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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% ofwdd 6 s ener gy demand comes from bu
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 consumpth, 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 hawseen significantimprovement 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 extendetb utility scale level for electricity supply. Photovoltaic systems for power
generation are wethoughtout asone ofthe most efficientcleanlinessand acceptable
renewable energpecause of their suitabilityn transportations, distributed generation

satellite systems and mobile applicagdt.2].

1.1Background 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 s@eani electrolytic cell that was placed

in electrolye. In 1879, the first solidtate 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
eledricity 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 Aleksaletin\s
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-banghotovoltaic cell
made up of semiconductor materiaisl954 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 theiesifiy to 14% and

between 1950s and 1960s, solar PV system were produced for commercial purposes. Solar

PV system currently provides electricity in satellite systen®.[By 1980, plants for
production of solar module have already built, producing ab®é/lof 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 technologgsdoot 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 systelikely 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 solasyRiem
installation capacity increased annually from 2819/ in 2012 to 10MW globally in

2018, motivated by additional large utility scale leading to global reduction of PV system
prices. At the end of 2018, t hmreased tor520d 6 s
MW. The Global PV power capacity increased by 632W 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 powecitgd 76 and
204MW respectively in 2019. China also overtook the whole European union PV installed
capacity with new PV system capacity of overM¥V. In Europe, Germany and ltaly

have demonstrated through their stimulated policies, large growth oh§tsllation

capacity even in the areas where solar energy resources are moderate. In general, the trend

in PV installation capacity wordiide is increasing and expected to increase the global
renewable energy capacity to fully replace conventional thegpoaér generation plant
[1.5].

P
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Figure 1.1. Global Cumulative installed solar PV capacity between 2000 and

1.3 Environmental impacts of photovoltaic energy system

The main source of photovoltaic energy is the sun and this does not ievoilsgion 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 isougederate electricity.

In comparison, the carbon emission during the manufacturing of PV module is between
14 to73 gCQkWh lower than emission fromatural gasvhich is 742 gC@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 enertyy psetiice

new PV modules is significantly reducesbmpared to natural gasyntributingto about

42% reduction in carbon emissifin7].

1.4 Cost of photovoltaic systems

The trends of solar PV market are rapidly changing and driven by a numtaetars

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 arg] @@l
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 8].. Both the costs of PV module production and installation



determine the global weighted average levelised cost of electricity (LO®E)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. Thesgluctionwasbecaus¢he PV
module price declined by 90% between 2010 and 2019, which saw a decli@&aof

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 generalnstallation costs

for PV systemare expensive than other renewable energy sources such as wifid [1.
However, PV system is economically feasible and requires little maintenance compared

with wind energy.

1.5 Development of photovoltaic energy in thelK

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 havinganeel of

high intensity [1.1]. 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 Feeth Tariff (FIT) in 2012 booted 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 taytitefor payment. At the end of
2017, the UK installed PV capacity was 1RI8V, which is 3.4% of the total electricity
generation. The total installed PV capacity by 2019 was more thisiWB1.13]. Figure

1.2 represents UK installed PV capacitys important to note that FIT is nongerallow

in the UK grid network as the government closed for all new application, it has replaced
with smart export guarantee scherfibis scheme will only pay for your exported energy
unlike FIT which pays for &th generation and exported energy.
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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 advantagehi$ system is to increase the interfaced network
capacity for reliablegefficient, and high-power quality supply [1.4]. The photovoltaic
system has two main application modes: island (standalone) anrdognécted modes.

With Island mode, the system optes 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 applicabé 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 stati&h [&rid
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. Gnicected
system operates as centralized power plant or distributed generation. In centralized power
plant, bulky PV power is delivedto minimizes regular use of fossil fuel for generation

of electricity [1.56]. 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 industgutlook 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 maatgyrid-connected mod#r interfacing andmproving
theefficiency of the PV module.

1.7.1 System efficiency

The efficiency of the PV system latgalepends on PV module, maximum power point
tracking (MPPT) controllerpowerconverter andnterfacingtransformer. The solar cell
materials of the previous generations reflected or absorbed most of the sunlight and only
1-2% of the sunlight could conweto electricity [1.B]. 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 technolog8j.[THe

power electronic aoverters 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 cooverter 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 (MRAR)partial shading conditions
[1.20], the characteristic of PV module generates multiple peaks instead of only one peak.
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Figure 1.3. Efficiency of different solar cell materials.

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 t@mtrol
storage device and wire that interconnects the components. The quality of these
componentslefinesthe reliability of the PV system. The mastiablecomponent of the

PV system is the Pyhodule andequires littlemaintenancevhich has approximately30

years of lifespan [1.21]. Standalone PV system requires good storage devices to
continuously supply critical loads with power of high quality [11224]. Themost
appliedbatteries for standalone PV system are nickel and lead acid. Reliability of the P
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 centartotal of 130 grid conmméed PV system
experienced 213 systebreakdownsbetween 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 thopeance of the
inverter. Therefore, effective protective mechaniie anti island mode protectionust

be put in place to avoid system failure



1.7.3 Grid connected PV system

Inverter in a grid connected PV system performs two raaintions. 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 systemmliaption defines the type of methods
used to interface PV system to the grid. Inverter topology available in PV system are
centralized inverters, string inverteraulti-string invertersand micreinverters[1.28].

The centralized inverter grid interfagifiPV 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, his grid connected PV system has disadvantages such as failure to track the
actual MPP, the use of dc caldf high rated voltaganddifficult to embark on large scale

due to rigid design. String inverter consists of a string of PV modules and an inverter. It
is asimplified version introduced to overcome limitations in centralized inverter with
fewer numbenf 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 dacgée production. String
inverter can be implemented using single stagevo stage grid connected PV system.
Multi-string inverter is the modified version of string inverter where each PV string is
connected to ddc 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 multstring inverter topology iseasible;however, the main dvaback 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 wdiah

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 oicpract



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 ar&1H27

[1.33] and IEEE1547 [1.34] respectivelyThese standards deal with challenges
associated with power quality, grounding, detection of islanding operatiorhet&EE-

1547 is the modificationf IEEE-519which serves as the harmonic current limits in the
two standardsin general, IEG51727 ensures compliance of standards related to unit
interface of photovoltaic system characteristics [1.35]. While HEB&/ ensws
compliance of standards on interconnected distributed generation on electric power
system [1.36]. Table 1.1 shows the summary of-IE&1727 and IEEA574 standards.
Inverters interfacing PV modules to the grid must fulfil strict {&1727 and IEEEL574
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 IEG1727 and IEEE574. 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 electrogitverters to reduce harmonic distortion. Other
technique includes reduction of switching losses [1.37]. DC injection currenhats
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 o
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 IEESZ4 and 1.0% for IE®1727. Many

works have been done to minimize high dc current injection into the gridiarattthcted

| ots of researchersodé attention.



Table 1.1 Summary of IE61727 and IEEE547 standards for utility companies

IEC-61727 [1.33]

|EEE-1547 [1.34]

Nominal Power

Harmonic current

(orderh) limits

10 kW

(3-9) 4.0 %
(11-15) 2.0 %
(17-21) 1.5 %
(23-33) 0.6 %

30 kKW

(2-10) 4.0 %
(11-16) 2.0 %
(17-22) 1.5 %
(23-34) 0.6 %

(<35)0.3%
Even harmonic in these ranges shall be less than 2t

the odd harmonic limits listed

Maximum current THD 5.0%

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

Voltage rangeper phase 85-110% 88-110%

for normal operation (196V1 253V) (97Vi 121V)

Frequency range fo 50+ 1Hz 59.3Hz to 60

normal operation

1.8 Motivation of the research

Photovoltaic (PV) module has a ntinear 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 mor
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 irergemece

speed, number ofsensors 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 nprelyosed

10



or existing one is suitable or needs modificatioreféectivelyused in a given PV system.
Given, the numerousumbersof methods for MPPTSs, an effective literature survey is
essential to identify loopholes of any of these techniques and devslaipable method

to improve its performance under normal and partial shading conditions. Another issue
confronting PV system is how to interface multegawatts PV system into the grid
network. Failure to achieve proper interfacing of PV system to tdeegds 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 systengfal interfacing system are the main

concern.

