc, DC Direct Current

DCMLI Diode Clamped Multilevel Inverter
DPF Displacement Power Factor

DSO Digital Storage Oscilloscope

DSP Digital Signal Processor

DG Distributed Generation

EMI Electro Magnetic Interference

FCMLI Flying Capacitor Multilevel Inverter
GtCO, Giga tonnes of carbon dioxide

Gtoe Giga tonnes of oil equivalent

IEA International Energy Agency

IEC International Electrotechnical Commission
IEEE Institute of Electrical & Electronics Engineers
LSPWM Level-shifted Pulse width Modulation
MLI Multilevel Inverter

MOSFET Metal Oxide Semiconductor Field-effect Transistor
PCC Point of Common Coupling

pf, PF Power Factor

Pl Proportional and Integral

PQEC Power Quality Enhancement Controller
PV Photovoltaic

PLL Phase Locked Loop

PWM Pulse width Modulation

rms, RMS Root Mean Square

SMPS Switch Mode Power Supply

SVM Space Vector Modulation

THD Total Harmonic Distortion

XVi



LIST OF SYMBOLS

V, Single-phase grid voltage
Iy Single-phase grid current
I, Single-phase load current

Single-phase 2-level inverter current

inv

Loy Single-phase CHBMLI current

Vo PV Module output voltage

I,, PV Module output current

m Number of levels in inverter

N Cascade number

£ Carrier signal frequency

£ Modulating signal frequency

m, Amplitude modulation index

m, Frequency modulation index

L, Filter inductor of PV inverter

L, Grid-side inductor

L Inductor of boost converter

L, Commutation inductance

p-9q Instantaneous real and reactive powers
Vet e Cluster reference voltage

Vs Reference DC voltage for each H-bridge cell
K,,K, Proportional and integral gains

XVii






Chapter 1: INTRODUCTION

[This chapter describes introduction to the research work. It starts with a brief background on
distributed photovoltaic generation system and the challenges associated with it. Then, the solutions
to the problems have been discussed. Next, scope of work, author’s contribution, and thesis outlines

are explained]

1.1 Overview

As the energy demand is increasing day by day due to the worldwide economic growth
and development, the global total primary energy supply (TPES) is found to be more than
doubled between 1971 and 2011 (Fig.1.1(a)). Most of these energy demand in today’s world
are supplied by the hydrocarbon based fossil fuels[1]. Combustion of these fuels produces
energy which is converted into electrical energy. As a by-product of combustion, they give
rise to pollutant like CO,, which is the major cause of global warming. Since the industrial
revolution, annual CO, emission from fuel combustion is dramatically increased from zero to
31 GtCO, in 2010[1]. This increase in trend of carbon emission is shown in Fig.1.1(b).
Moreover, there is only a limited amount of fossil fuels available for the future consumption.
This limited availability of conventional energy sources and the concern of global warming,
has given a new impetus to renewable energy sources[1, 2]. These sources, known as green
energy are environment friendly with a minimum impact on the environment. Renewable
energy resources exist over wide geographical areas, in contrast to other energy sources,
which are concentrated in a limited number of countries. Rapid deployment of renewable
energy and energy efficiency is resulting in significant energy security, climate change

mitigation, and economic benefits [2,[3]].
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Fig.1.1 (a) World Primary energy supply (b)Trend in CO, Emissions from fossil fuel
consumption[1]



Conventionally, energy is produced in a large scale of hundreds or thousands of
megawatts in power plants fuelled from hydrocarbons or nuclear fuels. The produced energy
needs to be transmitted to the consumers through intricate transmission and distribution
systems. However, the energy of the future is being proposed to be generated at the site of
the consumer in small scale[4]. Alternate sources of energy/renewable energy sources are to
be used to generate this power. These sources will be used to generate electrical power in
kilowatt ranges to meet the needs of localized demand. They can be installed in residential or
commercial complexes to meet partial, entire and even excess of demand of that particular
area. This generation scheme as opposed to large scale generation is known as distributed
generation (DG). The most prevalent forms of renewable energy are solar, wind, biomass,
hydro power, geothermal and biofuels. Among all, solar power is one of the fastest growing
renewable energy sources, which can be easily used in the DG system through the use of
photovoltaic (PV) arrays and power electronic converters. Panels or modules are available
commercially which are rated to generate power depending on environmental conditions.
With the government subsidies the installation of PV has become economically viable with a
worldwide growth rate at 40%. With this growth rate, PV is poised to be the energy of the

future.

1.2 History of the Distributed Photovoltaic Generation System and Motivation
The concept of DG has existed from the very beginning of the commercial supply of electric
power. It was known by various names at different times, for example, embedded generation,
on-site power systems or backup generation [2]. Some of the components of distributed
generation like internal combustion engine or gas turbines have existed for quite sometimes
for different applications. With the demand of new age technology, other components like the
fuel cells and PV have also been incorporated [2]. With concerns for the need of environment
friendly technology and reliability of fuel, new interests have risen towards a modern version
of distributed generation. Ideas have been proposed to revolutionize the way electricity is
produced today by making distributed generation as ubiquitous as large power plants are
today [2[5]. PV energy is an attractive form of renewable energy, as the requirement of fuel
to generate power is eliminated and hence making the running cost negligible. With most of
the countries set up a target for the amount of PV power in their generation system [3] and
PV generation having a worldwide growth of 40% [4], the effect of increased penetration of
PV in power systems has to be researched. The government has taken an important role in
encouraging the use of PVs through grants, incentives and tax exemptions [5]. The
advantage of PV power is: once installed it requires minimum maintenance and has a high
lifetime [6]. PV effect, the process of conversion of solar energy into electrical energy was
first discovered by Becquerel in 1839 [7]. Over the years, the PV effect has been observed

among many materials including semiconductors. Photoelectric properties of p-n junction
2



have been studied from 1941 [8]. Today, almost all PV devices use p-n junction and are
known as solar cells [7]. The PV technology was out of bounds of commercial use because
of the costs involved. But there have been continued research in this area.

Power generated by PV modules and injected into the grid is gaining more and more
visibility in the area of PV applications[4]. This is mainly because the global energy demand
is steadily increasing. The PV module was in the past the major contributor to the cost of the
overall system. Earlier, not many PV systems have been put in to the grid (Fig.1.2)[2], due to
relatively high cost, compared to more traditional energy sources, such as oil, gas, nuclear,
hydro, wind, etc. However, a downward tendency is now been seen in the price of the
modules due to a massive increase in its production capacity which increased its share in
DG system. The cost of the power converters is for the same reason becoming more visible

in the total cost of PVDG system.
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Fig.1.2:Percentage of PV Power by application as per IEA[2]

1.3 Literature Review
PVDG system has been a topic of interest for decades and large amount of work has
been reported in the literature. The literature review has been classified into broad groups as

follows:

1.3.1 Distributed Generation System
A general structure for distributed systems is illustrated in Fig.1.3. The electricity produced
can be delivered to the local loads or to the utility grid, which depends on, where the
generation system is connected. All the possible modes of power flow in the DG system are
marked in the diagram. One of the important parts of the distributed system is its control. The
control tasks can be divided into two major parts,
1. Input side controller, with the main property to extract the maximum power from the
input source.
2. Grid side controller, which can have the following tasks:
(i) Control of active power generated to the grid.
(i) Control of reactive power transfer between the PV module and the grid
(ii) Control of DC-link voltage
(

iv) Ensure high quality of the injected power
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(v) Grid synchronization

The items listed above for the grid-tie inverter are the basic features this inverter should
have. Additionally, ancillary services like local voltage and frequency regulations, voltage
harmonic compensation, or active filtering might be requested by the grid operator.

In distributed generation, electric power is produced in comparatively small quantities in
areas distributed at various locations as opposed to centralized large scale generation[6].
Different definitions and names are used for distributed generation in different countries.
Some define as generation ranging from a few kilowatts to 25 MW or 50 MW or 100 MW,
while many other definitions are provided based on location, rating, power delivery area,
technology, environmental impact, mode of operation etc.[7]. However, there is no
consensus about the definition of DG system[8]. The types of DG system based on the
sources of energy are discussed in details in[9], which include micro turbine, wind power, PV
and fuel cells. The benefits of using DG system have been enumerated in[7, 9-11].
Parametric cost benefit analysis of various sources of energy used in DG system has been
given in[8, 12].

The benefits of DG system are as follows[9, 10]:

1. Standby capacity: They are flexible in terms of their expandability, size and operation

2. Reliability and power quality: some industries might deem the reliability of the grid to

be low and might want to have their own distributed generation to have reliable and

good quality power.

3. Alternative to the expansion and use of local network: The cost related to the

expansion of transmission or distribution can be avoided by using distributed

generation.

4. Grid Support: DG may support the grid at times when there are contingencies in
the grid. For example, there is a sudden shut down of a unit of the grid, which might
result in a decrease in frequency. Distributed generation may be able to supply the
demand for a period of time.

5. DG can be easily installed at any location in a very short period of time.

6. DG can decrease the price of power by supplying the grid and decreasing the
power demand.

7. The need of types of fuels is diversified and the dependence on one particular fuel

is reduced.

8. The DG can reduce the power losses by avoiding the transfer of power over long
distances.

9. The use of renewable energy reduces the pollution level

10. They increase the lifetime of system equipment.

11. As they produce power locally, they can act as an emergency supply of power

during system outages.



The study of PVDG system has been reported in literature extensively [13]. Research
show that distributed generation having PV as a source is able to reduce the losses
associated with transmission and is able to reduce the summer peak load demand[14]. PV
connected lighting system; inverters and a combination of solar PV and solar thermal system
have been discussed in[14]. The impact of distributed PV in rural areas have been discussed
in[15] with the effect of PV in voltage regulation. A comparison is made with other methods of
voltage regulation and a comparative study of economic viability of PV is made. In [16, 17], a
hybrid distributed generation is studied consisting of PV and fuel cells. It discusses how PV
and fuel cells jointly are able to improve the voltage quality of the system. A comparative
study of distributed PV in rural and urban areas has been presented in[18]. It also discusses

the possible drawback that the PV penetration might have on the power systems.

Battery l
Storage | _ :
ym—— | Mode-3
Mode-2 'i __________________ -
PV [7| DC-DC 787 DC-AC ™ Filter | [Transformer] | Oty
Array | [Converter| o | Inverter | | - | Grid
Mode-1

Fig. 1.3: General structure of distributed generation system

1.3.2 PV Sources: Characteristics, Advantages and disadvantages

PV cells, the smallest unit of the PV module are devices which convert energy in
electromagnetic radiation in the form of light directly into electrical energy. When irradiated
with light, a potential difference appears across its terminals. The current vs. volage
characteristic of the PV cells is non-linear with a point on it is called maximum power point
(MPP) at which maximum power is delivered by PV[19]. Commercially, PVs are available in
the form of modules where a number of cells are connected in series. A number of modules
are then connected to form a strings are and then connected in parallel to increase the
current rating of the PV source to form an array. The array has an identical characteristic as
that of module with a magnified voltage and current as explained in[20]. The PV may also
operate in the reverse bias region when there is a partial shading in the array. In[21], the
entire 1 —V characteristics, both forward and reverse bias region have been discussed. The
power-voltage characteristics of the PV array with a bypass diodes under partial shading are
discussed in[17, 22], where it is shown that there might be multiple local maxima. In[23], the

I -V characteristics of the PV under changing irradiance and cell temperature have been
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presented. The advantage of using PV power has been presented in[24], as it needs no fuel
to produce power which saves billions of dollars of money needed to generate that energy
and since it does not produce any greenhouse gas, it will reduce its emissions by 1.7 billion
tons a year. It also mentions that the drawback of installing PV farms is that it needs huge

ground area and that presently PV system is still too expensive to be economically viable.

1.3.3 PV Module Modelling and Control

To study the effect of PV module, both in stand-alone and grid connected system is
very important. With the penetration of PV systems in the power systems as it becomes
affordable, a mathematical model of PV are needed, which is able to replicate its VI
characteristics under changing irradiance and temperature conditions. The control objectives
of a PV source is to extract maximum power available from the PV at the given operating
conditions which essentially turns out to be maximum power point tracking (MPPT).
Extensive work has been reported in the literature about both modelling and MPPT of PV.

Single diode model of PV has been reported and its simulation methods have been
presented in[25]. In[23], a mathematical detail in the determination of the five parameters of
PV from datasheet information has been provided. Modellingthe effect of ripple voltage due
to high frequency switching of converters associate with PV has been presented in [26]. A
comparative study of single diode and double diode models is presented in[19]along with the
presentation of analytical details of the estimation of parameters of double diode and single
diode array models are presented in [20]. In[27], a procedure of simplifying the diode based
models of the PV by piece wise linearization has been reported. Modelling of the PV based
on artificial neural network has also been studied and has been presented in [28]. Different
models for the study of partial shading of PV have been discussed in [22, 29, 30].

The most important control of PV has been MPPT. A detailed comparative study of
MPPT is reported in[31] with pros and cons of perturb and observe (P&O),incremental
conductance, ripple correlation control etc. have been presented. Artificial neural network
has also been a very popular method for MPPT which is being adopted and presented in
[32]. The traditional MPPT methods of P&O control has been proposed to be optimized in
[33]. RCC control has been discussed in detail in[34, 35]. While in [36], sliding mode control
based MPPT has been used. Novel techniques like biological swarm chasing has also been
utilized for MPPT as given in[37]. The application of fuzzy control has also been reported in
several papers including [38-40]. MPPT during partial shadow conditions is complicated
since that gives rise to more than one local maximum. Various techniques under partial

shadow conditions have been presented in [29, 41, 42].



1.3.4 Control of PVDG system

The study of PVDG system has been reported widely in literature. Research work in
[43-47]describe the modelling of PV based DG system. In[46], modelling of grid connected
PV system has been proposed and stability analysis is performed. It has been shown that the
dynamic performance of the PVDG system is dominated by the MPP tracker. In[48], a
MATLAB based model of a single phase low voltage PVDG system has been proposed. The
model accuracy has been proposed. The model accuracy has been demonstrated by
experimental results. Research work on operation and modelling of PV array inverter
assembly in island mode has been presented in[47], which shows that the system is able to
maintain the power quality in terms of voltage and frequency[49, 50]. In[43, 44], a three
phase PV inverter has been investigated with the system is connected to the utility. A
computer model has been proposed which is able to be used for the transient stability
studies. In[5, 45], the economic effect and effect of small rooftop PVs on load frequency
control has been researched and presented. The model has been presented with the
meteorological data of Tokyo. In[51], a simulation package has been proposed which is able
to optimize the size, economics, operation and performance of grid connected PV.
Parameters like capacity credit cost and PV penetration can be determined from the
package. Design and analysis of grid connected PV system has been presented in[52] where
a DC-DC boost converter has been used to boost the low voltage level of the PV to make it
suitable for connection to the grid. A full bridge bidirectional inverter is used to stabilize the
DC voltage and to shape the output current. A steady state model of the system has been
presented and verified experimentally. In[53, 54], an inverter topology has been proposed
which is able to boost the low PV voltage to the level of the grid without using a boost
converter. The inverter is able to boost the voltage, perform MPPT and produce good quality
power with low total harmonic distortion (THD). The analytical, simulation and experimental
results have been presented. In[55], a model of grid connected PV has been developed
which is able to simulate the effect of passing clouds on the voltage profile of the distribution
feeder and the effect it has on the voltage regulating system. In[52, 56], power factor
correction of a PV system in parallel with the grid used to supply a DC load has been
presented. Experimental results have been produced to verify the effectiveness of the
proposed topology. In[57], a single phase grid connected PV system is shown to be able to
be controlled to provide voltage support to the grid and to compensate for the harmonics

distortion. The simulation result has been validated with experimental results.



1.3.5 Grid-tie PV Inverter
The power electronic interface for the PVDG systems has two main tasks [11, 13, 58-61]:
e To amplify and invert the generated DC power into a suitable AC current for the
grid. A standard PV module generates approximately 100 W to 150 W at a
voltage around 23 V to 38 V, whereas the grid mostly requires 110 V at 60 Hz
or 230 V at 50 Hz.
e To control the PV module so as to track the MPP for maximizing the power
extraction.

It is generally expected that the VSI performs the following functions in DGS [7], [17]-
[19]: 1) Load voltage stabilization (5% voltage regulation) in both parallel processing and
stand-alone modes;

2) Uninterruptible power supply (UPS);

3) Reactive power support—grid power conditioning including power factor correction
(>0.9) and harmonics mitigation (THD<5%) (Only in grid connected mode) as per IEEE
standard 1159 [17];

4) Active power support—Iload power conditioning including demand side management
(DSM). In this mode of operation, a bi-directional VSI is responsible for controlling the active
power flow between the DC bus and the AC grid.

Fig.1.4 (a) shows centralized topology which interfaces a large number of modules to
the grid [ref]. The PV modules were divided into series connections (string), each generating
a sufficiently high voltage to avoid further amplification. These series connected strings are
then connected in parallel through string diodes, in order to reach high power levels.
However, the major drawbacks of such topology are,

(i) High voltage DC cables are required between the PV modules and the inverter

(i) Power losses due to centralized MPPT

(iii) Mismatch losses between the modules

(iv) Losses in the string diodes

(v) Risk of hotspots in the PV modules during partial shadow

(vi) Individual design for each installation
Fig.1.4 (b) shows a reduced version of the centralized inverter topology, where a single string
of PV modules is connected to the inverter.Here the input voltage is high enough to avoid
voltage amplification. In this topology, there are no losses associated with string diodes and
a separate MPPT can be applied for each string and hence increases the overall efficiency
when compared to the centralized inverter. However, the major drawback of such topology is
that there is a voltage derating of the semiconductor.

Fig.1.4 (c) shows a multi-string inverter topology which is a further development of the string
inverter, where several strings are interfaced with their own DC-DC converter to a common

DC-AC inverter [62]. This is beneficial, compared to a centralized system, since every string
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can be controlled in an individual manner. Thus the operator may start their own PV power
plant with a few modules. Further enlargements are easily done because a new string can be
plugged into the existing platform. A flexible design with high efficiency is hereby achieved.

The converter module in Fig.1.4 (d) is a reduction of the string inverter, where each PV
module has its own integrated power electronics interface to the utility. The power loss of the
system is reduced due to removing the mismatch between the modules, but the constant
losses in the inverter may be the same as for the string inverter. Also the AC module concept

supports optimal operation of each module which leads to an overall performance.

= = =B ==

(a (b) (c) (d)

Fig.1.4:PVDG system topologies (a) Two-stage Centralized topology (b) Single-stage (c)
Multi string topology (d) Latest AC module
1.3.6 Power Flow Control in DG System

In PVDG system, the PV inverter can further be classified as voltage controlled voltage
source inverter (VCVSI) and current controlled voltage source inverter (CCVSI), depending
on their control mechanism [63]. VCVSIs use the amplitude and phase of an inverter output
voltage relative to the grid voltage to control the power flow[58, 64]. In VCVSIs, the desired
current flow is generated by controlling the voltage across a decoupled inductor. The CCVSI
uses switching instants to generate the desired current flow in the VSI's inductor, using
instantaneous current feedback [58, 65, 66]. There are advantages and limitations
associated with each control mechanism. For instance, VCVSIs provide voltage support to
the load (the VSI operating as a voltage source), while CCVSls provide current support (the
VSI operating as a current source). The CCVSlI is faster in response compared to the VCVSI,
as its power flow is controlled by the switching instant, whereas in the VCVSI, the power flow
is controlled by adjusting the voltage across the decoupled inductor. Active and reactive
powers are controlled independently in the CCVSI, but are coupled in the VCVSI. A brief
description on VCVSI and CCVSl is given individually in the following section,



1.3.6.1 Voltage-Controlled VSIs in DGS

The decoupled inductor(XL) is an essential part of any VCVSI as it makes the power

flow control possible.

In a VCVSI, the power flow of the DGS is controlled by adjusting the amplitude and
the phase [power angle(é)] of the inverter output voltage with respect to the grid

voltage. Hence, it is important to consider the proper sizing of the decoupled inductor
and the maximum power angle to provide the required power flow when designing
VCVSils.

Assuming that the voltage of the inverter has to be kept constant (V, , =V, , =V, ,

load voltage stabilization), for any changes in the grid voltage to control the desired
power flow, the power angle has to change in proportion. The power angle could be
both lagging or leading, providing either the active power flow from the grid to the
VCVSI or vice versa.

The higher voltage source has to supply all the reactive power demanded by the
decoupled inductor as well as the load. In weak grid applications, when the grid
voltage drops considerably, the VCVSI has to supply both the rated active power and
full reactive power, resulting in over sizing of the inverter (>100% of the rated power).
Unity power factor operation depends on the size of the decoupled inductor, the load
and maximum permissible power angle. Therefore, power factor correction is not
possible using VCVSIs in DGS. This is one of the main drawbacks of VCVSI-based
DGS.

As addressed above, since the load voltage must remain constant (load voltage
stabilization), the only controllable parameter in the VCVSI is the power angle (d).

In PVDG system, it is important to extract the maximum power from PV and supply
this power to the load or grid. Assuming that both PV and the grid are supplying the
demanded active power by the load, where P, and F,, are the load and PV active
power, respectively. Equation (1.1) explains that as the available PV energy is

increased, the power angle is reduced. This means that the PV penetration will

increase.

vy
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1.3.6.2 Current-Controlled VSIs in DGS

e As CCVSI controls the current flow using the VSI switching instants, it can be
modelled as a current source and there is no need for a decoupling inductor.

e As the current generated from the CCVSI can be controlled independently from the
AC voltage, the active and reactive power controls are decoupled. Hence, unity
power factor operation is possible for the whole range of the load. This is one of the
main advantages of CCVSls.

e As the CCVSI connects in parallel to the DGS, it follows the grid voltage.

e The CCVSI cannot maintain the load voltage in the presence of a DGS without
utilizing extra hardware and control mechanisms. This limitation on load voltage
stabilization is one of the main drawbacks of CCVSI-based DGS.

e In PVDG system, it is desirable to supply the active power from the PV module,
where excess energy from the PV module is injected into the grid. The remaining load
reactive power will be supplied by the CCVSI.

e In the worst case, the CCVSI has to supply both the active and reactive powers
demanded by the load. This means that the CCVSI sizing can be rated at full load
without the need to oversize. This is an advantage of CCVSI-based DGS compared
to the VCVSI.

1.4 Power quality requirement in PVDG system
The quality of the power provided by the PV system for the local load and for the power
delivered to the grid is governed by practices and standards on voltage, frequency,
harmonics and power factor[67, 68]. Deviation from these standards represents out-of-
bounds conditions and may require disconnection of the PV system from the grid. A detail

description on these issues is given separately in the following sections.

1.5 Harmonic Distortion

Harmonic distortion is caused by the operation of non-linear loads in the power system.
Nonlinear loads change the sinusoidal nature of the ac power current, thereby resulting in the
flow of harmonic currents in the ac power system that can cause interference with
communication circuits and other types of electrical and electronic equipment[69-71]. The
prime sources of harmonics in the power system are given in Table 1.1. Harmonics are
basically the additional frequency components present in the mains voltage or current which
are integral multiples of the mains (fundamental) frequency [54]. Interharmonics are a special
category of harmonics which are non-integer multiples of the fundamental frequency. Sub-
harmonics are a special category of interharmonics, which have frequency values less than
the fundamental frequency. Most equipment only produces odd harmonics but some devices
have a fluctuating power consumption, over a duration of half cycle period or less, which may
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generate even, inter-harmonic, or sub-harmonics currents [54]. The harmonic distortion of
each device depends on its consumption of active power, background voltage distortion and
source impedance.Phase controlled rectifiers are major source for harmonics and reactive
power burden. They have a wide range of applications, from small rectifiers to large High
Voltage Direct Current (HVDC) transmission systems. They are used for electro-chemical
process, motor drives, traction equipment, controlled power supplies, and many other

applications.

Table 1.1:Prime sources of harmonics.

Sources of harmonics

High-voltage converters

Low-voltage power
electronic devices

Conventional
sources

Modern electronic
equipment

Adjustable speed drives

Uncontrolled rectifiers

Electrical machines

Personal computers

HVDC converters Controlled rectifiers Transformers Printers
Traction AC regulators Inductors Photocopiers
Arc furnaces Inverters Air conditioners
SVCs Cycloconverters Televisions
UPS
Microwave ovens
Fluorescent lamps
1.5.1 Effects of Harmonics

Harmonics can lead to mal-operation of power system components. Some of the ways

that harmonics may affect the equipment negatively are listed below [69, 70, 72]:

1. Communication interference: Magnetic (or electrostatic) coupling between electrical
power circuits and communication circuits can cause communication interference [72].
Current flowing in the power circuit produces a magnetic (or electrostatic) field which, in
turn, induces a current (or voltage) in the nearby conductors of the communication
circuit. The amount of interference depends upon the magnitude of the induced current
(or voltage), frequency, and the magnetic (or electrostatic) coupling. Other types of
communication interference are:

¢ Induced line noise
¢ Interference with power line carrier systems
¢ Relay malfunctions.

2. Heating: Harmonic currents can cause excessive losses in motors, capacitors and
transformers connected to the system. This in turn, may cause excessive heat in the

winding, thus leading to the failure of insulation and danger of a fire hazard [69].
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3. Malfunction of solid-state devices: Harmonics can cause solid-state devices to
malfunction if the equipment is sensitive to zero crossings or operates in response to the
peak values of utility voltage. The typical malfunctions are [69, 70, 73]:

= Errors in measurement equipment

= Nuisance tripping of relays and breakers

= Unstable operation of zero-voltage crossing firing circuit
» Interference with motor controllers.

4. Damage to capacitors: The presence of capacitors, such as those used for power factor
correction, can result in local system resonances, which, in turn, can lead to excessive
currents and possible subsequent damage to the capacitors [70].

5. Malfunction of utility Meters: May record measurements incorrectly, result in higher
billings to consumers [71].

6. Failure of sophisticated electronic equipment: Failure of sophisticated electronic
equipment such as computers, remote monitoring systems, air conditioning systems and
premature failure of switched-mode power supplies (SMPS) and uninterrupted power
supplies (UPSs) [70].

7. Flickering of lights: Due to the operation of arcing devices such as arc furnaces, arc
welders, and discharge type lightning with magnetic ballasts, flickering of lights may take
place [70].

1.5.2 Harmonic Standards

There are various organizations on the national and international levels working closely
with engineers, equipment manufactures, and research organizations to come up with
standards governing guide lines, recommended practices, and harmonic limits [69]. The
primary objective of the standards is to provide a common ground for all involved parties to
work together to ensure compatibility between the end-user equipment and the system
equipment. The most commonly used harmonic standards for PVDG systems are |IEEE
1547[68] and International electro  technical Commission standard IEC
61727[67][65][65][65][70]. This international standard limits the amount of current harmonics
injected by a DG system at the Point of Common Coupling (PCC). For example, the IEEE
1547 and IEC 61727 standard recommends a limit of 5% Total Harmonic Distortion (THD) in
the current at the PCC. The THD in the current is the ratio of the rms value of its distortion

components to the rms value of its fundamental-frequency component. It is given as,
=7)
h=2

Where, I, = rms value of the current at harmonic order h, and I, = rms value of the

%THD = x100% (1.2)

-

fundamental-frequency current component.
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As per these standards, the restrictions on different current harmonic components are given

one by one in the following sections.

1.5.3 DC current Injection
A DC current injection in the utility can saturate the distribution transformers, leading to
overheating and trips. For the conventional PV systems with galvanic isolation, this problem
is minimized, but with the new generation of transformer less PV inverters increased
attention is required in this matter. The limit of injected DC current as per IEEE 1547[68] and
IEC 61727[67] is given in Table 1.2.

Table 1.2: DC current injection limitation

IEEE 1547 IEC 61727

1, <0.5% of the rated RMS current 1, <1% of the rated RMS current

1.5.4 Current Harmonics
The PV system output should have low current distortion levels to ensure that no
adverse effects are caused to other equipment connected to the utility system. The levels

given in Table 1.3 are accepted.

Table 1.3: Maximum current harmonics

IEEE 1547 and IEC 61727

Individual harmonic order h<11 | 11<h<17 | 17<h<23 | 23<h<35 | 35<h | Total THD (%)

(odd) (%) 4 2 1.5 0.6 0.3 5

1.6 Average Power Factor and Reactive Power Burden

Only in IEC 61727[67], it is stated that the PV inverter shall have an average lagging
power factor greater than 0.9 when the output is greater than 50%. Reactive power burden
on distribution systems is due to the operation of loads that draw high reactive power from
the system[74]. Reactive power is a concept used by engineers to describe the background
energy movement in an ac system arising from the production of electric and magnetic fields
[75]. These fields store energy which exchanges through each ac cycle. Devices which store
energy by virtue of a magnetic field produced by a flow of current are said to absorb reactive
power; while those which store energy by virtue of electric fields are said to generate reactive
power. Volt-ampere reactive (var) is a unit used to measure reactive power in an ac electric
power system [75].

Reactive power (vars) is required to maintain the voltage to deliver active power (watts)
to the utility grid. Motor loads and other loads require reactive power for their successful
operation. When enough reactive power is not available, the voltage sags and it is not

possible to push the real power demanded by the loads through the lines [75-78].
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For better understating, a simple power system model indicating the coupling between

source and load is shown in Fig.1.5.

Vs£o P, Q> r‘\ﬁxﬁm vV, £0
Source Load

Fig.1.5: A small power system model.

In general the flow of active and reactive powers in a power system is governed by the
following equations [75, 76].

The transmitted active power (P) is given by,

VY,

P=-Ltgins (1.3)
X
For small value of 5, the reactive power (Q) transferred to the load is given as,
VL (Vs B VL )
=Lt 5 L) 1.4
Q % (1.4)

The load voltage (¥, )is given by,
(0.4
V=V, —=— 1.5
G (1.5)
Equation (1.2) shows that the active power flow depends on the amplitudes of source voltage
and load voltage and it flows from the leading voltage bus to lagging voltage bus. On the

other hand, the reactive power depends mainly on the difference of voltage amplitudes

across a feeder and it flows from higher voltage side to lower voltage side as given by

equation(1.4). It can be observed from an equation (1.5) that to keep the ¥, fixed for a given

value of ¥V, the drop (QV_XJ must remain constant. In this expression the only variable
N

quantity is Q, which must be locally adjusted to keep V, fixed. In other words, letQ be the

value of reactive power which keeps /¥, to a specified value, and any deviation in QO at load
end must be locally adjusted. If Q is made zero (i.e. the load reactive power is supplied

locally), the source and load voltages will be the same. The local generation of reactive
power can be accomplished by any of the reactive power compensating devices. This is the

fundamental mechanism for controlling the reactive power in electric power system [75, 76].

1.6.1 Sources of Reactive Power
The major sources that draw reactive power from distribution systems are [73, 75, 79, 80]:
1. Phase-controlled rectifiers
2. Motors
3. Transformers, tap-changing transformers
4

Choke inductors.
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1.6.2 Problems due to High Reactive Power
The highly reactive power burden leads to the underutilization power system capacity
due to [73, 75, 76]:
¢ Increased losses in the transmission and distribution systems.
e Overrated equipment within the AC system: due to large current drawn for a
given real power demand, and low efficiency owing to more losses.

e Low power factor and poor voltage regulation.

1.7 Solutions to Power Quality Problem in PVDG System

The low quality power affects electricity customers in many ways. The lack of quality
power can cause loss of production, damage of equipment or appliances or can even be
detrimental to human health. Therefore, it is very important to maintain a high standard of
power quality. Utilities and researchers all over the world have for decades worked on the
improvement of what is now known as power quality[81]. There are sets of conventional
solutions to the power quality problems, which have existed for a long time. However, these
conventional solutions use passive elements and do not always respond correctly as the
nature of the power system conditions change. The increased power capabilities, ease of
control, and reduced costs of modern semiconductor devices have made power electronic
converters affordable in a large number of applications. New flexible solutions to many power

quality problems have become possible [82]with the aid of these power electronic converters.

1.7.1 Harmonic Compensation

To deal with harmonics, there are three basic choices: (a) to reinforce the distribution
system to withstand the harmonics by derating the transformers and oversizing the
conductors[83], (b) to incorporate current waveshaping circuits within the equipment so that
they draw sinusoidal currents[84, 85], and (c) to install devices to attenuate or remove the
harmonics[86-89].

The first two choices are not cost-effective solutions and the only option is to
incorporate filters to remove the harmonics[87]. For reducing the harmonics, passive and/or
active filters are used[90, 91]. These filters are either used separately or used in a combined
fashion to form a hybrid filter[86-89].

1.7.1.1 Passive Power Filters

Passive filters can be connected either in parallel with the load (shunt passive filter) or
in series with load (series passive filter). Shunt passive filters have traditionally been used to
absorb current harmonics in power systems [92]. Shunt passive filters provide low-
impedance paths to divert harmonics to ground and discourage the flow of harmonics into
the power system. There are several types of shunt passive filters: single-tuned, double-

tuned, automatically tuned, damped, and band-pass filters [69, 92]. Among these shunt
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passive filter topologies, single-tuned, double-tuned and high-pass damped filtersare most

commonly used. The tuned filters are designed to exhibit low impedance at one or more

harmonic frequencies, while the high-pass damped filters provide low impedance for a wide

spectrum of harmonics. The single-phase circuits of single-tuned, double-tuned and second

order high-pass damped shunt passive filters are depicted in Fig.1.6.

tn

(@) (b) (c) (d)

Fig.1.6:Shunt passive filters:(a) Single-tuned; (b)Double-tuned; (c) Second-order high-pass

damped.

Passive filtershave hitherto been used in powersystem because of their advantages which

are [92]:

1.
2.

3.

Simple implementation, high efficiency and almost maintenance-free operation.

A single installation can serve many purposes, i.e., reactive power compensation,
voltage support on critical buses, and reducing the impact and voltage drop due to
the starting of a large motor [92].

Implementation at medium power level is possible.

However, passive filters have many problems to discourage their applications and are given
below [92, 93]:

1.

»

o

N

Passive filters are not suitable for changing system conditions. Once installed,
neither the tuned frequency nor the size of the filter can be changed so easily.
The filters can either be switched “on” or “off.” Thus, a stepless control of reactive
power with enhancement or reduction of load demand is not possible.
The source impedance, which is not accurately known and varies with the system
configuration, strongly influences the filtering characteristics.
The change in the system operating conditions, addition of new compensating
devices, aging, deterioration, and temperature effects may increase the designed
tolerances thereby causing detuning of the filter.
The parallel resonance between the system and the filter may cause an
amplification of the current at characteristic and non characteristic harmonics.
Single-tuned or double-tuned filters are not possible to employ for certain loads like
cycloconverters or when the power system has interharmonics.
The Outage of a parallel branch can totally alter the resonant frequency, resulting in
overstressing of the filter components and increased harmonic distortion.
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The design complexity and high cost of losses of the conventional passive filters, as
well as their restricted capability to eliminate inter-harmonics and non-characteristic
harmonics have encouraged the development of harmonic compensation technique by
means of power electronic devices, commonly referred to as active power filters (APF) [86-
89, 94-97].

