University of Strathclyde
Electronic and Electrical Engineering
Department

Maximum Power Point Tracking and
Control of Grid Interfacing PV Systems

by

Isaac Owusu-Nyarko
B.Sc., M.Sc.

A thesis presented in fulfilment of the requirements for the degree of Doctor

of Philosophy

October 2021



The copyright of the thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by the University of Strathclyde Regulation 3.49.



Acknowledgements

I would like to express my profound gratitude to my supervisor Dr Khaled H. Ahmed for
his extensive guidance, encouragement, helpful comments, kind advice and supervision

throughout my PhD period.

I also wish sincerely to thank Dr Ibrahim Abdelsalam for practical implementation help.
A courteous acknowledgement is made to members of staff especially Dr Mohamed A.
Elgenedy and technicians at Electronic and Electrical department in Strathclyde

University who provided me with assistance during the years of research.

Finally, a heartfelt gratitude goes to my wife Naomi, and my kids Kennedy and Melvin
for their sacrifices made and continuous support, encouragement and prayers throughout

my PhD period.

Shaaw Owusu-Nparks
October 2021



Dedication

To my Mother, wife and children



Abstract

Grid interfacing of PV systems is very crucial for their future deployment. To address
some drawbacks of model-based maximum power point tracking (MPPT) techniques, new
optimum proportionality constant values based on the variation of temperature and
irradiance are proposed for fractional open circuit voltage (FOCV) and fraction short
circuit current (FSCC) MPPT. The two MPPT controllers return their optimum
proportionality values to gain high tracking efficiency when a change occurred to
temperature and/or irradiance. A modified variable step-size incremental conductance
MPPT technique for PV system is proposed. In the new MPPT technique, a new
autonomous scaling factor based on the PV module voltage in a restricted search range to
replace the fixed scaling factor in the conventional variable step-size algorithm is
proposed. Additionally, a slope angle variation algorithm is also developed. The proposed
MPPT technique demonstrates faster tracking speed with minimum oscillations around
MPP both at steady-state and dynamic conditions with overall efficiency of about 99.70%.
The merits of the proposed MPPT technique are verified using simulation and practical
experimentation. A new 0.8VVoc model technique to estimate the peak global voltage under
partial shading condition for medium voltage megawatt photovoltaic system integration
is proposed. The proposed technique consists of two main components; namely, peak
voltage and peak voltage deviation correction factor. The proposed 0.8Voc model is
validated by using MATLAB simulation. The results show high tracking efficiency with
minimum deviations compared to the conventional counterpart. The efficiency of the
conventional 0.8V,. model is about 93% while that of the proposed is 99.6%. Control issues
confronting grid interfacing PV system is investigated. The proposed modified 0.8Voc
model is utilized to optimise the active power level in the grid interfacing of multi-
megawatt photovoltaic system under normal and partial shading conditions. The active
power from the PV arrays is 5 MW, while the injected power into the ac is 4.73 MW,
which represents 95% of the PV arrays power at normal condition. Similarly, during
partial shading conditions, the active power of PV module is 2 MW and the injected power
is 1.89 MW, which represents 95% of PV array power at partial shading conditions. The
technique demonstrated the capability of saving high amount of grid power.
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Chapter 1

Introduction

Global energy demand is on increase due to economic expansion and population growth.
Approximately 85% of world’s energy demand comes from burning of fossil fuels, which
has exponentially increased emissions of greenhouse gas (GHG) [1.1]. Regrettably, there
is inadequate fossil fuels in the word and considering the current availability and rate of
energy consumption, it is important to replace energy that comes from the fossil fuels.
The campaign to mitigate GHG has attracted the attention of researchers, which has
improved the development of renewable power generation. Numerous works undertaken
by researchers have seen significant improvement in the development of renewable energy
sources such as hydroelectric, wind turbine, combined heat and power (CHP) systems and
photovoltaic (PV) modules, where technical and economic feasibility of these energies
have extended to utility scale level for electricity supply. Photovoltaic systems for power
generation are well-thought-out as one of the most efficient, cleanliness and acceptable
renewable energy because of their suitability in transportations, distributed generation,

satellite systems and mobile applications [1.2].

1.1 Background and historical development of photovoltaic system

The effect of photovoltaic energy was first discovered by the French physicist (Alexandre
Edmond Becquerel in 1839). This effect was seen in an electrolytic cell that was placed
in electrolyte. In 1879, the first solid-state photovoltaic was invented by an American
scientist called Charles Fritts. Fritts used a thin layer gold to coat semiconductor selenium
to form junctions. Although, it demonstrated how a sunlight could be converted into
electricity using solid material without moving parts, however, efficiency of the device
was only about 1%. Right after the discovery of photovoltaic cell, researchers main aim
has been to improve the PV cells efficiency. In 1888, Russian scientist Aleksandr Stoletov
invented photoelectric cell using outer photoelectric effect. When people realized that

fossil fuels for electricity generation will soon be depleted and there was a need for



renewable energy source, Daryl Chaplin et al., built the first hand-on photovoltaic cell,
made up of semiconductor materials in 1954 at Bell Laboratories. This practical PV cell
improved the previous efficiency to 6%. Later on, solar PV cell developed for earth
orbiting satellites. Hoffman Electronic Company increased the efficiency to 14% and
between 1950s and 1960s, solar PV system were produced for commercial purposes. Solar
PV system currently provides electricity in satellite systems [1.3]. By 1980, plants for
production of solar module have already built, producing above 1 MW of PV modules per
year. In 2000, the production capacity reached around 100 MW of power per year.
Globally, it is increasingly proving to be an alternative system to replace fossil fuel for
generation of electricity. Also, since PV system technology does not produce noise
pollution and harmful emission, it believes to be the best option for power generation to
mitigate greenhouse emission. It plays a tremendous role in distributed generation and
consumers who often uses electricity from solar PV system are likely to control their

energy consumption for cleaner environment.

1.2 Growth of photovoltaic power generation

Global PV capacity shows a significant growth since 2000. The solar PV system
installation capacity increased annually from 29.5 MW in 2012 to 107 MW globally in
2018, motivated by additional large utility scale leading to global reduction of PV system
prices. At the end of 2018, the world’s PV power installation capacity increased to 520
MW. The Global PV power capacity increased by 632.4 MW between 2018 and 2019
[1.4]. Global installation PV capacity is illustrated in figure 1.1. Unites State and China
are on the top of global PV energy market with cumulative PV power capacity of 76 and
204 MW respectively in 2019. China also overtook the whole European union PV installed
capacity with new PV system capacity of over 44 MW. In Europe, Germany and Italy
have demonstrated through their stimulated policies, large growth of PV installation
capacity even in the areas where solar energy resources are moderate. In general, the trend
in PV installation capacity word-wide is increasing and expected to increase the global
renewable energy capacity to fully replace conventional thermal power generation plant
[1.5].
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Figure 1.1. Global Cumulative installed solar PV capacity between 2000 and 2019.

1.3 Environmental impacts of photovoltaic energy system

The main source of photovoltaic energy is the sun and this does not involve emission of
greenhouse gas during power generation stage. Thus, it does not contribute to ozone layer
depletion. However, the production of PV module involves little emission of greenhouse
gas, which is far less than greenhouse gas when fossil fuel is used to generate electricity.
In comparison, the carbon emission during the manufacturing of PV module is between
14 to73 gCO2/kWh lower than emission from natural gas which is 742 gCO2/kWh [1.6].
The PV module can be recycled to produce raw materials at the end of its lifespan. These
raw materials can then be used to produce new PV modules. The energy used to produce
new PV modules is significantly reduced, compared to natural gas, contributing to about

42% reduction in carbon emission [1.7].

1.4 Cost of photovoltaic systems

The trends of solar PV market are rapidly changing and driven by a number of factors
such as production of PV module and PV installation cost. In recent years, the cost of PV
module production has reduced significantly and have been the main course of current
development in the costs of PV system installation. Between 2007 and 2013, the
production costs of the PV module have fallen below USD 1.00/W from USD 4.00/W for
arated PV system of 10 kW [1.8]. Both the costs of PV module production and installation



determine the global weighted average levelised cost of electricity (LCOE) [1.9]. Between
2010 and 2019, the global weighted average LCOE of utility scale solar PV system fell
drastically from USD 0.378/kWh to USD 0.068/kWh. This reduction was because the PV
module price declined by 90% between 2010 and 2019, which saw a decline by 79% of
the global installed costs. In 2019, the global PV installed costs declined from USD
1000/kW to USD 995/kW, which is 18% for the first time. In 2019, India was the global
lowest PV installed cost of USD 618/kW for the first time. In general, the installation costs
for PV system are expensive than other renewable energy sources such as wind [1.10].
However, PV system is economically feasible and requires little maintenance compared

with wind energy.

1.5 Development of photovoltaic energy in the UK

Geographical position of UK attests to the fact that solar PV system is not suitable for
generation of electricity in the UK. However, due to technological advancement, the
current PV module can generate electricity efficiently deprived of having irradiance of
high intensity [1.11]. Due to the effective policy investment, UK PV system installation
capacity has grown significantly. In 2012, the total PV system installed capacity stands at
1 MW [1.12]. The introduction of Feed-In Tariff (FIT) in 2012 boosted both installation
and generation capacity of PV system. This FIT enables household in the community to
generate their own electricity using PV system. In an event of extra power generation than
what is needed, this additional power is sell back to the grid for payment. At the end of
2017, the UK installed PV capacity was 12.8 MW, which is 3.4% of the total electricity
generation. The total installed PV capacity by 2019 was more than 13 MW [ 1.13]. Figure
1.2 represents UK installed PV capacity. It is important to note that FIT is no longer allow
in the UK grid network as the government closed for all new application, it has replaced
with smart export guarantee scheme. This scheme will only pay for your exported energy
unlike FIT which pays for both generation and exported energy.



~ 14000

(MW
o
o
o
o

ity

10000

8000

6000

4000

2000

Installed PV system capac

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Figure 1.2. UK solar PV installed capacity.

1.6 Application of photovoltaic energy

The growth of distributed generation system with photovoltaic energy plays significant
role in the near future. The advantage of this system is to increase the interfaced network
capacity for reliable, efficient, and high-power quality supply [1.14]. The photovoltaic
system has two main application modes: island (standalone) and grid-connected modes.
With Island mode, the system operates independently deprived of interfacing to the utility
grid. It is connected parallel to feed local loads. Most of Island mode system uses storage
batteries to supply power to the loads during night or at low irradiance levels. This system
is applicable in communities with no utility grid network or when the grid is expensive.
The standalone system provides high quality output power with controlled voltage and
frequency at its output. This application mode is common also in traffic signals, water
pumps, Cathodic protection, communication site, satellite, and space station [1.15]. Grid
connected PV systems are design to work in parallel with the utility grid. The dedicated
control strategy for this PV application delivers active power to the grid. Grid connected
system operates as centralized power plant or distributed generation. In centralized power
plant, bulky PV power is delivered to minimizes regular use of fossil fuel for generation
of electricity [1.16]. With distributed generation, consumers generate their own electricity

to minimize their dependency on the grid and inject the extra power to grid.



1.7 Key challenges facing photovoltaic energy generation

Although, the photovoltaic industry outlook is positive, and is playing a crucial role in the
distributed generation, the industry is facing certain challenges such as efficiency,
reliability, manufacturability, subsidies, regulation, and impact of interfacing technology
to the grid [1.17]. It is important to control photovoltaic system using power electronic
devices either in standalone mode or grid-connected mode for interfacing and improving
the efficiency of the PV module.

1.7.1 System efficiency

The efficiency of the PV system largely depends on PV module, maximum power point
tracking (MPPT) controller, power converter and interfacing transformer. The solar cell
materials of the previous generations reflected or absorbed most of the sunlight and only
1-2% of the sunlight could convert to electricity [1.18]. However, due to technological
advancement, efficiency of the current generation of solar cell has improved significantly.
Figure 1.3 shows the conversion efficiency of different solar cell technology [1.19]. The
power electronic converters have impact on the efficiency of the PV system. Both single
and two stage topologies of the PV system utilize power electronic converters for effective
delivery of power. In a single stage topology, an inverter is used to force the PV module
to generate power and interface the PV system into the grid. On the other hand, the two
stage topology uses two power converters in the PV system namely, dc-dc converter and
dc-ac inverter. This topology does not necessarily need a high voltage PV module as the
dc-dc converter amplifies the PV voltage at one stage, however, the PV system
experiences low efficiency compared with the single stage topology. The irradiance and
temperature variations have significant impact on the PV characteristic curve, which is
non-linear characteristic curve. This irradiance and temperature variations affect the
efficiency of the PV module. To overcome such challenges, MPPT is needed to force the
PV module to operate at maximum power point (MPP). In partial shading conditions
[1.20], the characteristic of PV module generates multiple peaks instead of only one peak.
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1.7.2 System reliability

System reliability is the likelihood for a system including its software and hardware to be
able to execute the objective of which it was designed, for a given environment and a
specified time. PV system consists of PV module, power converter, MPPT controller,
storage device and wire that interconnects the components. The quality of these
components defines the reliability of the PV system. The most reliable component of the
PV system is the PV module and requires little maintenance which has approximately 30
years of lifespan [1.21]. Standalone PV system requires good storage devices to
continuously supply critical loads with power of high quality [1.22-1.24]. The most
applied batteries for standalone PV system are nickel and lead acid. Reliability of the PV
system can be compromised by the batteries used. The performance of the inverter and
controllers have significant impact on the lifespan of the PV system [1.25]. According to
the report in [1.26], at Florida solar energy center, a total of 130 grid connected PV system
experienced 213 system breakdowns between 1999 to 2003 and investigation revealed
that 65% of those breakdowns are due to the failure of the inverters. This means that the
reliability of grid connected PV system is greatly affected by the performance of the
inverter. Therefore, effective protective mechanism like anti island mode protection must

be put in place to avoid system failure.



1.7.3 Grid connected PV system

Inverter in a grid connected PV system performs two main functions. One is to force the
PV module to operate at maximum power point in case of single stage PV system. The
second is to shape the PV current into sinusoidal form and inject it into the grid [1.27].
The evolution of inverters used in the PV system application defines the type of methods
used to interface PV system to the grid. Inverter topology available in PV system are
centralized inverters, string inverters, multi-string inverters and micro-inverters [1.28].
The centralized inverter grid interfacing PV system make use of a string of PV modules
connected in parallel using a string diode and then interfaced to the grid through inverter.
However, this grid connected PV system has disadvantages such as failure to track the
actual MPP, the use of dc cable of high rated voltage and difficult to embark on large scale
due to rigid design. String inverter consists of a string of PV modules and an inverter. It
is a simplified version introduced to overcome limitations in centralized inverter with
fewer number of PV modules configuration [1.29]. In this topology, each PV string has
inverter which makes it suitable for large scale production. Each string can be operated by
a separate MPPT controller and there are no string diodes losses. Thus, overall system
efficiency is improved. This reduces the prices due to large-scale production. String
inverter can be implemented using single stage or two stage grid connected PV system.
Multi-string inverter is the modified version of string inverter where each PV string is
connected to dc-dc converter, which is coupled to one inverter [1.30]. This topology has
advantage over the centralized inverter since each string can be controlled separately.
Expansion of multi-string inverter topology is feasible; however, the main drawback is
how the inverter can amplify the very low voltage suitable for grid. In general, the choice
of any evolution of inverters for grid connected has its own drawbacks which is a

challenge in PV energy generation.

1.7.4 Grid code requirement
The high penetration of PV power generation has an impact on the grid stability [1.31-
1.32]. Inverters interfacing PV module must be connected to the grid by obeying standards

given by the regulatory body. Most of the countries have their own code of practice



enforced by government or utility companies. However, international organizations are
working to ensure compliance of grid requisite standards for most countries. These
organizations are International Electrotechnical Commission (IEC) and Institute of
Electrical and Electronic Engineering (IEEE). Example of IEC and IEEE are IEC-61727
[1.33] and IEEE-1547 [1.34] respectively. These standards deal with challenges
associated with power quality, grounding, detection of islanding operation etc. The IEEE-
1547 is the modification of IEEE-519 which serves as the harmonic current limits in the
two standards. In general, IEC-61727 ensures compliance of standards related to unit
interface of photovoltaic system characteristics [1.35]. While IEEE-1547 ensures
compliance of standards on interconnected distributed generation on electric power
system [1.36]. Table 1.1 shows the summary of IEC- 161727 and IEEE-1574 standards.
Inverters interfacing PV modules to the grid must fulfil strict IEC-61727 and IEEE-1574
standards codes to improve power quality. It can be seen from Table 1.1 that current
harmonic injection into the grid by the inverter should not be more than 5% of the limit
imposed by IEC-61727 and IEEE-1574. Pulse width modulation technique is a common
method used to ensure that the injected current into the grid is controlled. This technique
is common in many power electronics inverters to reduce harmonic distortion. Other
technique includes reduction of switching losses [1.37]. DC injection current also has
significant effect on the distribution system components. The effect of dc current is the
saturation of distributed transformer, which causes distortion of waveform, power
dissipation that results overheating of Components and reduction of lifetime of
transformer [1.38]. Table 1.1 shows that the tolerable dc injected current should not be
more than 0.5% of the rated output current for IEEE-1574 and 1.0% for IEC-61727. Many
works have been done to minimize high dc current injection into the grid and this attracted

lots of researchers’ attention.



Table 1.1 Summary of IEC-61727 and IEEE-1547 standards for utility companies.

IEC-61727 [1.33] IEEE-1547 [1.34]
Nominal Power 10 kW 30 kW
(3-9) 4.0 % (2-10) 4.0 %
Harmonic current (11-15) 2.0% (11-16) 2.0 %
(order-h) limits (17-21) 1.5% (17-22) 1.5 %
(23-33) 0.6 % (23-34) 0.6 %
(<35)0.3%

Even harmonic in these ranges shall be less than 25% of

the odd harmonic limits listed

Maximum current THD 5.0%

Dc current injection Less than 1.0 % rated output Less than 0.5 % of rated
current output current

Voltage range per phase 85-110% 88-110%

for normal operation (196V — 253V) 97V —121V)

Frequency range for 50+ 1Hz 59.3Hz to 60

normal operation

1.8 Motivation of the research

Photovoltaic (PV) module has a non-linear characteristic curve and fail to generate rated
power specified by the manufacturer under normal weather condition without the use of
maximum power point tracking (MPPT) in the PV system. This challenge becomes more
severe under partial shading conditions as the characteristic curve generate multiple peaks.
This results in significant power loss in the PV system. The literature shows different
techniques for MPPT for PV module system. These techniques differ in convergence
speed, number of sensors used, complexity, cost, its effectiveness, hardware
implementation and other technical characteristic. In reality, so many techniques have

been developed but it is difficult to effectively find which technique either newly proposed

10



or existing one is suitable or needs modification for effectively used in a given PV system.
Given, the numerous numbers of methods for MPPTSs, an effective literature survey is
essential to identify loopholes of any of these techniques and develop a suitable method
to improve its performance under normal and partial shading conditions. Another issue
confronting PV system is how to interface multi-megawatts PV system into the grid
network. Failure to achieve proper interfacing of PV system to the grid ends up losing the
stability of the entire network and this could lead to a total blackout. This challenge can
be addressed by controlling the power electronic converter robustly. Thus, efficient and
reliable inverter design and robust control system for grid interfacing system are the main

concern.

1.9 Thesis objectives
In this thesis, a comprehensive study on the grid interfacing of multi-megawatt PV system
is discussed. Focusing on the following objectives:
= Review comprehensively common maximum power point tracking (MPPT)
techniques.
= Develop a new efficient MPPT technique for grid connected PV systems.
= Develop a new MPPT technique for partial shading condition to track the global
MPP.
= Investigate grid interfacing multi-megawatt PV system with robust and efficient

control.

1.10 Structure of the thesis

The thesis is structured into seven chapters. Chapter one presents the general background
of photovoltaic power generation and its main drivers in both island and grid interfacing
mode perspectives. It further highlighted the impact of photovoltaic energy on
environment and the challenges in both island and grid connected PV system. The
motivation, and objectives of this thesis are presented in this chapter.

11



Chapter two presents literature review of photovoltaic systems and commonly used
maximum power point tracking technique (MPPT), which includes their suitability in the
PV system applications.

Chapter three discusses new optimum proportionality constants values based on the
impact of temperature and irradiance for fractional open circuit voltage (FOCV) and
fractional short circuit current (FSCC) MPPT. MATLAB/SIMULINK simulations are
used to verify the effectiveness of the new optimum proportionality on the performance
of both MPPT techniques.

Chapter four provides detailed discussion on the limitations of conventional variable step-
size incremental conductance MPPT. Additionally, a new variable step-size technique is
proposed to address limitations of conventional variable step-size MPPT. This chapter
demonstrates the effectiveness of the proposed variable step size incremental conductance
MPPT with an autonomous scaling factor over the conventional counterpart using
simulation and experimentation.

Chapter five discusses the limitations of conventional 0.8VVoc model for partial shading
conditions. A new 0.8Voc model is proposed to estimate the peak global voltage for
medium voltage megawatt photovoltaic system integration. The effectiveness of the
proposed model is verified using simulation.