1.9 Thesis objectives
In this thesis, a comprehensive study on the grid interfacing ofF-matjawatt PV system
is discussed. Focusing on the following objectives:
A Review comprehensively common maximumweo point tracking (MPPT)
techniques.
A Devebpa new efficient MPPT technique for grid connedBdsystems.
A Develop a new MPPT technique farartial shading condition twack the global
MPP.
A Investigate grid interfacing multhegawatt 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 itsimdrivers in both island and grid interfacing

mode perspectiwge It further highlighted the impact of photovoltaic energy on
environment and the challenges in both island and grid connected PV system. The
motivation,and objective®f this thesis are presented in this chapter.

11



Chapter two presents literature review mifotovoltaic systems and commonly used
maximum power point tracking technique (MPPWhich includes their suitability in the

PV system applications.

Chapter three discusses new optimum proportionality constants values based on the
impact of temperaturend 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.

Chaper four provides detailed discussion on the limitations of conventional variable step
size incremental conductance MPPT. Additionally, a new variablesgtefgechnique is
proposed to address limitations of conventional variableSmpMPPT. This chapt
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 convergidh8Voc 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 & investigates control issues and implementation for grid interfacing of-multi
megawatt photovoltaic systerhe new0.8Voc model is utilized to optimize the active
power in the grid interfacing of multhegawatt photovoltaic system. The effectiveness of
the system is verified using simulation.

Chapter sevenpresentsthe general conclusion, contributions tie author and

recommendations for futuxgork.
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Chapter 2
Literature surveyon photovoltaic system and maximum power

point tracking (MPPT) Techniques

This chapter discusses the literature of photovoltaic systehcommonly used maximum
power tracking (MPPT) techniquedhis review includes the composition of the
photovoltaic system, which are photovoltaic cell, module and array. The output
characteristic curve of PV modukediscussed. Thelassification of theommonly used
(MPPT) technigue including their advantages and drawbacksdiseussedA detail
comparison which inclde their applicatiosuitabilityin PV system is also presented.

2.1 Composition of Fhotovoltaic system

Photovoltaic system is the energy system designed to use solar irradiance to generate
electricity. This system consists of modules that Haen connected in group of series
parallel formandhas 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 2.1Structure 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 materiglsvhich serves as the fundamental component of the PV
module.Since slar cell is made afemiconductor materials, its electrical characteristics
such as voltage, current and resistance vary when exposed .ttt bghtaves as conductor

when exposed to light and becomes insulator at low temperature conditions. Thece are tw
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 peslayer which
produces electric current [3.Bilicon is the most commonly used semiconductor material

for solar cell [2.2]. There are different types of solar ¢etlswever amorphous,
monocrystalline and multicystalline are the most commonly used selds for
commercial purposes. These solar cells have merits and debs=@d orthe 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 figuke Phe

mathematical model that defines the curneritage characteristic equation are written as

follows:
0 © © 2 P
: Y
wherg 'O s the output current of PV cell) andOare light generated current and
current of diode respectivelyn is the voltage across the diod®,  is the output

current of the PV celind’Y is the parallel resistanc®is given by
© O Qwrﬂ% p c&
where| andw are ideality factor of the diode and thermal voltage respectively.
The thermal voltage written as
QY

w ; C®
n

18



_—

Pv_cell

A Rs
WV 1 ?
VPv_ceII

|

where “Y and Q are pn junction temperatur e (in

AAA
A\ A A4
Py
he}

Figure 22. Equivalent circuit model for PV cell

(p® wop T J/K) constant respectively, is the charge of electroithe voltage across
the diode is given by
w W 0o Y 8

wherew s the output voltage of PV cellsing equations (2.2), (2.3) and (2.4), the
general current voltage characteristic of PV cell in equation (2.1) canvirétten as
O Y W 0o Y

W
o (@) OQuwn o p v

c®

This currertvoltage characteristic expression for PV cell involves five parameters namely
| ,'0,7QY andY . The values of'Y andY are assume constants even at variable
weather conditions [2.4vhere’O and'Oare given by the following expression:

0

O 0 QY Y —
) C®
o~ e Y. NO P p
O ©O " Qw q—TQ ~ Y C&

where 'O and 'O are reverse saturation current and bgad of the semiconductor

material respectively.Yis the reference temperatuf®, is the temperature at standard
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test conditions;Ois the solar irradiance® is the solar irradiance at standard test

conditions §TC) andn is the electron charge® T ¢ p X qpTT 0).

2.1.3 Photovoltaic module

Photovoltaic modules consist of group of series and parallel connected PV cells seal in an
environmentally protectiveaminate andire the basic building block of PV systems. The

PV module performance is evaluated according to its output dc powerSih@eand this

STC defined module operating temperature &C2ith irradiance at 1000//m? under

air mass 1.5 spectral distribution [2.5]. The cureritage relationship of PV nalule is
obtained in equation (2.8) using the equivalent circuit of identical P¥ aatinected in

series and parallel.

0 £0 & 00 no YO ®w YO
8 8 (A)r] | '?’gwa p é !Y

&

where ¢ and¢ arenumber ofparalleland series connected PV cell respectively,
and w are PV module output current and voltage respectivalile PV output

characteristic is theurrentvoltage (}V) andpowervoltage(P-V) curves under BC. The
parameters which

15-'80 i 600 Pmpp
~ (e = - U e e etk et
< N (@ !
ogi] S ! . %400 ! )
i : i
3 5t : | £200 |

0 . | | Vmppi YOC 0 1 ! | .

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 sinert circuit current’@ ), current at maximum

power point O ), voltage at maximum power poinb( ), open circuit voltaged )
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and power at maximum power point { ). Figure 2.3 shows the PV module
characteristic curves with these parameters. Apart from afieeementioned key
parameters, temperature fiasent of short circuit currenfQ and temperature coefficient

of open circuit voltagéQ also play crucial role on the performance of PV characteristic
under variable weather conditions. These parameters are provided by the manufacturer
datasheefTable 2.1 shows a typical manufacturer data sheet of a PV modit88\&X

Table 2.1. PV module parameters (83W).

