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ABSTRACT

In the current power demand situation, the participation of renewable energy sources (RESs)
such as wind, solar, geothermal and hydro are increasing continuously. Amongst RESs, solar-
based power generation is more adopted due to the source availability and numerous technolog-
ical advancement. Especially, the grid connected or grid-interfaced photovoltaic (GIPV) system
is being accepted widely due to the cost effectiveness and ease of maintenance, as they elim-
inate the need of installing batteries to store energy. Nevertheless, there are still many issues
in the way to accept the GIPV system generally. In this respect, customers are facing some
important issues such as the system size, surplus power and bounded use of the PV system.
Moreover, it is also facing less effective maximum power point tracking (MPPT) techniques
and control strategies to extract and exchange the power, respectively. Hence, to resolve these
problems, such novel schemes are required which can reduce the size of the system, improves
the MPPT and inverter control performances, utilized for the active power generation and re-
active power compensation. Additionally, to expand the application of the PV system in other
areas like electric vehicle (EV) based transportation system, a control scheme is also required.

Hence, four different control schemes are proposed to resolve the aforementioned problems.

Firstly, a novel control approach for a GIPV system has been developed. This novel ap-
proach introduces a sensorless DC-link voltage control for a two-stage three-phase GIPV sys-
tem, which reduces the system size and cost. The proposed two-stage system includes an
intermediate boost converter (IBC) and pulse width modulation (PWM) strategy based voltage
source inverter (VSI). In the first-stage control, the intermediate converter is incorporated with
the MPPT technique. Amongst the various available MPPT techniques, due to ease of mainte-
nance, the incremental conductance algorithm is implemented to enhance the voltage level of
the PV array under variable irradiance condition. Further, the second-stage control of VSI deals
with DC-link voltage regulation (outer-loop) and current control (inner-loop) matching with the
conventional scheme. Distinctively, the proposed scheme avoids the outer-loop and controls the
inner-loop. Hence, the reduction of DC-link high voltage sensor minimizes the cost as well as

the size of the system. However, the DC-link voltage remains maintained through power bal-
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ancing. Therefore, the removal of the outer-loop controller enhances the system stability and

the dynamic response of the system under variable irradiance conditions.

In the second work, a GIPV system resolves the issue of surplus active power and inade-
quate performance of the existing MPPT techniques. Whereas, the surplus active power causes
the overvoltage problem during peak hours of power generation at the point of common cou-
pling in low or medium voltage level grid. Additionally, inadequate performance of the MPPT
technique results in the power loss due to high settling time during the sudden change in ir-
radiance. Therefore, to solve the surplus power problem and improve the MPPT algorithm
performance in variable irradiance conditions a novel control strategy has been proposed. In
this control strategy, a derated power generation mode (DPGM) control get activated to cur-
tail the active power. Additionally, a drift-free (named as modified) perturb & observe (P&O)
technique used to improve the performance of the MPPT algorithm. Consequently, the DPGM
control scheme with the IBC shaves the surplus active power during the peak hours of power
generation. Furthermore, the modified P&O (MP&O) algorithm deals with the fluctuation of
irradiance during non-peak hours. Thus, the proposed control scheme appears more efficient
for the system during the peak hours of power generation. Besides, it reduces power loss and

settling time during the change in irradiance for non-peak hours.

In third work, the generated power is utilized from the connected local linear/non-linear
loads and the rest of the power is transferred to the grid. Therefore, when the local load is
present with the GIPV system, it demands reactive power compensation. The compensation
is fulfilled either by the PV inverter or grid. However, the inverter transferring power with
full capacity would have no margin to generate reactive power. Therefore, the reactive power
demand is supplied from the grid, which causes an extra burden on the grid. Thus, to reduce
the burden on the grid, a GIPV system with MP&O, MPPT technique has proposed in the third
scheme. In third scheme, the proposed technique uses an IBC which extracts maximum power
more efficiently as compared to the traditional MPPT technique. On the other hand, it curtails
the generated active power and provides a margin for the PV inverters to generate reactive
power. Further, the PV inverter generates active and reactive power to the local load and transfer
power to the grid using inverter control. The inverter control comprises of instantaneous active
and reactive power control. In this control scheme, it maintains voltage profile and provides

more dynamically stable system under fluctuating weather conditions.



Lastly, in the fourth scheme, the PV system is implemented to support the new transporta-
tion option, i.e., for EV at remote locations and minimize the grid burdening in urban areas.
The EV charger seeks energy from PV, however, it fluctuates due to change in irradiance and it
can not generate constant energy. Therefore, an energy storage device is required to meet the
energy demand and improve the sustainability of the charging station. Thereby, a system has
been proposed, which consists of an energy storage system (ESS) along with the PV source
and EV charger. The proposed system includes a PV array with a boost converter, two bi-
directional converters (BDC) and ESS. The BDC is used for charging/discharging of the EV
and ESS. However, the energy generated from PV is not sufficient to drive the demand during
the absence or reduced sunlight, therefore, ESS is required to meet the energy demand. On the
other hand, while generation is more than demand, the ESS utilizes the excess clean energy
to make the system stable. This results, a reliable, cost-efficient, pollution-free EV charging
station to support modern era transportation. All schemes proposed above for the GIPV sys-
tems are simulated in MATLAB/Simulink using simpower tools and the system performance is

verified using the software-in-loop mode of Opal-RT 4510 in the real-time environment.
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Chapter 1

INTRODUCTION AND THESIS OVERVIEW

1.1 Introduction

Electricity is a big concern for every one, not because it has becomes our basic need but also
because of the increasing demand of electricity day by day. According to the data of inter-
national energy outlook 2019, world energy consumption increases nearly 50% between 2018
and 2050. According to the statistics [ !], the energy consumption in 2012 was 549 quadrillion
Btu which is increased to 629 quadrillion in 2020 and it is projected to near 910 quadrillion
Btu by 2050. To match the electricity demand, we are mostly dependent on the conventional
power generation systems whose fuels are coal, gas, oil and uranium (nuclear plant) which are
non-renewable. Now a days some renewable energy sources (RESs) like hydro, solar, wind,
biomass and tidal are becoming a part of power generation system to fulfil the raised electricity
demand [2, 3]. The RESs based electric power production reached 26.2% of whole installed
power generation capacity and according to the International Energy Agency (IEA) report, it
is expected to reach upto 40% by 2040 [4]. Among these RESs, solar, wind and hydro have
a major contribution towards the generation. Table 1.1 depicts the statical analysis of RES’s
participation in upcoming years [5]. Amongst all, the power generation through hydro is very
much similar to the conventional approach i.e. thermal. However, the hydro energy based gen-
eration consists of a high installation cost and complex implementation strategy as compared
to solar. Therefore, solar energy based power generation plant is more popular amongst all
RESs [6]. According to the IEA report, the generation from wind source (8300 TWh) and solar
PV (7200 TWh) expected to exceed from hydro (6950 TWh) by 2040 [4]. In another report
from the International Renewable Energy Agency (IRENA), the growth of the solar PV capac-

ity is increasing gigantically. The IRENA report presents that the PV generation participation



Table 1.1: The participation of RESs in power generation scenario

2010 2020 2035
Electricity generation (TWh) 4206 6999 11,324
Bioenergy 331 696 1,487
Hydro 3431 4513 5,677
Wind 342 1272 2,681
Geothermal 68 131 315
Solar PV 32 332 846
Concentrating solar power 2 50 278
Marine 1 5 57
Share of total generation 20% 25% 31%

in global power production was 480 GW in 2018 and it is expected to reach upto 2840 GW in
2030 and 8519 GW by 2050 which is almost eighteen times of the generation of 2018/”.

The major reason of the adoption of the solar PV because of the sun light is plenty in nature
and it is more than sufficient to fulfil the power demand of electricity. That is why the solar
power is the main attraction of researchers these days. The growth of PV solar power generation
has increased exponentially in recent times. Revolution in PV power converter technology has
triggered the growth of power generation through solar PV system. This is due to increase in
efficiency, power extraction capability from modules and reliability without impacting much
cost [6—11].

PV system includes solar panels or modules which can be connected in a series and par-
allel combination for high power application and power converters that convert output of the
module from DC to AC. These converters include semiconductor switches to get power from
the system. Some systems also have storage devices and charging controllers, where energy
absorbed by the module is stored in devices like batteries and super capacitors [ | 2]. Energy ex-
tracted from PV system has to pass few stages to connect with utility grid. These stages include
DC-DC converter and DC-AC converters with or without transformer which is shown in Fig.
1.1. On the basis variations in PV system, these are classified into stand alone [13, 14], grid
connected and hybrid PV system that is shown in Fig. 1.2(a), 1.2(b), and 1.2(c) respectively.
Due to the demand of electricity and less complexity of PV system structure, grid connected

or grid interfaced PV (GIPV) system is more popular and beneficial. A GIPV system is cost



effective and requires less maintenance. A typical configuration of a GIPV system is mentioned
in Fig. 1.1. It describes the components and stages of GIPV system. In this figure a PV system
is connected with a filter, DC-DC converter, dc-link, DC-AC converter (Inverter), output filter,
low frequency transformer (LFT) and grid. On the basis of stage, system is categorized into
one stage GIPV system which consist of PV system with DC-AC converter connected to grid
and two stage GIPV system which consist of PV system with DC-DC converter with DC-AC
converter and grid. In [15], it has been discussed that a single stage configuration of GIPV is
better suitable in the system because of its efficiency, less maintenance and size of the system.
Among both configurations the main component of the system is inverter. It is the main pro-
cessing unit of the system which converts input DC voltage into output high quality AC voltage.

The utilization of the inverter depends on how it is going to handle into the system.

Optional
Grid
: DC-DC dc- DC-AC Output LF
> > > > — >
y Filter Converter Link Converter Filter Transformer
System
EfplistE Optional

Figure 1.1: A typical configuration of grid interfaced PV system

1.2 Development in GIPV System Structure

Now, as per brief discussion about the grid interfaced PV system one thing is very clear that, the
role of power inverters is very important. It is not only enabling the system to be more efficient
and interconnected but also the use of more voltage level as well as complex power structure
[11]. In papers [16—18], the authors have discussed about the various types of PV system
structure based on the inverter technology which can be seen in Fig. 1.3. Technologies like
centralized, string, multi-string, AC module and AC cell inverters, in the same order describe
the development of inverters from the past to present. The other frame of structure is the use
of single phase or three phase grid connected system. From the inverter point of view, for the
high power application mostly three phase GIPV system is best applicable due to less loss per
component, reduced size and decreased stress on switches [0, 19].

These structures are categorized on the basis of their capacity, size and where they used
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Figure 1.2: Block diagram of (a) stand alone (b) grid interfaced (c) hybrid PV system

(industrial, commercial or personal). A large scale generation system is used where there is

requirement of high power and voltage level such as the utility grid. The central inverter tech-

nology is the part of this type of generation system. A medium scale generation system is less

in capacity from the large scale but efficient to provide power for industrial use, so these are

mostly use for medium applications. String and multi-string inverter technologies are the part

of medium scale generation system. Last but not least, at a small level generation from PV

system AC module inverter technology is mostly used to fulfill the requirement of customer

directly. These categories are summarized in Table 1.2.

Table 1.2: Overview of grid interfaced PV inverters conversion capacity and connection

Central Multistring String AC module
Power Range < 850 kW < 500 kW < 10kW <350 W
Capacity to use Large Scale Medium Scale Medium Scale | Small Scale
Grid Connections 3-Phase 1-Phase or 3-Phase 1-Phase 1-Phase

Systems discussed above can be called a good system when it operates efficiently as well as
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Figure 1.3: Overview of PV inverters: (a) centralized inverter (b) string inverter (¢) multi-string
inverter (d) AC module inverter

economically. Use of DC-DC converter, filters and LFT is optional since they are not essential
for the system. This also reduce the number of stages. So, the GIPV system is further classified

on the basis of there stages and components used in the system.

1.2.1 Classification of PV system

The available PV systems are majorly classified based on the components used in the system

such as placement of the transformer and power processing steps [16].

Placement of transformer

Transformer in GCPVS provides galvanic isolation. This can be achieved with the placement

of transformer at different places as shown in Fig. 1.4(a), 1.4(b) and 1.4(c). In Fig. 1.4(a),
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Figure 1.4: Basic structure of (a) LF transformer directly connected with grid (b) HFT with
DC-DC converter (¢) HFT between DC-AC and AC-AC converters.

a LFT is connected with the grid for the galvanic isolation which minimizes the presence of
DC components in the system after DC-AC conversion . The presence of DC components in
system, saturates the distributed transformer’s core at the grid side. In modern PV systems,
a high frequency transformer (HFT) with DC-DC converters or between DC-AC and AC-AC
converters is used for isolation. The size of HFT is very light and implementation of HFT on
printed circuit board is very convenient as compared to a bulky LFT in the system.

A single stage grid connected system fulfills all requirements as same as multi stage systems
with higher efficiency and lower cost. Similarly, placement of transformer in GIPV system,
not only affects the size and cost but also the overall efficiency of the system. “In case the
transformer is omitted, the efficiency of the whole PV system can be increased with an extra
1%-2%" [20]. Therefore, a single stage transformerless grid connected system is more efficient,

reliable and cost effective than other systems [2 1, 22].

Power processing steps

On the basis of power processing steps, PV systems are categorized as,



a)

b)

In a single stage GIPV system, PV module, maximum power point tracking (MPPT), DC-
AC converter and grid handles all the tasks. This results in the reduction of installation cost
and circuit complexity of the system as shown in Fig. 1.5(a). Less stages of system results

in less power loss [23].

A two stage GIPV system as shown in Fig. 1.5(b) is a single stage system with intermediate
DC-DC converter between PV module and DC-AC converter. This system provide high
gain from the PV source to the dc link of DC-AC converter through intermediate DC-DC

converter using MPPT [12, 24].
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Figure 1.5: Block diagram of (a) single stage (b) two stage PV system

1.2.2 Topologies of inverter

In a grid connected PV market, various type of inverters or converters are present which is

interfacing the PV system to the grid. This unit is called power conditioning unit (PCU). The

selection of PCU is based on the purpose of utilization which helps in consideration of cost as

well as efficiency of the overall system. This PCU is classified as follows.

e Voltage source inverter (VSI) and

e Current source inverter (CSI)

A standard VSI consist of a capacitor in the input side of inverter parallel with PV output.

On the other hand a CSI consists of an inductor in the series with PV output at the input

side of the inverter. Basic structure of a VSI and CSI can be seen in Fig. 1.6(a) and 1.6(b),

respectively [25]. Generally, a GIPV system consist of two control loops. One is the inner

control loop which control the output current of the inverter and other one is outer control loop

which regulates the voltage at DC-link of the inverter according to the grid based on MPP



of the PV system. But in single stage PV system both function is performed by the inverter
only [21]. VSI is the mostly used converter in grid connection application for higher power
application, It provides fast dynamic response and high performance controller to meet grid
standards [26, 27]. The requirement of conversion of DC side input into AC output is tried to
achieve by some two or three or more voltage level transformerless VSI topologies [0, 28, 29].
These are full-bridge named as H-bridge and neutral point clamped (NPC) inverters, which are
further derived in H5, HERIC (Highly efficient and reliable inverter concept), H6, REFU (by
Refu solar), FB-ZVR (Full bridge zero voltage rectifier), coneargy NPC inverters and many

more. These inverters are used in the system with their capability of solving the issues like

efficiency, leakage current and electromagnetic interferences (EMI) [30, 31].
LYY Y\
T, |
PV T PV
System ' System
VSI CSl

() (b)

Figure 1.6: Block diagram of a standard (a) voltage source inverter (b) current source inverter.

According to the paper [32], the cost of the overall system is totally depends upon the
inverter configuration and inverter component reliability, which shows that the system can be
make more reliable and cost efficient by just managing design parameters of the simple H-
bridge inverter. In [33-36], authors have discussed various inverter topologies and compared
with other configuration to support the higher efficiency performances of the inverter. The
issue of leakage current and common mode voltage is discussed in [20, 37-40]. They had also
discussed about the way of handling this issue through various inverter configurations which
have mentioned earlier. In [4 1], the author has discussed about the capability of the inverter to

handle low voltage rid through condition.