Chapter six investigates control issues and implementation for grid interfacing of multi-
megawatt photovoltaic system. The new 0.8Voc model is utilized to optimize the active
power in the grid interfacing of multi-megawatt photovoltaic system. The effectiveness of
the system is verified using simulation.

Chapter seven presents the general conclusion, contributions of the author and

recommendations for future work.
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Chapter 2
Literature survey on photovoltaic system and maximum power

point tracking (MPPT) Techniques

This chapter discusses the literature of photovoltaic system and commonly used maximum
power tracking (MPPT) techniques. This review includes the composition of the
photovoltaic system, which are photovoltaic cell, module and array. The output
characteristic curve of PV module is discussed. The classification of the commonly used
(MPPT) techniques including their advantages and drawbacks are discussed. A detail

comparison which include their application suitability in PV system is also presented.

2.1 Composition of Photovoltaic system

Photovoltaic system is the energy system designed to use solar irradiance to generate
electricity. This system consists of modules that have been connected in group of series-
parallel form and has fundamental component as solar cell. Figure 2.1 shows the structure
of photovoltaic system. The rated power of solar module depends on the number of solar

cells used in the design.

Modules in parallel

Photovoltaic module

v
Modules in series

Photovoltaic cell

Figure 2.1. Structure of photovoltaic system.
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2.1.1 Solar cell

Solar cell is an electrical device that transforms light energy into electricity. It is made up
of semiconductor materials, which serves as the fundamental component of the PV
module. Since solar cell is made of semiconductor materials, its electrical characteristics
such as voltage, current and resistance vary when exposed to light. It behaves as conductor
when exposed to light and becomes insulator at low temperature conditions. There are two
layers in semiconductor: negative charge on one layer and positive on the other. Electrons
are released from the negative layer when solar cell absorb photons after it has exposed to
the light. Through the external circuit, these electrons flow to positive layer, which
produces electric current [2.1]. Silicon is the most commonly used semiconductor material
for solar cell [2.2]. There are different types of solar cells, however amorphous,
monocrystalline and multicystalline are the most commonly used solar cells for
commercial purposes. These solar cells have merits and demerits based on the targeted

application [2.3].

2.1.2 Equivalent circuit of photovoltaic cell
The equivalent circuit of the PV cell with single diode is shown in figure 2.2. The
mathematical model that defines the current-voltage characteristic equation are written as
follows:

Vo

Ipv_cell = Iph - I, - R_ (2.1)
14

where, I,,, ..y is the output current of PV cell, L,, and I, are light generated current and
current of diode respectively. V, is the voltage across the diode, I, ..;; is the output

current of the PV cell and R,, is the parallel resistance. I, is given by:

I, = I [exp (%) — 1] (2.2)

where, a and V; are ideality factor of the diode and thermal voltage respectively.
The thermal voltage is written as:

kT

Vo=~ (2.3)
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Figure 2.2. Equivalent circuit model for PV cell.

where, T and k are p-n junction temperature (in kelvins) and Boltzmann’s
(1.38 x 10723J/K) constant respectively, g is the charge of electron. The voltage across
the diode is given by:

Vo = Vpv_cen + Ipv_ceuRs (2.4)

where Vy,,, ¢y IS the output voltage of PV cell. Using equations (2.2), (2.3) and (2.4), the

general current voltage characteristic of PV cell in equation (2.1) can be re-written as:

Ipv_cell = Iph — I [exp(

va_cell + Ipv_celle) _ 1] _ va_cell + Ipv_celle

7 - (2.5)

p

This current-voltage characteristic expression for PV cell involves five parameters namely
a, Ln, I, Ry and R,. The values of R, and R, are assume constants even at variable

weather conditions [2.4], where I,,, and I, are given by the following expression:

G
Ly = [Isc + k(T — TSTC)]_G (2.6)
STC
Térc (an> ( 1 1)
I.=1 —_— — = = 2.7

where, I and E; are reverse saturation current and band-gap of the semiconductor

material respectively. T is the reference temperature, Tsr. IS the temperature at standard
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test conditions, G is the solar irradiance, Gsrc is the solar irradiance at standard test

conditions (STC) and q is the electron charge (1.60217646 x 1071°C).

2.1.3 Photovoltaic module

Photovoltaic modules consist of group of series and parallel connected PV cells seal in an
environmentally protective laminate and are the basic building block of PV systems. The
PV module performance is evaluated according to its output dc power under STC and this
STC defined module operating temperature as 25° C with irradiance at 1000 W/m? under
air mass 1.5 spectral distribution [2.5]. The current-voltage relationship of PV module is
obtained in equation (2.8) using the equivalent circuit of identical PV cells connected in
series and parallel.

CI(va + Rslpv)> . 1] . va + Rslpv (2.8)

Ly, = n,L, — n,l

pv piph — Tipls [exp( akTng nst
where, n,, and ng are number of parallel and series connected PV cell respectively, I,
and V,, are PV module output current and voltage respectively. The PV output

characteristic is the current-voltage (1-V) and power-voltage (P-V) curves under STC. The

parameters which

15'|SC 600 Pmpp
~ (e = - U e e etk et
< N (@ !
ogi] S ! . %400 ! )
i : i
3 5t : | £200 |

0 . | | Vmppi YOC 0 | .

o 10 2 3 4 5 e ° 10 2 y It30 y 0 50 60

Voltage (V) oltage (V)

Figure 2.3. PV output characteristic showing five key parameters.

describe the PV output characteristic are short circuit current (Is¢), current at maximum

power point (L), voltage at maximum power point (V;,,,), open circuit voltage (V;)
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and power at maximum power point (Pp,,). Figure 2.3 shows the PV module
characteristic curves with these parameters. Apart from the aforementioned key
parameters, temperature coefficient of short circuit current, k; and temperature coefficient
of open circuit voltage k,, also play crucial role on the performance of PV characteristic
under variable weather conditions. These parameters are provided by the manufacturer

datasheet. Table 2.1 shows a typical manufacturer data sheet of a PV module SX-80W.

Table 2.1. PV module parameters (SX-80W).

Parameter Value
Maximum power (Pmax) 80 W
Voltage at Pmax (Vmp) 16.80 V
Current at Pmax (Imp) 475A
Short-circuit current (Isc) 517 A
Open circuit voltage (Voc) 21.00V
Temperature coefficient of (Isc) (0.065 £ 0.015)mA/°C
Temperature coefficient of (Voc) -(80 £ 10)mV /°C
st- 1000 Wi ' : '(a) sk 0O Wi |
?10' 600 Wi’
g
3 sb 300 Wim’ _
| L

0 10 20 30 40 50 60 0 10 20 30 40 50 60
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Figure 2.4. Effect on PV module. (a,b) variable irradiance, (c,d) variable temperature.
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Figure 2.4 (a,b) and (c,d) show that the performance of the PV characteristic largely
depends on the variation of irradiance and temperature [2.6]. It can be seen that,
temperature has extensive impact on V,. but little impact on I,.. Also I;. shows a direct
significant dependence on irradiance while the V. dependency on irradiance follows

logarithmic function [2.7].

2.1.4 Photovoltaic array

PV array comprises a number of series and parallel connected PV modules to achieve the
needed rated output power. The rated power depends on the number of PV module
assembled. The output power from the PV array is the total power generated from each
PV module [2.8]. The output power of the PV array is given by:

Parray = IpyNp X Vpy N (2.9)

where, N, is the number of strings connected in parallel in the PV array, N is the number

of PV module connected in series to form a string. Each PV module in a string should

N
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Figure 2.5. 1-V and P-V characteristic curve under normal and partial shading conditions.
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have the same parameter values to obtain the same parallel voltage. The graph of current
versus voltage and that of power versus voltage are temperature and irradiance dependent.
When PV modules in a given PV system is exposed to uniformly distributed irradiance,
single peak is generated on the P-V and I-V characteristic curves [2.9]-[2.11]. However,
when the PV modules are exposed to non-uniformly distributed irradiance, multiple peaks
are generated on the P-V and I-V curves. Figure 2.5 demonstrates the impact of irradiance
on the PV array system. The PV system is a string with 10 series connected PV modules.
The simulation result shows that under uniformly distributed weather conditions, only one
peak is generated by the PV characteristics, however, under partial shaded conditions
where PV module received non-uniformly distributed irradiance, multiple peaks are

generated with significant reduction of PV output power.

2.2 Photovoltaic system
The two modes of operation for PV system are grid connected and standalone. In each
mode of operation, MPPT is essential at any weather conditions to force the PV modules

to operate at maximum power point (MPP).

2.2.1 Concept of maximum power point tracking (MPPT) technique

At any given point in time, the PV module operates at a particular voltage and current. To
ensure that maximum power is delivered by the PV module, it is imperative to force the
PV module to operate at such operating point. This point corresponds to peak of the P-V
curve or the kneel of the I-V curve. The simple way to do this is to force the voltage of
the PV module to be that at the MPP or regulate the current as that of MPP using power
interface. The power interface can be of any topology of dc-dc converter such as boost,
buck, Cuk, SEPIC and buck-boost converters [2.12]-[2.13]. The power interface is
controlled to include the MPPT algorithm. The MPPT algorithm controls the voltage of
the PV module or the duty cycle of the power converter interface. Assume that boost
converter is used, MPPT must generate duty cycle equivalent to the duty cycle of the boost

converter given by;
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v,
D=1 —VL: (2.10)

where, 1, is the output voltage of the PV module, and V,, is the voltage of the battery
(islanded operation) or the dc link (grid connected). Figure 2.6 demonstrates the three
different operating points namely, A, B and C of the PV module under variable irradiance
conditions. When irradiance changed from G, to G5 through G, the operating point of
the PV module also changes from point A to B and then finally to C. Depending on the
position of the operating point, the MPPT generates the suitable duty cycle to control the
converter to ensure that operating point of the PV module lies at the exact positions of A,
BorC.

-
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Figure 2.6. Controlling the operating point of PV module using MPPT.

2.2.2 Implementation strategies of MPPT

Implementation strategy is an important factor to consider when choosing MPPT for a
given PV system application. This depends on the knowledge of the end-users on analog
circuitry or digital circuitry as well as the number of sensors required to implement the
MPPT. Based on these factors, MPPT technique can be categorized into four according to
its implementation. Most MPPT techniques use current sensor or voltage sensor or

combination of current and voltage sensors for their implementation. Figure 2.7 shows
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Figure 2.7. Different implementation strategies for MPPT: (a) Two sensors at PV
module, (b) Additional sensor for irradiance, (c) additional sensor to measure

inductance current, (d) additional sensor for thermography camera.

various methods for implementing MPPT. The implementation strategy for MPPT shown
in figure 2.7(a) requires either voltage sensor or current sensor or combination of both,
connected between the PV module(s) and the power converter. It is important to note that
many MPPT techniques are being implemented by this strategy [2.14-2.15]. Figure 2.7(b)
shows another method for implementing MPPT where additional irradiance sensor apart
from the voltage and current sensors is required. Most MPPT techniques based on this
implementation are expensive [2.14]. Other MPPT techniques including sliding mode
(SM) control require two current sensors of high bandwidth for practical implementation
[2.16]. These two sensors are for the measurement of PV module(s) current and inductor
current. MPPT technique with more current sensors are expensive. Currently,

thermographic camera has also been employed in the PV system application to identify
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ageing cells, hotspots of PV module during partial shading and to visualize the surface
temperature of the PV module(s) [2.17-2.19]. Figure 2.7 (d) shows MPPT implementation
scheme based on thermography principles. This implementation scheme requires sensor
for thermography camera which makes the MPPT expensive. Thus, implementation
scheme without complexity, cost effective and more efficient are the best factors to
consider. Among four implementation schemes discussed above, only Figure 2.7 (a)
implementation scheme with two sensors connected between PV module and power
converter is common for most MPPT applications. This thesis focuses on this (Figure 2.7
(a)) implementation scheme to investigate MPPT techniques under different classification

groups.

2.2.3 Classification of MPPTs

Generally speaking, there are two key factors that need to be well-thought-out when
assessing the performance of MPPT techniques [2.20]. These factors are steady-state and
dynamic operating conditions. During the steady-state conditions, the weather condition
is fixed, the operating point of the PV module is around MPP and the efficiency of MPPT
at this condition is a measure of MPPT performance. During variable weather condition,
the operating point of the PV module changes and the new MPP need to be tracked. This
is the dynamic condition and the efficiency at this condition describes the tracking
performance of MPPT. The actual efficiency is normally higher than 98% [2.21]. The
literature shows many MPPT techniques proposed by many researchers [2.22]. These
MPPT techniques can be classified into three groups according to their characteristics,
namely, model based, heuristic and hybrid techniques [2.23]-[2.25].

Model based technique uses the concept of the PV module mathematical model to track
MPP [2.24]. This method provides faster tracking speed; however, the performance of this
technique is largely affected by the accuracy of the mathematical model of the PV module
constant parameters.

Heuristic technique uses trial and error tracking technique to locate MPP [2.24]. The
principle behind this model is that, the algorithm perturbs the PV output voltage. The

algorithm then observes the impact due to the perturbation and a suitable feedback
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correction is initiated. The advantage of this model is that it does not require parametric
data for its implementation compared to the model-based method. However, the main
drawback is that the technique performs several iterations before reaching MPP and its

performance is poor under rapidly changing irradiance and temperature conditions.
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Figure 2.8. Classifications of MPPT based on implementation scheme.
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» Hybrid technique is the combination of model based and heuristic methods in
which the merits of these two techniques are used to outweigh their disadvantages
[2.19]. There are two operating stages under this technique namely, steady state
and dynamic state. During the dynamic state, the location of MPP is calculated
and operating point is moved closed to it using model based technique. The
heuristic technique then used to track the MPP at steady-state.

2.3 Heuristic MPPT techniques

2.3.1 Incremental conductance (INC) and perturb observe (P&O)/Hill climbing
techniques

INC and P&O/hill climbing are the most common heuristic MPPT techniques in PV
system application. The tracking mechanism of INC and P&O are illustrated by the
following mathematical expressions deduced from the P-V characteristic curve shows in

figure 2.9 (a) and (b). The PV module has an output power given as:

Py = Voy Ly (2.11)

ap,, dl,,
=L,+ 1 2.12
dv,, PV PV qy, (2.12)
Thus, INC algorithm can be expressed as in (2.13), (2.14) and (2.15).
dPyy dly, Iy
— =0, = ——— atthe MPP 2.13
¥, Dy~ "y 13
dP, dl I
pv pv pv
>0, > —— at the left of MPP 2.14
s TS (@1
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dP, dl I
PP <0, -2 <—-2 attherightof MPP (2.15)
dVpy dVpy Voo

Similarly, the mathematical expression for P&O is given by:

dP,, = 0 , At the MPP

(2.16)
dP,, > 0 && dV,, >0 ,Tothe left of MPP (2.17)
dP,, <0 && dV,, >0 ,To the right of MPP (2.18)
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Figure 2.9. The principles of operation of (a) INC MPPT, (b) P&O MPPT.

Both these algorithms involve direct measurement of current, voltage or power in more

accurate response. With INC MPPT technique, the MPP is tracked by comparing
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(deU/dl/;,v) to (IpU/VpU). The operation of the PV module is kept around MPP once MPP
is reached unless there is a change in the current of PV module which means both
irradiance and MPP have changed. Then, the algorithm controls the PV module voltage
to follow the reference to continuously track the new MPP. Also, with P&O MPPT
technique, the perturbation is provided to the PV module voltage and this translates to an
increase or decrease in power. If the increase in voltage leads to an increase in power, this
means the operating point is to the left of the MPP and hence further voltage perturbation
Is required towards the right to reach MPP. Otherwise, if the increase in voltage leads to
a decrease in power, this means that the current operating point is to the right of the MPP
and hence a reversed voltage perturbation is required towards the left to reach the MPP.
In this way the algorithm converges towards the MPP with several perturbations. It is
important to note that P&O and hill climbing use the same concept for optimum operating
search. Hill climbing works by perturbing the PV module voltage by changing the duty
cycle of the power converter and observing its effect on the output power of the PV
module until maximum power is extracted. Table 2.2 illustrates the perturbation directions
of P&O MPPT. The steady state performance of both INC MPPT and P&O MPPT
techniques are demonstrated using figure 2.10. Q is the point positioned on the left of MPP
while S is the point positioned at the right of MPP. R is the point on MPP. Assuming
perturbation is provided to the PV module and the operating point is shifted from Q to R,
This means that INC MPPT and P&O MPPT are operating in the conditions of
dly,/dVy, > —L,,/Vy, and  dP,, > 0 && dV,, > 0 respectively. If,  further
perturbation is applied and shifts the operating point from R to S the INC MPPT
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Figure 2.10. Steady state performance of INC MPPT and P&O MPPT.
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and P&0O MPPT satisfied the conditions of dI,,/dV,, < —1,,/Vyy

0 && dV,, > 0 respectively. This trajectory of movement of operating point from Qto S

and dP,, <

through R and then from S to R and finally to Q constitutes steady state oscillations around
MPPT. In most circumstances, INC MPPT and P&O MPPT tracking process follow the
right trajectory toward the MPP. Nevertheless, at some point under rapid increased in

irradiance, the operating point drift from MPP resulting in substantial power loss [2.26].

Table 2.2. Direction of Perturbation in P&O.

Initial voltage perturbation, V,,,, | PV power change, dP,,, Next perturbation
Positive Negative Negative
Positive Positive Positive
Negative Negative Positive
Negative Positive Negative
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Figure 2.11. Effect of drift on INC MPPT and P&O MPPT (a,b) Current, power under

sudden decrease in irradiance, (c,d) Current, power under sudden increase in irradiance.
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Figure 2.11 shows the effect of drift on MPPTs operating point during rapid changes in
irradiance. During rapid decrease in irradiance, the operating point move from MPP1 to
Q. At this condition, change of PV module current, voltage and power decreased as shown
in Figure 2.11(a,b). Both INC MPPT and P&O MPPT techniques operate in the conditions
dl,,/dVy, > — L,,/Vy, and dP,, > 0 && dV,, > 0 respectively. Thus, both techniques
follow the right trajectory toward MPP2 with no drift. Conversely, when the irradiance
increased suddenly, the operating point shifted from MPP2 to R. The change in PV module
current, voltage and power at this condition increased as shown in Figure 2.11(c,d).
However, both INC MPPT and P&O MPPT techniques operate in the conditions of
dly,/dVy, < —L,,/Vy, and dBy, <0 &&dV,, > 0 respectively. Therefore, both
techniques follow wrong trajectory toward P. Thus, these techniques experienced drift
when approaching MPP1. The problem of drift is as a result of the failure of algorithm to

distinguish the increased in PV output power due to the modulation of duty cycle from
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Figure 2.12. The INC and P&O techniques, (a) 0.25V step-size, (b) 0.5V step-size

32



variable irradiance [2.27]. The tracking performance of both INC MPPT and P&0O MPPT
largely depend on fixed step size [2.28]. However, it is difficult for both techniques to
achieve good dynamic and steady state performance with fixed step size. The use of small
step size results in lesser oscillations around MPP but the algorithms use more time to
reach MPP. Conversely, the use of big step size speed-up the tracking process, however,
significant oscillations are noticed at steady state. Figure 2.12 demonstrates the effect of
fixed step size on both INC MPPT and P&O MPPT techniques. Two different values
namely, 0.25V and 0.5V are applied in the two algorithms. It is evident that, with 0.25V
step-size in Figure 2.12 (a), the algorithms require more steps to reach MPP. This means
the algorithms use more time to reach MPP. Also, with 0.5V step size in Figure 2.12 (b),
the algorithms require few steps to reach MPP. Smaller step size results in lower
oscillations around MPP while bigger step size results in more oscillations around MPP.
It is evident from the discussions that both INC MPPT and P&O MPPT techniques have
two major limitations.

» Operating point drifts away from MPP during rapid increased in irradiance.

» Trade of issues due to fixed step size used for tracking MPP. The effect is slow

tracking speed or significant oscillations around MPP.

Many modifications of INC MPPT and P&O MPPT have been presented in the literature

to address these limitations. The following discuss some modification of these algorithm.