Parameter Value
Maximum power (Ray 80 W
Voltage at Rax (Vmp) 16.80 V
Current at Rax (Imp) 4.75 A
Shortcircuit current (ko) 517 A
Open circuit voltage (¥c) 21.00V
Temperature coefficient of{g) (0.065 £ 0.015nA/3
Temperature coefficient of @) -(80 £ 10)mV 8
st- 1000 Wi @ 1 wl ' Wit
?10' 600 Wi’
g
3 sb 300 Wim’
0 N\

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Voltage (V) Voltage (V)
15
600F
~ ~ W\ @
<1op g AR
o =400f \
g g —10°C
3 5 £ 200 AR
--5°C 1!
1
v !
0 0 1 1 L 1 1L
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Voltage (V) Voltage (V)

Figure 2.4. Effecon PV module.(a,b) variable irradiance, (c,d) variable temperat
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Figure 2.4(a,b) and (c,dshow that the performance of the PV characteristic largely
depends on the variation afradiance and temperature[2.6]. It can be seen that,
temperature has extensive impactoonbut little impact onfO. Also 'O shows a direct
significant dependence on irradiance while the dependeay 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 opwit power. The rated power depends on the number of PV module
assembled. The output power from the PV array is the total pyeverated from each

PV module[2.8]. The output power of the PV array is given by:

C

00 w 0 CB

where 0 is the number of striregonnected in parallel in the PV array, is the number

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

4k
_ @
f‘(:s i Normal weather
5 2 / condition
8 Partial shading
1F condition
0 a A H i
0 50 100 150 200 250
Voltage (V)
600
(b)
=400} Normal weather
g condition
<)
- 200F
Partial shading condition
0 H ] i A
0 50 100 150 200 250

Voltage (V)

Figure 2.5.4V and RV characteristic curve under normal and partial shading condit
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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 vergaltageare temperature and irradiance depende

When PV modules in a given PV system is exposed to uniformly distributed irradiance,
single peak is generated on th&/Rnd FV characteristic curves [2.92.11]. However,

when the PV modules are exposedonrruniformly distributed irradiance, multiple peaks

are generated on theWPand +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 resuhows that under uniformly distributed weather conditions, only one
peak is generated by the PV characteristics, however, under partial shaded conditions
where PV module received namiformly distributed irradiance, multiple peaks are

generated with signgant reduction of PV output power.

2.2 Photovoltaic system
The twomodes of operation fdPV systemaregrid connected and standalone. In each
mode of operationVIPPT is essentiat any weather conditions to forttee PV modules

to operate at maximum power point (MPP).

2.2.1 Concept of maximum power point tracking (MPPT}echnique

At any given point in time, the PV module operates at a particular voltage and current. To
ensure that maximum power is deliveredthg PV module, it is imperative to force the

PV module to operate atichoperating point. This point corresponds to peak of thve P
curve or the kneel of theV curve. The simple way to do this is to force the voltage of
the PV module to be that at theP® or regulate the current as that of MPP upmger
interface.The power interface can be of any topology ofddaconverter such as boost,
buck, Cuk, SEPIC and buckoost converters [2.13P.13]. The power interfacds
controlled to include th#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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, W

O p = QI
where,w is the output voltage of the PV module, aidis 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 frd to "O through™O, 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 pahthe PV module lies at the exact positions of A,
B or C.

-
o
T

-
(=]
T

Current (A)

w
T

o el e e el ' s

0 10 20 30
Voltage (V)

60

Figure 2.6. Controlling the operating point of PV module using MP

2.22 Implementation strategies of MPPT

Implementation strategy is an important factor to consider when choosing MPPT for a
given PV system applicatioithis depends on the knowledge of the-esdrs on analog
circuitry or digital circuitry as well as the number of senserpiired to implementhe

MPPT. Based on these factors, MPPT technique carategjorizednto four according to

its implementation. Most MPPT techniques use current sensor or voltage sensor or

combination of current and voltage sensors for their implementation. Figisb®\s
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Figure 2.7. Different implementation strategies for MPPT: (a) Two sensors
module, (b) Additional sensor for irradiance, (c) additional sensor to me

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

various method&r implemening MPPT. The implementation strategy for MPPT shown

in figure 27(a) requires either voltage sensor or curssnsor or combination of both,
connected between the PV mods)eand the power converterigimportant tonotethat

many MPPT techniques are being implemented by this strateglydA.5]. Figure 27(b)

shows another method for implementing MPPT where additimadiance sensor apart
from the voltageand current sensors is requirdost MPPT techniques based this
implementation are expensive 14]. Other MPPT techniquemmcluding sliding mode
(SM) control require two current sensorshagh bandwidthfor practical implementation
[2.16]. These two sensors are for the measurement of PV module(s) currentustaolrind
current. MPPT technique with more current sensors are expensive. Currently,

thermographic camera hatsobeenemployed 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 PModule(s) [2.172.19]. 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. Thpg&mentation
scheme without complexity, cost effectiamd moreefficient are the best factors to
consider.Among four implementation schemes discussed above, only Figure 2.7 (a)
implementatbn scheme with two sensors connected between PV module and power
converter is common for most MPPT applications. This thesis focusesd@Righire 2.7

(a)) implementation scheme to investigate MPPT techniques under different classification

groups.

2.23 Classification of MPPTs

Generaly speaking thereare two key factors that need to be wkbughtout when
assessing the performance of MPPT techniqu@§)][2Zl hesefactorsare steadystate and
dynamic operating conditions. During the steathbte conditiog, the weather condition

is fixed, the operatig 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 endition and the efficiency at this condition describes the tracking
performance of MPPTThe actualefficiency is normally higher than 98% [21]. The
literature shows many MPPT techniques proposed by many researcl2efs TBese
MPPT techniquesan beclassified into three groups according to their characteristics,
namely, model basetieuristic andhybrid technique$2.23]-[2.25].

Model based technique uses the conceph®fPVmodulemathematicamodelto track

MPP [2.24]. This method provides fasteacking speed; however, the performance of this
techniquas largely affected by the accuracy of the mathematical model &\Mmeodule
constant parameters.

Heuristic technique uses trial and ertacking techniquéo locate MPP [2.24]. The
principle behind this model is that, the algoritip@rturbsthe PV outputvoltage The

algorithm then observes the impact due to peeturbationand a suitable feedback
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correction isinitiated The advantage of this model istlt does not require parametric
data for its implementation compared to thedetbasedmethod. Howeverthe main
drawback is that the technique performs several iterations before reaching MR#® and

performance is poor under rapidly changing irradiaare temperature conditions.

Classification of
MPPT
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| I !
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v
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Figure 28. Classifications of MPPT based on implementation scheme.
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U Hybrid technique is the combination of model based and heuristic methods in
which the merits of these two techniques are used to outweighlibesiivantages
[2.19]. There are two operating stages under this technique nastesdyy state
and dynamic statéburing the dynamic statéhe location of MPRs calculated
and operatingpoint is movedclosed to itusing model based techniquEhe
heuristc technique then used to track the MPP at stestale.

2.3 Heuristic MPPT techniques

2.3.1 Incremental conductance (INC) and perturb observe (P&GMill climbing
techniques

INC and P&Ghill climbing are the most common heuristic MPPT techniques in PV
system application. Theacking mechanisnof INC and P&O are illustrated by the
following mathematical expressions deduced from thédharacteristic curve sh@in

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

w O P p

C

By differentiating equation¢® p, the slope of PV module is obtaineceiquation ¢&® ¢.
@D
o W = QNS

Thus, INC algorithm can be expressed aRih3), (2.14) and @.15).

D w0 sero
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Similarly, the mathematical expression for P&O is given by:
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Figure 2.9. The principkeof operation ofa) INC MPPT, (b)P&O MPPT.

Both these algorithms involve direct measurement of current, voltage or power in more
accurate responsaVith INC MPPT technique, théPP is tracked by comparing
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(Q0jQw )to (O w ). The operation of the PV module is kept around MR& MPP

is reached unless there is a change in the current of PV mathidd means both
irradiance and MPP have chang@&tien, the algorithm controls the PV module voltage
to follow the reference to continuously track the new MRRo, with P&O MPPT
tedhnique, the perturbation is provided to the PV module voliaglthis translates to an
increase or decrease in power. If the increase in voltage leadsrtorease 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, iinitrease in voltage leads to

a decrease in power, this means that the current operatingspminiberight of the MPP

and hence reversedioltage perturbation is required towattie left to reach the MPP.