1.3 Role of the GIPV System

In the present electricity demand scenario, PV, wind and hydro energies are being preferred over

fossil fuels and nuclear for power production. As discussed above, PV has higher potential



to generate electricity and become an evident part of the main grid. Therefore, considering
suitable control strategy, protection and power quality, the GIPV plant is generating power in
hundreds of megawatt to support the grid. However, the GIPV system’s prime objective is to
generate the active power and transferring it to the grid. Simultaneously, the GIPV system may
also acts as a reactive power compensator during the day as well as night time to reduce the
burden of VAR compensators and the grid. In other applications, the GIPV systems are used to
regulate the frequency and voltage in microgrid. Additionally, GIPV system act as a source for
charging stations in the modern transportation system, especially when the primary grid is not

present to charge the electric vehicles (EVs) in remote area.

1.4 Research Challenges

There are some challenges pointed out while implementing the GIPV system, which have been

discussed below.

(a) PV system configuration: The installed GIPV system should be cost-effective for the
customer’s benefit, which can achieve by reducing the size of the system or by using an
effective control strategy. These purposes can be fulfilled by minimizing power conver-
sion stages of the system or reducing components such as sensors, LF transformers and

filters which depend upon the application of the system.

(b) Surplus power problem: To increase the reliability on PV systems, an oversized GIPV
system installation is done so that it fulfills the electricity demands even during low
irradiance conditions. In case of the peak irradiance condition, the generated surplus
power damages the equipment. Therefore, a system is required, which can handle all

types of irradiances and generates the demanded power.

(c) Increment in reactive power: Generally, a grid interfaced PV system utilized to fulfil
the active power demand. On the other hand, the owners of PV generation systems
are levied on the basis of kilowatt-hour and not on their kilovolt-ampere hour yield.
Hence, when inverter is transferring active power with full capacity, the inverter is unable
to generate reactive power. Therefore, a control strategy is require which can handle

the generated active power as well as the reactive power compensation from the GIPV



system.

(d) Environmental challenges: Generally, conventional power generation system pollutes
the environment due to the use of fossil fuel. Therefore, a green energy based power
generation system is required to support the grid which provides the non-polluted gener-
ating power plant and also participates to reduce the CO; emission. On the other hand,
the fossil fuel based transportation system contributes to increase in the pollution level
and increases CO, emission. Hence, in the modern era transportation system to reduce
the CO; emission an electric vehicle should be charged using green energy (such as solar

PV) based CSs instead of conventional energy based CSs.

1.5 Thesis Organization
This thesis has been strategies in six chapters to resolve the aforementioned problems.

1. In Chapter 2, the overview of the preliminary research work of various types of GIPV sys-
tems, MPPT techniques, active and reactive power control strategy has been presented.
Based on this overview, some research objectives have been suggested to resolve previ-

ously acknowledged research challenges.

2. In Chapter 3, the overview of a three-phase GIPV system is presented. Along with the
overview, the mathematical modelling of the single-stage and two-stage for the design
purpose and related control is discussed in this chapter. Further, a 30 kW two-stage,
three-phase GIPV system is developed using designed parameters and proposed control,
where results verifies the potential vigour of the proposed system. Finally, the chapter is

ended with the conclusion.

3. In Chapter 4, a novel MPPT control strategy is proposed for a GIPV system. The system
framework and it’s working strategy elaborates the need of the proposed control strategy
for the GIPV system. Further, the simulation results are presented to support the proposed

control strategy and performed work is concluded in the last.

4. In Chapter 5, an active and reactive power control strategy of a GIPV system is presented.

Therefore, a brief introduction of the proposed GIPV and respective control for the active
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and reactive power exchange is described. The results of the simulation where the com-
parison of traditional and proposed control technique simulated and tested in Opal-RT.

Lastly, the chapter is devoted to the conclusion.

. In Chapter 6, a framework of PV based charging station for EVs is proposed. Further,
the modelling of the proposed system framework and results of the simulation work have

been described in this chapter. Finally, the chapter is ended with the conclusion.

. In Chapter 7, the highlights of the contributions towards the research is presented. More-
over, this chapter also highlights the direction of future research in present modern energy

scenario.
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Chapter 2

LITERATURE REVIEW

In this chapter, a literature review has been presented regarding the previous research works in
the area power extraction techniques, role of inverter for active power transfer to the grid, reac-
tive power compensation and other application of the photovoltaic (PV) system. Additionally,
an analytical comparison is presented with advantages and disadvantages of various techniques
used in previous research work. To specify the area of research, the literature review is focused
on the following categories. In first category, the focus is on the various type of topologies
related to the grid-interfaced PV (GIPV) system, role of the inverters and its applications. The
second category presents the overview of various maximum power point tracking (MPPT) tech-
niques to extract input power from the PV source. Further, the control schemes for the active
and reactive power is discussed in third category. In fourth category, a derated mode operation
of PV system is considered simultaneously, the application of PV to support charging stations
is presented in fifth category. The preliminary research works of each categories are presented

as follows.

2.1 Topologies of GIPV Systems

A topology of a grid interfaced PV system depends upon its application. These configurations
consider inverter as a main component in GIPV system either it is single stage, two stage or
multi stage. Its functionality and complexity depends upon the role of inverter and how that
can be used is being discussed further in this literature review. A single stage grid interfaced
PV system is self capable to handle the maximum power point tracking as well as the grid
connection capability in the system. Mattos et al. [42] introduced a single stage single phase
GIPV system based on integrated circuit which attending low distortion with high power factor

output current. Freddy et al. [43] have presented the comparative analysis of transformerless



GIPV system. Jain and Agarwal [44] have introduced the comparative analysis of MPPT tech-
niques in a single-stage, single-phase GIPV system and studied there merits and demerits using
different kind of MPPT techniques. Singh et al. [45] have examined that the system not only
feeding solar energy into the grid but also fulfils the requirement of MPPT which deals with
the harmonic distortion and balancing the grid current. In this paper they have introduced im-
proved linear sinusoidal tracer-based control algorithm with VSI for all proposed functions. In
[46], Chinmay et al. have presented a single stage GIPV system functioning under abnormal
grid condition (sag and swell) with wide range of input voltage variation. Zhou et al. [47] have
discussed the performance of a single stage boost converter with coupled inductor for MPPT
and feeding high quality of current into grid with improved reliability. Similarly Domenico et
al. in [48], Francisco et al. in [49], Rahul et al. in [50], and Yang et al. in [51] takes about
the ripple correlation control, ride through control in faulty grid, system using phase lock loop
(PLL)-less fast character of triangle function control and cost effective system with reliability
have performed using single-stage configuration of the GIPV system, respectively. When the
requirement of high gain from the system is required, two-stage GIPV is more suitable to use.
Chen et al. [52] have implemented a two-stage GIPV system for module integrated system to
eliminate the chances of single point failure, high efficiency and low cost. Dipankar et al. [12]
have proposed a two-stage stand alone system with high gain and the requirement of isolation
using high frequency transformers at intermediate stage is fulfilled. As cited in [53], Wang
et al. have applied sensorless DC-link scheme for the grid connected inverter with fixed DC
voltage source. In this literature, authors have used the grid voltage and output current to esti-
mate the DC-link voltage which turns out close to the actual value of DC-link voltage. Naidu
and Singh [54] have presented this scheme for the control of doubly fed induction generator in
wind energy conversion system. In their paper, they have presented a single VSI to reduce the
power loss during power flow due to change in (less and more than) synchronous speed. As
reported in [55], Mallik and Khaligh have presented a sensorless power factor correction con-
trol scheme for boost-type rectifier. This effort improves the transient response of the system
by eliminating the voltage loop proportional integral (PI) controller. Zakzouk et al. [56] have
presented a sensorless scheme for GIPV system which limits the system at single-phase. This
scheme has a drawback of not transferring the bulk power and presence of the second order

line frequency. Similarly, Taghizadeh et al. [57, 58] have presented a fast and robust scheme to
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reduce the second order frequency by introducing notch filters. However, the introduced notch
filters over sizes the proposed system. Therefore, to overcome the above mentioned problems,

a sensorless two-stage, three-phase GIPV system is proposed.

2.2 Maximum Power Point Tracking Techniques

Maximum power point (MPP) in a module is a point at which, the product of voltage and
current on the characteristics curve is maximum and the techniques used to track this point is
called MPPT techniques. In a GIPV system, MPPT techniques are used with intermediate boost
converter in dual stage or multi stage inverter system and with the inverter in the single stage
inverter system [59]. Many researchers have classified various MPPT techniques on the basis
of the properties such as tracking speed [60], complexity [44], MPP oscillation [61], accuracy
and efficiency [62]. Jain and Agarwal [44] have compared many classical MPPT techniques
based on array configuration, accuracy, cost of the system and tracking speed. However, the
authors have presented the application based MPPTs which are not applicable for every sys-
tem. Esram and Chapman [63] have presented the comparison of various MPPT algorithms
according to the PV application. Similarly, Subudhi and Pradhan [64] have also presented a
review of many MPPT algorithms. The review is based on the control strategy, circuitry and
the cost of the application. There are many MPPT techniques are available to track the maxi-
mum power point, these are perturb & observe (P&O), incremental conductance (IC), parasitic
capacitance, fuzzy logic based, artificial neural network based, particle swarm optimization
based and some derived from these techniques. Among the MPPT techniques, P&O and IC are
the oldest and classical. P&O is a widely used MPPT technique due to its easy implementation
but it fails in the condition where irradiances changes rapidly. Asim et al. [65] have presented
some modified classical numerical techniques for boost and buck converters but fails to achieve
the higher range of operating voltages. Similarly, Kadri et al. [66] and Killi et al. [67] have
presented a robust and modified P&O MPPT technique to handle variation in irradiances for a
single-stage, three-phase GIPV system. As we know that the behaviour of sun is not regular,
some disturbances called shading will occur time to time. This shading might be partial or full
but it affect the PV generation and in this condition getting the MPP is very difficult. Lyden

et al. [68], Wang et al. [69], Mohanty et al. [70] and Ghasemi et al. [71] have conducted
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study to handle partial shading and get MPP providing different approaches, some have dis-
cussed Grey-wolf optimization some have derived P&O techniques to get MPP under partial
shading condition. This review reflects that the P&O is less complex and having fast tracking
capability amongst all presented. However, P&O is less accurate and consume more power in
MPP tracking during variable irradiances. Therefore, many modified P&O, MPPT algorithms
have been presented to overcome the MPPT problems. In this respect, Killi and Samanta [67]
have proposed a modified P&O algorithm which resolves the drift problem during unpredicted
irradiance change (erratic behaviour). As a result, this MPPT presents high efficiency and less
power loss during tracking of the operating point. Yong and Huiqing [72] have presented an
adaptive P&O algorithm with predictive current control. However, the authors have failed to
consider the inductance change which influences the tracking accuracy of the algorithm. Sim-
ilarly, Ahmed and Salam [61] proposed a modified P&O algorithm with dynamic perturbation
step size and a boundary condition to enhance the efficiency of the algorithm. Although this
directs the system towards the operating point, it fails to handle the irradiance changes. Further,
Liu et al. [73] and Ghamrawi et al. [74] have proposed a dual-mode P&O algorithm with the
variable step-size which contribute to resolve the problem of oscillation near MPP and MPP
tracking speed. However, the employed algorithm has a slightly higher cost as compared to the

traditional P&O and unable to identify the drift problem during variable irradiance condition.

2.3 Active and Reactive Power Control

In terms of stability and reliability, a power generation system should have connected in both
conditions that is normal grid condition as well as abnormal grid condition. The inverter play a
vital role to improve voltage profile when system is grid connected during abnormal condition
[75]. The abnormal condition refers to the erratic behaviour of the irradiance. The erratic be-
haviour includes up and down condition of the solar irradiance and partial shading condition.
According to Braun ef al. [76], in a smart GIPV system, the inverter should have active and
reactive control capability. Blaabjerg et al. [77] have conducted studies on the overview of
control strategy of the inverter system under fault condition. The research is also focused on
the power quality issues according to guidelines of the grid integration of distributed genera-

tors under different countries. Mishra et al. [78] have proposed a positive, negative and zero
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sequence based control strategy for the voltage as well as reactive power compensation for PV
connected unbalanced distribution network. However, while applying this proposed control
strategy, authors required separate controllers for each sequences that make the system bulkier.
Cagnano et al. [79] have examined that the Lyapunov theory is used to send massage to local
controller to produce reactive power and for active power PV module is sufficient. Tsengenes
et al. [80] have proposed a P-Q theory based control strategy to send active power into the grid
and simultaneously, compensate the reactive power for the connected non-linear loads. How-
ever, this delivers reactive power during night time but fails during the peak time of PV power
generation for the connected local non-linear loads. In [81-84], authors have discussed some
other active and reactive power control strategy. Han et al. [85] reviewed various active and re-
active power sharing techniques by considering cost analysis and system design for a microgrid
application. However, the authors have failed to minimize the control complexity and effect of
unknown environmental factors during high penetration of renewable energy sources. Jain et
al. [86] introduced a single-stage GIPV system with predictive control. However, the proposed
system is capable of harvesting maximum power and delivering reactive power independently
but fails to achieve it during peak hours of PV power generation. Therefore, a system is required
which can handle active as well as reactive power during all environmental conditions. In this
respect, Weckx et al. [87] proposed a scheme for active and reactive power exchange using
grid-interfaced inverter to minimize reverse power flow and overvoltage. In this approach, the
authors have suggested a mathematical formulation i.e. first order spline. It curtails the active

power as well as handles the reactive power compensation through grid-interfaced inverter.

2.4 Derated Mode Operation of GIPV System

Under derated mode of operation, the system work below the maximum available power. This
mode of operation tries to fulfill the need of storage while surplus power is available [38].
During this mode of operation PV system behaves as a reserve. Many researchers contributed
in solving the problems such as overvoltage and inadequate MPPT’s performance in a GIPV
system. Zarina et al. [89] have explored the role of PV system under derated mode of oper-
ation. They have used this concept to control the frequency of a hybrid PV rotating machine

without storage system. Zhou and Bialek [20] presented a generation curtailment technique to
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prevent the rise of voltage and reverse power flow in the lower network from high penetration
of PV power. However, the authors did not recommend any control technique to minimize the
switching losses and increases the utilization of the inverter. Further, Tonkoski ef al. [91] have
presented a droop based curtailment approach to protect the grid from overvoltage. Although
this scheme increases the power loss as compared to normal active power curtailment, it affects
the revenue of the system. Similarly, Omran et al. [92] suppresses the power fluctuation of
GIPV system using various approaches such as battery storage, dump loads and software-based
power curtailment. However, the above mentioned approaches have a high installation cost ex-
cept power curtailment. Likewise, Ahmed et al. [60] proposed a reduced power mode control
algorithm to suppress the output power of the system. It works in reduced power generation
mode when generated power exceeds the system rating. Though the proposed control strategy
fails to reduce the power losses during curtailment. Yang et al. [93] have proposed a constant
power generation scheme to reduce thermal loading, improved the inverter utilization and re-
duced the switching losses of inverter during a rapid change in irradiance. However, the authors
did not present an appropriate method to decide the power limit. In addition, Sangwongwanich
et al. [94, 95] have presented a constant power generation scheme for the overshoot, power
loss and active curtailment. The authors have used the power or current based scheme for fast
dynamic response and MPPT for high robustness. Although the authors didn’t use any other
MPPT except perturb and observe (P&O) technique. Similarly, Tafti er al. [96] have also
proposed a constant power generation scheme for the single and two-stage three-phase GIPV
system. In this scheme, the authors have proposed a voltage based curtailment approach along
with the flexibility of operating points. However, the main shortcoming of this scheme was that
it didn’t suggested any suitable approach to decide the voltage operating point during variable

irradiance. Although they have only used conventional MPPT to find the operating point.

2.5 PV Based Charging Stations

Generally, PV source is utilized for the active and reactive power exchange. Nowadays, PV has
incorporated in the modern transportation system as energy source for the charging stations to
charge the EVs. In this direction, many researchers have presented some authenticated work.

