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ABSTRACT

Electricity is a utility, all kind of industries, commercial buildings, households,
agriculture etc. require electricity to function efficiently, thus electrical energy
important to every country for its development and growth. Thermal power plants based
on coal and other fossil fuels have been the major source of electrical energy for the
whole world till date. However due to limited availability of fossil fuels and emission of
greenhouse gases it is necessary to regulate the use of fossil fuels and develop
renewable energy resources which are sustainable and environment friendly. Renewable
energy sources like wind and solar have become standard electrical energy sources
these days and there is a lot of research work going in field of renewable energy to
further improve their efficiency and feasibility. In recent years, the power generation
through photovoltaic (PV) systems have grown rapidly all over the world. The grid
connected PV system have become popular across the globe and are a great aspect to
cater major portion of electrical energy demand in future. Grid connected PV systems
have capability to transfer solar energy into the grid and also improve power quality at
point of common coupling.

In the present work “DESIGN AND DEVELOPMENT OF GRID INTEGRATED PV
SYSTEM WITH ENHANCED POWER QUALITY”, the electrical modelling of PV
cell, conventional MPPT techniques and two-stage grid connected PV system are
studied. The equivalent electrical model of a photovoltaic cell is studied to understand
the PV characteristics and its dependence on solar irradiance and temperature. Design
and application of boost converter for MPPT in PV system is discussed. MATLAB
SIMULINK model for MPPT in PV system using boost converter is developed and
simulation results are presented for dynamic solar irradiance, temperature and load
conditions. A hardware model for MPPT in PV system using boost converter is also
developed and results are obtained for different solar irradiance, temperature and load

conditions.



Design and development of two-stage grid connected PV system is presented and its
capability to integrate PV power into the grid and power quality enhancement is
discussed. MATLAB SIMULINK models of two-stage grid connected PV system for
several control techniques are developed and their results are presented. Hardware
model of DSTATCOM is developed to demonstrate its capability to compensate load
reactive power, load harmonics and unbalance in three-phase load. The performance of
hardware models is tested for several control techniques and obtained results are
presented in the work.
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CHAPTER 1 INTRODUCTION
1.1 General

Electricity is a utility, all kind of industries, commercial buildings, households,
agriculture etc. require electricity to function efficiently, thus electrical energy is
important to every country for its development and growth. The demand for electricity in
the world is increasing daily with increase in population, urbanization and
industrialization.

Several sources of electrical energy are available such as thermal power plant based on
fossil fuels, hydroelectric power plants, nuclear power plants, wind power plants, solar
power plants etc. Thermal power plants based on coal and other fossil fuels have been the
major source of electrical energy for the whole world till date. However, combustion of
fossil fuels has harmful effect on the environment and also fossil fuels are present in
limited quantity which will exhaust with time. It is therefore necessary to regulate the use
of fossil fuels and develop renewable energy resources which are sustainable and
environment friendly.

1.2 Solar Energy

There are several renewable energy sources available today like hydro energy, wind
energy, solar energy, geothermal energy, tidal energy etc. However solar energy out of
all seems to be the future of electricity as many countries across the world are developing
capacity for solar energy generation to meet their current and future energy demands.
Most of the solar projects developed today are based on Photovoltaic system.
Photovoltaic (PV) are semiconductor devices that directly convert solar radiations into
electricity. There has been a tremendous research and development in field of PV which
has resulted in their reduced cost and increased efficiency. The PV based projects are
cost-effective, space-efficient and have a low operation and maintenance cost therefore
making them a more reasonable choice when compared to wind or hydro projects [1-3].

1.3 Power Quality

Apart from availability of electricity other important issue is quality of power. The term
power quality is very clear from its name, it describes the quality of power supply
available at consumer terminal. Power quality of a three-phase supply at consumer
terminal is characterised by magnitude of 3-phase voltage, frequency of voltage, balance

of 3-phase voltages and waveform of the voltage. Most of the electrical appliances and



machinery installed in industries, commercial buildings, households etc. are designed to
work at a balanced 3-phase sinusoidal voltage supply of rated magnitude and frequency.
On the other hand every utility would also want to transmit balanced 3-phase current
containing only fundamental component at unity power factor to minimize losses in their
network and regulate magnitude, frequency, THD (total harmonic distortion) and balance
of 3-phase terminal voltage, however due to ever changing load in a distribution network
balanced 3-phase load cannot be guaranteed, there is variety of loads connected
demanding reactive power and drawing harmonic current from distribution network, there
Is sudden changes in loads causing voltage sag and voltage swell, notches in supply
voltage, all these problems are termed as power quality issues. In order to deal with power
quality issue custom power devices which, include distribution static compensator
(DSTATCOM), dynamic voltage restorer (DVR), and unified power quality conditioner
(UPQC) can be used according to suitability [24,25].

1.4 Grid Connected Two-stage PV System

Grid connected two-stage PV system is a solution which can be used for integrating PV
output power into the grid. It can also serve functions of a DSTATCOM to act against
power quality issues due to non-ideal nature of grid current like load reactive power
compensation, load unbalance compensation, load harmonic compensation.

Figure 1.1 shows a basic block diagram of a grid connected two-stage PV system. A two-
stage system consist of a DC-DC converter as its first stage and a VVoltage Source Inverter
(VSI) as its second stage. The DC-DC converter stage performs function of Maximum
Power Point Tracking (MPPT) in PV array. MPPT is a control technique that helps to
extract maximum power from a PV in given environmental conditions. In MPPT
technique the output current and voltage of PV array are sensed and given as input to a
controller which based on a MPPT algorithm controls duty cycle of DC-DC converter to
extract maximum power from PV array. There are conventional maximum power point
tracking algorithms available such as Perturb and Observe algorithm (P&O), Incremental
Conductance (INC), fractional voltage, fractional current, etc. and also there are MPPT
algorithm based fuzzy logic control, neural network, and other artificial intelligent

techniques. [8,9].
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Figure 1-1. Grid connected two-stage PV System

The output of DC-DC converter is dc (direct current) power which is fed to the voltage
source inverter. The voltage source inverter converts this power from dc to ac (alternating
current) and injects it into the grid. As seen in figure 1.1 Voltage source inverter is
connected at point of common coupling (PCC) such that it is in parallel to the grid. It is
controlled as a current source which can injects current in the grid such that it compensate
load reactive power, load unbalance, load harmonics and also inject PV power into grid.
Thus, in addition to transfer of PV power to the grid VSI also serves functions of a
DSTATCOM. There are several control techniques available for DSTATCOM which are
also applicable for VSI control in grid connected two-stage PV like Instantaneous reactive
power theory (IRPT), Synchronous reference frame theory (SRFT), Power balance
theory, Conductance based current algorithm, etc [27,28].

1.5 Outline of Chapters

The thesis consists of following chapters:

Chapter 1: This chapter gives a brief review on solar energy, power quality and grid
connected two-stage system.

Chapter 2: This chapter gives the literature review done in related for the present work
“DESIGN AND DEVELOPMENT OF GRID INTEGRATED PV SYSTEM WITH
ENHANCED POWER QUALITY™. The literature review is done to understand the
future scope of solar energy, modelling of photovoltaics, MPPT techniques in PV system,
power quality standards and mitigation of power quality problems and grid connected

two-stage systems.



Chapter 3: This chapter gives an introduction on PV and its electrical modelling to derive
its output characteristics and understand their dependence on solar irradiance and
temperature. This chapter explains application of MPPT in PV systems to improve their
efficiency. Design and application of boost converter for MPPT in PV system using
conventional techniques ‘Perturb and Observe’ and ‘Incremental Conductance’ is
discussed. MATLAB-SIMULINK model and a hardware model for MPPT in PV system
by application of boost converter are designed and presented.

Chapter 4: In this chapter design and controlling of a grid connected two-stage system is
discussed. A MATLAB-SIMULINK for the system is developed and its performance to
integrate power from PV to grid and simultaneously compensate current related power
quality issues is analysed for different control techniques under varying solar input and
different loading conditions.

Chapter 5: This chapter gives design and development of hardware model for
DSTATCOM. The control of DSTATCOM is done using MicroLabBox (dSPACE
product). The performance of DSTATCOM is analysed for different control algorithms
and the results are recorded and presented using FLUKE 435 Series 1l three phase power
quality and energy analyzer.

Chapter 6: This chapter gives the main conclusion of the work done and also includes

scope for future work.



CHAPTER 2 LITERATURE REVIEW
2.1 General

In present work “DESIGN AND DEVELOPMENT OF GRID INTEGRATED PV
SYSTEM WITH ENHANCED POWER QUALITY”, the electrical modelling of PV cell,
conventional MPPT techniques and grid connected two-stage PV system are studied.
Design and application of boost converter for MPPT in PV system is discussed.
MATLAB-SIMULINK model for MPPT in PV system by application of boost converter
is developed and simulation results are presented for dynamic solar irradiance,
temperature and load conditions. A hardware model for MPPT in photovoltaic system
using boost converter is also developed and results are obtained for different solar
irradiance, temperature and load conditions. Design and development of grid connected
two-stage PV system is presented and its capability to integrate solar power into the grid
and power quality enhancement is discussed. MATLAB-SIMULINK models of grid
connected two-stage PV system for several control techniques are developed and their
results are presented. Hardware model of DSTATCOM is developed to demonstrate its
capability to compensate load reactive power, load harmonics and unbalance in 3-phase
load. The performance of hardware models is tested for several control techniques and
obtained results are presented in the work. The literature review for this work is carried
out in the related areas and is detailed in this chapter.

2.2 Solar Energy in India

The present installed capacity of renewable energy in India is about 34.6 % of total
installed capacity. The major sources of renewable energy are hydroelectric plants
followed by wind energy and then solar energy. However, inception of PV has made solar
power a promising option for the future energy demands. PV systems can either be used
as standalone system (up to several kilowatt) or as grid connected system (several mega-
watt) [1-3]. Sahoo et al. [1] gives a review of solar energy development in India and
government policies to support solar energy development.

2.3 Photovoltaics and MPPT Techniques

The fundamental component of PV system is a photovoltaic cell which is a semiconductor
device that generate dc voltage when solar radiation falls on its surface. PV cells and their
characteristics can be analysed with help of equivalent electrical model of PV cell [4,5].