In this way the algorithm converges towards the MPP waveral perturbationst is
important to note that P&O and hill climbing use the same gariceoptimum operating
searchHill climbing works by perturbing the PV moduieltageby changing the duty
cycle of the power converter and observing its effect on the output power of the PV
module until maximum power is extractdable 2.2llustrates the perturbation directions

of P&O MPPT. The steady state performance of both INC MPPT and P&O MPPT
techniques are demonstratesing figure 2.10. Q is the point positioned on the left of MPP
while S is the point positioned at the right of MA®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 INOMPPT and P&0O MPPT are operating in the conditions of
QO j o Ojw and Q0 TOQQw Tmrespectively. If, further
perturbations applied andhifts theoperating point from R to S the INC MPPT

eoor AR
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o
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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 ofJO ] Qw
TOOQw
through R and then from S to R and finally@e@onstitutesteady statescillations around

MPPT. In most circumstances, INC MPRmd P&O MPPT trackingrocess follow the
right trajectory toward the MPMevertheless, at some point undapid increased in

"Ojo and QU

TirespectivelyThis trajectory of movement of operating pdiaim Q to S

irradiance, the operating point drifom MPP resulting in substantipbwer loss [2.26].

Table 2.2. Direction of Perturbation in P&O

Initial voltage perturbation , 1. | PV power change® |k, | Next perturbation
Positive Negative Negative
Positive Positive Positive
Negative Negative Positive
Negative Positive Negative
15f 6oor MPP,
z ) s Decreased in
=10F  Decreased in 4001 irradiance
5 irradiance 2
= 9]
=] o
o 5l 200
0 y % 1Io 2Io 3.0 4Io slo 60
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Figure 2.11.Effect of drift on INC MPPT and P&0O MPPT (a,b) Current, power un

sudden decrease in irradiance, (c,d) Current, power under sudden increase in irradi
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Figure 2.11 shows the effect dfift on MPPTs operating point duringpid changes in
irradiance. During rapid decrease in irradigribe operating point move from MPP1 to
Q. At this condition, change of PV module current, voltage and pdeoeeaseds shown

in Figure 2.11(a,b)Both INC MPPT and P&O MPPT techniqueserate in theonditions
Q0 j ' "Ojw andQ0 1mOQOQw mrespectivelyThus, both techniques
follow the right trajectory toward MPP2 with no drift. Conways when the irradiance
increaseduddenlytheoperating point shifted from MPP2 to R. The change in PV module
current, voltage and power at this condition increaa&dshown in Figure 2.11(c,d)
However, both INC MPPT and P&0O MPPT techniques operate in the conditions of
QO j X "Ojw and Q0 TOOQw 1 respectively. Therefore, both
techniques follow wrong trajectory towaRl Thus, these techniques experienced drif
when approaching MPPThe problem of drift is as a reswoit thefailure of algorithm to

distinguish thencreased in PV output powedue to the modulation afuty cyclefrom
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Figure 2.12TheINC and P&O techniquega) 0.25V steysize, (b) 0.5V stegize
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variable irradiance [2.27]. The trackipgrformance of both INMPPT and P&O MPPT
largely depend on fixed step size [2.28pwever,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 MPRHhaeugalgorithms use more time to
reach MPP. Conversely, the use of big step size sye¢lde 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 RIPtechniques. Two different values
namely, 0.25V and 0.5V are applied in the two algorithms. It is evident that, with 0.25V
step-sizein Figure 212 (a) the algorithms require more steps to reach MPP. This means
the algorithms use more time to reach MRRo, with 0.5V step sizen Figure 2.12 (b),
the algorithms require few steps to reach MPP. Smaller step size results in lower
oscillationsaround MPP while bigger step size resuitsnore oscillations around MPP.
It is evident from the discussions thmth INC MPPT and P&O MPPT techniques have
two major limitations.

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

U 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. Thddwing discuss some modification of these algorithm.

A) Dirift free technique

Severalmodificationsin 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 stsjze of the perturbation. However, large change in
irradiance requies large perturbation stejize 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 char@@, ). Since thehreshold

value of Q 0 ) 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 entife P

characteristic curve is evaluated under fast changes in irradidimeever, it is
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impossible to evaluate the behavior of th¥ Burve 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 itpaticurrent of PV modulelQ 'O

15F
Sudden increased
<10} dl >0
$ R
5
[&] 5k
0 I
0 10 20 30
Voltage (V)
(a)

600 MF’P2 No
s Sudden increased . drift
SO a0 T e =
s a-

[s]
% 200
0

Voltage (V)

(b)
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 QO . Thus, the authors in [2.3233] integrated the change in curretO of
the PV module in addition to the change in PV module povef, and voltage'Q @

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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Similarly, INC MPPT technique is modified as,
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b) Variable stegsizemodification

In general, fixed step side is being usedath INC and P&O MPPT$o draw maximum

power from the PV module. The tracking egdeand steady state oscillation are dependent

on the size of step valuelowever, the method used to choose the step size value is not
generic and system dependeBigger step size value for drawing power from the PV
Module contributes to faster speedckimg, 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. ThuandNR2.O
MPPTs have tradeoff issus To adiress this issue, variable step size technique was
developed in [&4]. This technique is based on the gradient of thedharacteristic curve

and initially applied in only P&O and hill climbing techniques. Also, certain parameters
to explain the technigufurther were not given. A variable step size is introduce2l 36]

and this developed a simple approach to improve tracking speed and to reduce oscillations
of the algorithm. This technique was extended in INC MBRJ is based on ttgbope of

theP-V characteristic curve [2.34] and the slope 4 Bharacteristic curve [2.36]. Figure

2.14 shows thahe slope Q0 j Q@ of the RV characteristic curve differs at theft

and rightsideof the RV characteristic curvand varies with magnitudend so a scaling

factor,N isrequiredto adjust the slope in order to balance the left and right asymmetry of
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the RV characteristic curv&he main drawback of this technique is that N is a fixed value
and not be suitable fotlarradiance and this asymmetry becomes more substantial when
irradiance decreases as demonstrated by dotted liAgune 2.14. A new variable step

size is proposed in [Z7Bwhich uses symmetrical method. The mathematical expressions
related to this m&od is given by

e "O 'Q 'O Cr g 2o e ", 57

0 P > Ao RY&TMI "3 "0 0 0 C& O
Q0 O L e 3

'U"o P oG o h "Yé6a QA U L & 1

The functims 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 varsiaie step
MPPT teclmique. In [2.38], two stepize values were applied to limit oscillations at
steadystate. The selected values of st&ge only minimise oscillations at the selected

irradiance conditions. A new variable stgipe fuzzy logiebased INC technique has been

MPP
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Figure 2.4. Variable stegsize algorithm
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discussed in [2.39]. The fuzzy logic controller varies the fixed-sitep value to reach

MPP quickly. The algorithm allows fast and accurate convergence under different
operating conditiongdowever, 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 th&/ Icurve to select three different stejze
values suitable fothe whole operating range. Although the algorithm improves the
dynamic performance, it encounters poor stestdye performance around MPP. An
enhancement was introduced 241] by removing all division terms to avoid the impact

of small changes in theoltage 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 scalingdctor for the conventional variable steige in INC technique. 1r2[42,

a root locus technique was derived to obtain an optimum value of the scaling factor. The
algorithm achieved steaehtate accuracy and dynamic response only at selected
irradiance caditions. 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 2.3INC andP&O with variable stesize

Perturbstepsize Comments
Reference
[2.31] 00 Q0 p O QU It has more computational complexi
Qw however, the scaling factor, M
automatically calculated.
[2.46] . . Q0jYQ Due to the derivative term, the technique
QQ QQ p —
L JQ high computational complexity
[2.47] N N 0 Qo0 M is predefined and not system dependen
QQ QQ p —————m .
QQ p can only work effectively under selectg
irradiance conditions.
. - . . Qo ivati i ' :
[2.48] Q0 Q0 p 0o The derivative term is less ndimear
Qw however, the M is predefined and fail
adjust the perturb stegize under variablg
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 solutigpgrdposed 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 dmm 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 @xitykhand the estimated
parameters do not provide true MPP. Tablef@®hershowsdifferent variable step size
expressions suggested in the literature to address drawbacks ING@hdP&O MPPT.