1.7.1.2 Harmonic Compensation using Pl Controller

Since PI controllers typically are associated with dq control structure, the possibilities
for harmonic compensation are based on low-pass and high-pass filters [ref].If the current
controller has to immune to the grid voltage harmonic distortion(mainly fifth and seventh in
three phase systems), harmonic compensator for each harmonic order should be
designed.Fig.shows the dq control structure having a harmonic compensator for the +ve
sequence of the 5" harmonic. In addition, under unbalanced conditions, harmonic
compensators for both +ve and —ve sequences of each harmonic order necessary. As a
consequence, four compensator like are necessary to compensate for the 5" and 7"

harmonics. The complexity of the control algorithm is noticeable in this case.

1.7.1.3 Harmonic Compensation using PR Controller

In this case harmonic compensation can be achieved by cascading several generalized
integrators tuned to resonate at the desired frequency. In this way, selective harmonic
compensation at different frequencies is obtained. In this case, it is easy to extend the
capabilities of the scheme by adding harmonic compensation features simply with more
resonant controllers in parallel to the main controller as shown in Fig.1.7. The main
advantage in this situation is given by the fact the harmonic compensator works on both
positive and negative sequences of the selected harmonic; thus only one HC is necessary for
a harmonic order. An interesting feature of the HC is that it does not affect the dynamic of the
PR controller, as it only reacts to the frequencies very close to the resonance frequency. This
characteristic makes the PR controller a successful solution in applications where high
dynamics and harmonic compensation, especially low-order harmonics are required, as in

the case of a PVDG system.
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Fig.1.7: Structure of the harmonic compensator attached to the resonant controller of the
fundamental current
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1.7.1.4 Harmonic Compensation using non-linear Controller

Since both hysteresis and dead-beat controller have fast dynamics, there is no concern
about the low-order harmonics when the implemented control structure uses such
controllers. In any case, it should be noticed that the current waveform will contain harmonics
at switching and sampling frequency order. Another issue is the necessity of fast sampling

capabilities of the hardware used.

1.7.1.5 Active Power Filters

In the last two decades, considerable progress has been made in active power filters
(APFs). Similar to the STATCOM, APFs are inverter circuits, comprising of active devices,
i.e. semiconductor switches that can be controlled such that the APF can be made to act as
harmonic current or voltage generators[98]. Different topologies of APFs have been
proposed, including shunt, series, and the combination of these two [86-88, 95, 96, 99].
However, only the shunt APFs are considered in the present work.

The shunt active power filter acts as a current source and compensates load current
harmonics by injecting equal-but opposite harmonic compensating current at the PCC[100]

.Fig.1.8shows the connection of a shunt active power filter[86, 96].

Local

Load |

Lo PCC Ly

PV
Inverter

Shunt APF

I !

Fig.1.8: A voltage source inverter based shunt active power filter.

The main advantages of APFs are [86-88, 95, 96]:

1. APFs are superior to passive filters in terms of filtering characteristics.
2. A single installation can serve many purposes, i.e. reactive power
compensation, flicker mitigation, and imbalance compensation.
They are compact in size.
Non-susceptibility to resonance problem.
Step-less control characteristic
However, high initial cost of active power filters has discouraged their applications in high
power systems. To overcome this, the hybrid power filters have been proposed [86, 88, 96,

99] and installed in recent years.
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1.8 Scope of Work and Author’s Contribution
Although the term “power quality” encompasses all disturbances encountered in a
power system, it has been found that reactive power burden and harmonic currents are the
most dominant types of power quality problems in modern distribution systems. This thesis
exploits this fact in case of PVDG system and evaluating the solutions for improving the
power quality of the PVDG system. In this thesis, an attempt has been made for improving
power quality in the single phase PVDG system.The main contributions of the author can be

summarized as follows:

1. To begin with, a literature survey of different topologies of inverter in
PVDGsystem is studied.
2, In order to analyze the power converters for PVDG systems, it is essential to

model the PV module attached to the converter. PV module presents a nonlinear
current vs. voltage characteristic with several prerequisite parameters to be adjusted
according to experimental data obtained from the datasheet of a practical device. For
the dynamic analysis of the converters, and maximum power point tracking (MPPT)
algorithms, mathematical modelling of the PV module is useful. The first part of this
research work presents the modelling and simulation of PV module. However, the
major challenges in modelling a PV module is that, all the parameters which are
required for the modelling purpose is not available on the manufacturer's datasheet.
Here the determination of parameters of the PV module is performed by using Gauss
Seidel iteration Method and the modelling is carried out with the adjustment of the
parameters with irradiance and temperature. The same model is extended for arrays
and is used for the simulation of PVDG system.
3. The main goal of this research work is to formulate and implement the 1-¢ IRP
theory in the PVDG system for the enhancement of power quality to obtain the
following objectives,

(i) To transmit the maximum possible real power from the PV module by

using the MPPT controller

(i) To meet the real power demanded by the local load

(iii) To compensate the reactive and harmonic components of load current

at PCC

(iv) To utilize the PV inverter as a shunt APF during night time.

Thus, with an adequate control of PV inverter, all the above-mentioned objectives have
been achieved either separately or simultaneously. Hence, in this research work the
power quality requirements as per the utility standards at the PCC are accomplished

without requiring any additional hardware circuits.
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4. For the further improvement of power quality and also to increase the
efficiency of the two-stage PVDG system a multilevel inverter topology is introduced
in place of the two-level inverter. In recent years multilevel inverter topologies have
become more attractive for researchers as they offer improved output waveform as
compared to the conventional two level inverter. With the improvement in the output
waveform, the harmonic content and hence the size of the filter can be reduced. The
three basic topologies of multilevel inverter (MLI) are: diode clamped MLI, flying-
capacitor MLIs and cascaded H-bridge MLI (CHBMLI). Among all these available
MLI topologies, the CHBMLI requires separate DC sources and hence constitutes a
promising alternative, providing a modular design that can be extended to allow a
transformer less operation in grid connected PV system.

5. The power flow control in such type of PVDG system requires two control
loops. The inner current control loop is used to modulate the output current of the PV
CHBMLI to meet magnitude and phases of waveform whereas the outer voltage
control loop regulates the output power of the PV inverter according to the MPP of PV
modules. These two control loops are realized by two stages of power conversion.
One is a DC to DC converter with MPPT control and the other is a DC to AC inverter.
But two stage operation may lead to more power loss than that of a single-stage
conversion. In a single stage PVDG system, both the control loops are realized
simultaneously in one power conversion stage, thus simplifying the system topology
and hence increases the overall efficiency of the system.

6. There is always a chance of unbalancing in the input DC-link voltages of
CHBMLI when fed from PV module. This is due to the non-ideal conditions in PV
modules. The most common non-ideal conditions of a PV module include partial
shading, dust collection and PV ageing. Hence the balance of the DC voltages is one
of the important issues in the control of CHBMLI when used in PV application. If this
voltage balance is not perfectly accomplished, the modulation methods create errors
in the modulated output voltage. This leads to the distortion in the output voltages and
currents of the CHBMLI. To overcome the unbalance in DC-link voltage of CHBMLI
during isolated grid operation a single phase SVM for the modulation of the inverter is
proposed and implemented in this thesis.

7. In order to verify the simulation studies of the proposed schemes, a
downscaled two-level PV inverter and five-level CHBMLI based PVDG system rated
at 100 V, 1000 VA has been designed, developed, and tested to verify the viability
and effectiveness of the enhanced power quality based PVDG system, 230 V, 15-
kVA 1P2W PVDG system. By using real-time workshop (RTW) of MATLAB and real-
time interface (RTI) feature of dSPACE, the real-time simulation of the SIMULINK
models of the controllers of the PVDG system has been implemented. MOSFET has
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been selected as the switching device. The experimental results have been found to

be in good agreement with the simulation results.

1.9 Organization of the Thesis

Apart from this chapter, the thesis contains five more chapters and the works included
in each chapter are briefly outlined as follows:

CHAPTER 2 starts with a brief introduction of the behaviour and functioning of a PV
module. It also presents a numerical method for the estimation of PV module parameters
which are not available at the manufacturer's datasheet. Finally, by using the available
datasheet parameters and the estimated parameters, a PV panel is modelled in MATLAB
Simulink software, to predict the panel behaviour in different temperature and" irradiance
conditions. This chapter also includes the modelling of DC-DC boost converter for MPPT
control.

CHAPTER 3 presents a single-phase two-stage two-level enhanced power quality
based PV distributed generation system.The controller for the proposed power quality
enhancement scheme is discussed in detail. Simulation results are provided to verify the
steady-state and dynamic performance of the compensators under varying load and varying
atmospheric conditions.

A proposed 1-¢ CHBMLI based two-stage and single stage PVDG system with an
improved power quality features is presented in chapter.4. Exhaustive simulation results are
presented to investigate the performance of adopted CHBMLI based PVDG system during
varying atmospheric, varying load and also with different modes of controller conditions. The
system has also validated for night mode operation. This chapter further made a comparative
analysis of 1-¢ single stage CHBMLI based PVDG system with two-stage two-level and
CHBMLI based topology.

The detailed discussions for the experimental setups have been given in CHAPTER 5.
This includes the discussion on the power circuit, dSSPACE based controllers, the measuring
system and the generation of gating signals for the inverter. The chapter concludes with
experimental results and the corresponding discussion.

The main conclusions of the presented work and possible future research have been
summarized in this CHAPTER 6.

At the end of the thesis, the list of references are provided.
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Chapter 2: PHOTOVOLTAIC MODULE WITH MPPT CONTROL

[This chapter describes the modelling and parameter determination of photovoltaic module. Single-
diode model of PV cell is used for modelling of Photovoltaic module. Modelling of PV module is
followed by the design procedure of an efficient MPPT controller. A boost type converter is used for
this purpose. To improve the dynamic performance of the whole system a transfer function for an

input controlled boost converter is developed |

2.1 Introduction

A PV system directly converts sunlight into electricity. The elementary device of a PV
system is the PV cell. Cells are assembled to form modules or arrays. The voltage and
current available at the terminals of a PV module may directly feed small loads such as
lighting systems or DC motors. However, high power applications require power electronic
converters to process PV module power for getting a suitable voltage and power levels.
During grid-connected operation, these converters are used to synthesize voltage and
current waveforms to regulate the flow of power as well as maximum power extraction. In
order to analyze the power converters for PV systems, it is essential to model the PV module
attached to the converter. PV module presents a nonlinear current vs. voltage characteristic
with several parameters to be adjusted according to experimental data obtained from the
datasheet of a PV module. For the dynamic analysis of the converters, and maximum power
point tracking (MPPT) algorithms, mathematical modelling of the PV module is useful. The
main aim of this chapter is to present a brief introduction of the behaviour of PV module and
determination of unknown parameters of a PV module while using a manufacturer’s
datasheet parameter. This is followed by the modelling and simulation of PV module. In order
to obtain large output voltages from the PV panel, cells are generally connected in series.
Panels with large output currents are realized by increasing the cell's surface area or by
connecting cells in parallel. A PV array may be either a panel or a set of panels connected in
series or parallel to form large PV systems.

For maximum power point tracking DC-DC converter is used. This converter uses an
algorithm to continuously extract maximum power from the PV array. Here, an improved
fuzzy logic based MPPT controller is presented. The drawbacks of the conventional MPPT
method are also investigated. The proposed fuzzy logic controller is capable of exploiting the
advantages of the P&O method. In the second part of this chapter a design procedure for

MPPT control along with input controlled DC-DC boost converter is presented.

2.2 Working Principle of PV cell
A PV cell is basically a semiconductor diode whose p—n junction is exposed to light [1],
[2]. Commercially available PV cells are generally monocrystalline and polycrystalline silicon

cells. A thin layer of bulk Si or a thin Si film constitutes silicon PV cells, which are connected
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to electric terminals. One side of the Si layer is doped to form the p—n junction. A thin metallic
grid is positioned in the Sun-facing surface of the semiconductor. Fig.2.1 gives the physical
structure of a PV cell. The incident solar radiations produce charge carriers, which generate
an electric current if the cell is short-circuited [2]. Charges are generated when the energy of
the incident photon is adequate to detach the covalent electrons of the semiconductor; this
phenomenon depends on the semiconductor material and on the wavelength of the incident
light[101]. Basically, the PV phenomenon may be defined as the absorption of incident solar
radiation, generation and transport of free carriers at the p—n junction, and collection of these
electric charges at the terminals of the PV device [3], [4]. The rate of generations of charges
depends on incident light as well as absorption capacity of semiconductor materials. The
absorption capacity of semiconductor material in turn depends on the reflectance of the cell
surface, band gap, intrinsic concentration of carriers, recombination rate, electronic mobility
and temperature.

Sunlight

Anti Reflection
Coating

Electron-Hole Pair

Fig.2.1: Physical Structure of a PV Cell

Solar radiation is composed of photons of different energies. Photons with energies lower
than the band gap of the PV cell are unable to generate voltage or electric current. Photons
with energy superior to the band gap generate electricity, but only the energy corresponding
to the band gap is used. Semiconductors with lower band gaps may take advantage of a
larger radiation spectrum, but the generated voltages are lower [5]. Even though Si is not the
best semiconductor material for PV cells in terms of energy conversion, its fabrication
process is more economical[102]. Other materials can achieve better conversion efficiency,
but at much higher cost. For the purpose of evaluating power converters for PV systems, the
electrical characteristics of the PV device (cell, panel, and array) are sufficient. The

manufacturers of PV devices always provide a set of empirical data that may be used to
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obtain the mathematical equation of the device’s Current vs. Voltage (/ —V') characteristic.

Some manufacturers also provide [ -V curves obtained experimentally for different
operating conditions. The mathematical model is developed from manufacturer data sheet

and validated with experimental curves, which is discussed in the following sections.

2.3 Modelling of PV Module

The equivalent circuit of a PV cell is shown in Fig.2.2. From semiconductor theory [13],
the basic equation that mathematically describes the I — V' characteristic of an ideal PV cell
is given by,

I=1py =1, (2.1)

With 7, =1, ., {exp(j—;j - 1}

Where 1, ., is the current generated by the incident solar radiation
I, : Shockley diode equation

I, .- reverse saturation or leakage current of the diode
q electron charge (1.60217646 x 107° C)

k :  Boltzmann constant (1.3806503 x 107 J/ K)
T

Temperature of the p—n junction (in Kelvin)
A :  diode ideality constant
However, the basic equation (2.1) of the fundamental PV cell does not represent the -V
characteristic of a practical PV module. Fig.2.3 shows the -V curve obtained from the
equation(2.1). Practical PV modules are composed of several connected PV cells and the
derivation of terminal characteristics of the PV module requires the inclusion of additional

parameters to the basic equation [13], which can be expressed as,

V+R I V+RI
I:[PV—I{eXp[ V . j—l}— 5 (2.2)

T RSh
Where 1,, =1,, .,N,: Photovoltaic (PV) current of the module
I,=1,.,N, : Saturation current of the module

N, =Number of cells connected in parallel

_ N4
q

VT

: Thermal voltage of the module with Ng number of cells are connected

in series
R, : Equivalent series resistance of PV module, which is the sum of several structural

resistances of the device
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R, : Equivalent shunt resistance of PV module which exist mainly due to the leakage

current of the p-n junction and depends on the fabrication process
Cells connected in parallel increase the current and cells connected in series produce

greater output voltages.

Practical PV Cell

A

Ry 1

() Y5

Ideal PV Cell

Fig.2.2: Equivalent circuit of an ideal and practical PV Cell

Iy I T4

<y

> 4
Fig.2.3: 1 -V curve of the PV cell

[The net cell current I is composed of the light-generated current I,, and the diode current
L]

Equation(2.2), leads to a I -V curve which is shown in Fig.2.4, where three significant

operating points are highlighted as: short circuit point (O, ISC), maximum power point

(VMPP, IMPP) and open circuit point (VOC,O). Equation (2.2) describes the single-diode model

presented in Fig.2.2. Some authors have proposed more sophisticated models that present
better accuracy. For example, in [14] —[18] an extra diode is used to represent the effect of
the recombination of carriers. A three-diode model is proposed in [19] to include the influence
of partial shadow effects that are not considered by the previous models. For simplicity, the
single diode model of Fig.2.2 is used in this work. This model offers a good compromise

between simplicity and accuracy [20]. This chapter presents a simplified approach for the
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determination of the parameters of the single-diode model which are given in following

subsection.

\
0,Isc)
. ( VMPP& IMPP)
z
~
=
-5
£
s
Q
Voltage, V (V) —> 0, Voc)

Fig.2.4: 1 -V Characteristics of PV module

2.3.1 Parameter Determination from Datasheet Values

PV module datasheet generally carries the following information:

1.

o g M~ w Db

7.

Nominal open-circuit voltage (V.. )

Nominal short-circuit current (/. )

Voltage at the MPP(VMPP)

Current at the MPP (IMPP)

Open-circuit voltage/temperature coefficient(KV)
Short circuit current/temperature coefficient(K,)

Maximum output power (P, )

These quantities are at nominal condition or standard test conditions (STCs) of temperature

(25 °C) and solar irradiation (1000 W/m?). However, the following parameters required for the

modelling of PV module are not available in the manufacturer’s data sheet

1.

2.

3.

4.

5.

Light-generated or PV current({, )
Series resistance (Ry)

Shunt resistance (Ry,)

Thermal voltage (V)

Diodes reverse saturation current (/)

From the expression of thermal voltage (V;), it can be observed that except diode ideality

constant (4) all the other quantities are constant. Therefore, in the parameter determination
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process, we have to calculate diode ideality constant to determine the thermal voltage of PV
module.

In this work, these unknown parameters are found out without physical measurement, using
only data-sheet values and a step by step procedure is given below.

Neglecting the term of -1 in the equation(2.2) because the exponential term is much greater
than 1, equation(2.2), can be re-written as,

V+1IR V+1IR
I:IPV—Iol:exp( NVSH— o (2.3)
s' T

Sh

Substituting three significant-points of the I —J characteristic into the equation (2.3) we get.
At short circuit point (0, Isc),

I..R 0+71..R
I.=1 —]O{exp[ 3¢ SH— S8 (2.4)
o NSVT RSh
At maximum power point (Vipe, Lyrp),
V,op+ 1R Vo +1,nR
IMPPZIPV_]() {CXP[ MPPNSVA;PP Sj:|_ M RS:/IPP . (2.5)

At open circuit point(¥,,.,0)

0=1,, -1, l:exp(;?; H—% (2.6)
s’ T Sh

An additional equation can be derived using the fact that the derivative of power with respect

to voltage (on P—V curve) is zero at the MPP. Thus,

dP

MPP

So far we have four equations, but five unknown parameters, therefore another equation has

to be found out. For this, the derivative of the current w.r.t voltage at short-circuit condition is

carried out, which is determined by the shunt resistance R, [2],

dr
dv

__1 (2.8)

I=Ig Ry,

From the expression of the current at open circuit and short-circuit conditions, the photo-

generated current /,, and the dark saturation current /, can be expressed as:

From equation (2.6), 1,, =, exp (LJ+ Voc (2.9)
N T RSh

s

Substituting equation (2.9) in (2.4),

I =1, l:exp( VOCA_[ ;/SCRS ﬂ Yo ;]SCRS
Sh

s' T
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As V. >> I R, IR, can be neglected and the above equation written as,

I =1, exp| ~oc ||+ Loc = Lscks (2.10)
]vsVT RSh

From the equation (2.10), the dark saturation current can be expressed as,

I,=| I _Yoc =I5 Ry exp “Voc (2.11)
RSh NSVT

Substituting /,from equation(2.11) into equation(2.9),

VOC _ISCRS J—F&

IPVZ([SC_ R
Sh

R
=1, =14+ R—S (2.12)
Sh

Substituting /,from equation(2.11) and /,, from equation(2.12) into equation(2.5),

V. +I. R.—I.R V_IR[MJ
MPP Mz;g S Nel Si|_ {Isc_ OCR Nel s}e Ny (2-13)

Lypp = |:ISC -

Sh Sh

The above equation has three unknown parameters:R;,Rg,,V,. Therefore, for the

determination of all these parameters additional equations are required which are derived as
follows,

The rate of change of power with respect to voltage at MPP can be written as:

d_P ZMZI'FVﬁ

(2.14)
AVl — dV dv

To obtain the derivative of the power w.r.t voltage at maximum power point, the derivative of
the equation (2.13), with respect to voltage should be found. However, equation (2.13) is a

transcendental equation, i.e I=f(V, I)
For 1 be a function of two real variables such that f has continuous first partial derivatives

in a domain D . Therefore, by differentiating the equation I=f(V, I) we have,

_of(v.1) IV of (V.,1) I

dl
v ol
of (V.1) (2.15)
a_ o
v 1_af(V,l)
ol
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Thus, equation (2.14) can also be written as,

0
~, S
dP ov,
re =Lypp +Vipp Mgp (2.16)
4V ure - .1
1 pp

To determine the partial derivative of the function f(/,V’) with respect to V,,, and I, ,
equation (2.13) is differentiated w.rt V,,, and [,,, and the expressions are given in

equation (2.17) and equation (2.18) respectively

Vip +1,5pRs =V,
af(V I) (VOC_ISC(RS+RSh))eXp[ MEP ]A\;PIIJ/ s 0cj l
. - T (2.17)
OV pp NV,R, R,
Vipp +1ppRs =V,
of(v.1) (VOC_ISC(RS+RSh))eXp( MPE ]A\;P}I)/ s 0cj .
’ = s' T RS S (218)
Ol pp NV,.R, R,
Now, substituting equation (2.17) and equation(2.18) in equation(2.16), we have,
V. +1ppRe =V,
(VOC_[SC (RS+RSh))eXp( MPP ]t]ffPVTS ocJ 1
ZT}; = Luee + Ve NVi Ry, Ry (2.19)
Vo + Lo Rs V.,
MPP Rs (ISC (RS + RSh ) — Voc)exp[ MPP ZA\J[}:PVI S oc ] RS
1+ LR
NSVTRSh RSh

While using equation (2.15) and substituting equation(2.17) and equation (2.18) in

equation(2.8), we have,

I, R, -V
(Voc — 1y (Rs +RSJ1))GXP[SC]\;;VTOCJ |

dl b NV Ry R, (2.20)
dv (0.15c) Ry, ( Iy ( R, +R, )_ Voo ) exp (_
' NV,
NvVTRSh RSh
Finally, five equations, (2.6), (2.11), (2.13), (2.19) and (2.20) are obtained to compute the five

unknown parameters. It is seen that (2.13), (2.19) and (2.20) are transcendental in nature,

necessitating use of numerical methods for solution. Further, these three equations are

1+

completely independent of /., and I, hence, the numerical method problem reduces to the

determination of three unknowns : V7, R and Ry, , from three equations which can be solved

by using Gauss-Seidel method. The flowchart for determining these variables is shown in
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Fig.2.6 and then these values are used to compute /, and then /,, from equations (2.11)

and (2.12) respectively.

2.3.2 Gauss Seidel Method for determination of unknown parameters
The transcendental equations can be solved by an iterative method like the Gauss-Seidel
method by which the equations can be expressed in the following form,

X = f (x4 (2.21)
Where x the unknown variable whose value is to be determined at k" iteration. A new value

1

of x"*' is obtained using the old value of x* on the the right hand side of the equation

(2.21). The process is repeated until the absolute difference between the old and the new

values is below acceptable limits. To employ the Gauss-Seidel method to determine the
values of V., R, and Ry, , equations (2.13), (2.19) and (2.20) are rearranged to get the form
shown in (2.22) through (2.24), respectively,

_ [IMPPRS + VMPP - VOC][ISC (Rs + RSh ) - VOC:|

(2.22)
! NSln[(RS+RSh)([SC_[MPP)_VMPP:|
(V v )+N V In [NsVz {IMPP (RS +RSh)_VMPP}:'
R = . v o [(VMPP _]MPPRS)]SC (Rs +RSh )]_[Voc (VMPP _]MPPRS )] (2.23)
’ Lypp -
I R, -V,
NSVT (RS +RS/1)+RS exp[W}'(ISC (RS +Rsh)_Voc)
Ry, = T — (2.24)
NSVT"'GXP{W}-(ISC (Rs +RSh)_VOC)
sh'r

It is observed that (2.22) is an explicit equation, whereas (2.23) and (2.24) are implicit. V,, as
in (2.22) is a function of known quantities as well as two unknown quantities R, and R, .
The values of R; and R, must be known prior to the evaluation of V.. Therefore, in this
case, using Gauss-Seidel method, only two unknowns need to be initialized before V, is

calculated. Next, with the calculated value of V., the values of R; and R, can be

calculated.

2.3.2.1 Initialization

As seen before, only two unknown parameters, R.and R, , have to be initialized. The value
of Ry is generally in the range of milliohms, whereas the value of R, is in the range of kilo-

ohms. Therefore, R; and Ry, can be initialized at 0 and 1 kilo-ohm, respectively. In most
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cases, convergence is obtained with the above initialization. However, there may be some

cases where the Gauss-Seidel method may fail to converge. In that case, the initialization is
done randomly with a constraint that R, is much greater than R;. Closer the initialization to

the actual value, faster will be the convergence.

2.3.2.2 A Case study

A case study to find the parameters of the PV module produced by Maharishi Solar,
India[103], is conducted at STCs as well as varying environmental conditions. A scanned
copy of the manufacturer datasheet is given in Fig.2.5, which contains the characteristic
curve of the PV module as well as different parameters of the PV module at STCs. For more
clarity, the values provided on the data sheet are tabulated in Table 2.1. Table 2.2 gives the
values of the unknown parameters computed by the Gauss-Seidel method as discussed
above. It can be observed from this Table that, the value of the series resistance is very
small compared to the parallel resistance as expected, whereas the photo generated current
is equal to the short circuit current.

File: 64 120Wp 24 .lot . . QuickSun Solar Simulator
Module name: N 6426006793 ; Version 7.1.3
Print Date: 9/4/2012
{"rmm"r—v—v—[—ﬂﬁ—rv—v—r—r—[" T "!'TT"'r'r'r—r—rr—I ETETT T ] 200
f— - . : : i
= . .
3 r —
c 5 P
L.! : ©
, ‘ / : w
e i ; ¢
; o STC Measuremeant f : p
A 1000Wi? ; 26°C; AM1SG [
t } 1sc / tmp [A]: =13.825/ 3585 vl.-"
| | voc/ Vmp VI =44,11/35.62 ‘ |
' | Pmp [WI: =128.1 (PASS) | S
? F . . =0.758 l_
3 & T | cell eff. [%): =16.29 | :
{ Module eff. [%]: = 14.35
' 1P @ 32.8V[AW]: =3.734 /1225 |:
I : 1 ;
H i H i dVJFI = 1.1
OT_lnx'4;_1\i;|||i|r411|11|_1_|_x|\liu.1\l|l|t??ﬂ": ;:‘.._._:_‘JIO
0 10 . 20 30 40 50
LOT INFORMATION Voltage (V]
L ol name 64 Lot creation date: 6212012
Lot notes 200

MODULE INFORMATION

Module 96 Operator: SCMm -

Name: N 6426006793 # MS 120H24 ’
Bin #:

Manufacturer: Maharishi Solar Product ID: 120-Wp-

Fig.2.5 : Manufacturer datasheet of PV module [103]
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Table 2.1 : Datasheet values of PV module

Short Circuit Current (ISC) 3.82A

Open Circuit Voltage (V) 4411V

Current at MPP (7, ,,,) 3.595 A
Voltage at MPP (V,,, ) 35.62V
Maximum Power(PMPP) 128.1 Watt

Current Temp Coefficient (KI) 15 uA/cm’ 1 °C

Voltage Temp Coefficient(K,, ) |-2.10 mV /cell /" C

Assign datasheet parameters, tolerance(e ) and the
maximum iteration (k

v

Initialize
k= LR Ry

MAX )

k k k
Calculate V", R¢, Ry,

from equation(2.22),(2.23) and (2.24) respectively

Calculate Error =
VJHI _Vrk R§+l —R,f‘, Rk--v-l _RA:

Sh 'Sh

k=k+1

]

Is

No (Error)

Fig.2.6: Gauss-Seidel algorithm for the determination of unknown parameters
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Table 2.2 : Parameters of PV module

Photo generated Current(/,, ) 3.82A

Dark Saturation Current(]o) 0.102 pA

Series Resistance(RS) 0.31Q

Shunt Resistance(RSh) 600 Q

Diode Ideality Constant(4) | 1-2

2.4 Modeling of Strings and Arrays

A PV source is commercially available in the form of a PV module in which number of
cells are connected in series. However, for large power and voltage applications, a
combination of these modules is needed. A series combination of the modules is called a
string. To increase the current rating, these strings are connected in parallel to form an array.
A conceptual diagram of a string is shown in Fig.2.7. It shows that the circuit elements which
form a series combination in a string can be lumped to give an equivalent single-diode model
of the string, which consists of same circuit elements as that of one module, but with different
values of parameters, depending on the number of series connected modules [17]. For a
string, the value of the equivalent photo-generated current and the dark saturation current
remain the same as that of the module. The diode quality factor too remains the same as that
of the module. However, the series and parallel resistances of the string acquire values

which are as many times the values of the module as there are modules in the string.

MV
Rs
IPVC*) ) Rsh Module-1
MN—
] R 14
MWV s
Rs

HONE L5l v <f>’:=v Y 3R %

Rs

Ipv<f> ) Rs, Module-n

Fig.2.7: Equivalent lumped circuit for a string consisting of modules in series

Similarly, a number of strings connected in parallel to increase the current output of the PV

array can be represented by an equivalent lumped circuit, as shown in Fig.2.8 [17]. In this
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case, the values of photo-generated current and the dark saturation current of the array are
number of strings times the respective value for one string. However, series and parallel
resistances get divided by the number of strings in the array, with the diode quality factor
remaining the same as that of the string.

[ M\
Module-1 Module-2 Module-n

Fig.2.8: Equivalent lumped circuit for an array consisting of strings in parallel

2.5 Design of Array

Let an array be designed for 10 kW. The maximum system voltage specified by the
National Electric Code (NEC) is 600 V. The system voltage as defined by NEC is 1.25 times
the open circuit voltage at STCs [70]. For PV- N- 6426006793 modules (Maharishi Solar), the
open circuit voltage at STC is 44.1 V. Therefore, a maximum of 10 modules can be
connected in series to form a string. If the array is controlled to operate at MPP, and if all
modules in the array are identical in all respects and assumed to operate under identical
environmental conditions, then each module in the array will also operate at MPP. At MPP
under STC, the array voltage is 356.2V and the power produced by one module is 128.1 W,
and hence by one string is 1.28 kW. Therefore, 8 strings in parallel will be able to produce

approximately 10 kW of power.

2.51 Array Parameters

Array parameters can be estimated from datasheet values of the module and from
the number of modules in series-parallel combination in the array. If the number of modules
connected in series in a string is Ngs and the number of strings connected in parallel to form
an array is Npp, then the specifications of the array will be as shown in Table 2.3, assuming
identical characteristics of each module and identical operating conditions.Using the data for
the array as given in Table 2.3 and Gauss-Seidel method to determine the parameters, the
equivalent lumped parameter model of the array is obtained. For the 10 kW array consisting
of PV-N-6426006793 modules of Table 2.1, with 10 modules per string and 8 strings in
parallel, the parameters obtained are shown in Table 2.4. From this table, it is seen that an
alternative approach can be adopted to estimate the equivalent lumped parameters of an

array, where, the parameters of the module are determined first and then, using the
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information of the number of modules in a string and the number of strings in parallel,

parameters of the array can be calculated [68].

Table 2.3 : Datasheets values of an array in relation to a module

Module Datasheet Values | Equivalent Array Values
ISC ISC X NPP
VOC VOC X NSS
y - 1pp X Npp
Viwp Vipp X Ngg
ng ng X Ngg

Table 2.4: Estimated Parameters of an array in relation to a module

N,p=10,Ng =8
Relationship with Module Parameters | Equivalent Array Parameters
IPV X NPP IPV 38.2A
I,x Ny I, 1.02 pA
A A 1.2
N R, 0.248 Q
A
N R 480 Q
A :

2.6 Temperature and Irradiance Dependence
The photo-generated and dark saturation currents are functions of irradiance and
temperature, which further depends on prevailing atmospheric conditions. The photo-

generated current of the PV cell as a function of these quantities is given by the following

equation[25], [26]-[29]:

G
Ly (G.T)=(Lpy s1c + K,AT) (2.25)

STC

Where 1, ¢ (in amperes) is the photo-generated current at the nominal condition (i.e. 25 °Cc

and 1000 W/m?),

AT=T-Ty4. (T and Iy .being the actual and nominal temperatures [in Kelvin],

respectively),

G (W/m?)is the irradiation on the device surface, and G, is the nominal irradiation.
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As the short circuit current is directly proportional to the photo-generated current, hence it is

also directly proportional to the irradiation. The datasheet of PV module provides
temperature coefficient for short-circuit current and open-circuit voltage, K, and K,

respectively. Short-circuit current and open circuit voltages as functions of temperature are
given in equation (2.26) and (2.27), respectively [1].

[SC(T):[SC(ZSTC)"'K[ (T_TS‘TC) (2.26)

VOC(T) :VOC(T:STC)-’-KV (T_];Tc) (2.27)
Open circuit voltage of PV module, however, is not directly proportional to the irradiation. It is
obtained by rearranging equation(2.6) as shown in equation (2.28) [1].

I Ry, —
VOC(G)anVTln(  (G)Ry VOC(G)J (2.28)
[ORSh

Dark saturation current is a function of temperature alone, and is independent of irradiation. It
can be found out from equation(2.11) by expressing the variables as a function of
temperature, as shown in equation(2.29) [1].

1,(T)= ([SC (T)- Vo (1)~ Lsc (T) Rs jexp[—VOC—(T)J (2.29)

RSh n s VT

The diode saturation current /;, and its dependence on the temperature can also be

expressed by as shown [12], [14], [15]-[18]:

3
T, gE, [ 1 1
I =1 SIC | ex £ - 2.30
0 O,STC( T j p{ 1k (Tsrc Tj} ( )

Where E, is the band gap energy of the semiconductor ((Eg = 1.12eV) for the polycrystalline

Si at 25 °C [23], [42]), and 1, ¢;c is the nominal saturation current:

I
I _ 5¢,STC (2.31)
e 28 (Vac,STC /A4 VT,STC ) -1

With  V} ;- being the thermal voltage of Ny series-connected cells at the nominal

temperature 7.

2.7 Simulation of PV Module

In order to validate the model discussed above under different atmospheric conditions,
the equations developed in previous sections have been implemented in Matlab Simulink.
The PV module is simulated with an equivalent circuit model based on the PV model of
Fig.2.2. The data given in Table 2.1 are used for the modelling of PV module. The magnitude

of the source current is obtained by numerically solving the [ -V equation, which is

calculated by V,I, I,and/,, as inputs. /., and I, are obtained using equations(2.6) and
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(2.11), respectively. The solution of this equation is obtained using a numerical method,
implemented in MATLAB embedded programming.The simulation model is used to obtain
the |-V and P-V characterisics of module.