Bellia et al. [4] gives details on MATLAB simulation of a PV cell using single-diode



equivalent model. Kumar et al. [5] presents an two-diode equivalent model for a PV cell
and investigates its accuracy compared to single-diode model. PV systems employ MPPT
techniques to maximize their output power, there are several papers available explaining
mathematical modelling of PV and comparing different MPPT algorithm [6-9]. Karami
et al. [8] explains and classifies 40 different MPPT techniques. Ram et al. [9] gives a
review on timeworn conventional MPPT techniques, latest soft computing algorithms and
compares them on basis of complexity of algorithm, tracking of MPP under dynamic
shading condition. Verma et al. [10] gives a comparison of intelligent and conventional
techniques to track maximum power under partial shading in PV system. Mohan et al.
[11] have given explanation on working and design of DC-DC converters and magnetic
components used. There are several papers which discuss the hardware implementation
of MPPT in PV systems [12-14]. Hohm et al. [12] compares different MPPT techniques
on a programmable test bed.

2.4 Power Quality

The problems in electric supply like voltage sag and swell, notches in supply voltage,
harmonics in supply voltage and current, supply power factor and unbalancing in 3-
phases are termed as power quality issues. Choi et al. [15] explains voltage sag and swell
is a decrease and increase respectively in supply voltage for a short duration (less than a
minute) whereas variations for longer time period are termed as undervoltage and
overvoltage. Heydt et al. [16] explains how the increased usage of non-linear loads like
power electronic devices e.g. ac-dc converter, electronic devices like personal computers,
mobile chargers etc. result in harmonic injection at distribution level due which supply
current and voltage to become non-sinusoidal. Ozgonenel et al. [17] explains the reactive
power demand at load side reduces power factor of the supply and causes overloading in
supply cables and a voltage drop at load end. There is unbalance in supply currents due
to unbalanced 3-phase loads. There may be excessive neutral current in 3-phase four wire
systems due to zero sequence harmonics injected by non-linear loads. The power quality
problems may result in derating of end-user equipment, malfunctioning or failure of
equipment, higher power loss in system etc. A failure in critical equipment in industries,
commercial offices, sub-stations, hospitals may result in severe losses. Therefore, several
standard to maintain an acceptable level related to power quality at distribution level have
been developed [18]. IEEE-519-1992 standard [19], is a guideline for mitigation and

control of problems related to harmonics at distribution level. This standard forms



guidelines for the design of electric power system with nonlinear loads to that the non-
linear equipment installed at a user end does not degrade power quality for other users
connected to the same utility. IEEE-1159-1995 [20] is a standard for power quality
monitoring and IEEE-1100-1999 [21] is standard which guides on how to power and
ground electrical equipments. IEEE 1459-2010 [22] standard states that an electrical
network will have maximum efficiency when grid current and PCC voltages consist of
only fundamental harmonic components. With advancement in the field of power
electronics, signal processing and improved sensor technology custom power devices
have evolved. Custom Power devices includes distribution static compensator
(DSTATCOM), dynamic voltage restorer (DVR), and unified power quality conditioner
(UPQC). Custom power devices are composed of a power electronic converter with a
sensor and a controller unit. These devices have become popular choice to deal with
power quality issues [23-26]. Singh et al. [26] explains the digital implementation of a
shunt active filter for compensating load harmonics, unbalance and reactive power.

2.5 Grid Connected Two-stage PV System

Grid connected two-stage PV system is used for integrating PV power into the grid. It can
also serve functions of a DSTATCOM to act against power quality issues like load
reactive power compensation, load unbalance compensation, load harmonic
compensation [27,28]. The grid connected PV systems can either be a single stage
configuration or a two-stage configuration. In single stage configuration, PV array is
interfaced directly to the dc-link of VSI. In single stage configuration the control of VSI
is designed to perform MPPT in PV, transferring solar power into grid and mitigating
current related power quality problems. Singh et al. [29] have proposed a single stage
configuration with ILST control of VSI, the VSI transfer the extracted PV energy to three-
phase grid and simultaneously helps in enhancing power quality. In two-stage
configuration the PV array is interfaced to dc-link of VSI by a DC-DC converter. In two-
stage configuration, DC-DC converter tracks maximum solar power and transfers it to
inverter stage. It is job of the VSI to transfer this energy to grid and simultaneously
mitigate power quality problems. Jain et al. [30] have proposed a two-stage solar energy
conversion system which consist of a boost converter for maximum power point tracking
(MPPT) in PV and a VSI to feed solar energy to the grid and provide reactive power
compensation, harmonics elimination at PCC. Singh et al. [31] proposed design of two-

stage PV system with details on seizing of PV array, boost converter, dc-link capacitor,



reference dc bus voltage and interfacing inductors. Singh et al. [32] have proposed grid
interfaced 50 kW PV system which incorporates features for power quality enhancement
using IRPT control technique. Verma et al. [33] proposed a two-stage system to improve
the power factor to unity or to regulate a voltage at point of common coupling (PCC).
Perturb and Observe MPPT technique is implemented using DC-DC boost converter, VSI
is controlled through SRFT algorithm to compensates for harmonics currents, unbalances
load and improve power factor or regulate voltage at PCC, DC bus voltage is regulated
using a PI controller.

2.6 Conclusion

In this chapter the literature review done in the relevant areas for the present work
“DESIGN AND DEVELOPMENT OF GRID INTEGRATED PV SYSTEM WITH
ENHANCED POWER QUALITY” is detailed. The literature review is done to
understand the scope of solar energy in future, modelling of photovoltaics, MPPT
techniques in PV system, power quality standards and mitigation of power quality
problems and grid connected two-stage systems.



CHAPTER 3 PHOTOVOLTAIC MODELLING AND MAXIMUM POWER
POINT TRACKING

3.1 General

Invention of photovoltaics (PV) has given a boost to development of solar energy around
the world. The cost of PV has come down and their efficiency has increased with time
and continuous research in this field. There are large solar parks developed based on PV
across the world having capacities up to several megawatts.

In order to develop and design an efficient electrical system based on PV, it is important
to understand the equivalent electrical model of PV and its output characteristics. This
chapter gives an introduction on PV and its electrical modelling to derive its output
characteristics and understand their dependence on solar irradiance and temperature. This
chapter explains application of MPPT in PV systems to improve their efficiency. Design
and application of boost converter for MPPT in PV system using conventional techniques
‘Perturb and Observe’ and ‘Incremental Conductance’ is discussed. MATLAB-
SIMULINK simulation and a hardware model for MPPT in photovoltaic system using
boost converter is also developed and presented.

3.2 Photovoltaics

The smallest unit in a PV is a photovoltaic cell. Photovoltaic cell is a p-n semiconductor
junction which generates dc current when light falls on its surface, the current generated
is proportional to the solar irradiation.

Cell

Module

Figure 3-1. Structure of PV array



A PV cell generates a small open circuit voltage (approximately .5 to .6 volt) across its
terminals when sunlight falls on it and generate a small amount of power (approximately
0.1 to 3 watt). PV cells are connected in series and laminated together to make a PV
module for higher output voltage (about 15 to 20 volt) and power (about 100 to 350 watt).
PV modules are further connected in series and parallel to form PV array and large
arrangements of PV arrays can be designed for larger power output (in Megawatt). Figure
3.1 shows structure of PV array composed of PV modules which in turn are composed of
PV cells.

3.3 Electrical Model of a Photovoltaic Cell

In order to analyse a PV cell and its characteristic it is important to understand its
equivalent electrical model. PV cell can be modelled using double-diode model or single-
diode model. Double-diode model gives a more accurate representation of a PV cell

compared to single-diode model and it is shown in figure 3.2.

Figure 3-2. Double-diode model of a PV cell

Single-diode model is an approximation of double-diode model with one diode eliminated
shown in figure 3.3. Single-diode model has acceptable accuracy and is widely used for

analysis and design purposes [4,5].

b
+
o

ILCD ZD SR, v

Figure 3-3. Single-diode model of a PV cell
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In this work Single-diode model is studied and equations related to it are explained below
[6]. Equation 3.1 is obtained by applying Kirchhoff’s current law, the output current I is
expressed in terms of photo current I, diode current I, and shunt current g,

I=1,—1Ip—Is (3.1)

I, is diode current and it can be expressed as in equation 3.2:

(3.2)

V+ILRg
ID = 10 (eq K T_l)
Here I, is reverse saturation current which depends on material/doping level, g is the
charge of an electron = 1.6x10° coulombs, K is the Boltzmann constant (J/K), T is the
cell temperature (K), Ry is effective series resistance. g, is current through effective shunt

resistance R, and can be expressed as in equation 3.3:
ISh - (V + I RS)/RSh (33)

Here V is the terminal voltage of PV cell. Thus, the equation of output current of

photovoltaic cell using equations 3.1 to 3.3 can be written as in equation 3.4:
V+I.RS

1=1,—1, (e"-T-T - 1) — (V 4+ I.Rg) /Rgp, (3.4)

Equation 3.4. is used to plot the characteristics of a PV cell. There are two important
characteristics of a PV cell, one is 1-V characteristic between output current and output

voltage and other is P-V characteristics between output power and output voltage.

0.25CF T T T L5 T T T 1

o2 | Isc ad .

[ 1mp MPP

Current{ampere) and Power (watt)

ooy 1 1 1 i) ' 1 i 1
0.1 0.2 0.3 0.4 ps Vmp ps Voo

Voltage (volt)

Figure 3-4. 1-V and P-V characteristic of PV cell
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Figure 3.4 shows the 1-V and P-V characteristics of a PV cell. In the figure 3.4, I is
short circuit current, Vo, is open circuit voltage, V;,,, is maximum power voltage, Ly, is

maximum power current and B, is maximum power.