2.32 Parabolic prediction technique

Parabolic prdiction 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 [2.485(0. The basic concept of the parabolic
prediction is demonstrated Figure 2.5 where parabolic functiod @ is adopted to

estimate the objective functiéQw given by:

V) o O6w 0 cg& v

By locating three pointé how h on the objective functiofQw , equation (2.8) is

transformed as follows:

0 @ W o o W o o
YW ZYw YW Z Yw
"o O 0w &
W o o
Vo 2 Yoo & @
whereYoo o o "hQ mhp g
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This concept is mimicked to derive mathematical expression ushMglraracteristic
curve where optimum working condition can be obtained to give maximum PV output
power. With the PV characteristic curve shown Fgure 2.5, the parabolic function is
written as:

0 ow ow 0 C& X

where, A, B and C are constants. Three point§hd h wh0 and o D are
assumed to benothe RV characteristic curve. To demonstrate the iteration process for
parabolic technique,h0 h wh0 and ® ) are measured to calculate the

constants values A, B and C. Figure 2.17 expldiasteration stages of parabolic
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Figure 2.5. Approximating PV characteristic curvasingParabolic technique
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Figure 2.7. Demonstratingterationstagedor parabolic prediction MPRT

technique to locate MPBy moving the operating point towards the vertex ofdheve
which is the peak voltage given by
0

) g Y

where 0 Tt After locating the new poton of the operating point, the corresponding

)

value of0 is compared to the measured valuetof,0 and0 . The least among these
0,0 ,0 andd is discarded and the next iteration is performed using the rest of the three
power values. Thiprocess is repeated until MPP is tracked which almost equal to the
reference power given in €9)
5

120
The coefficient A, B and C are calculateding thethreesamplingvoltage and power
valuesbased on three different duty cyeleplainedn [2.51 -2.53] as

0

& w

Ca

ow Ow O CH T
0 o060 oOw o ®p
0 Ow 6w 6 o C

40



Thus, the peak voltagey and the reference powas, can be calculatedlhis
technique has fast convergence speed; however, the selected initial point determines the
rate at which the technique converges atMiP [2.54]. A solution based on parabolic
prediction is proposed in [Bbto 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 dynaesponse 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 shadingnzhition. 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 fractionadiaqgn
voltage (FOCV) [57] and fractional shottircuit current (FSCC) [B8] techniques.
Figure 2.D 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 poiri@ andshort circuit current}O andvoltage at
maximum powepoint,d andopen circuit voltagep respectively to track MPR he
advantage of this technigue thatit is easyto implement and alsmnly one sensor is
required.However, the technique has some disadvantages. First, it does not givethe t
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 pewer lo
It was also stated in [2.59] tha® is not valid under partial shading conditions and

the algorithm requires additional modification to upd&e . Such modification adds
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to the implementation complexity and leads to additional power loss. Also, under variable

weather conditions, theurrent at maximum power poiriQ

is nearly linearly related
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Figure 2.19. FOCV and FSCC MP®E&monstratingpproximate linear relationship
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to the short circuit currentQ. Also, this technique requires only one sensor however,
measuring ofO during operation is the main challenge. The power converter requires
modification by adding additionalvitch to momentarily short the convearand measure
the"O. This adds to the implementation complexity and increases cost. Also, measuring
of 'O also constitutespower loss as it requires periodically disconnecting the power
converter circuit. This technique also does not give treeNBP. In order to improve the
tracking performance of thelgorithm under partial shading conditions, [2.59] proposed

a sweeping of PV array voltage from open circuit to short circuit in order to ufate

A solution is also introduced in [2.60]to estimate short circuit current without
disconnecting the PV module circuithis 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 \edoie proportionality constant) or'Q )

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 valuepsbportionality constant is utilized to establish the
operating point of the PV array by comparing the measured PV voltage With
reference PV voltage (). The MPP at fixed value ofis 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 Tablen2tBede 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 V
with reference voltage/rer. Such variation aims to ipnove the tracking efficiency of the
MPPT algorithms.

43



Table2.5.

FOCV and FSCC with fixed proportionality constants survey

Ref. Measured Methodology Comment
parameter

This method adopted FSCC MPPT to det Inaccurate tracking during rapid
[2.6] O changes in irradiance and further used if changing wedter conditions.

move the operating point close to MPP

minimize oscillation power in the hybri

system of both FSCC MPPT and P&O MPH

In this method, the difference betwden and | Poor tracking due to fixed value of
[2.67 kO] Iscis used to control the measurementsgtio | in case of varying irradianc

minimize the power loss in FSCC MPPT. | condition.

This method combined FOCYV technique w| Effective tracking is achieved only
[2.63 ® controllable load with constant voltag steady state because of tliged

current sink to measure the MPP in hi value of K.

concentration photovoltaic modules.

The method detects the open circuit voltg It has high tracking efficiency an
[2.64 W and then calculate the upper and lower lif low system cost feature.

to obtain a range around the MPP. This ra

drive the operating point closer to the MPF

This method utilizes the relationship betwe The technique has good tracki

O optimum operating current and the sh| capability but performed poorl

[2.65 circuit current to obtain maximum outp| under variable irradiance condition

power from the PV panel. This was propog

to be used in multiple PV and chopper mod

system.

Semipilot cell is used for periodicg This method is capablef providing

® measurement of open circuit voltage whicll high average power to the load duri

[2.66 performed on one PV cell located at the e( irradiance change. However, it

of a PV panel. prone to poor tracking performan

due to irradiance change.

In this method, graphical approach is use¢ This method malkgeuse of data bas
[2.67 kO] measure short circuit current;where curve| and capable of supplying power, b

fitting technique is used to establish t| does not provide true MPP becaus

relation betweehscandlpy involves many approximations.
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In this method, a functional low pow¢ This method reduces the complex
[2.68 W management application ahip with FOCV | of the system as it uses fe

MPPT was designed using CMQ components for implementation.

technology. This technique achieved hi

efficiency through selsynchronize diode an

was capable of reducing power loss due

substrate diode gative voltage.

This method uses intelligent fractional orq The suggested novel controller c
[2.69 W open circuit voltage coupled with incremen| reduce the tracking time less comp

conductance. This method giveghe | to the conventional technique

intelligent measurement of voltage a

current

In this method, both FOCV and FSQ Poor tracking performance durir
[270 |w QO technigues were integrated in PV systéo | changes in irradiance.

harness power. These two MPPT controll

determine the required optimum operati

point.

A two-stage hybrid system of FSCC and IN The system demonstrated high
[2.77 0 was developed where FSCC technique \ tracking speed.

used to force the PV system to operate r

MPP before INC technique is applied to trg

the actual power.