The irradiation and temperature dependencies of the PV model's characteristic curve
have been obtained by plotting the P-J and /-V characteristics for four different irradiations
and temperatures. Fig.2.9 and Fig.2.10 shows the P-V and [/—V characteristics of the PV
module at varying irradiations and constant temperature, respectively. It can be observed
that at STCs the P—V and [ —V characteristics of the PV module completely resemble the
manufacturer's datasheet curves. From these figures it can be noted that, according to the
theory, short-circuit current shows a linear dependence on irradiation, unlike the open-circuit
voltage which increases logarithmically with the irradiation. As the variation of current is more
as compared to voltage, the PV module power variation largely depends on the PV current
output. Similar to other semiconductor devices, PV modules are sensitive to temperature.
With increases in temperature the band gap of a semiconductor reduces, thereby most of the
semiconductor material parameters are getting affected. The decrease in the band gap of a
semiconductor with increasing temperature can be viewed as increase in energy of the

electrons. Lower energy is therefore needed to break the bond. Also, the short-circuit current

(I,.) decreases with increasing band gap, the open-circuit voltage (V,.) increases as the

band gap increases [25]. However, the parameter most affected by temperature is the V..

Fig.2.11 and Fig.2.12 shows the P-V and [-V characteristics of the PV module at varying
temperatures and constant irradiation, respectively. Short-circuit current, open-circuit voltage
and maximum power is observed to be in close agreement with the manufacturer data-sheet.
The change in the open-circuit voltage and short-circuit current are also in accordance with
the temperature coefficients given in the data-sheet. In addition to plot the characteristic
curve under varying atmospheric conditions, a Matlab program is also developed to
determine the magnitudes of voltage, current and power at MPP. These MPPs are marked
on the respective curves and their magnitudes are tabulated in Table 2.5 and Table 2.6 for

varying irradiation and temperature conditions respectively.
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Fig. 2.9: P-V characteristics of the PV module at a temperature of 25 °C with varying irradiation
5 4 0 4 | =
Temperature:25 °C ~Irradiation
4.5 1000 W/m?2 |
800 W/m?
4 600 W/m? ||
— 400 W/m?
3.5 \s\
z 3 ﬁ\‘ﬁl\ )
§ 2.5 \ \
5 T
i A\
1.5 P I = \\\
1
0.5
0
0 5 10 15 20 25 30 35 40

Voltage(V)

Fig. 2.10: I-V characteristics of the PV module at a temperature of 25 °C with varying irradiation
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Fig. 2.12: I-V characteristics of the PV module at an irradiation of 1000 W/m? with varying
temperatures
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Table 2.5 : Voltage, Current and Power at MPP during varying Irradiation conditions

Irradiation (W/m?) Temperature : 25 °C
VMPP [MPP PMpp
1000 36.32 3.526 128.1
800 35.99 2.811 101.2
600 35.53 2.093 74.38
400 34.74 1.379 47.89

Table 2.6 : Voltage, Current and Power at MPP during varying temperature conditions

Temperature (°C) Irradiation: 1000 W/m?
VWP [MPP PWP
25 36.32 3.526 128.1
35 35 3.545 124 1
45 33.74 3.556 120
55 32.49 3.567 115.9

Similar to varying atmospheric conditions, the P—V and [-J characteristics of PV

module with varying series (R;) and shunt resistance (Ry,) are plotted under STCs. Fig.2.13
and Fig.2.14 show the case of varying R; whereas Fig.2.16 and Fig.2.17 show the case of
varying R,,. In Fig. 2.13, as Rgincreases, the P—J curve moves to the left and the peak
power (P,,,)is achieved as per data sheet value at the series resistance value of 0.31Q. It
can be observed from the characteristic plot that, at open-circuit voltage (V,,.) is not affected
by the series resistance(Rs). This is due to zero voltage drop in R; under open circuit
conditions. However, near V., the I —V curve is strongly affected by R, .

Low value of R, causes power losses in PV modules by providing an alternate current path
for the light-generated current. Such a diversion reduces the amount of current flowing
through the PV module and reduces the voltage of the PV module. The effect of Ry, is

particularly severe at low light levels, since there will be less light-generated current. The loss
of this current to the shunt resistance, therefore, has a larger impact. Here, the P-} and
I -V characteristic of the PV module is plotted under STCs which are depicted in Fig.2.15
and Fig.2.16 respectively. It can be observed that the impact of shunt resistance on these
curves under STCs is very less. Similar to the characteristic curve under varying atmospheric
conditions, the MPP points are marked on the respective curves under varying series and
shunt resistances. The magnitudes of maximum voltage, current and power at MPP are

tabulated in Table 2.7 and Table 2.8 respectively with varying series and shunt resistances.
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Fig. 2.13: P-V characteristics of the PV module at STC with varying series resistance
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Fig. 2.14: I-V characteristics of the PV module at STC with varying series resistance
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Fig. 2.15: P-V characteristics of the PV module at STC with varying shunt resistance
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Fig. 2.16: I-V characteristics of the PV module at STC with varying shunt resistance
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Table 2.7 :Values of Voltage, Current and Power at MPP at STCs with varying series

resistance
Series Resistance Irradiation: 1000 W/m? , Temperature (25 °C)
(Ry) Shunt Resistance (R, =600Q)
VMPP IMPP PMPP
0.1 36.99 3.535 130.8
0.31 36.32 3.526 128.1
0.61 35.40 3.515 124.4
0.91 34.54 3.496 120.7
Table 2.8 :Values of Voltage, Current and Power at MPP at STCs with varying shunt
resistance
Series Resistance Irradiation: 1000 W/m? , Temperature (25 °C)
(Ry,) Series Resistance (R =0.31Q)
VMPP [MPP PMPP
200 36.192 3.419 123.755
400 36.324 3.494 127.042
600 36.324 3.526 128.1
800 36.39 3.536 128.690

2.8 Maximum Power Point Tracking Control

As discussed in the previous section, a PV module under uniform irradiation exhibits a
nonlinear / —V characteristic with a unique maximum power point (MPP), where it produces
maximum output power[1]. The P—V and I -V characteristics curve of PV module under
varying irradiation and temperature conditions are shown in Fig.2.10 to Fig.2.13. The MPP
has also been marked in all these figures. As evidenced from simulation results, the
characteristic curve of a PV module, and hence its MPP, changes as a consequence of the
variation of the irradiation and temperature[1]. Therefore, it is necessary to track MPP
continuously to maximize the power output from a PV module, for an operating conditions.
The location of the MPP is not known, but need to be located and for this different MPPT
methods have been realized[31]. They vary in “complexity, sensors required for the voltage
or current, convergence speed, cost, range of effectiveness and hardware
implementation”[31, 54]. These algorithms are based on the measurement of the PV module
output voltage and current. Then, it calculates the PV power and determines if the control
parameter needs to be increased or decreased. The control parameter could be a reference

signal (voltage or current) for the controller or it can be the duty ratio of DC/DC converter.

The point at which /,,, and V,,, meet is the maximum power point. The value of load

resistance at MPP is given by:

R, =l (2.32)

MPP —
MPP
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The maximum power point tracker uses the DC/DC converter to adjust the PV voltage at the
maximum power point. A boost type converter steps up the PV voltage to high voltage
necessary for the inverter in grid connected system. The block diagram is shown in Fig.2.17.
The conversion ratio of boost converter is given by the following expression:

Vs _ 1, 1

—Zin - (2.33)
l7[/1 IO I_D
Where D is the duty cycle. This expression gives us the following relationships:
V., =V,(1-D) (2.34)
1
I, =—2 (2.35)
(1-D)

Knowing ¥, and I, , we can find the input resistance of the converter. This is given by,

W _K0=D)_pipy (2.36)

Rin - ]in I() — o
(1-D)

Therefore, from the above expression, it can be concluded that by varying the duty cycle of
the DC-DC boost converter, it is possible to match the load resistance with R,,,, and hence

maximum power can be extracted from the PV module.

lpv
¢
DC-DC
Vpy

BOOST V, 7~
Converter

Al

PV
Module

————©

Vpy V.
f
vl MPPT | Ve o I e |

— Algorithm
lpv

Vey
Fig.2.17: Block diagram of MPPT control with DC-DC Converter

For the maximum power point tracking, the reference signal is generated from the
MPPT algorithm and is compared with actual PV output voltage. Then the error is processed
through a controller to generate the switching pulses for the DC-DC converter and thereby
extract the maximum power from the PV module. However, the performance of the MPPT is
strongly depends on the performance of the converter control and its ability to regulate the
operating point of the PV module. This section addresses the control problem illustrated in
Fig.2.17. The PV module feeds the DC-DC boost converter. The output of the converter is
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represented by a constant DC voltage source ¥V, that represents a DC-link for another
cascaded converter. Boost converter serves as an interface between the PV module and the
output voltage V. The control of the input voltage of boost converter is required for the

MPPT of the PV module. In this situation, unlike conventional converters, the output voltage
is constant and the input voltage is controlled. The following subsections present the
analysis, control and design of the boost converter for MPPT control with the constant output
voltage and variable input, which is followed by the MPPT control algorithm to generate the

reference voltage for the controller.

2.81 DC-DC Boost Converter Modelling

This section presents a brief introduction on a generalized state space averaging
(SSA) technique for the modelling of DC-DC converters operating in continuous conduction
mode (CCM)[104] which is followed by the modelling of boost converter. In the CCM of DC-
DC converter, there exist two switching states in one switching period of a switch. One is
during the turn on time interval (d7) and another is during turn off time interval (1-D)7, where
D and T are the duty cycle and switching time period respectively.
A small signal model of the boost converter fed from the PV module is developed. The
method of average variables is used to obtain small-signal converter transfer functions.
These models describe the behaviour of PV module output voltage and current w.r.t duty

cycle of the boost converter. Fig.2.18 shows the PV boost converter with average voltages
and currents. The bar over a variable name (e.g.VPV,zTL)means the discrete-time average

value of the variable within one switching period of the boost converter.

R, L , R D

=
/1

sk

=
d
I S

Fig.2.18: Boost Converter with PV array linear model

When the switch is on(dT'), the capacitor and the inductor state equation can be written as,

v o_% _

w Vv _o®e_+_ (2.37)
R, di

v, —V,~TR, =0 (2.38)
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Similarly, when the switch is in the off state(1—d )T, the state equations can be written as,

I/eqv - VPV _ C dvc
R dt

eqv

Vo =V, —L R, —V, =0 (2.40)

7 =0 (2.39)

Now applying the SSA scheme the average capacitor and average inductor state equation

can be written as,

dvc Veqv - VPV -
C = -1

. (2.41)

eqv
VL = Vey _TLRL -(1-ay,
di, _ - (2.42)
—== Ve —y, R, —(1=d)V,,
In addition to this, the relation between the input voltage of a boost converter and the

capacitor voltage can be written as,

Ver = Re %VC +Vc (2.43)

2.8.2 Small Signal Analysis of boost converter

The objective of modelling the boost converter for input voltage control is to obtain a

small-signal transfer function that relates the small-signal PV output voltagev,, and the

control variable d .
The modelling process essentially consists of following three steps:
¢ Inserting the small signal variable in the state equation
e Applying the Laplace transformation
¢ Manipulating the equations in order to find the desired transfer function

The small signal variables are introduced to the following definitions,

Ve =V, 4+,

Vpy =Voy +Vpy (2.44)
i =1, +i '
d=D-d

The minus signal is necessary, because negative variations of duty cycle cause positive
change in the input voltage.

By substituting equation (2.44) in the equation(2.41),

cdWc+ve) _ Ve = Vv + v

—(1, +1,
dt R, (1.+4)
N . (2.45)
P _Vw
d R °

eqv
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Now by taking the Laplace transform of (2.45),

sCv, (s) = —ﬁ”];—(s)—zl (s) (2.46)

eqv
Similarly, by substituting equation (2.44) in the equation(2.43),
d(Ve+79,)

( Ver +‘7PV):RCC dt

+(Ve+7;) (2.47)

Now applying the Laplace transform in the above equation,

Vpy (8) = SCR.V () + V¢ ()

~ 2.48

=5, (s) =28 (2.48)
1+sCR.

By substituting equation (2.48) in (2.46), the small signal inductor current can be expressed

as,

= - 1 sC

L (8)=—Vv,, (s + 2.49

(5= )|:R€qv (1+SCRC)} (2:49)

Substituting equation (2.49) in the equation(2.42),

d(I,+1, 3 s N

L%:(VPV+VPV)—(1L+1L)RL—(1—(D—d))V;k, (2.50)

Now by taking the Laplace transform of equation(2.50),

. v ~d(s)V,

7, (s5) =2 (5)=ds)V (2.51)

R, +sL

Finally, by comparing equation,(2.49) and (2.50), the transfer function of input voltage to the

duty cycle can be expressed as,
Vop (5) _ SCR.R, V. +V,R,, (252)
d(s) s’LC+s[L+R,C+R.R,C|+(R +R,,) '

eqv

2.8.3 Design of boost converter for MPPT
Voltage at MPP under STCs, V,, =V, 5, o) X N,p = 35.68x10=356.8V
DC-link voltage of PV inverter, V=V, =500V
Maximum PV Output power at STCs, B, ,, =10260W
Switching Frequency of DC-DC converter, f. =5kHz

sw

Maximum Inductor current ripple, Ai, =10%
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The following equation can be used to calculate the inductor L ,

Dzl—ﬁzl—@:0.2864
500

out

U

f;w' A

Finally the boost converter inductance value can be calculated as, L > 4.97 mH

(2.53)

1

ripple

The output current of the boost converter can be given as,

_ B 10260 _ 55 59 4 (2.54)

I 500

out
The load resistance for the boost converter can be calculated as,

_Jow - 500 54 3600 (2.55)

w2052

out

Now to calculate the input capacitor the following relation is used,

C- 2 [uutl)2
" 0-02(1_D)fswVMPP

> 60.10uF (2.56)

Finally, for the calculation of the output capacitor, the following relation is used,

c >Vl 5478 (2.57)
f.AV. R

out™ “out

2.8.4 Open loop Analysis
With the DC-DC boost converter transfer functions, an analysis of the PV boost system

can be made that helps in understanding the effects of R, and R in the system. These two
parameters are used for the realistic analysis of the input regulated boost converter fed from
a PV module. Fig.2.19 illustrates the effect of R, and R. on the system response. From this
bode plot it can be observed that, R. introduces a high frequency zero in the system and
thereby reduces the system phase lag. The parameters used for system are discussed in the
previous section. The GM and PM of the system for the different values of R. and R, are
tabulated in Table.2.9. Although R. is undesired in converter design, in the input regulated

converter it helps to stabilize the system by increasing the phase margin and significantly
reducing the phase lag at high frequency.
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Bode Diagram
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Fig.2.19 : Bode plots of the transfer function G, (s) with different values of R, and R.

2.8.5 Closed loop Analysis
The design of closed-loop controllers for the DC-DC boost converter fed by a PV array is
based on the transfer function developed in previous sections. In this section, the input
voltage control strategy for the boost converter is presented and is validated by the
simulation results. Fig.2.20 shows the bode plot of open loop (G,(s)) and compensated

system. The system is compensated with (30S+750% .The compensator places the

crossover frequency at o =3.22x10’rad/Sec. This warranties good phase margin even
when the system operates at a point other than at which it was linearized. Finally, simulation
is carried out in MATLAB for the transfer function and physical model for different values of
input reference voltage. The parameters used for the simulation is given in section in 2.8.4.
The simulation results are given in Fig.2.21. It can be observed that for the different values of
reference input voltage the controller is able to track smoothly both for transfer function and

physical model.

Table 2.9: Influence of R¢ and R, in open loop transfer function

Frequency
R.(Q) | Rc(Q) | GMindB | PM in kHz
0 0Q Inf 16.8° 1.05
0.1 00 Inf 17.0° 1.05
01 | 01Q Inf 35.4° .
0.1 020 Inf 51.9° 1.15
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Fig.2.21:

2.8.6

This is one of the most extensively used MPPT control schemes in PV application. It

involves a

Here, a small increment/decrement in the PV module output voltage on the left side of MPP
leads to increase/decrease in PV module output power. However, in the right half of MPP,
the increase/decrease in PV module output voltage leads to decreasel/increase in power
respectively. Therefore, if PV module output power is found to be increasing, the succeeding
perturbation should be retained in the same direction to reach the MPP. On the other hand,
the perturbation needs to be reversed, if there is a reduction in PV module output power. The

above mentioned process is repeated in every sampling time until the PV module output

Bode Diagram
Gm = Inf, Pm = 49.9 deg (at 3.22e+003 rad/s)
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Fig.2.20: Bode plot of the open-loop system and compensated system
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Perturb and Observe algorithm for MPPT Control

perturbation in PV module output voltage which can be observed from Fig.2.22.
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power reaches the MPP. The instant when MPP is reached, the complete system oscillates
around that MPP. This leads to power loss across the PV module. This oscillation and hence
the power loss can be minimized by taking a reduced value of the step size for the
perturbation. However, a small size of perturbation leads to slow response from MPPT

controller to reach the MPP. It can be observed from the algorithm that, at ¢* sampling time,
the PV module output voltage (V»y (f)) and current (Ipy (f)) are sensed to compute the PV
module output power, P(¢), which is compared with the power measured at (z-1)" sampling
instant i.e. P(r—1). If P(¢)is found to be more than P(z—1), the output voltage perturbation
is made to continue in the same direction. However, if the PV module output power P(¢) is
found to be of lesser than P(z—1), the output voltage perturbation is reversed. A large value

of the step size leads to a fast response of an MPPT algorithm under varying atmospheric
condition with an increase in power losses. However, with a small step size, the losses under
varying atmospheric conditions can be reduced with a trade of the slow response of MPPT
controller under varying atmospheric conditions.

An improved P&O algorithm is used here as a solution to this conflicting problem,
which is shown in Fig.2.22. Here, instead of the same perturbation size throughout the
process, two step sizes (k71 and k2, k1>k2) are used. The operating voltage of the PV module
is perturbed and the resulting change in power is measured. Initially, when the error, i.e.

E=P(t)-P(t—1) is large the algorithm selects the step size as k=k1 to have a fast
tracking of MPP. However, at the instant when E <= &, the step size k2 is chosen to have a

minimum oscillation at MPP. The exact value of k1 is chosen based on the tracking time of
MPP and it can be calculated as follows,

Let, + =Maximum tracking time of MPPT controller and 7, =Sampling time of the

controller. Number of samples (or iteration) required for the MPPT controller to reach the

MPP, S =¢/T.. In worst possible condition, the operating point has to cover from 0V to V,,,

V (under STCs) within this § number of iterations. Therefore k1 can be calculated as,

kl= Vier S However, to minimize the power ripple at MPP, the step size k2 is chosen as

1/10 times of k1.
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Sense PV module Voltage Vpy(t) and
Current Ipy(t) and initialize the step sizes
k1,k2 ,where k1>k2

y

Calculate P(n), P(n-1) And
E=P(n)-P(n-1) ,If E<= ¢ then K=k2 else K=kl
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Fig.2.22: Flow Chart of P&O MPPT algorithm

2.8.7 Fuzzy Logic Based MPPT Controller
As discussed in the previous sub-section, the P&O based MPPT controller is the most
commonly used algorithm in practice because of simplicity, easy implementation, and low
cost. However, it has two major drawbacks.

1) Slow converging to the MPP.

2) At steady-state condition, the amplitude of the PV power is oscillates around the

maximum power point that causes system power losses.

Here, a fuzzy-logic-based MPPT controller is proposed for the PV system. The proposed
controller is capable of exploiting the advantages of the P&0O method and eliminates the
above mentioned drawbacks while generating variable stepsize for MPPT control. The
detailed description on this is given below:

In this fuzzy logic controller, there are two input variables, which are error and change
in error, one output variable which is the duty cycle. Each universe of discourse of the error
(E), change in error (CE) and duty cycle (D) is divided into five fuzzy sets. Triangular
membership functions have been used here. All the membership functions are shown in
Fig.2.23. Fuzzy logic control generally consists of three stages: fuzzyfication, rule base and
defuzzification. During fuzzification, numerical input variables are converted into linguistic

variable based on a membership function. There are total 25 rules as listed in Table 2.10.
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Each control rule can be described using the input variables £, CE and output variables D .
For this MPPT, the inputs to the fuzzy logic controller are taken as a change in power with
respect to change in voltage, £ and change in error, CE. Once E and CE are calculated
and converted to the linguistic variables, the fuzzy logic controller output, which is the duty
ratio D of the power converter, can be looked up in a rule base table. The linguistic variables
assigned to D for the different combinations of £ and CE are based on the knowledge of
the user. Here the rule base is prepared based on P&O algorithm where the voltage is
repeatedly perturbed by a fixed amount in a given direction, and the direction is changed only
if it detects a drop in power between steps. In the defuzzification stage, the fuzzy logic
controller output is converted from a linguistic variable to a numerical variable still using a
membership function. Fuzzy logic based MPPT controller have been shown to perform well
under varying atmospheric conditions. However, their effectiveness depends a lot on the
knowledge of the user or the control engineer in choosing the right error computation and
coming up with the rule base table. The equations for error E and change in error CE are

given as follows:

__P()-P(-1)
S ) ) (2:58)

CE=E(t)-E(t-1) (2.59)

Where E and CE are the inputs and D is the output of the fuzzy logic controller. E and
CE is having five membership functions each namely, Negative High (NH), Negative Low
(NL), Zero (ZE), Positive Low (PL), Positive High (PB). Similarly, the output D is also having
five membership functions, namely, Very Small (VS), small(S), Medium (M), Positive Low
(PL), Positive Big (PB).
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Fig.2.23: Membership functions for inputs (a) Error (E), (b) Change in Error(CE) and
(c) output Duty Cycle (D) in Fuzzy logic controller based MPPT
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Table 2.10: Fuzzy rule base for MPPT control

CE
D

\ NH | NL | ZE | PL | PB

NH | PS | PB | PB | PS M

NL S PS | PB | PB | PB

E| ZE | PB M M M S

PL | VS S S PB | PB

PB | VS | VS | PB | PB | PB

The rule base that associates the fuzzy output to the fuzzy inputs is derived by
understanding the system behaviour. Here the fuzzy rules are designed to incorporate the
following considerations, keeping in view the overall tracking performance.

1. When the PV module output voltage is much greater than the voltage at MPP, then
the change in the duty ratio of the DC-DC boost converter so as to bring the terminal voltage
to VMPP.

2. When the PV module output voltage is less than the voltage at MPP, then the
change in the duty ratio of the DC-DC boost converter is negative and it must be large so as
to bring the terminal voltage to VMPP

3. When the PV module output voltage is close to the voltage at MPP, then the
incremental duty ratio is small.

4. When the PV module output voltage is near to MPP voltage and is approaching it
rapidly, then the change of duty ratio should be zero so as to prevent operating point
deviation away from the MPP.

5. When the PV module output voltage is equal to the voltage at MPP, then the change

of duty ratio should be maintained at zero.

Taking the above points into consideration the fuzzy rules are derived and the corresponding
rule base is given Table 2.2. These rules can be employed in any PV system for MPPT
irrespective of size and type of converter used. In the defuzzification process the crisp value
of the change of duty cycle is obtained. Here, the center of gravity method is used for

defuzzification. The crisp value of control output is computed by the following equation:

AD="1_ (2.60)
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Where n is the maximum number of effective rules, W, is the weighting factor and AD, is the

value corresponding to the membership function of AD. The fuzzy logic based MPPT
controller computes the variable step sizes to increment or decrement the duty cycle,
therefore the tracking time is less and during steady-state conditions, its performance is
much better than the P&O algorithm.

2.8.8 Simulation Results for MPPT control
Fig.2.24 (a) shows the power at maximum power point which is being tracked by P&O MPPT
controller at different irradiation and constant temperature conditions. Similarly Fig 2.24(b)
shows the power at maximum power point which is being tracked by the P&O MPPT
controller at different temperature and constant irradiation conditions. Fig.2.25(a) shows the
voltage, current and power at maximum power point which is being tracked by fuzzy MPPT
controller at different irradiation and constant temperature conditions. Similarly Fig.2.25(b)
shows the voltage, current and power at maximum power point which is being tracked by the
fuzzy MPPT controller at different temperature and constant irradiation conditions. Fig.2.26
shows the response time of two MPPT controllers. At standard test condition, i.e. at
irradiation of 1000 Watt/m? and temperature of 25°C the P&0O MPPT controller is taking 0.04
seconds to track the maximum power point, whereas the fuzzy MPPT controller is taking only
0.014 seconds to track the maximum power point. The fuzzy based MPPT controller can
reduce the maximum power tracking time by 66% as compared to conventional perturb and
observe based MPPT controller. It can also be observed that the fluctuation in power with
fuzzy based MPPT control is quite less compared to conventional P&O based MPPT

controller.
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Fig.2.24: Simulation result of P&O based MPPT controller with (a) Varying irradiation and
constant temperature (b) Varying temperature and constant irradiation
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Fig.2.26: Comparative analysis of P&O and fuzzy based MPPT

2.9 Conclusion

This chapter presented a simplified approach of PV modelling under varying
atmospheric conditions. All the parameters required for the modelling purpose are not
provided by the manufacturer. However, some of the parameters required for the modelling
of PV module are found in the manufacturer’'s data sheets. A step by step approach for the
determination of unknown parameters is given in this chapter. A method has been developed
using Gauss-Seidel iterative method to determine equivalent model parameters of the PV
array. In order to validate the effectiveness of the aforementioned modelling scheme of PV
module, a simulation program was developed in Matlab. The 7 -V and P -V characteristics
for different temperatures, irradiations and circuit resistances were plotted and validated with
the manufacturer’s data sheet. The modelling of PV module is followed by the development
of DC-DC boost converter transfer function for the input voltage control of the boost
converter operating with duty cycle control. The transfer functions reveal important dynamic
characteristics of the input controlled boost converter when it is fed by a PV module and with
these transfer function the feedback controller for the control of the input voltage of the boost
converter is designed. For the optimal use of PV module, a fuzzy-logic based MPPT
controller is proposed. The rule base for the fuzzy controller is prepared based on the
principle of P&O controller. A Simulink model is developed for both P&0O and fuzzy based
MPPT controller and based on these simulation results a comparative analysis is made. The
results of the proposed fuzzy based MPPT exhibit a faster MPPT and less oscillation around

the MPP under steady-state conditions.
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Chapter 3: TWO STAGE TWO- LEVEL PVDG SYSTEM WITH IMPROVED
POWER QUALITY FEATURES

[This chapter presents a 1-¢ 230 V, 50Hz, two-level PV inverter system for power injection, harmonic
elimination and reactive power compensation in 1-¢ PV distributed generation (PVDG) system.
Exhaustive simulation results are presented to investigate the performance of the PVDG system
during different modes of controller action, varying atmospheric as well as varying load conditions.

This chapter further investigates the performance of the PVDG system for night -mode operation.]

3.1 Introduction

Power electronics-based equipment forms the key components of power processing in
distributed generation (DG) system because of the various benefits offered by them. These
nonlinear devices/loads draw non-sinusoidal currents from the generation system, thereby
leading to non-sinusoidal voltage at the Point of Common Coupling (PCC). This affects the
operation of other loads, which require high quality of power. Therefore, a DG system has to
deal with such harmonic current pollution. In addition to this, sometimes the DG system has
to supply reactive power. These features of power quality can be conveniently integrated, in
the DG system to compensate the reactive power and the local nonlinear load current
harmonics. Here an effort has been made to develop a PV inverter with the features of real
power injection as well as with the power quality enhancement (PQE) capability.

In a PVDG system, the demand of local load is fulfilled by the combined action of the
PV inverter and the grid, based on the prevailing atmospheric and load conditions. During
favourable atmospheric condition or light load condition, the local load demand is fulfilled by
the PV inverter and the surplus power is fed to the grid. Similarly, during the unfavourable
atmospheric condition or overload condition, both PV inverter and the grid jointly meet the
load demand. Thus, in both the aforementioned conditions the quality of the grid current is
decided by the load. Hence, with a nonlinear type local load in PVDG system, a proper
control strategy has to be adopted to ensure that the grid current satisfies the required
standards for grid interfaced system [67, 105, 106]. This chapter addresses the application of
PQE scheme for the control of reactive power as well as harmonic current elimination in a 1-
¢ PVDG system.

To compensate the load current related power quality problems, shunts APFs are
usually employed. Recently, many research papers have shown a substantial advancement
in the performance of APF for 3-¢ systems[107, 108]. Lately, power quality problems in 1-¢
systems have drawn a lot of attention. The major concerns for a 1-¢ system are current
harmonics and reactive power, which are also the major issues in the modern DG system.
Many control schemes have been proposed in a 1-¢ system to overcome these PQ
problems. The instantaneous reactive power (IRP) theory, which was initially implemented in
3-¢ systems by Akagi et.al. [10], is one of the most appropriate theory for generation of
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instantaneous reference compensating signal for APF. This theory gives an acceptable
steady state and dynamic response for 3-¢ systems and has been successfully extended by
Lui et al. [11] thereby using the theory of instantaneous active and reactive power separation
in aB-coordinates for 1-¢ system. The main goal of this chapter is to formulate and implement
the 1-¢ IRP theory in the PVDG system for the enhancement of power quality. Two possible

ways to implement this PQE scheme in PVDG system are given in the following sections:

3.1.1 Power quality enhancement of PVDG System by an external APF
In this topology, an external APF is interfaced at the PCC to inject the compensating
current for the reactive power and load current harmonic compensation. Fig.3.1 shows the
implementation of an external APF based PVDG system for the PQE. Here the PV inverter is
only used for the active power flow and shunt APF is responsible for the power Quality

enhancement.

Local

Load |

Lo PCC L

PV
Inverter

Shunt APF

I !

Fig.3.1: Single line diagram of a PVDG system with an external shunt APF at PCC

3.1.2 Power quality enhancement of PVDG System by PV Inverter

The main drawbacks of a PVDG system with an external APF topology for achieving
PV power injection with harmonics and reactive power compensation are the high cost and
the underutilization of the hardware circuits[109]. To decrease the complexity and for the
optimal utilization of the hardware circuits, the complete PVDG system can be integrated with
an APF capability. With this approach, the PV inverter regulates the active power flow
between the PV module and the grid. In addition to this, the system also carries out the
compensation of reactive power and load current harmonics thereby keeping the grid current
sinusoidal. Here, the main idea is to maximize the utilization of the inverter rating, which is
underutilized due to the intermittent nature of solar energy. In this topology a control scheme
for active power filtering is integrated in the PV inverter itself to enhance the power quality of
PVDG system. The single line diagram of such PVDG system with an integrated filtering

mechanism is shown in Fig.3.2.

62



PV
Inverter

r — QY
L

Fig.3.2 : Single line diagram of a PVDG system

Moreover, the PV inverter generates real power only during the daytime, with
completely idle state at night time[110, 111]. This leads to underutilization of such an
expensive system in the night time. Therefore, the PV inverter as a shunt APF has also been
presented in this chapter to address this issue of underutilization of the PVDG system during
night time.

The main objectives of this work are to effectively utilize the PV inverter in distributed
generation system to achieve the following,

e To transmit the maximum possible real power from the PV module

e To meet the real power demanded by the local load

¢ To compensate for the reactive and harmonic components of load current at PCC
e To utilize the PV inverter as a shunt APF during night time.

Thus, with an adequate control of PV inverter, all the above-mentioned objectives can
be achieved either separately or simultaneously. Hence, the power quality requirements as
per the utility standards at the PCC[67] can be accomplished without requiring any additional

hardware circuits.

3.2 Block Diagram of System Controller

The block diagram of the above mentioned PVDG system with an integrated PQE
capability is depicted in Fig.3.3. The key components of the system are PV array, two-stage
converter comprising of boost type DC-DC converter and DC-AC inverter, local load
(linear/non-linear) and the grid. The PV array is connected to the boost converter through a
capacitor(C,, ), which helps in controlling PV voltage, thereby extracting maximum power
from it by using MPPT algorithm. The DC-DC converter is connected to DC-AC inverter via a
DC-link capacitor(C,

dc

). The voltage across (C,) is maintained constant through the outer
voltage control loop of DC-AC inverter to facilitate complete active and reactive power

transfer to the AC side of the inverter. The grid voItage(vg),connected at the PCC is

assumed to be capable of absorbing both active and reactive power whenever the generated

power from the PV system is more in comparison to the local load power demand and vice-
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versa. The DC-AC inverter is the key element of the PVDG system as it interfaces with the
PV module to the grid and delivers the generated power with improved power quality

features. PV inverter control with aforementioned features is achieved with the following
controllers, load current (i,) analyser, which comprises of demanded load real power,

reactive power, and harmonic components, DC-link voltage controller, which is used to

maintain constant DC-link voltage during varying atmospheric, and load conditions and finally

the reference inverter current (i

) estimator. This reference inverter current (i_,)is used for

ref ref

the control of the inverter using PWM scheme to feed active and reactive power to the local

load and the grid with improved power quality features.
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Fig.3.3: Block diagram of two-stage 2-level PVDG system with an enhanced PQ feature

3.3 Control Scheme of PV Inverter
The 1-¢ two-level PV inverter used in PVDG system is shown in Fig.3.3. DC-link of PV
inverter is fed from a PV module through a boost type DC-DC converter for MPPT control.

The AC side of the inverter circuit results in the output terminal voltage as, v,,,, which is given
as,

Vi =SV, (3.1)

Where, §=35,5,-35,S;, withS;, i=1,2,3,4 is the state of each switch which is having two
discrete values: ‘1’ when the switch is turned on and ‘0’ when it is turned off. Therefore S is

having two discrete values -1 and 1 which gives an inverter output voltage as —v,.and v,
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respectively. Moreover, the considered PV inverter can be completely described by the

following two differential equations:

di.
L. C’h =S, —v, (3.2)
dc d:;;( = iin - S'i[nv (33)

The grid tie inverter control in PVDG system mainly consists of two cascaded control
loops[112]. One is the internal current loop, which controls the current and the other one is
DC-link voltage control loop, which regulates the DC-link voltage [Ref]. For the issues related
to power quality current loop is responsible. Therefore, harmonic and reactive power
compensation is the key properties of the current controller. However, the DC-link voltage
controllers are designed for the power flow balancing in the PVDG system. The control logic
of the 1-¢ PV inverter control scheme with enhanced power quality features is depicted in
Fig.3.4, which consists of following three control blocks,

e DC-link voltage controller
e Grid synchronization controller
e Reference current estimator

e Current controller and firing pulse generator
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Fig. 3.4: System Controller for 1-¢ PVDG System

The detailed descriptions of each block are discussed as follows,

3.3.1 DC-link Voltage Controller
Power generated by PV module is of varying nature. Therefore the DC-link plays a vital
role in transferring this variable power from the PV module to the grid. Power generated by
PV module is represented as a current source connected to the DC-link of a PV inverter. The
power transferred from the PV module to the grid through the DC-link is represented by an

equivalent circuit shown in Fig.3.5.The generated PV current injected into the DC-link at a

voltage level V,. can be given as,
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Where P,, is the generated power from the PV Module

The current flowing to the other side of the DC-link can be represented as,

P P+ Poss
j,=—tw—_g o (3.5)
Ve Ve

Where P, : Total power input to the inverter side
f; : Total power supplied to the grid

P

Loss
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DC-linkVoltage
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Module > <> ah CD > Grid
Py i Yae i Py
in dc
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Fig.3.5: Equivalent diagram of DC-link
The control of DC-link voltage carries the information regarding the exchange of active power

in between the PV module and the grid. Thus the output of a DC-link voltage controller

results in an active current(f,-,,v) ‘Throughout this thesis, X indicates the maximum value of x

.For the calculation of i,

inv?

the power balance between the input and the output of the PV

inverter is used. The following expression defines P, and P ,, where the losses in the

m

capacitor and MOSFET have been neglected.