Singh et al. [97] have suggested that the source for CS will be the RESs. It can be used at
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the remote locations where the reach of the grid is not possible. The RESs used for the CS are
wind and photovoltaic (PV). However, the wind energy consists of more conversion stages to
produce power as compared to the PV. Therefore, the feasibility of PV energy based off-grid
charging station is more. Bhatti and Salam [98] have been presented a PV based EV charging
stations. It developed due to the extensive presence of solar energy and the simple installation
of PV power generation system. Several articles have been published to support the PV based
charging station. Pinak et al. [99] have proposed a cost-effective PV based CS at the parking
garage. The cost analysis of the system is considered using parking rate, installation cost and
tax rebate. This benefits the garage as well as the vehicle owner. Apart from this benefit, the
system also contributes to reducing the charging burden from the grid and the penetration of
RES in transportation. However, the authors have not presented the economic analysis of this
methodology for other locations in terms of per unit cost and installation cost. Moreover, the
system is PV dependent which is not sustainable due to the intermittent nature of irradiance. As
reported in [100], Goli and Shireen have presented a PV based charging station with the grid.
The grid is supporting the CS when PV energy is not sufficient for the EVs. However, the grid
is not available at every location which reduces the sustainability of the system. On a similar
note, Hernandez and Sutil [101] have presented a PV based CS with regenerative braking and
battery storage to support the system framework during peak-load. The aim of the author is to
utilize the maximum amount of RES and reduce the charging cost. Similarly, Li ef al. [102]
have proposed a PV and wind-based CS with battery storage to handle the power generation
fluctuations during variable environmental condition. In this paper, they have presented a SoC
based control approach to overcome the issues occurred due to RES. However, they didn’t

determine the proper SoC estimation strategy for the EV battery.

2.6 Research Gap

The trend of integration of PV system into the grid is magnanimous and conjecture of develop-
ment is hopeful. The development of a GIPV system includes all possibilities of improvement
from PV panel to the grid. As a result, the interest of research in a GIPV system is increasing
exponentially. In the current scenario, researchers face major potential challenges like config-

uration, topology of the converter, control strategy and MPPT capability of the system while
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integrating the PV into the grid to provide voltage stability, reliability and high power quality
in normal as well as weak grid condition. Configuration constitutes the presence of transformer
and power stages (single or two stage) in the system. Topology of converter constitutes the
capability of converter to deal with various issues like common mode voltage, input current
ripple, shoot through, overvoltage , resonant and low voltage rid through problem. However,
control strategy have to deal with the DC suppression loop, grid current controller and synchro-
nization with the grid current. Configuration is very important factor to decide the existence
of the GIPV system for any application. In [20], various transformerless approachs are dis-
cussed for GIPV system and authors have verified that, in case the transformer is omitted, the
efficiency of the whole PV system can be increased with an extra 1%-2%. Similarly, [24] have
presented the comparison of power loss between single stage and two stage GIPV system and
found that the single stage configuration is more efficient than two stage system. However,
the DC-link voltage fluctuation and reliability is less in the single stage system. Therefore,
the selection of topology of the conversion system is the major challenge of the GIPV system
to harvest maximum amount of energy from PV panel with higher efficiency and reliability.
Different type of topologies of inverters are discussed in [30, 31] for various issues related to
the grid interfaced PV system, which are mentioned in the starting of this chapter. As reported
in [24, 3941, 48, 49], the aforementioned issues have been studied and compared for single
phase GIPV system. However, these is still need to investigate these issues for three phase sin-
gle stage GIPV system. Selection of suitable converter topology will be justified only when the
converter can effectively control flow of power from source to grid. The control strategy must
be able to improve voltage and also support voltage stability as discussed in [77, 81]. There is
still need of investigation to regulate the output of the converter according to the grid.

Some constructive studies were conducted on MPPT control techniques in [44, 63, 64] to
present its handling capability with DC-DC and DC-AC converters. Allowing all possibility
of change in GIPV system, there is a point of concern when system demand is less than the
generation, there is an excess amount of power in the system. If the system is not equipped
with storage facility, excess power get wasted. In such situations, system can be operated in
derated mode. This also prevents the installation cost of storage. In [88, 89, ], authors
have discussed about the derated mode of operation to regulate frequency for a microgrid and

prevent the overvoltage problem in a wind power generation system. In addition, the use of PV
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as an energy source for EVs also can be a milestone in modern transportation era. Thus, the PV

based charging stations may reduce the dependency on the conventional charging structure.
This literature review presents the current scenario of the grid interfaced PV system in terms

of issues which is general at the point of common coupling (PCC) and behaviour of the inverter.

The area of research on the basis of this literature review are listed below.

1. There is need to strategies a control technique, which is able to perform active and reac-

tive power control to keep the power flowing efficiently from source to grid.

2. A single stage grid connected PV can’t handle variation in insolation with simple MPPT
techniques like P&O. Therefore, an effective MPPT technique is required which can
handle the intermittent nature of insolation and enhance the maximum harvesting from

the PV array.
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Chapter 3

SENSORLESS DC-LINK CONTROL APPROACH FOR
THREE-PHASE GRID-INTERFACED PV SYSTEM

3.1 Introduction

In the last few years, the dependence of the power sector is predominantly dependent on renew-
able energy source (RES). Recently, green energy has become the main concern for researchers
to fulfill the increase in demand for electricity. That’s why, the environmental organizations
have been encouraging the use of these RESs such as wind energy, solar energy, and tidal en-
ergy as an alternative of fossil fuels for electricity generation [104]. Especially wind energy
and solar energy have been reported to be more feasible in large scale implementation due to
the recent research and development in power electronics [11]. Among the two, solar energy
is more advantageous over wind due to its availability in nature. The solar energy could be
further classified as thermal solar system and photovoltaic solar system. Among these solar
energy systems, photovoltaic (PV) solar system is becoming more prominent because it is easy
to install and requires low maintenance. Hence, PV system attracts researchers as an alternative
source of power generation system at present and upcoming years [ 105]. Recently, the demand
for electricity in public domain is being fulfilled by the implementation of PV system configu-
rations like stand-alone, grid-connected and hybrid. Among these configurations, stand-alone
and hybrid systems are of limited size and mainly used in the remote and rural areas. Whereas,
the grid-connected system produces electricity to a large extent. It satisfies the electricity de-
mand of a micro-grid as a distributed generation system [106]. Additionally, this supports the
micro-grid as well as utility grid for voltage and frequency regulation. Hence, grid-interfaced
PV (GIPV) system keeps an advantage over other configurations.

Further, the configuration of GIPV system depends upon the power processing stages of

the system which includes PV array, filter (optional), intermediate converter (optional), DC-



link capacitor, DC-AC converter, output filter, low frequency transformer (optional) and grid
as shown in Fig. 1.1 [7, ]. Therefore, on the component basis, these are subdivided into
single-stage and two-stage GIPV system. A single-stage GIPV system, includes only PV array,
DC-link capacitor, inverter, output filter and grid thus reducing the size and weight of the
system. Meanwhile, the complexity of this system increases due to the handling of many tasks
(like maximum power point voltage handling, DC-link voltage regulation, current control and
grid synchronization) by inverter only. Therefore, to reduce the complexity of the system, an
intermediate boost converter (IBC) is introduced in the single-stage system. The IBC is placed
between PV source and inverter, which is called a two-stage grid connected PV system.

In two-stage GIPV system, intermediate converter increases the voltage level of input side,
which results in reduced number of PV panels [ 107-110] . Additionally, the intermediate con-
verter with maximum power point tracking (MPPT) techniques extract the peak value of power
from the PV array. An intermediate converter provides a regulated high voltage level with the
same power to the system. It fulfils the voltage requirement at DC side and minimizes the
requirement of low-frequency transformer at AC side of the inverter, which shows the impact
on cost, volume and weight of GIPV system. The intermediate converter incorporated with
the MPPT method provides source voltage and current from the PV array. It regulates the
source voltage according to the desired output for the voltage source inverter (VSI) as an in-
put DC source. The VSI functions as a conversion unit as well as a power conditioning unit
for GIPV system. Power inverters perform various tasks such as DC-link voltage regulation,
power conversion, grid synchronization, and control operation for the system. On the other
hand, a situation such as variable irradiance at the input, sudden change in load at the out-
put side and imbalance in grid voltage affects the performance of the system. Therefore, to
maintain a smooth functioning of the system, the DC-link voltage regulation and synchroniza-
tion of inverted sinusoidal current with utility grid is utilized. During these operations, the
total harmonic distortion (THD) and power factor reach beyond the grid standards [26, ].
Therefore, a pulse width modulation (PWM) based VSI is widely utilized in GIPV systems
to minimize THD and improve power factor. Additionally, it produces fast dynamic response
and high performance controllers to meet the grid standards as discussed in [26]. These stan-
dards are implemented by means of the control scheme. Therefore, the performance of the VSI

extensively depends upon the control scheme implemented into the GIPV system.
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The conventional control scheme of GIPV system adopts a voltage regulation as an outer-
loop control and current control as an inner-loop control. For the outer-loop control, a pre-
defined reference DC-link voltage is compared with a sensed voltage (sensed through a high
voltage DC sensors) across DC-link capacitor at the input of the VSI. As a result, the DC-link
voltage regulates according to the set value and provides the reference current for the current
control loop. This is considered as the conventional scheme of voltage regulation where sen-
sors are used at the DC-link position. Based on [906, —115], authors have presented this
conventional approach for various applications. Apart from the conventional approach, many
researchers have implemented the sensorless scheme at the DC side of VSI (DC-link position)
for various applications.

In this proposed system, a two-stage control is presented. In the first stage, the intermediate
boost converter is used with the MPPT algorithm and a VSI is used with current control in the
second stage. Both stages are interfaced by a DC-link capacitor, which avoids the high volt-
age sensor in contrast to the conventional control scheme. This control is called a sensorless
DC-link control. Since a high voltage sensor is not present for a DC-link capacitor, the outer
control loop is not required further. As a result, it reduces the complexity of the VSI (handling
of both inner as well as outer control loop) and improves the dynamic response of the system.
In addition, this proposed system introduces a DC-link voltage control model by adding a loss
factor. The loss factor term is defined as the combination of losses participating in the system
due to the switches, interfacing inductors and variation in terminal voltage. Loss factor esti-
mates the value of the reference DC-link voltage. Further the estimated DC-link voltage with
proportional gain produces the active reference current to generate the switching pulses to the
inverter. As a result, the system generates the appropriate amount of power for which it is de-
signed. The generated power and corresponding output voltage and current are analyzed. The
performance of the proposed system is verified and compared with the conventional system un-
der variable irradiance conditions. The main significance of the proposed work is summarized

as follows:

e Implementation of sensorless three-phase GIPV system.

e Inclusion of loss factor along with DC-link voltage control model is used to improve the

dynamic response of the system
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e Reduction in system’s cost by neglecting the high voltage sensor.

3.2 Details of the Proposed System

Fig. 3.1(a) illustrates the detailed structure of the proposed two-stage, three-phase GIPV sys-
tem. This system is widely adopted for residential as well as commercial purpose with rated
power of 1-30 kW [116]. This system includes a PV array, an IBC, a DC-link capacitor, a VSI,

filters (three interfacing inductors) and the grid. Further, these components are divided into two

stages.
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Figure 3.1: A two-stage, three-phase GIPV system (a) circuit diagram (b) control approach for
(1) boost converter control block (ii) reference current estimation (iii) inner control
loop producing PWM signals and (iv) grid synchronization unit

The first stage consists of a PV side boost converter and a VSI, which is used as a grid side
converter. The solar PV array serves as an input of the IBC where the solar PV array is an
arrangement of series and parallel combination of modules to achieve the desired input voltage
Vpy and current Ipy. The IBC is implemented as an interfacing converter between PV array

and VSI. It enhances the voltage level of the PV array so that VSI receives a sufficient voltage
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for the GIPV system. The incremental conductance (IC) MPPT algorithm is used to decide the
operating points i.e., Vypp (voltage at maximum power point) and /yspp (current at maximum
power point) at corresponding Pypp (power at maximum power point). According to operating
voltage and current, the IC MPPT algorithm generates the PWM pulse for the boost converter’s
switch as shown in Fig. 3.1(b)(i). In second stage, a PWM strategy based VSI is used. The use
of PWM strategy with VSI results in minimum harmonic distortion. The VSI in this system
performs various operations like (a) DC to AC power conversion (b) independent control of
active and reactive power [117, ] and (c) synchronization with grid [ 19]. Furthermore,
these operations are executed with the use of proposed control. In Fig. 3.1(b)(ii), the proposed
control block produces a reference current quantity for the inner control (current control) loop
by controlling active power of the system. On the basis of active reference current (d-axis
current), the current control loop is utilized to produce the switching pulses (PWM signals) for
VSI as shown in Fig. 3.1(b)(iii). In this control loop, the reactive reference current (g-axis
current) is set to be zero, to provide unity power factor current. The performance of the current
control loop depends upon the synchronization of grid quantities (voltage, current and angle
between both) with the output of VSI. The grid synchronization of the system is performed
by means of phase lock loop technique as shown in Fig. 3.1(b)(iv). This monitors the grid
quantities and provides support to control the active and reactive power of the system. The
filters are used to smoothen the transferred power to the grid. In this system, the interfacing
inductors are doing the task of the filter.

As aforementioned, the DC-link capacitor interfaces both stages of the system. It decouples
the ac and dc power sources. Additionally, it maintains the input voltage level of the inverter
during fluctuations in the presence of variable load and irradiance level (/). The maintenance
of DC-link capacitor voltage depends upon the power delivered and received by VSI. If the
power received by the VSI is more than delivered, the energy stored in the capacitor will raise
the voltage at the DC-link capacitor. On the other hand, if power received by the VSI is less
than the delivered power, the capacitor will supply the remaining power to the inverter, which
results in the reduction of DC-link capacitor voltage. If both of them are equal, the DC-link
voltage will remain constant. Therefore, a novel control model is introduced, considering the
loss factor, to maintain the DC-link capacitor voltage in a steady state condition. This is the

main idea of this proposed scheme and will be further discussed in section I'V.
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3.3 Mathematical Modelling of Proposed GIPV System

3.3.1 Modelling of PV array

A PV array is a power generating unit, consisting of similar PV modules arranged either in
series or parallel or combination of both. The basic characteristics of a PV module is well

described with a single diode model as illustrated in Fig. 3.2. [120), ]

Ipy
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Figure 3.2: Single diode model of a PV module

The corresponding output current (/) of a single diode model is represented as follows:

1% Rl Vi Rl
qVpv +4q st>_1]_ pv + Rslpy 3.0

Iy =lie—1a [eXp ( N,KTA Ry,
where Ipy,l;,q,Rs, Ry, Ny, K, T and A are the PV generated current, diode saturation current,
electron charge, series resistance, parallel resistance, number of cells connected in series, Boltz-
mann constant, cell temperature and diode ideality factor of the module respectively. In prac-

tice, a PV array is an arrangement of several PV modules in series and parallel and the equiva-

lent current I, of a PV array is represented as follows:

(3.2)

qVpy + qRIpy II\Y;Z ) 1] Vpy + Rslpy II\Y;Z

NyKTAN;,, Ry, Nyer

qut = Nparlsc - Nparld [exp <
Npar

where N and N, is the number of series and parallel modules to configure a PV array. The

maximum power of the PV array is defined as [122],

Pypp = (Nser X Vupp) X (Npar X Inpp) (3.3)
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= PV Array

Figure 3.3: PV array using series and parallel arrangement of PV modules

where Pypp,Vypp and Iy pp are the power, voltage and current at the MPP respectively. Maxi-
mum power is defined as the product of the total number of modules connected in series and the
total number of strings connected in parallel as shown in Fig. 3.3. The obtained Vy;pp and Iyspp
at particular Pypp is provided to the boost converter. Further, the components (inductor and
capacitor) of the converter are designed according to the rated value of the input voltage and

current, which is obtained by the mathematical modelling of the intermediate boost converter.

3.3.2 Modelling of intermediate boost converter

The mathematical design of the intermediate boost converter estimates the parameters of the
converter as displayed in Fig. 3.1(a) [123]. The state space representation of a IBC is defined

as,

X, = Axp+Buy (3.4)

Yo = Cxp+Duy (3.5)

where x;, up, yp, represent the state vector, input vector and output of the system respectively

and A, B, C and D represents the parametric equations of the system. The parameter design and
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performance of the system depends upon the storage elements and switches used in the system.
The IBC section of Fig. 3.1(a) contains a controlled switch (S) and uncontrolled switch (D)
and it’s function for two switching instants. For the first infinitesimal time interval dTy, S, is
ON and Dy, is OFF. The following equations are obtained using Kirchhoft’s law of voltage and

current for first time interval.

dirp 1

7 = L—bvpv (36)
dVDC 1
= — 3.7
dt RoutCDC e ( )

For second time interval of (1 —d)Ty), Sp, is OFF and Dj, is ON and following equations are

obtained,

dip, 1 1

— = —— — 3.8
dr L, vpc + L, Vpv (3.8)
dVDC 1 . 1
— — 3.9
dt Cpc b RouCpc e -9

The parameters of the IBC used in following equations (3.6-3.9) are the inductor (L), capacitor
(Cpc) and output load resistance (R,,;) which depends upon the application of the system. The
governing equations (3.6-3.9) presents the large signal model of the IBC for both time instants.