A) Drift free technique

Several modifications in the literature have been presented to address drift problem in
MPPT techniques during changes in irradiance. A solution is proposed in [2.29], where a
constraint is applied on the step-size of the perturbation. However, large change in
irradiance requires large perturbation step-size and this constitutes significant steady state
oscillations. A solution is proposed in [2.30] by defining the boundary condition to
establish the upper and the lower limit for PV power change, (dP,,). Since the threshold
value of (dFP,,) is irradiance dependent, the solution is not optimum. Full curve evaluation
algorithm is also proposed in [2.31]. In this solution, the trend of the entire P-V

characteristic curve is evaluated under fast changes in irradiance. However, it is
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impossible to evaluate the behavior of the P-V curve under fast changes in irradiance due
to the changes in operating point under such condition. Since an increase in irradiance

results in drift, it is important to introduce a change in output current of PV module, (dlp,,)
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Figure 2.13. Drift free analysis of INC MPPT and P&O MPPT techniques.

in (2.14) and (2.17). This is because a change in irradiance is directly proportional to the
change (dI,,). Thus, the authors in [2.32-2.33] integrated the change in current (dI,,) of
the PV module in addition to the change in PV module power, (dP,,,) and voltage (dV},,)

in the decision process to avoid drift under rapidly changing in irradiance. Figure 2.13
demonstrates drift free of INC MPPT and P&O MPPT. Thus, P&O is modified given by
the following expression.
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dPy, > 0 && dVy, >0, dl,, >0, To the right of MPP (2.19)

dP,, > 0 && dVy, <0, dl,, <0, Toleft of MPP (2.20)

Similarly, INC MPPT technique is modified as,

dl,, Ly ,

—_— > ——, Ly, > 0 To the right of MPP (2.21)
Wy~ Vi

dl,, Ly

— < -, Ly, <0 To the left of MPP (2.22)
Wy~ Vi

b) Variable step-size modification

In general, fixed step side is being used in both INC and P&O MPPTSs to draw maximum
power from the PV module. The tracking speed and steady state oscillation are dependent
on the size of step value. However, the method used to choose the step size value is not
generic and system dependent. Bigger step size value for drawing power from the PV
Module contributes to faster speed tracking, however, the algorithm experiences more
oscillations at steady state. Conversely, smaller step size value minimizes oscillations at
steady state, however, algorithm spends longer time to reach MPP. Thus, INC and P&O
MPPTs have tradeoff issues. To address this issue, variable step size technique was
developed in [2.34]. This technique is based on the gradient of the P-V characteristic curve
and initially applied in only P&O and hill climbing techniques. Also, certain parameters
to explain the technique further were not given. A variable step size is introduced in [2.35]
and this developed a simple approach to improve tracking speed and to reduce oscillations
of the algorithm. This technique was extended in INC MPPT and is based on the slope of
the P-V characteristic curve [2.34] and the slope of P-D characteristic curve [2.36]. Figure
2.14 shows that the slope (dP,,/dV,,) of the P-V characteristic curve differs at the left
and right side of the P-V characteristic curve and varies with magnitude and so a scaling

factor, N is required to adjust the slope in order to balance the left and right asymmetry of
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the P-V characteristic curve. The main drawback of this technique is that N is a fixed value
and not be suitable for all irradiance and this asymmetry becomes more substantial when
irradiance decreases as demonstrated by dotted line in Figure 2.14. A new variable step

size is proposed in [2.37] which uses symmetrical method. The mathematical expressions
related to this method is given by

Lyy| /|dlyy ]
A= 1—- |— / ——| ,To the right of MPP (2.23)
Voul/ 1dVpy
_1— |Yev| f|few
B=1 , Totheleft of MPP (2.24)
AVpo |/ Voo

The functions A and B are symmetrical to the MPP and remains symmetrical even in an

event of changes in irradiance conditions and becomes more adaptive than asymmetrical.
Several amendments have been presented to address the drawbacks in variable step-size
MPPT technique. In [2.38], two step-size values were applied to limit oscillations at
steady-state. The selected values of step-size only minimise oscillations at the selected

irradiance conditions. A new variable step-size fuzzy logic-based INC technique has been

MPP
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Figure 2.14. Variable step-size algorithm.
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discussed in [2.39]. The fuzzy logic controller varies the fixed step-size value to reach
MPP quickly. The algorithm allows fast and accurate convergence under different
operating conditions. However, the process is complicated and system dependent as it is
required to store MPP values in advance. In [2.40], the slope of the PV curve was
compared with two arbitrary points on the |-V curve to select three different step-size
values suitable for the whole operating range. Although the algorithm improves the
dynamic performance, it encounters poor steady-state performance around MPP. An
enhancement was introduced in [2.41] by removing all division terms to avoid the impact
of small changes in the voltage values. Therefore, oscillation is reduced significantly,
however, the algorithm experienced slow tracking speed at the initial operating stage of
the PV system. On the other hand, modifications have been also presented to select a
suitable scaling factor for the conventional variable step-size in INC technique. In [2.42],
a root locus technique was derived to obtain an optimum value of the scaling factor. The
algorithm achieved steady-state accuracy and dynamic response only at selected
irradiance conditions. In [2.43], two different scaling factor values were introduced.

Although, the MPP is tracked, selected scaling factors are not optimum under all operating

Table 2.3. INC and P&O with variable step-size.

Perturb step-size Comments
Reference
2.31 dP, It h more computational complexi
[2.31] Ak) = d(k — 1) + M 2o as r putationa plexity
dVpy however, the scaling factor, M s
automatically calculated.
[2.46] ap,,/Ad Due to the derivative term, the technique has
dk)=d(k—-1) £
Fy/d high computational complexity
[2.47] M|dP M is predefined and not system dependent. It
d(k) =d(k—1) + ldF.| .
d(k—1) | can only work effectively under selected
irradiance conditions.
2.48 dPp, The derivative t is | -linear;
[2.48] d(k) = d(k — 1) + M 2o e derivative term is less non-linear
dVpy however, the M is predefined and fail to
adjust the perturb step-size under variable
weather conditions.
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circumstances. Regarding P&O MPPT technique, several modifications have been
proposed and published in the literature. In [2.44], a solution is proposed to vary the
perturb value. Although, the proposed algorithm provides fast response with reduced
oscillation around MPP, however, the variable perturbation size is irradiation dependent
and may fail to perform effectively under partial shading condition. A parameter
estimation approach measured PV current and voltage to estimate the irradiance and
temperature is proposed in [2.45]. The proposed solution reduced the tracking time with
reduced oscillation but the algorithm has high computational complexity and the estimated
parameters do not provide true MPP. Table 2.3 further shows different variable step size
expressions suggested in the literature to address drawbacks in both INC and P&O MPPT.

2.3.2 Parabolic prediction technique

Parabolic prediction method is also a family of heuristic method. It is believed that this
method provides a good approximation of the variation of PV module power as a function
of variation of PV module voltage [2.49-2.50]. The basic concept of the parabolic
prediction is demonstrated in Figure 2.15 where parabolic function Q(x) is adopted to

estimate the objective function f(x) given by:

Q(x) = Ax*+Bx +C (2.25)

By locating three point (x,, x;, x, ) on the objective function f(x), equation (2.25) is

transformed as follows:

B (x — x)(x — x3) (x — x0)(x — x7)
Q00) = Flag) TP ) SO
(x — x,)(x — x1)
+ f(x2) Ay * Doy (2.26)
WherEAXij=xi—Xj i,j=0,1,2

38



This concept is mimicked to derive mathematical expression using P-V characteristic
curve where optimum working condition can be obtained to give maximum PV output
power. With the P-V characteristic curve shown in Figure 2.16, the parabolic function is
written as:

Py, = AVZ +BV,, +C (2.27)
where, A, B and C are constants. Three points, (V;, P;), (V,, P,) and (V5,P;) are
assumed to be on the P-V characteristic curve. To demonstrate the iteration process for
parabolic technique, (V;, P;), (V,, P,) and (V5,P;) are measured to calculate the

constants values A, B and C. Figure 2.17 explains the iteration stages of parabolic
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Figure 2.16. Approximating P-V characteristic curve using Parabolic technique.
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Figure 2.17. Demonstrating iteration stages for parabolic prediction MPPT.

technique to locate MPP. By moving the operating point towards the vertex of the curve
which is the peak voltage given by

B
Vpeak = 2 (2.28)

where, A < 0. After locating the new position of the operating point, the corresponding
value of P, is compared to the measured value of, P;, P, and P;. The least among these
P;, P,, P; and P, is discarded and the next iteration is performed using the rest of the three
power values. This process is repeated until MPP is tracked which almost equal to the
reference power given in (2.29)

BZ
Prear = C = 777 (2.29)

The coefficient A, B and C are calculated using the three-sampling voltage and power

values based on three different duty cycle explained in [2.51 -2.53] as

P, =AVZ+BV,+C (2.30)
P, =AV{ + BV, +C (2.31)
P;=AVZ +BV;+C (2.32)
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Thus, the peak voltage, V,.q, and the reference power, P,.qi can be calculated. This
technique has fast convergence speed; however, the selected initial point determines the
rate at which the technique converges at the MPP [2.54]. A solution based on parabolic
prediction is proposed in [2.55] to draw maximum power from the PV module where, the
three previous working duty step and their power data are used to establish parabolic
curve. The results demonstrate good dynamic response under variable weather condition.
In [2.56], a parabolic prediction is proposed where the number of current scans equal to
the series connected solar modules are utilized to calculate the global maximum power
point (GMPP) under partial shading condition. The results show fast tracking GMPP with

efficiency around 99.6%.

2.4 Model based method
Model based MPPT techniques are those algorithms, which do not give the true MPP.

They are linear approximation and curve fitting techniques.

2.4.1 Linear approximation technique

The most commonly used linear approximation techniques are the fractional open-circuit
voltage (FOCV) [2.57] and fractional short-circuit current (FSCC) [2.58] techniques.
Figure 2.19 shows the linear relationship that exists in FOCV and FSCC MPPT
techniques. Both FSCC and FOCV MPPT techniques use near linear relationship between

the current at maximum power point, I,,,,,,, and short circuit current, I, and voltage at

maximum power point, V;,.,,,, and open circuit voltage, V;,. respectively to track MPP. The
advantage of this technique is that it is easy to implement and also, only one sensor is
required. However, the technique has some disadvantages. First, it does not give the true
MPP since it only provides an estimated MPP. Second, its implementation requires
momentarily shutting down the PV array and measure the open circuit voltage under a
given temperature and irradiance conditions. This process leads to substantial power loss.
It was also stated in [2.59] that, krqcp IS not valid under partial shading conditions and

the algorithm requires additional modification to update kzocy. Such modification adds
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to the implementation complexity and leads to additional power loss. Also, under variable

weather conditions, the current at maximum power point, I,,,.,,, is nearly linearly related
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Figure 2.19. FOCV and FSCC MPPT demonstrating approximate linear relationship.
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to the short circuit current, I;.. Also, this technique requires only one sensor however,
measuring of I,. during operation is the main challenge. The power converter requires
modification by adding additional switch to momentarily short the converter and measure
the I,.. This adds to the implementation complexity and increases cost. Also, measuring
of I, also constitutes power loss as it requires periodically disconnecting the power
converter circuit. This technique also does not give the true MPP. In order to improve the
tracking performance of this algorithm under partial shading conditions, [2.59] proposed
a sweeping of PV array voltage from open circuit to short circuit in order to update kpgsc.
A solution is also introduced in [2.60] to estimate short circuit current without
disconnecting the PV module circuit. This enables the algorithm tracks better while
atmospheric conditions changes. The FOCV and the FSCC MPPT algorithms can be
classified to operate with either fixed or with variable proportionality constant (k. or kg¢)
as shown in Figure 2.20. Several FOCV and FSCC MPPT based algorithms with fixed
proportionality constant have been proposed in the literature as summarized in Table 2.5.
In these techniques, a fixed value of proportionality constant is utilized to establish the
operating point of the PV array by comparing the measured PV voltage (Vpv) with
reference PV voltage (Vrer). The MPP at fixed value of k is inaccurate at variable
irradiation condition thus, FOCV MPPT and FSCC MPPT suffer tracking power loss. On
the other hand, FOCV and FSCC MPPT based algorithms with variable proportionality
constant are adopted in literature as summarized in Table 2.6. In these techniques, the
proportionality constants are varied according to the changes in irradiation and utilized to
establish the optimum operating point of the PV array by comparing the measured Vpy
with reference voltage, Vrer. Such variation aims to improve the tracking efficiency of the
MPPT algorithms.

43



Table 2.5.

FOCV and FSCC with fixed proportionality constants survey.

Ref. Measured Methodology Comment
parameter

This method adopted FSCC MPPT to detect | Inaccurate tracking during rapidly
[2.61] Ipy changes in irradiance and further used it to | changing weather conditions.

move the operating point close to MPP to

minimize oscillation power in the hybrid

system of both FSCC MPPT and P&O MPPT.

In this method, the difference between lpy and | Poor tracking due to fixed value of K
[2.62] Ipy Isc is used to control the measurement of Iscto | in  case of varying irradiance

minimize the power loss in FSCC MPPT. condition.

This method combined FOCV technique with | Effective tracking is achieved only at
[2.63] Vpy controllable load with constant voltage | steady state because of the fixed

current sink to measure the MPP in high | value of K.

concentration photovoltaic modules.

The method detects the open circuit voltage | It has high tracking efficiency and
[2.64] Vey and then calculate the upper and lower limit | low system cost feature.

to obtain a range around the MPP. This range

drive the operating point closer to the MPP.

This method utilizes the relationship between | The technique has good tracking

Ipy optimum operating current and the short | capability but performed poorly

[2.65] circuit current to obtain maximum output | under variable irradiance conditions.

power from the PV panel. This was proposed

to be used in multiple PV and chopper module

system.

Semi-pilot cell is used for periodical | This method is capable of providing

Vev measurement of open circuit voltage which is | high average power to the load during

[2.66] performed on one PV cell located at the edge | irradiance change. However, it is

of a PV panel. prone to poor tracking performance

due to irradiance change.

In this method, graphical approach is used to | This method makes use of data base
[2.67] Ipy measure short circuit current, Isc where curve | and capable of supplying power, but

fitting technique is used to establish the | does not provide true MPP because it

relation between Iscand Ipy involves many approximations.
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In this method, a functional low power | This method reduces the complexity
[2.68] Vey management application on-chip with FOCV | of the system as it uses few

MPPT was designed wusing CMOS | components for implementation.

technology. This technique achieved high

efficiency through self-synchronize diode and

was capable of reducing power loss due to

substrate diode negative voltage.

This method uses intelligent fractional order | The suggested novel controller can
[2.69] Vey open circuit voltage coupled with incremental | reduce the tracking time less compare

conductance. This method gives the | to the conventional technique

intelligent measurement of voltage and

current.

In this method, both FOCV and FSCC | Poor tracking performance during
[2.70] | Vpy & Ipy techniques were integrated in PV system to | changes in irradiance.

harness power. These two MPPT controllers

determine the required optimum operating

point.

A two-stage hybrid system of FSCC and INC | The system demonstrated high
[2.71] Ipy was developed where FSCC technique was | tracking speed.

used to force the PV system to operate near

MPP before INC technique is applied to track

the actual power.

Table 2.6. FOCV and FSCC with variable proportionality constants survey.

Ref Measured Methodology Comment
parameter

[2.72] Vpy Two input parameters of fuzzy logic | Accurate tracking of PV output power
enhanced by fractional open circuit voltage | at extreme weather condition with
MPPT technique is introduced to track | good efficiency.
MPP.
In this method, the FSCC MPPT is used to | Good tracking during changes in

[2.73] Ipy determine the new operating point and also | irradiance but not cost effective
further used to determine the perturbation | because it requires sensor for
size to control the irradiance. irradiance measurement.
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agent. In this case, FOCV MPPT is made to | condition.
enhance the initial starting point of the
traditional fuzzy MPPT algorithm. This
technique gives fast and accurate

convergence to the MPP.

This method combined the ant colony | The controller gives good response

[2.74] Vey optimization method with enhanced fuzzy | under extreme variation of irradiation

koc- An adaptive cascade MPPT controller | for only selected irradiance level.

was formulated based on the voltage factor

koc.

In this method, a PV system was modeled to | Good tracking performance, however,

[2.75] Vey detect the variation of optimal voltage factor | the optimal factor works effectively

2.4.2 Curve fitting technique

Simplification of a single diode equivalent circuit of PV cell offers reasonable reduction
of computational burden, however, compromises system accuracy due to assumption of
some parameters [2.76]. MPP is the peak point on the P-V characteristic curve and this
point can be predicted by modeling the P-V characteristic curve offline using numerical
approximations [2.77]. Curve fitting MPPT technique is used to develop mathematical
function that has the best fit to a series of data point of the P-V characteristic curve. In

order to achieve P-V curve fitting, a third order polynomial is used [2.78] and is given by

P=aV3+bV:+cV+d (2.33)

where a , b, ¢ and d are constants and are obtained by sampling in a span of few

milliseconds of PV module voltage and power. By differentiating (2.33) gives

dP

— = 242 2.34
TG 3aV“ +2bV + ¢ (2.34)
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acthe mpp, 2E _ 235
N T (2.35)

Hence, the voltage at MPP is estimated as

—b ++Vb? —3ac
Vipp = o (2.36)

A solution is proposed in [2.79] to model the PV array polynomial. The parameters of the

model are calculated by measuring the current and voltage at three different positions

around MPP to estimate V,,,,,,. The analysis of the proposed solution in [2.79] is given by

I=a+ BVY (2.37)
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Figure 2.21. Performance of curve fitted MPPT technique.

where o, B, and y are constants, calculated from the estimation algorithm and they
represent short circuit current, open circuit voltage and fill factor of PV module
respectively. These values can be estimated using three pairs of measured voltage and

current values viz, (v4, i), (v, ,i,) and (v, i3). Differentiating (2.37) gives

dl
I'= ridn Byv&—b (2.38)

47



Using the three coordinates of the voltage and current,

i — i I3 — Iy
o, = , Iy =
12 v, — Vg 23 V3 — Uy
V1 + v, U, + V3
12 = > ’ Voz = 2
Thus, combining (2.37), (2,38) and (2,39) gives;
Ho=png ™" = pudY

where the values of a, 8 and y can be calculated as follows:

I
m ()
Yy = 2 +1
In (h
V23
Using (2.40) and (2.41) gives,
g = Ii;
A
Hence, a=1— BV

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

Figure 2.21 demonstrates the tracking process of curve fitting MPPT technique. This

technique tracks faster and requires few iteration steps to reach MPP unlike heuristic

technique where several iterations are required. However, curve fitting has high

computational burden compared to heuristic technique. Also, the technique carefully

requires selection of positions of the three coordinates for current and voltage to improve

tracking performance.
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2.5 Hybrid MPPT technique

Hybrid MPPT algorithm is a developing solution capable of detecting MPP effectively.
This technique consists of two to three different MPPT algorithms in one MPPT technique
and is specifically developed to overcome the weakness of individual MPPT algorithms.
The following discusses various classifications of hybrid MPPT techniques.

2.5.1 Heuristic based MPPT hybrid with artificial intelligence (Al)

Heuristic MPPT techniques are those algorithms which track MPP without using trial and
error approach [2.80]. P&O and INC MPPT algorithms are common examples and are
found to be the most widely used MPPT techniques for commercial purposes because they
are accurate at tracking MPP, straight forward and easy to implement. However, their
tracking time and accuracy largely depend on the step size used. Thus, integration of
heuristic MPPT with Al is essential to overcome such limitation both at normal and partial
shading conditions where multiple peaks are generated by the P-V characteristic curve. A
hybrid P&0O MPPT with genetic algorithm (P&O-GA) is proposed in [2.81] to track global
maximum power point (GMPP) during partial shading and intermittent conditions. Six
chromosomes within the range of 10% to 90% are taken as six duty ratios. The first three
chromosomes and duty cycle are applied in GA to establish the initial operating point of
the hybrid P&O-GA. As the step length decreases, the step-size of the P&O decreases to
track the MPP. The step size of P&O for next iteration to track GMPP is given by the

following equation;

dk = dk—l + Adk (245)

where, Ad;, = alAdj_, and a = 0.9. The results show fast tracking time, less oscillation
around MPP and significant reduction of number of iterations. Hybrid solution which
involved P&O and particle swamp optimization (P&O-PSO) is proposed in [2.82]. In this
method, conventional P&O MPPT is used to track MPP and maintains the operating point
until the PV system experienced partial shading condition. Under this condition, PSO

technique is then applied to search for GMPP from other local peaks until GMPP is
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tracked. Hybrid INC with PSO MPPT technique is also proposed in [4.83]. This technique
has two stages of operation. In the first stage, INC technique is used to track local MPP
while in the second stage, PSO is employed to track GMPP under severe weather

conditions. This technique tracks GMPP faster as compared to only PSO technique.

2.5.2 Heuristic based hybrid MPPT with model based MPPT technique

Fractional open circuit voltage (FOCV) and fractional short circuit current (FSCC) MPPT
techniques are typical examples model based MPPT technique as they both track MPP
while the PV module periodically isolates from the power converter at a point in time for
the measurement of V. or I5.. To improve the tracking speed and reduce the number of
iterations in any of the heuristic MPPT technique such as INC and P&O MPPT techniques,
a heuristic based MPPT with FSCC or FOCV is essential. This hybrid technique makes
use of high tracking speed of offline MPPT and precise accuracy of online MPPT to
achieve high efficiency. A hybrid is developed from P&O and FSCC MPPT techniques
and presented in [2.84] where current perturbation is used instead of voltage perturbation.
The results show fast tracking performance and less oscillation around MPP. A hybrid
MPPT technique is proposed in [2.85] using model and model based MPPT techniques.
In this technique, FSCC MPPT technique is used to bring the operating point close to the
MPP while P&O is used to track the real MPP. Figure 2.22 shows a typical hybrid MPPT
technique. The advantage of this technique is that it reduces the number of iteration
processes to speed up the tracking, however, the algorithm performs poorly under variable

irradiance and temperature conditions.