1 =«
})in = i[nvdc __Rl'hsz (36)
2
I.x
out = Evglinv (37)
Where R is the resistance of filter inductor
Considering that , B, =P, ,, we have,
1 v 1 il A
iv, —Ri° =—1i v 3.8
in"dc 2 invy 2 inv’g ( )

66



Finally the expression for 7, is obtained as,

N ~2 .
2 vg Vg 2lin Ve

iy = —E+ AR R (3.9)
The block diagram of DC-link voltage controller for 1-¢ two-level PV inverter is given in
Fig.3.4. Here the actual DC-link voltage of PV inverter is sensed and passed through a first-
order low pass filter (LPF) to eliminate the presence of switching ripples in the DC-link

voltages. The difference of this filtered DC-link voltage and reference DC-link voltage (v} ) is
given to a discrete-Pl regulator to maintain a constant DC-link voltage under varying

atmospheric and load conditions.

The DC-link voltage error (Av,.) in n” sampling instant is given as:

Av,, (1) = vy ()=, (n) (3.10)
The output of the discrete-PI regulator at n” sampling instant is expressed as,

Ly (1) =8y, (N =D) + Ky (A, (1) = A, (n 1)) + K\ Av,, (1) (3.11)

Where K, and K, are proportional and integral gains of the DC-link voltage regulator.

In order to design the voltage controller, a suitable transfer function is obtained by the
linearization of the equation (3.11). In this case it is considered that the PV module operates
at STCs.

By considering only the DC component of the term Si, , equation(3.3) is equivalent to,

my

si =i -, D (3.12)

mv mn dt

In order to simplify the transfer function, the input currents to the DC-link i,, is considered as

disturbances and the term S constant. Under this assumption, the following transfer function
is obtained:

{}dc(s) —_ S

- (3.13)
iinv (S) SCdc

Where C,. and the term S is defined for STCs.

3.3.2 Grid Synchronization Controller

Synchronization between the PV inverter and the grid means that both will have the same
phase angle, frequency and amplitude. In order to accomplish this, a 1-¢ phase locked loop
(PLL) is used. It is a feedback control system which automatically adjusts the phase of a
locally generated signal to match the phase of an input signal and hence provide a unity
power factor operation. In a grid connected PV system the objective of the PLL is to
synchronize the inverter output current with the grid voltage. The schematic diagram of the 1-

¢ PLL is shown in Fig. 3.6. Here the input to the PLL structure is the grid voltage and output
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is its phase angle. This phase angle is used to generate the sine wave which acts as a
reference signal to the control system. The time required for the synchronization is
dependent on the PI block parameters, which are computed below.

From the schematic diagram (Fig.3.6), it can be observed that the error in the PI controller of

the PLL structure is given by,

e=V,sin6, cos@-V, cosd,sinf=V, sin(6,—0) (3.14)

Where 6, and 6 are phase angles of the grid and the PLL respectively.
In order to tune the parameters of Pl controller, the input to the Pl controller is
linearized around a working point. Under steady state operation, the error in Pl controller is

zero and the linearized error in Pl controller can be expressed by Taylor series as,
SxX) = f(x)+ f'(x,).(x—x,) <sin(x)| _,=cos(0)(x—0)=x

Thus, the error in Pl controller becomes,

e=V,(0,-0)

(3.15)

(3.16)
The linearized small signal transfer function of the PLL is given by,

v (K +K1)1 VgL?}(lthl)
s\ s s ,
Pll(s)= = (3.17)

K, \1
1+Vg(KP+S1j s2+VgKPs+Vg (?J

N

This is a second order system with one real zero. K, is the proportional gain and k, is the

V., K

g P

integral gain. The natural frequency and damping ratio can thus be stated as, o,=

1

V,K,K . . . .
andgzﬂ/gTP’ respectively. The relationship between the natural frequency and the rise

1.8
o

n

time for a second order system is known to be ¢, ~——[113]. The parameters describing the

Pl controller can then be specified in terms of rise time and grid voltage amplitude,

A o2

K,~~——==0.79¢, and K,~—
@ Ve

n

~—— [ref]. For a rise time of five msec, with optimal damping

2.55
o

the parameters of the PI controller equals, K,=12.75 and K, =3.95x10".
However, if the grid frequency differs from the nominal 50 Hz, the output from delay block in

Fig. 3.6 is cos(@g)+Asin(0g). Assuming that a cosine trigonometric function is used to
compute the cos(@) and the error into the Pl controller becomes,

Err=V,sin(0,-0)-V,Asin (0, ).sin(0) (3.18)
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Which contains an additional AC component at (@, +®)rad /sec. This would lead to an

error in PLL output, which is the major drawback of the conventional transport delay based
PLL. A modified PLL is developed to cancel out errors because of input frequency variation.
In modified PLL, the cosine of the PLL in feedback path is replaced by a sine function with
another 5 msec delay block. With this dual transport delay based PLL (DTDPLL), the error
into the PI controller becomes:
Err=V, sin(Bg )[cos(@) + Asin(@)] -V, [cos(Hg ) + Asin(é?g )].sin(@)
=V sin(0, —0

g ( g ) (3.19)

From the equation (3.19), it is observed that the error due to input frequency variation is

cancelled out by feedback transport delay block.

0.005
sec X Sin |
delay Ve maxC0s O, sin 0
Grid - K. K Aw
Voltage [— pt— J‘
i) 1-¢ PLL + s +
sin

V. sin 0 Conventional
g’max coeoeea (Cosjdperccccccccsscscscsccnccnas ]
b X - PLL

cos 6
0.005
sec
Proposed PLL delay

Fig. 3.6: Controller for grid synchronization
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In order to validate the efficacy of DTDPLL for frequency other than 50 Hz input, the
proposed PLL is simulated with an input frequency of 45 Hz which is far more than normal
frequency variation. Initially conventional PLL is employed and after 0.04 seconds, the
proposed PLL is employed. The corresponding simulation results are shown in Fig. 3.7. Fig.
3.7(a) shows the output phase angle of the PLL in rad/Sec whereas Fig. 3.7(b) shows the i/p
and o/p signal. It can be observed that, with conventional TDPLL the error is found to be
significant when an input signal is having other than 50 Hz frequency. However, with
proposed DTDPLL, the error is almost zero and input and output signals are found to be
exactly in phase with each other. In order to show the dynamic performance of the proposed
PLL under frequency variation, simulation results of input and output signal under different

frequency inputs are shown in Fig. 3.8.
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Fig. 3.7: (a) Output phase angle (b) input and output signal with conventional and proposed
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3.3.3 PV Inverter Reference Current estimator

The nonlinear load is shown in Fig.3.9. In general, the current drawn by such type of load

from the source can be divided into following three parts,

i;, : Real Power Component
i;, - Reactive Power Component

i,, -Harmonic Component
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This reference current estimator has the task of calcuating these components of

current that has to be generated by the PV inverter. The grid voltage (vg), DC-link capacitor
voltage (v,.), and load current (i,) are measured to obtain reference compensating current

(i,ef). One of the key points for proper estimation of i . is to use a reliable estimation

method.The IRP theory is one of the well accepted theories for the estimation of reference

compensating current for shunt active power filter. The extension of the 1-¢ IRP theory[114]

is used here for estimating the reference compensating current(i_,).The IRP theory is based

ref

on a set of instantaneous powers defined in the time domain.

Linear Load Non-Linear Load
A "
L,
Fig.3.9 : Test load used in this work
Let the 1-¢ grid voltage be given as,
V,=V,sinawt (3.20)

and the local non-linear load current in PVDG system be given as,

i =ZiLn sin((na)t)+¢g) (3.21)
The IRP theory starts with the transformation of source voltage and currents into af —
stationary reference frame. The 1-¢ grid voltage and load current representation in af —

coordinates with a 7 /2 lead is given by,

ek

B (a)t) COH% \/EVg cos ot

(3.23)

o [ dores)
o el
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The instantaneous real power ( p) and the instantaneous reactive power (¢) are defined from

instantaneous grid voltages and load currents on the a8 —axes as,
plot)=v,, (o)i, (ot)+v,(ot)i,(ot) (3.24)

q(a)t)z—vgﬁ (a)t)im (cot)+vga (a)t)iw (a)t) (3.25)

Equations (3.24) and (3.25) can be written in matrix form as,

V(onvga(wt) vgﬁ<wt>wa<wz)} 526)
g(ot) | | v (o) v, (ot) | i, (or)

The Instantaneous active( p)and reactive(q)powers can be decomposed into an average

(DC) and an oscillatory component (AC) as,

p(at)=p(at)+p(ot) (3.27)

q(a)t):g(a)t)JrcN](a)t) (3.28)

The above power components can be defined as,

p(wt)=DC component of the instantaneous power p(wt), which is related to the

conventional fundamental active current.

,E)(a)l‘) = AC component of the instantaneous power p(a)t) having zero average value, which

is related to the harmonic currents caused by the AC component of the instantaneous real

power.

G(a)t) =DC component of the imaginary instantaneous powerq(a)t) , which is related to the

reactive power generated by the fundamental components of voltages and currents.

d(a)t) =AC component of the instantaneous imaginary powerq(a)t) , which is related to the

harmonic currents caused by the AC component of instantaneous reactive power.
Once the calculated real and reactive powers are separated into their average and oscillating
parts, the undesired portions of the real and imaginary powers of the load that should be

compensated by PV inverter can be selected.
Let p. and ¢q. be the powers to be generated by the PV inverter to compensate the

harmonic and reactive power of the system, then the compensating currents can be

calculated in aB-reference frame as,
. -1
{iw (a)z)} ~ {vga (o) v, (o) } {pc (a)t)}
. = (3.29)
icg (@) ] [ vep(@1) vy ()] [ gc (o)
As the PV inverter has to deliver the total load active as well as reactive power demand

of the load, hence the above equation (3.29)can also be expressed as,
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{iza(wt)}_ ;ﬂ {vga(wf) Vgp(wf)}{m(a’f)} (3.30)

ivg (o) | Vi, +V, | v (02) v, (1) ] g, (1)
Therefore, the reference current for PV inverter in the single phase PVDG system

with power quality enhancement capabilities can be expressed as,

,* 1 - _ ~ _
iy (@1)= W[—vga (wt)- p(wt)+v,, - plot)+v,, (ot)-G(ot)+v,,(ot)-g (a)t)] (3.31)
ga gB
Where % and the term f)(a)t) represents the total amount of active power that the
Veu T Vep

PV inverter can deliver to the grid or local load by regulating the DC bus.

3.3.4 Current Controller and Firing Pulse Generator
The DC-link voltage controller output is multiplied with the grid voltage template and

then added to the reference compensating current calculated from the equation (3.31) to

generate the total reference current of the PV inverter. This reference current (i,qT)is

compared with the actual inverter current (i, )and the error is processed in a controller. The

outputs of the controller set the 1-¢ reference signals (modulating signals) for the PWM
technique implemented in the controller. To produce PWM switching patterns for the
switching devices, the PWM controller compares the modulating signals with triangle carrier
signal. The switching operation of the power switches forces the PV inverter current to follow

the generated reference current.

3.4 Design of DC Capacitor
The energy storage capability of the DC-bus of the PV inverter should be sufficient to

sustain disturbances arising due to atmospheric and load variations. The value of DC-link

voltage (v,,) could overshoot the reference DC-link voltage (v, )upon decrease in value of

the load or instant increase in solar irradiation. On the other hand, v, could go below v,

upon an increase in value of the load or decrease in solar radiation. Therefore, during these
transient conditions, the DC bus voltage of the PV inverter exhibits two extreme possible

values. If the DC-link voltage is allowed to change by +10% ,then corresponding to the

instant application of load or decrease in solar irradiation the value of v, =O.9v:c . On the

other hand, during load withdrawal or increase in solar irradiation the value of v, =1.1v, .

The energy exchange (Ae) between the PV inverter and load can be expressed as,

Ae = %Cdcvdc2 = %C[(v;c - vdc).(v;c +v,. )] (3.32)
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Here, a factor of 1.53 is considered and, thus, the 326 V (peak) grid voltages give a

reference DC bus voltage (v;)of 500 V[84]. The % phase shift between «af -axis quantities

results in a minimum 60° delay in computation (£,)of instantaneous load active and reactive
power demands[114]. For the rated load of 10kVA, the energy exchange during transient
conditions can be determined (with a maximum active power demand of 7.5 kW) as,

Ae=(,xP, =(3.33msec)x7500=25J
Substituting, Ae =257 ,v, =500V, v, =1.01v, =505V and v, =0.99v, =495V in equation
(3.32)gives, 952 or 1092 uF respectively. In the simulation model, the value of the DC-link

capacitor (C,.)is considered as 2200 uF .

3.5 Result and Discussion

Computer simulation studies under different atmospheric and load conditions have
been carried out to evaluate the performance of the 1- ¢ two-stage two-level PVDG system
for harmonic elimination and reactive power compensation. The simulation of the entire
system has been carried out in a MATLAB/Simulink environment, and the simulation model

of the entire system is shown in Fig.3.10.

Discrete, Two Level Inverter Based PVDG System
Ts=1e-05 s

Powergui

(9 T
Temperature VPV+[—VPV+  Vdc+p—Vdc+  Vinve p— o
Temperature
Linear/Nonlinear Loagl Utility Grid

n radiati VPV VPV- Vdc-p— Vdc- Vinv-

Irradiation
PV Module Boost ConverterTwo-level Inverter Utility Grid
MPPT Controller| Power Quality Enhancement Controller| MEASUREMENT

Fig.3.10: Simulink model of 2-level Inverter based PVDG System

The control algorithm for the PVDG system is modelled in MATLAB/Simulink. Here the
reference compensating current is derived from the IRP theory discussed in section.3.3.3 by
using the measured grid voltage, load current and the DC-link capacitor voltage of the two-
level PV inverter. A PWM current controller has been used to generate the gating signals for
the MOSFETSs of the two-level PV inverter. The parameters used in the simulation are given
in Table.3.1. A non-linear load consisting of an uncontrolled rectifier with a RL element on the

DC side, has been considered as the local load for the PV inverter. Two different
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combinations of RL element have been taken for the analysis of the system, which are
mentioned in Table.3.1.Extensive simulation studies have been carried out to investigate the
performance of the PVDG system for harmonic elimination and reactive power compensation
under different loading and atmospheric conditions.

Table 3.1. Parameters used in the simulation study

Parameter Value
Grid voltage Single-phase, 230 V, 50 Hz
PV Array 10.2 kW
DC bus reference voltage 500 V (for PV Inverter)
DC bus capacitance 2200 uF
Coupling inductor of PV Inverter L. =1mH
Grid side inductance L,=01mH
PWM switching frequency 3 kHz

For DC-link voltage control: K,= 1.3, K;= 0.8

Pl controller parameters
For Current Control: K,= 0.1, Ki=0

Single-phase uncontrolled rectifier,
Load Load-1:R,=10Q, L, =21 mH (Light Load)

Load-2: R, =3.306 Q, L, = 10.5 mH(Over Load)

3.5.1 PVDG system without and with PQEC

This section presents simulation results of PVDG system in different modes of
operation of PQEC. These results pertain to STCs for PV modules while employing the
MPPT controller, with a non-linear load (Load-1) connected across PCC. In order to study
the steady state and transient performance of the system for these conditions, the following
events are considered to take place.
At t =0 Sec., PQEC is off (disabled mode).
At £ =0.4 Sec., PQEC is on (enabled mode).

The simulation results of the PVDG system under this condition are given in Fig.3.11.

The waveforms of grid voltage (v,), PV inverter current(i,,), load current(i, ), grid current

(ig) and DC-link voltage (V,.)are shown in Fig.3.11 (a) and from these simulation results,

following observations are made:
1. Initially the PQEC is in disabled mode. During this condition, the load current
demand is less than that generated by PV inverter and hence, the surplus current is fed
to the grid. This can be observed from Fig.3.11(a), where grid current is out of phase

with the grid voltage. As the PQEC is in disabled mode, the PV inverter generates
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sinusoidal current as per the PWM scheme. However, the non-linear load connected
across the PV inverter, draws a distorted current from the PV inverter, which leads to
the injection of distorted current into the grid. Therefore, in this condition, even though
the PV inverter generates a sinusoidal current, the non-linear nature of load forces the
grid current to be non-sinusoidal.

2. With the PQEC is enabled at t=0.4 Sec., the controller generates a reference
current for the PV inverter which includes both harmonics and reactive components of
load current. Therefore, in this condition the PV inverter generates a non-sinusoidal
current to compensate the harmonics and reactive components of load current, thereby
feeds a pure sinusoidal current to the grid. This demonstrates the capability of the
PVDG system for harmonic compensation. Similar to a previous condition, as the load
current demand is less than that generated by PV inverter, the surplus current is fed to
the grid. This can be observed from Fig.3.11(a), where grid current is out of phase with
grid voltage.

3. With the implementation of Power Quality Enhancement (PQE) scheme, the
reactive component of current required by the local load is completely supplied by the
PV inverter. Thus, the grid current is found to have a unity displacement factor with the
grid voltage, thereby demonstrating the reactive power compensation capability of
PQEC.

4. At the instant when the PQEC is enabled the DC capacitor voltage of PV
inverter drops from its reference value to compensate the load current harmonics. This
drop in capacitor voltage is restored in 4-5 cycles, as can be observed from Fig.3.11(a).

The DC-link voltage regulator has ensures the regulation of the capacitor voltage.

Fig.3.11 (b) and Fig.3.11 (c) shows the generated active and reactive power curves of the
PVDG system under these two different modes of operation of PQEC. From these simulation
results following observations are made,
1. It can be observed from the power curve depicted in Fig.3.11(b) that, with the
implementation of the MPPT control scheme, the generated PV power is found to
reach the maximum power .
2. Fig.3.11(b) shows that, under both modes of operation of PQEC, the generated PV
power is more than load demand. Thus, the surplus PV power is fed to the grid. The
positive value of the active power supplied by the PV inverter implies that power flows
from PV inverter towards PCC, whereas the negative value of grid active power implies

that the grid absorbs power.

3. Similarly, it can be observed from the reactive power plots depicted in Fig.3.11(c)

that, when PQEC is disabled, the reactive power demanded by the local load is
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completely supplied by the grid. However, at the instant when PQEC is enabled, the
PV inverter starts feeding the reactive power to the local load thereby making the grid
reactive power zero. This implies that, with PQEC the PV inverter supplies all the
reactive power demanded by the load. This leads to unity displacement factor at the

point of common coupling (PCC), as can be observed from Fig.3.11(a).

Finally, the harmonic spectrum of PV inverter current, load current and grid current
are shown in Fig.3.11(d), Fig.3.11(e), and Fig.3.11(f) respectively. The load current THD is
26.63%. Before the application of PQEC, the THD of PV Inverter current and grid current are
found out to be 1.73%and 27.92 % respectively. Similarly, when the PQEC is enabled the
THD of PV Inverter current and grid current are found out to be 22.65% and 3.15%
respectively. It can be observed that the grid current THD is well within the limits of IEEE
1547 and IEC 61727 recommended value of 5% with the application of PQEC.

- PQEC=on
PQEC=off >< >

AWAWAWAWAR AWAWAWAWAWAWAWAWAWA
VVVVVVVVVVVVVVY

500

V)
o

Grid Voltage
v
g

-509" 0.55 0.6

100

(A)
>
>
>
>
>
>
>
>
>
>

y
-
<
<
(
<
<
<
<
<

-100

o
w
=)
w
o
=)
N
o
S
a
=)
(]
=)
3]
a
=)
o

)]
(=}

Loa?L(cAL\J)rrent
TS
>
>
>
>
>
>
>
>
>
>
>

9

Grid Current,ig(A)

Grid Voltage,v (V)

[0)
o)
©
%A 500 BRSNS P o W o W . o [ Wea W N L N
> NN N N NN N W \/\A M Yo N WS Nt NN NN
8' 460

0.3 0.35 0.4 0.45 0.5 0.55 0.6

Time(Sec)

Fig.3.11.(a): Grid Voltage, PV inverter current, load current, grid current and DC-link voltage

of PVDG system under disabled and enabled modes of operation of PQEC
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Fig.3.11(c): Reactive Power curves of PVDG System
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Fig.3.11.: Simulation results two-stage 2-level PVDG system under different modes of PQEC
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3.5.2 PVDG system under varying load conditions
This section presents simulation results of PVDG system under two extreme loading

conditions- namely light load and overload. These results pertain to STCs for PV modules
while employing both MPPT controller and PQEC. In order to study the steady state and
transient performance of the system for these conditions, the following events are considered
in PVDG system:

At t =0 Sec., a light load (Load-1) is present on the PV Inverter.

At t =0. 4 Sec., an overload (Load-2) condition is created in the PV Inverter.

The simulation results of the PVDG system under these conditions are given in

Fig.3.12. The simulated waveforms of grid voltage (vg) , PV inverter current (i, ), load current

(i), grid current(ig)and DC-link voltage (V) for the PVDG system under this load varying

condition are shown in Fig.3.12 (a) and from these simulation results, following observations

are made:
1. Initially there is a light non-linear load on the system. During this condition, the
load current demand is less than that generated by PV inverter and hence, the surplus
current is fed to the grid. This can be observed from Fig.3.12(a), where grid current is
180° out of phase with PV inverter as well as the load current. However, this non-linear
load draws a distorted current from the PV inverter. As the PQEC is enabled during this
condition, the PV inverter generates a non-sinusoidal current consisting of
fundamental, harmonics and reactive components of a load current. So, under this
condition the non-sinusoidal component of the load current is completely supplied by
the PV inverter, thereby relieving the grid from the supply of harmonics.
2. Similarly, when the load is increased at t=0.4 Sec., to create an overload
condition, the load current demand is more than that generated by PV inverter and
hence, the rest of the load current demand is met from the grid. This is verified from
Fig.3.12(a), where grid current is in phase with both PV inverter and load current.
Similar to light load condition, the harmonic components of the load current still
continue to be supplied by the PV inverter thereby making the grid current purely
sinusoidal. This demonstrates the capability of the PVDG system to fully compensate
the harmonics.
3. With the implementation of PQE scheme, the reactive component of current
required by the local load is completely supplied by the PV inverter. Thus, the grid
current is found to have a unity displacement factor with the grid voltage under both,
light and overload conditions, thereby demonstrating the reactive power compensation
capability of the scheme also.
4, At the instant when the load demand increases the DC capacitor voltage of

PV inverter drops from its reference value to compensate the increased load current.
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This drop in capacitor voltage is restored in 3-4 cycles, as can be observed from

Fig.3.12(a). The DC-link voltage regulator has ensured the regulation of the capacitor

voltage.

Fig.3.12 (b) and Fig.3.12 (c) shows the generated active and reactive power curves of

the PVDG system under varying load condition respectively. From these simulation results

the following observations are made,

1.

The power curve is shown in Fig.3.12 (b). With the implementation of the
MPPT control scheme, the generated PV power is found to reach the
maximum power point.

Fig.3.12(b) shows that, under light load condition, the generated PV power
is more than the power demand of the load. Thus, the surplus PV power is
fed to the grid. The positive value of the active power supplied by the PV
inverter implies that power flows from PV inverter towards PCC, whereas a
negative value of grid active power implies that the grid absorbs power.
Moreover, during overload condition, the generated PV power is unable to
meet the load demand and hence, both PV inverter and the grid share the
load.

Similarly, it can be observed from the reactive power plots depicted in
Fig.3.12(c) that, under both light load and overload condition, the grid
reactive power is zero, thereby implying that the reactive power demanded
by the load is met by the PV inverter. This leads to unity displacement factor
at the point of common coupling (PCC), as can be observed from
Fig.3.12(a).

Finally, the harmonic spectrum of PV inverter current, load current and grid current,

under light load and overload conditions, are shown in Fig.3.12(d), Fig.3.12(e), and

Fig.3.12(f) respectively. Under light load condition, the THD of PV Inverter current, load

current, and grid current are found out to be 22.65 %, 26.63%, and 3.15% respectively.

Similarly, during overload condition the THD of PV Inverter current, load current and grid

current are found out to be 38.10 %, 31.82 % and 4.36 % respectively. It can be observed
that the grid current THD is well within the limits of IEEE 1547 and IEC 61727recommended

value of 5% under both light and overload conditions.
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Fig.3.12 (a): Grid Voltage, PV inverter current, load current, grid current and DC-link voltage
of PVDG system under varying load condition.
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Fig.3.12: Simulation results of two-stage 2-level of PVDG system under varying load

condition.
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3.5.3 PVDG system under varying atmospheric conditions

This section presents simulation results of the PVDG system under varying
atmospheric conditions. The analysis of the system is made with both MPPT and PQEC are
enabled and , with a non-linear load (Load-1) connected across PCC throughout. In order to
study the steady-state and transient performance of the system under these conditions, the
following events have been designed to occur in PVDG system:

At t = 0 Sec., the irradiation level of the PV module is set as 1000 W/m?.

At t =0. 4 Sec., irradiation level is reduced to 300 W/m?

The simulation results of the PVDG system under these above mentioned conditions
are given in Fig.3.13. The simulated waveforms of grid voltage, PV inverter current, load
current, grid current, and DC-link voltage for the PVDG system under this varying
atmospheric condition are shown in Fig.3.13(a) and from these simulation results, following
observations are made:

1. Initially the PVDG system is operated at the irradiation level of 1000 W/m?. During
this condition, the load current demand is less than that generated by PV inverter
and hence, the surplus current is fed to the grid. This can be observed from Fig.
3.13(a), where grid current is 180° out of phase with PV inverter as well as the load
current. However, this non-linear load draws a distorted current from the PV
inverter. As the PQEC is enabled during this condition, the PV inverter generates a
non-sinusoidal current consisting of fundamental, harmonics and reactive
components of a load current. So, under this condition the non-sinusoidal
component of the load current is completely supplied by the PV inverter, thereby
relieving the grid from the supply of harmonics.

2. However, when the irradiation level is decreased to 300 W/m? at t=0.4 Sec., to
create an unfavorable atmospheric condition for the PVDG system, the generated
PV inverter current is not sufficient to meet the load current demand and hence, the
rest of the load current demand is met by the grid. This is verified from Fig. 3.13(a),
where grid current is in phase with both PV inverter and the load currents. Similar to
favorable atmospheric condition, the harmonic components of the load current still
continue to be supplied by the PV inverter thereby making the grid current purely
sinusoidal. This demonstrates the capability of PVDG system to fully compensate
for harmonic.

3. With the implementation of PQE scheme, the grid current is found to be in phase
with the grid voltage under both, favourable and unfavourable atmospheric
conditions thereby confirming the compensation of reactive power.

4. At the instant when the solar irradiation is decreased from 1000 W/m?to 300 W/m?

the DC capacitor voltage of PV Inverter drops from its reference value to maintain

the load current demand. This drop in capacitor voltage is restored in 4-5 cycles, as
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can be observed from Fig.3.13(a). The DC-link voltage regulator has ensured the
regulation of the capacitor voltage.

Fig.3.13 (b) and Fig.3.13(c) shows the generated active and reactive power curves of
the PVDG system under varying atmospheric condition respectively. From these simulation
results following observations are made,

1. Fig.3.13(b) shows that, under favorable atmospheric condition, i.e. at the
irradiation level of 1000 W/m?, the generated PV power is more than the power
demand of the load. Thus, the surplus PV power is fed to the grid. The positive value
of the active power supplied by the PV inverter implies that power flows from PV
inverter towards PCC, whereas a negative value of grid active power implies that the
grid absorbs power. Moreover, during low irradiation condition, the generated PV
power is unable to meet the load demand and hence, both PV inverter and the grid
share the load.

2. Similarly, it can be observed from the reactive power plots depicted in Fig.3.13(c)
that, under both high and low irradiation conditions, the grid reactive power is zero,
thereby implying that, the PV inverter supplies the reactive power demanded by the
load. This leads to unity displacement factor at the point of common coupling (PCC),
as can be observed from Fig.3.13(a).

Finally, the harmonic spectrum of PV inverter current, load current and grid current,
under favourable (1000 W/m?) and unfavourable (300 W/m?) atmospheric conditions, are
shown in Fig.3.13(d), Fig.3.13(e), and Fig.3.13(f) respectively. The load current THD is
26.63%. Under favorable atmospheric condition, the THD of PV Inverter current and grid
current are found out to be 22.65 %, and 3.15% respectively. Similarly, during unfavorable
atmospheric condition the THD of PV inverter current, load current and grid current are found
out to be 31.58 % and 4.88 % respectively. It can be observed that the grid current THD is
well within the limits of IEEE 1547 and IEC 61727recommended value of 5% under both

aforementioned conditions.
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Fig.3.13 (a): Grid Voltage, PV inverter current, load current, grid current and DC-link voltage

of PVDG system under varying atmospheric condition.
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3.5.4 PVDG system under night mode operation

This section presents simulation results of the PVDG system while operating it during
nighttime. The system is validated under disabled and enabled modes of PQEC. The

Fig.3.13: Simulation results of two-stage 2-level PVDG system under varying

irradiation and temperature level for PV panels are fixed at 0 W/m? and 15 °C respectively,

with a non-linear load (Load-1) connected across PCC. In order to study the steady state and

transient performance of the system for these conditions, the following events are considered

to occur in PVDG system:
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Att =0 Sec., PQEC is off (disabled mode).
At t=0.4 Sec., PQEC is on (enabled mode).
The simulation results of the PVDG system under this condition is given in Fig.3.14. The

simulated waveforms of grid voltage(v,), PV inverter current(i, ), load current(i,), grid

current(ig) and DC-link voltage (V. )for the PVDG system under different modes of

operation of PQEC are shown in Fig.3.14(a) and from these simulation results, following
observations are made:

1. At night time, as the PV module is unable to generate any active power, the load
current demand is completely met by the grid. This can be observed from Fig.3.14(a), where
PV inverter current is having zero value, while grid current is in phase with load current. As
the PQEC is in disabled mode, with a non-linear load connected across the PV inverter, the
grid generating a non-sinusoidal current as per the demand of local load. Therefore, in this
condition, with disable mode of PQEC, the non-linear nature of load forces the grid current to
be non-sinusoidal.

2. At the instant when the PQEC is enabled at t=0.4 Sec., the controller generates a
reference current for the PV inverter which consists of both harmonics and reactive
components of load current. Consequently, the PV inverter generates only the compensating
current to mitigate the harmonic and reactive components of the load current thereby making
the grid current pure sinusoidal. Moreover, in this condition, the grid supplies the active
component of the load current, the PV inverter only feed the compensating current.
Moreover, the PV inverter also draws some active current from the PV inverter to meet the
switching losses. This demonstrates the capability of the PVDG system to fully compensate
the harmonic.

3. With the implementation of PQE scheme, the reactive component of current
required by the local load is completely supplied by the PV inverter. Thus, the grid current is
found to have a unity displacement factor with the grid voltage, thereby demonstrating the
reactive power compensation capability of PQEC even in the night mode operation of PVDG
system.

4. At the instant when the PQEC is enabled the DC capacitor voltage of PV inverter
drops from its reference value to compensate the load current harmonics, which in turn
increased power, demanded from the PV inverter. This drop in capacitor voltage is restored
in 3-4 cycles, as can be observed from Fig.3.14(a). The DC-link voltage regulator has

ensured the regulation of the capacitor voltage.
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Fig.3.14(b) and Fig.3.14(c) shows the generated active and reactive power curves of
the PVDG system under these two different modes of operation of PQEC. From these
simulation results following observations are made,

1. It can be observed from the power curve depicted in Fig.3.14(b) that, as the
PV module is operated in night mode, the generated PV power is zero. It also
shows that, under both modes of operation of PQEC, as the PV module unable
to generate any active power, the grid supplies the required load active power.
The positive value of the active power supplied by the grid implies that power
flows from the grid towards PCC.

2. Similarly, it can be observed from the reactive power plots depicted in
Fig.3.14(c) that, under the disabled mode of operation of PQEC, the reactive
power demanded by the local load is completely supplied by the grid. However,
at the instant when PQEC is enabled, the PV inverter starts feeding the reactive
power to the local load thereby making the grid reactive power zero. This
implies that, with PQEC only the PV inverter supplies the reactive power
demanded by the load. This leads to unity displacement factor at the point of
common coupling (PCC).
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Fig.3.14 (a): Grid Voltage, PV inverter current, load current, grid current and DC-link voltage
of PVDG system during night mode.
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Fig. 3.14(c): Reactive Power curves of PVDG System during night mode.

Finally, the harmonic spectrum of grid current, during night mode operation without and with
the application of PQEC is shown in Fig.3.14(d). It can be observed that without PQEC, the
grid current THD is 26.51%. After the application of PQEC, the grid current THD is found to
be 2.88%, which is well within the limits of IEEE 1547 and IEC 61727recommended value of

5% even under night mode operation.
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Fig.3.14: Simulation results of PVDG system during night mode.