Table 2.6. FOCV and FSCC with variable proportionality constants survey

Ref Measured Methodology Comment
parameter

[2.72] ® Two input parameters of fuzzy log| Accurate trackingf PV output power
enhanced by fractional open circuit volta] at extreme weather conditiowith
MPPT technique is introduced to tra good efficiency.
MPP.
In this method, the FSCC MPPT is used Good tracking during changes

[2.73 O determine the new operating point and g irradiance but not cost effectiv
further used to determine the perturbat| because it requires sensor f
size to control the irradiance. irradiance measurement.
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This method combined the ant colo| The controller gives good respon
[2.74 W optimization method with enhanced fuz] underextreme variation of irradiatio
agent. In this case, FOCV MPPT is madg condition

enhance the initial starting point of tk
traditional fuzzy MPPT algorithm. Thi
technique gives fast and accur:

convergence to the MPP.

In this method, a PV system was modele( Good tracking performance, howevg
[2.79 (W) detect the variation of optimal voltage facl the optimal factor works effectivel
"Q . An adaptive cascade MPPT control| for only selected irradiance level.

was formulated based on the voltage fac

Q.

2.4.2 Curve fitting technique

Simplification ofa sirgle diode equivalent circuit of PV cadlffers reasonable reduction
of computational burden, however, compromisgstemaccuracydue to assumption of
some parameteff2.76]. MPP is the peak point on the\WPcharacteristic curve and this
point can be predicted by modeling th&/Rharacteristic curve offline using numerical
approximations [2.77]Curve fitting MPPT technique is used to develop mathematical
function that has #n best fit to a series of data point of th& Rharacteristic curve. In
order to achieve{ curve fitting, a third order polynomial is used7g. and is given by

~ ~ ~

D W W WwwQ C® o

where ®, @ wandQ are constants and are obtainég samplingin a span of few

milliseconds ofPV module voltage and powdy differentiating (2.3) gives

;Q'?’ . : ' :
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46



© n,mn’?‘l"ﬁ’l ,QG 8)'
O &MV b om T C® L

Hence, the voltage at MPP is estimated as
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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 . Theanalysis of the proposed solution[2.79] is given by
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- . Actual curve
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Figure 2.4. Performance of curve fitted MPPT technique
where U, b, a nahlculated drone thecestimationaatgarigigmd they
representshort 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,)( AQ , 0 HQ and 0 HQ . Differentiating (237) gives

0O —. 1w &
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Using the three coordinates of the voltage and current,

. O . ; M 10
(@) < < h (@) - - C® w
) V) V) 0
. V] (VR , 0 0
w h 8 m
q q
Thus,combining(2.37), (2,38) and (2,39yives;
0 Tw 0 fTw 8 p
where the values df ,{ and’ can be calculated as follows:
"Oé%
[ 5 P G8 ¢
Ot —
)
Using (2.9) and (2.4) gives,
0
f : 8 o
[ W
Hence, 0O 1w 8 1

Figure 2.4 demonstrates the tracking process of curve fitting MPPT technique. This
technique tracks faster and requires few iteration steps to reachuMiRE heurstic
technique where several iterations are requidddwever, curve fitting has high
computational burdewompared to heuristic techniqualso, the techniquecarefully
requiresselection of positionof the three coordinates fourrentandvoltageto improve

tracking performance.
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2.5 Hybrid MPPT technique

Hybrid MPPT algorithm isa developing solution capable of detecting MPP effectively.
This technique consists tio to threedifferent 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)

HeuristicMPPT techniques are those algorithms which track MPP witeng trial and

error approacli2.80]. P&O and INC MPPT algorithms are common examples and are
found to be the most widely used MPPT techniques for commeroijabses 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.iftegsation of
heuistic MPPT with Alis essential to overcome such limitation bathormal and partial
shading conditions where multiple peaks are generated by\thehBracteristic curve. A
hybrid P&O MPPT with gertee algorithm (P&OGA) is proposed in [31] to track global
maximum powelpoint (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 hybrd P&O-GA. As the step length decreastie stepsize of the P&O decreases to
track the MPPThe step size of P&O for next iteration to track GMPP is given by the

following equation;

Q Q YQ cg v

where,YQ | YQ and Tda The results show fast tracking time, less oscillation
around MPP and significant reduction of number of iterations. Hywidtion which
involvedP&O and particle swamp optimization (P&Z50) is proposed in [2]. 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. Undecahnidition, PSO
technique is then applied to search for GMPP from other local peaks until GMPP is

49



tracked. Hybrid INC with PSO MPPT techniquelsoproposedn [4.83]. This technique
has two stages of operation. In the first stage, INC technique idauseak local MPP
while in the second stage, PSO is employed to track GMPP under severe weather

conditions. This technique tracks GMPP fastecompared tonly PSO technique

2.5.2 Heuristic based hybrid MPPT with model basedMPPT technique

Fractional open circuit voltage (FOCV) and fractional short circuit current (FSCC) MPPT
techniques are typical example®del basedMPPT technique as they both track MPP
while the PV modulgeriodicallyisolates from thepowerconverterat a point in timeor

the measurement 0§ or O . To improve the tracking speed and reduce the number of
iterations in any of theeuristicMPPT technique such as INC and P&O MPPT techniques,

a heuristichased MPPT with FSCC or FOCV assential This hybrid technique makes
use of high tracking speed of offine MPPT and precise accuracy of online MPPT to
achieve high efficiencyA hybrid is developed from P&O and FSCC MPPT techniques
and presented in [24] where current perturbation ised instead of voltage perturbation.
The results show fast tracking performance and less oscillation around MPP. A hybrid
MPPT technique is proposed in88] usingmodelandmodel based/PPT techniques.

In this technique, FSCC MPPT technique is useditmtihe operating point close to the
MPPwhile P&O is used to track the real MPP. Figure2zRows a typical hybrid MPPT
technique.The advantage of this technique is that it redubesnumber of iteration

processes to speed up the tracking, however, the algorithm performs poorlyariatde

irradiance andemperature conditions.

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

= MPP tracked by  “Se«_
Z 400} = X Stage 3: |
gmo see Subroutine
s | 7 o iyt
o
o

0 10 20 30 40 50 60
Voltage (V)

Figure 2.2. Hybrid MPPT technique
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2.5.3 Beta method

Beta method isnother exceptional MPPmethod in the family ofiybrid MPPTmethod

for PV system applicatiofhis technique is firgproposed 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 MPPhe intermediate variable which is calculated from

@ and'O is used teestablistthe rules of the operation and also calculate variable step

size totrack MPP Thisintermediate], is calculated mathematically by

O¢ o ¢ 8

I 8(}.) w Ca @

0MihQ* . ﬁ~ c8 X
0D QY

Sense Vpv(k), Ipv(k)

v

k)=I In(® —uxV_(k
k) =In V—(k) uxv, (k)

p.'

First stage

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

Second stage

L]

v Conventional MPPT
i method
[ ]

L]

> Update D

Figure 2.3. Flow chart of beta MPPT technique
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where| istheconductancgi s t he charge of an el ectrons,

* 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 texhniqu
The principle of operation idustrated in Figure 2.23Theinitial stageof this technique

is themeasurement ab andO from the PV module of whicthe intermediate value

I is calculatedThe range of operating for intermediate valueis established based on

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

f I Q I g Y
Where,{ andf are the minimum and maximum boundary conditions value
respectively fof Q8 The values of andf are calculated using variable

irradiance and variable temperatutéthe value of "Q is within the specified range,
this means that the operating point of the PV module is close to Mi&R. the hybrid
technique switchegto second stage as ilwdted in Figure 2.23, whermonventional
MPPT techniqués used to track MPP. If  "Q fall outside the range of  andf ,

this means theperating point of the PV module is far from the MPP. The Beta technique

then switch into first stagwith variable step size value calculated as

YO © T Q 7 8 w

where,0 is the scaling factor to vary the step size, fands the guiding valuand it is

the middle value df andf . The Beta technique then move the operating point
close to the MPPwherethe process is repeated by switching first and sesteqges
depemling on the operating condition at a point in time to track MBP#ferent MPPT
techniques were comprehensively evaluated in {2.88] and it is evident that Beta
method has fast tracking performance both at stetatg and dynamic conaitis with

minimum power oscillations. However, its accuracy depends on the implementation and
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the calculated value ®f . Also, tuning ofd andf is a big challenge which affects the

performance of the technique [2.89].