The output of a PV cell depends upon the available solar irradiance (W /m?) and
temperature (°C) of the cell itself. Figure 3.5 and 3.6 illustrates the dependence of I-V
characteristics on solar irradiation and temperature respectively. With increase in solar
irradiance, Is- increases and there is a slight increase in V,. and thus output power
increase. With increase in temperature, V. decreases and there is a slight increase in I

thus the power output decreases.
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o2 | weq

600 wisq.m

Current (ampere)

400 wisq.m

0.05 |

1 L L L 1
0.1 0.2 0.3 0.4 0.7
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Figure 3-5. I-V characteristic of PV cell at different solar irradiance
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Figure 3-6. I-V characteristic of PV cell at different temperature
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3.4 Concept of Maximum Power Point Tracking in Photovoltaic System

It can be observed in figure 3.4 that the output power of a photovoltaic cell is maximum
when the output current equals I,,,,, and output voltage is V,,,,, this operating point is called
maximum power point (MPP). The maximum output power (P,,) of a PV cell at MPP is
given by equation 3.5:

P = Vi - I (3.5)

Since the 1-V and P-V characteristics of PV vary with solar irradiation and temperature,
the MPP of PV will also vary. If a load is connected directly across a PV, the operating
point will depend on the load impedance and environmental conditions and may not
always be at MPP thus underutilizing PV capacity. MPPT techniques are developed to
ensure maximum utilization of PV capacity. In MPPT objective is to keep the operating
point of PV at its MPP when a variable load is connected irrespective of changes in
environmental conditions. In MPPT PV is interfaced to the load through a DC-DC
converter. The operating point of PV is controlled by adjusting the duty cycle of DC-DC

converter as shown in figure 3.7.

~
DC-DC Power
Converter

Solar
Panel

Power Fower

J

A0S G AT RO

Control signal

MPPT
Controller

Figure 3-7. Concept of MPPT in PV system

The MPPT in a PV system can be implemented using different dc-dc converters like buck
converter, boost converter, buck-boost converter etc. Several MPPT algorithms have been
developed to control the duty cycle of these dc-dc converters, some examples of the
MPPT algorithms are listed below:

(1) Perturb and Observe (P&O)

(i) Incremental Conductance (INC)
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(iii)  Fuzzy logic Control

(iv)  Neural Network
There are many more MPPT techniques developed so far which are not mentioned in the
above list. However, ‘Perturb and Observe’ and ‘Incremental conductance’ algorithms
are popular conventional techniques widely used whereas as neural networks and fuzzy
logic control are advanced soft computing techniques developed for MPPT in PV system
[8-10].
3.5 MPPT in Photovoltaic System Using Boost converter

As explained in the previous section that application of MPPT in PV system is necessary
to improve efficiency. This section explains the design of boost converter for MPPT in
PV system and application of two conventional MPPT algorithms ‘Perturb and Observe’

and ‘Incremental Conductance’.

3.5.1 System Configuration

Figure 3.8 gives the description of the developed PV system. PV system consists of a PV
panel interfaced to resistive load through a boost converter. The output voltage and current
of photovoltaic panel are measured with help of sensors and given as input to the
microcontroller. Microcontroller is programmed with P&O algorithm to control the duty

cycle for boost converter for implementing MPPT in the PV system.

YY) m

o L D
D D
> >
wn wn

S 18 IGBT C — R
@) <
PV pane 3 L(%;
C MPPT
Controller (P&O

Figure 3-8. System configuration for MPPT in photovoltaic system using boost
converter

Table 3.1 shows the rating of PV panel at standard test condition (STC). A 50 Q, 5

amperes variable resistor (rheostat) is used as a load.
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Table 3-1. Specification of PV panel used for MPPT in photovoltaic system using
boost converter

Maximum PV Power (By,;) 100 W
Voltage at max power (V) 17.70 V
Current at max Power (I,,,,) 570 A
Open circuit PV voltage (V,.) 214V
Short circuit PV current (Ig¢) 6.30 A
Temperature coefficient of V. (% per °C) -0.36099
Temperature coefficient of I (% per °C) 0.102

3.5.2 Boost Converter Design

The boost converter design depends on the ratings of the PV panel used, connected load,
acceptable limits in output voltage ripple and input current ripple. The boost converter
consists of an inductor, power electronic switch (Mosfet/IGBT), diode and a capacitor as
shown in figure 3.8. The power electronic switch (Mosfet/IGBT) and diode are selected
based on voltage level, current and switching frequency at which they have to operate in
the circuit. The design of inductor and capacitor used in boost converter are explained
below:

i) Inductor design

Inductance of the boost converter is designed to ensure operation in continuous current
mode. The ripple in the input current ‘Al’ is given by equation 3.6 [11]:

Al = (VinxD)/(2* L *Fs) (3.6)
Al is restricted to be less than 5% of input current. D is duty cycle of the boost converter,
F's is switching frequency, Vin is the input voltage to boost converter (at MPP). With Al
=0.3A, D =0.5,Vin=17.70 V, Fs = 20KHz the calculated value of inductance is L =
0.74 mH. To ensure safe operation, a higher value of L =1 mH is selected.

i) Capacitor design

Output capacitor is used to minimize the output voltage ripple ‘AV’. AV is given by
equation 3.7 [11]:
AV/Vo = D/ (R* Fs*(C) (3.7)
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Vo is the output voltage, AV /Vo is restricted to be = 0.05, R = 20 Q (minimum load
resistance), taking D = 0.5, Fs = 20KHz, calculated values of capacitor is C = 25uF. To

ensure safe operation, a higher value of C = 33uF is used.

3.5.3 Conventional Algorithms for MPPT

‘Perturb and Observe(P&O0)’ and ‘Incremental Conductance (INC)’ are two most widely
used algorithms. The application of these algorithms for MPPT using boost converter is
explained below:

i) Perturb and Observe (P&QO) Algorithm:

P&O algorithm is one of the most popular and simple MPPT algorithm. In P&O algorithm

the duty cycle of boost converter is changed in small steps and changes in PV terminal
voltage and current are sensed, and corresponding change in output power is calculated.
It can be observed from the P-V characteristics in figure 3.4 that on the left side of MPP,
dP/dV is positive and on the right side of MPP, dP/dV is negative and at MPP,
dP/dV = 0. Based on these observations the flowchart for P&O algorithm is developed

and is shown in Figure 3.9. [7].
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Figure 3-9. Flowchart of P&O algorithm for MPPT in photovoltaic system using

boost converter
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i) Incremental Conductance (INC) Algorithm:

Incremental conductance (INC) is another conventional and popular MPPT technique.
The mathematical background for INC algorithm is explained below [34]:

Equation 3.8 gives the output power equation of a PV, Equation 3.8 is partially
differentiated with respect to voltage to obtain equation 3.9 which is simplified to obtain

equation 3.10.

P=V.I (3.8)
% _ dw.n/jov 3.9
5 = 0(V.D)/ (3.9)
Z=1+V.01/0V (3.10)

For maximum power output from PV, Z—i = 0 has to be satisfied, therefore from equation

3.10 we get;

2= —1/V ,atMPP (3.11)
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Figure 3-10 Flowchart for Incremental conductance algorithm for MPPT in
photovoltaic system using boost converter
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Equation 3.11 gives the condition for MPPT. It can be seen in I-V characteristics in figure
3.4, that slope of 1-V characteristics is less negative in left side of the MPP point (V <
Vmpp) and it is more negative in right of MPP point (V >Vmpp) when compared to slope
at MPP(V = Vmpp). This observation can be written in form of equation 3.12 and 3.13

given below:
2> —1/V , left of MPP (3.12)
2. < —1/V , right of MPP (3.13)

Equations 3.11 to 3.13 forms the foundation of INC algorithm. The switching cycle of
boost converter is controlled such that the condition g—II/ = —I/V is satisfied. The Flow

chart of INC algorithm is shown in figure 3.10 [7].

3.6 MATLAB Simulation Results for MPPT in Photovoltaic System Using Boost
Converter

A MATLAB-SIMULINK model for MPPT using boost converter in PV system designed
in previous section is developed shown in figure 3.11. The specifications of the
MATLAB-SIMULINK model for MPPT in photovoltaic system using boost converter is
given in table 3.2. The duty cycle of boost converter is controlled using P&O algorithm.

The simulation results are obtained for three different cases mentioned below:

1) Results for MPPT under dynamic solar irradiance condition
i) Results for MPPT under dynamic temperature condition

iii) Results for MPPT under dynamic load condition
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Figure 3-11 MATLAB model for MPPT in Photovoltaic system using boost
converter
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Table 3-2. Specification of MATLAB model for MPPT in photovoltaic system
using boost converter

Maximum PV Power 100 W

Boost Converter

Inductor (L) 1mH

Capacitor (C) 33 uF

Switching Frequency (Fs) for Boost Converter | 20 KHz

Load Resistive (30 Q/15 Q)
MPPT Algorithm P&O Algorithm

3.6.1 Simulation Results for MPPT Under Dynamic Solar Irradiance Condition

Figure 3.12 shows simulation results obtained for dynamic solar irradiance conditions.
The results include PV voltage and current, load voltage and current, solar irradiance,
temperature, duty cycle and PV power. Initially the conditions are standard with solar
irradiance equal to 1000 w/m?and temperature equal to 25°C and load connected at output
is 30 Q. The output power of the PV is 100 watts which is the maximum output under
standard conditions with PV voltage equal to 17.7 volts, PV current equal to 5.7 ampere,
load voltage is about 53 volts and load currents is 1.75 ampere. The duty ratio of the boost
converter is stable at value 0. 675. Thus it can be concluded that the system is stable and
operating at maximum power under standard condition and designed MPPT system is
working fine under static condition of load, solar irradiance and temperature. At time 0.15
seconds there is a gradual dip in solar irradiance which reduces up to 750 w/m? at 0.2
seconds. As we know already that with reduction of solar irradiance the maximum output
of the PV will reduce, and it will be equal to 75 watts at solar irradiance of 750 w/m?. It
can be observed that duty cycle of boost converter reduces in steps until reaching a stable
value at which PV track maximum power of 75 watts and then remain stable. It can be
seen in the result (figure 3.12) that with dip in solar irradiance there is a dip in PV current
and PV voltage almost remains same. At time 0.35 seconds solar irradiance gradually
rises to 1000 w/m?at 0.5 seconds. The duty cycle of boost converter increases in steps up
to 0.675 and becomes stable at which PV again tracks maximum power equal to 100 watts
which is the maximum output under standard conditions with PV voltage equal to 17.7
volts, PV current equal to 5.7 ampere, load voltage is about 53 volts and load currents is
1.75 ampere. Thus, it can be concluded that designed MPPT system is working fine and
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is stable under dynamic solar irradiance and tracks the maximum power corresponding to

the available solar irradiance.
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Figure 3-12 Simulation results for MPPT under dynamic solar irradiance
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3.6.2 Simulation Results for MPPT Under Dynamic Temperature Condition

Figure 3.13 shows simulation results obtained for dynamic temperature conditions. The
results include PV voltage and current, load voltage and current, solar irradiance,
temperature, duty cycle and PV power. Initially the conditions are standard with solar
irradiance equal to 1000 w/m?and temperature equal to 25°C and load connected at output
is 30 Q. The output power of the PV is 100 watts which is the maximum output under

standard conditions.