3.6 Conclusion

The main goal of this chapter was to develop a power quality enhancement scheme for
a 1-¢ two stage PVDG system. The current control scheme of PV inverter includes a
compensating current generator based on instantaneous reactive power theory to obtain the
aforementioned objective. The PV inverter with the proposed control scheme is utilized to
inject the generated PV power to the grid with an integrated shunt APF capability to eliminate
the need of an extra converter to improve power quality of the system at PCC. Exhaustive
simulation results are presented to investigate the performance of the PVDG system during
different conditions of loading and irradiation level. The idle state of PV inverter at night time
leads to the underutilization of such an expensive system. This issue of PVDG system has
also been considered and hence, the concept of the utilization of the PV inverter as a shunt
APF during night time has also been presented in this chapter. Rigorous simulation study
under different conditions such as with and without PQEC, light and overload condition, low
and high solar irradiation level, and night mode operation are presented to demonstrate the

effectiveness of this system.
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Chapter 4: CHBMLI BASED TWO-STAGE AND SINGLE-STAGE PVDG
SYSTEM WITH AN IMPROVED PQ FEATURES

[A 1-¢ five-level CHBMLI based two-stage and single stage PVDG system with an improved power
quality feature is presented in this chapter. These topologies consist of two H-bridge PV inverter cells
connected in series. In case of a two-stage PVDG system, DC-DC converter is used for MPPT and
CHBMLI is responsible for the power flow operation. Whereas, in single-stage PVDG system the
CHBMLI is in charge of both power flow and MPPT operation. Exhaustive simulation results are
presented to investigate the performance of the CHBMLI based PVDG system during varying
atmospheric and varying load as well as different control modes. Comparative analysis of 1-¢ single
stage CHBMLI based PVDG system with two-stage two-level and CHBMLI based topology is also

presented]

4.1 Introduction
As discussed in the preceding chapters, a 1-¢ PVDG system is well suited for clean

power generation and distribution system. However, the power generated by the PV module
is still considered to be expensive and wider use of the PVDG system is largely dependent
on cost effective technologies. In general, the ongoing research for the improvement of the
overall efficacy of the PVDG system includes the following areas:

e Efficiency improvement of PV module

e Cost reduction of PV module

o Efficiency improvement of the overall PV system while focusing on the power

conditioning units

A lot of research work is going to obtain an efficient and cheaper PV module based on new
cell material and manufacturing technologies. In addition, the overall cost of PVDG system
can be reduced by increasing the efficiency of the whole system using the power
conditioning system and also by introducing an improved power quality feature in its control
system. The primary goal of a power conditioning unit in PVDG system is to increase the
energy injection to the utility grid by optimizing the energy extraction process from the PV
module by keeping track of maximum power point (MPP), by operating at a lower switching
frequency thereby reducing the switching losses At present the most commonly used
converter topology for PVDG system is the two level multistring inverter which is discussed in
Chapter.3. This PV inverter consists of several PV strings that are connected with DC-DC
converters to a common DC-AC inverter. This topology has advantages of independent
tracking of the MPP of each string. A PQE scheme for such two-stage two-level PV inverter
topology is presented in Chapter.3. With this control scheme, it is possible to inject a high
quality of PV power to the grid. For the further improvement of power quality and also to
increase the power a multilevel inverter topology is introduced in place of the two-level

inverter. The important features of such inverter topologies are,
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(i) They can generate high quality of voltage waveform with each power switch
operating at lower frequencies.

(i) The MLIs feature several DC-links which allow independent voltage control and
tracking of the MPP in each string. This characteristic can increase the
efficiency of the PV system in case of mismatch in the strings due to unequal
solar irradiation, ageing of the PV panels and different type of cells or
accumulation of dust on the panel surface.

(iii) With an option of multiple DC-link voltage in the input side, the MLI can
synthesize a high quality of output voltage waveform. This leads to reduction of
harmonics in the generated current and hence reduces the size of filter at the
output.

Among all the available MLI topologies, the modular structure of CHBMLI makes it best
suited for PV application. Additionally, this topology employs power semiconductors with a
lower rating than the standard two-level configuration, which allows cost saving. Last but not
the least, MLI topologies feature several degrees of freedom that make possible the
operation of CHBMLI based PV system even under faulty conditions, increasing in this way
the reliability of the whole system. This chapter deals with the power flow control of the
CHBMLI based PVDG system. In the first part of this chapter a two-stage CHBMLI based
PVDG system is discussed. The power flow control in such type of PVDG system requires
two control loops. The inner current control loop is used to modulate the output current of the
PV CHBMLI to meet magnitude and phases of waveform whereas the outer voltage control
loop regulates the output power of the PV inverter according to the MPP of PV modules.
These two control loops are realized by two stages of power conversion. One is a DC to DC
converter with MPPT control and the other is a DC to AC inverter. But two stage operation
leads to more power loss than that of a single stage conversion. In single stage PVDG
system, both the control loops are realized in one power conversion stage, thus simplifying
the system topology and hence increases the overall power conversion of the system. The
second part of this chapter presents a single stage CHBMLI based PVDG system.

These 1-¢ 5-level CHBMLI based two-stage and single-stage PVDG system is
controlled in such a way to inject an optimum and improved quality of power to the
distribution network to meet the required standards set by IEEE, IEC[67, 68] for distributed
generation system and are tested under both varying atmospheric and non-linear load
conditions.

The main objectives of this chapter are to effectively utilize the CHBMLI based PV
inverter in two-stage and single stage distributed generation system to achieve the following

three important functions:
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* To transmit the maximum possible active power from the PV module

* To supply the reactive power demand of local load

* To compensate the current harmonics at PCC

With an adequate control of PV CHBMLI, all the above mentioned objectives can be
achieved either separately or simultaneously. The power quality issues in PVDG system
such as harmonic and reactive power compensation at the PCC can be addressed without
requiring any additional hardware circuits. A detailed description of above mentioned two-
stage and single stage PVDG system is presented in section 4.2 and 4.3 respectively.

4.2 Two-stage CHBMLI based PVDG System

The schematic diagram of a 1-¢ two-stage CHBMLI based PVDG system with an
enhanced power quality features is depicted in Fig.4.1. The key components of the system
are PV modules, two stage converter comprising of boost type DC-DC converter and 5-level
CHBMLI based DC-AC inverter, local load (linear/non-linear) and the grid. Each PV module
is connected to an individual boost converter through a capacitor which helps in controlling
PV voltage, thereby extracting maximum power from it by using MPPT algorithm. Each DC-
DC converter is connected to a separate H-bridge cell via a DC-link capacitor. The voltage
across each DC-link capacitor is maintained constant through the outer voltage control loop
of CHBMLI to facilitate active and reactive power transfer to the utility grid. The CHBMLI is
the key element of the proposed PVDG system as it interfaces the PV source to the grid and
delivers the generated power with improved power quality features. CHBMLI control with

aforementioned features is achieved with the following controllers, load current (7, ) analyzer

which comprises of demanded load real power, reactive power and harmonic components,

DC-link voltage controller, which is used to regulate the DC-link voltages of each H-bridge

cell during varying atmospheric and load conditions and the reference CHBMLI current (i, )

estimator. This reference current(i,,)is used for the control of the CHBMLI using a

modulation scheme to feed active and reactive power to the local load. The two-stage
CHBMLI based PVDG system comprises of an isolated MPPT controller to extract maximum
power from the PV module with two cascaded current and voltage control loops [1]. The
internal current control loop controls the grid current and the DC-link voltage control loop
regulates the DC-link voltage of each H-bridge [2, 3]. For the issues related to power quality
current loop is responsible. Therefore, harmonic and reactive power compensation is the key
functions of the current controller. However, the DC-link voltage controllers are designed for
the power flow balancing in the PVDG system. The descriptions of all the control blocks

required for the proposed system are discussed below.
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Fig.4.1: Schematic diagram of two-stage CHBMLI based PVDG system with improved power
quality features

4.2.1 CHBMLI Control Scheme
The 1-¢ 5-level PV CHBMLI is shown in Fig.4.1. DC-link of each H-bridge cell is fed
from a PV module through a boost type DC-DC converter. The AC sides of the CHBMLI

circuits are connected in series, which results in the output terminal voltage as,

Ve = Vi T Vi

The output voltage of each H-bridge in CHBMLI can be written as,

Vy =SV, 1=12 4.1)
Where, S, =35,,5,-5,5; and S, =85,,5,, —S5,,5,,

With §__ is the state of each switch which presents two discrete values: ‘1" when the switch is
turned on and ‘0’ when it is turned off. Therefore S, is having three discrete values 1, 0 and
-1 giving the output voltage of each H-bridge as v,.,0 and —v, respectively by assuming

Vier =Vier =V, - The considered PV CHBMLI can be completely described by the following

three differential equations:

diinv
Linv 7 = Slvdcl + S2vdc2 - Vg (42)

While considering v,.. =v,

e L _; s

dt inl 1%inv (43)
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dv
de2 __ : _ .
C,— ==, =S,

dt inv
The DC-link of CHBMLI plays a vital role in transferring variable power from the individual PV

(4.4)

module to the grid. Energy generated from each PV module is represented as a current
source connected to the DC-link of a grid interfacing CHBMLI. The power transfer from the
PV module to the grid through the DC-link is depicted by a systematic representation in
Fig.4.2.The generated PV current from each PV module which is injected into the DC-link at

a voltage level v, and v, , can be written as,

_ B (4.5)

dcl

For (4.6)

dc2

Lacr

ldEZ =

Where P,,,, F,,, are the generated power from PV module-1 and module-2 respectively.

The current flowing into the other side of the DC-link can be represented as,

. P ) P +P(]§‘Y
fp=—m—=—f 50 (4.7)
Vit Va2 Vaer TVaer
Where P, : Total power available at grid interfacing CHBMLIside
Pg : Total power supplied to the grid
P.. : CHBMLI loss
PV DC-linkVoltage
Module .
P 1 Y
Pyl dcl dcl
] _ Utility
— — GD: e Grid
Module —> idc2 TV Pg
Lpya
Fenpvrr =Frosst e

Fig.4.2:Equivalent DC-link for two-stage CHBMLI

The control of DC-link voltages carry the information regarding the exchange of active
power between the PV module and the grid. Thus the output of a DC-link voltage regulator
results in maximum value of active current (i,,). For the calculation of i, the power

balance between the input and the output of the CHBMLI is used. The following expression

defines P, and P,

out ?

where the losses in the capacitor and MOSFET have been neglected.

1 =«
B, =1,V Vi _ERiz (4.8)

Where R is the resistance of filter inductor
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1.4

P, =3 lime (4.9)
Considering that both PV modules are working in the same operating point, P, = P, ,

20,0, 5 RiZ, =, (4.10)
Finally the following expression for i, is obtained as,

A v V2 4iv

co_ e Y | Ve (4.11)

linv _2
2R 4R R

4.2.2 DC Voltage Regulation
Fig.4.3 shows two different schemes of DC-link voltage controller for DC voltage regulation
for an 5-level CHBMLI based PVDG system which are discussed as follows,
1) Cluster voltage balancing control

2) Individual voltage balancing control

——»| LPF

Vdc 1

+ -
—r>—>PI—>
+ +

gen

Vjo—» LPF

Vy , =il LPF p—pp]—
del > —{ Pl {4
—
vdc2_> LPF »|- + Pgen
rqn —y ] —
I/ref,i

(b)
Fig.4.3: DC voltage controller for a 5-level CHBMLI based PVDG system (a) cluster voltage

balancing control; (b) individual voltage balancing control.

4.2.2.1 Cluster Voltage Balancing Control

Fig.4.3 (a) shows the block diagram of the cluster voltage balancing control. This controller

forces the DC-link voltage of the cluster formed by capacitor voltages of H-bridge-1(v,,,) and

H-bridge-2(vdcz) , to follow the reference cluster voltage (V) . The cluster voltage is defined
as:

Vie =Viaer tVaer (4.12)
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Here,v,,and v, ,are the instantaneous capacitor voltages consisting of both AC and DC

components. It is desirable to extract only the dc components because the existence of the
AC components deteriorates the controllability. Low-pass filters with a cut-off frequency of 15
Hz have been used to eliminate the dominant 100Hz component from the measured dc
voltages [115, 116]. In cluster balancing control, the cluster voltage is calculated and

compared with the cluster reference voltage (I/,.qﬂc). The cluster reference voltage (Vrefﬁ)

can be calculated by adding the individual DC voltage references of the H-bridge cells in the

clusteri.e.

Ve = N>V, (4.13)

Where N=Number of cells of CHBMLI

The errors between the cluster voltages and 7, . is processed through a Pl controller and its

output decides the amount of the current corresponds to the real power generated by the PV
CHBMLI to keep the cluster voltages at their corresponding reference values. When DC
voltage reference is greater than the cluster voltage, an amount of active power flows into
that particular cluster, thus leading to enhancement of cluster voltage. On the other hand,
when DC voltage reference is lower than the cluster voltage, then an amount of active power
is drawn from that particular cluster, thus leading to a reduction in cluster voltage. For the
two-stage CHBMLI based PVDG system this type of voltage controller is used.

The block diagram of DC-link voltage controller for two-stage 5-level 1-¢ CHBMLI is

given in Fig. 4.4. Here the actual DC-link voltage of each H-bridge cell (v,,,v,.,) is sensed

and passed through a first-order low pass filter (LPF) to eliminate the presence of switching
ripples on the DC-link voltages and in the generated reference current signals. The

difference of this filtered DC-link voltage and reference DC-link voltage (v,efwc) is given to a
discrete-PI regulator to maintain a constant DC-link voltage under varying atmospheric and
load conditions.

The DC-link voltage error (Av,.) in n” sampling instant is given as:

Averr (n) = Vref,c (n) - vdcl (n) - vch (n) (4 1 4)
The output of the discrete Pl regulator at »n” sampling instant is expressed as,
i, (n)y=1i, (n-D)+K, (Av, (n)—Av, (n-1)+K,Av, (n) (4.15)

Where K,, and K,, are proportional and integral gains of DC-link voltage regulator.

In order to design the voltage controllers, suitable transfer functions are obtained by the
linearization of the equation (4.3) and (4.4). In this case it is considered that the PV module

operates at STCs.
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Adding equation (4.3) and (4.4)yields,

+i,, = C dVdCI -G, dVdcz (4.16)

S, +S,0 =1
dt dt

inv 2%iny inl

By considering only the DC component of the term (S, +5, )i

iny

equation (4.16) is equivalent

to,
(S, +S,)i

=+, —C

vy _C Ve
7 — tinl in2

dt > odt

(4.17)

In order to simplify the transfer function, the input currents to the DC-link ,, and i,, will be

considered as disturbances and the term S, +.S, constant. Under this assumption, the

following transfer function is obtained:
Vier(5) +Vin (5) __ 5,+5,

. (4.18)
i, (s) 2Cs
Where C, =C, =C and the term S, + S, is defined for STCs.
b K+ KF:Jr% o _E
R SVM
Vier =
Single vdcz_>

Phase PLL |Vgp o Compensating

Current

Quadrature Lis Generator
Signal i
Generator >

Fig.4.4:Schematic diagram of PV CHBMLI control scheme

4.2.2.2 Individual Voltage Balancing Control

Fig.4.3(b) shows the block diagram for the individual DC-link voltage balancing control.
With individual voltage balancing control, each capacitor voltage is compared with the DC
reference voltage (V,..;). The error is processed in a Pl controller and its output decides the
amount of real power required to keep that particular capacitor voltage at its reference value.
When DC voltage reference is greater than the capacitor voltage, an amount of active power
flows into that particular capacitor, thus leading to enhancement of capacitor voltage. On the
other hand, when DC voltage reference is lower than the capacitor voltage, an amount of
active power is drawn from that particular capacitor, thereby bringing down the capacitor
voltage to its reference value. The sum of the outputs of the PI controllers is the total amount
of real power generated by PV CHBMLI while keeping the capacitor voltages of individual H-
bridges at their corresponding reference values. The gains of the Pl controllers have been
selected to give the optimum performance. For the single-stage PVDG system such type of

DC-link voltage controller is used.
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4.2.3 Reference current estimator for PV Inverter
To calculate the reference current a similar procedure has been followed here which was
used for two-stage two-level PVDG system and is given by the following expression,
. 1

i = W[—vga (wt)-p(ot)+v,, p(ot)+v,, (a)z‘)-q(a)l)] (4.19)
ga gp
Where % and the term ;_a(a)t) represents the total amount of active power that
Vga +Vgﬁ

the PV inverter is capable to deliver the utility grid or local load by regulating the DC bus.

4.2.4 Current Controller and Firing Pulse Generator for two-stage PVDG system
The reference PV CHBMLI current calculated in the equation (4.19) is added with DC-
link voltage controller output and then compared with the actual CHBMLI current. The
difference of this current is processed in a controller. The output of the controller set the 1-¢
reference signal for the modulation scheme implemented in the controller. To produce the
switching patterns for the devices, a single phase SVM based controller is used and is

discussed in detail in the following subsection.

4.2.5 Modulation Scheme for 5-level CHBMLI

Many modulation techniques have been developed for controlling the output voltage of
a CHBMLI. They are aimed at generating a stepped waveform that approximates an arbitrary
reference signal with adjustable amplitude, frequency, and phase of a fundamental
component that is usually a sinusoidal in steady state[117].The modulation algorithms are
divided into two main groups depending on the domain in which they operate: the state-
space vector domain, in which the operating principle is based on the voltage vector
generation, and the time-domain, in which the method is based on the voltage level
generation over a time frame.

The state-space vector domain algorithms such as Space Vector Modulation (SVM)
based modulation algorithms for multilevel inverters are reported in [118], but, they are not
the dominant modulation schemes found in industrial applications[119] as a SVM is a
computationally intensive method and its complexities increase with increasing number of
levels in the inverter [118]. However, these methods have advantages but usually at the
expense of more complex implementation. The time-domain approaches such as carrier
based pulse width modulation (PWM) techniques are the extensions of the classical
modulation methods used for two-level VSI [119, 120]. Other time-domain modulation
methods that have also been derived from the two-level VSI are multilevel selective harmonic
elimination[121], selective harmonic mitigation[122] and synchronized optimum PWM. These
three techniques require offline computations and need to be stored in lookup tables in the

digital interface control board. These methods have the advantage in achieving better
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efficiency. On the negative side, low dynamic performance and calculation burden with
higher number of levels limit their applications. In contrast with the high amount of recently
introduced multilevel modulation schemes, no new schemes have made their way to
industrial applications, despite the great amount of recent contributions and advances on this
topic [119]. The main reason could be that manufacturers favour the proven technology and
simplicity of carrier-based PWM schemes[123] over new methods that have advantages but

usually at the expense of more complex implementation [119, 120].

4.2.5.1 Single Phase Space Vector Modulation Scheme for CHBMLI

The space vector modulation scheme is based on the generation of reference voltage
that was determined by the controller as the average of discrete output voltages that can be
achieved by the power converter. This technique takes advantage of the degrees of freedom,
as the selection of the switching sequence can be made in order to improve some power
converter features, such as the number of commutation or voltage balance. However, both
the PWM and SVM methods have the problems when the CHBMLI is operated with
uncontrolled DC-link voltages. With CHBMLI, if the DC-link voltages are not of the correct
magnitude and the modulators do not considered these voltage errors, there will be distortion
in the output waveforms. This problem can be avoided in 1-¢ CHBMLI using the SVM
technique.

4.2.5.2 Control Region of 2-Cell 1-¢ CHBMLI under balanced condition
The schematic diagram of a two-Cell 1-¢ CHBMLI is shown in Fig.4.5. The output

voltage of this CHBMLI depends on the output voltage of each cell which can be expressed

as,V, =V, +Vy,

Where,V,,,,V,,, are the output voltages of the H-bridge cell-1 and H-bridge cell-2

Si |I-_<I} S13|!-<|

respectively.

Vdcr\
%& Sufy
Sz1|!-_<|} sth:l}
1 Jj SN — R
Vdc2/\ I

Sahf S}

Fig.4.5: Schematic diagram of a 1-¢ 2-cell CHBMLI
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Three possible output voltage levels of each H-bridge cell are -V, ,0,V, ;, where i

represent the H-bridge cell number. These voltage levels can be obtained by applying the
switching vectors (0, 1, 2) which are shown in Table.4.1. As the output voltage is composed
of the sum of individual H-bridge cell voltages, five output voltage levels can be achieved
while considering equal DC-link voltages of each H-bridge cell. These output voltage levels
are shown in Table.4.1.Some redundant switching states appear in the CHBMLI, because
the same output voltage can be achieved using different combination of individual H-bridge
states. Using Table.4.2, it is possible to represent the control region of the single phase two-
cell CHBMLI. Output voltage is used as a component to plotted. In addition to this, the
different states can be placed on one-dimensional representation, taking into their
contribution to the output voltage. Finally the control region of two-cell CHBMLI under
balanced condition of DC-link voltage is represented in Fig.4.7(a). State vectors UL means
that the upper cell or H-bridge-1 has state ‘U’ and the lower cell or H-bridge-2 has state ‘L.
The presence of redundant state vectors is clear using this representation, because different
H-bridge states are located at the same point of the control region.

Table 4.1. Possible Switching vectors and the corresponding output voltage of H-bridge

inverter
Switching Switching Pulses to individual switch Output
Vectors Sy 0r Sy Sy 0r Sqp Sys 0r Sy3 Sz4 OF Sy4 Voltage
0 0 1 1 0 Ve
1 0 0 0 0 0
2 1 0 0 1 A

Table 4.2: Different voltage levels under balanced and unbalanced condition

1" 2nd Output Voltage
H-Bridge | H-bridge | V4,=V4a=Vac Vica> Ve Vi<V
0 0 ‘2Vdc ‘Vdc 1 'Vdcz 'Vdc 1 'Vdcz
0 1 'Vdc 'Vdcl 'Vdcl
1 0 -Vie Vi Vi
0 2 0 -ViaartVaa (<0) | -ViertVaa(>0)
1 1 0 0 0
2 O 0 Vdc 1 ‘Vdcz (>0) Vdc 1 ‘VdCZ (<O)
1 2 Vdc Vch Vch
2 1 Ve Vel Vel
2 2 2 Vdc Vdc 1 +Vd02 Vdc 1 +Vd02
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4.2.5.3 Selection of switching vector and estimation of switching duty cycle

Using the one-dimensional control region introduced for two-cell single phase
CHBMLI with equal DC-link voltages, a one dimensional SVM strategy can be developed
using the nearest two-vector method. The algorithm for the single phase SVM is given in
Fig.4.6. As mentioned in the algorithm, the DC-link voltages of each cell are sensed. Based
on these sensed voltages, possible voltage levels are estimated. Then a bubble sort
algorithm is used to sort all the available voltage levels of CHBMLI in ascending order. In
every sampling period, the position of the reference voltage is determined and based on the
position two consecutive voltage vectors are applied to the CHBMLI. The algorithm is

demonstrated as follows: Let the two H-bridge inverter has been applied with a DC voltage of

V. each and the reference sinusoidal voltage is having maximum values V__, where

V,.<V_..<2V,.The vector diagram for this case is shown in Fig.4.7(a). At any time if the
instantaneous value of reference voltage is V;, Volt such that, 0<V, <V, , then from
Fig.4.7(a) it is clear that the two adjacent voltage levels requires to achieve the reference
valueareOand V, .

4
V,~0

Now R= =ab

Finally the output voltage, V, =V,..T; +0.7,

Where 7, =0.b and 7, =1-0.b

To write it in a more general way, the switching sequence is formed by the states, UL and

U.L, with duty cycles 7, and T, respectively. The redundancy of the H-bridge is not taken

into account and one possible space vector is chosen.

4.2.5.4 Control Region of 2-Cell 1-¢p CHBMLI under un-balanced condition

However, there is always a chance of input DC-link voltage unbalance in CHBMLI when fed
from PV module. The main cause of voltage unbalance in PV application are the partial
shading, dust collection and PV ageing. This voltage unbalance in CHBMLI, leads to
distortion in the output voltages and currents of the CHBMLI. Therefore the balance of the

DC voltages is one of the important issues in the control of CHBMLI when used for PV

application. By considering each H-bridge with different DC-link voltage V,

. » Nine possible
output voltage levels are possible for the CHBMLI which are summarized in Table.4.2. In this
generalized case, the control region can again be represented using one dimension,
mapping the states created by the variation in the DC voltages of the H-bridge cells. In case
of single phase two-cell CHBMLI, the movement of the state vectors from voltage balanced

condition to unbalanced voltage condition is shown in Fig.4.7. In unbalanced condition, four
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different cases appear, because depending on the instantaneous voltage unbalance, the

state vectors from the most negative to the most positive are different.

Start

1|8

Sense dc-link voltages (V,.) of all H-bridge
inverters and read the reference voltage (V)

<

Determine all possible states/Levels of the cascaded
multi level inverter

1|8

Arrange all the states in ascending order by bubble
sort algorithm

|8

Determine the position of the reference voltage i.e. Find
out two adjacent voltage levels for corresponding
reference voltage

<

Evaluate R= Vref/ (Difference of two adjacent Levels)

1|8

Apply two adjacent vector in such a way that,
Vo= (Higher Voltage Level) T+ (Lower Voltage level)
T, (Where Ty=decimal value and T,=1-T))

Fig.4.6: Flow Chart for single phase SVM
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Fig.4.7: Control region for balanced and unbalanced DC-link voltage condition

4.2.5.5 Selection of switching vector and Estimation of switching duty cycle under
unbalanced condition
The step by step procedure of one-dimensional space vector modulation scheme

under both balanced and unbalanced condition of DC-link voltage is given below:

Step-1: Read reference and DC-link voltages

Step.2: Normalization of reference voltage at every sampling time, 7, = ——<—
I/dcl + I/dCZ

Step-3: Determination of all possible voltage levels

Step-4: Sorting of all voltage levels in normalized form using the bubble sort algorithm

Step-5: Evaluation of different zones(zl.) and their zone width (w,, difference in magnitude

of consecutive voltage levels) in both positive and negative regions of reference voltage.

Step-6: Selection of reference point in each zone

Step-7: Calculation of duty cycles, T, = Znor rg =1-T,

1 v T2

Wy,

1

Where 7, and 7, is the time for upper switching states and lower switching states for H-
bridge-1 and H-bridge-2 respectively

Step-8: Selection of appropriate switching vectors of upper and lower H-bridge cells
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Table 4.3. Calculation of reference point, zone width and switching sequence during
unbalanced condition

Zone Width itchi
Reference Point o g:v't::r"r;g
Zone | Case a g
+ve -ve +ve -ve +ve -ve
Region Region Region Region Region | Region
1 0 Vch — Vdcl Vdcl — Vch I/dc2 — I/dcl 20-11 11-02
I/dcl + I/dc2 I/dcl + I/dCZ I/dcl + I/dc2
Vdcl — Vch Vdcl — Vch I/a7c2 — I/afcl I/dc2 — I/dcl
2 12-20 11-10
1 I/dcl + I/dc2 I/dcl + I/dc2 I/dcl + I/dCZ I/dcl + Vvch
3 Vch Vdcl — Vch Vdcz — Vdcl V:icl — V;icZ 21-12 11-20
V:icl + Vvch V:icl + Vvch I/ak‘l + Vch I/ak‘l + Vvch
4 I/afcl I/afcl Vdcl I/dcl 2221 11-01
I/dcl + I/dc2 I/dcl + I/dc2 I/dcl + I/dCZ I/dcl + Vvch
Vch 2I/dc’2 - V;icl V;icl - 2V;1(?2
1 0 20-11 02-10
V:icl + Vvch Vdcl + Vch I/dcl + Vch
Vch — Vdcl Vdcl 2Vdcl — I/dc2 I/dc2 — 21/(1c1
2 12-20 10-02
2 I/dcl + I/dc2 I/dcl + I/dc2 Vdcl + I/ch I/dcl + Vch
3 Vch I/afcl I/a7c2 I/dc2 — 2I/alcl 21-12 20-01
I/dcl + I/dc2 I/dcl + I/dc2 I/dcl + I/dCZ I/afcl + Vch
Vdcl Vdcl — Vch Vdcz — 2Vdc1 2Vdc1 — V;icZ
4 22-21 01-20
V:icl + Vvch V:icl + Vvch Vdcl + Vch I/dcl + Vch
I/dcl I/dcl B I/dc2 I/dCZ B I/dcl
1 0 20-11 10-01
I/dcl + VdC2 I/dcl + Vch I/dcl + VdC2
2 Vch — Vdcl Vch Vch — Vdcl I/dcl — I/dc2 12-20 02-01
3 I/dcl + I/dc2 I/dcl + I/dc2 I/dcl + I/dCZ I/dcl + I/dc2
Vch Vch Vdcz — Vdcl V:icl — V;icZ
3 21-12 01-10
V:icl + Vvch V:icl + Vvch I/ak‘l + Vch I/ak‘l + Vvch
4 Vdcl Vch Vdcl Vdcl 2221 20-10
I/dcl + I/dc2 I/dcl + I/dc2 I/dcl + I/dCZ I/dcl + I/dc2
Vier Vier
1 0 - - 20-11 01-00
-1 I/ak‘l + Vch I/ak‘l + Vvch
I/dcl Vdcl I/dcl
2 e —— -1 12-20 01-00
4 I/dcl + VdC2 I/dcl + Vch I/dcl + VdC2
3 S/ 1 Vi Vi 21-12 10-00
I/dcl + I/dc2 I/dcl + I/dCZ I/dcl + I/dc2
I/dcl Vdcl I/dcl
4 -1 22-21 10-00
V:icl + Vvch I/ak‘l + Vch I/ak‘l + Vvch
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4.2.5.6 Simulation Results of 1-¢ SVM scheme for 2-cell CHBMLI with any DC-link

voltage ratio

In order to validate the 1-¢ space vector modulation scheme under both balanced
and unbalanced DC voltages, simulation results have been obtained in a two-cell CHBMLI
topology. For the validation of 1-¢ SVM scheme, a reference voltage of 230 V (326 V (peak))
is chosen.The switching frequency is selected as 3 kHz. The test is carried out for three
different cases of DC-link voltage ratio of two H-bridge cells, such as 1:1, 2:1 and 3:1. In
these three cases, the DC-link voltage ratios are chosen as 300:300, 300:150 and 300:100
respectively. As discussed earlier, the generalized space vector modulation scheme for any
DC-link voltage ratio is based on the calculation of the control region of the CHBMLI by
accounting the instantaneous value of each DC-link capacitor voltages. The evaluation of the
switching sequence and the duty cycle is made by using the control region which was
determined online. The complete algorithm of SVM is developed in the embedded MATLAB
function block of MATLAB Simulink software. The simulation results of duty cycle for H-
bridge-1, H-bridge-2 for three different cases of DC-link voltage ratio is shown in Fig. 4.8.
The output voltage and its harmonic spectrum of the three above mentioned cases of voltage
ratio are shown in Fig.4.9 and Fig. 4.10 respectively. For the DC voltage ratio of 1:1, with, the
output modulated voltage and its harmonic spectrum are shown in Fig.4.9 (a) and Fig.
4.10(a) respectively. Under this condition, the number of levels in the output voltage is found
to be 5. The rms value of output voltage and its THD are found to be 325 V and 31.68%
respectively. Similarly for the unbalanced condition, (i.e. DC-link voltage ratio of 2:1), the
output modulated voltage and its harmonic spectrum are shown in Fig.4.9(b) and Fig. 4.10(b)
respectively. In this case the number of levels of the output voltage waveform has increased
from 5 (in case of 1:1) to 7. With the increment in number of levels, the THD of out voltage
waveform is reduced from 31.68% (in case of 1:1) to 17.54%. Similar to the previous case,
the rms value of output voltage found to be 325 V which is found to follow the reference
voltage. Finally, the simulation results of output voltage and its harmonic spectrum for the DC
voltage ratio of 3:1, is presented in Fig.4.9(c) and Fig. 4.10(c) respectively. In this case the
number of levels of the output voltage waveform is increased to 9 and with this increase in
number of levels; the THD of out voltage waveform is found to 12.26 %.Therefore, using this
modulation scheme, any DC voltage ratio in the CHBMLI input can be accommodated in the
modulation process to generate the reference voltage. The SVM controller determines the
best output voltage of the CHBMLI and this voltage is generated by the controller even under

extreme DC-link voltage unbalance situations.
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Fig. 4.8:Duty cycle (7, and T7,) for the upper and lower state of H-bridge-1,H-bridge-2

respectively, while the DC-link voltage ratio is (a) 1:1 (b) 2:1 (c) 3:1
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4.3 Single Stage CHBMLI based PVDG System

The configuration of proposed single-stage CHBMLI based PVDG system consists of
two PV arrays, a CHBMLI, interfacing inductor, MPPT controllers, and PQEC is shown in
Fig.4.11. PV array consists of series and parallel combination of small PV modules to match
the required power rating. The 5-level CHBMLI topology consists of two H-bridge inverter
connected in series. DC-link of each H-bridge cell of CHBMLI is fed from separate PV array
and interfaced with the utility grid. Similar to the two-stage PVDG system, a linear/non-linear
load is connected at PCC and the objective here is to control the CHBMLI in such a way to
achieve the following functions in PVDG system,

1. MPPT Control

2. Power Flow Control

3. Load Current harmonic Compensation

4

Load Reactive power Compensation

Q’VI . lml jdcl
— > . >
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Fig.4.11: Schematic diagram of single-stage CHBMLI based PVDG system

The controllers required for obtaining above mentioned objectives in single-stage PVDG
system are shown in Fig.4.4. The complete system controller in the proposed PVDG system
consists of two main subdivisions such as (i) MPPT controller, which determines the
reference DC-link voltage and (ii) current controller for PV CHBMLI which consists of control
functions including the power flow operation, load current and reactive power compensation.

The PV module voltage is maintained at reference voltage, which is decided by MPPT
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algorithm using a PI controller. Therefore, the DC-link of such system is of floating type,
unlike the two-stage topology where the DC-link is maintained at a fixed voltage level. In
addition to that for the load current harmonics and reactive power compensation a PQEC is
used whose operation is similar to that used in two-stage topology.

4.3.1 Development of MPPT with CHBMLI

Instead of using the boost converter, each H-bridge cell of CHBMLI is controlled
independently for MPPT control. Here, a perturb and observe (P&O) based MPPT algorithm
is used. In the proposed single-stage CHBMLI based PVDG system; the DC-link voltage of
each H-bridge cell is equal to the corresponding PV module voltage. Therefore, to achieve
MPPT for each PV module, the DC -link voltage of corresponding H-bridge cell is controlled
such that PV module operates at its maximum power point (MPP). To control the DC-link
voltages of CHBMLI, the reference value of DC-link voltage is adjusted. Under steady state,
the reference DC-link voltage is equal to voltage at maximum power point i.e. (V,,,). The

flow chart for the MPPT controller is given in Fig.4.12. From the algorithm, it can be noticed

that at first the present samples of PV array voltages (V,,,(k),V,;,(k))and current
(Ipy,(k),1,,,(k)) are sensed to calculate the PV array output power (B (k),P,(k)) and

(Pl(k—l),P2(k—1)) at k" and (k”’,(k—l)’h)sampling instant respectively. The governing
equations for P&O based MPPT controllers are,

At MPP,
Pk)-P(k-1) (4.20)
V(k)-V(k-1)

Similarly on, the left side of MPP in V' — P curve,
P(k)—P(k-1)

4.21
V-V (k-1) @21
And on the right side of MPP in V' — P curve,
P(k)-P(k-1) w22

<
V(k)-V(k-1)
In reference to above three conditions, the reference DC-link voltages of both H-bridge cells
are updated at every sampling period to operate the whole system at MPP and finally the
sensed DC-link voltages are controlled using a voltage regulator to follow the reference DC-
link voltage. The updating of reference DC-link voltages as per the governing equation

mentioned above are,
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If the operating point is at MPP i.e. if equation (4.20) is satisfied then,
V =V

dcl,refnew dcl,ref

(4.23)
Vch,refnew = Vch,ref

If the operating point is on the left side of MPP i.e. if equation (4.21) is satisfied then,

I/afcl,rcffnew = I/dcl,ref' —AV
else (4.24)
14 =V +AV

dc2,refiiew dc2,ref

Finally, If the operating point is on the right side of MPP i.e. if the equation (4.22) is satisfied

then,

Vdcl,refnew = Vdcl,ref + AV

else (4.25)
Vch,refhew = Vch,ref' - AV
Where V., ,opews VicrrepowsVierrer »Vaerrer @€ the new and old values of reference DC-link

voltages for H-bridge-1 and H-bridge-2 respectively. AV is the step size for the iteration.
Finally the values of each PV arrays voltages and currents at (k—l)lhare updated for the

next iteration. The variations in reference DC-link voltages and hence the regulation of DC-
link voltage ensures the operation of each PV array at MPP. For the proper operation of the
CHBMLI based PVDG system, the sum of the DC-link voltages of two H-bridge cell should
be little higher than the peak of the grid voltage.