600} Stage 1: | .. Stag€ 2: MPP ]
Approximated wgee-co. *‘ 4 tracked by P&O

MPP tracked by  “Se«_

400 Fscc By

Stage 3: |
Subroutine

Power (W)

0 10 20 30 40 50 60
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Figure 2.22. Hybrid MPPT technique.
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2.5.3 Beta method

Beta method is another exceptional MPPT method in the family of hybrid MPPT method
for PV system application. This technique is first proposed in [2.86] to help address issue
associated with step size in conventional MPPT techniques when the operating point of
the PV module is far from the MPP. The intermediate variable S, which is calculated from

Vyy and I, is used to establish the rules of the operation and also calculate variable step-

size to track MPP. This intermediate, £ is calculated mathematically by

Ipy
B =)~ wh (2.46)
pv
q
where, u = NookT (2.47)
s
Sense Vpv(k), Ipv(k)
v
Bk =1 L ®) —uxV_(k)
(k) =In| m =V
First stage

< L.l P) <B(R)< 5

Second stage

L]
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[ ]
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> Update D

Figure 2.23. Flow chart of beta MPPT technique.
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where, « is the conductance, q is the charge of an electrons, k is the Boltzmann’s constant,
@ is the ideality factor, T is the ambient temperature (Kelvin). The beta method is used
together with one of the online MPPT technique such as P&O and INC MPPT techniques.
The principle of operation is illustrated in Figure 2.23. The initial stage of this technique
is the measurement of V},,, and ,,,, from the PV module of which the intermediate value
B, 1s calculated. The range of operating for intermediate value, S, is established based on

the operating conditions of PV module such as irradiance and temperature and is given by

,Bmin < .Ba(k) < .Bmax (2-48)

Where, Bin and Bq, are the minimum and maximum boundary conditions value
respectively for B,(k). The values of B, and B4 are calculated using variable
irradiance and variable temperature. If the value of 8, (k) is within the specified range,
this means that the operating point of the PV module is close to MPP. Then the hybrid
technique switches into second stage as indicated in Figure 2.23, where conventional
MPPT technique is used to track MPP. If S, (k) fall outside the range of Bnin and Brmaxs
this means the operating point of the PV module is far from the MPP. The Beta technique

then switch into first stage with variable step size value calculated as

AD =N x (Ba(k) — By) (2.49)

where, N is the scaling factor to vary the step size, and g, is the guiding value and it is

the middle value of ,,;, and B,,.x- The Beta technique then move the operating point
close to the MPP, where the process is repeated by switching first and second stages
depending on the operating condition at a point in time to track MPP. Different MPPT
techniques were comprehensively evaluated in [2.87-2.88] and it is evident that Beta
method has fast tracking performance both at steady-state and dynamic conditions with

minimum power oscillations. However, its accuracy depends on the implementation and

52



the calculated value of g,. Also, tuning of N and 5, is a big challenge which affects the

performance of the technique [2.89].

Table 2.7 depicts advantages, drawbacks, and application of Hybrid MPPT technique.

Table 2.7. Advantages, drawbacks and applications of hybrid MPPT techniques.

Hybrid Advantages Drawbacks Application

MPPT

GWO/P&O | This has fast convergence speed with | The main drawback is its | Grid-
minimum power oscillation around | advanced level mathematical | connected
MPP. The process of tuning is neglected | computations burden.
by this hybrid combination.

PSO/P&O The modelling of the algorithm and | Significant oscillation around | Grid-
hardware implementation are much | the MPP. connected
simpler.

FSCC/P&O | The integration of both techniques | Significant power loss under | Grid
records high tracking efficiency and | dynamic weather condition. connected.
precise tracking accuracy around MPP.

FSCC/INC | This hybrid technique is more robustand | The  technique requires | Grid
has low power oscillation around MPP | sophisticated microcontroller | connected.
under dynamic weather condition. which is costly to implement

variable step-size.

FOCV/P&O | This hybrid technique is less complex | The technique has higher | Grid
and easy to implement with fast tracking | power oscillation around MPP | connected.
capability. under  dynamic  weather

conditions.

P&O/GA The integration of both technique | The design of the membership | Grid-

records fewer iterations and low | function is complex to achieve | connected.

population size. The algorithm locates

MPP at relatively short time.

accurate tracking.
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2.6 Comparison of MPPT algorithm

Although, there are many MPPT techniques available for PV system operations, however,
it might not be clear to the user, which one is better for a given application. The main
features that need to be considered when choosing MPPT for a suitable application are

discussed below:

2.6.1 System implementation

Implementing MPPT techniques requires the use of circuits and these are analog and
digital circuits. If one’s knowledge is on analog circuitry, then fractional open circuit or
short circuit current are good option. With digital circuitry with programming and

software, INC, P&O/hill climbing, fuzzy logic are suitable options.

2.6.2 Number of state variables

Control variables such as current, voltage, temperature and solar irradiance are required
to implement MPPT applications. It is more cost effective and easier to implement MPP
with voltage sensor than current sensor. This is because current sensor is more expensive

and bulkier.

2.6.3 Cost of designing MPPT circuitry

Some applications do not consider cost as issue but requires accurate MPPT device. Such
applications are large scale residential, space craft, solar vehicle, industry etc. Other
applications such as water pumping for irrigation and small residential applications
requires low cost MPPT. It is obvious that cost is one of the factors that need to be consider
when designing MPPT circuit. Also, Table 2.8 shows the performance comparison of

various parameters in commonly used MPPT.
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Table 2.8. The main characteristics of MPPT technique.

MPPT Tracking | Tracking | Analog or | Parameter | Sensed Complexity | Cost

method speed accuracy digital? tuning? parameter

INC Medium Medium Digital No Voltage Complex Expensive
and current

P&O Slow Medium Both No Voltage Moderately | Expensive
and current | complex

Parabolic Fast Medium Digital No Voltage Simple Expensive

prediction and current

FOCV Fast Low Both Yes Voltage Simple Inexpensive

FSCC Fast Low Both Yes Current Simple Inexpensive

Curve fitting | Fast Low both No Voltage Simple Inexpensive
and current

FSCC/INC Fast High Both Yes Voltage Complex Expensive
and current

FSCC/P&O | Fast High Both Yes Voltage Moderately | Expensive
and current | complex

FOCV/P&O | Fast High Both Yes Voltage Moderately | Expensive
and current | complex

GWO/P&O Medium High Digital Yes Voltage Medium Expensive
and current

P&O/PSO Fast Medium Digital Yes Voltage Moderately | Expensive
and current | complex

P&OIGA Medium Medium Digital Yes Voltage Moderately | Expensive
and current | complex

INC/PSO Fast Medium Digital Yes Voltage Complex Expensive
and current

Beta method | Fast Medium Digital Yes Voltage Moderately | Expensive
and current | complex
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2.7 Summary

In this chapter, the structure of the photovoltaic system configuration, which are
photovoltaic cell, module and array were discussed. A summary of MPPT techniques was
studied based on the implementation scheme. These MPPT techniques were categorized
into three namely, heuristic, model based and hybrid methods. The performance
comparison of the aforementioned MPPT techniques was discussed with high tracking
accuracy except model-based method. Curve fitting and parabolic are only MPPT
techniques, which require initial set points and this needs to be carefully selected. Model
based and hybrid techniques generally have high tracking accuracy however, some
parameters need to be tuned accurately to ensure good performance at both steady state
and dynamic conditions. Also, implementation strategy, cost, application, circuitry,
control variable are useful factors to be consider when selecting MPPT for given
application.

In general, the comprehensive literature review discovered important limitations in FOCV
MPPT, FSCC MPPT and conventional variable step-size incremental conductance MPPT.
The subsequent chapters discussed the limitations and new FOCV MPPT, FSCC MPPT
and variable step-size incremental conductance MPPT are suggested to overcome their

limitations.
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Chapter 3

New optimum proportionality constant values for fractional
open circuit voltage (FOCV) and fractional short circuit
current (FSCC) MPPT techniques

In this chapter, the impact of temperature and irradiation on the performance of
proportionality constants in FOCV and FSCC MPPT techniques is investigated. Based on
this analysis, optimum values of proportionality constants due to variation of both
temperature and irradiance are obtained. A modified FOCV and FSCC MPPT techniques
based on optimum values of proportionality constants are proposed. The theoretical
analysis of the new techniques is carried out while simulation is used to validate the

practicability of the proposed techniques.

3.1 Background

The electrical parameters of PV module such as short circuit current (Is.), open circuit
voltage (Vo) and maximum output power (P,4,) Change with the variation of both
temperature and irradiance. The band gap of solar cell reduces when temperature
increases, which affects the electrical parameters such as Igc, Vo and Byq, [3.1-3.3].
Generally, when the surface temperature of PV module increases, the output power
decreases which leads to a decrease in efficiency [3.4]. Temperature coefficient also plays
a crucial role in the performance of PV system. Research works in [3.5-3.6] shows that,
an improvement of 0.1%/°C in the temperature coefficient increases the annual output
power of the PV modules by 1%. This improvement could contribute to a huge output
power for PV system especially in utility scale capacity. Temperature and irradiance
variations do not only affect the efficiency of the PV module but also affect the tracking
performance of the MPPT technique. It is reported in [3.7-3.10] that, rapid variations of
temperature and irradiance, change the tracking process of the MPPT technique. In this
case the MPPT is unable to distinguish the effect of temperature or irradiance variation

with respect to voltage change. Thus, the algorithm fails to track the MPP due to changes
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in operating point of the PV module. The performance of FOCV MPPT and FSCC MPPT
techniques are dependent on the proportionality constant. This constant enables the MPPT
locate new operating point in an event of temperature and irradiance variation. Fixed
proportionality constant compromises the efficiency of both FOCV and FSCC MPPT
techniques at all time. The literature in chapter two shows different methods to vary
proportionality constant under variable irradiance condition. However, little attention has
been given in the area of temperature variation and how it affects the performance of the
proportionality constants in both FOCV and FSCC MPPT technique. Thus, this chapter
proposed new optimum proportionality constant values for both FOCV MPPT and FSCC

MPPT technique based on the impact of temperature and irradiance variations.

3.2 Proposed optimum proportionality constant for FOCV MPPT technique

The maximum voltage, V,,,,,, under normal environmental condition is located at a value

which is a fraction of V¢ and is given in (1) as;

Vmpp = kocVoc (3-1)

where, Vo is the PV module open circuit voltage. Typically, the value of k,. ranges
between 0.73-0.85 [3.11]. Figure 3.1a shows the current-voltage characteristic curve of
the five PV modules of different level of irradiance. This figure is used to generate the
relationship between PV module voltage at MPP and its open circuit voltage at different
irradiance conditions as shown in Figure 3.1b. It is evident that as the irradiance level
changes both voltage at MPP and open circuit voltage vary accordingly. Thus,
proportionality constant must also vary accordingly to improve voltage and power at MPP.
The MPP for FOCV MPPT is estimated under different irradiation levels shown in Table
3.1 and temperatures 25° C and 50° C. The open circuit voltage is measured periodically
using the flow chart and the corresponding circuit diagram in Figure 3.2a and Figure 3.3a
respectively. The proportionality constant k. is varied from 0.73 to 0.91 with an interval
of 0.02 until an optimum value is obtained under variable temperature and irradiance

conditions. The maximum power corresponding to the optimum proportionality constant
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is estimated. The corresponding FOCV MPPT algorithm tracking efficiency is depicted
in Figure 3.3. The tracking performance of the MPPT algorithm is evaluated using MPPT

efficiency expression given by

Epy

Eavai

where, E,,, is the total extracted PV energy and Eg,q; is the available PV energy. Figure

3.4a shows the efficiency variation with k- at 25° C while Figure 3.4b shows the tracking
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Figure 3.1. (a) Current-voltage characteristic curve with different irradiance level, (b)
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Figure 3.3. Circuit diagram for measurement (a) open circuit voltage, (b) Short circuit current

efficiency at 50° C. The values of optimum proportionality constants corresponding to the
various irradiance level are plotted. It is evident that the value of k. not only depend on
the irradiation level but also is temperature dependent. As a result, for a fixed irradiation
the value of k,. must re-tuned to gain the highest tracking efficiency. The variation of
optimum k. at 25° C and 50° C for the irradiation levels in Table 3.1 is shown in Figure
3.5.

Table 3.1. Irradiance level.

Irradiance (W/m2) | 500 600 700 800 900 1000 1100 1200
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3.3 Proposed optimum proportionality constant for FSCC MPPT technique
The MPPT for FSCC is based on the fact that maximum current is located which is a

fraction of short circuit current, Is. given by
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]mpp = ksclsc (33)

where kg is the proportionality constant with typical value between 0.78-0.92 [3.12].
Figure 3.6 shows the relationship between current at MPP and short circuit current where
these parameters vary under variable irradiance conditions. This means a suitable
optimum proportionality constant is required at any given irradiance conditions to provide
an improved PV output current and power. Similarly, the MPP using FSCC MPPT is
estimated under the same irradiation levels shown in Table 3.1 and temperatures 25°C and
50°C. The proportionality constant for FSCC MPPT is varied within the range of 0.8 to
0.94 with an interval of 0.01 until an optimum value is obtained. The short circuit currents
are measured periodically using the flow chart and circuit diagram in Figure 3.2b and
Figure 3.3b respectively. The maximum current and power corresponding to the optimum
proportionality are calculated. The corresponding FSCC MPPT algorithm tracking
efficiency is depicted in Figure 3.7. Figure 3.7a shows the efficiency variation of FSCC
MPPT with kg at 25°C while Figure 3.7b shows the tracking efficiency at 50°C.
Therefore, for a fixed irradiation the value of kg must re-tuned to gain the highest tracking
efficiency. The variation of the optimum kg at 25°C and 50°C corresponding to various

irradiation levels in Table 3.1 is given in Figure 3.8.

0 L L 'l L Il
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Short circuit current (A)

Figure 3.6. Relationship between current at MPP and short circuit current.
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Figure 3.8. Optimum kg values for FSCC MPPT algorithm.
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3.4 Impact of the proposed optimum proportionality constant value on the
performance of FOCV and FSCC MPPT techniques

The effectiveness of the proportionality constants in FOCV and FSCC MPPT techniques
were validated using a grid connected PV system described in Figure 3.9. The system is
simulated using MATLAB/SIMULINK software. The PV array is formed by connecting
5 USL-K020 modules in series to provide overall power of 100W. The specifications of
each PV module at standard test condition are given in Table 3.2. The switching frequency
of the boost converter is 10kHz and the two MPPT algorithms are subjected to the same
conditions of temperature and irradiance. The proposed proportionality constant values
were used to improve the tracking efficiency of both FOCV and FSCC MPPT techniques.
The optimum proportionality constants are implemented using look up table. Figure 3.10
shows the block diagram representation of the proposed controllers for photovoltaic
system application. Opening and shorting the circuit of the boost converter becomes
necessary when implementing both FOCV MPPT and FSCC MPPT techniques. Since
these measurements of V. and Is. involve power loss, the measurement is being done in
milliseconds. Figure 3.11a shows the flow chart of FOCV MPPT while Figure 3.11b
shows the flow chart of FSCC MPPT. The effectiveness of the proposed FOCV MPPT
and FSCC MPPT algorithms are validated through simulation and compared with
conventional FOCV MPPT and FSCC MPPT with their fixed values ko, and kg
respectively. A scenario is considered to implement the PV system. In this scenario, a

fixed irradiation of 500W/m? is applied with a step temperature change of 25°C, 40°C and
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Table 3.2. USL-KL020 module specifications.

Parameter Value
Maximum output power (Pmax) 20W
Maximum power Voltage (Vwmee) 17.1v
Maximum power current (lvep) 1L.17A
Nominal open circuit voltage (Voc) 21.5V
Nominal short circuit current (lsc) 1.30A
Standard Test Conditions 25°C & 1Kw/m2

Irradiance

G >
: > Boost Batte ry
T

\ 4

~| Converter

Temperature
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d
»] FOCVIFSCC
> MPPT
Look up Table »| Controller
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Figure 3.10. Block diagram representation of the proposed MPPT techniques.
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Figure 3.11. (a) Flow chart of FOCV MPPT, (b) Flow chart of FSCC MPPT.
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Figure 3.12. Proposed and conventional at fixed irradiance and variable
temperatures(a) FOCV MPPT (b) FSCC MPPT.

50°C at 0.2s for FOCV and FSCC MPPT. The performance of the suggested methodology
is observed by comparing the results obtained with traditional FOCV MPPT and FSCC
MPPT. Fig. 3.12a shows the tracking efficiency of proposed FOCV MPPT controller
compared with conventional FOCV MPPT. While Fig. 3.12b shows the tracking
efficiency of the proposed FSCC MPPT compared with conventional FSCC MPPT.
Variable irradiance is also applied with a step temperature change of 25°C, 40°C and 50°C
at 0.2s for both FOCV MPPT and FSCC MPPT. Fig. 3.13a shows the tracking efficiency
of FOCV MPPT and Fig. 3.13b shows the tracking efficiency of FSCC MPPT both
compared with their conventional MPPT. It is evident that the two proposed MPPT
controllers retuned their k values to gain high tracking efficiency when a change occurred
to temperature and or irradiation where the conventional controllers lack such feature. In

order to establish the impact of periodical measurement of open circuit voltage and short
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circuit current on the performance of the proposed FOCV MPPT and FSCC MPPT, a step
change of irradiance level (1000 900 800 700) W/m2 at 50°C is implemented. Figure 3.14
shows the performance of the two proposed MPPTSs. It observed that as the number of step
change increases, the more periodical measurement for open circuit voltage and short
circuit current are required. This increases the losses due intermittent operation of power
converter switches. Thus, the tracking power decreases substantially as the step change
increases. This is the limitation of the proposed algorithms; however, the algorithms
retuned their proportionality constant values to gain high tracking efficiency. In general,
the impact of temperature on the performance of FOCV MPPT and FSCC MPPT become
significant if their proportionality constants remain fixed under variable irradiance.

However, with variable proportionality constants under variable irradiance condition, and
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Figure 3.13. Proposed and conventional at variable irradiance and
variable temperature (a) FOCV MPPT (b) FSCC MPPT.
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Figure 3.14. Proposed FSCC and FOCV MPPTSs under step changing irradiance.

Table 3.3. Performance of proposed and conventional FOCV MPPT and FSCCMPPT
under two step changes in irradiance at 50°C temperature.

Temperature Condition MPPT method MPPT efficiency (%)
from 500W/m2 Conventional FOCV MPPT 96.24
to 700W/m2 Proposed FOCV MPPT 99.07
from 700W/m2 to | Conventional FOCV MPPT 96.35
50°C 1000W/m2 Proposed FOCV MPPT 99.18
from 500 W/m2 to | Conventional FSCC MPPT 96.72
700W/m2 Proposed FSCC MPPT 99.83
from 700 W/m2 to | Conventional FSCC MPPT 96.78
1000 W/m2 Proposed FSCC MPPT 99.60

With temperature as high as 50°C, has little impact on the performance on both FOCV
MPPT and FSCC MPPT. This is because both algorithms re-tuned their optimum
proportionality constants to gain high tracking efficiency. Table 3.3 and Figure 3.14
compare the performance of the proposed FOCV MPPT and FSCC MPPT. Based on their
tracking efficiencies, it is evident that, FSCC MPPT exhibits good performance than
FOCV MPPT even under high temperature operation condition.

3.6. Summary

In this chapter, optimum proportionality constant values due to temperature and irradiance
variations for both FOCV MPPT and FSCC MPPT techniques have been explored. The
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steady-state performance of each algorithm has been investigated for different levels of
irradiations. Moreover, the two algorithms were tested for two different temperatures
namely: 25°C and 50°C. At each and every specific irradiation and temperature the
optimum proportionality constant is obtained. The proposed MPPT controllers have been
validated to verify the design using new optimum values of k,. and k.. which have good
performance over conventional FOCV MPPT and FSCC MPPT.
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Chapter 4
Modified Variable Step-Size Incremental Conductance MPPT

Technique for Photovoltaic Systems

In this chapter, the limitations and structure of conventional variable step size incremental
conductance (INC) technique are investigated. A new variable step size incremental
conductance maximum power point tracking (MPPT) technique for photovoltaic system
is proposed. The new MPPT technique utilizes the slope angle between PV module
voltage and power to improve the performance of the conventional variable step size INC
technique. Additionally, an autonomous scaling factor is proposed to replace the constant
preset scaling used in conventional variable step-size to minimize the limitations.
Simulation and experimental results are presented to validate the feasibility of the

proposed variable step size incremental conductance.