The averaged large signal model of the system for both switching instants are obtained as,

digyp 1 1
2 - _(1=—d)— — 3.10
dt ( )Lb vpc + L, Vpv ( )
dVDC 1 . 1
= (1—d)—1ip— 3.11
dt ( ) Cpc b Rou:Cpc e G-11)

The averaged large signal model is the combination of steady state and small signal model

(SSM) and the variables of the system can be written as [124],

X = Xp+%
i, = Up+ip
W = Yo+
d = D+d
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and after applying assumptions (X = 0, d = D) of steady state condition, the following equation

will be obtained as,

1
Vi = Vi 3.12
pC —p"" (3.12)

The above equation presents the steady-state model of the system which helps in designing the
converter. The SSM or linear model provides a control approach for the system. This linear
model determines the dynamics and variations with respect to the operating point, which are

mathematically obtained as,

diy, (1-D) 1 Ve
= D —v —d 3.13
0 L Vpc + L Vpy + L (3.13)
dipc_(1-D), 1 Iy 5
- - hpc — —22-d 3.14
dt Cpc b RouCpc e Cpc G194

where i;, and Ppc, Ppy and d, and D, Ly, Cpc, Rour, Vpe and Iy, are the state variables, in-
put variables, and constant parameters (of SSM) for the proposed IBC respectively. Equations
(3.13) and (3.14) represent the small signal model of the IBC in the GIPV system. The sub-
system (IBC) control depends upon the input variables and that is voltage (vpy ) and duty ratio
(d). In this subsystem, vpy keeps constant and d varies according to the desired output value
Vbe, which is represented by (3.12) in steady-state condition. Vp¢ is the input DC voltage for
the DC-AC VSI. The performance of the VSI for grid integration depends upon the appropriate
component (rating of switches and interfacing inductors) selection and good control strategy
for the operation. The component selection depends upon the rating of the power transfer and
the control approach depends upon the mathematical modeling of the structure in a selected

environment (natural reference frame or synchronous reference frame).

3.3.3 Modelling of grid interfaced VSI

The mathematical representation of the grid interfaced VSI is shown in Fig. 3.1(a), where V,V},
and V. represent the terminal voltages of the inverter, Vg 4, V, j and V; . are the grid voltages and
L considered as the equivalent interfacing inductors for all three phases [125]. The equivalent
circuit of a single phase is presented in Fig. 3.4.

In this figure, KVL is applied and the mathematical equations of all three phases are ob-
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Figure 3.4: Equivalent circuit diagram for three phase

tained as follows:

dl

va:R1a+Lfd—: + Ve (3.15)
dl,

Vb:RIbJrLfd—;’ +V, (3.16)
dIc'

Ve=RI;+ Ly 4 Ve (3.17)

equations (3.15-3.17) could be further rewritten as,

- = _R _
dr I I 0 I,| + L AV},
I 0 0 —LA; I AV,

In the above representation, AV,pe = Vape — Vgape and AV, is presented as the differences
of inverter output voltage and grid voltage of all three phases. The above equation is further
transformed to synchronously rotating reference frame (SRF). In this reference frame, the active
and reactive power become decoupled, which allows the controller to be controlled separately.

The system represented in SRF is obtained as,

d|la| |1 o | |L]| 1 |AV
ai |, |~ R L
I —0—7.| & f | AV,

From the above representation, we have to maintain the voltage at the input side of the VSI and

at the PCC. This can be effectively achieved by controlling the active and reactive power flow
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into the system. The representation of voltage in the synchronous reference frame is obtained

as,

dl
Vy=Vea+RIy +Lfd—;’—wa1q (3.18)

dI,
Vq:vg,q+RIq+Lfd—f+wald (3.19)

The current control of the GIPV system in SRF depends upon the equations (3.18) and (3.19).

3.3.4 Synchronization of VSI with grid

Grid synchronization of the power converter is the instantaneous monitoring of the present
status of the grid to which the power converter is to be added. In grid synchronization, the
synchronized power converter and grid works in harmony. Additionally, it is a adaptive process
of minimizing the error which is the difference of internal reference signal generated by power
converter and the grid variable mainly grid voltage. To deal with the transformation of the three
phase quantity (natural reference frame) to two phase (synchronous reference frame) quantity,
the information of the phase angle (0) is required. In the way of the search, there are mainly
two type of synchronization techniques are discussed i.e. frequency and time domain detection
method which are implemented by Fourier analysis and phase lock loop (PLL), respectively.
Amongst both techniques, PLL is being used more for the engineering application due to use
of feedback and repetitive tuning of the signal. The basic structure of the PLL is shown in Fig.

3.5.
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Figure 3.5: Basic structure of the PLL

where PD compares the two input signals and generates error signal which is filtered out by
the LP and then used by the VCO to generate output signal. This process continues until €pp is
not zero. Once the error is zero the output phase will be locked.

This section decides all control parameters on the basis of mathematical modelling of PV
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array, IBC and grid-interfaced VSI. The decided control parameters like input voltage and
current from PV array, simultaneously, duty ratio (d) for IBC and control structure for grid-
interfaced VSI are further executed from the MPPT control and VSI control, respectively are

discussed in the next section.

3.4 Control Approach for GIPV System

3.4.1 Proposed incremental conductance MPPT algorithm

Firstly, MPPT algorithm extracts MPP from the PV array using IC technique. In conventional

IC technique, the output power is the derivative of voltage which is obtained as,

Dypy x Ppy=Dypy x (IpyVpy)
=Ipv +Vpv X Dypy X Ipy
Al
Dypy X Ppy=Ipy +Vpy — (3.20)
AV
at MPP, Dypy X Ppy=0
Al Ipy

- __ 3.21
AV Vpy 3:21)

(

= Iv  at MPP

T Vpy

50, — s > I pejow MPP (3.22)

- Vpy

< —‘I,P—V above MPP
PV

>
<

where Dypy is ﬁ, Ppy,Vpy and Ipy are the input PV power, input PV voltage and input
PV current respectively. The proposed algorithm is developed as a conventional IC technique
and voltage perturbation is considered as a step change to track the MPP from the system as
mentioned in flowchart which is shown in Fig. 3.6. Further the obtained duty cycle on the basis
of perturbation is regulated with integral regulator. The integral regulated IC MPPT algorithm
implemented for the MPP is decided by (3.22) as mentioned. This decides the operating point

for IBC at corresponding Pypp and is known as Vypp and Iyspp.
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Figure 3.6: Flowchart of the incremental conductance (IC) MPPT algorithm

3.4.2 Control of IBC with MPPT algorithm

The sensed voltage (Vispp) and current (Iy;pp) of the PV array for the use of IC MPPT algorithm
gives the maximum operating power (Pypp) at which the derivative of power with respect to
voltage will be zero. This IBC gives the required input voltage for the VSI. The control of IBC
is regulated with the integral regulator as shown in Fig. 3.7

where Vpy and Ipy is the voltage extracted from the PV array during operation and % is
the generated reference point using (3.21) from the MPPT algorithm. The generated reference
value is further regulated with the sensed value (Vpy and Ipy) to control the duty ratio of the
boost converter, which results in the desired output voltage. After this stage, the IBC output
is used as a DC input source for the VSI and for further participation in the grid integration

control.
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3.4.3 Proposed control scheme for two-stage grid interfaced VSI
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Figure 3.8: The proposed control scheme of a two-stage GIPV system contains (a) a feed-
forward control to generate reference current and (b) current control loop

The conventional control scheme of a grid interfaced inverter consists an outer loop and an
inner loop or in other words voltage regulation loop and current control loop, respectively. The
outer loop of the system is generally responsible for the generation of reference current, for the
active power flow in the system on the basis of fixed DC-link voltage, called as reference DC-
link voltage. The controller regulates the voltage according to this value and gives a reference
current for d-axis in SRF controlled system. The system reference current is generated accord-
ing to the available power coming PV source of the system and the voltage of grid as shown in
Fig. 3.8. The loss factor, which is mentioned in (3.23), is calculated by considering the losses
of switches (5%), interfacing inductor (10%) and the variation in nominal grid voltage (10%).

This approximated reference DC-link voltage is mathematically obtained as [ 14],
VDreCfe =2 x Veria X Loss factor (3.23)

The DC-link voltage varies with respect to the variation in the irradiance level. The novelty

of this proposed system is of not requiring a voltage sensor to measure the DC-link capacitor
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voltage to track any reference DC-link voltage value as it’s done in conventional technique to
generate the reference current. This current is primarily responsible for the generation of active

power into the GIPV system. The net amplitude of the current is estimated as,

Ppy

ref
VDC ,e

lge = (3.24)
By the above mentioned technique, the generated current further introduces a proportional
gain (K’). As K’ increases, the transient time increases and filter performance of the system
decreases. Therefore, the gain is tuned in such a way that it enhances the d-axis current of the

system in SRF which ultimately achieves the active power flow and generates switching pulses

for the VSIL.

3.4.4 Proposed control scheme for single-stage grid interfaced VSI
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Figure 3.9: The proposed control scheme for a single-stage GIPV system contains (a) IBC free
control loop to generate reference current and (b) current control loop

In a conventional single-stage GIPV system, instead of the outer control loop, the incre-
mental conductance MPPT algorithm with an integral regulator generates the reference current
directly as shown in Fig. 3.9(a). Further, generated reference currents for active power and
predefined value for reactive power generation are compared with the grid currents and passes
through the PI controller in dg—reference frame. The generated signal from the PI-controller
follows the decoupled current control scheme to generate the gate pulses for VSI as shown in
Fig. 3.9(b).

This subsection intends to discuss the control approach of each converter used in GIPV

system. The performance of control scheme used in this system at different stages is analysed
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Table 3.1: Design parameters of PV array using PV module ‘KC200GT’

PV Module
Power at MPP (Pyspp) 200.143 W
Maximum power point voltage (Vyspp) 263V
Maximum power point current (Iypp) 7.61 A
Open circuit voltage (V) 329V
Short circuit current (/) 821 A

PV Array

Power at MPP (Pypp) 30 kW
Maximum power point voltage (Vyspp) 3945V
Maximum power point current (Iy/pp) 30000/394.5 = 76.1 A
Number of series module (V) 394.5/26.3 =15
Number of parallel modules (Npqr) 76.1/7.61 =10

by varying the input source parameters. The variation in the performance of the system is

discussed in next section.
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3.5 Results and Discussions

A 30 kW system is considered and simulated with MATLAB/Simulink by using sim power

system tool box. It has been tested at different irradiance levels for both conventional as well

as proposed control scheme.
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Figure 3.11: Simulated Steady state performance of the PV array at variable irradiances level

3.5.1 Analysis of PV array at variable irradiance level

(I,,) i.e. 1000 W/m? and 250 W/m?

A 30 kW PV input source is considered for proposed system. A single diode model of PV mod-

ules (KC200GT) are arranged in series and parallel combination for PV array. The parameters

of PV array corresponding to PV module is shown in Table 3.1. The combined characteristics

curve i.e. power vs voltage and current vs voltage of solar PV array at variable irradiance con-

dition i.e. 1000 W/m? and 250 W/m? is shown in Figure 3.10, respectively. Fig. 3.11 shows
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that the PV array at 1000 W/m? irradiance level produces 30.05 kW Pypp. The value of Iypp
and Vyspp with respect to the Pypp is 75.95 A and 395.71 V respectively. Similarly, for 250
W/m? irradiance level the value of Pypp is 6.98 kW and the operating Iy;pp and Vypp is 18.59
A and 375.75 V, respectively. The above mentioned data shows a variation in irradiance level
which leads to a drastic change in current and power but the change in voltage level is very
marginal. The dynamic response of the PV array is analysed in terms of change in irradiance.
The PV array parameters such as I, Ipy, Vpy and Ppy are analysed by changing irradiance
level from 1000 W/m? to 250 W/m? at t=0.7 s to t=1.2 s and attaining the previous position i.e.
1000 W/m? at t=1.2 s. In the given time interval, the change in the irradiance level produces
a change in the input current so the input power is shown in Fig. 3.11. Further, for variable
irradiance condition the performance of the overall system with conventional control scheme

and proposed control scheme is discussed in the following subsections.

3.5.2 Case I: Conventional control scheme in variable irradiance condi-
tion

The performance of the conventional control scheme is tested on variable irradiance level. It
is verified at the irradiance levels of 1000 W/m? and 250 W/m?. Fig. 3.12 shows that, the
irradiance level is changing from 1000 W/m? to 250 W/m? at 0.7 s till 1.2 s and attaining the
previous position i.e. 1000 W/m? at 1.2 s. During this condition, all variations in voltage level,
power level, change in direct current and DC-link voltage are shown in Fig. 3.12. The MPPT
voltage for the proposed 30 kW system is 395.71 V which is achieved by the system during the
power flow from source to the grid. The system voltage changes while changing the irradiance
level from 395.71 V to 382 V and corresponding power flow during this condition is 6.17 kW.
During all variations observed in Fig. 3.12 shows that the voltage level at the point of common
coupling (PCC) is almost constant but the variation in current level is due to the change in
irradiance level. In the conventional control scheme, the reference value for DC-link voltage

is fixed at 700 V and system always tracks this value for desired PCC voltage. This reference
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value is calculated as in [122],

Vv, 2\/§ X VIL
DC—— =
V3m

_V2XAIS o 00y

V3 % 0.96

(3.25)
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Figure 3.13: Casell- Behavior of proposed control scheme for DC link voltage, d-axis current,
g-axis current, grid voltage of phase A, grid current of phase A and output power
fed into the grid with respect to change in irradiance level

3.5.3 Case II: Proposed control scheme at variable irradiance level

Fig. 3.13 illustrates the dynamic behavior of the proposed sensorless control approach of GIPV
system. This system is tested at different irradiance level to investigates the dynamic behavior
of the system. The system starts working at 1000 W/m? irradiance level. At t = 0.5 s, the
irradiance changes from 1000 W/m? to 250 W/m? which leads the current and power of the
system to decline. This situation is observed till t = 1.3 s, further it reaches to its previous value
1000 W/m?. The dynamic behavior of the system shows that the same amount of irradiance
change takes lesser time in contrast to the conventional control scheme of the system. The DC-
link voltage estimated in this condition is calculated by (3.23). In this approach, the system has

selected the value of loss factor (includes the 5% swithcing loss, 5% interfacing inductors and
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10% voltage variation i.e. loss factor = 1.05x1.05x1.1 = 1.21) to be 1.2.

VDreCf e:\/i X Vgria X Loss factor

=V2x415x1.2=70427V

The input voltage of the system changes from 395.71 V to 382 V during change in irradiance
level and power of the system is 6.98 kW. The change in irradiance level leads the DC-link
voltage to oscillate a bit but it again achieves the estimated DC-link voltage quickly as demon-

strated in Figure 3.13.

3.5.4 Analysis of transient response and harmonics

The transient response [ 126, ] at DC-link has been studied for the proposed control scheme.
The effect of transient and voltage ripple at DC side have been explored in terms of THD [128,

] present in output current at AC side under variable irradiance condition. In the proposed
control scheme, when the system starts performing at 1000 W/m?, the system provides DC-link

voltage of approximately 704 V under steady state condition with initial overshoot of 21.18%
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Table 3.2: Transient analysis of the conventional and proposed control scheme

. Transient parameters
Irradiance (Z,,)
Overshoot/Undershoot | Settling time ()

, | Proposed Scheme +21.18% 0.35s

Starts from 1000 W/m
Conventional Scheme +21.57% 0.41s
, | Proposed Scheme -5.81% 0.175s

From 1000 to 600 W/m
Conventional Scheme -3.91% 0.367s
, | Proposed Scheme +5.26% 0.15s

From 600 to 1000 W/m
Conventional Scheme +3.75% 0.35s

and it’s settling time (f5) is 0.35s as shown in the Vp¢ performance curve of Fig. 3.13. During
this time, the THD present in the output current is within limit i.e., 2.68% as shown in Fig.
3.14(a). Further, at first step change, the irradiance is stepping down from 1000 W/m? to 600
W/m? whereas, the DC-link voltage is approximately 697 V with undershoot of 5.81% and
it’s t; is 0.175s which is observed in the Vp¢ performance curve of Fig. 3.13. Simultaneously,
the THD present in the output current is 4.49% which is also within the limit is shown in Fig.
3.14(b). Likewise, during second step change, the irradiance is stepping up from 600 W/m? to
1000 W/m? whereas, the DC-link voltage is increasing to approximately 704 V with overshoot
of 5.26% and ¢, is 0.15s that is also observed from the performance curve of Vp¢ in Fig. 3.13.
In addition to this, THD in the output current is maintained at 2.69% which is well within the
limit as illustrated in Fig. 3.14(c). Finally, the THD condition of output current due to the DC-
link voltage ripple under variable irradiance condition is presented in Fig. 3.14. In addition, the
transient response of the proposed scheme with respect to the conventional has been compared
in Table 3.2 and it gives very close results which proves the validity and feasibility of the

proposed system.