4.3.2 DC-link Voltage Controller for Single Stage PVDG System
The DC-link voltage control of single stage CHBMLI based PVDG system is done by
Individual Voltage Balancing Control which is discussed in Section.4.2.2.2. The only
difference in single stage topology is that the reference DC-link voltage is of variable nature

as it is generated from the MPPT controller unlike in two-stage topology where the reference

DC-link voltage is of fixed value. Here the reference voltage (V,,,,.r»V,....,) generated by the

MPPT controller is compared with actual DC-link voltage (in this topology, it is PV array
voltage) and then processed through two Pl controllers. Each PI controller output gives the
information about the power flow capability of the corresponding PV array. Basically, it gives
a current which the PV array is capable to deliver. The output of two PI controllers is added

to evaluate the reference value of active current for the PV CHBMLI.
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Fig.4.12: P&O based MPPT algorithm for single-stage PVDG system

4.3.3 Control of CHBMLI for single stage PVDG system
Similar to two-stage CHBMLI topology, the reference compensating current calculated in

equation (4.19) is added to the DC-link voltage controller output to generate the total

reference current for the CHBMLI. This reference current (i;f) is compared with the actual

inverter current (i,,) and the error is processed in a controller. The outputs of the controller

set the 1-¢ reference signal for the SVM controller and produces the switching patterns for
the power devices.. The switching operation of the power devices forces the PV CHBMLI

current to follow the generated reference current.
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4.4 Design of 1-¢ 230V CHBMLI based PVDG system
To design a CHBMLI based PVDG system, let N be the cascaded number, i.e. the

number of cascaded voltage source H-bridge inverter. Now, according to [115], the voltage

(V) required to be maintained in each capacitor of the H-bridge cell for proper operation of

PVDG system with an enhanced power quality features is given as,

v
Vi =k Wg (4.26)

Where, Vg is the rms value of grid voltage and k is the design parameter.

The value of k should be properly selected as the performance of the PVDG system
depends on it. The minimum value of k is /2 but, for optimal performancek is selected
from the range 1.5 to 2.5 [124].

4.41 Selection of Cascade Number (N) for a 1-phase utility System
The cascade number is one of the most important design parameters, which accounts
for the blocking voltage of the switching devices used in the PV CHBMLI. It also directly

affects the cost, size and performance of the PV CHBMLI. With a cascade number N, the
AC output voltage has a(2N+l)IeveI waveform. If the cascade number is low, then the

required DC voltage reference is high and expensive switching devices are required. On the
other hand, if the cascade number is very high, then the required DC voltage reference is low
but more number of switching devices are necessary. Hence, an optimum value of cascade
number should be selected.

Here a cascade number of N = 2 has been chosen, considering %THD, the PV module
requirement and the voltage rating of the power switches to be used. With N =2, the DC

voltage of individual H-bridge cells can be kept between 170 to 280 V.

4.4.2 Selection of Reference DC Voltage for each H-bridge Cell

For the optimum performance of PV CHBMLI, the value of reference DC voltage for
each H-bridge ceII(Vdc )must be carefully selected. Fork =2, the reference DC voltage for

i
>

each H-bridge cell is calculated to be 230 V. Thus, V. of the value of 250 V is selected or

for the cluster type DC-link voltages control the total reference DC-link voltage (Vref,c)is

chosen as 500 V. This allows the use of 460 V MOSFET for each H-bridge cell, which are

available in the market at a reasonable cost.
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4.4.3 Selection of Passive Parameters for PV CHBMLI
Based on the specific application, operating requirements, system configurations and
control strategies, ratings of various components of PVDG system such as DC capacitor and
inductance of coupling reactors have been selected [125-128].
The design of these components is based on the following assumptions [125]:
1. The grid voltage is sinusoidal.
2. Grid side current distortion is assumed to be less than 5% after compensation
with PV CHBMLI having integrated shunt APF capability.
Fixed capability of reactive power compensation of PV CHBMLI.
Modulation scheme for the CHBMLI is assumed to operate in the linear
modulation mode.

5. The coupling inductor resistance, R is neglected.

4.4.3.1 Selection of DC Capacitors
The energy exchange (Ae) in joules between each H-bridge cell of PV CHBMLI and

load can be expressed as[125-128]:,

1 2 2
Ae=—C, |V =V
2 dL,l(

cmax cmin )

(4.27)

«th

Where C, ; is the DC-link capacitor of i" H-bridge cell

Where V. and V__. (in volts) are the maximum and minimum capacitor voltages,

respectively. From the principle of energy transformation equation (4.27) can be written as
[1271:

)=V (al )t (4.28)

ref i dc,min

%cdc,,. (v, -vs

In equation(4.28),
¢,

c

, = Capacitance of the capacitor of each H-bridge cell (in farads),

V e rin = Minimum voltage level of the DC bus voltage of H-bridge cell,

v
V' =AC voltage of the each H-bridge cell (in rms)= ?g

I = Rated current of PV CHBMLI,
t =Response time of the PV CHBMLI[127, 128],
a = Over loading factor [127, 128].

Considering V,

'c,min

=240V (considering 4% ripple in DC capacitor voltages),

% A
V:%V:llSV,I:%:%.MA, t = 300 usec, and a =1.2, the calculated value

of C,., is 734 pF.

i
5
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4.4.3.2 Selection of Coupling Inductor

PV CHBMLI generates undesirable current harmonics around the switching frequency
and its multiples. If the switching frequency of the PWM based PV CHBMLI is sufficiently
high, these undesirable current harmonics can be easily filtered out by the filter inductor. The

filter inductor (Lmv) is one of the key components which determine the performance of the PV

CHBMLI with an improved power quality features[125]. The connection of the coupling

inductor to the PCC point is shown in Fig.4.1.

The selection of the AC inductance depends on the current ripple i, , ., and switching

frequency of the PV inverter, /. .The approximate value of the ac inductance is given as

sw

[127]:

= maVc.HBMu (4.29)
12af, i

sw'inv,(p-p)

Considering 5% peak-to-peak PV CHBMLI current ripple(il.w’(pfp)) to be 2.17 A (rms), the

switching frequency of the PV CHBMLI f

sw

=2Nf, =2x2x3 kHz = 12 kHz, amplitude

modulation index m =1, output voltage of the PVCHBMLI

a

(VCHBMLI) =N*V,

s = 2%250=5007 and overload factor (@)= 1.2, the value is calculated to
be 1.3 mH. On one hand, for a better harmonic cancellation and reactive power
compensation a higher value of inductance is preferable. However, on the other hand, a very
high value of inductance will result in slow dynamic response of the PV CHBMLI and it would
not be possible to compensate some of the load harmonics [125]. For the simulation of

proposed CHBMLI based PVDG system the inductance value is chosen as 0.8 mH

4.5 Simulation Results and Discussion

In order to verify the proposed control approach for CHBMLI based two-stage and
single-stage PVDG system an extensive simulation is carried out using MATLAB/Simulink
software and their simulation model are shown in Fig.4.13(a) and Fig.4.13(b) respectively.
Both two-stage and single-stage PVDG system are actively controlled to achieve sinusoidal
grid current at unity displacement factor in spite of highly non-linear load connected at PCC
under varying atmospheric and load conditions.

The control algorithms of both the two-stage and single-stage PVDG systems are
modelled in MATLAB/Simulink. As discussed in the earlier section the MPPT control in two-
stage PVDG system is accomplished by DC-DC converter, whereas in single-stage PVDG
system it is achieved by each H-bridge cell of CHBMLI. The algorithm for the MPPT
controller is developed in the embedded Matlab function block. In a PVDG system, The
reference compensating current for the power flow control is derived from the instantaneous

reactive power theory discussed in Section.4.3 by using the measured grid voltage, load
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current and DC-link voltages of the individual capacitors of the H-bridge cells. A 1-¢ SVM

based current controller has been used to generate the gating signals for the MOSFETs of

the two cell CHBMLI. The parameters used in the simulation are given in Table 4.4. A non-

linear load consisting of an uncontrolled rectifier and a RL element on the DC-side, have

been used for the analysis of the system. The system is validated for different modes of

controller action as well as atmospheric condition. Finally, based on the simulation results a

comparative analysis is made between two-level and CHBMLI based PVDG system with

single-stage CHBMLI based topology.
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Fig.4.13: Matlab Simulink model of (a) Two-stage CHBMLI based PVDG System (b) Single-
stage CHBMLI based PVDG System
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Table 4.4: Parameters used in the simulation study.

Parameter Value

Grid voltage 1-¢, 230V, 50 Hz

DC bus reference voltage for 2-
stage PVDG System

250 V (for each capacitor in the H-bridge cell)

DC bus capacitance 800uF (for each capacitor in the H-bridge cell)
Coupling inductor of PV CHBMLI L =08mH

Grid side inductance L,=01mH

Switching frequency 3 kHz

For two-stage PVDG System: K,= 1.3, K;= 0.8
For Single-stage PVDG System: K,= 1.1, K;= 1.5.
Single-phase uncontrolled rectifier ,

Load Load-1: =10Q, =21 mH (Light Load)

Load-2: =3.306 Q, =10.5 mH (Over Load)

Total Power:5120 W
Number of PV module in series:10
Number of PV module in parallel: 8

Pl controller parameters

PV Array
(For each H-bridge)

4.51 CHBMLI based PVDG system without and with PQEC
This section shows the system behaviour of two-stage and single-stage CHBMLI
based PVDG system with different modes of operation of PQEC. These results pertain to
STCs for PV modules while employing the MPPT controller, with a non-linear load (Load-1),
connected across the PCC. In order to study the steady state and transient performance of
these topologies for different modes of PQEC, the following events are considered to take
place.
At t =0 Sec., PQEC is off (disabled mode)
At t =0.4 Sec., PQEC is on (enabled mode)

The simulation results of two-stage and single-stage system under this condition are given in

Fig.4.14 and Fig.4.15 respectively. The waveforms of grid voltage (vg), PV CHBMLI current

(,,), load current(i,), grid current(i,) and DC-link voltages (V,,,V,,,)for two-stage and

single-stage CHBMLI based PVDG system are shown in Fig.4.14(a) and Fig.4.15(a)

respectively. Finally, based on these simulation results, the following observations are made:

1. Initially the PQEC is in disabled mode. During this state, the load current
demand is less than that generated by PV CHBMLI and hence, the surplus
current is fed to the grid. This can be observed from Fig.4.14(a) and Fig.4.15(a),
where grid current is out of phase with the grid voltage in both the topologies.
As the PQEC is in disabled mode, the PV CHBMLI in both the cases generates
sinusoidal current as per the modulation scheme. However, the non-linear load
connected at the PCC, draws a distorted current from the PV CHBMLI, which
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4.

leads to the injection of distorted current to the grid. Therefore, in this condition,
even though the PV CHBMLI generates a sinusoidal current, the non-linear
nature of load forces the grid current to be non-sinusoidal in both the CHBMLI
based topologies.

With the PQEC is enabled at t=0.4 Sec., the controller generates a reference
current for the PV CHBMLI which includes both harmonics and reactive
components of a load current. Therefore, in this situation the PV CHBMLI
generates a non-sinusoidal current to compensate the harmonics and reactive
components of load current, thereby feeds a pure sinusoidal current to the grid.
This demonstrates the capability of both two-stage and single-stage CHBMLI
based PVDG system for harmonic compensation. Similar to a previous
condition, as the load current demand is less than that generated by PV
CHBMLI, the surplus current is fed to the grid. This can be observed from
Fig.4.14(a) and Fig.4.15(a), for two-stage and single-stage topology
respectively, where grid current is out of phase with grid voltage.

With the implementation of PQE scheme, the reactive component of current
required by the load is completely supplied by the PV CHBMLI. Thus, the grid
current is found to have a unity displacement factor with the grid voltage in both
two-stage and single-stage topology, thereby demonstrating the reactive power
compensation capability of PQEC in both two-stage and single-stage topology.
At the instant when the PQEC is enabled the DC capacitor voltages of each H-
bridge cell of PV CHBMLI drops from its reference value to compensate the
load current harmonics. This drop in capacitor voltages is restored by the DC-
link voltage controller in both the cases. This ensures the effectiveness of the
DC-link voltage controller under different modes of PQEC. However, it is found
that the restoration time in the two-stage system is quite less compared to

single-stage topology.

Fig.4.14(b) and Fig.4.15(b) shows the generated active power curves of two-stage and

single-stage CHBMLI based PVDG system under different modes of operation of PQEC

respectively. From these simulation results following observations are made,

1.

It can be observed that, with the implementation of the MPPT control scheme in
both two-stage and single-stage CHBMLI based PVDG system, the generated
PV power is found to reach the maximum power as mentioned in the datasheet
of PV module, which is given in Table 2.1. In case of two-stage topology, as the
MPPT is achieved by boost converter, change of modes in PQEC doesn't affect

the PV module output. Here, the MPPT controller action is not influenced by
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PQEC because both controllers are completely isolated from each other.
However, in single-stage CHBMLI based topology; the MPPT controller
generates the reference voltage for the DC-link capacitor for each H-bridge
cells. Therefore, when the PQEC is enabled from disabled mode, the DC-link
capacitor of each H-bridge cells are discharged to accommodate the load
current demand. This change in capacitor voltage, alter the operating point in
PV module which was earlier in MPP. To regain the same MPP, the controller
takes some time in case of single-stage CHBMLI based PVDG system.

2. The other three subplots of Fig.4.14(b) and Fig.4.15(b) shows the generated PV
CHBMLI power, load power and grid power of two-stage and single-stage
CHBMLI based topology respectively, under both modes of operation of PQEC.
As the generated PV power is more than load demand, the surplus PV power is
fed to the grid. The positive value of the active power supplied by the PV
CHBMLI implies that power flows from PV CHBMLI towards PCC, whereas
negative value of grid active power implies that the grid absorbs the surplus
power. It can be observed that the power generated by PV CHBMLI in two-
stage and single-stage topology is 9.7 kW and 9.8 kW respectively. This
increase in power with single-stage topology leads to more power transfer in
case of single-stage topology compared to two-stage topology.

3. Similarly, the reactive power plots of two-stage and single-stage CHBMLI based
topology are depicted in Fig.4.14(c) and Fig.4.15(c) respectively. When PQEC
is disabled, the reactive power demanded by the load is completely supplied by
the grid. However, at the instant when PQEC is enabled, the PV CHBMLI starts
feeding the reactive power to the load thereby making the grid reactive power
zero. This implies that, with PQEC the PV CHBMLI in both topologies supplies
the reactive power demanded by the load. This leads to unity displacement
factor at the PCC.

Finally, the harmonic spectrum of PV CHBMLI current, load current and grid current,
before and after the application of PQEC, in case of two-stage CHBMLI based topology are
shown in Fig.4.14(d), Fig.4.14(e), and Fig.4.14(f) respectively. Similarly, the corresponding
harmonic spectrums in single-stage topology are shown in Fig.4.15(d), Fig.4.15(e) and
Fig.4.15(f). Before compensation, the THD of PV CHBMLI current, load current, and grid
current in two-stage topology are found to be 1.72 %, 24.90%, and 24.25 %, respectively,
whereas with single-stage topology the corresponding current THD are found as 21.14 %,
24.90% and 2.96% respectively. Similarly, when the PQEC is enabled the THD of PV
CHBMLI current, load current and grid current in two-stage topology are found out to be
23.31%, 31.22% and 3.65%, respectively, while with single-stage topology the corresponding
current THD are found out to be 23.94%, 32.07% and 3.76%. It can be observed that the
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grid current THD with both the topologies is well within the limits of IEEE 1547 and IEC
61727 recommended value of 5% with the application of PQEC.
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4.5.2 CHBMLI based PVDG system under varying load conditions
This section presents simulation results of two-stage and single-stage CHBMLI based
PVDG system under two extreme loading conditions- namely light load and overload. These
results pertain to STCs for PV arrays while employing both MPPT and PQEC. In order to
study the steady state and transient performance of the system for these conditions, the
following events are considered in PVDG system:
At t =0 Sec., a light load (Load-1) is connected across the PCC.
At £ =0.4 Sec., an overload (Load-2) condition is created at the PCC.
The simulation results of the PVDG system under these conditions with two-stage and
single-stage topology are given in Fig.4.16 and Fig.4.17 respectively. The simulated

waveforms of grid voltage (v,), PV CHBMLI current(i,,), load current(i,), grid current (i,)

and DC-link voltages (V,.,,V,.,) for two-stage and single-stage CHBMLI based PVDG system

under varying load condition are shown in Fig.4.16(a) and Fig.4.17(a) respectively. Based on
these simulation results, the following observations are made:

1. Initially there is a light non-linear load (load-1) on the system. During
this condition, the load current demand is less than that generated by PV CHBMLI and
hence, the surplus current is fed to the grid. This can be observed from Fig.4.16(a) and
Fig.4.17 (a) that in case of two-stage and single-stage topology, where grid current is
out of phase with PV CHBMLI as well as the load current. As the PQEC is enabled, the
PV CHBMLI of both the topologies generates a non-sinusoidal current consisting of
fundamental, harmonics and reactive components of a load current. Therefore, under
this condition the non-sinusoidal component of the load current is completely supplied
by the PV CHBMLI, thereby relieving the grid from the supply of harmonics.

2. When the load is increased at t=0.4 Sec., to create an overload
condition, the load current demand is more than that generated by PV CHBMLI and
hence, the rest of the load current demand is met from the grid. This is verified from
Fig.4.16(a) and Fig.4.17(a) for two-stage and single-stage topology respectively, where
grid current is in phase with both PV inverter and the load current. Similar to light load
condition, the harmonic components of the load current are supplied by the PV
CHBMLI thereby making the grid current purely sinusoidal. This demonstrates the
capability of the PVDG system to fully compensate the harmonics in both two-stage
and single-stage system.

3. With the implementation of the PQE scheme, the reactive component
of current required by the load is completely supplied by the PV CHBMLI. Thus,

the grid current is found to have a unity displacement factor with the grid
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voltage under both, light and overload conditions, thereby demonstrating the

reactive power compensation capability of the scheme with both the topologies.

4, At the instant when the load demand increases the DC capacitor
voltages of each H-bridge cell of PV CHBMLI drops from its reference value to
compensate the increased load current. This drop in capacitor voltages is
restored in 2-3 cycles; in case of two-stage topology which can be observed
from Fig.4.16 (a). However, in single stage topology the restoration process
takes around 4-5 cycles. The DC-link voltage regulator has ensured the

regulation of the capacitor voltages in both the topologies.

Fig.4.16 (b) and Fig.4.17 (b) shows the generated active power curves of two-stage
and single-stage CHBMLI based PVDG system under varying load condition respectively.
From these simulation results the following observations are made,

1. With the implementation of the MPPT control scheme, the generated
PV power in both the topologies are found to reach the MPP. In case of two-
stage topology the load variation doesn’t affect the PV module output, which
can be observed from the first sub-plot of Fig.4.17(b). In this topology the
MPPT is accomplished with the help of DC-DC converter and the MPPT
control action are completely independent from the power flow operation of
PV CHBMLI. However, in single-stage topology the load variation directly
affects the PV module output. In steady state, when the system was feeding
power to a light load, each PV module was operating at MPP.

2. The instant when, the load is changed the operating point on each PV
module is deviated from MPP and after a few iterations in MPPT algorithm
each PV module again start operating at the MPP. This effect of load variation
on the PV module output in single-stage is shown in the first sub-plot of
Fig.4.17 (b).

3. The generated PV CHBMLI power, load power and grid power of two-
stage and single-stage CHBMLI based topology under varying load conditions
are shown in the other three subplots of Fig.4.16 (b) and Fig.4.17(b)
respectively. Under light load condition, the generated PV power is more than
the power demand of the load. Thus, the surplus PV power is fed to the grid.
The Positive value of the active power supplied by the PV CHBMLI implies
that power flows from PV CHBMLI towards PCC, whereas a negative value of
grid active power implies that the grid absorbs power. Moreover, during
overload condition, the generated PV power is unable to meet the load
demand and hence, both PV CHBMLI and the grid share the load. Here the
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positive value of grid power implies that the power flow is from the grid
towards PCC. It can be observed that the power generated by PV CHBMLI in
two-stage and single-stage topology is 9.7 kW and 9.8 kW respectively. This
increase in power with single-stage topology leads to more power transfer to
the grid in case of single-stage topology compared to two-stage topology
under light load condition. Whereas during overload condition the share of grid
power in two-stage topology is more compared to single-stage topology.

4, Similarly, the reactive power plots of two-stage and single-stage
CHBMLI based topology under varying load conditions are depicted in
Fig.4.16(c) and Fig.4.17(c) respectively. Under both light load and overload
condition, with both the topologies the grid reactive power is zero, thereby
implying that the reactive power demand of the load is met by the PV
CHBMLI. This leads to unity displacement factor at the point of common
coupling (PCC).

Finally, in case of two-stage CHBMLI based topology, the harmonic spectrum of PV
CHBMLI current, load current and grid current, under light load and overload conditions, are
shown in Fig.4.16(d), Fig.4.16(e), and Fig.4.16(f) respectively. Similarly, the corresponding
harmonic spectrums in single-stage topology are shown in Fig.4.17(d), Fig.4.17(e) and
Fig.4.17(f). Under light load condition, the THD of PV CHBMLI current, load current, and grid
current in two-stage topology are found to be 23.31%, 31.22%, and 3.65% respectively
whereas with single-stage topology the corresponding current THD are found as 23.94%,
34.27% and 3.76% respectively. Similarly, under overload condition the THD of PV CHBMLI
current, load current and grid current in two-stage topology are found out to be 45.81%,
33.91% and 3.94% respectively, while with single-stage topology the corresponding current
THD are found out to be 46.73%, 33.91% and 3.96%. It can be observed that the grid
current THD with both the topologies is well within the limits of IEEE 1547 and IEC
61727recommended value of 5% with the PQEC.
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4.5.3 CHBMLI based PVDG system under varying atmospheric conditions

This section presents the response of two-stage and single-stage CHBMLI based
PVDG system under varying atmospheric conditions. The analysis of the system is made
with both MPPT and PQEC are enabled throughout the test with a non-linear load (Load-1),
is connected across the PCC. In order to study the steady-state and transient performance of
the system under these conditions, the following events have been designed to occur in
PVDG system:

At t = 0 Sec., the irradiation level of the PV module is set as 1000 W/m?.

At t =0.4 Sec., irradiation level is reduced to 300 W/m?

The simulation results of two-stage and single-stage CHBMLI based PVDG system
under these above mentioned conditions are given in Fig.4.18 and Fig.4.19 respectively.
The simulated waveforms of grid voltage, PV CHBMLI current, load current, grid current, and
DC-link voltages for two-stage and single stage CHBMLI based PVDG system under this
varying atmospheric conditions are shown in Fig.4.18 (a) and Fig.4.19 (a) respectively and
from these simulation results, following observations are made:

1. Initially the system is operated at the irradiation level of 1000 W/m?.
During this condition, the load current demand is less than that generated by
PV CHBMLI and hence, the surplus current is fed to the grid. This can be
observed from Fig.4.18(a) and Fig.4.19 (a) where grid current in both the
topologies are out of phase with PV CHBMLI as well as the load current.
However, this non-linear load draws a distorted current from the PV CHBMLI.
As the PQEC is enabled during this condition, the PV CHBMLI generates a
non-sinusoidal current consisting of fundamental, harmonics and reactive
components of a load current. Therefore, under this condition the non-
sinusoidal component of the load current is completely supplied by the PV

CHBMLI, thereby relieving the grid from the supply of harmonics.

2. However, when the irradiation level is decreased to 300 W/m? at t=0.4
Sec., to create an unfavourable atmospheric condition for the PVDG system,
the generated PV CHBMLI current is not sufficient to meet the load current
demand and hence, the rest of the load current demand is met by the grid.
This is verified from Fig.4.18(a) and Fig.4.19(a) where grid current is in phase
with both PV CHBMLI and the load current. Similar to favourable atmospheric
condition(i.e. at STCs), the harmonic components of the load current is
supplied by the PV CHBMLI thereby making the grid current purely sinusoidal.
This demonstrates the capability of both two-stage and single-stage CHBMLI

based PVDG system to fully compensate for harmonic.
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3. With the implementation of PQE scheme, the grid current is found to
be in phase with the grid voltage under both, favourable and unfavourable
atmospheric conditions thereby confirming the compensation of reactive

power.

4. At the instant when the irradiation is decreased from 1000 W/m? to 300
W/m? the DC capacitor voltages of each H-bridge cell of CHBMLI drops from its
reference value to maintain the load current demand. This drop in each DC-link
capacitor voltages are restored to the reference value in 2-3 cycles in two-stage
CHBMLI based topology which can be observed from Fig.4.18 (a). However, in
case of single-stage system as the solar irradiation changes, the PV module
start to operates at new operating point, as per the reference DC-link voltage

value generated by MPPT algorithm.

Fig.4.18 (b) and Fig.4.19 (b) shows the generated active power curves of two-stage
and single-stage CHBMLI based PVDG system under varying atmospheric conditions

respectively. From these simulation results the following observations are made,

1. With the enabled mode of MPPT controller, the generated PV power in
both the topologies are found to reach the maximum power point at 1000 W/m?.
In both two-stage and single-stage topology with the variation of solar irradiation
from 1000 W/m? to 300 W/m? the PV module connected at each H-bridge cell
starts generating the maximum power corresponding to the irradiation value.
This PV power generation under varying irradiation condition under two-stage
and single-stage topology is given in the first sub-plot of Fig.4.18 (b) and
Fig.4.19 (b) respectively.

2. The generated PV CHBMLI power, load power and grid power of two-
stage and single-stage CHBMLI based topology under varying irradiation
conditions are shown in the other three subplots of Fig.4.18(b) and Fig.4.19(b)
respectively. At the irradiation level of 1000 W/m?, the generated PV power is
more than the power demand of the load. Thus, the surplus PV power is fed to
the grid. The positive value of the active power supplied by the PV CHBMLI
implies that power flows from PV CHBMLI towards PCC, whereas a negative
value of grid active power implies that the grid absorbs power. Moreover, during
low irradiation condition, i.e. at 300 W/m?, the generated PV power is unable to
meet the load demand and hence, both PV CHBMLI and the grid share the

load. Here the positive value of grid power implies that the power flow is from
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the grid towards PCC. It can be observed that the power generated by PV
CHBMLI in two-stage and single-stage topology is 9742.5 Watt and 9846 W
respectively at the irradiation level of 1000 W/m? whereas at the irradiation level
of 300 W/m? the CHBMLI generates 4504 W and 4807 W with two-stage and
single-stage topology respectively. This increase in power generation with
single-stage topology leads to more power transfer to the grid in case of single-
stage topology compared to two-stage topology under favourable atmospheric
condition. Whereas during low irradiation condition the share of grid power in

two-stage topology is more compared to single-stage topology.

3. Similarly, the reactive power plots of two-stage and single-stage
CHBMLI based topology under varying load conditions are shown in Fig.4.18(c)
and Fig.4.19(c) respectively. Under two irradiation levels, with both the
topologies the grid reactive power is zero, thereby implying that the reactive
power demanded by the load is met by the PV CHBMLI. This implies that, with
an enabling mode of PQEC the PV CHBMLI in both topologies supplies all the
reactive power. This leads to unity displacement factor at the PCC.

Finally, the harmonic spectrum of PV CHBMLI current, load current and grid current,
under varying atmospheric conditions, in case of two-stage CHBMLI based topology are
shown in Fig.4.18(d), Fig.4.18(e), and Fig.4.18(f) respectively. Similarly, the corresponding
harmonic spectrum in single-stage topology is shown in Fig.4.19(d), Fig.4.19(e) and
Fig.4.19(f). Under favourable atmospheric condition, the THD of PV CHBMLI current, load
current, and grid current in two-stage topology are found to be 23.31%, 31.22%, and 3.65 %,
respectively, whereas with single-stage topology the corresponding current THD are found
as 23.94%,34.27% and 3.76% respectively. Similarly, under unfavourable atmospheric
condition the THD of PV CHBMLI current, load current and grid current in two-stage topology
are found out to be 46.54%, 31.22% and 3.51 % respectively, while with single-stage
topology the corresponding current THD is found out to be 47.94%, 34.27% and 4.23%. It
can be observed that the grid current THD with both the topologies is well within the limits of
IEEE 1547 and IEC 61727 recommended value of 5% with the application of PQEC.
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Fig.4.18 (a): Grid Voltage, PV inverter current, load current, grid current and DC-link voltage
of two-stage CHBMLI based PVDG system under varying atmospheric condition.
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Fig.4.18: Simulation results of two-stage CHBMLI based PVDG system under varying
atmospheric condition
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Fig.4.19: Simulation results of single-stage CHBMLI based PVDG system under
varying atmospheric conditions
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4.6 Comparative Analysis

Table 4.5 presents a comparative values of active power flow in the PVDG system for
the three different topologies of the PVDG system under different atmospheric
conditions.The analysis is made with a non-linear load (load-1)(P_:4650 W) connected across
the PCC with PQEC and the MPPT controller is in enabled mode. Positive sign of active
power implies that the source is giving power, whereas negative sign implies that the source

is receiving power.

Table 4.5:Generated PV inverter Power and Grid Power under different Irradiation level for
three different topologies of PVDG System

MPPT and 2-Stage 2-level
PQEC are 2-Stage PV CHBMLI 1-Stage PV CHBMLI
PV Inverter (Reference)
Enabled
Irradiation
in Wlm2 Plnv(w) Pg(w) Pinv(w) Pg(W) Pinv(w) Pg(W)
400 3649 1001 3745 905 3939 711
600 5732 -1082 5829 -1179 5949 -1299
800 7694 -3044 7750 -3100 7915 -3265
1000 9450 -4800 9786 -5136 9851 -5201

From Table 4.5, it can be observed that with 2-stage CHBMLI based PVDG system the
percentage increase of power generation is 2.14 % (Avg. Value) compared to 2-stage 2-level
PVDG system. Whereas, there is 4.70 % (Avg. Value) increase of power generation is
possible in case of 1-stage CHBMLI based PVDG system as compared to 2-stage 2-level
PVDG system. As per the manufacturer's datasheet given in chapter.2 (Fig.2.4), the
efficiency of the PV module is only 14%][103]. Therefore, with 4.70% (Avg. Value) increase of
power generation in 1-stage CHBMLI based PVDG system, the overall efficiency of the
system can be improved

Similarly, Table 4.6 presents a comparative analysis of % THD of PV inverter current,
load current and grid current in the PVDG system for the three different topologies of the
PVDG system under different test conditions. It can be observed that with CHBMLI based
topology the THD of grid current is quite less compared to 2-level topology. However, in
single stage topology the grid current THD is found to be slightly on the higher side
compared to 2-stage topology. This is because of the continuous fluctuation of the input DC-
link voltage in single stage topology. Table.4.7 presents a comparative analysis of active
powers for the three different topologies of PVDG system under different test conditions. It
can be observed that with single stage CHBMLI based topology the generated active power

is quite high compared to other two topologies.
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Table 4.6: Inverter current, load current and grid current THD under different modes of
operation for three different topologies of PVDG System

Topology THD in %
2-Stage 2-level 2-Stage 5-level 1-Stage 5-level PV
PV Inverter PV CHBMLI CHBMLI
Mode of Operation Liny ir i Liny i i Liny i i
Irradiation | 1000 | 22.65 | 26.63 | 3.15 | 21.14 | 24.90 | 2.96 | 21.14 | 25.36 | 4.11
(MpPT&PQEC | W/m?
Enabled) 300 | 3158|2663 | 4.88 | 31.558 | 24.90 | 4.88 | 38.53 | 25.36 | 4.96
W/m
PQEC Off | 1.73 | 26.63 | 27.92 | 1.72 | 24.90 | 24.25 | 2.74 | 25.36 | 29.90
(At STC
MPPT Enabled) | On | 22.65 | 26.63 | 3.15 | 21.14 | 24.90 | 2.96 | 21.14 | 25.36 | 4.11
Varying | Light | 22.65 | 26.63 | 3.15 | 21.14 | 24.90 | 2.96 | 21.14 | 25.36 | 4.11
Nofé"ar:jear Over | 38.10 | 31.82 | 4.36 | 38.10 | 31.55 | 3.48 | 40.55 | 30.48 | 4.69
(At STCs, MPPT
&PQEC
Enabled)

Table 4.7: Inverter Power, load Power and grid Power under different modes of operation for
three different topologies of PVDG System

Active Power in kW
Topology 2—:;:/a|ge 2-level 2-Stage 5-level 1-Stage 5-level PV
nverter PV CHBMLI CHBMLI

Mode of Operation P, P P, P, P, P, Py P P,
\rradiation J\?/?n% 9.488 | 4.65 |-4.838|9.765 | 4.649 | -5.116 | 9.994 | 4.65 | -5.291
(MPPT&PQEC 300
Enabled) Wim? | 2676 | 485 | 1.974 | 2.719 | 465 | 1.931 | 3.626 | 4.65 1.022
5985008 Off | 9.479 | 4.649 | -4.829 | 9.753 | 4.649 | -5.114 | 9.833 | 4.649 | -5.184
oy | On | 9424 | 465 |-4774|9.765| 465 | -5.181 | 9.896 | 4.65 | 397
Varying | Light | 9.488 | 4.65 | -4.838 | 9.765 | 4.649 | 5.116 | 10.03 | 4.65 | -5.385
Non-linear

Load
(At STCs, Over | 927 |13.48 | 4206 | 9.833| 13.5 | 3.669 | 10.08 | 13.48 | 3.401
MPPT &PQEC
Enabled)
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4.7 Conclusion

1-¢ two-stage and single-stage CHBMLI based PVDG system with an improved
power quality features is developed and simulation results are presented. The CHBMLI
based topology advantage of improved quality of currents. The current control scheme of PV
CHBMLI includes a compensating current generator based on instantaneous reactive power
theory to obtain the aforementioned objective. Both two-stage and single-stage PVDG
system is controlled in such a way to inject the maximum PV power to the grid while
compensating the load reactive power and harmonic components. Exhaustive simulation
results are presented to investigate the performance of the PVDG system during varying
atmospheric as well as varying load conditions. With single-stage topology, the need of DC-
DC converter for MPPT is eliminated. This leads to more power injection to the grid as
compared to two-stage system. The performance of both two-stage and single-stage PVDG
system along with harmonic and reactive power compensation has been found satisfactory
and meeting IEEE standards of the PVDG system.
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Chapter 5: SYSTEM DEVELOPMENT AND EXPERIMENTATION

[Prototype hardware system comprising of PV Inverter, dSPACE-DS1104 interfacing and
related control circuits has been developed for two-stage two-level, two-stage and single-
stage CHBMLI based PVDG system. The simulation results presented in previous chapters

are validated through those hardware system]

5.1 Introduction

To verify the simulations of 1-¢, 230 V, 15 KVA, two-level and 5-level CHBMLI based
PVDG system, the following prototypes have been developed in the laboratory.