4.1 Limitations of conventional variable step-size INC technique

As discussed in chapter two, the conventional variable step-size INC works differently to
conventional INC algorithm with preset step-size as shown in Figure 4.1. The generated
PV module output power with a large step size contributes to excessive power oscillations
at steady-state, but faster dynamics response resulting in a comparatively low tracking
efficiency. An opposite scenario occurs when smaller step-size is applied in the MPPT.
Thus, without a suitable optimum step-size value, both steady-state accuracy and fast
dynamics cannot achieve simultaneously. A variable step-size discussed in [2.35]
addressed this challenge as the step-size gets smaller when the algorithm approaches MPP.
The variable step-size which replaces the fixed step-size in conventional INC MPPT in

[2.35] is given by:

dP,,

dv,,

D(k)=D(k—-1) £ N (4.1)

where,
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Sample
Vpv(k), Ipv(k)

A 4

dVpv = Vpv (K)- Vpv(k-1), dlpv = lpv(K)-lpv(k-1)

dPpv = Vpv(K) * lpv(K) - Vpv(k-1) * Ipv(k-1)

—_ Nkape o
Step(k) =N absW

D(k) = D(k-1)

D(k) = D(k-1)

DK) =D(k-1)| [D)= D(k 1) D(k) = D(k-1)| [D(k) = D(k-1)
- step(k) + step(k) - step(k) + step(k)
¥ ¥ 1 ¥ v

Update Vpv(k-1) = Vpv(K), Ipv(k-1) = lpv(k)

Figure 4.1. Flow chart of conventional variable step-size INC MPPT algorithm.

dPy, = By, (k) — P, (k — 1) (4.2)
AVpy = Vpu (k) = Vpp (K — 1) (4.3)
Where, D(k) and D(k — 1) are the present and previous duty cycle at k and k — 1 samples

respectively, B, (k) and P, (k — 1) are the present and previous PV module power at k

and k — 1 samples respectively, V,,,(k) and V,,,(k — 1) are the voltage at k and k — 1
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samples. N presents the preset scaling factor necessarily used to fine-tune the step-size at
the design stage to compromise between dynamic response and steady state precision.
Figure 4.2a shows the behavior of the conventional variable step-size INC in a typical PV
system under different irradiance levels. The PV module output power oscillates around
the MPP when PV module operates around its optimum point. It is obvious as shown in
Figure 4.2a, that the PV module output power moves slowly to the new MPP when
irradiance changes. The duty cycle in Figure 4.1b verifies the converter response under
variable irradiance conditions. Significant duty cycle oscillations around optimum value
is experienced at steady state. These oscillations are due to the high step-size value during
small PV voltage change. It is importance to note form Figure 4.1b that the algorithm
drifted when irradiance increased from 400 W/m2 to 1000W/m2. Figure. 4.3 verifies
the impact of the scaling factor on the PV output power. It can be seen that the large
scaling factor in conventional variable step-size compared to the optimum one can provide
a faster dynamic response but excessive oscillations at steady state. Although, the
technique in [2.35] replaces the step-size in conventional INC MPPT, it also has the
following limitations:
» The scaling factor, N in conventional variable step-size INC MPPT is not optimum and
only works effectively at the selected irradiance conditions.
> The variable step-size is a dependent on the slope (dP,,/dV,,) of P-V characteristic
curve. A small change in PV module voltage increases the magnitude of the step-size.
This leads to a significant power oscillation around MPP.
» The technique has slow tracking performance under variable irradiance conditions.
It is also important to mitigate the impact of the condition dV,,, = 0 by capping the step-
size value. However, the algorithm will only work effectively at a selected irradiance since
the step-size is not generic and system dependent. The algorithm will experience
significant oscillation at different irradiance level. Based on the above limitations, a new

variable step-size INC MPPT is proposed to address the limitations.
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Figure. 4.2. Drawbacks of conventional variable step-size INC MPPT with optimum

scaling factor: (a) PV modules output power, and (b) Duty cycle.
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Fig. 4.3. PV module output power characteristic with bigger scaling factor compared

to optimum value.

4.2 Proposed variable step-size INC algorithm

The PV module operating voltage ranges between 0—V, ., however unnecessary sampling

within large range slows down the tracking speed. Limiting the search range restricts the

85



viable operating range, thus reduces the tracking time for the MPPT algorithm. Therefore,
an initial sampling value of 76% of open-circuit voltage is embedded in the proposed
algorithm to restrict search range [4.1]. This is to enable the proposed MPPT to record
fewer perturbation directions before converging at MPP. Hence, the structure of proposed
MPPT technique for PV system is defined by dividing the search range of the P-V
characteristic curve shown in Figure 4.4 into three regions, namely A, B and C. For
satisfactory speed response, the operating range for the proposed MPPT technique is given
in inequality (4.4).
0.76Vpe < Vo (k) < Ve (4.4)

The proposed MPPT algorithm is divided into three parts. The following subsections

explained them:

4.2.1 Proposed Autonomous Scaling Factor

Conventional variable step-size technique includes a preset scaling factor, which cannot
achieve both fast dynamic response and steady-state precision. Therefore, the scaling
factor should be varied to reduce the power loss at steady state. Figure 4.4 shows the
characteristic curve of the PV module and the study of it demonstrates an important
observation near the MPP. The output voltage variation of PV module is mimicked to vary

the scaling factor to enhance the tracking performance during transient and steady-state

PV out power (W)

0.76V Ve Voo
Voltage (V)

Figure 4.4. P-V Characteristic curve describing the search range.
situations. The range of voltage change for region B and C, are respectively given in
equations (4.5) and (4.6).
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AV = Vo (k) — 0.76Vj, (4.5)

AV = Voe = Vpy () (4.6)
To ensure an adjustable scaling factor towards the MPP, a new autonomous scaling factor
is proposed, which can be illustrated in terms of AV, and AV, given in (4.7).

.\
R\

va(k) — 0.76V5c
V;)c - va(k)

(4.7

4.2.2 Estimation of V,,

For accurate operation plus avoid adding any extra hardware components, the proposed
variable MPPT technique estimates the V. value. This voltage is required in calculating
the proposed autonomous scaling factor. Most of MPPT algorithms use either temperature
or irradiance sensors or both to estimate V.. Therefore, the value can be estimated given
in equation (4.8) as in [4.2- 4.4].

G
Voe = Vac_stc + aVeln (52=) + ku(T = Tsrc) (48)

Where, Gsre, Voo ste, and Tgpe are the solar irradiance, open circuit voltage and
temperature at standard test conditions respectively. G, V;, T and k,, are the operating solar
irradiance, thermal voltage, operating temperature, and temperature coefficient of V.
respectively. [4.5]. The output current of the PV module and its short circuit

current, Isc sy has a linear relationship [4.6-4.9] as in (4.9).

G
Ipy = (ISC_STC + ki (T - TSTC)) _Gs c (4.9)
T

By keeping the temperature constant (T = Tsr¢), the estimation of V. for the PV module

given in (4.8) is updated using equation (4.9) as follows:
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Table 4.1. Estimation of the module open circuit voltage.

Irradiance (W/m?) 1000 800 600 400 200

Ambient current (A) 3.5.00 2.826 2.11 1.421 0.7099
Actual Vo _array 211.00 | 209.60 207.70 205.30 201.70
Estimated Voc_array 210.21 | 208.18 205.38 201.56 195.89
Deviation 0.37% 0.68% 1.11% 1.82% 2.88%

The estimated value of the open-circuit voltage for different irradiance levels is
summarized in Table 4.1. The estimated values are close to the actual values. Although,
under lower irradiance levels as in Figure 4.5, the expression in (4.10) shows deviations
from the actual value, but the deviation is below, 3%, which is substantially low and

satisfactory for a typical PV module system.

4.2.3 Slope Angle Variation Algorithm

The conventional variable step-size presented in (4.1), is dependent on the slope of the P-
V characteristic curve; hence, exhibits dynamic performance deterioration under varying
irradiance conditions. There is notably change of power (changing in MPP) when

irradiance level changes from G; to G, as shown in Fig. 4.6a, while there is a relatively
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small change in PV voltage. This results in a significant large step-size value, which may
push the MPPT algorithm to take more time to reach the new MPP. To address this issue,
the slope angle between PV power change and related voltage change is utilized. This can
control the change in power, which eventually controls the step-size value irrespective of
the variation of PV voltage. When the angle is small, the PV power change also becomes
small to limit the large increase in step size. The slope angle variation can be derived from

PV output power as using Figure 4.6b as follows:

Ay _ sind (4.11)
AdVpy cos &
Then,
) D PR (4.12)
cos 8 Pv P ayy,

Where, 6 is the angle between the PV module output power variations to the voltage

variation.
_ dlL,,
sing = | Ly, + Vpy va cos & (4.13)
dl ,,) dv,,
sind = (1, + V,, — d (4.14)
< PP dVyy ) ([dPE + dVE,
3
] dP
2 ) N
3 2 f
g >
, B dv
Voltage (V)_—dv_
(a) (b)

Fig. 4.6. (a) Effect of irradiance on MPP, (b) Slope angle variation
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Sample
Vpv(K), Ipv(kK)

2

dVpv = Vpv (k)- Vpv(k-1), dlpv = lpv(K)-lpv(k-1)

dPpv = Vpv(k) * Ipv(k) - Vpv(k-1) * lpv(k-1)

Voc(k) = Voc_stc +a VtIn (Ipv(K)/ Isc_stc )

(AVe/AVE)(K) = (Vpy(K) — 0.76Voc(k) / (Voc(K) - Vpv(K))

dP ,
Step(k) = |(AVB/AVc YK TapT av T |
pv pv

A 4

Vpv(k) < 0.76Voc(K)

<dlpv/dVpv > - lpv(K)/Vpv
No

D(;<) = D(k-1)

D(k) = D(k-1) D(k) = D(k-1)| [D(k) = D(k-1)] |D(k) = D(k-1)
-step(k) - step(k) + step(k) - step(k) + step(k)
| ¥ ++ v

Update Vpv(k-1) = Vpv(K), Ipv(k-1) = Ipv(K)

Figure 4.7. Flow chart of the proposed variable step-size INC MPPT.

T Yool (4.15)
Jabg +dVig  \/dPz, +dVj
dP,
siné = Lk (4.16)
dpg, +dV 2,
For a small value of 6,

s =t 8_sin6_ dp,, 417

sind = tan _cos6_de,, (4.17)
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Using equations (4.7) and (4.16), the proposed duty cycle using the new slope angle
variation algorithm can be calculated as:

AV, dF,
D) =Dk—1) + ( B) pv (4.18)
AVe/) \[dPZ, + dVi%,
Hence, the new proposed variable step-size is given by:
AV dP,,
AD = ( ) 4.19
mod ‘ AVe) \[dPZ, + AV, (19

The operation of the proposed MPPT algorithm is represented in the flow chart shown in
figure 4.7. Unlike the conventional variable step-size INC MPPT where the PV system
performs several perturbations before reaching MPP, a minimum sampling value which
is 0.76 of open circuit voltage is used to decide the algorithm rule. If any of sampling is
below the minimum value, both the slope and variable scaling factor are determined and
the duty cycle of the converter is increased; otherwise, a variable step-size with new
scaling factor determined at that sampling value is applied. In this case, the algorithm
ensures that the MPP is reached with fewer perturbations to improve the tracking time of
the proposed MPPT. It is important to note that the proposed algorithm is restricted to

operate on the condition that V,,,,(k) is less than 0.76V},. or greater than 0.76V},. as shown
in Figure 4.7 and so the condition that V,,,(k) = 0.76V,. will not be recognised by the

proposed algorithm. Thus, the algorithm will not operate at 0.76V,,.

4.3 Simulation results and discussion

The PV system under test consists of ten series-connected PV modules (the whole rated
power is 600 W), a dc battery, and a dc-dc boost converter. The tested PV system is shown
in Figure 4.8 and it is grid connected PV system, where the battery represents the grid and

interfacing inverter. Table 4.2 shows the PV module specifications. The simulation is
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Figure 4.8. PV system under investigation.

Table 4.2. The PV module parameters (MSX60) [4.5].

Parameters Value
PV module Short-circuit current (i) 3.8A
PV module open-circuit voltage (V,.) 21.1VvV
Maximum PV module current (/,,,p,,) 3.5A
Maximum PV module Voltage (V) 17.1v
Maximum PV module power (Pyqx) 60W
temperature coefficient of V. (K,,) -0.08V /°C
Temperature coefficient of I, (K;) 0.0054/°C

carried out under different irradiance levels. The initial irradiance is 1000 W/m? and is
changed to 400 W/m? at 0.3 s. The irradiance level then changed back to 1000 W/m? at
0.7 s. The proposed MPPT technique, the conventional variable step-size INC [2.35] and
two existing modified techniques in [2.41] and [2.43] are simulated and compared at same
conditions of irradiance and temperature. Figure 4.9a is the output power of the PV
modules under variable irradiance conditions for the proposed and conventional variable
step-size INC MPPT techniques. It proves that the proposed technique is more effective
than conventional MPPT technique. The proposed algorithm tracks the MPP faster with
minimum oscillations around MPP compared with the conventional counterpart. Figures
4.9b and 4.10a represent the converter duty cycle of proposed and conventional variable
step-size INC MPPT, respectively. The duty cycle of proposed variable step-size INC

MPPT reaches its optimum value with small oscillations within a satisfactory time.
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Figure 4.9. Simulation of PV system for conventional and proposed MPPT technique

under varying irradiance: (a) PV modules output power, (b) duty cycle for the proposed
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Figure 4.10. Simulation results: (a) Duty cycle for conventional variable step-size INC

technique; (b) proposed autonomous scaling factor during changes in irradiance.

Furthermore, during the changes in irradiance, the duty cycle of the proposed technique
moves toward the optimum value faster without drift. On the contrary, the converter duty
cycle of conventional MPPT technique shown in Figure 4.10a exhibits significant
oscillations around its optimum value with drift when the irradiance increased from
400W/m2 to 1000W/m2. The performance of the new autonomous scaling factor is shown
in Figure 4.10b. The scaling factor is adjusted irrespective to irradiance change to further
improve the dynamic response. Thus, with an embedded autonomous scaling factor, the

proposed MPPT tracking time is faster in start-up and for a large change in irradiance
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compared to conventional variable step-size INC technique with a fixed scaling factor. It
IS importance to note from Table 4.1 that at low irradiance level, autonomous scaling
factor value is high compared to high irradiance level. This is because at low irradiance
level, the deviation of estimated value of V,. is greater than that at high irradiance level.
Since the denominator of the autonomous scaling factor expression is a function of V,_,
hence bigger scaling factor value is required as compared to higher irradiance level. The
proposed algorithm shows a tremendous reduction of power oscillations at both dynamic
and steady-state, and MPP is directly reached under changes in irradiance conditions. To
further test the robustness of the proposed algorithm, Figure 4.11 compares the proposed
technique and two other existing modified variable step-size INC MPPTSs. All algorithms
track optimum power point, however, the proposed MPPT technique is faster than other
two techniques in [2.41] and [2.43]. The variable step-size INC technique in [2.41] tracks
better than [2.43] under step change in irradiance. However, due to the elimination of the
division terms (change in PV module voltage), which eventually decreases the step-size,
the algorithm experiences slow tracking at start up compared with the proposed MPPT
technique. Additionally, scaling factors in [2.41,2.43] are not optimum under all operating
conditions. This means that under fast changing weather conditions, both techniques could
fail to track MPP. Tables 4.3-4.5 present a performance comparison between the proposed
MPPT technique, the conventional variable step-size INC [2.35] and two existing
modified techniques in [2.41,2.43]. These tables demonstrate the tracking time, power of
oscillations at MPP and tracking efficiency. Further tests were also carried out to ascertain
the robustness of the proposed MPPT technique and the three MPPT techniques under

Table 4.3. Performance indicators of the proposed, conventional and two

existing modified variable step-size INC MPPT under variable irradiance.

Conditions Variable step- | Energy used | Dynamic Tracking
size methods (mJ) performance | accuracy
1000W/m? to [2.35] 1522 Low Low
[2.41] 186 Low High
400W/m? [2.43] 192 Low Low
Proposed 163 High High
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Table 4.4. Performance analysis of the proposed, conventional and the two
existing modified variable step-size INC MPPT under variable irradiance.

Conditions Variable step-size INC Tracking time (ms) | Efficiency (%)
Methods
[2.35] 120.3 98.20
1000W/m2 to [2.41] 18.4 99.38
400W/m2 [2.43] 27.3 98.01
Proposed 12.6 99.70
§600 Y
v I Tes
2 — [2.41]
8 400 —proposed ]
‘g L —Reference
S5200F 1
5]
>
o
0 L 1 1 1 1 1 1 L 1

01 02 03 04 05 06 07 08 09 1
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Figure 4.11. The proposed and the other two modified MPPT techniques.

Table 4.5. Tracking comparison of the proposed, conventional and the two-existing

modified variable step-size INC MPPT under variable irradiance.

Variable Step-Size | Average Power at ) ) Oscillation at o
Settling Time (s) Efficiency (%)
Methods 1000 W/m? MPP, W
[2.35] 595.2 32.88 3.3 99.45
[2.41] 596.4 13.17 2.1 99.65
[2.43] 595.7 16.50 2.8 99.53
Proposed 596.9 10.09 1.6 99.73

investigation using different irradiance levels. The irradiance levels under this scenario
are from 800 W/m? to 400 W/m? at 0.3 s and then changed back to 400 W/m? at 0.7 s.
Figure 4.12 shows the output power of the proposed, conventional [2.35] and existing
modified variable step-size MPPT [2.43] techniques, while Figure 4.13 depicts the output

power of the proposed technique and another existing modified variable step-size MPPT
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Figure 4.12. Simulation results of the proposed and conventional variable step-size

MPPT under variable irradiance conditions.

Table 4.6. Tracking time with step irradiance change of the proposed,

conventional and two existing modified variable step-size INC MPPT techniques.

Conditions \Variable Step-Size INC Methods  [Tracking Time (ms)
[2.35] 88.8
800 W/m? to [2.41] 17.6
400 W/m? [2.43] 31.2
Proposed 10.2
600 T T T T
=3 —[2.41]
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Figure 4.13. Simulation results of the proposed and the two existing modified

variable step-size MPPT algorithms under variable irradiance conditions.
[2.41] techniques under study. It is evident that the proposed MPPT technique tracks faster

as compared to the conventional and the two modified techniques under this condition.

Table 4. 6 shows the tracking time of each algorithm under dynamic weather conditions.
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In general, the proposed algorithm has high dynamic performance, high accuracy, low
overshoot, and low energy for tracking. Additionally, it is obvious that the proposed
MPPT technique provides higher tracking accuracy and does not require a pre-set scaling
factor.

4.4 Partial Shading Analysis of the Proposed MPPT

Partial shading in the PV system is expected in the PV array where certain portions of the
PV modules are exposed to unequally distributed radiation intensity. Under this condition,
multiple peaks which consist of local and global maximum power points are generated in
the PV characteristic curve. Conventional MPPT fails to track global maximum power
point due to lack of resistance of the conventional MPPT to the local maximum power
point. The effect is significant power loss in the PV system and waste of energy in the PV
system under partial shading condition. The performance of the proposed MPPT technique
is tested using scanning technique. Ten PV modules (MSX60) are connected in series with
a bypass diode connected in parallel with each PV module. Initially, five PV modules
were made to operate at 1000 W/m? while the remaining are partially shaded and operating
at 500 W/m2. Figure 4.14 shows the arrangement of the PV modules. The output power
of the PV array is shown in Figure 4.15. Clearly, it evident that the proposed MPPT has a
resistance to local maxima, as this local maximum power point does not prevent the
proposed MPPT from reaching the global maximum power point. To further test the
robustness of the proposed MPPT, the shading pattern is changed where three of the PV
modules received irradiance of 1000 W/m?, four PV modules received 500 W/m? and
three of the PV modules received 300 W/m?. Figure 4.16 shows the arrangement of the
PV modules with different shading conditions. Figure 4.17 shows the PV output power,
which demonstrates the capability of the proposed MPPT to distinguish global maximum
power from the local maximum power. To further clarify and analyse the behaviour of the
proposed MPPT, the same partial shading condition of Figure 4.16 is repeated with
different irradiance on unshaded PV modules. The irradiance levels were made to vary
from 200 W/m? to 1000 W/m? at 0.5 s and then changed from 1000 W/m? to 200 W/m? at
1s. Figure 4.18 shows that the proposed MPPT tracks the global maximum point with
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short time under variable irradiance conditions. This is due to the limited search space of
the proposed algorithm to reach the global maximum power in relatively short time. The
wider search space constitutes significant power loss. The ability of the proposed MPPT
to track the global maximum power point without preventing from the local maximum
power point demonstrates that there is a potential of real energy gain under partial shading
conditions. The global maximum power tracked by the proposed MPPT is about 99.87%

with minimum power oscillation.
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Figure 4.14. PV array under partial shading condition.
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Figure 4.17. PV output power for partially shade PV system.
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Figure 4.18. Output power for PV arrays under partial shaded condition with two

irradiance levels.

4.5 Experimental results

The proposed MPPT technique and conventional variable step-size INC technique in
[2.35] are experimentally evaluated in this section. Figure 4.19 shows the experimental
prototype of the grid connected PV system. The experimental prototype comprises of
boost converter connected to 110 V DC bus (representing the grid and interfacing inverter)
and a PV emulator. The experimental setup parameters are listed in Table 4.7. The PV
emulator is based on PV module parameters listed in Table 4.8, where the maximum
output power and the maximum output current are set to the programmable power supply
(EA-PS-83600-10 with analogue interface). The microcontroller (CY8C5888LTI-LP097)
is used to set the reference output voltage based on the built-in PV model, irradiance, and
the output current. For clarity, Figure 4.20 shows the flow chart of the microcontroller

programme for PV emulator. To compare the dynamic performance of the two MPPT
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algorithms, the irradiance level step change from 1000 W/m2 (PV output power is 300 W,
PV voltage is 54.7 V) to 500 W/m2 (PV output power is 150 W, PV voltage is 51.43 V).
The experimental results of the two MPPT techniques are shown in Figure 4.21. The
results show a detail view of the dynamic performance of both the conventional and
proposed viable step-size INC techniques during step irradiance change. It can be
concluded from the results that the proposed viable step-size INC technique succeeded to
track the maximum power in 60 ms, which is faster than the conventional algorithm that
needs around 140 ms to track the MPP. Additionally, it can be observed from Figure 4.21
parts ¢ and d that the dc-bus delivered output power and is more stable with minimum
oscillations at steady state, however, the dc-bus output power is less than the PV rated
power at maximum point; due to the boost converter switching and conduction losses and

boost converter inductor wire resistance.