Table 2.7 depicts advantageswbacks, and application of Hybrid MPPT technique.

Table 27. Advantagesdrawbacks and applications of hybrid MPPT techniques

Hybrid
MPPT

Advantages

Drawbacks

Application

GWO/P&O

This has fast convergence speed w
minimum power oscillation around
MPP. The process of tuning is negleci

by this hybrid combination.

The main drawback is it
advanced level mathematic

computations burden.

Grid-

connected

PSO/P&O

The modelling of the algorithmand
hardware implementation are mu

simpler.

Significant oscillation aroung
the MPP.

Grid-

connected

FSCC/P&O

The

records high tracking efficiency an

integration of both techniqug

precise tracking accuracy around MPF

Significant power loss unde

dynamic weather condition.

Grid
connected.

FSCC/INC

This hybrid technique is more robust a
has low power oscillation around MF

under dynamic weather condition.

The

sophisticated microcontrolle

technique require

which is costly to implement

variable stegsize.

Grid

connected.

FOCV/P&O

This hybrid technique is less compl
and easy to implement with fast trackil

capability.

The

power oscillation around MP

techniqgue has highg¢

under dynamic  weathg

conditions

Grid

conneted.

P&O/GA

The

records

integration of both techniqy

fewer iterations and lo
population size. The algorithm locat;

MPP at relatively short time.

The design of the membersh
function is complex to achieyv|

accurate tracking.

Grid-

connected.
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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 bdtiema given application. The main
features that need to be considered when choosing MPPT for a suitable appdication

discussed below:

2.6.1System mplementation

Implementing MPPT techniques requires the use of circuits and these are analog and
digitalcir cui t s . I f oneds knowledge is on anal o
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 ofstatevariables

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. Thizsause current sensor is more expensive

and bulkier.

2.6.3 Cost of designing MPPT circuity

Some applications do not consider cost as issue but requires accurate MPPT device. Such
applications are large scale residential, space craft, gelacle, 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 2.80sls the performance comparison of

various parameters in commonly used MPPT.
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Table 28. 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
andcurrent| complex

P&O/GA 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 chaper, the structure of the photovoltaic system configuration, which are
photovoltaic cell, module and array were discussed. A summary of MPPT technagie
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
accuracyexcept modebased 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 neeto be tunedccuratelyto ensure good performance at both steady state
and dynamic conditionsAlso, implementation strategy, cost, application, circuitry,
control variable are useful factors to be consider when selecting MPPT for given
application.

In general, the comprehensive literature reviseovered important limitations in FOCV
MPPT, FSCC MPPT and conventional variable stige incremental conductance MPPT.

The subsequent chaptedsscussed the limitations and n&@CV MPPT, FSCC MPPT

and varidle stepsize incremental conductance MPRiE 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, e impact oftemperature and irradiation on the performance of
proportionality constants in FOCAhdFSCC 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 proportionaldgnstants are proposed. The theoretical
analysis of the new techniques is carried out while simulation is usedlitiate the

practicability of the proposed techniques.

3.1 Background

The electrical parameters of PV module such as short circuit cui@nt open circuit
voltage @ and maximum output power change with the variation of both
temperature and irradiance. The band gap of solar cell reduces when temperature
increases, which affects the electrical parameters sué ,a® and0 [3.1-3.3].
Generally, when the surface temperature of PV module incretseutput power
decreases which leads to a decrease in efficiency J®#]perature coefficient also plays

a crucial role in the performance of PV syst&esearch works in [3:8.6] shows that,

an improvement of 0.1%/ in the temperature coefficient increases the annual output
power of the PV modules by 1%. This improvementild contribute to a huge output
power for PV system especially in utility scale capacitgnperature 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 répdrin [3.73.10] that, rapid variations of
temperature and irradiance, change the trackimocess 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. Thtige 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 avent of temperature and irradiance variation. Fixed
proportionality constant compromises the efficiency of both FOCV and FSCC MPPT
techniquesat all time The literature in chapter two shows different methods to vary
proportionality constant under varialitradiance condition. However, little attention has
been given in the area of temperature variation and hafkeittsthe performance of the
proportionality constants in both FOCV and FSCC MPPT technique. Thus, this chapter
propcsed new optimum propoatnality constant values for both FOCV MPPT and FSCC

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

3.2Proposed optimum proportionality constant for FOCV MPPT technique

The maximum voltagep  under normal environmental condition is located at a value

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

w e Qw oP

where Vo is the PVmodule open circuit voltagdypically, the value ofQ ranges
between 0.73.85 [B.11]. Figure 31a shows the curremoltage characteristic curve of

the five PV modules of different level of irradiance. This figure is used to generate the
relationshp between PV module voltage at MPP and its open circuit voltage at different
irradiance conditions as shown kigure 3.1b. It is evident that as the irradiance level
changes both voltage d@1PP and open circuit voltage vary accordingly. Thus,
proportionality constant must also vary accordingly to improve voltage and power at MPP.
The MPP forFOCV MPPT isestimatedunder diferent irradiation levels shown in Table

3.1 and temperatures 26 and 50C. The open circuit voltage is measured periodically
using the flow charand the corresponding circuit diagramFigure 32aand Figure 3.3a
respectivelyThe proportionality constar is varied from 0.730 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 optirproportionality constant

68



is estimated. The corresponding FOCV MP&gorithm tracking efficiency is depicted
in Figure 3.3The tracking performance of the MPPT algorithm is evaluated MRTjT
efficiencyexpression given by
v o8

O
where,O is the total extracted PV energy a@d is the available PV energifigure

C

00

3.4a shows the efficiency variation wid at 25° C while Figure b shows théracking
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' 2 iradiance -
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Figure 3.1. (a) Currentoltage characteristic curve with different irradiance level,

Relationship between PV voltage and opeouit voltage.
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Figure 32. Measurement ofa) open circuit Voltage, (b) short circuit currel
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Figure3.3. Circuit diagram for measurement (a) open circuit voltage, (b) Short circuit ct

efficiency at 50° C. The values of optimum proportionality constants corresponding to the

various irradiance levelre plotted. It is evident that the value@f not only depend on

the irradiation level but also is temperature dependent. As a result, for a fixed irradiation

the value ofQ must retunedto gain the highest tracking efficiency. The variation of

optimum™Q at 25° C and 50° C for the irradian 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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Figure 35. Optimum™Q values for FOCV MPPT algorithn

3.3 Proposed optimum proportionality constant for FSCC MPPT technique
The MPPTfor FSCC is basedn the fact that maximum current is located which is a

fraction of short circuit currentQ given by
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whereQ is the proportionality constant with typical value between -0.22 B.12].
Figure 36 shows the relationship between current at MPP and short cictent 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 powsmilarly, the MPP using=-SCCMPPT is
estimatedinderthe samérradiation levels shown in Tablel3and temperatures 25 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 flasthartand circuit diagramn Figure 32b and
Figure 3.3b respectivelyrhe maximum current armbwer corresponding to the optimum
proportionality are calculated. The corresponding FSCC MPPT algorithm tracking
efficiency is depicted in Figure B.Figure 37a shows the efficiency variation oSEC
MPPT with 'Q at 25°C while Figure 3b shows the tracking efficiency at 50°C.
Therefore, for a fixed irradiation the value@f must retuned to gain the highest tracking
efficiency. The variation of the optimui? at 25°C and 50°C correspding to various
irradiation levels in Table B.s given in Figure 3.