1. Enhanced PQ based two-stage 2-level inverter based PVDG System.

2. Enhanced PQ based two-stage 5-level CHBMLI based PVDG System.

3. Enhanced PQ based single-stage CHBMLI based PVDG System.
As a first step in hardware development, two 128 W PV modules manufactured by Maharishi
Solar, India[103] are installed at the rooftop of the laboratory. As discussed in the earlier
chapter, for two-stage topology, two independent boost converters are used for the MPPT of
each PV module, whereas in case of single stage system the PV inverter itself is responsible
for both MPPT and power flow control.
A 1-¢ downscaled two level PV inverter and 5-level PV CHBMLI rated at 100 V, 500 VA has
been designed and constructed to realize the above mentioned PVDG topologies. The power
circuit of two-stage 2-level inverter based PVDG system consists of a 2-level PV inverter
which requires 4 power semiconductor devices. The PV module is interfaced with this PV
inverter through a boost type DC-DC converter, which is responsible for MPPT control.
However, for the development of the CHBMLI based PVDG system, two H-bridge cells are
connected in a cascaded manner. These CHBMLI based topology requires 8 switching
devices having reduced voltage and current ratings. These 8 switching devices are used to
realize 2-H-bridge cells and each cell is equipped with a galvanically isolated PV module in
case of a single stage system, whereas in two-stage system each H-bridge cell is connected
to an individual PV module through boost type DC-DC converter. These two H-bridge cells
are used for the synthesis of 1-¢ inverter. As a result, it produces 5-level output voltage
waveform under balanced input DC-link voltage condition. For the development of the power
circuit, MOSFETs (IRFP460) has been used as the switching devices for realizing the PV
inverter and boost converter.

The other hardware components required for the operation of the experimental set-up
such as pulse amplification circuit, isolation circuit, dead-band circuit, voltage and current
sensor circuits, non-linear/reactive loads have been designed and developed in the

laboratory. The complete schematic diagram for the realization of two-stage 2-level inverter,
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two-stage and single-stage CHBMLI based PVDG system are shown in Fig.5.1, Fig.5.2 and
Fig.5.3 respectively.

A Digital Signal Processor (DSP) DS1104 of dSPACE has been used for the real-time
implementation of control algorithms. By using the Real-Time Workshop (RTW) of MATLAB
and Real-Time Interface (RTI) feature of dSPACE-DS1104, the simulink models of the
various controllers of the prototypes have been implemented. The control algorithm is first
designed in the MATLAB/Simulink software. The RTW of MATLAB generates the optimized
C-code for real-time implementation. The interface between MATLAB/Simulink and Digital
Signal Processor (DSP, DS1104 of dSPACE) allows the control algorithm to be run on the
hardware. The master bit I/O is used to generate the required gate pulses and Analog to
Digital Converters (ADCs) are used to interface the sensed PV modules, voltage and current,
PV inverter current, load current, grid voltage and DC-bus capacitor voltages. The
development of different hardware components as required for the operation of the hardware
prototypes are discussed in the next section.
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Fig.5.1: Schematic diagram for hardware implementation of two-stage 2-level PVDG system.
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Fig.5.2: Schematic diagram for hardware implementation of two-stage CHBMLI based PVDG
system.

5.2 Development of System Hardware
The developed experimental prototype is comprised of the following parts:

1. Power circuit of DC-DC converter for MPPT in two-stage topology and 2- level ,
5- level PV inverter for grid interfacing

2. Measurement circuits
¢ PV module output voltage and current
¢ PV Inverter current, load current
¢ Grid Voltage and DC-link voltages of the H-bridge cell
System software
Control hardware
e MOSFET driver circuit for Isolation and Amplification

e Dead-band circuit
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Fig.5.3: Schematic diagram for hardware implementation of single-stage CHBMLI based
PVDG system.
5.2.1 Development of Power Circuit

A single-phase 2- level and 5- level PV inverter with suitably designed filter inductor

(L,) onits AC side have been developed in the laboratory. As mentioned earlier, in the two-

stage PVDG system, for the MPPT, boost converter is used and is developed by properly
designing its required passive elements. The self-commutated power semiconductor
switches required for the development of a boost converter and PV inverter are realized by
the MOSFETs (IRFP460). To protect each switching device, a suitably designed snubber
circuit is connected across it. The snubber comprises of a parallel combination of a resistor
and a capacitor connected across a Metal-Oxide Varistor (MOV). The devices are mounted
on heat sinks to ensure proper heat dissipation. Various parameters and rating of passive

components are designed as per the design criterion discussed in Chapter.3 and Chapter 4.
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5.2.2 Measurement Circuits
For the accurate and reliable operation of a system in closed loop, measurement of

various system parameters and their conditioning is required. The measurement system
must fulfil the following requirements:

e High accuracy

e Galvanic isolation with power circuit

e Linearity and fast response

e Ease of installation and operation
With the availability of Hall-effect current sensors and isolation amplifiers, these requirements
are fulfilled to a large extent. In order to implement the control algorithm of 1-¢ PVDG system
in closed loop, following signals have been sensed.

1. PV module output voltage and current

2. Load current, PV inverter currents and grid voltage for reference current

generation and synchronization
3. DC voltages of the H-bridge cells (required for the operation of DC voltage

regulator).

5.2.2.1 Sensing of AC Current

The PV module output current and AC source currents have been sensed using the
PCB-mounted Hall-effect current sensors (TELCON HTP50). The HTP50 is a closed loop
Hall effect current transformer suitable for measuring currents up to 50 A. This device
provides an output current into an external load resistance. These current sensors provide
the galvanic isolation between the high voltage power circuit and the low voltage control
circuit and require a nominal supply voltage of the range %12V to %15V. It has a
transformation ratio of 1000:1 and thus, its output is scaled properly to obtain the desired
value of measurement. The circuit diagram of the current sensing scheme is shown in
Fig.5.4.

12k
AN +12V
+12V
—O Output
ro Current
12V
Input 10k -12V TLO81
Current oy TLO81
Current Sensor Buffer Scaler Buffer

Fig.5.4: AC current sensing circuit.
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5.2.2.2 Sensing of Voltage

The voltages are normally sensed using isolation amplifiers and among them, AD202 is
a general purpose, two-port, transformer-coupled isolation amplifier that can be used for
measuring both AC and DC voltages. The other main features of the AD202 isolation
amplifier are:

1. Small physical size

2. High accuracy
3. Low power consumption
4. Wide bandwidth
5. Excellent common-mode performance
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Fig.5.5: AC/DC voltage sensing circuit.

This voltage sensor can sense voltages in the range of +1 kV (peak) and it requires a
nominal supply voltage range of +12V to £15V. Fig.5.5 shows the circuit diagram for the
voltage sensing scheme, which uses AD202 isolation amplifier. The voltage (AC or DC) to be
sensed is applied between the terminals 1 and 2 (across a voltage divider comprising of 100
kQ and 1 kQ) and the voltage input to the sensor is available at the pins 1 and 2 of AD202
via a resistance of 2.2 kQ. The isolated sensed voltage is available at the output terminal 19
of AD202. The output of voltage sensor is scaled properly to meet the requirement of the

control circuit and is fed to the dSPACE via its ADC channel for further processing.

5.2.3 Development of System Software
Historically, control software was developed using assembly language. In recent years,
industry began to adopt MATLAB/Simulink and Real-Time Workshop (RTW) platform based
method, which provides a more systematic way to develop control software. Fig.5.6 shows
the Total Development Environment (TDE) of dSPACE and its major component blocks are

explained as below:
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MATLAB is widely used as an interactive tool for modelling, analysis and
visualization of systems, which itself contains more than 600 mathematical
functions and supports additional toolboxes to make it more comprehensive.
Simulink is a MATLAB add-on software that enables block diagram based
modelling and analysis of linear, nonlinear, discrete, and continuous and hybrid
systems.

RTW is Simulink add-on software that enables automatic C-code generation from
the Simulink model. The generated optimized code can be executed on PC,
microcontrollers, and signal processors.

Real Time Interface (RTI) is add-on software of dSPACE which provides block
libraries for I/O hardware integration of DS1104 R&D controller and generates
optimized code for master and slave processors of the board.

dSPACE’s control desk is a software tool interfacing with real-time experimental
setup and provides easy and flexible analysis, visualization, data acquisition and
automation of the experimental setup. The major feature of real-time simulation is
that the simulation has to be carried out as quickly as the real system would

actually run, thus allowing to combine the simulation and the inverter (real plant).

MATLAB SIMULINK Controldesk
& EE
* Analysis « Block diagram « C-code * Block library for | | Intelra?ction with
*Design based modeling generation I/0 Hiw real-time
* Optimization » Off-line from integration experiment
* Offine data simulation Block diagram » Automatic code | |* Automation &
generation DAQ
MATLAB/Simulink Environment dSPACE Environment

Fig.5.6: Total Development Environment of dSPACE with MATLAB.

The DSP DS1104 R&D controller board of dSPACE is a standard board that can be
plugged into Peripheral Component Interconnect (PCI) slot of a desktop computer. The
DS1104 is specially designed for the development of high-speed multivariable digital
controllers and real-time simulations for various applications. It is a complete real-time
control system based on an AMD Opteron™ processor running at 2.6 GHz. It has 256 MB
DDR-400 SDRAM local memory for the application and dynamic application data and 128
MB SDR SDRAM global memory for host data exchange. DS1104 R&D controller is a very
good platform for the development of dSPACE prototype system for cost-sensitive RCP

applications. It is used for the real-time simulation and implementation of the control

algorithm in real-time.
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The sensed AC and DC voltages are fed to the dSPACE Multi-1/O Board (DS2201) of
DS1006 via the available ADC channels on its connector panel. In order to add an I/O block
(such as ADCs and master bit I/Os in this case) to the Simulink model, the required block is
dragged from the dSPACE I/O library and dropped into the Simulink model of the CHBMLI
based PVDG system. In fact, adding a dSPACE 1/O block to a Simulink model is almost like
adding any Simulink block to the model. The master bit I/Os configured in the output mode,
are connected to the model for issuing a gate pulse signal to the MOSFETSs. In addition to
that ADCs are connected to the model for giving different sensed parameter as input to the
DSP hardware. The number of master bit I/Os and ADCs required for the three above

mentioned topologies of PVDG system are given in Table.5.1

Table 5.1: Number of I/Os and ADCs required for each PVDG topology

Topology No. of Master bit I/Os No. of ADCs
2-Stage 2-level Inverter | 4 | 2: For giving gate pulses | 8 PV module output current
to two DC-DC converter (2), voltage(2),
2 -PV Module for MPPT grid voltage(1), load
2-boost converter 2: For giving gate pulses current(1), inverter output
1-H bridae | ¢ to two level inverter current(1), DC-link
-H bridge Inverter voltage(1)
2-Stage 5-level CHBMLI | 6 | 2: For giving gate pulses | 9 PV module output
to two DC-DC converter current(2),voltage(2), grid
2 -PV Module for MPPT voltage(1), load current(1),
2-boost converter 4: For giving gate pulses inverter output current(1),
2-H bridge Inverter to 5-level CHBMLI DC-link voltage(2)
1-Stage 5-level CHBMLI | 4 | For giving gate pulses to | 7 PV module output
5-level CHBMLI current(2),voltage(2), grid
2 -PV Module voltage(1),load current(1),
2-H bridge Inverter inverter output current(1)

The sensed signals of each topology are used for the processing in the designed
control algorithm. The vital aspect for real-time implementation is the generation of real-time
code of the controller to link the host computer with the hardware. For dSPACE systems,
Real-Time Interface (RTI) carries out this linking function. Together with RTW from the
Mathworks®, it automatically generates the real-time code from Simulink models and
implements this code on the dSPACE real-time hardware. This saves the time and effort
considerably as there is no need to manually convert the Simulink model into another
language such as ‘C’. RTI carries out the necessary steps needing only addition of the
required dSPACE blocks (I/O interfaces) to the Simulink model. In other words, RTI is the
interface between Simulink and various dSPACE platforms. It is basically the implementation

software for single-board hardware and connects the Simulink control models to the I/O of
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the board. In the present case, the optimized C-code of the Simulink model of the control
algorithm is automatically generated by the RTW of MATLAB in conjunction with RTI of
dSPACE.

The generated code is then automatically downloaded into the dSPACE hardware
where it is implemented in real-time and the gating signals are generated. The gating pulses
for the power switches of the converter are issued via the Master-bit I/Os available on the
dSPACE board. The DS2201 Connector/LED combo panel provides easy-to-use
connections between DS1006 board and the devices to be connected to it. The panel also
provides an array of LEDs indicating the states of digital signals (gating pulses). The gating
pulses are fed to various power devices driver circuits via dead-band and isolation circuits.
Fig.5.7 shows the schematic diagram of dSPACE-DS1104 board interfaced with the host
computer and the real-world plant (power circuit of PVDG system). Sensed signals are fed to

the ADCs and generated gating pulses are given at Master bit 1/Os.

12

Switching
@ pulses to
MOSFETSs

% C-code

MATLAB/Simulink®
Real-time Workshop
Host Computer

onyg

Sensed currents and
voltages

Fig.5.7: DSP (dSPACE-DS1104) circuit board interfacing.

5.2.4 Development of Control Hardware
The control algorithm is designed and built into the MATLAB/Simulink software and the

control pulses for the power switches of each topology of PVDG system are generated by
real-time simulation using the DSP of dSPACE. The optimized C-code of the Simulink model
of control algorithm is generated with the help of Real-Time Workshop (RTW) of MATLAB.
The RTW of MATLAB and the Real-Time Interface (RTI) of dSPACE result in the real-time
simulation of the model. The control pulses are generated at the various Master-bit 1/0Os of
the dSPACE which are interfaced with the MOSFET driver circuits through isolation and
dead-band circuits. This ensures the necessary isolation of the dSPACE hardware from the
power circuit that is required for its protection. Fig.5.8 shows the basic schematic diagram of
interfacing firing pulses from the dSPACE board to switching devices of PV inverter and DC-
DC converters. From Fig.5.8, it can be observed that the following hardware circuits are
required for interfacing of DC-DC converters and CHBMLI with dSPACE board.

1. Dead-band circuit

2. MOSFET driver circuits for isolation and amplification
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Fig.5.8: Schematic diagram of interfacing firing pulses from dSPACE controller board to

switching devices

5.2.4.1 Dead-band Circuit
A dead-band (dead-time or delay) circuit is employed to provide a delay time (of about
1 us) between the switching pulses to two complementary devices connected in the same leg
of an H-bridge cell. This is required to avoid the short circuit of devices in the same leg due
to simultaneous conduction. The delay time between switches of the same leg of the H-

bridge cell is introduced by an RC integrator circuit as shown in Fig.5.9.

INPUT OUTPUT
SIGNAL | SIGNAL
& W > > T
1Kk DEVICE
0.001pF
W >—] — <=

DEVICE

Fig.5.9: Dead-band circuit for single-leg of an H-bridge cell.

An identical dead-band circuit has been used for each leg of all H-bridge cells. The
different switching signals obtained experimentally for semiconductor devices in the same leg
of an H-bridge cell are shown in Fig.5.10(a) with a 1 ys delay. The switching delay for the
upper and lower switch in same leg are shown in a clearer way in Fig.5.10 (b) and Fig.5.10

(c) respectively.

5.2.4.2 MOSFET Driver Circuits
The MOSFET driver circuits are used for pulse amplification and isolation purposes.
The control pulses generated from dSPACE unit are not efficient to drive the switching
devices. Thus, these signals are further amplified by using proper amplifier circuit.
Fig.5.11(a) shows a circuit diagram of pulse isolation and amplifier circuit for MOSFET driver
circuit. For isolation between power circuit and a control circuit, an optocoupler(MCT2E) is
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used. Although common + 5V, regulated DC power supply is used at the input side of the
optocoupler, but individual regulated DC power supplies of +12V are used to connect the
output side of optocoupler. In order to test the MOSFET driver, a PWM signal is applied at
point ‘a’ of Fig.5.11(a) and waveforms at different points (a, b, ¢ and d) are recorded as
shown in Fig.5.11(b). It is observed that the waveform at point ‘d’ is similar to the PWM signal

applied at point ‘a’, but its amplitude is increased to 12 V which is used to drive the MOSFET.
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Fig.5.10: Firing signals for the switches S;; and S;, with dead-band circuit.
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Fig.5.11: (a) MOSFET driver circuit for isolation and amplification (b) waveform at different
points
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5.3 Experimental Validation of single phase PVDG system
The prototype models of the 1-¢ two-stage 2-level, two-stage and single-stage CHBMLI
based PVDG system with an enhanced PQ feature have been developed by integrating the
power circuit, the control hardware and the dSPACE controller. The general view of of the
experimental test bench is shown in Fig.5.12. The prototype models have been tested in the
laboratory to experimentally validate the simulation results. The experimental analysis
consists of the following sections:
1. Determination of P—V and I -V curves of PV Module using experimental data
under different irradiation and temperature conditions.
2. Testing of two-stage 2-level PVDG system
3. Testing of two-stage CHBMLI based PVDG system
4. Testing of single-stage CHBMLI based PVDG system using SVM scheme
Finally, the developed inverter prototype has been used to verify the simulation studies of
the proposed PVDG topologies. The experimental results for each prototype are presented in
the following sections. The PV inverter current, load current, grid current, grid voltage and
DC-link voltage waveforms are captured by digital storage oscilloscope (DSO) whereas the
active and reactive powers are captured in real time using the control desk developer
environment of dASPACE DS-1104.

5.3.1 Characteristic curves of PV module from experimental data

To plot the P—V and -V curves of the PV module a series of output voltage and
current readings of the PV module at different irradiation and temperature conditions are
recorded and for the corresponding values of PV current and voltage, the characteristic
curves are plotted and are presented in Fig.5.13 and Fig.5.14 respectively. The voltage and
current reading are obtained by connecting a rheostat across the PV module and for four
different sets of irradiation and temperature conditions, a series of voltage and current
readings are recorded by varying the resistance value. Finally, a comparative analysis is
made between the obtained experimental maximum power and simulated maximum power
which is modelled by using the manufacturer's datasheet which is given in Table.5.2. It is
observed from the characteristic curve that the power which is generated experimentally is
slightly less than that claimed by the manufacturer. This is due to the power loss associated
across the connecting wire, slight deviation in the tilt angle or may be because of some other

atmospheric conditions.
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Fig.5.13: I -V curves of PV module from experimental data

e Time=9:30
140 AM,Irradiation=850
120 Ve 4\ W/m2,Temp.=33 °c
100 / Time=10:30
// //1 AM  Irradiation=105
’;“ 80 / g 0 W/m2,Temp.=35
0
g /// // PM.,Irradiation=115
S 40 / 0 W/m2,Temp.=36
o // 0
20 Time=4:30
PM.,Irradiation=550
0 W/m2,Temp.=32 °C

0 5 10 15 20 25 30 35 40 45
Voltage (V)

Fig.5.14: P—V curves of PV module from experimental data

Table 5.2: Experimental and simulated Maximum power output of each module under
different atmospheric conditions

Irradiation 850 W/m® | 1050 W/m® | 1150 W/m? | 550 W/m?
Temperature 33°C 35°C 36°C 36°C
Experimental 96 W 117.25W 121.87 W 58 W

Simulation 104 W 129 W 142 W 64 W

5.3.2 Two-stage 2-level inverter and 5-level CHBMLI based PVDG System with
PQE Scheme

In this experimental study, the developed prototypes of two stage 2-level inverter and two

stage 5-level CHBMLI based PVDG system are tested with different modes of the controller

actions, varying load conditions to verify their viability and effectiveness of power transfer,

harmonic elimination and reactive power compensation in the 1-¢ PVDG system. In the first
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step of prototype development, two PV modules of 128.1 W each are installed on the rooftop
of the laboratory. The manufacturer's data sheet of the PV module is given in Table 2.1 of
chapter.2. To extract maximum power from each PV module, two individual DC-DC boost
converters are used. In case of 2-level topology, the outputs of two DC-DC converters are
connected in a cascaded manner to have a single DC-link for the 2-level PV inverter.
However, in case of 5-level CHBMLI, each DC-DC converter output is directly connected
across two individual H-bridge cells. Finally, the developed PV inverter output is connected
to the PCC with a series connected filter inductor. A 35.8V (50 V peak), 50 Hz grid is
developed in the laboratory by using a step down transformer and is interfaced with the PV
inverter through an isolation transformer.

All the passive elements used for the development of the above mentioned system
such as electrolytic capacitor which is connected across the PV module, the inductor and
capacitor for boost converter, filter inductor connected between PV inverter and PCC is
designed as per the procedure discussed in earlier chapters and are chosen as per the
market availability. All these parameters used for hardware development are tabulated in
Table 5.3. The MPPT and PQEC are implemented in dSPACE. To verify the viability and
effectiveness of the enhanced PQ based PVDG system for power flow operation, harmonic
elimination and reactive compensation, experimental investigations have been conducted
with non-linear loads. Uncontrolled rectifier with RL element on their DC side have been
used as a nonlinear load. For this purpose, a 1-¢ uncontrolled diode bridge rectifier is
developed in the laboratory. Each device has been mounted on suitably designed heat sink
to ensure proper heat dissipation. The schematic diagrams of uncontrolled rectifiers with RL
elements on the DC side are shown in Fig.5.15. For the analysis purpose, two different non-
linear loads has been considered (load-1 and load -2) for all the topologies. Fig.5.16 (a) and
Fig.5.16 (b) shows the currents drawn by these non-linear loads and their harmonic spectrum
respectively. The currents drawn by these load are found to be non-sinusoidal. The harmonic
spectrum of the load current for load-1 and load-2 contains significant amounts of 5", 7", 11™

and 13" order harmonics with resulting THD of 22 % and 26.5 % respectively.

Ds

Ao 2R

PCC

I—dc

A D: D,

Fig.5.15: 1-¢ nonlinear load consisting of uncontrolled rectifier with RL elements
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In this section an extensive experimental studies have been carried out to investigate the
performance of above mentioned 1-¢ two stage PVDG systems for following modes of
operation:

(i) Under different modes of PQEC

(i) Under different modes of MPPT Controller

(iii) Under Varying load conditions

As the experimental studies have been conducted at reduced system voltage, for

validating the experimental results, the simulation studies have also been carried out with
reduced system voltage. The parameters used in the actual simulation studies (given in
Chapter 3 and Chapter.4) and downscaled simulation studies are given in Table 5.4. The
downscaled simulation parameters are kept as same as possible to the experimental
parameters given in Table 5.3. The relevant discussions based on experimental and
simulation results for all the above mentioned conditions are given below in the following

sub-sections.
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Table 5.3:Parameters used for the experimental validation of 1P2W PVDG System

Parameter Value
AC line parameters Single Phase, 50 V(Peak), 50 Hz
PV module (2 no.) 128 W each

DC bus voltage of PV inverter

50 V (for each capacitor in the H-bridge cell of 5-level CHBMLI)
100 V(For 2-level PV inverter)

DC -link capacitance

1000 pF

PV inverter side coupling inductor

L, :0.937mH for 2-level PV inverter
L, :0.38mH for 5-level PV CHBMLI

Grid side inductor

L,:0.12mH

PWM switching frequency

3 kHz

Pl controller parameters

For 2-level PV inverter: K,= 0.4, K;= 1.6
For 5-level CHBMLI: K,= 0.1, K;= 1.2.

Load

1-¢ uncontrolled rectifier with RL loads
Load-1: R, :10Q, L, :18.5mH (light load for the PV system)

Load-2: R, :3Q, L, :9.25mH (Over load for the PV system)

Sampling time

Ts =50 ps.

Table 5.4: The parameters used in the simulation studies.

Parameters

For the actual PVDG System

For the downscaled PVDG System

Grid

Single-phase, 230, 50 Hz

Single-phase, 35.8 V(50V Peak) , 50 Hz

DC bus voltage of

250 V (for each capacitor in the H-
bridge cell of CHBMLI

50 V (for each capacitor in the H-bridge
cell of CHBMLI)

PV inverter 500 V (for 2-level PV inverter) 100 V (for 2-level PV inverter)

DC bus . I
capacitance of PV 10_00pF (for each capacitor in the H- 1QOO WF (for each capacitor in the H-
: bridge cell) bridge cell)

inverter

Coupling 1.2 mH (For 2-level PVDG System) | 0.937 mH (For 2-level PVDG System)
inductor(L;,,) 0.5 mH (For 5-level PVDG System) 0.38 mH (For 5-level PVDG System)
Grid side

inductance(L,) 0.02 mH 0.12 mH

FWM switching 3 kHz 3 kHz

requency

PI controller DC-link Voltage Controller DC-link voltage controller:

parameters K=11,K;=15. K,=0.3, K;=1.3.

Single-phase Load-1: Ry, 1100 Ly :21mH (WGt 1) (o4 4. & 1001, :18.5mH (light load

uncontrolled
rectifier with RL
load

load for the PV system)
Load-2: R, :3.306Q, L, :10.5mH
(Over load for the PV system)

for the PV system)
Load-2: R, :3Q,L, :9.25mH (Over load
for the PV system)

Sampling time Ts =10 ps.

Ts =50 ps.
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5.3.2.1 Two stage PVDG system under different modes of PQEC
This section presents the experimental results of two-stage 2-level and 5-level
CHBMLI based PVDG system with different modes of PQEC. The experiment is conducted
with the MPPT controller is enabled throughout the test. The irradiation and temperature
level during the test condition are measured as 1050 W/m? and 35 °C respectively, with a
non-linear load (load-2) connected across the PCC. To study the steady and dynamic
performance of the PVDG system, the PQEC is initially operated in disabled mode and a few
second later it is enabled to show its effectiveness for harmonics and reactive power
compensation. The experimental results of two-stage 2-level and two-stage 5-level CHBMLI
based PVDG system under this mode of operation are given in Fig.5.17 and Fig.5.19
respectively. Based on these experimental results the observations which are common for
both these topologies are listed out as follows:
1. During disabled mode of PQEC, the PV inverter generates a sinusoidal current as

per the PWM scheme. However, as the nonlinear load draws non-sinusoidal current from PV

inverter, the grid current (i, =i, —i,) becomes non-sinusoidal and of lagging nature w.r.t.

grid voltage.
2. At the instant when PQEC is turned on, the PV inverter injects a non-sinusoidal

current which contains harmonics and reactive components as per the load demand and

thereby makes the grid current (i, ) sinusoidal and also in phase with the grid voltage.

3. It can also be observed from these experimental results that, in both modes of
operation of PQEC,i,,,i, and i, are in the same phase, which means the local load

demand is shared by both PV inverter and the grid.
Finally, based on the experimental results the discussions of both the topologies

under this mode of operation are given separately in the following sections:

A. Two-stage two-level inverter based PVDG system
The experimental results of 1-¢ two-stage 2-level inverter based PVDG system with
different modes of operation of PQEC is shown in Fig.5.17. The steady state plots of PV

voltage at PCC (v,,,.) inverter output current (i, ), non-linear load current (i, ) and grid current

(i,) under disabled and enabled modes of PQEC are depicted in Fig.5.17(a) and Fig.5.17(b)

respectively. In disabled mode the rms value of i,

inv?

ipand i, are found out to be 6.09 A,

10.9 A and 6.35 A respectively. After enabling the PQEC, the rms values of ,,,, i, and i, are
recorded as, 7.51 A, 10.9 A and 4.87 A respectively.

The transient response of the system under this condition is shown in Fig.5.17 (c). It
can be observed that during transient operation, the DC-link capacitor voltage(V,.) is
changed from its reference value to accommodate the load harmonics and reactive power
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demand. This variation in capacitor voltage is restored in 3—4 cycles. Overall, a smooth
control of the DC capacitor voltage is achieved when the controller is turned on from off
state. The harmonic spectrum of grid current before and after compensation is given in Fig.
Fig.5.17(d). The load current harmonic spectrum is already given in Fig.5.13 (a) whose %
THD is 26.5%. It can be observed that after compensation, the grid current % THD is found
to be improved from 48.4% to 4.9%.

Finally, the experimental results of active and reactive power curves which are
captured in real time using the control desk developer environment of dSPACE 1104 are
given in Fig.5.17(e) and Fig.5.17(f) respectively. It can be observed from the active power
curves that, the PV inverter power, load power and grid power before and after
compensation are found to be remaining same and the values are recorded as 207 W, 350
W and 143 W respectively. Under both modes of operation of PQEC, the load power
requirement is found to be more than PV generation; therefore the load demand is shared by
both PV inverter and the grid. Similarly, from the experimental reactive curves it is observed
that, during the disabled mode of PQEC, the load reactive power demand is completely
supplied by the grid. However, at the instant when PQEC is enabled, the PV inverter starts
feeding the load reactive power, thereby making the grid reactive power to zero.

|;HZ'_‘ 20 nu'-
(a) (b)

Fig.5.17 (a) Steady state response of voltage at PCC, PV inverter current, load current and
grid current without PQEC (b) with PQEC
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Fig.5.17 (c) Transient Response of PVDG system when PQEC is enabled from disabled
mode
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Fig.5.17 (f) Reactive power curves under different modes of PQEC

Fig.5.17: Experimental results of 2-stage 2-level inverter based PVDG system under
different modes of PQEC.

In order to validate the experimental results of two-stage 2-level inverter based PVDG
system under different modes of PQEC, the simulation studies have also been carried out
with the experimental parameters. The simulated waveforms of voltage at PCC, inverter
current, load current, grid current, active and reactive power curves are given in Fig.5.18.
From these figures, it can be seen that the simulation results are in good agreement with
experimental results. Based on the experimental and simulation results a comparative
analysis is made which includes rms values of PV inverter current, load current, grid current,
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% THD of grid current and active powers. These are tabulated in Table 5.5. It is observed
that, the simulated PV inverter power output is more compared to that generated
experimentally. This due to the poor efficiency of the practical PV module and the losses
associated with the wires used for the interconnection of PV module from the rooftop to the

associated PV inverter module.
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Fig. 5.18: : Simulation results of two-stage 2-level inverter based on experimental parameters
under different modes of PQEC
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B. Two-stage Five-level CHBMLI based PVDG system
The experimental results of 1-¢ two-stage 5-level CHBMLI based PVDG system with

different modes of operation of PQEC is presented here. The steady state plot of voltage at

PCC (v

) » PV CHBMLI output current (i, ), non-linear load current(i,) and grid current

(i,) under disabled and enabled modes of PQEC are depicted in Fig.5.19 (a) and Fig.5.19

(b) respectively. Under disabled mode the rms values of PV CHBMLI current, load current
and grid current are found out to be 6.25 A, 10.9 A and 6.55 A respectively. Similarly, after
enabling the PQEC, the corresponding rms values of current are recorded as, 7.33 A, 10.9 A
and 4.67 A respectively. The transient response of the PVDG system under this mode of

operation is shown in Fig.5.19 (c) and Fig.5.19(d). It is observed that during transient
conditions, both the DC-link capacitor voltages(V,,,V,.,) changes from its reference value to

accommodate the load harmonics and reactive power demand. This variation in capacitor
voltage is restored in 1-2 cycles. Overall, a smooth control of the DC-link capacitor voltages
are achieved when the controller is turned on from off state. The harmonic spectrum of grid
current before and after compensation is given in Fig.5.19(e). Before compensation, as the
grid was responsible for supplying harmonic components of load current, the % THD of grid
current is found as 46.4%. However, after compensation, as the PV inverter compensates
the load current harmonics, the grid current THD is reduced to 4.1%.

Finally, the experimental results of active and reactive power curves are presented in
Fig.5.19 (f) and Fig.5.19(g) respectively. It can be observed from the active power curves
that, CHBMLI output power, load power and grid power before and after compensation are
found to be 210 W, 350 W and 140 W respectively. Under both modes of operation of PQEC,
the load power requirement is found to be more than PV generation; therefore the load
demand is shared by both PV CHBMLI and the grid. Likewise, from the experimental reactive
curves it is observed that, under the disabled mode of PQEC, all the load reactive power
demand is supplied by the grid and the instant when PQEC is enabled, the PV CHBMLI
start feeding the load reactive power, thereby making the grid reactive power to be zero. This
validates the reactive power compensation capability of the controller.

In order to validate the experimental results of two-stage 5-level CHBMLI based
PVDG system under different modes of PQEC, the simulation studies have also been carried
out with the experimental parameters. The simulated waveforms of voltage at PCC, inverter
current, load current, grid current, active and reactive power curves are given in Fig. 5.20.
From these figures, it can be seen that the simulation results are in good agreement with
experimental results. Finally, a comparative analysis based on simulation and experimental

results are given in Table 5.5.
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Fig.5.19 Steady state response of voltage at PCC, PV CHBMLI current, load current
and grid current (a) without PQEC (b) with PQEC
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Fig.5.19 (c) Transient Response of PVDG System when PQEC is enabled from disabled
mode (d) DC-link voltages
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Fig.5.19 (e) Harmonic Spectrum of grid current (i) without PQEC (ii) with PQEC
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Fig.5.19 (g) Reactive power curves of PVDG system under different modes of PQEC

Fig.5.19: Experimental results of 2-stage 5-level CHBMLI based PVDG system under
different modes of PQEC.
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Fig.5.20 : Simulation results of 2-stage 5-level CHBMLI based PVDG system based
on experimental parameters under different modes of PQEC

5.3.2.2 Different Modes of MPPT Controller

MPPT controller with two-stage 2-level inverter and two-stage CHBMLI based topologies are
shown in Fig.5.21 and Fig.5.23 respectively. The test is performed while employing the
PQEC is enabled with a non-linear local (load-2) is connected at PCC. To study the steady
and dynamic performances of these topologies, the MPPT controller is initially operated in
disabled mode and a few second later, it is enabled to show its effectiveness for maximum

power extraction. In two-stage topologies, MPPT is accomplished with the help of DC-DC

The experimental results of the PVDG system with disabled and enabled modes of
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converter. During test condition, the irradiation and temperature level are recorded as 1055
W/m? and 35 °C respectively. Finally, based on the experimental results the observations
which are common for both topologies are listed out as follows:

1. During disabled mode of MPPT control, the load current demand is more than that
generated by the PV inverter and hence, the grid fulfills the rest of the load current
requirement. With PQEC is enabled throughout the test, the PV inverter generates a non-
sinusoidal current to compensate the load harmonics as well as supply the reactive
component of current demanded by the load.