3.6 Conclusion

A novel sensorless DC-link voltage technique for two-stage three-phase GIPV system has been
introduced and implemented in this chapter. This technique avoids the outer control loop and
proposes a new DC-link voltage control model to produces an active reference current for PV

power generation. Thus, the power balancing and constant voltage at DC-link are achieved
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through the estimated value. As a result, the complexity of the system and control schemes are
reduced, which increase the dynamic response of the system during variable irradiance condi-
tion. Besides, the elimination of the sensor minimize the system design as well as cost. The
validness and robustness of the proposed system have been demonstrated on 30 kW two-stage,
three-phase GIPV system in MATLAB/Simulink environment using sim power tools. The per-
formance of the system is analyzed under variable irradiance conditions for the proposed as
well as the conventional control technique. It exhibits a fast dynamic response under variable
irradiance condition. In the steady state condition, both the control techniques show similar

results which exhibit the feasibility of the proposed control technique.
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Chapter 4

DERATED MODE OF POWER GENERATION IN PV
SYSTEM USING A MODIFIED PERTURB & OBSERVE
MPPT ALGORITHM

4.1 Introduction

In today’s scenario of power generation, the acceptance of renewable energy sources (RESs)
are increasing due to the shortcoming of fossil fuels. Therefore, the RESs are supporting the
power generation. The RESs include wind energy, solar energy, hydro energy, fuel cell and
tidal energy. Among these RESs, installation of photovoltaic (PV) solar system is advantageous
due to low-cost maintenance. Therefore, the acceptance of the PV systems for grid support is
booming in the renewable energy market. However, the PV power generation depends upon the
irradiance. It affects the power generation but can be improved by forecasting of the power as
discussed in [ 130, ]. Additionally, the use of PV systems has exponentially increased due
to advancement in power electronics research [ | 1]. These are utilized in various forms which
are classified as stand-alone PV, grid-interfaced PV (GIPV) and hybrid PV system. Among
these, the GIPV system has an advantage over others due to its bulk power transfer capability.
However, the GIPV system has some disadvantages due to surplus power generation such as
overvoltage at various points at the feeder level and especially at the point of common coupling
(PCC). Additionally, the maximum power point tracking (MPPT) algorithm takes more settling
time which causes power loss during variable irradiance conditions.

The aforementioned issues affect the smooth functioning of the GIPV system. The most
affecting factor to the system is the high amount of power generation during peak hours, it
causes overvoltage in the grid. It also affects the safety of grid-connected network’s equipment

such as transformers, circuit breakers, relays or contactors (for low or high voltage application
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Figure 4.1: Block diagram of the proposed two-stage, three-phase grid interfaced PV system

respectively) [132] and conductors. In addition, the tracking capability of MPPT algorithms get
affected due to the random change in irradiance condition. Above mentioned issues affect the
performance of the system and impose an extra cost when equipment gets damaged. Therefore,
a suitable control approach and the MPPT algorithm is required.

As aforementioned, the control schemes which have been applied for the derated mode of

operation during peak hours of power generation, lag to do the following:
1. Most of the existing technologies are based on conventional MPPT techniques.
2. Implemented systems are mostly a single phase GIPV system.

3. A proper tracking strategy has not been proposed which can reduce the power loss during

the search of maximum power point (MPP).

The above-mentioned limitations can be resolved through a proposed derated power gen-
eration scheme with a modified MPPT. The proposed scheme will perform in peak as well as
in non-peak hours of power generation and improves the tracking capability of the MPPT al-
gorithm. It will resolve the problem of overvoltage and the others such as drifting, oscillation
near MPP and tracking speed. As a result, the power loss during the search of operating point

will be reduced under variable irradiance level. Hence, a suitable MPPT algorithm is required.

4.1.1 Motivation

The aforementioned issue of excess power generation during peak hours affect the distribu-

tion network. Therefore, limiting of power transfer is required during peak hours generation.
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The power transfer is limited by introducing the tap-changing transformer, voltage regulator,
increasing the conductor size, storage and curtailment approach [91, ]. Among all meth-
ods of power limiting, the curtailment of surplus power is the most suitable method [90]. In
this respect, Omran et al. [92] have proposed a derated mode approach for curtailment of the
surplus power. Likewise, various methods of derated mode operation are addressed in the liter-
ature. They have implemented a current, voltage, power and perturb & observe (P&O), MPPT
based derated mode generation. In comparison to all, the selection of P&O based derated mode
generation is most suitable due to less complexity. However, system efficiency and accuracy is
less. Additionally, the algorithm oscillates near the operating point (i.e., drifting from the op-
erating point in the random direction). Therefore, a novel MPPT technique is required to keep
the system in derated mode generation with higher efficiency, accuracy, less drift and minimum

power loss.

4.1.2 Contribution

The significant contributions of this chapter are summarized as follows.

1. A derated mode GIPV system has been proposed to limit the power transfer and resolve

the overvoltage problem at PCC during peak power generation.
2. The proposed scheme introduces a modified MPPT which limit the power transfer.

3. This MPPT algorithm results in improved tracking speed and efficiency which reduces

the power loss during variable irradiance condition.

4.2 System Framwork and Working Strategy

This section briefs the system structure and proposed control strategy of the GIPV system. The
proposed system consists of two-stages as shown in Fig. 4.1. The stage one includes a PV
array, intermediate boost converter (IBC) and MPPT control. In the proposed system, a mod-
ified MPPT algorithm has been implemented which work in derated power generation mode
(DPGM) and modified MPPT mode. The DPGM gets activated when generation exceeds the
pre-defined power limit (P;,,;;), otherwise it works in modified MPPT mode [93]. Further, the
modified MPPT generates a pulse width modulation (PWM) signal for the IBC to get desired
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DC-link voltage level. On the other hand, in the second stage, the system is consist of an IGBT
based voltage source inverter (VSI) and integrated with the grid. The interfacing inductors are
used between the inverter and the grid to inject the current as well as generated power with the
help of inverter control. The inverter control of the proposed system consist of a dual control
loop and the grid synchronization technique. The control of the system is obtained in syn-
chronously rotating or dg reference frame [134]. This consist of a direct (d) and quadrature
(g) axis which deals with the active and reactive power control respectively. Furthermore, the
controller generates the PWM signals to trigger the VSI and transfer power. Finally, the com-
plete system is developed and simulated for a 30 kW, two-stage, three-phase, grid interfaced

PV system.

4.3 Proposed Control Technique

In this section, the control approach of each converter used for the first and second stage of the
system has been presented. In the first stage of control, the functionality of MPPT with the IBC

is illustrated in the upcoming subsections.

4.3.1 Conventional P&O MPPT algorithm

In the MPPT technique, the extracted voltage and current from the PV source is provided to
the MPPT controller as shown in Fig. 4.2. This controller reaches to the operating point using
direct duty ratio, three-step strategy on the power-voltage (P-V) characteristic curve as shown
in Fig. 4.3.

In Fig. 4.3, the region of the operating point depends upon the slope of the power (change
in PV power i.e., APpy). The three-step approach is considered for the left and right region of
the P-V characteristic curve. In the left region, the slope of the power is positive with respect
to the voltage so it moves forward towards the operating point. On the right side, power slope
is negative with respect to the voltage, therefore it moves back towards the operating point as

expressed in (4.1).
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The corresponding increment and decrement in the duty ratio are due to the change in input

power w.r.t. voltage. Consequently, the impact of the change in duty ratio on output voltage
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Vpc and current Ipc of IBC can be illustrated as

Voc = —=Vpv 4.2)

Ipc = Ipy(1—D) 4.3)

and the ratio of Vpc and Ipc is the output impedance R,,; of the boost converter which is

calculated as follows.
Vbe Rin
Ry = = 4.4

where R;, and D is the input impedance and duty ratio respectively. At constant R;,,, the value
of R, is inversely proportional to the duty ratio. Therefore, to achieve the maximum power,
voltage and current at a particular duty ratio, the value of R, is depicted as

V
Rous = —2- 4.5)

Ivpp
Moreover, the performance of P&O depends upon the increment or decrement in step size (AD)
of duty ratio [135]. Whenever, the value of AD is small, the time response to achieve the MPP
is more which results in power loss. On the other hand, with a large step, the time response
is fast, but the drift problem occurs during the variable irradiance condition as explained in
[67]. It occurs due to the lack of direction knowledge (i.e., an increase in APpy is due to
variable irradiance or perturbation of AD). Therefore, the operating point gets confused about
the situation that whether it should move towards the MPP or away from the MPP. Moreover,
the conventional P&O only tracks the MPP during peak or non-peak hours of power generation.

However, it does not participate in limiting the excess power generated during peak hours.

4.3.2 Modified P&O MPPT algorithm

The proposed modified algorithm reduces the power loss as well as improves the time re-
sponse. It also keeps the system drift-free during variable irradiance condition. In addition,
the proposed MPPT limit the excess power generation during peak hours. The proposed al-
gorithm operates in two modes such as modified MPPT mode and derated power generation

mode (DPGM) as illustrated in Fig. 4.4. Whenever, the generated PV power is within the
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power transfer limit (P;,,,;; ), the system works in modified MPPT mode. Otherwise, the system

works in DPGM is expressed as followes.

Ppy(t);  Modified MPPT mode for < Py
Ppc(t) =
Piimiz(t);  DPGM for > Pt

Update
< Ipv(k-1) = Ipv(k)
v P (k-1) = Ppy (k)
Read Vrr (k) and Ipv (k) at k" instant D=1

Calculate

Prv (k) = Verv (k)xIpy (k)

A Ppy = Ppy(k) - Ppy(k-1)
A Vey = Vpu(k) - Vev(k-1)
Alpy = Ipy(k) - Ipy(k-1)

A
Dotd = Dold - A D || Dold = Doid + A D || Dotd = Dotd + A D | | Dotd = Dotd - A D || Dold = Dotd + A D | | Dota = Dotd - AD

Figure 4.4: Flowchart of the modified P&O MPPT algorithm

Modified MPPT mode

The modified MPPT mode of the proposed algorithm follows the direct duty ratio (D), three-
step strategy as mentioned in Section 4.3.1. In this strategy, a large value of AD is considered
for the better time response. However, the large value of AD creates the problem of drift during
irradiance change. As discussed in [67], the current level depends upon the irradiance level,

which can be explained for a single diode model PV array and related equations are depicted
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as follows [ 136, ].

V
Iy =N, [Isc —I,{exp <NP . ) - 1}} (4.6)
sVt
G
ISC :Np [Iscn +kl (AT)] G_ (47)

where I, 1, and V; are the short circuit current, reverse saturation current and thermal voltage
of the cell respectively. Ny and N, present the series and parallel arrangement of modules
respectively. I, G, G,k; and AT are the short circuit current at STC, reference irradiance,
operating irradiance, temperature coefficient and difference of the temperature at actual and

STC respectively. The MPP value of the PV array is delivered at particular R,,; is depicted as

v
Iypp =N, llsc —Io{exp ( jil”;”> _ 1}] (4.8)
st

By putting Taylor’s expansion on (4.8) till first order and substituting (4.4) and (4.5), the (4.8)

can be obtained as

- Nyl
Vurr = w50 1, 4.9)
[ Rin NsV; ]

(1= D)>N,l,

[U=DP | LN,
Rm|: Rin +vat

Iypp = (4.10)

By substituting (4.7) in (4.9) and (4.10), the Vy;pp and Iy;pp can be expressed as follows.

N sen +kiAT) &

VMPP = [(1_D)2 IoNp] (411)
Rin Nth
1 — D)2N? (I, + kAT &
Lypp = ( )Ny llsen + KAT] G, (4.12)

TU=D) | LN,
Rm|: Rin +vat
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where G and T are the variable parameters in (4.11) and (4.12). Therefore, the maximum value
of Vypp and Iyypp w.r.t. G is expressed as

dVypp NI% [(Iscn + klAT)GLn + ngkz
dG

[z |

Rin NsV;

&l'&
QN

(4.13)
dlypp

(1—D)>N? [(Iscn +hAT) 4+ &k
dG

.d_T]
idG
Rin [M IONP

Rin + NVi ]

(4.14)
Since G is increasing, Iy, Iy, ki, Np, Ny, V; and G, are constant at STC and G, D and R;, are

positive. Simultaneously, temperature also increases w.r.t. irradiance. Therefore, in (4.13) and

(4.14) all the terms are positive as irradiance increases which means voltage and current are
positive w.r.t. irradiance which is expressed as follows.

dVypp dlypp
>0 and >0
dG
Similarly,
dVpy dlpy
>0 and — >0
dG dG
A
Z Pyupri
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Figure 4.5: Drift analysis of operating point during variable irradiance condition

As mentioned above, the voltage and current increase w.r.t. irradiance. Thus, based on cur-
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Figure 4.6: Day time power profile of a PV array

rent, voltage and power information, the drift problem can be avoided and analysed as follows.

When irradiance is increasing, the point (b) shifted to point (C) and then shifted to (d) on
a new P-V curve as shown in Fig. 4.5. In this curve, the difference between point (b) and
@ for P, V and I is positive. It can be observed that the AV and Al are positive only when
irradiance is increasing. This shows that the current’s information during MPP tracking is
essential. Further, based on these observations, AV and Al are positive which leads to the
reduction in duty ratio. Consequently, the corresponding voltage decreases as compared to the
conventional P&O where the voltage used to be increased. This depicts that the operating point
which is used to move away from the MPP started moving towards the MPP because of the
information of current. It means that the operating point is not deviating from MPP during

variable irradiance condition or in other words, not drifting away from the MPP.

Derated power generation mode

In derated power generation mode, the modified P&O MPPT algorithm gets activated during
available surplus power. As it is known that the peak power rating of the installed PV array
is always more than the average power generated during the whole day. Thus, the PV array
generates surplus power during peak hours. Therefore, to remove the surplus power, a power
limit is required within which the power can be transferred without affecting the distribution

network equipment. For this system, a power limit P;,,;; has been considered which is the
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average of power generated during 9 to 16 hours of the day and is presented as follows.

P(tg) +P(t10) + ... +P(t16)
t9+to+...+1e

Plimie (1) = (4.15)

where P(t9),P(t10), ..., P(t16) are the peak powers generated during 9,10, ...,t¢ respectively.
When the generated power exceeds the Pj;,,;;, the derated mode turns on and shaves the surplus
power. In Fig. 4.6, the power curve is within the limit at every time instant which shows the
active participation of DPGM.

Based on the above discussions in subsection 4.3.1 and 4.3.2, the conventional and proposed
MPPT algorithms with IBC generates the DC power in first stage control. Further, in second
stage control, the generated DC power is provided to the VSI for power conversion with inverter

control which has been discussed in the next subsection.

4.3.3 Inverter control for grid integration
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— — —
S
= Via —» 1u L R Vsa
E J=CDC Vio —Ip L R Vsb
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Figure 4.7: Circuit diagram of grid interfaced VSI
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Figure 4.8: Voltage regulation/outer loop of inverter control
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Figure 4.9: Current control/inner loop of the inverter control

The generated DC power is converted into AC power using VSI. The obtained AC power
is further injected into the grid with the help of inverter control as shown in Fig. 4.7. In this
process, the inverter control performs voltage regulation, current control and grid synchroniza-
tion in synchronous (dq) reference frame. The voltage regulation or outer loop produces the
reference current /. In this loop, the DC-link voltage is compared with a pre-defined reference
voltage using a proportional-integral (PI) controller which produces I’; as shown in Fig. 4.8.
On the other hand, in the inner loop, the decoupled current control scheme is used to generate
the gate pulses for the VSI. In this technique, I} is taken as the reference current for the active
power control. Similarly, /7 is the reference current for reactive power control which is set as
zero to transfer the power at unity power factor. Furthermore, both active and reactive power
controllers generate the modulating signals as shown in Fig. 4.9. The respective mathematical

modelling of the system as per Fig. 4.7 is depicted below [138].

dlp. R 1
ajlt — _Zlabc + Z (Vtabc - Vsabc) (416)

where R, L,V,upe, Vsape and I, are the resistance, interfacing inductance, inverter terminal
voltage, grid voltage and the current respectively. The mathematical expressions of the system

are of a higher degree in the natural reference frame (abc). Therefore, to use a simple controller
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(i.e., PI) and less mathematical complexity, the present reference frame (abc) is transformed
into rotating reference frame (dq) using Park’s transform [113] and the resultant equations are

1llustrated as follows.

dl, R 1
7 = _Z dqia)lqurZ(thq—Vsdq) 4.17)
or,
dly, .
7 - _Rldq + qu (418)
where
V;q = thq — Vsdq + C()qud (4.19)

and @ is the angular frequency of the grid voltage. As mentioned in [139], the terminal voltage
of inverter requires input DC-link voltage and modulation index. Hence, in dg-reference frame,

the modulation index is presented as follows.