At time 0.15 seconds temperature starts gradually increasing up to 40°C at 0.2 seconds.
As we know already that with increase in ambient temperature the maximum output of
the PV will reduce, and it will be equal to 95 watts at 40°C temperature. It can be observed
that duty cycle of boost converter increases and stabilizes at a higher value at which PV
track maximum power of 95 watts at 40°C. It is noticed that the there is one volt drop in
PV voltage and minimal drop in PV current. It can be seen in the result (figure 3.13) that
there is a logarithmic drop in voltage with increasing temperature and there is a small
drop in maximum PV output power at higher temperature with current approximately

remaining unchanged.

At 0.35 second the temperature gradually rises to 25°C at 0.4 second. The duty ratio of
boost converter drops and becomes stable at 0.675. The PV starts tracking maximum
power equal to 100 watts which is the maximum output under standard conditions with
PV voltage equal to 17.7 volts, PV current equal to 5.7 ampere, load voltage is about 53
volts and load currents is 1.75 ampere. Thus, it can be concluded that designed MPPT
system is working fine and is stable under dynamic temperature and tracks the maximum

power corresponding to the ambient temperature.
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Figure 3-13. Simulation results for MPPT under dynamic temperature condition
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3.6.3 Simulation Results for MPPT Under Dynamic Load Condition

Figure 3.14 shows simulation results obtained for dynamic load conditions. The results
include PV voltage and current, load voltage and current, solar irradiance, temperature,
duty cycle and PV power. Initially the conditions are standard with solar irradiance equal
to 1000 w/m? and temperature equal to 25°C and load connected at output is 30 Q. The
output power of the PV is 100 watts which is the maximum output under standard
conditions.

At time 0.15 seconds another 30 Q load is switched in parallel to the existing 30 Q load
making equivalent load of 15 Q. As we know, that changes in load does not affect
maximum output of PV and MPPT system must continue to track 100 watts even after
change in load. It can be seen in result (figure 3.14) that there are small transients in the
PV voltage and current which settles quickly with no change in PV voltage, current and
output power. The duty ratio of boost converter changes to help PV system in tracking
maximum PV power equal to 100 watts. It is noticed that the there is no change in PV
voltage, current and Power with change in connected load and system continues to track
maximum power. Thus, it can be concluded that the MPPT system is working fine and is

stable under dynamic load conditions.
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Figure 3-14. Simulation results for MPPT under dynamic load condition

24



3.7 Hardware Implementation of MPPT in Photovoltaic System Using Boost
Converter

A hardware model for MPPT in photovoltaic system using boost converter is developed
and presented in this section. Figure 3.15 shows a hardware model of the system is

developed for MPPT in photovoltaic using boost converter [12-14].
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Figure 3-15. Hardware Setup for MPPT in photovoltaic system using boost
converter
The hardware model is developed for the system designed and simulated in the previous
section. The system is tested with ‘Perturb and Observe’ MPPT algorithm under varying
solar irradiance, temperature and different loads for its ability to track maximum power

from PV. Table 3.3 gives the system specifications for hardware model developed.
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Table 3-3. Specifications of Hardware Model for MPPT in Photovoltaic system
using boost converter

PV Panel Peak Output Power 100 W
Inductor (L) 1mH,6A

Capacitor (C) 33 uF, 100 V

Switching Frequency (F's) 20 KHz
Power electronic Switch FGL40N120AND (IGBT)
Voltage sensor LV25-P
Current sensor LA25-P
Load 50 Q rheostat, 5 A
Controller Arduino Uno

3.7.1 Gate Driver Circuit

Gate driver circuit shown in figure 3.16 is required to switch the IGBT switch in the boost
converter. The selected IGBT is FGL40N120AND, its ratings are Vces = 1200V, VgEs =
25V, Ic = 50A. The PWM signal generated by controller is given to the IGBT through the
gate driver circuit. The gate drive circuit consist of an optocoupler (6N317) followed by
BJT used as a switch. Optocoupler is used to isolate the controller from power circuit and
BJT is used in switching mode to provide high and low voltage to gate of the IGBT for
turn off/on operation.

----------

Figure 3-16. Gate Driver Circuit

3.7.2 Sensor Circuit
Sensor circuit shown in figure 3.17 is used to sense output voltage and current of PV
panel. Sensor circuit consist of LV25-P (voltage sensor) and LA25-P (current sensor). A

signal amplifier with adjustable gain is used for both voltage and current transducer to
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limit output voltage less than 5 volts. Signal amplifier is build using OP07C (operational

amplifier), the gain is adjusted using variable pot resistance.

Figure 3-17. Sensor Circuit

3.7.3 Controller

Arduino Uno a microcontroller board (ATmega328) shown in figure 3.18 is used for
MPPT control. Output from voltage and current sensor are given to the analog input of
the microcontroller. Microcontroller is programmed with P&O algorithm. It senses the
PV panel voltage and current and generates a 20 kHz PWM signal with required duty

cycle at its output pin which is given to gate driver circuit.

Figure 3-18. Arduino Uno

3.7.4 Hardware Results for MPPT

Table 3.3 shows results of the system without MPPT, that is when the PV panel is directly
connected across the load. The value of solar irradiance is 670 w/m? and temperature is
45°C The PV voltage and current are noted for three different loads 40Q, 30Q, 20Q
respectively and output power of PV is calculated. The simulation results are also
presented in the table for comparison. The results show that PV power output is very less
(<15 watts) and varies with change in load when connected directly to load without
MPPT.

Table 3.4 shows results of the system with MPPT. First set of reading gives PV voltage,
current and power at solar irradiance 600 w/m? and temperature 36 °C for three different
loads 40Q2, 30Q2, 20Q respectively. The power output of PV remains close to about 50
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watts irrespective of the changes in load which is much higher when compared to power

output obtained without MPPT application.

The second set of reading gives PV voltage, current and power at solar irradiance 500
w/m? and temperature 40 °C for three different loads 40Q, 30Q, 20Q respectively. The

power output of PV remains close to about 42 watts irrespective of the changes in load.

It can be inferred from the results that with application of MPPT system the output power

of PV remains close to its maximum power and does not vary with changes in load unlike

the case when MPPT is not used. The results show that PV output power decreases with

decrease in solar irradiation and increase in temperature. The hardware results obtained

are comparable to the simulation results with reasonable differences.

Table 3-3. Results for photovoltaic system without MPPT

Hardware result Simulation result
Solar Tempe | Load Voltage Current Output | Voltage Current Output
Irradiati | rature (Q) (V) (A) Power V) (A) Power
on (°C) (W) (W)
(W/m?)
1. 40 195 04 7.8 19.27 0.47 9.06
2. 670 45 30 194 0.5 9.6 19.2 0.62 11.9
3. 20 19.2 0.8 15.36 19.07 0.91 17.3
Table 3-4. Results for MPPT in photovoltaic system using boost converter
Hardware result Simulation result
Solar | Temper | Load Voltage | Current Output | Voltage | Current Output
Irradiat | ature Q) V) (A) Power V) (A) Power
ion (°C) (W) (W)
(w/m?)
1. 40 17.6 2.8 49.28 17.15 3.35 57.5
2. 600 36 30 174 2.9 50.46 17.15 3.35 57.5
3. 20 17.3 31 53.63 17.15 3.35 57.5
1. 40 17.2 24 41.28 16.7 2.8 47
2. 500 40 30 17 25 42.5 16.7 2.8 47
3. 20 16.9 2.6 43.94 16.7 2.8 47
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3.8 Conclusion

In this chapter equivalent electrical model of a PV cell and its characteristics are
discussed. The concept of maximum power point tracking is explained. MPPT in
photovoltaic system using boost converter is discussed, which includes design of boost
converter for MPPT in PV system, and application of conventional MPPT techniques.

A MATLAB-SIMULINK model for MPPT in photovoltaic system using boost converter
is developed and its performance under dynamic solar irradiance, temperature and load
conditions is studied. A Hardware model for the system is also developed and is tested
under varying solar irradiance, temperature and load conditions. The hardware results and
simulation results are compared for anlysing the performance of hardware developed. It
is found that developed hardware is performing statisfactorily and is able to track
maximum power in PV and hence increasing efficiency of the system under varying load,

solar irradiance and temperature condition.
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CHAPTER 4 GRID CONNECTED TWO-STAGE PV SYSTEM

4.1 General

In this chapter design and development of a grid connected two-stage system is discussed.
A MATLAB-SIMULINK model for the system is developed and its performance to

integrate power from photovoltaic into grid and simultaneously act on current related

power quality issues is analysed for different control techniques under varying solar input

and different load conditions.
4.2 Grid Connected Two-Stage PV System

Grid connected two-stage PV system are capable of transferring PV power to the grid and

can also serve functions of a DSTATCOM to mitigate current related power quality issues

like load reactive power compensation, load unbalance compensation, load harmonic

compensation [27,28]. Figure 4.1 shows a basic block diagram of a grid connected two-

stage PV system. It consists of a boost converter as its first stage and a VVoltage Source

Inverter (VSI) as its second stage.
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Figure 4-1. Grid connected two-stage PV system
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The boost converter stage performs function of Maximum Power Point Tracking (MPPT)
in PV array. Different MPPT algorithms like Perturb and Observe, Incremental
Conductance, fractional voltage, fractional current, fuzzy logic control MPPT, neural
network control MPPT can be used to control switching of boost converter. The boost
converter extracts maximum possible power from PV array and feeds it into dc-link
capacitor ° C4.’ which forms an interface between boost converter and VSI. The VSI
converts dc power from boost converter into ac (alternating current) and injects it into the
grid. As seen in figure 4.1, VSI is connected in parallel to the grid, VSI is controlled as a
current source which can injects current in the grid such that it compensate load reactive
power, load unbalance, load harmonics and also inject PV power into grid. Thus, in
addition to transfer of PV power to the grid VSI also serves functions of a DSTATCOM.
There are several control techniques available for DSTATCOM which are also applicable
for VSI control in grid connected two-stage PV like Instantaneous reactive power theory
(IRPT), Synchronous reference frame theory (SRF), Power balance theory, Conductance
based current algorithm, etc.