Table 4.7. Experimental setup parameters.

Parameters Value
Boost converter Switching frequency 10 kHz
Boost converter inductance 1.5mH
Boost converter capacitance 2200 pf
DC-bus voltage 110V
Programmable power Boost converter
supply \ De-link ind\uctance 110Vdc btjs power supply

Gate drive module
.

Microcontroller _
N

Voltage and current
transducer board
~

Fig. 4.19. Experimental set up.
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L \
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the saturation limits of Set the programmable power and send it to the programmable
programmable power supply supply output voltage to Voc power supply

> l >

Figure 4.20. Flow chart of the microcontroller programme for PV emulator.

PV output
urrent = zerg

Table 4.8. The PV module parameters (MODEL SUNPOWER SPR-305-WHT).

Parameter Value
Maximum power 305W at STC
Number of Cells 96
Current at MPP 5.58 A
Voltage at MPP 54.7 A

Open Circuit Voltage 64.2V
Short Circuit Current 596 A
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Figure 4.21. Experimental results: (a,b) The PV output voltage (VPV), PV output
current (IPV), dc-bus voltage (Vdc), and dc-bus delivered current (Idc); with
conventional variable step-size, and proposed MPPT respectively, (c,d) dc-bus
delivered power (P), dc-bus voltage (\Vdc), and dc-bus delivered current (Idc) with

conventional variable step-size and proposed one respectively.

4.6 Summary

In this chapter, a modified variable step-size INC MPPT technique has been proposed.
The drawbacks of conventional variable step-size in INC MPP technique has been
discussed in order to tackle them via the new proposed variable step-size INC technique.
A new autonomous scaling factor has been proposed. The proposed technique is capable
to enhance both the steady-state and dynamic performance response. The proposed

technique is more practical in operating due to autonomous response nature under sudden
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changes in irradiance. Conventional, two modified and proposed variable step-size INC
MPPTs have been simulated under different operating conditions using
MATLAB/SIMULINK software. The feasibility and effectiveness of the proposed
technique have been confirmed. The proposed MPPT technique demonstrates faster
tracking speed with minimum oscillations around MPP both at steady-state and dynamic
conditions. The experimental results validate the practicability and effectiveness of the
new MPPT technique as well.
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Chapter 5
A New 0.8Voc Model Technique to Estimate the Peak Global
Voltage for Medium Voltage Megawatt Photovoltaic System

Integration

This chapter reviews different techniques being used to address challenges in global
maximum power point during partial shading conditions. It further analyses limitations of
conventional 0.8Voc model. A new 0.8Voc model technique to estimate the peak global
voltage for medium voltage megawatt photovoltaic (PV) system integration is proposed.
The proposed model technique is capable of exploiting the advantages of conventional
0.8Voc, while improving its performance in the energy yield during partial shading
conditions. The principles of design and theoretical analysis of the proposed algorithm are
presented and feasibility also validated by simulation for medium voltage megawatt

photovoltaic (PV) system integration.

5.1 Background

For PV system interconnections, standards such as IEEE 1547 2003 [5.1] and local utility
interconnection regulations define the grid interface response to system disturbances.
Although, PV power generation has received significant attention, the system suffers from
amajor limitation which is the non-linear characteristic of a P\ module particularly under
partial shaded conditions [5.2]. In practice, the output power from PV string is the
summation of individual PV module connected in series. As demonstrated in Figure 5.1,
when the PV string is exposed to uniform irradiance condition, only one peak is generated
on I-V and P-V characteristic curves. The aforementioned MPPT techniques discussed in
chapter two and the proposed variable step size in chapter four can successfully locate the
MPP. Since conventional MPPT techniques are specifically designed to track MPP under
uniform weather conditions, they may not locate GMPP unless modified under partial
shading condition (PSC). The generated output power from the PV array changes with
different shadow degrees of PV string and different partial shading pattern is form leading
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to significant power lost. PSC in PV systems is a condition in which only a certain portion
of the PV module is shaded, while other parts remain uniformly irradiated. It is typically
caused by clouds formation, shadow from buildings, trees, poles, overhead cables, etc.
When the PV modules is exposed to partial shading, significant amount of energy is lost
because the shaded module is short circuited by its respective bypass diode. As a result,
multiple P-V curves, with several local and global peaks are generated. Considering the
high initial cost of installation of a PV system and low energy conversion efficiency, it is
important to deploy a suitable MPPT technique to extract maximum power from the PV
modules since conventional MPPT fail to distinguish global MPP from local MPP.

5
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Voltage (V)

Figure 5.1. PV string under normal and partial shading conditions.

5.2 Literature survey of global maximum power point tracking (GMPPT) technique
In order to solve problems associated with PSC, different solutions have been introduced

in the literature [5.3]. These solutions for PSC have been classified into group based on
the features of GMPPT methods and these are;
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e Extension of conventional MPPT method.
e Method based on observation of P-V and |-V characteristic curve.

e General GMPPT techniques.

5.2.1 Extension of conventional MPPT method

This technique was borne out from modification of conventional MPPT technique to have
resistance against local MPP [5.4]. The methods under this group are periodic reset and
curve scanning technique, widen search range technique and two-stage technique. A
solution is proposed in [5.5] which involves a three points incremental P&O method. This
technique improved the tracking performance of P&O under PSC, however, at some point,
the algorithm trapped by local MPP. A periodic search is introduced in [5.6] to enable
P&O build resistance to local MPP in order to reach global MPP. A periodic scanning on
the P-V characteristic curve is proposed in [5.7] in order to track GMPP. A solution is also
proposed in [5.8] where a full scanning technique was performed on the P-V characteristic
curve. Although, this method is simple, the tracking speed is slow and the scanning may
overlook the GMPP for long PV string. Widen search range is another simple technique
of extension of conventional MPPT method for GMPP [5.9-5.11]. In [5.12], a widen
search range technique is proposed by defining the regions where local optimization
strategy is used to track GMPP. Although, the technique tracked GMPP, however, the
widened search range slow down the tracking process. In [5.13], widen search technique
is proposed to search GMPP from both left and right of the P-V characteristic curve under
PSC. Although, GMPP is located but the technique is slow due to many perturbations
performed within the wider search space. A great number of two-stage methods to track
GMPP under PSC have been proposed in the literature [5.14-5.15]. In this technique, one
stage is used to move the operating point closed to the GMPP and then tracked the actual
GMPP using conventional MPPT in the other stage. A solution is proposed in [5.16] using
switch impedance circuit to locate GMPP and then conventional MPPT is applied to track
the actual MPPT during the second stage. This technique is simple but it requires

additional circuit for implementation
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5.2.2 Method based on observation of P-V and I-V characteristic curve

A comprehensive study on P-V and I-V characteristic curve have been undertaken by
many authors under PSC and this study has been extended to govern GMPP technique
[5.17-5.18]. Observation in [5.17] indicates that the peaks of a partial shaded P-V curve
are located at the integral multiples 0.8V,. This method is easy and straightforward to
implement. Also, the tracking performance is effective since the global search method
requires only the vicinities of 0.8V, instead of searching the whole P-V characteristic
curve. The drawback of this technique is that the global peaks will overlook by this

technique with long PV string.

5.2.3 General GMPPT methods
These are technique specifically designed to address GMPP issues. A great number of
works has been undertaken under this category. They can be classified under segmental

search method and soft computing method [5.19-5.20].

(a) Segmental search method

Several segmental search methods have been proposed in the literature to deal with PSCs
including DERECT [5.19] and Fibonacci search [5.21] methods. Segmental search
methods work by gradually restricting and shifting the optimum searching range within
which GMPP can be located. With the use of Lipschitz function, DIRECT method can be
utilised to progressively reduce the searching interval based on the sample values and the
conditions. Figure 5.2 demonstrates the tracking process of the DIRECT method.
Regarding the Fibonacci search method, the Fibonacci sequence is used to establish the
length of the considered interval. For successful executing this technique, it is important
to define a condition to detect PSC. The advantage of this method is that it is straight-
forward to implement, however, the main drawbacks are that the algorithm may miss the
actual GMPP. Also, the selection of the initial value is very challenging as this may lead
to tracking local MPP instead of GMPP.
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Figure 5.2. Demonstrating Iteration process of DIRECT technique under PSC.

Table 5.1. Specifications of the PV module (MSX60).

Parameters Value

Short-circuit current (I,) 3.8A
Open-circuit voltage (V,.) 21.1V
Current at maximum power point () 3.5A
Voltage at maximum power point (V,,,,,, 17.1VvV
Maximum output power (P,4,) 59.85W
V. coef. of temperature (K,) -0.08V /°C
I coef. of temperature (K;) 0.0034/°C

(b) Soft computing method

Soft computing method is another GMPPT method which include anti-colony
optimization [5.22], grey wolf optimization (GWO) [5.23], simulated annealing technique
[5.24], particle swarm optimization technique and others [5.25-5.28] and others. All of the
aforementioned techniques have been demonstrated in the literature and shown to have
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good tracking performance under partial shading condition. Among these techniques,
particle swarm optimization has been proven to the most useful searching technique and
is based on fish schooling and bird flocking pattern [5.29]. With PSO different duty cycles
for different number of particles is used. These duty cycles are called particle position and

is given by;

d;(k+1) =dk) + Vi(k+1), i=12..N (5.1)

where, N is the total number of particles, V; is the velocity of particles, i, is the number
of iterations and k is the sample value. PSO has accurate tracking performance under
different patterns of partial shading conditions [5.30]. Also, the algorithm has almost no
oscillation around GMPP since the velocity is zero. However, the drawback is that it takes
long time for searching the GMPP and has several perturbation steps before converging
to GMPP. The literature review discovered some limitations in the method based on
observation of P-V and I-V characteristic curve (conventional 0.8VVoc model) .This
chapter discussed the limitations and a new 0.8VVoc model is suggested to overcome the

limitations.

5.3 Voltage and current relationship of PV modules under partial shading condition
The PV module operating under partial shading condition acts as a load instead of power
source as this module is forced to operate at a reverse biased region. This leads to highly
localized power dissipation [5.31] in the form of heat, which results unrepairable damage
to the shaded PV module. Hence, it is necessary to employ bypass diodes in the entire PV
array system as shown in Figure 5.3 to prevent localized power dissipation under partial
shading conditions. These bypass diodes are added to the PV configuration system to
protect the modules during partial shading condition from self-heating. During normal
weather conditions, the bypass diodes have no impact on the PV configuration system and
become reverse biased. However, when the PV modules are exposed under partial shading
conditions, the bypass diodes become forward biased and the current flows through the

diodes instead of the PV module. Thus, multiple peaks appear on the P-V characteristic
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curve. It is important to establish the relationship between current and voltage in order to

appreciate the behavior of PV modules operating under partial shading condition. For this

purpose, a single string of N number of PV modules in Figure 5.3ais used. The PV modules

are subjected to three different irradiance level. The irradiance levels are G;, G,, and G35,

where G; > G, > G5 and the number of PV modules under these irradiance levels are N,

N,, and N5 respectively. Due to three different level of irradiance, three different steps are

generated by the I-V curve shown in Figure 5.3b. The curve is divided into three regions

where the first region has current due to irradiance level G, and the other remaining PV

module are shaded in subassembly and bypassed due to lower irradiance level. The voltage

expression is given as follow:

V= N1V1 - N2Vd - N3Vd

V = Vo1 — NoVqg — N3Vy

(5.2)

(5.3)

Where, Vg, 51 i the voltage of one module in subassembly 1. V; is the voltage across the

diode, however, the voltage across the diode is negligible.
Thus, equation (5.3) is modified as:

V= Veun

The expression for, Vs, 1S written as [5.32]

1 G,
Vouns = Ny [Voe + 5 1 (1= 22)]

The expression for current due to G, is given by:

Iscn + K1AT

G
I, = G—l (Isc, n + K;AT) —
n

exp (A (Ve + KvAT)) —1

(5.4)

(5.5)

[exp (AV) — 1] (5.6)
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In the subassembly 2, the irradiance level G, generated current in step 2. The (N; + N,)

generated power while G; modules are bypassed. Thus, expression for voltage and current
is given by:

V = Vsubl + N2V2 (57)

Iscn + KiAT
exp (A (Vscm + KoAT)) = 1

G
Ly === (Isc, n + KibT) - [exp (AV) —1]  (5.8)
n

In the subassembly 3, the expression for voltage of the generated power for all modules are
given by:

V = VS‘IJ.bZ + N3V3 (510)
+ -
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Figure 5.3. PV modules under (a) partial shading conditions. (b) I-V characteristic curve.

1 G
V= Vaps + N, [VOC + 5 In(l - (;_3)] + NaVs (5.11)
2
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Also, the current expression due to G5 in the region 3 is given by

Iscn + KiAT
exp (A (Vsgn + K,AT)) = 1

G
Is = G_3 (Ise, n+ K{AT) — [exp (AV) — 1] (5.12)
n

Therefore, the general expression for voltage of PV string under partial shading condition

is given by:
n
Vo= D Vawor + NeVies Vaup = 0 if n=1] (5.13)
k=1

where, n represents the total number of subassembly and k for the number of

subassemblies. Also, the general expression for string current is given by:

n
G Iscn + K, AT %
I = z 2K (Igen + K AT) — Usen + K147) [exp( - 1)] (5.14)
Gn Voc,n + K,AT aVy
k=1 exp (a—Vt> -1

In order to validate the expression of (5.11), ten PV modules with specifications shown in
Table 5.1 were connected in series as a case study. The modules were allowed to exposed
to the following irradiance level: (1000, 1000, 800, 800, 800, 700, 700, 400, 400, 400)
W/m2. Figure 5.4 shows the simulation result of the voltage of subassembly module under
partial shading condition. Using the expression of (5.11), the calculated value of the voltage
at subassembly 1, Vg, is 33.10V compared with the simulation value of 31.60V.
Furthermore, the calculated value of voltages of subassemblies Vy,,;,, and V,,;,3 are 90.60V
and 132.03V respectively while the simulation value of V,;, and Vy,;,3; are 89.10V
and134.71V respectively. The calculated values agree with the simulated values. Although,

there are some deviations, however these are normal for a PV system operation.
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Figure 5.4. Position of voltage of subassembly module under partial shading condition.

5.4 Limitations of 0.8V o model technique

Under uniform weather conditions, the peak voltage at MPP is estimated by equation (5.15)

as:

Vempp = 0.8 X N X Vi, (5.15)
where, N is the number of PV modules in the string, V,.m is the open-circuit voltage of the
module.

Taking the same line of argument further, it is suggested in [5.17] that the local peaks (thus

MPP) of a partial shading curve are located around the multiples of 0.8V,.. This idea is

developed from the following critical observations made by the author in [5.17] after

conducting a study on the P-V characteristic curve:

(1) The global peak may be situated at the left of P-V characteristic curve.

(2) The displacement between any two successive peaks is approximately 0.8 of VVoc.

(3) When the P-V characteristic curve moved back and forth or sideways, the magnitude
of peaks increases until global peak is reached and after that, the magnitude of the
subsequent peaks decreases continuously.

From the critical observation stated above, it could be deduced that the global MPP may

not be situated only at the left of the P-V characteristic curve as claimed in [5.17] but rather

could be situated at the left or the right or at the middle of the P-V characteristic curve as
justified by Figure 5.5(a), (b) and (c). Additionally, when the P-V characteristic curve is
traversed or moved sideways, the magnitude of the peaks may increase at the point in time

and then decreased until global peak is reached which is contrary to the claim made by
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[5.9] in critical observation (3). This assertion is justified in Figure 5.5(d). In Figure 5.5(d),
the PV power increases from P; to P, but suddenly decreases at P; before increased to
reach global MPP at P,. Also, depending on the nature of the PV system with specific
number of modules, the model is bound to experience a significant deviation. Additionally,
the performance of the model depends largely on the complexity of shading pattern. For a
PV system with different PV modules, with different irradiance level, peak value estimated
by 0.8V,. model is significantly deviated. Therefore, the assertion that the displacement
between any two successive peaks is approximately 0.8Voc is incorrect. For clarity, the
following example explains the limitations in 0.8V, model. Consider ten modules, which
are exposed to the following irradiance patterns: [1000 1000 1000 700 700 700 700 300
300 300] W/m2. As seen in Figure 5.5 the first subassembly comprises 3 PV modules
(N=3). The first subassembly comprises 3 PV modules (N=3). Therefore, the estimated
peak voltage is 50.64V, while the actual peak is 45.78V. Similarly, when irradiance
changed to 700 W/m2, the number of PV module in the second subassembly is 7. Hence,
the estimated peak voltage is 118.16V while the actual peak is 123.10V. Finally, when the
irradiance changed to 300W/m2, the estimated peak is 168.80 while the actual is 192.2V.
Figure 5.7 depicts the actual peaks value as against the estimated values. Clearly, the
estimated values deviate from the actual value. The 0.8V, model experiences higher
deviation from the actual value at lower irradiance level, which is contrary to the theory
that the local peaks are located around the multiples of 0.8V,.. As the number of shading
level increases, the deviation of local peaks from the actual value become more obvious.
Figure 5.8 shows the flow chart of the algorithm that validate the concept of 0.8VVoc under
partial shading conditions. The operation of the algorithm always begins with 85% of VVoc
which is reference voltage as indicated in the “Main Program” in Figure 5.8. P&O is used
to track the MPP. Until partial shading occurs, it maintains the operation at this MPP by
continuously use conventional P&O MPPT. When any disturbance like partial shading

occur, the “Main Program” notice the change and then calls the “GP track subroutine”. The
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Figure 5.5. P-V characteristic curve for different irradiance level under partial shading
conditions.

“GP track subroutine tracks the new first peak using P&O technique and then, pass on the

control to the “Main program”, which maintains the operation at this new peak. A large

voltage perturbation which is around 60% to 70% of V¢ moaquie IS applied to move the

algorithm to next peak and P&O again used to track the new peak. This process is repeated

until GMPP is reached. Some critical observations made from the P-V and I-V curves

contrary to the principles of 0.8V, . model are as follows.

(1) The peak voltages of PV modules that receive different irradiance level are different.

(2) The peak voltage may be situated at the left or right or at the middle of the P-V
characteristic curve.

(3) The number of peaks is equal to the number of different irradiance level and any
peak point may be a potential global MPP.

(4) The peak voltage of PV modules that receive low irradiance level has higher deviation
than PV modules with high irradiance level.

(5) The number of peaks is equal to the number of different irradiance level and any peak
point may be a potential global MPP.
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Figure 5.7. P-V characteristic curve under normal and partial shading conditions.

The limitation of 0.8VVoc model becomes more obvious especially for a long PV string with
complex shading patterns. Therefore, an alternative logical step was taken in [5.33] where
a general relationship between the location of the peaks and Voc was established so that
their positions can be predicted more accurately. A generalized expression to predict the
position of the peak voltage under partial shading conditions is formulated. The proposed
equation in [5.33] is given as:

VLP,k = (0{ X Nk—l + 0.8 X Nk)VOC (516)
where, k is the subassembly number, N, is the number PV modules in the new

subassembly, Nj_; is the number of PV modules in the previous subassembly and « is a

variable parameter.
The accuracy of this model depends on subassembly voltage (Vsuw) which is given by

aN,_.V,. and is dependent on irradiance. As can be seen from Figure 5.4, the Vsu, changes
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Is MPP
tracked?
Yes flag =-1
i=1
Vref =
Set flag=1. Vnr1eflast
Store last MPP = Calculate slope dP/
information dV by giving a
i.e Pmax_last and Vm_last. small disturbance
v
Calculate AP
AP > APerit? Call P&O subroutine.
Store new MPP
Yes information
i.e Pmax_new and Vm_new
Call GP track
subroutine
Call GP track i=1 Set flag =-1
subroutine Pmax_last=Pmax_new i=1
Vm_last=Vm_new Vref = Vm_last
Timer Interruptsub-routine 4 $

Figure 5.8. Flowchart for conventional 0.8VVoc model technique.

when irradiance level fall from one level to another. Although, this model improved the
performance of the conventional 0.8Voc model, the Vsu, which is a function of a cannot
provide true correction to the deviations in the conventional model. This is because « is an
approximate parameter with value varying from 0.8 to 0.97. Hence, some modifications
are made in this chapter to predict accurate position of peaks during partial shading

conditions.
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5.5 Proposed 0.8Voc model to estimate the peak voltage at global MPP

The accuracy of 0.8V, model depends largely on the nature of shading on the PV modules.
For lower irradiance level, the local peaks experience significant deviation from the actual
value. Additionally, for long PV string with several levels of shading, the voltages at MPPs
deviate from the actual position. Consequently, the position of the MPP also deviates from
the reference point. Therefore, it is important to address this abnormality in conventional
0.8V, model for performance improvement. To achieve this, the peak voltage and peak

voltage deviation correction is developed from irradiance patterns.