Ve
Vidg = mdq% (4.20)

Now, substituting (4.20) in (4.19) to get the modulating signals which is depicted as follows.

2
g = (Vi F OLga +Viag) (4.21)

These modulating signals m, and m, have been transformed from dg — abc to provide the gate
signals (S1 — Sg) to the VSI which generates voltage and current. Since the power has to be
transferred in the grid, the generated voltage and current should be in phase. Therefore, a phase-
locked loop technique has been added in the system which synchronize the VSI’s generated
voltage and current with the grid.

Finally, in the next subsection, the performance of the control approaches are evaluated and

verified in the MATLAB/ Simulink environment.
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4.4 Results and Discussions

A 30 kW, two-stage, three-phase, grid-integrated PV system using modified P&O MPPT al-
gorithm is simulated in MATLAB/Simulink environment with Simpower tools. The modified
MPPT performs derated power generation which restricts the power generation when it reaches
to or beyond the Pj;,;;. Simultaneously, the conventional P&O algorithm is also examined
to select a suitable AD for the modified P&O algorithm under variable irradiance condition.
Thereafter, the performance of the conventional and modified P&O algorithm are analysed in

terms of PV power, PV voltage, duty ratio, DC-link and output power as follows.

4.4.1 Conventional P&O MPPT algorithm

For the evaluation of input voltage deviation and time response, the conventional P&O algo-
rithm is tested for different values of AD. Simultaneously, to test the robustness of the system,
the algorithm is evaluated under variable irradiance condition. For the sake of evaluation, a
small step size AD = 3¢~/ and a big step size AD = 3e~* is considered. Now, it can be ob-
served from Fig. 4.10(a) and 4.10(b) that due to the large step size, the oscillation in input
voltage is significant. Furthermore, it is evident that the duty ratio achieves a steady state con-
dition in less time under variable irradiance condition which is shown in Fig. 4.10. Hence,
it can be concluded that the fast dynamic response can be achieved through a large step size.
However, the operating point oscillates near the MPP due to large step size. In order to remove

the oscillation near MPP, a modified P&O algorithm is adopted.

4.4.2 Modified P&O MPPT algorithm

The performance of the modified P&O algorithm is evaluated in two modes. One is a modified

MPPT mode and another is derated power generation mode.

Modified MPPT mode

In this mode, the modified MPPT works like the conventional P&O until power generation does
not reach to the power limit. Besides, the modified algorithm provides the right direction and
less variation in voltage of the operating point towards MPP. Fig. 4.11 depicts that the variation

in Vpy which is less as compared to the conventional P&O. Simultaneously, the change in the

57



Irr (W/m?)

Prv (KW)

Vev(V)

Duty ratio

Tee (W/m?)

Prv (kW)

Vev(V)

Duty ratio

1000
800
600
400
200

40
30

20
10

400
200

-200

-
N e

<

1000

800
600

400 -

200

40 |
30 |

20 |

10

400
200

-200

( 1 r
N - [ L
393, 1
392.5
392
4 41 42
43] —— ]
ol -
0.429 0.42
5 1 55 10 10.5
0 é 10 15
Time (s)
(a)
I |
[ | \
~ {
]
1
i | |
| — | } L
400 gl
o AN
396
3.82 3.84 |
0.44 T
0.42 0.44

—

=
n
T

=

[ 5 52
N

0.42
0 105 11
N

=

5

AD =3¢ 4

Time (s)

(b)

58

10

15

Figure 4.10: Dynamic performance of conventional P&O algorithm (a) at AD = 3¢~ 7 (b) at

duty ratio is positive when irradiance is increasing as discussed in modified MPPT mode of
Section 3. On the other hand, when irradiance is decreasing, the current decreases so the input

voltage and corresponding duty ratio increases. Thus, the Vpy does not deviate and reaches



to the operating point. In addition, the effect of irradiance change in DC-link voltage, phase

voltage (V) and current (/) is shown in Fig. 4.11.
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Figure 4.11: Steady state performance of MP&O algorithm in modified MPPT mode

Derated power generation mode

The system enters in derated power generation mode when the net power generation exceeds the

power limit. During this mode, the modified P&O MPPT algorithm curtails the excess power.
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Figure 4.12: Steady state performance of modified P&O algorithm in derated power generation
mode

A power profile is presented in Fig. 4.6 which is based on the irradiance change between
morning to evening time. In this chapter, the system is simulated for t=15s where one second
scaled as one hour of the day to replicate the peak and non-peak hours of the power profile.
Now, Fig. 4.12 depicts that the system starts generating power from t=0 and it enters into the

peak-hours zone after t=5s. In this zone, the excess power is shaved using modified MPPT and
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it remains in this mode till t=9s. In this time, the system generates Pj;,,;; of 24 kW, which is
the average power during 9 to 16 hours. During this time, the system performs in a derated

power generation mode. Furthermore, the performance of Vpy, duty ratio, DC-link voltage,

grid voltage and current are presented in Fig. 4.12.

4.4.3 Statistical analysis

Table 4.1: Performance analysis of the conventional and modified P&O MPPT algorithm

Sr. no. | Irradiance condition Evaluation parameter Conventional P&O | Modified P&O
Mean | 0.768 0.61
Ls Vupp
SD | 2278le!¢ 1.1391e™'0
1 At constant irradiance condition (600 W/m?) ; Mean | 0.6312 0.57
A'.Vrefi in
npen SD | 0.000410391 1.13906¢ 16
Mean | 1.9365 1.768
Ls Vipp
SD 0.03437793 0.00615587
2 At variable irradiance condition (600 to 400 W/m?2) ‘ Mean | 2.066 2.049
‘Y'Vn,f— in
spen SD |0 0.003077935
Mean | 3.265 3.237
Is Vipp
SD 4.55626e~10 0.03785012
3 At variable irradiance condition (400 to 600 W/m?2) ; Mean | 3.5319 3.39
‘Y'Vn,f— in
e SD | 0.004278465 4.55626¢ 16

Abbreviations: SD - standard deviation; t y,,,,- Settling time to meet Vyspp; ts,V[fo,,i,;ksetﬂmg time to meet V[’)EC-C link

Further, to analyse the performance of proposed modified P&O and conventional P&O
algorithm, a statical analysis has been presented in Table 4.1. The statical analysis is presented
in terms of mean and standard deviation (SD) of the settling time to meet Vj;pp and VDreCf_ link
of the system. In this respect, 30 trial runs are carried out to analyse the performance of both
the algorithms at constant and variable irradiance conditions. The trial runs are performed at
constant irradiance condition i.e. 600 W/m?2 for t=6s. Whereas, in variable irradiance condition
at t=1.5s, it changes from 600 W/m? to 400 W/m? and back from 400 W/m? to 600 W/m? at
t=3s. Table 4.1 is evident of the trial’s outcome in the form of mean and SD of the settling
time. The mean result of the proposed algorithm is better than the conventional algorithm.
Simultaneously, the SD result’s of the proposed algorithm appear almost zero for constant as
well as variable irradiance condition. The above mentioned results indicate the high robustness

and search capability of the proposed modified P&O algorithm.
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4.5 Conclusion

A two-stage, three-phase, grid interfaced PV system works in derated power generation mode
to curtail the extra feed-in power during the peak hours is presented. In addition, it avoids the
drift phenomena which exists in traditional P&O algorithm. Furthermore, the proposed algo-
rithm works in a modified MPPT mode during the non-peak hour. In this mode, the MPPT
holds the information of current to distinguish irradiance change. Thus, it can estimate the
direction of search towards MPP during irradiance change. Thereby, the operating point does
not diverge from the shortest path of MPPT. Moreover, to enhance the tracking capability of
the modified MPPT, it is examined on different step size (AD). In this chapter, a large step size
has been chosen which increases the time response and reduces the oscillation using the pro-
posed algorithm. The system is implemented for 30 kW, two-stage, three-phase, GIPV system
and simulated in MATLAB/Simulink environment using Simpower tools. The system’s perfor-
mances present that the proposed algorithm actively participates in power curtailment during
the peak hours of power generation. Additionally, the performances show that the modified
algorithm gives a faster response than the traditional P&O algorithm under variable irradiance

condition.
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Chapter 5

REACTIVE POWER COMPENSATION USING MP&O
MPPT TECHNIQUE IN GRID INTERFACED PV SYSTEM

5.1 Introduction

A photovoltaic (PV) based power generation system produces electricity to the utility grid for
the public utilization. Nowadays, the exhaustion of fossil fuels and the production of PV power
at lower price encourages customers to use it in day to day life. However, the variations in PV
power generation is acknowledged as less reliable power source due to intermittent nature of
sunlight. Additionally, the drawbacks such as installation cost and lower power conversion effi-
ciency of the PV systems fails to attract the electricity consumers. Therefore, the advancements
in power electronics technologies improves the system efficiency and provides opportunities to
utilize the PV source in various applications [ |, ].

The development in power electronics technologies improves the efficiency and reliability
of the grid-interfaced PV (GIPV) system. Additionally, the advancement in technologies allow
systems to implement various control schemes for converters. Furthermore, these converters
perform functions such as voltage regulation, active, reactive power generation and extraction
of maximum power from the PV module or array. The extraction of available peak power
from the PV source is known as maximum power point tracking (MPPT). Whereas, the MPPT
participate directly with inverter and boost converter in a single and two stage PV system,
respectively. The single stage PV system has an advantage over two stage system due to the
absence of boost converter. However, intermittency of irradiance creates more variation in
DC-link voltage at the input of the inverter which increases the complexity of the system.
Therefore, a two stage system was introduced, in which a boost converter with MPPT control

provides a stable DC input for the grid-interfaced inverter. For MPP control, various MPPT



techniques have been suggested in [44, 63, 64]. The suggested MPPT techniques pursuit the
maximum power point (MPP) and at this point system provides power to the loads such as end
users, energy storing devices and other PV applications. In [44, 59, 63, 64, ], various MPPT
techniques are suggested, among these, perturb & observe (P&O) and incremental conductance
(IC) are the traditional approaches. However, they are very efficient at standard test condition
but fails to track the MPP and oscillates around it during change in irradiances. Therefore, to
handle the variations during change in irradiance, a modified P&O (MP&O) technique is found
more reliable and efficient.

M. Killi and S. Samanta [67] have proposed a drift free MP&O technique which minimizes
the oscillations of operating point during variable irradiance condition. In this scheme, a current
based mathematical justification is presented to provide right direction to the operating point
towards MPP. However, current is the deciding parameter but it is irradiance dependent and
variable in nature. Therefore, the operating point oscillate near the MPP increases during fast
changing irradiance condition. J. Ahmad and J. Salam [142] have proposed an adaptive P&O
MPPT technique which minimizes the drifting, oscillation near MPP and selection of global
peak during partial shading condition. In this scheme, authors have implemented condition
check such as large and small power deviation, boundary conditions, recording of perturbation
direction and minimization of perturbation size. However, more condition check increases the
complexity hence results in reduced tracking efficiency. Similarly, Ali et al. [135] have also
introduced a MP&O algorithm which minimizes the steady state oscillations and improves the
efficiency. However, authors have restricted the applications of the proposed scheme. There-
fore, from the above discussed literature, it is clear that the MP&O technique minimizes oscil-
lations and improves the efficiency during variable environmental conditions. Furthermore, the
obtained maximum power from the boost converter using MP&O technique is provided to the
grid interfaced inverter.

A grid interfaced inverter performs various functions which are highlighted previously in
this section. Simultaneously, it maintains the voltage at junction point of inverter and grid. The
junction point or point of common coupling (PCC) parameters such as voltage, frequency and
phase angle gets synchronized using inverter control scheme. In this respect, several schemes
have been have been discussed in the literature review for a three-phase GIPV inverters. On the

other hand, the GIPV system is used to compensate the reactive power using MP&O algorithm
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in derated mode to reduce the grid burden.

5.1.1 Motivation

In the modern power scenario, a GIPV system participate to support the grid by transferring
real power. Additionally, the voltage source inverter (VSI) used in GIPV system is capable
of generating the reactive power. This ability of VSI is an added benefit which reduces the
grid burden and provide stability during the sudden change in generation as well as local loads.
Therefore, various control schemes are suggested in [80, 85—87] for the exchange of active
and reactive power through a GIPV system. However, as per author’s knowledge, very few
have achieved the independent compensation. The independent compensation means that the
reactive power demand from the local loads are only fulfilled by the inverter. Thus, the burden
i.e. the reactive power compensation through the grid can be reduced to zero. This can be
achieved by derating of PV power generation so that, the inverter transfers real power less
than its capacity. Therefore, the inverter gets margin to generate required reactive power. To
derate power generation, various traditional and modified MPPT techniques are suggested in
[67, , ] which harvest the maximum power as well. However, amongst the suggested

techniques, the MP&O is suitable in the context of simplicity, implementation and efficiency.

5.1.2 Contribution

The significant contributions of this scheme are summarized as follows.

1 A grid independent reactive power compensation approach has been introduced without

increasing the solar PV inverter size.

2 A MP&O, MPPT technique is operated in derated mode for independent reactive power

compensation through a GIPV system.

3 The MP&O technique used to curtails the active power when reactive power compensa-

tion is required and harvest maximum power otherwise.
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Figure 5.1: A proposed two-stage three-phase GIPV systems structure
5.2 System Framework

Fig. 5.1 represents a two-stage, three-phase GIPV system for active and reactive power con-
trol. In this system, first stage includes the PV source, intermediate boost converter (IBC) and
MP&O, MPPT control. The MP&O, MPPT algorithm extracts the maximum available peak
power from the source. Additionally, it works in derated mode of operation when system moves
beyond the allowable generation limit. The allowed generation limit (P;;,,;;) depends upon the
reactive power demand from the local loads. Since the reactive power is the phenomena of
inverter, it deals with the inverter control that is carried out in the second stage. In this stage, an
IGBT based VSI is connected with the grid as well as local linear and non-linear loads at PCC.
The grid interfaced VSI control is carried out in decoupled synchronously rotating reference
frame using instantaneously active and reactive power control scheme. The active power gen-
eration depends upon the source of the system. Moreover, the reactive power generation from
the inverter is decided on the basis of demand from the local load. Accordingly, the MP&O
adjust the active power curtailment and derates the generation level. Therefore, the inverter can

generate the required reactive power without any support of the grid.

5.3 System and Proposed Control

As mentioned in Section II, the PV source, IBC and VSI are the main operational devices of the
proposed system. In this Section, the device’s working strategy and proposed control strategies

such as MPPT and inverter control have been discussed and are presented as follows.
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Figure 5.2: Single diode model of a PV cell

5.3.1 PV source

PV power, voltage and current varies with respect to change in irradiance. The impact of
change in irradiance is presented from a single diode model of a PV cell as shown in Fig. 5.2.
In this figure, the short circuit current /. of PV cell is irradiance dependent quantity which is

presented as follows [143].

G
Ise = {Iscn +Ki(T_Tn)}G_ (5.1

n

where K; is the temperature coefficient of the current as per data-sheet of PV module and I ,
is the short circuit current at standard test condition (STC). 7,, and G,, are temperature and
irradiance, respectively at STC while T and G are their operating values. The resultant PV

current Ipy obtained from each PV cell is illustrated as follows [120].

quqt Veqt
Ipy = L. — 1 — -1 — = 52
PV sc o [GXP ( o KT) :| Rsh ( )
Vegt = Vpv + Ipy Ry (5.3)

where V., is equivalent voltage across diode while I,,, Vpy, R; and Ry, are the reverse saturation
current, PV voltage, series and parallel resistance, respectively. Whereas, the constant quanti-
ties such as ¢,K and « are the electron charge, number of PV cells, Boltzmann constant and

ideality factor, respectively. The series and parallel arrangement of PV cell produces a module,
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similarly, it forms an array of desired voltage and current, as an input source of the IBC.