4.3 Design of Grid Connected Two-Stage PV System

This section gives design of a grid connected two-stage PV system consisting of a PV
array of dc capacity equal to 12.789 kW (maximum power) integrated to 3-phase grid at
415V, 50 Hz.

4.3.1 Specification of PV Array

Table 4.1 gives specifications of PV array used for grid connected two-stage PV system.

Table 4-1. PV array specification for grid connected two-stage PV system

Open circuit voltage (Voc) 726 V
Short circuit current (Isc) 2352 A
Voltage at MPP (Vmpp) 580 V
Current at MPP (Impp) 22.05 A
Maximum Power (Pm) 12.789 kW
Temperature coefficient of V. (% per °C) -0.36099
Temperature coefficient of Ig. (% per °C) 0.102
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MATLAB-SIMULINK has inbuilt PV models which can be used to design PV array of
desired capacity and specifications. The PV array modelled has 3 strings in parallel with
20 PV modules (connected in series) in each string.
Figure 4.2 shows I-V and P-V characteristics of the array at two temperatures 25°C and
45°C respectively.

Array type: 1Soltech 1STH-215-p;

20 series modules; 3 parallel strings
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Figure 4-2. PV array characteristics used for grid connected two-stage system

4.3.2 Inductor for Boost Converter (L)
The inductor L, for boost converter shown in figure 5.1 is designed using the inductor
ripple current equation 4.1 [32]:

. D(D-1)
All = VdC'Z.LbTSW (41)

In equation 5.1, Ai, is ripple in current through boost inductor. For this design Ai; is
considered to be 5 percent (at maximum) of the PV array short circuit current (23.52 A)
which is equal to 1.176 A. F,, is switching frequency of boost converter taken to be 20
KHz. V,. is the dc-link voltage taken as 800 V. D is the duty cycle of boost converter, at

D = 0.5 the ripple in current will be maximum therefore in order to get the minimum
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value of Lb that will limit the max ripple current below 1.176 A, D should be taken equal
to 0.5. The calculated value of L, from equation 4.1 comes out to be 4.25 mH. The

selected value of L, is 5 mH.

4.3.3 Selection of Diode and IGBT for Boost Converter

The voltage rating of diode and IGBT switch in boost converter should be selected such
that they safely withstand/block dc-link voltage, in our design we have VVdc equal to 800V
therefore with safety factor of 1.5 IGBT and diode voltage rating should be 1200 V. The
current rating of IGBT and diode should be higher than the maximum PV output current.
In our design maximum PV output current is 23.52 A, taking a safety factor of 2 the
current rating of both the devices should be higher than 47 A.

4.3.4 Choice of DC-Link Voltage (Vg4.)

In order to achieve proper operation of the VSI, the minimum dc-link voltage V. should
be greater than twice the peak phase voltage on the ac side of the VSI [32].

Vae = (22 V) /V3 (4.2)
Here V,, is ac side line-line voltage = 415 V. The calculated value of the V,;. from
equation 4.2 is 680 V, selected value of V4. is =800 V.

4.3.5 Sizing of DC-Link Capacitor (Cg4.)

The dc-link capacitor is designed using energy conservation principle, the boost converter
feeds energy to the dc-link and VSI extracts this energy and feeds it to the grid. The
capacitor seizing should ensure a stable dc-link voltage with minimum voltage ripple.
The value of dc-link capacitor value can be calculated using equation 4.3 [30]:

Cac = mpp/(z * W * Vdcripple) (4.3)
Here I,,pis PV array current at maximum power = 22.05 A, w is grid frequency = 314
rad/sec, Vgcrippie 1S ripple in de-link voltage taken to be 16 V (2% of V) . The calculated
value of C,;. from equation 4.3 comes to be 2.2 mF. The selected value of capacitor is 3

mF.

4.3.6 Interfacing Inductor (L,)
Interfacing inductor L,. shown in figure 4.1 is designed to minimise the ripple in ac side
output current of VSI [26]. The basic equation governing dynamics between VSI and
PCC is given by equation 4.4:

di;

Ly Se =V — Vg (4.4)
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Here Vf is the instantaneous inverter pole voltage of any phase and Vs is the instantaneous
PCC voltage of the corresponding phase. The ripple in current through interfacing
inductor will be maximum when Vs is at its peak equal to Vs, , at this instant the average
value of inverter pole can be considered equal to 1.1* V,,, assuming a 10% voltage drop

across interfacing inductor. Thus equation 4.4 can be now modified into equation 4.5:

dic
Lr G = 1 0Wom = Vo (45)
Ly 2E = 0.1V;, (4.6)

In equation 5.6, V;,,= 338.84 V, di. is the ripple in inductor current taken to be 0.5 A (at
maximum), dt is the switching time interval taken to be 0.1 ms. The calculated value of

L, comes out to be 6.8 mH. The selected value of L, is 7mH.

4.3.7 Voltage Source Inverter

A 3-phase two level VSI is used as shown in figure 4.1. VSI has three legs, each leg is
made of two IGBT switches called the top switch (connected to positive of dc-link) and
bottom switch (connected to negative of dc-link) of the leg. The midpoint of each leg is
connected to ac output of VSI. IGBT switches have inbuilt reverse conducting diodes.
The voltage rating of IGBT switches should be selected to ensure that IGBT switch will
be capable of blocking dc-link voltage, in our design we have Vdc equal to 800V therefore
with safety factor of 1.5 the voltage rating of IGBT should be 1200 V. The current rating
of each switch depends on the current that will flow through the switch, this current is
composed of the PV array power, load reactive power, load balancing and harmonic
compensating currents. Thus, the current rating depends on the PV array output and load
compensation required.

4.4 Control of Grid Connected Two-stage System

A grid connected two-stage system has two separate control for the boost converter stage
and the VSI stage. The boost converter stage has MPPT control and is implemented using
INC method already explained in chapter 3. The VSI is connected in shunt at PCC and is
controlled as a current source to transfer the solar energy from dc-link to the grid and also
compensate for load reactive power, load harmonics and load imbalance at PCC. Control
of VSI has two important aspects, first is to calculate 3-phase reference currents that the
VSI should supply to the grid and second is to give switching pulses to VSI such that its

output current follows the reference current in each phase.
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4.5 Reference Current Generation for Voltage Source Inverter

There are several control algorithms available that generate reference currents for the
VSI. The control algorithms used in this work are [25-28]:

1. Unit template based current control algorithm

2. IRPT based current control algorithm

3. SRFT based current control algorithm

4. SRFT based indirect current control algorithm

4.5.1 Unit Template based Current Control Algorithm

In Unit template based current control algorithm the 3-phase PCC voltage and dc-link
voltage are sensed to generate reference currents to be suppllied by the grid. Figure 4.3
shows model for Unit template current control algorithm developed in MATLAB-
SIMULINK.

The peak value of per phase PCC voltage V;,, is calculated using equation 4.12.

= \/ 1) g+ v2, +v3)] (4.12)
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Figure 4-3. Unit template current control algorithm
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In above equation v, vgp, Us. are instantaneous PCC voltages. After I, is calculated,
unit template for each grid phase current (ug,, ugp, us.) is calculated using equations 4.13
to 4.15.

Ugg = 2% (4.13)
Ugp = 5_,: (4.14)
Uy, = ;’—m (4.15)

The reference grid currents are obtained by multiplying these unit template with output

of dc-link PI controller Iy, as given by equation 4.16:

i;a usa
ip| = Ispeak- Usp (4.16)
isc Usc

isa, lap, Lsc are instantaneous values of reference grid currents.

4.5.2 IRPT based Current Control Algorithm

In instantaneous reactive power theory (IRPT) control algorithm the 3-phase PCC voltage

and load current are sensed and transformed from a-b-c frame to a-p frame using Clarke

transformation given below in equation 4.17 and 4.18.

- Bl 2 el
-0 2 )

Figure 4.4. shows model for IRPT current control algorithm developed in MATLAB-
SIMULINK. The instantaneous real and reactive power of load is calculated using a-3

components of voltage and current given by equation 4.19.

ol =L v L) (419
The instantaneous powers of the load both p; and q; have average as well as oscillating
components.

P1 = Pac + Pac (4.20)
q = dac + dac (4.21)
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Figure 4-4. IRPT based current control algorithm

In order to have grid current sinusoidal and in phase with grid voltage the grid must only
supply p4. and VSI must supply p,. and q; component of the load.

In addition to this the voltage of the DC-link should be held constant at the designed value
of 800 V to ensure proper operation of VSI and complete transfer of solar energy from dc
side to the ac side of VSI. This is achieved with the help of a PI controller at dc-link. The
output of PI controller p;, s should also be supplied by the grid to maintain dc-link voltage
constant. The powers to be supplied by VSl are p; and g; are given by equations 4.22 and
4.23:

Pi = Pi = Pdc — Ploss (4.22)
9 = qac + qac (4.23)
The VSI currents in a-f frame corresponding to these powers can be calculated using
equation 4.24 and corresponding reference current in a-b-c frame are given by equation
4.25:

_ia 24

lﬁ] va"‘vﬁ [ _va] [ (424)
i;a 1 0 i

i =Z.|-1/2 32 [iz‘] (4.25)
ise -1/2 —/3/2

4.5.3 SRFT based Current Control Algorithm
Figure 4.5 shows model for Synchronous reference frame theory (SRFT) based current
control algorithm developed in MATLAB-SIMULINK. In SRFT, the 3-phase PCC
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voltage and load current are sensed and transformed from a-b-c frame to a-f frame
initially and then into synchronously rotating d-q frame using equation 4.26.
l i l

o] = [ cosael-lis (4.20)
Here w is the angular frequency of the synchronous rotating frame and it is kept equal to
the grid frequency so that the fundamental ac component in grid voltage and current is
transformed into dc quantities in d-q frame. The grid frequency is measured with help of
a phase lock loop (PLL).
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Figure 4-5. SRFT based current control algorithm

The i; component corresponds to the instantaneous real power of load and i, component
corresponds to instantaneous reactive power of load. The i, has both average(igqy4) and
oscillatory component (i;,.) given by equation 4.27, it is passed through a low pass filter
(5" order Butterworth low pass filter) to extract the average instantaneous real power
component iggyg.

lg = ldgavg™ Ldac (4.27)
The output of DC-link PI controller i, 4. together with i;4,,, cOmponent must be supplied
by the grid, whereas the remaining components iy, and i, should be supplied by the
VSI. The d-qg components to be supplied by VSI is given by equation 4.28 and 4.29

lai = ldac (4.28)
lgi = g (4.29)
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The d-q component of VSI current is initially transformed into a-f frame using equation