5.5.1 Peak voltage under partial shading conditions
The open circuit voltage of PV under uniform irradiance condition can be analysed as

follows:

G
Voe = Voc_src + uVeln (=) + Ku(T = Tsrc) (5.17)

TC
where, G is solar irradiance, Gstc is the reference irradiance at standard test condition
(1000W/m?),Tsrc is the temperature at standard test condition (25°C), u is the ideality
factor, and K,, is the temperature coefficient of the open circuit voltage, V,. sr¢ is the open

circuit voltage at standard test condition and V; is the thermal voltage. It is noted that the

linear relationship between PV current and Is¢ sr¢ IS given as [5.34];

G
Gstc

Ipy = (ISC_STC + K (T — TSTC)) (5.18)

The calculation of V.. is done by using the measured current hence, equation (5.17) can be

updated to:

Ly,
Voc = Vocstc + uVeln I (5.19
SC_STC

By extension, the open circuit voltage of the PV module under partial shading condition

can be estimated from I-V curve in Figure 5.9 as;
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I — 1
Voo = Voc.stc + uVeln (,—”) (5.20)
SC_STC

where, I is the short circuit current of the PV string. The number of PV module in the

string under partial shading condition can be calculated as;

(5.21)

where Vsing Is the PV string voltage exposed to irradiance, Vy, is the voltage of one PV

module. Therefore, the peak voltage is estimated by modifying equation (5.18) using

equation (5.21), which is given in equation (5.22) as;

Isc — 1
Vpeak = lVOC_STC + uViln <—pv>

ISC_STC

x 0.8 X Nj (5.22)

T
Actual value 4

Ret— — == = 0.8Voc model ]
~ T | -
L i PV J
1
: | 1
o,

I ]
L 1 3 .

—1; ] ' 3 OC. 7
: :-— ’)3\:‘ \/ =] |
1 i e

Voltage (V)

Current (A)

l
|

Fig. 5.9. Peak deviation under partial shading condition.

5.5.2 Peak voltage deviation correction
For long PV string with several levels of shading, the peak voltage deviates from the
original value. To compensate for the deviation, peak deviation factor correction ¢, is

deduced from I-V curve in Figure 5.9 given by;

e — 1 v,
£ = ( 5¢ ””) < L 0.8) (5.23)
ISC_STC VOC_S_STC

121



where, V, s is the open circuit voltage of PV string deduced from I-V curve under partial
shading condition in Figure 5.9 and V,,. s sr¢ is the open circuit voltage of the PV string at
standard test condition. The 0.8 in (5.23) is the ratio between voltage at MPP (V;,,,,)and
open circuit voltage (V,.) at STC. Table 5.1 gives the STC values. Therefore, the peak

voltage deviation correction is obtained using equation (5.21) and (5.23) given as;

I — 1 V.
y = ( SIC p”) <V 0c8 0.8) X Ng X Vye s7c (5.24)
SC_STC oc_S_STC

Therefore, the voltage at global MPP taking into consideration the peak voltage deviation

correction factor is given by;
Vep = Vpeak +vy (5.25)

A study of eight different cases of partial shading conditions including various irradiance
patterns shown in Table 5.2 are conducted. The actual value of V. ; due to different cases
of partial shading conditions is used to estimate the peak voltage deviation correction. On
the other hand, a selected value of V,. s based on trial and error to provide significant
correction to voltage deviation is used to estimate the peak voltage deviation correction for

the same cases of partial shading conditions. The peak voltage deviation correction

Table 5.2. PV module number and its irradiance value (W/m2).

V modules No.
1 2 3 4 5 6 |7 8 9 |10
Case

1 1000 | 1000 | 1000 | 700 700 700 700 | 300 | 300 | 300
2 1000 | 800 800 800 600 600 500 | 500 | 200 | 200
3 900 900 800 800 600 600 600 | 500 | 500 | 200
4 900 900 700 700 700 500 500 | 300 | 300 | 100
5 1000 | 1000 | 700 700 700 500 500 | 500 | 100 | 100
6 1000 | 1000 | 800 700 700 500 300 | 300 | 100 | 100
7 1000 | 1000 | 900 700 700 700 400 | 400 | 200 | 200
8 1000 | 1000 | 900 800 800 600 600 | 200 | 200 | 200
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Table 5.3. Estimation of peak voltage deviation correction and global peak voltage.

Irradiance Actual Peak Peak voltage | Global Selected | Peak voltage | Global
patterns value of voltage deviation peak value of deviation peak

(Vocs) Vpear) correction voltage Vocs) correction voltage

(YV) (Vpeak (YI) (Vpeak
R £)) t¥n

Case 1 44.63 0.87 45.50 207.90 0.86 45.49

208.10 112.31 9.25 121.56 9.20 121.51

166.16 27.81 193.97 27.66 193.82

Case 2 14.73 0.23 14.96 207.90 0.24 14.97
63.26 3.86 67.12 3.90 67.16

207.50 97.35 9.87 107.22 9.98 107.33

131.01 16.03 147.04 16.21 147.22

167.16 31.18 198.34 31.31 198.68

Case 3 30.80 1.10 31.90 207.90 1.10 31.90
63.20 3.85 67.05 3.82 67.02

208.00 113.58 11.73 125.31 11.68 125.26

147.37 18.28 165.65 18.18 165.55

167.10 31.46 198.56 31.29 198.39

Case 4 31.00 1.30 32.30 207.90 1.33 32.33
80.26 6.47 86.70 6.55 86.81

206.80 114.63 13.79 128.42 14.10 128.63

149.53 24.18 173.71 24.45 173.98

167.97 34.00 201.97 34.28 202.25

Case 5 29.80 0.57 30.37 207.90 0.59 30.39
206.60 80.24 6.40 86.64 6.60 86.84

131.02 15.71 146.73 16.12 147.14

167.97 33.88 201.85 34.61 202.58

Case 6 29.93 0.61 30.54 207.90 0.64 30.57
47.32 1.50 48.82 1.70 49.02

206.20 80.18 6.22 86.40 6.40 86.58

98.23 11.56 109.79 11.98 110.21

132.92 21.15 154.07 21.60 154.52

167.97 33.52 201.49 33.87 201.84

Case 7 29.46 0.47 29.93 207.90 0.48 29.94
207.50 46.29 1.76 48.05 1.78 48.07

96.26 7.79 104.05 7.87 104.13

132.03 18.92 150.95 19.13 151.16

Case 8 29.36 0.44 29.80 207.90 0.44 29.80
46.12 1.70 47.92 1.72 47.94

207.50 81.90 4.66 86.56 4.72 86.62

113.55 11.46 125.01 11.59 125.14

167.17 31.21 198.38 31.56 198.73
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Table 5.4.

Performance comparison between the proposed model, conventional and an

improved 0.8V,. model

Irradiance | Reference | Peak voltage | Peak Peak Deviation Deviation | Deviation
patterns peak using voltage | voltage between between between
voltage conventional | using using 0.8Voc [5.33]and | proposed
V) 0.8Voc [5.17] | [5.33] | proposed | [5.17] and actual and actual
V) V) model actual voltage (V) | voltage(V)
V) voltage (V)
45.78 50.64 50.64 45.49 4.86 4.86 0.29
Case 1 123.10 118.16 121.69 121.51 4.94 1.41 1.59
192.20 168.80 190.07 193.82 23.40 2.13 1.60
10.08 16.88 16.88 14.97 6.80 6.80 4.89
65.52 67.52 68.36 67.16 2.00 2.84 1.64
Case 2 106.90 101.28 109.72 107.33 5.62 2.82 0.43
147.20 135.04 150.87 147.22 12.16 3.67 0.02
197.80 168.80 194.12 198.68 29.00 3.68 0.88
28.14 33.76 33.76 31.90 5.62 5.62 3.76
65.73 67.52 69.21 67.02 1.79 3.48 1.29
Case 3 124.90 118.16 126.60 125.26 6.74 1.7 0.36
166.70 151.92 170.38 165.55 14.78 3.68 1.15
198.20 168.80 197.29 198.39 29.40 0.91 0.19
28.35 33.76 33.76 32.33 5.41 5.41 3.98
85.47 84.40 86.93 86.81 1.07 1.46 1.34
Case 4 127.90 118.16 131.35 128.63 9.74 3.45 0.73
172.20 151.92 173.34 173.98 20.28 1.14 1.78
200.80 168.80 201.03 202.25 32.00 0.23 1.45
28.14 33.76 33.76 30.39 5.62 5.62 2.25
Case 5 85.68 84.40 86.93 86.84 1.28 1.25 1.16
146.40 135.04 148.23 147.14 11.36 1.83 0.74
199.30 168.80 197.50 202.58 30.50 1.8 3.28
28.14 33.76 33.76 30.57 5.62 5.62 2.43
47.67 50.64 52.33 49.02 2.97 4.66 1.35
Case 6 86.10 84.40 88.20 86.58 1.70 2.10 0.48
110.20 101.28 114.47 110.21 8.92 4.27 0.01
152.00 135.04 152.76 154.52 16.96 0.76 2.52
199.20 168.80 197.50 201.84 30.40 1.70 2.64
27.30 33.76 33.76 29.94 6.46 6.46 2.64
Case 7 47.25 50.64 51.70 48.07 3.39 4.45 0.82
104.80 101.28 105.08 104.13 3.52 0.28 0.67
150.60 135.04 152.76 151.16 15.56 2.16 0.56
196.10 168.80 194.12 198.47 27.3 1.98 2.37
27.30 33.76 33.76 29.80 6.46 6.46 2.50
47.04 50.64 51.70 47.94 3.60 4.66 0.90
Case 8 85.05 84.40 86.93 86.62 0.65 1.88 1.57
126.80 118.16 124.49 125.14 8.64 231 1.66
194.20 168.80 192.43 198.73 25.40 1.77 4.53
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Figure 5.10. I-V characteristic curve under partial shading condition.

expression is a function of V. ; and a suitable value of V, s, gives almost the same results
as the actual V. ; for different cases of irradiance patterns. Table 5.3 compares the peak
voltage deviation correction and global peak voltage for selected and actual open circuit
voltage. It is evident that both values of V,. s give almost the same results. Thus, for simple
implementation, the value of 207.90V is used throughout for different cases of different
irradiance patterns. To demonstrate the effectiveness of the proposed model, a PV string,
which consists of ten modules with the following irradiance patterns [1000 1000 1000 700
700 700 700 300 300 300] W/m2 is considered. The first subassembly consists of 3 PV
modules (Ng =3), L,y = 3.494A4, Isc = 3.774A4, Is¢c src = 3.84, Vo s = 207.9A (refer

to Figure 5.10) V¢ s s7¢ = 211V, p = 0.8, V, = 1.2V, V, = 21.1V. Using equations

C_STC
(8), (10) and (11), the Vpi and y are respectively 44.63V and 0.86V. Hence, voltage at
global MPP, V,pp is 45.49V which coincides with actual voltage of 45.78V. Similarly, the
global peak voltage at L,,, and I,,3 are respectively 121.51V and 193.81V. The actual

peak values are 123.1V and 192.2V respectively.

5.6 Validation of the proposed 0.8V o model technique

The proposed 0.8V, model technique is validated by using a string of ten modules. These
modules are exposed to partial shading conditions given in Table 5.2. Case 2 is taken only
as an example. The proposed algorithm is compared with conventional 0.8V,. model
[5.17] and improved 0.8V,. model [5.33] at the same conditions of irradiance and

temperature. Due to the five different level of irradiance, five local peaks were generated.
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Figure 5.11. Peak location verification.

Using the proposed 0.8V, model technique, the estimated voltage for the first peak is
14.49V while the actual voltage is 10.08V. This has lower deviation as compared with the
conventional0.8V,. model and the improved 0.8V, [5.33] which have the peak voltage
equal to 16.88V. Similarly, the estimated voltage for the second peak voltage is 67.16V
while the actual voltage is 65.52V. However, the conventional 0.8V, and an improved
0.8V, have the peak voltages equal to 67.52V and 68.36V respectively. The third peak
voltage is 107.33V while the actual peak voltage is 106.90V. The third peak voltages for
conventional and the improved 0.8V, . model are 101.28V and 109.72V respectively. The
proposed technique has fourth peak voltage location at 147.22V while the actual peak
voltage is 147.20. Conventional 0.8V, and the improved model have fourth peak voltages
at 135.04V and 150.87V respectively. Finally, the fifth peak voltage for the proposed
model is 198.68V while the actual peak voltage is 197.80V. The conventional 0.8V,
model has fifth peak voltage equal to 168.80V while the improved 0.8V,. model
equals194.12V. Figure 5.11 illustrates the locations of the actual peaks. It is worth as well
to validate the accuracy of the proposed model by calculating the peak voltages deviation.
Using different irradiance patterns as in Table 5.2, the performance of the proposed
technique, conventional 0.8V,. model and the improved 0.8V,. model in [5.17] are
depicted in Table 5.4. For all cases, the peak voltage deviation of the proposed model
technique is lower than other methods. On the other hand, the peak voltage deviation for

the conventional 0.8V, is very high for all cases except for third peak of case 8.
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5.6.1 Impact of the proposed model on MPPT performance

To demonstrate the effectiveness of the proposed model technique, a
MATLAB/SIMULINK simulation is carried out during both normal and partial shading
conditions. For simplicity but it can be scaled up for larger PV systems (more strings), ten
PV modules in one string were connected in series with the following irradiance patterns
[1000, 1000 800, 800, 600, 450, 450, 450, 300, 300] W/m2. The first and second
subassemblies comprise 2 PV modules while the third subassembly has only 1 PV module.

The fourth subassembly consists of 3 PV modules and the fifth subassembly comprises of

Main Program Global MPPT sub-routine

Set Alth, APtol, Isc and Isc_sTc <
Set APth and measure Vpv(K), lpv(k) P and measure Ipv(k) <
> dVpv = Vpv (k)- Vpv(k-1) ;
dlpv = Ipv(K)-lIpv(k-1)
Ppv(k) = Vpv(k)*Ipv(K) Is
* Isc-1pv(K))/Isc_sTc < Alt
Call
MPPT algorithm Yes
calculate Vpeak and y using
equation (5.20) and (5.22)
o Is MPP tracked? respe%tlvely
Estimate VVempp using
equation (5.23)
Store last MPP
information Call
i.e Pmax-last and Vm_last MPPT algorithm
¥ Store last MPP information
i.e Pmax_last and Vm_last
Calculate APpv

Call MPPT algorithm
Store new MPP information
i.e Pmax_new and Vm_new

Call global MPPT
track sub-routine

Update

Pmax_last = Pmax_new

Vmax_last = Vmax_new

Figure 5.12. Flowchart for the proposed model technique.
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2 PV modules. Table 5.1 gives the specifications of the PV modules. Figure 5.12 shows
the flowchart of the proposed 0.8VVoc model algorithm that tracks GP under partial shading
conditions. The execution of the algorithm starts by measuring the PV string voltage and
current as shown in the “Main program” in Figure 5.12. Until any disturbance occurs, the
algorithm maintains its operation at the GP by continuously implementing conventional
MPPT technique. Any conventional MPPT can be used to implement this proposed 0.8Voc
model technique. In this work, incremental conductance (INC) algorithm is used due it
accurate performance under fast varying weather conditions [5.35-5.36]. When any sudden
disturbance like partial shading occur, the “Main Program” detects the condition for
tracking the GP and calls the global MPPT sub-routine. The global MPPT sub-routine
tracks the new GP and, then, again hand over the control to the “Main Program”, which
maintains the operation at the new GP. To understand the algorithm, assume that MPP has
just been reached during normal weather conditions. The algorithm then stores the
information about PV string’s output power and output voltage as Pmax_ last and Vm_jast
respectively. Until any disturbance occurs, the algorithm maintains its operation at these
stored power and voltage. The sudden occurrence of shading on the PV module due to
changes in irradiance level leads to variation of power. If the power difference between the
stored operated power and identified maximum power is greater than the pre-set value,
means that partial shading has occurred. Subsequently, global peak voltage is estimated,
which serves as the reference voltage. MPPT algorithm is then used to track the global
MPP based on the reference voltage and the information about PV string’s output power
and output voltage is stored. If the power tracked is less than the global maximum power,
the algorithm further scans other MPPs and compare the new power with the previous one
until global maximum power is tracked. In order to minimise the oscillations due to power
variation, a tolerable power variation threshold (AP,,;) is allowed to enable the algorithm
tracks global maximum power. Figure 5.13 shows the reference peaks locations of PV
modules under partial shading conditions. In Figure 5.14a, during the partial shading
conditions, the proposed technique tracks the estimated voltage which is around the actual
reference voltage compared to the conventional 0.8V,. model and improved 0.8VVoc model.

The estimated peak voltage of the proposed 0.8V, model is 149.28V while the actual
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global peak voltage is 148V. This leads to a peak deviation of 1.28V (less than 2V).
However, the peak voltage for the conventional 0.8V,. model is 135.04V, therefore the
deviation is 12.96V. Also, the peak voltage for the improved 0.8Voc model in [5.33] is.
145.59V and this leads to a deviation of 2.41 (more than 2V). Table 5.5 further gives the
details performance of the three 0.8Voc model technique. Figure 5.14b shows the global
peak power of the proposed and other two 0.8V, . model techniques. The power difference
between the proposed and the conventional 0.8Voc model technique is 20W. Also, the
power difference between the proposed and improved 0.8VVoc model technique in [5.33] is
2W. The efficiency of the conventional 0.8, model is about 93% while that of the
proposed is 99.6%. The efficiency of the improved 0.8Voc model technique in [5.33] is
98.74%. The proposed technique can be used for large scale PV farms, which leads to save

high amount of extracting power.
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Figure 5.13. P-V characteristic curve under normal weather and partial shading conditions.
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Figure 5.14. Scanning of peaks by MPPT: (a) PV voltage, and (b) PV power.

Table 5.5. Performance of the three 0.8VVoc model techniques on ten PV module under
partial shading conditions.

0.8Voc model | Calculated Global peak | Calculated global | Global peak power | Efficiency
techniques global peak | voltage peak power (W) | deviation (%) (%)
voltage (V) deviation (%)

Conventional
0.8Voc  model 135.04 8.76 223.40 35.31 93.00
[5.17]
Improved
0.8Voc  model 145.59 1.63 236.00 1.26 98.74
[5.33]

Proposed 0.8Voc
model 149.28 1.28 238.00 0.42 99.60

5.7 Summary

In this chapter, a new 0.8V, model technique has been proposed for medium voltage large
scale photovoltaic (PV) system integration. As demonstrated mathematically and
graphically that, the local peaks near the multiples of 0.8V, are incorrect with long PV
string. For a long string of PV modules with low irradiance under partial shading, the
deviation of local peaks becomes more obvious. Therefore, the new 0.8V,. model
technique addresses the drawbacks in the conventional 0.8V, to minimise the power loss

and subsequently improves the efficiency. Through the simulation results, the proposed
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technique has improved the tracking time and efficiency with minimum peak voltage
deviation from actual values. The proposed technique is very beneficial for megawatt large
scale PV farms due to the saving of high amount of power.
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Chapter 6

Grid Interfacing of Multi-Megawatt Photovoltaic System

under Normal and Partial Shading Conditions

This chapter investigates control issues and implementation for grid interfacing of
multimegawatt photovoltaic system. The investigation is focused on current control, DC-
link voltage control, MPPT technique and active and reactive power control. Control
techniques under investigation are maximum power point tracking (MPPT), grid current
and dc link voltage control. A modified 0.8VVoc model suggested in chapter five is utilized
to optimizes the active power level in the grid interfacing of multi-megawatt photovoltaic
system. The new 0.8VVoc model is capable of saving high amount of power even under
partial shading condition. The feasibility of the grid interfacing system is validated by

simulation in multi-megawatt photovoltaic system.