5.3.2 IBC with proposed MPPT control

An IBC interfaces with the PV source and VSI. Since IBC is of boost nature, it enhances the PV
voltage level by keeping power constant. The output voltage Vpc_jini of the IBC is illustrated

as follows.

1
Voc—tink=r———Vpv (5.4)
1— dboost

where dj,. 1S the duty ratio for the IBC. In this scheme, the output voltage Vpc_ i or
Vuppr of the converter is achieved by varying the duty ratio which is controlled by the proposed
MPPT technique as shown in Fig. 5.3. Simultaneously, the MPPT controller achieves the active
power curtailment. Here, a modified perturb & observe (MP&OQO), MPPT control technique has
been introduced. The introduced technique works on three steps direct duty ratio based method
[144] to reach at peak power point as shown in Fig. 5.4. In this method, the direction of

operating point depends upon the nature of dP/dV which is illustrated as follows.

)
>0; V1;thend?

dP

av is § <0; V1;thend ] (5.5)

=0; V =Vupeer, d = dpos

\

where dP/dV indicates the slope of power with respect to voltage, V 1 indicates the increas-

ing PV voltage. Similarly, d 1 and d | indicates the increasing and decreasing duty ratios of
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Figure 5.4: Characteristic behaviour of power-voltage curve

the IBC, respectively. Additionally, MPPT curtails the active power generation when the peak
power generation is available and simultaneously, a local load demands reactive power compen-
sation. In this case, the inverter transfers less power then its rated capacity and created margin
is used to generate the reactive power. The derated power generation (i.e. Fj;,;;) value depends
upon the demanded reactive power from the local loads. Further, as per P;;,,;;, the IBC extracts
power from the PV source by adjusting the duty ratio which is presented mathematically as

follows.

. =0;  Plimir = Ppv;d = dppos
|Qoadl is (5.6)
7&0; Plimit:PPV_|Qload|;d\l/

where |Qjqq| is the reactive power demand from the local non-linear loads. Along with
this, the working of the proposed algorithm has been presented in Fig. 5.5. Further, due to the
coordinated control of MP&O algorithm, the inverter can transfer the active power lesser than
its capacity. In consequences, it could fulfil the reactive power demand required from the local

non-linear loads which is explained in the next subsection.

5.3.3 Grid interfaced inverter with active and reactive power control

A voltage source inverter (VSI) acts as a DC to AC converter when it transfer power to the

grid. The active power (Ppy) transfer capability of the VSI is variable in nature. Whereas, the
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Figure 5.5: Flowchart of modified perturb and observe (MP&O) algorithm

instantaneous reactive power (Q;,,) capability of the VSI is limited within its fixed apparent

power (S;,,) capability which is presented as follows [145].

Sim= \/ Ppgv + sznv (5.7)

Sinvmax: PA24PP + Q,%mx (5'8)

Omax= \/ Siznv,max - PA24PP (5.9)

where Siw max and Qg are the maximum apparent power capability and reactive power
capability of the PV inverter, respectively. Whenever, the inverter reduces its real power transfer
capability, it’s reactive power consumption or delivery limit increases as shown in Fig. 5.6 and

1llustrated as follows.
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Q:nax = \/(S;'nv,max)2 - Pl%mit (5.10)

where Q,,,. and S;nv’max are the allowed reactive power and apparent power when the real
power transfer capability of the inverter is decreased by reducing the active power generation

using MP&O algorithm. In this case, the power transfer (P,,;) from the system is presented as
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follows.
Pout S Plimit - min{PZimihPPV} (51 1)

Further, to achieve the various active power conditions and variable reactive control in syn-

chronously rotating (dq) reference frame is calculated as follows [146].

3
Pout:§ (led + Vqld) (5.12)

3
QloadZE(Vqu —Valy) (5.13)

where V;,1; and V,, I, are voltage and current components of direct (d) and quadrature (g) axis
in dg-reference frame respectively. Simultaneously, the phase lock loop (PLL) is assigned to
synchronize the inverter and grid voltages which makes V, = 0 in dg-reference frame. There-

fore, assuming V,, = 0, the desired active and demanded reactive power is calculated as follows.

3
PomzinId (5.14)
3
onadZ—EVqu (5.15)

In the proposed GIPV system, the active power control is executed by the DC-link voltage
(Vpc—1ink) regulation in outer control loop. In outer control loop, the measured and pre defined
reference Vpe_jink (VDreCf_ 1ine) 18 compared. Thereafter, the compared signal passes through
the proportional integral (PI) controller which results in a d— axis reference current (I:ff ) as
shown in Fig. 5.7(a). Similarly, the g— axis reference current (I;ef ) is obtained by (5.15).
Further, pulse width modulation (PWM) signals are produced using I;ef and 1,/ as shown in
Fig. 5.7(b). Moreover, I;ef and Igef are decision-makers for the control of active and reactive
power, respectively. Although, the nature of the reactive power (either positive and negative)
is depends upon the type of connected load i.e. inductive or capacitive type. If the nature of
load is inductive, the reactive power is positive and lagging in nature. On the other hand, if
nature of load is capacitive, the reactive power is negative and leading in nature. Hereafter,
the performance of the VSI for active and reactive power control during variable irradiance

conditions are evaluated using simulation and real-time analysis.
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5.4 Results and Discussions

To evaluate the performance of the proposed control strategy, a 30 kW two-stage, three-phase
GIPV system has been considered. In this system, a PV array of 30 kW is considered as
input source which is structured by the series and parallel arrangement of PV modules. A
Kyocera Corporation made "KC200GT" PV module’s parameters are considered and respective
specification of the PV array followed by the PV module are summarized in Table 3.1. Further,
at first stage, the PV source generates voltage (Vpy) of 394.5 V at MPP using IBC and MPPT
under normal as well as fluctuating irradiance condition (G). The IBC with the help of MPPT
produces desired DC output voltage (Vpc_jini) 1.€. 700 V as an input of the grid interfaced
inverter. Furthermore, the grid interfaced inverter converts DC to AC power and transfer it to
the grid. In between, the system consider the local linear and non-linear loads to test the reactive
power generation capability of the inverter and performance of proposed MPPT technique. The
entire system is analysed under various irradiance condition in MATLAB and the performances

are validated in real-time environment using Opal-RT 4510.

5.4.1 System performance in simulation mode

In MATLAB/Simulink environment, the system is simulated using simpower blocksets to test
the performance of traditional as well as proposed MP&O, MPPT techniques under various ir-
radiance condition. Additionally, it evaluates the effectiveness of proposed over the traditional
technique in terms of reactive power compensation under various irradiance conditions. There-
fore, three irradiance conditions have been considered i.e. G;=600 W/m?; G,=800 W/m? and
G3=1000 W/m? and system is simulated for t=10s. The first irradiance condition G at t=0s,
system starts generating PV power and it increases when irradiance changes from G; to G, at
t=2s and G to G3 at t=4s. Simultaneously, the PV power decreases when irradiance condition
changes from G3 to G, at t=6s and G, to G at t=8s. At these time instants, the system gener-
ates Ppy=17.72,23.8 and 30.02 kW at G, G, and G3, respectively. Further, the obtained source
voltage and current under fluctuating irradiance conditions are utilized by IBC and VSI using
traditional as well as the proposed control approach. Simultaneously, a local load of 5 kW re-
sistive and 5 kVA inductive has been considered for t=2s to t=7s to test the system performance

of traditional and proposed control scheme.
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Figure 5.8: The performance of Ppy, Vpy and duty ratio w.r.t. G for conventional approach
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Traditional control approach

In traditional control approach, the obtained voltage and current is utilized through IBC using

P&O, MPPT algorithm to achieve the maximum power from the source. The voltage and cor-
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responding duty ratio of the IBC is approximately constant due to minimum effect of irradiance
on the PV array voltage (Ppy). The performance of PV array in terms of PV power, PV voltage

and duty ratio of the IBC w.r.t. changing irradiance conditions are shown in Fig. 5.8. The

output voltage and current of the IBC is utilized as an input for the VSI. Further, VSI using
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Figure 5.12: The performance of Ppy, Vpy and duty ratio w.r.t. G for proposed MPPT control

input voltage (Vpc_jink) converts DC to AC power using inverter control. During inverter con-
trol, the outer loop regulates and maintains the DC-link voltage. Simultaneously, the inner loop
generates the injected current and voltages to the grid using current control. The performance
of the inverter control is presented in terms of DC-link voltages, grid voltages and injected
grid current which is shown in Fig. 5.9. Moreover, the inverter control is used to generate
the active and reactive power. The obtained active power is consumed by the connected local
linear (5 kW resistive) load and the remaining active power is transferred to the grid. The load
is connected during t=2s to t=7s and at this time the inverter is generating P,,,=23.8 kW at G,
irradiance condition, thus the transferred power to the grid is P,,;=18.8 kW. Similarly, P,,, for
the grid at other irradiance conditions such as for G| and G, are shown in Fig. 5.10. On the
other hand, the non-linear local load consists of 5 kVA inductive load, which demands reactive
power compensation. The compensation of the reactive power demanded from the non-linear
load is fulfilled by the grid or inverter. As discussed in Section III, when inverter is transferring
power with full capacity, the reactive power generation from the inverter will be zero which
can be seen from Fig. 5.11. Therefore, to reduce the burden of the grid, the reactive power is
supplied from the inverter only. In consequence, a proposed control approach has been used in

the system.
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Proposed control approach

In proposed control, Its behaviour is similar to the conventional approach until the derated mode

is not activated. The derated mode gets activated when the reactive power demand is available.
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Simultaneously, the inverter is transferring active power at the rated capacity and does not
have enough margin to generate the reactive power as presented in (5.8). In this case, the
maximum apparent power (Sim.max) 1 €qual to the active power so, the margin to generate the
reactive power is zero. Therefore, to create the margin for inverter the active power is derated as
discussed in (5.10) where P;,,,;; depends upon the load demand as discussed in (5.6). The active
power is derated using proposed MP&O algorithm at considered irradiance conditions (G1, G2
and G3). The generated active power at G (or at t=0s & 8s) and G (or at t=2s & 6s) are 17.72
and 23.80, respectively which are within the limit and inverter have enough margin to generate
the reactive power. Whenever, the system reaches to irradiance condition G3 (or at t=4s), the
system generates active power i.e. 25 kW instead of 30.02 kW due to MP&O algorithm as we
can see in Fig. 5.12. Simultaneously, the active power and reactive power exchanges of the
system with the grid is shown in Fig. 5.13 and Fig. 5.14, respectively. Fig. 5.14 depicts that
there is no reactive power exchange from the grid at any time instant which justifies the need
of proposed control scheme. Moreover, the performance of the DC-link capacitor in terms
of voltage (Vpc—_iink), system grid voltage (V,,4) and injected grid current (Ig;4) with respect
to change in irradiance conditions and connected load is presented in Fig. 5.15. Further, the

performance of the proposed control scheme is verified in real-time environment with real-time
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Figure 5.16: Setup for SIL operation in the real-time environment

simulator (RTS).

5.4.2 System performance in real-time environment

The RTS of the GIPV system with proposed control scheme provides parallel computing hard-
ware capability for complex model over various processors. It improvises the computation and
realizes high accuracy with low cost real-time execution. In addition, it improves the system
reliability in abnormal operating conditions in software-in-the-loop (SIL) mode. A SIL mode
of operation utilizes the powerful computation of the RTS where physical system and the con-
troller are in same RTS. The proposed system is modelled by the RTS of Opal-RT 4510. In
Opal-RT, a human interfaced software called RT-Lab provides users to execute models using
SimPowerSystems blockset and ARTEMIiS plug-in. The proposed system is modelled in a host
computer and transferred to the Opal-RT hardware through RT-1ab software. Further, the RT-
Lab performs SIL operation and respective results are illustrated on digital oscilloscope (DSO)
as shown in Fig. 5.16. To perform the SIL operation, a host computer with Intel core 17 at
1.80-GHz is performing with 2 Intel processors (targets) at 3.3-GHz and Xilinx KINTEX 7
FPGA board. Whereas, a typical sampling time used for the SIL operation i.e. 50 s and the
performance of the proposed system is obtained on Keysight make DSOX2024A, a 4-channel

DSO using DB37 connector. Furthermore, the robustness of the proposed system is validated
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Figure 5.17: Dynamic performance of Ppy, Py, P, and P, of the proposed control scheme
in real-time scenario

under two irradiance conditions G| and G3. At G, the PV source is generating 17.8 kW, dur-
ing this time, load is not connected. Therefore, the active power from PV and inverter are the
same as the power transfer to the grid, as shown in Fig. 5.17. On the other hand, when load is
connected, some power get absorbed hence, transferred power to the grid has reduced. Further,
after 10s the irradiance condition changes from Gy to Gs, at this time, the rated power Ppy=
30.02 kW should have generated. However, due to the presence non linear load, it generates
only Ppy=25 kW using derating mode of proposed control algorithm. Thereby, the inverter
gets margin and generates the reactive power to fulfil the demand of the non linear load. In
Fig. 5.18, it is evident that the reactive power demand is only fulfilled from the inverter, not
from the grid, which justify the need of proposed control. In this support, the performance of
the DC-link voltage, grid voltage and injected current under variable irradiance condition and

local load are presented in Fig. 5.19.

5.5 Conclusion

A 30 kW two-stage, three-phase GIPV system is designed to generate the PV power and com-
pensate the reactive power demand from the local non-linear loads. Therefore, a MP&O, MPPT

technique with IBC is implemented to extract power from the PV source. Additionally, the
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Figure 5.19: Dynamic performance of the proposed control in terms of VD”g_ links YDC—links Vrid
and Iy in real-time scenario under variable irradiance conditions

MP&O technique works in derated mode when reactive power demand is available and inverter
transfers the active power at rated capacity. Thus, there is no margin for the inverter to generate
the reactive power. Hence, the MP&O, MPPT addresses the problem and derates the PV power

generation. Herewith, the inverter gets margin to generate the reactive power which reduces
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the dependency of the system on the grid for the reactive power compensation. As a result,
the burden of the grid reduces without increasing the size of inverter. Further, the dynamic
performance clearly depicts the effectiveness of the proposed technique in terms of PV power
extraction and MPP tracking under normal as well as variable irradiance condition. Whereas,

it is tested and verified in SIL mode using Opal-RT 4510.
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Chapter 6

PV BASED CHARGING STATION FOR ELECTRIC
VEHICLES

6.1 Introduction

The need for the electric vehicle (EV) is rising exponentially if the present Indian scenario is
taken into account. The statement can be validated by considering India’s atmospheric pollution
level. According to the report in [ 147], India is one of the main fossil fuels consuming country
for the transportation purposes. However, the quantity of fossil fuels is expected to reduce at a
great extent in the future. Therefore, the presence of EVs in the automobile industry is the need
of the present scenario. These EVs are powered through the grid i.e., grid to vehicle (G2V).
As a result, the number of EVs and hence energy demand increases. Therefore, to overcome
this issue, Prof. Kempton [!48] had proposed the idea of vehicle to grid (V2G) which states
that the energy stored in the EV battery can be transferred back to the grid. In addition, the
battery storage may support the frequency regulation while the EV is transferring energy to the
grid. Therefore, the V2G and G2V mode of operation presents the bi-directional behaviour of
a grid-connected EV charger.

A grid-connected bi-directional (GCBD) charger requires bi-directional converters (recti-
fier/inverter and buck/boost). It operates in two modes i.e., G2V and V2G mode [149-151].
In G2V mode, grid side converter works as a rectifier while the battery side is used as a buck
converter. On the other hand, the battery side is used as a boost converter and grid side is used
as an inverter in V2G mode. However, the energy source of the GCBD charger is fossil fuel
which results in pollution of the environment. Hence, the EVs are required for the pollution-
free transportation. Thus, there is a need to shift from grid-based EV charging stations to the

clean energy based or PV based charging station (PVBCS) [152].
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The above-mentioned issue i.e. a self generated / oft-grid charging station is a requirement
of the present scenario. Although, the rapid increase of EVs imposes the burden on the grid.
RESs based charging station (CS) is required especially in the highways and at the remote loca-
tions for the successful implementation of the EVs [153, ]. Therefore, a PV based off-grid
CS is proposed. To make the proposed system sustainable, an involvement of energy storage
system (ESS) is a suitable approach amongst the possibilities mentioned in the preliminary re-
search [155, ]. The PV source coordinated with ESS are efficiently used during variable
irradiance condition. Further, during surplus power condition and unavailability of EVs, ESS
utilizes the maximum RES. Thus, the system results in an efficient and eco-friendly CS.