4.30 and then into a-b-c frame to given by equation 4.31

'i;e] _ [ coswt sin a)t [ldl] (4.30)
i —sinwt cos wt '
] ;

izy| = 2. —1/2 \/‘ 3/2 [ “] (4.31)
iz -1/2 —3/2

4.5.4 Indirect Current Control Algorithm based on SRFT

In this algorithm the dc-link voltage and 3-phase PCC voltage are sensed and reference
currents to be supplied by the grid are generated. In this algorithm we do not sense the
load current therefore less number of current sensors are required. Figure 4.6 shows model
for Indirect current control algorithm developed in MATLAB-SIMULINK

w e

Pl Controller
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zero dq0 to abc
component

Vsa Freq
ae | T

Vsb PLL
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Vsc

Figure 4-6. Indirect current control algorithm using SRFT

Therefore, the d-component of grid current i, is equal to output of PI controller I, and
g-component to be supplied by grid must be zero. the d-g components are converted into
a-B components given by equation 4.32 and reference grid currents in a-b-c frame are
given by equation 4.33:

_i* .
.‘f] _ [ coswt  sin wt] . [Ipdc] (4.32)
g —sinwt cos wt

isa
iy | = 2. —1/2 \/‘/2][ ] (4.33)
[ Esc -1/2 —V3/2
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4.6 Hysteresis Current Controller for VVoltage Source Inverter

Hysteresis current control (HCC) is a popular technique for giving switching pulses to a
two level VSI. In a 3-phase two level VSI, if top switch of any leg is closed(ON) with
bottom switch of the same leg open(ON) then output current of the corresponding phase
will increase, if the bottom switch is closed with top switch open in a leg the
corresponding phase current will decrease. However, both top and bottom switch should
not be ON simultaneously as this will short circuit the dc-link. This property of two level
VSI makes it possible to control output current of each phase independently by giving
switching pulses to the corresponding leg. The switching of the VSI should be done such
that the VSI output current follows the generated reference current in each phase. In HCC
the reference currents are compared with actual current within a hysteresis band and

switching pulses are generated accordingly as shown in figure 4.7.
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Figure 4-7. Hysteresis current controller

4.7 MATLAB Simulation of Grid Connected Two-Stage PV System

A MATLAB-SIMULINK model is developed for grid connected two-stage PV system
according to the design discussed in previous section. MATLAB-SIMULINK model is

shown in figure 4.8. and system specifications are given in table 4.2,
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Figure 4-8. MATLAB-SIMULINK model for grid connected two-stage PV system

Table 4-2. Specification of MATLAB model for grid connected two-stage PV

system

3-phase AC Source

415V, Rg=0.03 Q, Ly = 0.1 mH

Load

i) 415V, 5 kW, 0.8 pf,
3-phase linear load

i) 3-phase diode rectifier,

Rac = 100 Q.
Interfacing Inductor (L,.) 7 mH
Reference DC-link Voltage (V4.) 800 V
DC-link Capacitor (C,;.) 3mF
Switching Frequency of Boost Converter 20 kHz
(Fsw)
Inductor (L) for Boost Converter 5mH
PV Array Pmpp = 12.789 KW, Viver =580 V,

Impp=22.05A @ STC
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The model is run with INC control for MPPT and different control techniques discussed

for VSI. The waveforms of PCC voltage, grid current, load current, inverter current, dc-

link voltage, PV output power, PV output voltage, PV current and THD (total harmonic

distortion) analysis are obtained and presented for each control algorithm. System

performance with all control algorithm is tested for four different cases given below:

i)

Dynamic switching of linear load

In this case there is a 3-phase 5 kW, 0.8 power factor balanced linear load
connected to grid and PV array is suppling maximum power of 12.789 kW at solar
irradiance = 1000 W/m? initially. At 0.3 seconds additional linear load is switched
in parallel to the existing load. The real power load demand increases to 20 kW
and reactive power load demand increases to 6 kVAR. This case will test the
system performance to track MPP in the PV array and dc-link voltage stability of
the system under dynamic load switching. Additional results showing real and
reactive power of grid (Pgrid, Qgrid), load (Pload, Qload) and VSI (Pvsi, Qvsi)
respectively are included for this case.

Linear load with change in solar irradiance:

In this case there is a 3-phase 5 kW, 0.8 power factor balanced linear load
connected to grid and PV array is suppling maximum power of 12.789 kW at solar
irradiance = 1000 W/m? initially. At 0.25 seconds solar irradiance starts reducing
up to 500 W/m? as shown in figure 4.9. This case will test the system performance
to track MPP in the PV array and dc-link voltage stability of the system under

changing solar irradiance.
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Figure 4-9. Solar irradiance input to PV array
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iii) Unbalanced load:

In this case there is a 3-phase 5 kW, 0.8 power factor balanced linear load
connected to grid and PV array is suppling maximum power of 12.789 kW at solar
irradiance = 1000 W/m? initially. At 0.25 second one out of 3-phases of the load
is removed. This case will test the system performance to compensate for
unbalance in load and dc-link voltage stability under dynamic load change.

iv) Non-Linear load:

In this case the system is supplying a 3-phase diode rectifier with resistance R gc
of 100 Q connected at its dc side. This case will test the performance of the system

to compensate for non-linearity in load.

43



4.8 Simulation Results for Grid Connected Two-Stage PV System

4.8.1 Results for Unit Template control
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Figure 4-10. Results of Unit template control for dynamic switching of linear load
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Figure 4-12. Results of Unit template control with linear load and change in solar
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Figure 4-14. Results of Unit template control with non-linear load
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4.8.2 Results for IRPT Control
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Figure 4-17. Results of IRPT control for dynamic switching of linear load
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Figure 4-18. Results of IRPT control for dynamic switching of linear load showing
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52



§1m \""\
_ 0.22 0.24 0.26 0.28 .::19 tsem:dﬂs?_; 0.34 0.36 038 0.4
N TaVaVa VaVaYa YaVaYa VaYaVaVaVaVa VaVaVa YaVaYa YaVaYa VaVaYa
ETANAAAAAAAANAAAAAAAAAAAANN A\
SUAAANANAALNAAAAAANAA A NN
> 20 PNNN NNNNN NN NNNNNNN
N VaVaV aVaVaV A

€ IAAAAANAN e

S XX XXX

WAVAVAVLAVAY e

2" OO DOOOOOCOONKDCK
HN)9.9.9.9.9.9.9.9.90.9.9.9.9.9.9.9.99.9.9.99.0.9.9.
00000000 | N S O O OOd
2 OO0 X%mmmw

Offset=0

028

0.3 0.32
Time (seconds)

0.34 0.36

Figure 4-19. Results of IRPT control with linear load and change in solar

irradiance

53



= 500
Z o
=
=500
0.24 0.26 0.28 03 032 0,34 0.36 0.38
- 20
L 0
z 20
= .40
0.24 0.26 0.28 03 032 034 0.36 038
15000
gmm
& o0
’ 024 0.26 0.28 03 0.32 0.34 0.36 038
820
> 800 <
g 780
. 0.24 0.26 0.28 03 032 034 0.36 038
Offset=0 Time {seconds)
S x AYAYAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAYAVAVAVAVAVAYAVA
STAAAANAAAAAAANAAAAAAAAANAAAANNAN
SMNAAANAANAAAAAANAANAAAAAAAAAAY
= o NANNN VNN NN
0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
- 20 BV R YV
< KAXAAN XX X XN
2 20000 0000000004
022 0.24 0.26 028 03 032 0.34 0.36 038
10
-~ F
000000 \VAVAYAVAVAVAVAVAYAVAYAVAYAYA
0.22 0.24 0.26 0.28 0.3 0.32 0.34 036 0.38
E‘g PPN o W | o, P PN N, =, P
> ok XA A A PN LD LY S9N P99 .99 0.9
£ b XX YUKU}_XVX\}_ v}{u A )(v}(v‘x XA )(VX Y _YVJ( B
“ 0.22 0.24 0.26 0.28 0.3 0.32 0.34 036 0.38
Offset=0 Time {seconds)

Figure 4-20. Results of IRPT control with unbalanced load
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Figure 4-21. Results of IRPT control with non-linear load
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Figure 4-22. Current profile in IRPT control for non-linear load
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4.8.3 Results for SRFT Control
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Figure 4-24. Results of SRFT control for dynamic switching of linear load
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Figure 4-27. Results of SRFT control with unbalanced load
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Figure 4-28. Results of SRFT control with nonlinear load
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Figure 4-29. Current profile in SRFT control for non-linear load
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Figure 4-30. Harmonic profile in SRFT control for non-linear load

64



4.8.4 Results for Indirect SRFT Control
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Figure 4-31. Results of Indirect SRFT control for dynamic switching of linear load
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4.9 Observations

Dynamic switching of linear load:

It is observed that all the control algorithm gives satisfactory performance for this case.
The MPPT control is tracking maximum power of 12.789 kW from PV array at standard
irradiance and temperature and this power is injected into the grid. 5 kW out of 12.789
kW is absorbed by the load and remaining 7.789 kW is injected into the grid as it can be
seen in the results that grid current is 180° out of phase with grid voltage. Also, the
reactive power of the load is supplied by the VSI. The dc-link voltage remains stable at
800 volts. It is seen at 0.3 seconds when an additional linear load is switched in parallel
to the existing load. The real power load demand increases to 20 kW and reactive power
load demand increases to 6 kVAR. As now the connected load kW is greater than that
generated by PV therefore grid starts supplies the balance power of 7.211 kW. It can also
be observed that the reactive power supplied by VSI increases from 1 kVAR to 6 kVAR
to cater complete load reactive power demand and thus the grid operates at approximately
unity power factor.

Linear load with change in solar irradiance:

It is observed that all the control algorithm gives satisfactory performance for this case.
The MPPT control is tracking maximum power of 12.789 kW from PV array at standard
irradiance and temperature and this power is injected into the grid. 5 KW out of 12.789
kW is absorbed by the load and remaining 7.789 kW is injected into the grid as it can be
seen in the results that grid current is 180° out of phase with grid voltage. Also, the
reactive power of the load is supplied by the VSI. The dc-link voltage remains stable at
800 volts. At 0.25 seconds solar irradiance starts reducing up to 500 W/m?, the output of
PV array also reduces to 6.3 kW with little transients in dc-link voltage settling back at
800 Volt. As a result of reduced PV output there is less power injected into the grid hence,
we see a reduction in grid current.