6.1 Background

The main aim of grid interfacing system is to control the active and reactive power
generated from the interfacing inverter. The voltage and frequency level are being
controlled by the grid system. In grid connected system, the power quality is dependent
on the quality of current. A suitable way of controlling the power interfacing inverter is
essential as this controls the harmonic injected into the grid. Interfacing large scale PV
farms to the grid involves the use of power electronics. Pulse-width modulated voltage
source inverter (VSI) or current source inverter (CSI) are the main power electronic
devices for grid interfacing system [6.1]. The use of VSI increasingly becoming popular
for high power medium voltage. This application involves multilevel and two level VSIs
[6.2-6.4]. Because Multilevel VSI require high dc voltage, it is not viable option for
implementing grid interfacing PV systems. This is because huge number of PV modules
must be used to achieve high voltage for medium voltage applications [6.5-6.8]. Thus, the
approach complicates partial shading problems. Even though, the cascaded multilevel

inverter is given much attention in the PV system applications [6.9], the approach reduces
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the life span of the PV cell as the PV cell is always exposes to ac current component of
low frequency [6.1], [6.10]. The most commonly applied inverter for grid interfacing PV
system is the two level VSI. This inverter has high switching losses [6.11], but with
appropriate pulse width modulation, the inverter can generate high quality output voltage
where significant harmonic can be suppressed from penetrating power frequency range,
around and beyond the carrier frequency. Thus, small ac filter size is required.
Additionally, the generated output active and reactive power can be controlled
independently. To achieve robust control in grid interfacing PV system, certain conditions
need to be met [6.12-6.13]. First, there should be MPPT that will force the PV module to
operate at maximum power point (MPP) to improve system efficiency. Second, grid
current control and voltage regulation using the dc link are important requirement for
smooth injection of active power. The aforementioned requirements can be implemented
using one of the existing topologies namely, single stage and two stage topologies [6.1].
The single stage topology involves only one conversion stage and uses one inverter. Thus,
the number of components is reduced which increases system efficiency [6.14]. Figure
6.1a shows the configuration of the topology. The main limitation for this topology is the
voltage ripple on the dc bus which is caused by double line frequency grid power
oscillation [6.15]. To limit the ripple propagation, the single stage topology inverter must
be designed with large electrolytic capacitor. However, the bigger size of the capacitor
affects the converter dynamic response [6.16]. Additionally, the topology requires PV
array of high dc voltage and such configuration requires huge number of PV modules
which increases control complexity. This PV configuration suffers from hotspot during
partial shading [6.17] leading to a severe power loss. Also, it could lead to a possible
increased in leakage current between the PV modules and the ground through the parasitic
capacitor of PV modules. For PV modules of low dc voltage, the use of step-up
transformer to match the inverter output in this topology increases the inverter losses.
Thus, this topology is limited to small scale PV application. A two-stage topology
involves two conversion stage which has inverter and decoupling dc-dc converter as an
additional component. The additional dc-dc converter increases the cost of

implementation and also adds additional losses to the entire grid connected PV system.
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However, the decoupling dc-dc converter step-up the PV voltage level, which leads to an
increase in operating range and flexibility to increase number of PV modules [6.1].
Additionally, the energy changes between the dc link capacitor of the output inverter stage
and PV string can be decoupled [6.18]. Figure 6.1b shows a typical configuration of two-
stage grid connected system. Effective optimization and utilization of active power in the
grid connected PV system can be achieved by the use of suitable MPPT, and effective

external and internal control loops [6.18].
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Figure 6.1. Topology of grid connected system (a) Single-stage system, (b) Two-stage

system.

6.2 Issues in Various Control schemes of Grid Interfacing PV System
The following subsections discuss issues related to control schemes in grid connected PV
system. The control parts under investigation in grid interfacing PV system are MPPT,

DC-link control, current control and active and reactive power control.
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6.2.1 MPPT Technique

The grid interfacing PV system requires a suitable MPPT device to be able to control the

power generated from the PV module. However, such device also has control issues

emanating from implementation and operation under environmental weather conditions.

These control issues have the tendency to compromises the grid power quality as

explained below:

» Trade-off issue in most conventional MPPTSs. This has the tendency of reducing the
grid power level due to oscillation around MPP and also slow down the tracking
process of the algorithm.

» Drift is also another issue in most MPPT hardware devices. An increase in irradiance
courses most MPPT drift away from MPP and this after the amplitude of grid current
and system instability particularly under rapid increased in irradiance condition.

» The occurrence of partial shading on the PV modules produces multiple peaks on P-V
characteristic curve. This is a critical issue that need to be address in grid connected
system. Significant power loss occurred which in turn decreases the injection of grid
power level when local peak is tracked instead of global peak. It is believed that there
is no standards or procedures to test MPPT unlike, BSEN50530 which was published
in 2010 [6.19]. This provides procedure to measure the efficiency of MPPT.

6.2.2 Grid Current control

In grid connected PV system, the inverter is responsible for producing the sinusoidal
current and this inverter must satisfy strict standard and grid codes specified by
international organizations such as IEC 16727 and IEEE 1547 standards [6.20]. These
standards allow at most 5% injection of current harmonic into the grid, with restrictions
enforced on the individual harmonic as a percentage of the fundamental component for
low voltage applications. These standards are applied to prevent the use of current
controller that shows high rejection capability to the grid background distortion. In the
grid interfacing PV system, the reference grid current amplitude is the output of dc voltage
controller. The current controller in the loop then forces the grid current to line up with

sinusoidal reference. Proportional—integral (Pl) with feed forward and proportional-
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resonant (PR) are common in grid interfacing PV systems [6.21]. PR controller performs
better than that of Pl controller because it can withstand grid harmonic disturbance,
ensuring unity power factor and provides pure sinusoidal current. However, with severe
variation of grid frequency in the utility network, an improved PR controller is
recommended to absorb the impact [6.21]. Figure 6.2 shows the inner current control loop

for grid connected system. The PR controller has a transfer function given by:

S
GPR(S) = kp + klm (61)
where, k; and k, are integra and proportional gains respectively. w represents the

resonance frequency. Gp(S) is the LCL filter. Gp(s) is the microcontroller processing

delay and is given by:

Gp(s) = (6.2)

1+ sTs

where, Ts represents the sampling time.

€(S)

\ 4
A\ 4

GPR(S) GD(s) Gp(s)

Figure 6.2. Resonance controller diagram.

6.2.3 DC-link voltage control
This controller is specifically designed to regulate the amplitude of the sinusoidal
reference grid current, align with the voltage of the grid. This sinusoidal reference grid

current is responsible for instantaneous power available at the input of the inverter [6.22].

141



By using the current controller where the amplitude of the grid current is properly
controlled, the power at the inverter dc side is smoothly transferred into the grid. This
results in power balance at the dc-link where dc-link voltage becomes constant. There are
two main components that causes possible linear increment and decrement of dc-link
voltage in grid connected PV system. The first is the dc component, which is the average
power difference between the power extracted by the dc-dc converter and the dc-ac
inverter. The second is the ac power, which constitutes ripples with frequency twice of the
main frequency. The power balance in grid connected system shown in Figure 6.3 is given
by:
Pin = Poyt + Pyc (6.3)

where, P;, is the power extracted by dc-dc converter, P,,,; is the power extracted by the

dc-ac inverter, P, is the power to dc-link capacitor.

~ dv,,
Pdc - VdCCdCT (6'4)

where, V. is the dc-link voltage and i, is assumed to be sinusoidal and is align with the

grid voltage, then:

Pyt = Py =37V, I sin? (6.5)
.~ (1—cos(Qwt
= 37, [ <f) (6.6)
3
Pyt = EPg(l — cos(2wt)) (6.7)

where, l?g and fq are grid voltage injected current respectively, P, is the injected

instantaneous active power at unity power factor. Substituting (6.4) and (6.7) into (6.3),
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Figure 6.3. Power balance in grid connected system.

3 dv
Pin = 5 Py(1 = cos(2wt)) + Vchdcd_;iC (6.8)

Considering the power loss (Pioss) in the converter due to switching and conduction losses

as well as the losses in the capacitor, the general power balance equation is written as:
3 dv,
Pin = 5 Py(1 = c05(2w)) + VacCac d—f + Ploss (6.9)

In order to meet the condition for power balance, it is important that the dc-link voltage is
maintained constant at all time under any given irradiance conditions. A simple

conventional PI controller is suitable and is given by;

k;
Gp1(S) = kp + ?l (6.10)

where, kp and k; are proportional and integral gain of Pl controller respectively. This will
ensure effective power transfer from the PV module(s) into the grid. Thus, effective

control strategy is required in grid connected PV systems.

6.2.4 Control of Voltage source inverter (VSI) in photovoltaic system

The main objective of inverter in grid connected mode is to achieve good tracking of
controlled variable with minimum phase error. The tracking accuracy is dependent on the
inverter switching frequency, the dc link voltage and the output inductor of the inverter.

By properly controlled the grid current, controls the harmonic content and stable power is
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injected into the grid. VVoltage source inverter can be operated in standalone ac system or
grid connected mode as shown in figure 6.4. In standalone ac system, the overall ac power
is transmitted to the system through inverter. In standalone mode, the system voltage and
frequency do not require any reference generated from synchronous alternator. The
inverter is responsible for providing a stable voltage and frequency in an event of
arbitrarily load variation. The main challenge in this mode of operation is the quality of
output voltage which determines the power quality. The control system should be able to
supply enough reactive and active power to match the load demand by maintaining the
frequency and voltage within the standard specification limit. On contrarily, the inverter
in the grid connected mode controls and handle any distorted grid voltage that may draw
from the network. Figure 6.5 shows a typical inverter equivalent circuit connected to the

grid through an inductance.
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Figure 6.4. The operation of voltage source inverter.

The expression for active and reactive power is respectively obtained as follows;

3V, Vi siné
= —— (6.11)
3Vg
Q= 5 (Vycosd —Vp) (6.12)
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where, X is the coupling inductance or the reactance of the line between the grid and
inverter, § is the phase angle between voltage of the bus V; and the output voltage of the
inverter V. It is evident from the expression (6.11) and (6.12) that the active power

depends on the angle § while reactive power is a dependent on the amplitude of the output

voltage of the inverter.

6.3 Modeling of Grid Interfacing Systems
The following section discusses the modeling of various control schemes in grid
connected system. This includes the inverter control in d-g synchronous reference frame

and MPPT control scheme.

6.3.1 The proposed GMPPT controller

A new GMPPT control scheme developed from conventional 0.8VVoc model in chapter
five is used to implement multimegawatt PV grid connected system. A new global peak
voltage developed consists of two components: the voltage at peak and peak deviation

factor correction. The voltage at peak is expressed as:

ISC PV
Vpeak = VOC_STC + ‘thln I— X 0.8 X NS (613)
SC_STC

Where, V,. src Is open circuit voltage, Isc sr¢ is short circuit current all at standard test
condition (STC), u and V; are ideality factor and thermal voltage respectively, I is the
short circuit current for PV string, and Is¢ sr¢ is the shirt circuit current of PV string at

STC. Also, the deviation factor correction is given by:
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Ie—1 %
B = <SC PV)( 9cS —0.8) X Ng X Vo src (6.14)

ISC_STC VOC_S_STC

where, V,. ¢ is open circuit voltage of PV string under partial shading conditions and
Voc s sTc represents open circuit voltage of the PV string at STC.

Thus, the calculated global peak voltage under partial shading condition is given by:
Vempr = Vpeax + B (6.15)

6.3.2 Inverter control in dq reference frame

The active power injected into the grid by the inverter can be controlled in the synchronous
reference frame, where the voltage magnitude is lined up with d-axis. Since the control
design requires only fundamental frequency dynamic, the equations that describes the

inverter ac dynamic can be presented given below:

dI

Ltd—td = Vear — Vg — Ry + wLl, (6.16)
dl,

e = Veqr = Vg = Relq = Lily (6.17)

Equations (6.16) and (6.17) can be written as

dId _ Rtld VCdT’ - Vd + (L)Lth

= — 1
dt L, T L, (6.18)

dl; Ry Vigr— Vy— el

o _ _ 1
dt L, T L, (6.19)

Assume Uy = Vigr — Vg + wLelg andUy = Vg — Vg + wLily.
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Equations (6.18) and (6.19) can be re-written as:
dly  Rq Ug

G- L + L, (6.20)
dl, RJd, U,
—_—= - — 4 — 6.21
dt L, + L, (621)
Where, U, and U, are obtained from PI controller given as
Ug= Kp(I;; — Ip) + K,f(]; — I)dt (6.22)
Uy = Kp(I;— 1) + K,j([; — I;)dt (6.23)
By using the following change of variables:
Yq = K,j(l; — Ipdtand y, = K,j(]; — 1,)dt,
Equations (6.22) and (6.23) can be written as:
Ug= Kp(lg— Ia) + Va (6.24)
Uy = Kp(I;— 1) + 74 (6.25)
dlg (Re+ Kp)la . va , Kplg
¢ >+t e, e 6.26
dt L, + L. L, (6:26)
dl R; + Kp)l Kpl,
9 _ —M-l- y_q+ﬂ (6_27)

at L, L, L,
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dyq

o = Kila—la) (6.28)
dy,
d_: = K(I; - 1,) (6.29)

By differentiating equation (6.26) - (6.29), the inverter ac dynamic can be represented in
state space equation as:

—dld_ ~ _

E _w 0 i 0 _KP ]

dl Le Le , °

@ . G O U T 1 I R
dyg|= Ly L | L+ I, [I‘i] (6.30)
Zfa Ya q

dt —K, 0 0 o |lvd % O

ry o' K

a|l | o — K, 0 0

The control system for 3-phase inverter in d-q synchronous reference frame can be
summarised as shown in Figure 6.6. The feed-forward terms are calculated as V.4, =

Qq+ Vg — wldgand Vg = Q4 + Vy + wL,Iy. The active power is expressed as:

3
P = Vala (6.31)

Similarly, the reactive power is expressed as:

3
Q= _EVqlq
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Fig. 6.6. Schematic control diagram of grid interfacing PV system.

6.4 Simulation results and discussion

In this section, simulation results of 5 MW grid interfacing PV system subjected to both
normal and partial shading conditions are presented. The tested PV array consists of a
combination of a string of 190 series connected PV modules and 50 parallel connected
string with overall rated power of 5SMW. Each PV module is rated at 530W. The system
parameters are shown in Table Il. The system delivers 5 MW on normal weather condition
string with overall rated power of 5SMW. Each PV module is rated at 530W. The system
parameters are shown in Table Il. The system delivers 5 MW on normal weather condition
and 2 MW on partial shading condition. The proposed 0.8VVoc model is implemented with
conventional incremental conductance to adjust the PV array voltage to voltage at
maximum power point and subsequently generates maximum power from the PV
modules. The effectiveness of both conventional and proposed 0.8Voc model techniques
for grid interfacing multi-megawatt is demonstrated using MATLAB/SIMULINK. Fig. 7
parts (a) and (b) show the global voltages and peak powers of both conventional and the
proposed 0.8Voc model. It is evident that the proposed 0.8VVoc model improves both PV

array voltage and power. This in turn improves the grid injected active power as shown in
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Figure 6.7 (c). Figure 6.8 (a) demonstrates the effectiveness of the external control loop,
where the dc link voltage controller regulated dc bus voltage at 14.25 kV and 13 kV at
normal and partial shading conditions respectively. The external control loop regulates
both active (/;) and reactive (I,) current components. The I, current is set to zero in order
to achieve unity power factor and zero injected reactive power. Figure 6.8 parts (b) and
(c) demonstrate the effectiveness of the internal control loop. The active power from the
PV arrays is 5 MW, while the injected power into the ac is 4.73 MW, which represents
95% of the PV arrays power at normal condition. Similarly, during partial shading
conditions, the active power of PV module is 2 MW and the injected power at that
condition is 1.89 MW. The 5% loss is due to switching loss of the converters which is
normal for a typical grid interfacing PV system. It is evident based on these results that
the proposed 0.8Voc model with INC technique is capable of delivering optimum power

of PV arrays, which improves the active power injected into the grid.

Table 6.1: System parameters.

Rated power, frequency 5 MW, 50 Hz
Transformer Turns ratio 1:1
Leakage reactance(pu) 0.1
Resistance (pu) 0.002
Control parameters Current controller [Kp Ki ] [21 106]
Voltage controller [Kp Ki] [0.8 60]
Inductor 2mH
Boost converter Input capacitor 150 uF
DC link capacitor 400 uF
Switching frequency 10 kHz
DC link voltage 14.3 kV-13.1 kV
Two level inverter Rated power 5 MW
AC voltage line to line 11 kv
Grid frequency 50Hz
PV module Vwee, Impp, Pmax 40.74V 13.01 A530 W
Voc, Isc 49.26V, 13.69A
PV array Vwmep, Impp, Pmax 7.74kV,160.5A, 5SMW
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Fig. 6.7. (a) Voltage of proposed and conventional 0.8Voc, (b) Output power of

proposed and conventional 0.8Voc, (c) Injected grid active power.
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6.5 Summary
In this chapter, issues associated with controls in grid interfacing of multi-megawatt PV
system have been investigated. This investigation focused on MPPT, grid current and dc

link voltage control to highlight the main challenges and limitations. A new 0.8VVoc model
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technique suitable for multi-megawatt grid interfacing PV system has been developed and
implemented with INC technique. It was demonstrated that the interval between two
successive peak of PV modules under partial shading in conventional 0.8VVoc model is not
correct. The simulation results attest that the proposed technique is capable of improving
PV arrays voltage and power significantly. The injected power is about 95% of the PV
array power. This means that the proposed method is suitable for large scale multi-
megawatt PV system since it is capable of saving high amount of power even in partial
shading conditions.
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Chapter 7

Conclusions and Future Works

7.1 General conclusion

The ever-increasing rate of greenhouse gas emission due to high global demand of
electricity has generated enormous interest in development of renewable energy.
Integration of renewable energy such as tidal, wind and solar has increased significantly.
Globally, PV systems are one of the most accepted and efficient renewable energy sources
for generation of electricity in small and utility scales. This is due to their applications in
satellite systems, transportation systems, distributed generation and mobile applications.
However, due to voltage and current characteristic curve of PV module(s), which is
described as non-linear, the generated power is always affected by the variation of
irradiance and temperature. Additionally, in an event of non-equally distributed irradiance
around the PV module, multiple peaks comprising of local and global maxima are
generated in the power (P)-voltage (V) characteristic curve. For PV system applications,
the PV module plays crucial role and its operations must be controlled effectively. Chapter
one and two deliberated the technologies and applications of PV system in order to
establish the research gap. In chapter three, the impacts of temperature and irradiance on
the performance of proportionality constants in both FOCV MPPT and FSCC MPPT
techniques were investigated. Based on the combined temperature and irradiance effects,
an optimum proportionality constants values were developed and new FOCV MPPT and
FSCC MPPT techniques were suggested. The advantages of the proposed techniques were
validated by Matlab/Simulink. By comparing the proposed techniques to the conventional
counterparts shows that the proposed techniques have high tracking efficiency and their
optimum proportionality constants values were re-tuned during variable temperature and

irradiance conditions.

In chapter four, a modified variable step-size incremental conductance MPPT technique

for PV system was developed. In the new MPPT technique, a new autonomous scaling
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factor based on the PV module voltage in a restricted search range to replace the fixed
scaling factor in the conventional variable step-size algorithm was proposed. Additionally,
a slope angle variation algorithm was also developed. The merits of the proposed MPPT
technique were verified using simulation and practical experimentation. The performance
of the proposed MPPT technique was compared to the conventional variable step-size INC
MPPT and the results show fast tracking, less oscillations under steady-state and dynamic
conditions and good tracking efficiency. The performance of the proposed algorithm was
further evaluated with simulation and compared to the two different existing variable step-
size INC MPPT.

A new 0.8Voc model technique to estimate the peak global voltage under partial shading
condition for medium voltage megawatt photovoltaic system integration has been
proposed in chapter five. The proposed technique consists of two main components;
namely, peak voltage and peak voltage deviation correction factor. The proposed 0.8Voc
model was implemented by using simulation and its performance is compared to the
conventional 0.8Voc. The performance of the proposed technique was further compared
to the existing modified 0.8VVoc model. The results show that performance of the proposed
0.8Voc model has high tracking efficiency and can be used for large scale PV farm, thus,

it can be used to save high amount of PV power.

In chapter six, control issues confronting grid interfacing PV system has been investigated.
A modified 0.8Voc model suggested in chapter five was utilized to optimize the active
power level in the grid interfacing of multi-megawatt photovoltaic system under normal
and partial shading conditions. The proposed system was successfully verified using

simulation and is suitable for high power under normal and partial shading conditions.

7.2 Author’s contributions
The contributions in this thesis can be summarised as follows:

e New FOCV MPPT and FSCC MPPT techniques have been proposed. The

techniques utilize new developed optimum proportionality constants due to the
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combine temperature and irradiance effects on the performance of the
proportionality constants.

e Modified variable step-size incremental conductance MPPT technique for
photovoltaic systems. The system uses autonomous scaling factor instead of fixed
scaling factor to minimize oscillations around the MPP.

e New 0.8Voc model technique to estimate the peak global voltage for medium
voltage megawatt photovoltaic system integration.

e Proposing as grid interfacing of Multi-Megawatt photovoltaic system under
normal and partial shading conditions by utilizing a new 0.8Voc technique to
improve the active power in the grid.

7.3 Suggestions for future work

The research commenced in this thesis addresses some key limitations of PV system,
which is related to maximum power point tracking techniques under normal and variable
weather condition, control issues in grid interfacing PV systems and effect of partial
shading on the PV modules. It is important to consider the following for future research

work:

e The concept of the combined temperature and irradiance effect on the
performance of FOCV MPPT and FSCC MPPT have led to the development of
new optimum proportionality constants values. Adoption of this idea in proposing
a hybrid MPPT from the combination of FOCV MPPT and FSCC MPPT
techniques could be a promising work for the future.

e The new variable step-size INC MPPT can further be modified and applied in
standalone photovoltaic storage pumping system for better performance for water
irrigation applications.

e The use of 0.8Voc model has been demonstrated to be one of the best techniques
to be apply in high power PV system, however, this technique involves

computation deviations. The use of the machine learning tools can be used in this
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technique to minimize the deviations in order to enhance its performance in a

large-scale PV system.
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