2. When the MPPT controller is turned on, the generated PV inverter current is found
to be increased. As load current demand is still found to be more than generated PV inverter
current, grid continues to supply the rest of the load current. However, it is observed that,
with MPPT controller, current drawn from the grid is less compared to without MPPT
controller mode.

3. With the implementation of PQE scheme, under both disabled and enabled modes
of MPPT controller, the grid current is found to be in phase with the grid voltage.

Finally, based on the experimental results the discussion on each topology under different
modes of operation of MPPT controller are given below:
A. Two-stage 2-level inverter based PVDG system

The steady state waveform of voltage at PCC (v,..), PV inverter output current (i),
non-linear load current (i) and grid current (i,) under disabled and enabled modes of MPPT
controller are shown in Fig.5.21 (a) and Fig.5.21(b) respectively. Under disabled mode of
MPPT controller the rms values of PV inverter current, load current and grid current are
found to be 4.93 A, 10.9 A and 8.54 A respectively. However, after enabling the MPPT
controller, the corresponding rms values of current are recorded as, 7.59 A, 10.9 A and 4.67
A respectively. It clearly shows that, with MPPT controller the PV inverter output current
increases from 4.93 A to 7.59 A and thereby a reduced amount of grid current is extracted
from the grid to fulfill the load demand. The transient response of the system under different
modes of MPPT controller is given in Fig.5.21(c). At the instant when the MPPT controller is
turned on, the generated PV power increases. Hence, the DC-link capacitor voltage (V)
increases from its reference value to accommodate the increase in generation. This increase
in capacitor voltage is restored in 2-3 cycles. The harmonic spectrum of grid current without
and with MPPT controller is given in Fig. 5.20(d). It can be observed from these results that
even though the load current % THD is 26.5 % (Fig. 5.13(b)) but the grid current %THD
under disabled and enabled modes of MPPT are found out to be 4.4% and 5.4%
respectively.

Finally, for the analysis of power under this mode, the active and reactive powers are
captured in real time and are given in Fig.5.21(e) and Fig.5.21(f) respectively. It can be

observed from this power curves that, without an MPPT controller, the PV inverter output
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power, load power and grid power are recorded as 65 W, 350W and 284 W, which indicates
that, the bulk amount of demanded load active power is extracted from the grid under this
mode of MPPT controller. However, when the MPPT controller is enabled, the PV module
gradually increases its generation to reach the MPP. During this mode, the PV inverter
output power, load power and grid power are recorded as 203 W, 350W and 146 W
respectively. In this mode, as the PV generation is increased, less amount of power is
extracted from the grid. Similarly, from the experimental reactive power curves, it can be
observed that, under both modes of MPPT controller, the reactive power demanded by the
load is supplied by the PV inverter thereby relieving grid from feeding any reactive power
towards PCC. To validate the experimental results of 2-stage 2-level inverter based PVDG
system under different modes of MPPT controller, the simulation studies have also been
carried out with the experimental parameters and the corresponding simulated waveforms of
voltage at PCC, inverter current, load current, grid current, active and reactive power curves
are given in Fig.5.22. From these figures, it can be seen that the simulation results are in

good agreement with experimental results.
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Fig.5.21: Steady state response of voltage at PCC, PV inverter current, load current and grid
current (a) without MPPT Controller (b) with MPPT controller
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Fig.5.21 (c) Transient Response of the system when theMPPT controller is enabled from
disabled mode
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Fig.5.21: Experimental results of enhanced power quality based PVDG system without and
with MPPT controller.
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Fig.5.22: Simulation results based on experimental parameters under different modes of

MPPT controller
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B. Two-stage 5-level CHBMLI based PVDG system

The steady state waveform of PV CHBMLI output current (i), non-linear load

current (i, )and grid current (i, ) under disabled and enabled modes of MPPT controller are

shown in Fig.5.23(a) and Fig.5.23(b) respectively. Under disabled mode of MPPT control the
rms value of PV CHBMLI current, load current and grid current are found to be 5A, 10.8A
and 8.31 A respectively. Similarly, after enabling the MPPT control, the corresponding rms
values of current are recorded as, 7.29 A, 10.8 A and 4.60 A respectively. At the instant

when the MPPT controller is turned on, the generated PV power of each PV module is
increasing. Hence, the DC-link capacitor voltage of each H-bridge cell(V,,,V,.,) increases

from its reference values to accommodate the increase in generation. This enhancement in
capacitor voltages are restored in few cycles. Overall, a smooth control of the DC capacitor
voltages has been achieved when the MPPT controller is turned on from off state. These
transient responses of the system are shown in Fig.5.23 (c) and Fig.5.23 (d) respectively.
The harmonic spectrum of grid current without and with MPPT controller is given in
Fig.5.22(e). It can be observed from these results that even though the load current % THD
is 30.5% but the grid current % THD under disabled and enabled modes of MPPT is found to
be 4.1% and 4.2% respectively, which well within the limits of IEEE-519-1992 recommended
value of 5%.For the analysis of power under this this mode, the experimental results of active
and reactive power which is captured in real time using the control desk developer
environment of dSPACE 1104 is given in Fig.5.23(e) and Fig.5.23(f) respectively. It can be
observed from Fig.5.23(e) that without an MPPT controller, the PV module unable to
generate the maximum power as per the PV module datasheet (Table. 1). Without MPPT
control, the CHBMLI, load and grid active power are noted as 68 W, 350 W and 282 W
respectively. This implies that without MPPT controller, the bulk amount of demanded load
active power is extracted from the grid. The instant when MPPT controller is enabled, the PV
module gradually increases its generation and CHBMLI output is found to be 220 W. During
this mode, as the PV generation is still not sufficient to fulfil the load demand, the rest of the
required load power demand is met by the grid. However, it can be observed that, the power
extracted from the grid is only 130 W. The positive value of the active power supplied by the
PV inverter implies that power flows from PV inverter towards PCC, whereas a negative
value of grid active power implies that power is absorbed by the grid. To validate the
experimental results of 2-stage 5-level CHBMLI based PVDG system under different modes
of MPPT controller action, a simulation study has also been carried out with experimental
parameters. The simulated waveforms of voltage at PCC, inverter current, load current, grid
current, active and reactive power curves are given in Fig.5.24. From these figures, it can be
seen that the simulation results are in good agreement with experimental results for this

mode of operation.
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Fig.5.23 Steady state response of voltage at PCC, PV inverter current, load current and grid
current (a) without MPPT controller (b) with MPPT controller

(d)

Fig. 5.23 Transient Response of PVDG System under different modes of MPPT controller
(c) current waveforms (d) DC-link voltage waveforms
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Fig.5.23(e) Harmonic Spectrum of grid current (i) without MPPT (ii) with MPPT
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Fig.5.23(f) Reactive power curves of PVDG system under different modes of MPPT
controller

Fig.5.23: Experimental results of 2-stage 5-level CHBMLI based PVDG system under
different modes of MPPT Controller.
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Fig.5.24: Simulation results of 5-level CHBMLI based PVDG system under different modes of MPPT
controller based on experimental parameters
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5.3.2.3 Under varying load condition
The experimental results of enhanced PQ based PVDG system under varying load
conditions with two-stage 2-level inverter and two-stage CHBMLI based topologies are
shown in Fig.5.25 and Fig.5.27 respectively. The test is performed while employing the
PQEC and MPPT controllers in enabled mode. To study the steady and dynamic
performance of the above mentioned topologies of PVDG system, under varying load
condition, load-1 is initially connected across the PV inverter and a few second later load-1 is
disconnected and load-2 is connected across the PV inverter. Based on the experimental
results the observations which are common to these two topologies are listed out as follows,
e With load-1 is connected across the PV inverter, the load current demand is
found to be less than that generated by the PV inverter and hence, the
surplus current is fed to the grid. With the PQEC is in enabled mode, the PV
inverter generates a non-sinusoidal current to compensate the load
harmonics as well as supply the reactive component of current demanded by
the load.
e Similarly, when the load is increased to create an overload condition, the load
current demand is found to be more than that generated by PV inverter and
hence, the rest of the load current demand is met from the grid. Similar to a
previous condition, the harmonic components of the load current still continue
to be supplied by the PV inverter thereby making the grid current sinusoidal.
Finally, based on the experimental results, the discussions on each topology under

this mode of operation are given one by one in the following sections.

A. Two-stage 2-level inverter based PVDG system

The steady state waveform of PV inverter output current (i, ), non-linear load current

myv

(i,)and grid current (i,)during light load and overload condition are shown in Fig.5.25(a)

and Fig.5.25(b) respectively. It can be observed from Fig.5.25(a) that under light load

condition (i,) is out of phase from (i, ), which means that the surplus generated PV inverter

mv

current is fed to the grid. However, with overload condition, all three currents are found to be
in the same phase. This is because; the PV generation is not sufficient to fulfill the local load
demand. Hence the rest of the load current demand is supplied by the grid. Under light load
condition, the rms value of PV inverter current, load current and grid current are found out to
be 6.15 A, 3.49 A and 3.30 A respectively. Similarly, under an overload condition, the
corresponding rms values of current are recorded as, 7.46 A, 10.8 A and 4.23 A respectively.
The transient response of the PVDG system under varying load conditions is shown in
Fig.5.25(c). At the instant when load current increases, the DC capacitor voltage drops from

its reference value to accommodate the enhancement in the load current. This drop in
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capacitor voltage is restored in 2-3 cycles which demonstrates its good dynamic response.
Finally the harmonic spectrum of grid current is given in Fig.5.25(d). It can be observed from
these results that the grid current % THD under light and overload conditions are found out to
be 5.2 % and 4.6 % respectively.

For the analysis of power under varying load condition, the active power is captured in
real time using the control desk developer environment of dSPACE 1104 which is given in
Fig.5.25(e). It is observed from this power curve that under both light load and overload
conditions the power generated by the PV inverter is the same which is 206 W. However, in
light load condition the load power demand is less which is 111 W. Therefore, the surplus
power is fed to the grid, which is recorded as 96 W. Similarly, under overload conditions as
the local load demand 350 W, the grid supplied 143 W powers to fulfill the load demand. The
grid feeding condition and load sharing condition can be observed by the negative and
positive value of grid active power respectively. Similarly, the experimental results of reactive
power curves under varying load conditions are shown in Fig.5.25(f). From these results it
can be observed that, under both types of loading conditions, the reactive power demanded
by the load is completely supplied by the PV inverter and hence the grid reactive power is
found to be zero.

To validate the experimental results of two-stage two-level inverter based PVDG system
under varying load conditions, the simulation studies have also been carried out with the
experimental parameters and the corresponding simulated waveforms of voltage at PCC,
inverter current, load current, grid current, active and reactive power curves are given in
Fig.5.26. From these figures, it can be seen that the simulation results are in good

agreement with experimental results.

U= 7,460

CH1= 58.8U/@CHZ= 28.8R/ CHi= 5@.6U/CH2= 28,88,

(b)

Fig.5.25. Steady state response of voltage at PCC, PV inverter current, load current and
grid current (a) under light load condition (b) under overload condition
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Fig.5.25(f) Reactive power curves of the PVDG system under varying load condition

Fig.5.25: Experimental results of 2-stage 2-level inverter based PVDG system with varying
load condition.
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B. Two-stage CHBMLI based PVDG system

The steady state waveform of PV CHBMLI output current(i, ), non-linear load

current(iL)and grid current (i,)during light load and overload condition are shown in

Fig.5.27(a) and Fig.5.27(b) respectively. Under light load condition, the rms value of PV
inverter current, load current and grid current are found out to be 6.15A, 3.49A and 3.30A
respectively. Similarly, under an overload condition, the corresponding rms values of current
are recorded as, 7.46 A, 10.8 A and 4.23 A respectively. The transient response of the
PVDG system under varying load conditions is shown in Fig.5.27(c) and Fig.5.27(d). At the
instant when load current increases, the DC capacitor voltage drops from its reference value
to accommodate the enhancement in the load current. This drop in capacitor voltages is
restored in 2-3 cycles which demonstrates its good dynamic response. Finally the harmonic
spectrum of grid current is given in Fig.5.27(e). It can be observed from these results that the
grid current %THD under light and overload conditions are found out to be 5.2 % and 4.6 %
respectively.

For the analysis of power under varying load condition, the active power is captured in
real time using the control desk developer environment of dSPACE 1104 which is given in
Fig.5.27 (f). It is observed from this power curve that under both light load and overload
conditions the power generated by the PV inverter is the same which is 210 W. However, in
light load condition the load power demand is less which is 110 W. Therefore, the surplus
power is fed to the grid, which is recorded as 110 W. Similarly, under overload conditions as
the local load demand 350 W, the grid supplied 240 W powers to fulfill the load demand. The
grid feeding condition and load sharing condition can be observed by the negative and
positive value of grid active power respectively. Similarly, the experimental results of reactive
power curves under varying load conditions are shown in Fig.5.27(g). From these results it
can be observed that, under both types of loading conditions, the reactive power demanded
by the load is completely supplied by the PV CHBMLI and hence the grid reactive power is

found to be zero.
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Fig. 5.27. Steady state response of voltage at PCC, PV CHBMLI current, load current and
grid current (a) under light load condition (b) under overload condition
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Fig.5.27 (e) Harmonic Spectrum of grid current (i) under light load (ij) overload condition
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Fig.5.27 (g) Reactive power curves of PVDG system under varying load conditions

Fig.5.27: Experimental results of two-stage CHBMLI based PVDG system under varying load

conditions

Finally, to validate the experimental results of two-stage five-level CHBMLI based PVDG

system under varying load conditions, the simulation studies have also been carried by using

the experimental parameters. The simulated waveforms of voltage at PCC, inverter current,

load current, grid current, active and reactive power curves are given in Fig.5.28. From these

figures, it can be seen that the simulation results are in good agreement with experimental

results for the load varying condition.
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5.3.3 Performance of 1-¢ single-stage CHBMLI based PVDG System with PQE
Scheme

In this part of experimental work, the developed prototypes of single-stage CHBMLI based
PVDG system with an enhanced PQ feature is tested under varying load conditions to verify
its viability and effectiveness for power transfer, harmonic elimination and reactive power
compensation in 1-¢ DG system. As explained in Chapter.4, in the single stage PVDG
system, maximum power extraction from each PV module is accomplished by PV CHBMLI
itself. In 5-level CHBMLI topology, two individual PV module output is directly connected
across two individual H-bridge cells. Finally, the developed PV CHBMLI output is connected
to the PCC with a series connected filter inductor. Similar to two-stage topologies, a 35.8V
(50 V peak), 50 Hz grid is developed in the laboratory by using a step down transformer and

is interfaced with the PV CHBMLI through an isolation transformer.

All the passive elements used for the development of the above mentioned system
such as electrolytic capacitor which is connected across the PV module, the inductor and
capacitor for boost converter, coupling inductor connected between PV CHBMLI and PCC
are designed as per the procedure discussed in earlier chapters and are chosen as per the
market availability. All these parameters used for hardware development are tabulated in
Table 5.2. The MPPT and PQE controller are implemented in dSPACE.

To verify the viability and effectiveness of the enhanced PQ based single stage
PVDG system for power flow operation, harmonic elimination and reactive compensation,
experimental investigations have been conducted with non-linear loads. For the analysis
purpose, similar to two-stage topologies which are discussed in the earlier part of this
chapter, two different non-linear loads has been considered (load-1 and load -2) which are
given in Table.5.1. Fig.5.14 (a) and Fig.5.14 (b) shows the currents drawn by these non-

linear loads as well as their harmonic spectrum.

As in case of single-stage CHBMLI based PVDG system, with the PV module is
directly connected across the H-bridge cell, there is always a possibility of an input DC-link
unbalancing in CHBMLI. The main causes of voltage unbalance in PV application are the
partial shading, dust collection and PV ageing. This voltage unbalance in CHBMLI, leads to
distortion in the output voltages and currents of the CHBMLI. Therefore, to obtain an optimal
output from CHBMLI fed from PV module, the single stage PVDG system is operated with
SVM controller which is already discussed in detail in Chapter.4. The experimental validation
of single stage CHBMLI based PVDG system is divided into two sections. In section-1, the 1-
¢ SVM scheme for the CHBMLI under both balanced and unbalanced DC-link voltage
conditions are experimentally validated and in section-2, the experimental results of
enhanced PQ based single stage CHBMLI based PVDG system under varying load

conditions is presented.
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5.3.3.1 Validation of 1-¢ space vector modulation scheme

In order to validate the 1-¢ SVM scheme under both balanced and unbalanced DC voltages,
experimental results have been obtained using the developed CHBMLI prototype. The
detailed description of the control algorithm has already been presented in Chapter.4. For the
experimental validation of SVM, a reference voltage of 28.28 V (40 V (peak)) is chosen and a
lamp load is connected at the output terminal of CHBMLI. The switching frequency is
selected as 3 kHz. The test is carried out in three different cases of DC-link voltage ratio

YV, V,.,) of two H-bridge cells, such as 1:1, 2:1 and 3:1. In these three cases, the DC-link

voltages are chosen as V, =V, =V, =30V, V,  =30V.V, ,=15V and V, =30V,

c

V., =10V respectively. The output voltage levels of CHBMLI for the different combinations

of voltage vectors of each H-bridge cell are tabulated in Table.5.6. As discussed in chapter.4,
the generalized SVM scheme for any DC-voltage ratio is based on the calculation of the
control region of the CHBMLI by accounting the instantaneous value of each DC-link
capacitor voltages. The evaluation of the switching sequence and the duty cycle is made by
using the control region which was determined online. The complete algorithm of SVM is
developed in the embedded Matlab function block of MATLAB Simulink software. For the real
time implementation, this Simulink model of the SVM schemes of the CHBMLI has been
implemented using dSPACE-DS1104 controller. The generated firing pulses have been
given to the corresponding semiconductor devices of each H-bridge of the CHBMLI through
isolation, delay and pulse amplification circuits. The experimental results of duty cycle for H-
bridge-1, H-bridge-2 and the switching pulses generated by the SVM controller is given in
Fig. 5.29(a). The output voltage and its harmonic spectrum of CHBMLI for the three above
mentioned cases of voltage ratio are shown in Fig. 5.30. For the DC voltage ratio of 1:1, with,
the output modulated voltage and its harmonic spectrum are shown in sub-figure (i) and (ii) of
Fig. 5.30(a) respectively. Under this condition, the number of levels in the output voltage is
found to be 5. The rms value of output voltage and its THD are found to be 28.27 V and 8.2%
respectively. The harmonic spectrum of the output voltage is captured by Fluke 43 B power
quality analyzer. One of the limitations of this power analyzer is that, it calculates the THD of
a signal by considering up to 2500 Hz frequency. Therefore, in this case the THD of the
output voltage up to 2500 Hz frequency is presented even though the switching frequency is

considered as 3 kHz.
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Table.5.6: Output voltage of two cells CHBMLI with 1:1, 2:1 and 3:1 DC-link Voltage ratio

Output Voltage
State of Slfxltvee;)f
upper -
pF|3_|_ H- Case-1 ggsle_ i Case-3
bridge bridge DC-link -ink DC-link
(H-1) | (H2) | voltage ratio voltage ratio | 5|tage ratio
1:1 1:2 1:3
0 0 260 45 40
0 1 -30 -30
1 0 -30 -15 -10
0 2 -15 -20
1 1 0 0 0
2 0 15 20
1 2 15 10
2 1 30 30 30
2 2 60 45 40

Similarly, for the unbalanced condition, with V, =30V,V, , =15V (i.e. the DC-link

voltage ratio of 2:1), the output modulated voltage and its harmonic spectrum are shown in
sub-figure (i) and (ii) of Fig.5.30 (b) respectively. In this case the number of levels of the
output voltage waveform has increased from 5 (in case of 1:1) to 7. With the increment in
number of levels, the THD of out voltage waveform is reduced from 8.2% (in case of 1:1) to
5%. Similar to the previous case, the rms value of output voltage found to be 28.27 V which

is follow the reference voltage.

Finally, the experimental results of output voltage and its harmonic spectrum for the
DC voltage ratio of 3:1, withV,, =30,V,, =10V is presented in a sub-figure (i) and (ii) of
Fig.5.30 (c) respectively. In this case the number of levels of the output voltage waveform is
increased to 9 and with this increase in number of levels; the THD of out voltage waveform is
found to be 3.2%. Therefore, using this modulation scheme, any DC voltage ratio in the
CHBMLI input can be accommodated in the modulation process to generate the reference
voltage. The SVM controller determines the best output voltage of the CHBMLI and this
voltage is generated by the controller even under extreme DC-link voltage unbalance

situations.

197



Ts ool e L F B _4E00

a o 3

CH L= I.BBU.-"IE.IE 1881/

(a)

2« A

[EFEE 5 .G0L B CH2 S.BBU.-"'

(b)

Fig.5.30(a) Duty cycle for upper and lower H-bridge switching vector(b) switching pulses

1a.aams;-hw@wwuq. £ 27 .8l

CH 1 -18 .B.U,-"IEI:HZ:. 18 .éU,-"l
(a) (i)

[ i oans/ e =% .6

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

CH 1= .18 .B;J.-"IEl:H2:l 1B .éU.-"l-
(a)

| BT .BBmS.-"- [ e |

F B zZ2.6U

v -

m—ll: IIB.B;J.-"IE-:HZ:. IB.éU.-"I- :
(@) (i)

HARMOHICS

1 5 9 1317 21 25 29 33 37 41 45 49

RECALL H | 5] M

(b)

HARMOHICS

1 5 9 1317 21 25 29 33 37 41 45 49

RECALL W &A@

HARHMOHICS

1 5 9 1317 21 25 29 33 37 41 45 49

RECALL MW

(b)

Fig.5.31: Output voltage and its harmonic spectrum of CHBMLI when the DC-link voltage ratio is
(i) 1:1 (ii) 2:1 (iii) 3: 1

198



5.3.3.2 Experimental Validation of single stage CHBMLI based PVDG system under
load varying condition

The experimental results of enhanced PQ based single stage PVDG system under
varying load condition is shown in Fig.5.32. The test is performed while employing the PQEC
and MPPT controller in enabled mode. To study the steady and dynamic performance of the
above mentioned topologies of PVDG system, under varying load condition, load-1 is initially
connected across the PV inverter and a few second later load-1 is disconnected and load-2
is connected across the PCC and based on the experimental results following observations
are made,

1. With load-1 is connected across the PCC, the load current demand is found to
be less than that generated by the PV CHBMLI and hence, the surplus current is fed
to the grid. With the PQEC is in enabled mode, the PV CHBMLI generates a non-
sinusoidal current to compensate the load harmonics as well as supply the reactive
component of current demanded by the load.

2. Similarly, when the load is increased to create an overload condition, the load
current demand is found to be more than that generated by PV CHBMLI and hence,
the rest of the load current demand is met by the grid. Similar to a previous condition,
the harmonic components of the load current still continue to be supplied by the PV

CHBMLI thereby making the grid current purely sinusoidal.

The steady state waveform of PV CHBMLI output current(i.,;,,,), non-linear load current
(i,)and grid current (i,) during light load and overload condition is shown in Fig.5.32(a) and

Fig.5.32(b) respectively. It can be observed from Fig.5.32(a) that under light load condition,

I, is out of phase from iy, , which means that the surplus generated PV CHBMLI current

is fed to the grid. However, with overload condition, all three currents are found to be in the
same phase. This is because; the PV generation is less than the local load demand. Hence
the load demand is fulfilled by both PV CHBMLI and the grid. Under light load condition, the
rms values of PV CHBMLI current, load current and grid current are found out to be 6.35A,
3.67A and 3.67A respectively. Similarly, under an overload condition, the corresponding rms
values of current are recorded as, 7.25A, 10.9A and 4.23 A respectively. The transient
response of the PVDG system under varying load condition is shown in Fig.5.32(c) and
Fig.5.32(d). At the instant when load current increases, the DC capacitor voltage drops from
its reference value to accommodate the enhancement in the load current. This drop in
capacitor voltages are restored in 5-6 cycles. Finally the harmonic spectrum of grid current
under light and overload condition is given in Fig.5.32(e). It can be observed from these
results that the grid current %THD under light and overload conditions are found out to be
4.3 % and 4.2 % respectively. For the analysis of power under varying load condition, the

active power is captured in real time using the control desk developer environment of
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dSPACE 1104 which is given in Fig.5.32(f). It is observed from this power curve that under
both light load and overload conditions the power generated by the PV CHBMLI is the same
which is 216 W. However, in light load condition the load power demand is less which is 110
W. Therefore, the surplus power is fed to the grid, which is recorded as 116 W. Similarly,
under overload conditions as the local load demand 350 W, the grid supplied 234 W powers
to fulfill the load demand. The grid feeding condition and load sharing condition can be
observed by the negative and positive value of grid active power respectively. If we compare
the generated PV CHBMLI power output of a single-stage system with that of a two-stage
system, it can be observed that there is a significant increase in power generation in the
single stage system. This is due to the absence of power losses associated across the DC-
DC converter in case of two-stage system. Similarly, the experimental results of reactive
power curves under varying load conditions are shown in Fig.5.32(g). From these results it is
observed that, under both types of loading conditions, the reactive power demanded by the
load is completely supplied by the PV CHBMLI and hence the grid reactive power is found to

be zero.

F‘Urm=6;35r—l: Urms= THBTA.  Arms= 3.57A Urte= TiZ5A  Urmd= LELOA L Mrps
CH1= SB.BU.-’ICH2: 2a.anfl l CH1w sa.awll:Hzm 2@.@9;' '
(a) (b)

Fig.5.32. Steady state waveform of voltage at pcc, PV CHBMLI current, load current and grid
current (a)under light load condition (b) under overload condition

COETEY CENE SR EXREE
(c) (d)

Fig.5.32. Transient Response of PVDG System during varying load condition (c) current
waveforms (d) DC-link voltage waveforms
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Fig.5.32: Experimental results of single stage CHBMLI based PVDG system under varying load
condition
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5.4 Conclusion

In this chapter, the detailed descriptions of the design and development of laboratory
prototype of two-stage 2-level inverter, two-stage and single stage CHBMLI based PVDG
system have been given.

In the first part of the experimental work, the developed power circuits of two-stage 2-
level inverter and 5-level CHBMLI based PVDG system has been tested for optimal power
transfer, reactive power compensation and harmonic elimination under different loading and
controller action. The steady-state and transient performances of the PVDG system have
been found to be satisfactory with both 2-level and multi-level topologies. A smooth control of
DC voltages of H-bridge cells ensured the effectiveness of the DC voltage controller in both
2-level and multilevel topologies. It is also observed that with the CHBMLI based PVDG
system, the active power injection at PCC is more compared to 2-level inverter topology.
Further, the experimental results of both the topologies under different modes of operation
are validated with simulation results by using the experimental parameters. Finally a
comparative analysis is made between two-stage 2-level and CHBMLI based PVDG system
and from this it is observed that the power generation in the CHBMLI based PVDG system is
slightly more compared to two-level topology. Similarly, the % THD of grid current is found to
be more improved in case of CHBMLI topology compared to 2-level topology.

In the second part of the experimental work, a single stage CHBMLI based PVDG
system is tested for MPPT, reactive power compensation and harmonic elimination under
varying load conditions. In this topology, each H-bridge cell of CHBMLI is directly connected
across the PV module. Because of the absence of intermediate DC-DC converter between
the PV module and the CHBMLI, there is always a chance of DC-link unbalance in the
CHBMLI. This is due to the partial shadow condition or dust collection on the PV module.
This DC-link unbalance leads to distorted output voltage and current in the CHBMLI output.
In order to overcome from such type of unbalancing problem in CHBMLI system, a single
phase SVM is implemented. The developed single-stage CHBMLI power circuit has been
tested initially as a DC-AC inverter to experimentally validate the efficacy of the SVM scheme
under balanced and unbalanced DC-link voltage conditions. Three different cases of DC-link
voltage ratio has been chosen and the output voltages and their corresponding harmonic
spectrum of the CHBMLI have been observed to be improved even under highly unbalanced
input condition. Finally, the single-stage PVDG system with the PQE features and MPPT
capability is tested under varying load condition. The steady-state and transient performance
of the single-stage PVDG system is found to be satisfactory with single phase space vector
modulation scheme. Further, the experimental results are validated with simulation results by
using the experimental parameters. In the absence of DC-DC converter the single stage
system is still found to be operating at MPP of the PV modules. The PV inverter output

power in case of single stage system is found to be more than two stage topology.
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Chapter 6: CONCLUSION AND FUTURE SCOPE

[The main conclusions of the presented work and possible future research have been

summarized in this chapter]

6.1

Conclusion

In this work, a 1-¢ improved PQ based PVDG system has been proposed. The major

conclusions starting from modeling of PV module to interconnection with a grid with improved

PQ features derived from this work are summarized one by one as follows:

1.

In the first step of the research work, a simplified approach of PV modeling under varying
atmospheric conditions is presented. All the required parameters for the modeling
purpose are not provided by the manufacturer, and for this, a step by step approach for
parameter determination of the unknown parameters is presented. Here Gauss-Seidel
based iterative method is used to determine the equivalent model parameters of the PV
array. In order to validate the effectiveness of the aforementioned modeling scheme of
PV module, a simulation program is developed in Matlab Simulink. The P-V and -V
characteristics of PV module for different temperatures, irradiations and circuit
resistances were plotted and validated with the manufacturer’'s datasheet.

The output power produced by the PV module is depends on atmospheric conditions.
Therefore, to maximize the efficiency of the PV module, it is necessary to track the MPP
of the PV module. A fuzzy based MPPT controller is presented to improve the power
extraction process. A simulation is carried out to make a comparative analysis between
the conventional P&O method and fuzzy based MPPT.

For this MPPT control boost converter is used. The performance of the MPPT control is
vastly depends on the DC-DC converter control and its ability to regulate the operating
point of the PV module. The converter transfer function for the input voltage control of the
boost converter with duty cycle control is developed. This transfer function revealed
important dynamic characteristics of the input controlled boost converter when it is fed
from a PV module. Finally, with the help of this converter transfer function, a controller for
the PV module is designed.

In a PVDG system, the quality of the grid current is decided by the load. A PQE scheme
for the control of reactive power as well as harmonic current elimination in a 1-¢ PVDG
system is presented. The 2-level PV inverter with the proposed control scheme is utilized
to inject the generated PV power to the grid with an integrated shunt APF capability to
eliminate the need of an extra converter for the power quality improvement at PCC. The
idle state of PV inverter at night time leads to the underutilization of such an expensive
system. This issue of PVDG system has also been considered and hence, the concept of
the utilization of the PV inverter as a shunt APF during night time has also been
presented. Rigorous simulation study under different conditions such as with and without
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PQEC, light and overload condition, low and high solar irradiation level, and night mode
operation are presented to demonstrate the effectiveness of this system.

. The CHBMLI based topology features several advantages such as generation of high
quality currents, the capacity to operate at a lower switching frequency than two-level
topology and the modularity. A 1-¢ two-stage and single-stage CHBMLI based PVDG
system with an improved PQ features is presented. The current control scheme of PV
CHBMLI includes a compensating current generator based on IRP theory to obtain the
aforementioned objective. Both two-stage and single-stage PVDG system is control in
such a way to inject the maximum PV power to the grid while compensating the load
reactive power and harmonic components. Exhaustive simulation results are presented to
investigate the performance of the PVDG system during varying atmospheric as well as
varying load conditions. With single-stage topology, the need of DC-DC converter for
MPPT is eliminated. This leads to more power injection to the grid as compared to two-
stage system. The performance of both two-stage and single-stage PVDG system along
with harmonic and reactive power compensation has been found satisfactory and
meeting IEEE standards for PVDG system.

In the last part of the work, a detailed description for the design and development of
laboratory prototype of two-stage 2-level inverter, two-stage and single stage CHBMLI
based PVDG system have been presented. A DSP DS1104 of dSPACE has been used
for the real-time implementation of various control algorithms in the PVDG system in
MATLAB/Simulink software. In the first part of the experimental work, the developed
power circuits of two-stage 2-level inverter and 5-level CHBMLI based PVDG system has
been tested for optimal power transfer, reactive power compensation and harmonic
elimination under different loading and controller actions. The steady-state and transient
performances of the PVDG system have been found to be satisfactory with both 2-level
and multi-level topologies. It is observed that with CHBMLI based PVDG system, the
active power injection at PCC is slightly more compared to 2-level inverter topology.
Further, the experimental results of both the topologies under different modes of
operation are validated with simulation results by using the experimental parameters.

In the second part of the experimental work, the single stage CHBMLI based PVDG
system is tested for maximum power point tracking, reactive power compensation and
harmonic elimination under varying load conditions. In this topology, each H-bridge cell of
CHBMLI is directly connected across the PV module. Because of the absence of
intermediate DC-DC converter between the PV module and the CHBMLI, there is always
a chance of DC-link unbalance in the CHBMLI which leads to distorted output voltage
and current in the CHBMLI output. In order to overcome from such type of unbalancing
problem in CHBMLI system, a single phase SVM is implemented. The developed single-
stage CHBMLI power circuit has been tested initially as a DC-AC inverter to
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6.2

experimentally validate the efficacy of the SVM scheme under balanced and unbalanced
DC-link voltage conditions. Finally, the whole single-stage PVDG system with the PQE
features and MPPT capability is tested under varying load condition. The steady-state
and transient performance of the single-stage PVDG system is found to be satisfactory

with single phase SVM scheme.

Future Scope

The research work presented in this thesis discloses a number of issues that could be

further investigated.

1.

Practical implementation of multilevel inverters for high power applications is still an
active area of research. The development of high power inverters involves a higher
number of levels, large number of devices, complex control, large size and higher cost.
Intensive research needs to be done on developing new multilevel inverter topologies
with reduced number of components, low THD and high reliability.

Development of new modulation techniques for high power inverters with reduced power
losses and natural balance of capacitor voltages is a potential area of research.

The conventional Pl controller of the PVDG control system can be replaced by soft
computing techniques such as fuzzy logic, neural network, and genetic algorithms to
further improve the transient response of the system.

Design of the controller of the PVDG using advanced control techniques such as model
predictive control is an active area of research.

Another interesting topic could be the research on the combination of APF and passive
harmonic filters. This research could include the selection of topology, inspection of
compensating characteristics, losses, cost and rating of the individual and overall
compensator.

The integration of the PQ features has the drawback that the PV inverter will also deliver
the harmonic compensation current with the direct consequences of increase the PV
inverter overall current and cost. A current limitation strategy has to be implemented and
if the PV inverter output current exceeds the switch rating, then the supplied harmonic
current must be reduced. The analysis of inverter design that takes into account the
current required for reactive power and harmonic compensation can be a subject of

future study.
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