Unbalanced load:

It is observed that all the control algorithm gives satisfactory performance for this case .
Initially the MPPT control is tracking maximum power of 12.789 kW from PV array at
standard irradiance and temperature and this power is injected into the grid. The dc-link
voltage remains stable at 800 volts. At 0.25 second one out of 3-phases of the load is
removed which can be seen in 3-phase load current waveform as a result load power is

reduced. There is a small transient in dc-link but it settles back to 800 volts, the MPPT
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continues to track 12.789 kW of power from PV array, with load power reduced more
amount of PV power is now injected into the grid therefore there is increase in grid
current value which is out of phase with the grid voltage hence absorbing power. The grid
current is still balanced despite of unbalanced load, this proves compensation ability in
case of unbalanced load.

Non-Linear load:

It is observed that all the control algorithm gives satisfactory performance for this case.
In this case the system is supplying a 3-phase diode rectifier with resistance R 4c of 100
Q connected at its dc side. The 3-phase load current is non-linear with 30.7 % THD,
however the 3-phase grid current waveform is close to sinusoidal in nature proving
harmonic compensation ability of the two-stage system. The MPPT continues to track
12.789 kW of power from PV array and dc-link is settled at 800 V. However, with
different control techniques there is a difference in grid current THD and grid voltage
THD given in table 4.3. It can be seen in table 4.3 that the grid current THD without
compensation is 30.27 %, there is a tremendous improvement in grid current THD when
two-stage system is connected.

Table 4-3. Grid current and voltage THD in case of non-linear load with different
control techniques

Control Technique

Voltage THD (%)

Current THD (%)

Unit template

1.59

2.43

IRPT 1.59 2.33
SRF 1.50 1.78
Indirect SRF 15 1.68

4.10 Conclusion

In this chapter the design of a grid connected two-stage system was discussed.
Conventional VSI control techniques were discussed. A MATLAB-SIMULINK model
for the grid connected two-stage system was developed and its performance was analyzed
under dynamic load switching, varying solar input, unbalanced load and non-linear load
conditions. The results obtained in MATLAB-SIIMULINK for different control
techniques are presented and it is observed that the designed system performs
satisfactorily with all control techniques. The system is able to track MPP in PV array
and transfer it into the grid and simultaneously compensate for load reactive power, load

unbalance and load harmonics.
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CHAPTER 5 HARDWARE IMPLEMENTATION OF DSTATCOM

5.1 General

In this chapter a hardware model of DSTATCOM is presented. The design of components
of a DSTATCOM is explained. MicroLabBox (dSPACE product) is used for controlling
DSTATCOM. The performance of DSTATCOM is analysed for different control
algorithms and the results are recorded using FLUKE 435 Series Il 3-phase power quality
and energy analyzer.

5.2 DSTATCOM

A DSTATCOM is a custom power device used at distribution level to compensate for
load reactive power, load unbalance, and load harmonics. Figure 5.1 shows the block
diagram of the hardware setup of DSTATCOM. The DSTATCOM consists of a two level
VSI which is connected in shunt to the grid at point of common coupling (PCC). The
PCC voltages, load currents and output current of VSI are sensed and given as input to
the MicroLabBox. MicroLabBox based on sensed inputs and programmed control
algorithm generates gate pulses for the VSI and thus controls the compensating current
injected into the grid such that grid current is sinusoidal, balanced and in phase with grid

voltage.
Isa la
N PCC N
3 phase Vsa
415V |3 Phase Auto- Isb Ib
supply — Vs — N LINEAR/
Transformer NON-
415V, 12 KVA Isc Ic LINEAR
i Vsc —— LOAD
Ica Icb Icc
Lr Lr Lr
Ica Icb Icc Cdc—L @ @ %
la —> dSPACE

Ib —>| MicroLabBox _>‘ Gate driver

lc —>
VIa VIb \J;c

Figure 5-1. Block diagram for hardware setup of DSTATCOM
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There are several control techniques available for DSTATCOM like Instantaneous
reactive power theory (IRPT), Synchronous reference frame theory (SRF), Power balance

theory, Conductance based current algorithm, etc.

5.3 Hardware Setup of DSTATCOM

Figure 5.2 shows the hardware setup developed for DSTATCOM. The DSTATCOM is
developed for 3-phase, 3 wire system with system voltage equal to 110 V. The available

3-phase, 415 V is stepped down to 3-phase,110 V using a 3-phase auto transformer.

Non- Linear
3 Phase Load 3 phase 415V,
resistive load : ‘ ass o0 Hz supply

Gate driver and
sensor Circuit

FLUKE Energy
analyser

3 phase \ . \ g
. N Micro Lab -
Inductive load Inverter - A
» WY 0

v" ntrol
‘ ’ N Desk

ALY PCC volta
senso

ge
r
v 5 :

Interfacing
inductors

3 phase

Load current
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Figure 5-2. Hardware setup of DSTATCOM
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5.3.1 Choice of DC-link voltage (V4,)

In order to achieve proper operation of the VSI, the minimum dc-link voltage of V.
should be greater than twice the peak phase voltage on the ac side of the VSI [36].

Vae = (2*V2 % Vy)/V3 (5.2)
Here 1, is ac side line voltage = 110 V. The calculated value of the V,;. from equation
5.1is179.63 V, selected value of V. is =200 V.

5.3.2 Sizing of DC-Link capacitor (C4,)

The dc-link capacitor shown in figure 5.1 is designed to ensure a stable dc-link voltage
with minimum voltage ripple. The value of dc-link capacitor value can be calculated using
equation 5.2 [37]:

Cac = 6 * k * Ipp * Vi * a x t/ (Ve — Vica) (5.2)
Here V,nis phase voltage = 63.5 V, L, is phase current of inverter = 4A, k is constant
=0.1, a isoverload factor = 1.2, t is time by which dc voltage recovers to its standard
voltage = 0.015 sec, V,.,is reference voltage = 200V, V;,is minimum dc-link voltage =

195 V. The calculated value of dc-link capacitor from equation 5.2 is C,;. = 1.38 mF, A

5.3.3 Interfacing Inductor (L,.)

Interfacing inductor L, shown in figure 5.1 is designed to minimise the ripple in ac side
output current of VSI [35]. The basic equation governing dynamics between VSI and
PCC is given by equation 5.3:

Ly SE=Vp = Vs (5.3)
Here V} is the instantaneous inverter pole voltage of any phase and Vs is the instantaneous
PCC voltage of the corresponding phase. The ripple in current through interfacing
inductor will be maximum when V; is at its peak equal to Vs, , at this instant the average

value of inverter pole can be considered equal to 1.1* V,,, assuming a 10% voltage drop

across interfacing inductor. Thus equation 5.3 can be now modified into equation 5.4:

Ly 2E = 11V — Vi (5.4)
dic
Ly =2 = 0.1V, (5.5)

In equation 5.5 is simplified version of equation 5.4 , here V,,, is phase voltage = 63.5 V,
di. is the ripple in inductor current taken to be 0.2 A (at maximum) , dt is the switching
time interval taken to be 0.1 ms. The calculated value of L, comes out to be 3.175 mH.

A higher value of inductor L, =5 mH, 10 A is used.
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5.3.4 Voltage Source Inverter

A 3-phase two level VSI is used as shown in figure 5.1. VSI has three legs, each leg is
made of two IGBT switches called the top switch (connected to positive of dc-link) and
bottom switch (connected to negative of dc-link) of the leg. The midpoint of each leg is
connected to ac output of VSI. IGBT switches have inbuilt reverse conducting diodes.
Each IGBT switch should be capable of blocking complete dc-link voltage therefore the
voltage rating of IGBT switches should be selected accordingly, in our design we have
Vqc equal to 200V therefore with safety factor of 1.5 IGBT voltage rating should be 300
V. The current rating of each switch depends on the current that will flow through the
switch, this current is composed of the load reactive power, load balancing and harmonic
compensating currents. Thus, the current rating depends on the load compensation
required. The IGBT switches used in the model have a voltage rating of 1200 V and

current rating of 75 A which are much higher ratings than required in this model.

5.3.5 Gate Driver Circuit

Three SKYPER 32 R IGBT module drivers are used to drive each leg of VSI. These
drivers require a 15 V dc supply and also the gate pulse input should be at 15 V level.
However, the gate pulse output from MicroLabBox is at 5 V level only. Therefore, the
gate driver circuit discussed in chapter 4 which steps up 5 V gate pulse to 15 V is used as
intermediate stage to interface the MicroLabBox gate pulse output to the SKYPER 32 R
IGBT module drivers.

5.3.6 Sensor Circuit

The sensor circuit described in chapter 3 is used in this model for measurement of 3-phase
grid voltage, 3-phase load currents, 3-phase grid currents and 3-phase inverter currents.
5.4 Control of DSTATCOM Using MicroLabBox

The techniques used for control of DSTATCOM are:
1. Unit template based current control algorithm
2. IRPT based current control algorithm
3. SRFT based current control algorithm

4. SRFT based indirect current control algorithm
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The MATLAB-SIMULINK model for all the above techniques was presented in the
previous chapter. MicroLabBox is compatible with MATLAB-SIMULINK and models
built in MATLAB-SIMULINK can be built into program and fed into MicroLabBox.

MicroLabBox
] Vsa
S Vsb 1
E | nout sional .
Vsc nput signa G
N I : R
scaling
> I I S2 T
(o) a — + i
" Control | s3
b )
0 algorithm °
U lc N + ] sa I
T
[ v
P a | . Hysteresis ] . ;
v control /
R
T Ich j .
> RN
Icc o
j Processing unit Digital Outputs
Vdc
ADC Inputs

Figure 5-3. Block diagram for control of DSTATCOM using MicroLabBox

Figure 5.3 shows the block diagram for control of DSTATCOM, the outputs of the sensor
circuit which are PCC voltage, load current, inverter output current/grid current and dc-
link voltage respectively are given as input to the ADC channel of MicroLabBox. These
signals are processed and reference inverter/grid currents are generated based on the
control algorithm used. The switching signals are generated through hysteresis current
control at digital output pins of the MicroLabBox. These digital outputs are connected to
gate driver circuits for switching VSI.
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5.5 Specifications of Hardware Model for DSTATCOM

Table 5.1 gives specifications of the hardware model developed for DSTATCOM.