The above discussion contributes some preliminary findings which are as follows.

e To reduce the burden on the grid and use of EVs at remote locations, a renewable energy

source based off-grid EV charging station is introduced.
e The reliability of the PV based charging station is improved by using ESS.

e The charging and discharging of the energy storage system is governed on the basis of

PV irradiance.
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6.2 Proposed System Framework

The proposed PV based charging station consists of three subcomponents, they are PV genera-
tion, EV charger and ESS. The first section is PV generation system which includes a PV array,
maximum power point (MPPT) and a intermediate boost converter. The PV array converts
solar energy into clean electrical energy and provides voltage Vpy and current Ipy. The Vpy
and Ipy are given to the boost converter which fluctuates due to change in irradiance. There-
fore, an MPPT technique is proposed to manage the fluctuations in Vpy and Ipy. The MPPT
extracts maximum power Ppy from the PV array and provides corresponding operating voltage
and current to the boost converter. The boost converter regulates the output voltage accord-
ing to the desired DC-link voltage by generating the pulse width modulation (PWM) signals
from the MPPT. This DC-link voltage at the DC bus is connected to the EV charger and ESS
as shown in Fig. 6.1. The EV charger consists of a DC-DC bi-directional converter (BDC)
and EVs. The operation of BDC depends on the charging and discharging of the EV battery.
During charging mode, BDC acts as a buck converter. On other hand, it works as a boost con-
verter during discharging mode. Similarly, the ESS also consists of a BDC and a battery bank.
This battery bank is used as the energy saver during excess energy generation and is utilized at
the maximum extent. The power that is stored in the ESS is fed back to the DC-link through
BDC which is operated in boost mode. The mode of conversion is carried out with the help of
constant current (CC) control strategy. This control strategy generates PWM signals to switch
on the BDC. The mode (boost or buck) of converter changes according to the control signal
generated by the control strategy. In this way, the operation of an PV based EV charging is
carried out. Further, the brief modelling and control of PV array, boost converter, bi-directional

converter, ESS and EV have been discussed in subsection 6.3.

6.3 System Formulation and Control

6.3.1 PV array

The main energy source of the off-grid charging station is the PV array. The PV array is made
up of solar cells. The series combination of solar cells is called module. These modules are

connected in many combinations to achieve a desired voltage and current as shown in Fig. 6.2.
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Figure 6.2: Arrangement of the modules as a PV array

In this figure, Nye, and N, are the number of modules in series and parallel respectively. The

voltage Vpy and current Ipy of the PV array are presented by [121] and illustrated as follows.

Ipy = Nparl — Nyl [exp( 12y 1] - 6.1)

<A

Vpy = Nparns (Vd - IRs) (6.2)
where

NS@V

N,
o=V +IR;—"; 8 = NNJKTANy.,;Y = Ry,
Npar Npar

simultaneously, 1,1;,V;,q,Rs, Ry, ng, K, T and A are the PV short circuit current, diode satura-
tion current, diode voltage, electron charge, series resistance, shunt resistance, number of PV
cells, Boltzmann constant, cell temperature and diode ideality factor of the array respectively.

Further, the generated Vpy ad Ipy from the PV array is transferred to the boost converter.
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6.3.2 Intermediate boost converter
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Figure 6.3: Boost converter used in the proposed system

The transfer capability of boost converter depends upon the inductor (L;) and capacitor

(Cpc) as shown in Fig. 6.3. The output voltage (Vpc), L, and Cpc value is obtained as,

Vbe = 1=5; Vev (6.3)
L,= V?ﬁih 6.4)
Coc = 412t ©3

where Vpy,AlL, f,AVpy and R, are the input voltage, inductor ripple current, switching fre-
quency, capacitor ripple voltage and output impedance of boost converter, respectively. Other
than this, Dy, is the duty ratio of boost converter, obtained by the control strategy as shown

below.
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Figure 6.4: Control structure of the boost converter
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The Dy, is used to maintain the desired DC-link voltage through boost converter. The obtained

DC-link voltage is used as input for the bi-directional converter in EV charger and ESS.

6.3.3 Bi-directional converter
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Figure 6.5: Circuit diagram of a bi-directional converter with control used in the proposed sys-
tem

The proposed system consists of two BDC of the same power rating as shown in Fig. 6.1.
One is used in EV charger and other is used in ESS. In Fig. 6.5, a BDC model is presented
which operate in two modes i.e. charging and discharging. During charging mode it acts as a

buck converter, on other hand, it behaves as a boost converter during discharging mode.

Charging mode

In charging mode, DC-link is connected as an input of BDC and battery is connected as a
load on the output side. To achieve the voltage level of the battery (V) at the output side,

BDC operates in buck mode with components as an inductor (L) and capacitor (Cp,er). The
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values of (Lp,x) and (Cp,er) depends upon the corresponding voltage and current rating of the

converter. These values are calculated as follows.

(VDC_Vbatt)Dbuck (66)

Lpyck = AlLf

_ (1=Diy)Voy 6.7
Cbuc.k o SLbuckAVballf 2 ( ) )

where Al and f are the ripple current and switching frequency for the buck mode, respectively.

Discharging mode

Similarly, in discharging mode, BDC is interfacing the DC-link and battery. In this mode,
battery act as an input source and DC-link as the output. The DC-link voltage level is higher
than the battery terminal voltage. Therefore, the BDC operates in boost mode with the help of
the corresponding components value. The components such as inductor (L, ) and capacitor

(Cpooss) Values in boost mode is calculated as follows.

l St — LballD/moSl (6‘8)
VoeD
( v o = DUC h{g)x{ (69)

where AVpc and R, are the ripple voltage and output impedance for the boost mode, respec-
tively. However, the BDC operates in both modes. The values of inductor Lgpc and capacitor

Cgpc are considered as follows.

LBDC = max (Lbuck7 Lboost) (6 10)

CBDC = max (Cbucka Cboost) (61 1)

Further, the operation of the BDC depends on the duty ratio such as Dy, and Dppos
which are obtained during charging and discharging control respectively. There are various

control methods such as constant current (CC), constant voltage (CV), pulse, reflex and con-
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stant current/constant voltage (CC/CV ) method. Among all these methods, CC and CC/CV
method are mostly preferred for high C-rate charging so that charging time can be reduced.

Therefore, for the ease of simulation, we have carried out a CC method which is shown in Fig.

6.6.

Flggmiwgl W PN

Lact Charging mode

Pl control ———» PWM

~lact Discharging mode

Figure 6.6: Constant current method of the bi-directional converter during (i) charging and (ii)
discharging mode

Further, the obtained duty ratios are used for the charging and discharging operation of
EV and ESS batteries for the proposed system. The performance of the proposed system is
carried out by assuming modes. The characteristic analysis of the system during these modes

are depicted in section.

6.4 Results and Discussions

The proposed PV based charging station (PVBCS) consists of a 24 kWp PV generation for the
EV batteries of 15 kWh capacity. Additionally, an ESS of 15 kWh capacity is added to the
proposed system. It has been used as an emergency supply to the EV batteries in case of low
PV generation and stores the energy during the time of high PV generation. Further, the system
has been designed in MATLAB/Simulink. The performance of the proposed system analysed
by considering three modes. These modes are categorized such as EV battery charging (1) with
PVBCS in absence of ESS, (ii) with PVBCS in the presence of ESS and (iii) with ESS in the
absence PV generation. Every mode is analysed for 12s. on the basis of charging rate (C-rate)
which replicate the power demand at a time of EV battery. Initially, the EV battery is charged

at 0.5 C-rate for 3s. and a step of 0.5 C-rate is added at every 3s. up to 12s. Whenever the
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power demand increases or decreases in terms of C-rate, the connected ESS and PV generation
are participating accordingly in the aforementioned modes. The performance of every mode
is discussed in terms of power, SoC, terminal voltage and current of the battery in following

subsections.
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Figure 6.7: Power response curve of PV and EV
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Figure 6.8: DC-link voltage at DC bus of the system

6.4.1 Charging of EV battery with PVBCS in the absence of ESS:

In this mode, Fig. 6.7 states that PV generation is sufficient to charge the EV battery till 1.5
C-rate. Further, the increase in EV battery C-rate indicates that PV generated is not sufficient
to charge the EV battery. The increase in the C-rate of EV battery leads to decrease in DC-link
voltage. Therefore, the DC-link voltage is maintained constant during power fluctuations with
the proposed control strategy as shown in Fig. 6.4. This constant DC-link voltage provides
desired terminal voltage for EV batteries continuously. The SoC, current and terminal voltage

of the EV battery response are shown in Fig. 6.9. As the energy demand increases from the
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EV battery (from 1.5 to 2 C-rate), only PV is unable to fulfil the demand. Therefore, an ESS is

connected with PV to fulfil the requirement which is shown in the next case.

6.4.2 Charging of EV battery with PVBCS in the presents of ESS:

For this mode, the PV generation is sufficient to charge the EV and ESS battery until EV battery
reaches to 1 C-rate. Further, the rise in C-rate of EV battery indicates the PV generated power
is not sufficient to charge the battery. Therefore, the ESS battery discharges the stored energy
to charge the EV battery along with PV generation. As a result, the EV battery can be charged

up to 2 C-rate as shown in Fig. 6.10. The corresponding SoC, current and terminal voltage of
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Figure 6.14: Power response for EV and ESS

EV and ESS battery response are shown in Fig. 6.12 and 6.13 respectively. The system DC-
link voltage is maintained constant which is shown in Fig. 6.11. This arrangement serves the

system when PV generation is not sufficient. The worst scenario of this condition is when the
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Figure 6.16: Response of the ESS battery in terms of SoC, current and voltage

PV is absent. Thus, in such a situation, the ESS will fulfil the requirement of the EV battery.
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6.4.3 Charging of EV battery with ESS in the absence of PV:

In this mode, the EV battery is charged only from ESS battery. In Fig. 6.14, the PV generation
is almost zero and simultaneously, EV and ESS power increase and decrease with the change
in C-rate respectively. The corresponding SoC, current and terminal voltage of the EV and ESS
batteries are increasing and decreasing at the equal rate which is shown in Fig. 6.15 and 6.16
respectively.

These modes reveal that the proposed PVBCS is capable of charging the EV battery at any
circumstances and it also increases utilization of renewable energy sources to the maximum

extent.

6.5 Conclusion

In this chapter, a PV based charging station (PVBCS) is proposed to charge the EV battery.
This minimizes the grid burden and increases the EVs utilization at remote locations by using
the PV. Moreover, an ESS is connected to the PVBCS which make the system work in any
circumstances. The PVBCS with ESS exchange the power to charge the EV battery during
the absence or reduced sunlight. Further, a constant current method is used to charge the EV
battery at various C-rate. Altogether, this chapter presents a more sustainable and efficient CS

as well as fervours pollution-free transportation.
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Chapter 7

CONCLUSIONS AND FUTURE SCOPE

This chapter gives concluding remarks of the proposed schemes to resolve the research chal-
lenges such as the cost-effective structure of the system, handling of surplus power, imple-
mentation of effective MPPT techniques, reactive power compensation and energy source for
charging stations. Additionally, it also suggests future research goals for the researchers in

GIPV system domain for the betterment of electricity users as well as suppliers.

7.1 Conclusions

The core concept of using a PV system is to enhance the clean power production and support
the utility grid. This thesis introduces the chronology of PV systems, involved power pro-
cessing stages, various topologies of converters used for power conversion and the role of the
GIPV system in the present electricity scenario. Moreover, it also highlights the various re-
search challenges involved during power generation process from the GIPV systems. In this
respect, preliminary research works are analyzed and compared to find out the research goals
while interfacing the PV system to the grid. Moreover, the research challenges such as large
system structure, the performance of maximum power extracting techniques, handling of sur-
plus power, utilization of PV system for reactive power compensation and uses for an electric
vehicle energy source have also discussed. In this thesis, four different schemes have been
proposed to resolve these research challenges and each is summarised as follows.

In the first scheme, a sensorless control scheme has been proposed, which minimizes the
control complexity and cost of the system and improves the dynamic response. The sensor-
less control eliminates the high-cost DC-link voltage sensors, correspondingly avoids the outer
control loop, which used to be implemented while using the conventional control scheme. At

the place of a conventional outer control loop, a feed-forward control loop is introduced, which



deals with the estimated DC-link voltage and generates the reference current for active power
generation. This scheme also works in variable irradiance conditions and on these conditions,
the analysis of transient and harmonic gives a very close result, which proves the practicability
of the proposed scheme.

In the second scheme, the surplus feed-in PV power is curtailed during peak hours of gen-
eration using the proposed modified P&O MPPT algorithm. Additionally, it resolves the op-
erating point problem of drifting and oscillation near MPP. The proposed algorithm works in
modified mode during non-peak hours. In this mode, the algorithm achieves the shortest path to
reach the MPP using PV current information regarding irradiance change. On the other hand,
during peak-hours, it works in a derated mode, which curtails the extra feed-in power to prevent
the overvoltage problem at PCC and damage of grid-connected network’s equipment such as
circuit breakers, transformers and others. Additionally, the large step size used to improve the
time response. The performance of the modified P&O has been compared with the conventional
P&O algorithm at variable irradiance condition. The results show that the proposed algorithm
responds faster and more accurately for MPP tracking, which proves the effectiveness of the
modified P&O technique.

In the third scheme, a reactive power compensation scheme has been proposed using a
MP&O algorithm for the locally connected non-linear loads. This proposed scheme utilizes the
reactive power delivery aspect of the grid-interfaced VSI used in GIPV system. In this scheme,
when VSI transfers the PV power at rated capacity, the MP&O derates the PV power generation
and creates the margin to generate the reactive power for local non-linear loads. As a result, the
dependency on grid for reactive power compensation minimizes without increasing the rating of
the grid-interfaced VSI. The simulation results shows the effectiveness of the proposed MP&O
algorithm which are tested in simulation-in-loop mode using Opal-RT 4510.

In the fourth scheme, to reduce the pollution and dependency on grid dependent charging
stations, a PVBCS is proposed to charge the EV. In the proposed scheme, ESS is added in the
system to make the system more reliable. The ESS stores the unexploited PV power and It
utilized when irradiance is low or the sun is not available to supply energy for the EV charging.
To charge the EVs, a constant current method is used at different charging-rates for various
conditions such as PVBCS in the absence of ESS, PVBCS in the presence of ESS and the

presence of ESS only. In the above conditions, the performance of the scheme has been found
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satisfactory.

7.2 Future Scope

In the future, the demand for electricity is increasing gradually. Therefore, the contributions
provided in this thesis are not enough to increase the participation of the GIPV system for grid
support. There are still some research areas that need to be focused in the future. Therefore, in

near future the researchers can be focused on the following aspects.

e To increase PV power generation using GIPV systems, some more effective converter

(DC-DC and DC-AC) topologies need to be developed.

e To make the converters more functional, some better and efficient MPPT and VSI control

strategy are needed to be developed.

e To eliminate the harmonics injections into the utility grid, an improved conditioning
unit is required which avoids or minimizes the use of power filters. Simultaneously,
the improved conditioning unit also able to handle the power quality issues which arise

due to the sudden change in irradiance conditions.

e To be a part of the smart grid, existing GIPV system needs to synchronized with infor-

mation and communications technology (ICT) and the internet of things (IoT).
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Appendix A

Clarke and Park Transformation

The Clarke and Park transformation is used to transform a three phase to a two phase quantity.
The Clarke and Park transformations are used to transform from the natural (abc) to stationary
(aB) reference frame and from stationary (af3) to rotating (dq) reference frame, respectively
[157]. Therefore, Lets suppose 1,1, and I. are the instantaneous balanced three phase current.
Then,

Ii+1,+1.=0 (A.1)

Thus, transformation from three phase (a, b, ¢) to two phase (o f3)is commonly known as Clarke
transformation which is illustrated as follows.

Ia _g 1_
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Now, the transformation from af8 to dg-reference frame is using Park’s transformation
which is illustrated as follows.
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where 0 is obtained from the phase lock loop (PLL).