Table 5.1. Specifications for hardware model for DSTATCOM

3-phase autotransformer

415V, 12 KVA

System voltage

110 V (line-line)

Controller Micro Lab Box
DC-Link Reference voltage 200V
DC-Link capacitor 1.5 mF, 1200 V
Interfacing Inductors 5mH, 10 A
IGBT module 1200V, 75 A
Gate driver SKYPER 32 R, IGBT module driver
Voltage sensor LV25-P
Current sensor LA25-P
Loads Linear Load: 3phase resistive bank (415 V, 5 kW), three

Inductors (20 mH, 25 A), 5 rheostats (5A, 50Q), Non-
Linear Load: 3-phase diode rectifier (35 A)

5.6 Hardware Results for DSTATCOM

The hardware setup was tested for compensation of reactive power of load, load
harmonics and load unbalance with different control techniques. The results were
recorded through FLUKE 435 Series Il 3-phase power quality and energy analyzer and

are presented for each case in the following sections.
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5.6.1 Grid Voltage and Current Profile for Different Types of Load without
Compensation
This section compiles the waveforms, THD profiles, phasor analysis, power and energy
details of grid currents and PCC voltages for different loadings when DSTATCOM was
not connected.

1) Linear Load
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06/24118 12:31:45 208U SOHz3B IT  ENH50160 06/24718 12:31:56 208U S50Hz38 1T EHS0160
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Figure 5-4. Grid voltage and current respectively in case of linear load without
compensation
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POUER & ENERGY
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Figure 5-5. Grid Power analysis in case of linear load without compensation

2) Non-Linear Load
SCOPE HARMOHICS
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Figure 5-6. Grid voltage and current respectively in case of non-linear load without
compensation
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5.6.2 Results for Unit Template Control
This section compiles the waveforms, THD profiles, phasor analysis, power and energy
details of grid currents and PCC voltages for different loadings when DSTATCOM s

connected and unit template control algorithm is used.

1) Linear Load
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Figure 5-7. Compensated grid voltage and current in case of linear load with Unit
template control
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Figure 5-8. Reference grid currents, actual grid currents and dc-link voltage in
case of linear load with unit template control
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Figure 5-9. Grid power analysis in case of linear load with unit template control

2) Non-Linear Load
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Figure 5-10. Compensated grid voltage and current in case of non- linear load with
Unit template control
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Figure 5-11. Reference grid currents, actual grid currents and dc-link voltage in
case of non-linear load with unit template control
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5.6.3 Results for IRPT Control
This section compiles the waveforms, THD profiles, phasor analysis, power and energy
details of grid currents and PCC voltages for different loadings when DSTATCOM s
connected and IRPT control algorithm is used.

1) Linear Load
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Figure 5-12. Compensated grid voltage and current in case of linear load with
IRPT control
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Figure 5-13. Reference VSI currents, actual VSI currents and dc-link voltage in
case of linear load with IRPT control
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Figure 5-14. Grid power analysis in case of linear load with IRPT control

2) Non-Linear Load

SCOPE HARMOHICS

SCOPE HARMOHICS

VOLT AHP CURSOR 1+

3 UOLT/AMP| [CURSORLY 0%, =
% A8 C  OH OFF #ABC | ONOF _
H i Harmonics

= 1 HD 2.9 %f ATHD FA%FIRK 2.5

Puri & 0:02:53 vipa = =k Puti & 0:03:17 YR E-C
b PO A OB -
- . BOHERE - [ S LY | | | R
yom.L PR L ol R LR EETE T TR P l"'-'---- L (L Ty opump—
THODC 1 3 ' 5 ¢ 9 11 13 15 17 JTHODC 1 3 S ¢ & 11 13 15 17
06724718 16:50:08 208U SOHz3GIT  EHS0160 06/24718 16:50:32 208U S50Hz38 1T  ENSO160

Figure 5-15. Compensated grid voltage and current in case of non- linear load with
IRPT control
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Figure 5-16. Reference VSI currents, actual VSI currents and dc-link voltage in
case of non-linear load with IRPT control

89



5.6.4 Results for SRFT Control

This section compiles the waveforms, THD profiles, phasor analysis, power and energy
details of grid currents and PCC voltages for different loadings when DSTATCOM s
connected and SRFT control algorithm is used.

1) Linear Load
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Figure 5-17. Compensated grid voltage and current in case of linear load with
SRFT control
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14.01

Figure 5-18. Reference VSI currents, actual VSI currents and dc-link voltage in
case of linear load with SRFT control
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Figure 5-19. Grid power analysis in case of linear load with SRFT control

2) Non-Linear Load
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Figure 5-20. Compensated grid voltage and current in case of non- linear load with
SRFT control
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Figure 5-21. Reference VSI currents, actual VSI currents and dc-link voltage in
case of non-linear load with SRFT control
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5.6.5 Results for Indirect SRFT Control:

This section compiles the waveforms, THD profiles, phasor analysis, power and energy

details of grid currents and PCC voltages for different loadings when DSTATCOM is
connected and Indirect SRFT control algorithm is used.

1) Linear Load
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Figure 5-22. Compensated grid voltage and current in case of linear load with
Indirect SRFT control
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Figure 5-23. Reference grid currents, actual grid currents and dc-link voltage in
case of linear load with Indirect SRFT control
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Figure 5-24. Grid power analysis in case of linear load with Indirect SRFT control

2) Non-Linear Load
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Figure 5-25. Compensated grid voltage and current in case of non- linear load with

Indirect SRFT control
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Figure 5-26. Reference grid currents, actual grid currents and dc-link voltage in
case of non-linear load with Indirect SRFT control
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5.6.6 Results for Compensation of Composite Load through SRFT Control:

This section compiles the waveforms, THD profiles, phasor analysis, power and energy
details of grid currents and PCC voltages for composite load (a combination of reactive,
non-linear and unbalance load) when DSTATCOM is connected and SRFT control
algorithm is used.

1) Without compensation
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Figure 5-27. Grid voltage and current in case of composite load without
compensation
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Figure 5-28. Phasors of grid voltage and current with power analysis in case of
composite load

2) Compensation Applied
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Figure 5-29. Compensated grid voltage and current waveforms and THD in case of
composite load with SRFT control
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Figure 5-30. Reference VSI currents, actual VSI currents in case of composite load
with SRFT control
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Figure 5-31. Actual DC-link voltage in case of composite load with SRFT control
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Figure 5-32. Phasors of grid voltage and current with power analysis in case of
composite load with SRFT control
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5.7 Observations

It is observed that the developed hardware is working fine for all the control algorithms
used. The DSTATCOM model developed is able to compensate the load reactive power,
load harmonics and unbalances and thus making the grid current sinusoidal, balanced and
in phase with grid voltage.

Linear load: A linear load is connected to 3-phase,110 volts ac source. The load draws a
real power of 740 W and reactive power of 460 VAR having power factor of 0.85.
DSTATCOM is used to compensate the load reactive power. It is seen that the
DSTATCOM successfully compensates load reactive power and thus making grid to
operate at unity power factor. Table 5.2 summarizes the results obtained for compensation

of linear load for different control algorithms.

Non-linear load: A non- linear load is connected to 3-phase,110 volts ac source. Due to
non-linear load the voltage THD of PCC is 4.2 % and grid current THD is 19 %.
DSTATCOM is used to compensate the load harmonics and thus reduce THD in PCC

voltage and grid current. It is seen that the DSTATCOM successfully compensates load
harmonics and thus reducing THD in PCC voltage and grid current. Table 5.3 summarizes

the results obtained for compensation of non-linear load for different control algorithms.

Composite load: A composite load is connected to 3-phase,110 volts ac source. The load

is a combination of no-linear load and 3-phase unbalanced load drawing a real power of
1570 W at power factor of 0.96, voltage THD at PCC is 6.1 % and grid current THD is
13.1 %, the three phase load currents are unbalanced 9.1, 8.7 and 8.2 amperes
respectively. DSTATCOM is used to compensate the load reactive power, unbalance and
harmonics. It is seen that the DSTATCOM successfully compensates load reactive power
and thus making grid to operate close to unity power factor, reduces the THD in PCC
voltage and grid currents and also balance the 3-phase grid currents. Table 5.4
summarizes the results obtained for compensation of composite load for different control

algorithms.
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5.8 Conclusion

In this chapter the design and hardware implementation of a DSTATCOM is presented.
The design of all components in DSTATCOM is explained with all specifications. The
control of DSTATCOM is explained with help of a block diagram. The hardware model
is tested for four different control techniques under different load conditions and the
results are presented. The results show that the system is able to compensate for load
reactive power, unbalance load currents, and load harmonics satisfactorily with all control

techniques used.
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CHAPTER 6 CONCLUSION AND FUTURE WORK
6.1 Main Conclusion

The main objective of this work is to understand working of a PV system, MPPT in PV
system, integration of PV to grid and improve power quality in the grid. The electrical
equivalent model of a photovoltaic is studied to understand output characteristics of
photovoltaic. Designing of boost converter and its application for MPPT in PV system is
studied. MATLAB-SIMULINK model is developed for MPPT in photovoltaic system
using boost converter and obtained simulation results are presented. A hardware model
for the designed MPPT system is also designed and developed.
The two-stage grid connection for integration of PV array to the grid and power quality
enhancement is studied. The boost converter in the two-stage model is controlled using
Incremental conductance algorithm for MPPT in PV array and the VSl is controlled using
four different techniques:

1) Unit template based current control algorithm

i) IRPT based current control algorithm

1ii) SRFT based current control algorithm

iv) SRFT based indirect current control algorithm
MATLAB-SIMULINK models for all the four control techniques are developed and
simulation results are presented. The models developed shows the capability of the grid
connected two-stage PV system to successfully inject PV power into grid and
simultaneously compensate load reactive power and harmonics. A hardware model of
DSTATCOM is developed in laboratory and its performance with above mentioned
control techniques to compensate reactive power, harmonics and load unbalance is
recorded and compared.
6.2 Future Work

The future work is to study, understand and implement following:

o Different configurations of DSTATCOM and their application in 3-phase
four/three wire systems.

e Study and apply other conventional and soft computing control techniques like
fuzzy control, neural network, genetic algorithm etc. for MPPT and VSI control.

e Hardware implementation of grid connected two-stage PV system.

e Integrating battery storage in PV system.

e Study hybrid renewable energy systems.
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