0 L L 'l L Il
0.2 0.4 0.6 0.8 1 1.2 1.4

Short circuit current (A)

Figure 36. Relationship between current at MPP and short circuit cur
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Figure 38. OptimumQ values for FSCC MPPT algorithm
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34 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
werevalidatedusinga grid connecte®V system describeid Figure 39. The system is
simulated using MATLAB/SIMULINK software. The PV array is formed by connecting

5 USL-K020 modules in series toquide overall power of 100WILhe specifications of

each PV module at standard teshdition are given in Table The switching frequency

of the boost converter is 10kHz and the two MPPT algostare subjected to the same
conditions of temperature and irradiancehe proposegroportionality constant values
were used to improve the tracking efficiency of be@CV and FSCC MPPT techniques

The optimumproportionality constants are implemented using look up table. Figl®e 3.
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 measuneents of andO involve power loss, the measurement is being done in
milliseconds. Figure 31k shows the flow chart of FOCV MPPT while Figurel1®.1
shows the flow chart of FSCC MPPT. The effectiveness of the proposed FOCV MPPT
and FSCC MPPT afgithms are validated through simulation and compared with
conventional FOCV MPPT and FSCC MPPT with their fixed vali@s and 'Q
respectively. A scenario is considered to implement the PV system. In this scenario, a

fixed irradiation of 500W/rhis applied with a step temperature change 6€280C and
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Irradiance

Table 32. USL-KL020 module specifications

Parameter Value
Maximum output power () 20W
Maximum powelNoltage §/wep) 17.1V
Maximum powercurrent (mep) 1.17A
Nominal operzircuit voltage (M) 21.5vV
Nominal short circuit current ) 1.30A
Standard Test Conditions 25°C & 1Kw/m2
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Figure 310. Block diagram representation of the proposed MPPT techni
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Figure 3.1. (a) Flow chart of FOCV MPPT, (b) Floghart of FSCC MPPT
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Figure3.12. Proposed and conventional at fixed irradiance and var
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 bgomparing 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 MPRompared with conventional FSCC MPPT.
Variable irradiance is also applied with a step temperature changé&Co#Pe and 50C

at 0.2s for botiFOCV MPPT and FSCC MPPT. Fig. 3dlshows the trackingfefiency

of FOCV MPPT and Fig. 33b shows the tragkg efficiency of FSCC MPPT both
compared with their conventional MPPT. It is evident that the two proposed MPPT
controllers retuned the®values to gain high tracking effency when a change occurred

to temperature and or irradiation where the conventional controllers lack such feature.

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, MB®p

change of irradiance level (1000 900 800 700) W/m2 ‘& BOimplemented. Figure 3.14
shows the performance of the two proposed MPPTSs. It observetsithet number atep
changeincreasesthe more periodical measurement for open circuit geltand 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
increasesThis is the limitation of the proposeagorithms;however, the algorithms
retunedther proportionality constant valuge gainhigh trackingefficiency. In general,

the impact of temperature on the performance of FOCV MPPT and FSCC MPPT become
significant if their proportionality constants remdined under variable irradiance.

However, with variable proportionality constants under varigitdeliance conditionand
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Figure3.13. Proposed and conventional at variable irradiance
variable temperature (a) FOCV MPPT (b) FSKEPT.
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Figure 3.4. Proposed FSCC and FOCV MPPTs under step changing irrad

Table 33. Performance of proposed and conventional FOCV MPPT and FSCCN
under two step changes in irradiance &5t@mperature

Temperature Condition MPPT method MPPT efficiency (%)
from 500W/m2 Conventional FOCV MPPT 96.24
to 700W/m2 Proposed FOCV MPPT 9907
from 700W/m2 to| Conventional FOCV MPPT 96.35
50°C 1000W/m2 Proposed FOCV MPPT 9918
from 500 W/m2 to| Conventional FSCC MPPT 96.72
700W/m2 Proposed FSCC MPPT 9983
from 700 W/m2 to| Conventional FSCC MPPT 96.78
1000 W/m2 Proposed FSCC MPPT 9960

With temperature as high as®®) has little impact on the performance on both FOCV
MPPT and FSCC MPPT. This is because both algorithmtumed their optimum
proportionality constants to gain high tracking efficiency. TabR ahd Figure 3.14
compare the performance of the proposed FOCV MPPT and FSCC.BR§Ed on their
tracking efficiencis, it is evident that, FSCC MPPaxhibits good performancian

FOCV MPPTevenunder high temperature operation condition.
3.6. Summary

In thischapteroptimum proportionality constant values dugéeimperature and irradiance
variations forboth FOCV MPH and FSCC MPPT techniques have been explored. The
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steadystate 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 eaemd 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 valué®ofind’Q which have good
performance over conventional FOCV MPPT and FSCC MPPT.
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Chapter 4
Modified Variable Step-Sizelncremental Conductance MPPT

Technique for Photovoltaic Systems

In this chapter, the limitations and structure of conventional variable step size incremental
conductancgINC) techniqueare investigated. A new variable step size incremental
conductance mamum power point tracking (MPPT) technique for photovoltaic system

is proposed. The new MPPT technique utilizes slope angle between PV module
voltage and power to improve the performance of the conventional variable stiGize
technique Additionaly, an autonomous scaling factor is proposed to replace the constant
preset scaling used in conventional variable -siep to minimize the limitations.
Simulation and experimental resulégse presentedto validate the feasibility of the

proposedrariable step size incremental conductance.

4.1 Limitations of conventional variable stepsizeINC technique

As discussed in chapter two, the conventional variablesstepdNC works differently to
conventional INC algorithm with preset stefzeas shan in Figure 4.1 The generated

PV module output power with a large step size contributes to excessive power oscillations
at steadystate, but faster dynamics response resulting in a comparatively low tracking
efficiency. An opposite scenario occwrben smaller stepize is applied in the MPPT.
Thus, without a suitable optimum stejze valueboth steadystate accuracy and fast
dynamics cannot achieve simultaneously. A variable -siep discussed in [2.35]
addressed this challenge as the-siepgets smaller when the algorithm approaches MPP.
The variable stegize which replaces the fixed stsjze in conventional INC MPPT in

[2.35] is given by

(@)
ca

€

where,
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Start

Sample
Vpv(k), Ipv(k)

A 4

dVpv = Vpv (K)- Vpv(k-1), dipv = lpv(K)-Ipv(k-1)

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

- * dFF)‘-'V
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D(k) = D(k-1)
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- step(k) + step(k) - step(k) + step(k)
¥ *i ¥ v

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

Figure 4.1. Flow chart of conventional variable stege INC MPPT algorithm

Ipv(K)

Qv 0 Q 0 Qop 8

w w Q o Qp 1K)

Where,0 QandO 'Q p are the premnt and previous duty cycle®and’Q p samples
respectivelyD QAT B8 "Q p are the present and previous PV module powé& at

and™Q p samples respectivelyp Q andw Q p are the voltage aRandQ p
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samplesD presentghe preset scaling factor necessarily used totfine the steygize at

the design stage to compromise between dynamic response and steady state precision.

Figure 4.2a shows the behavior of the conventional variablesstepNC in a typical PV

systemunder 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 chages. The duty cycle in Figure 4.1b verifies the conveesponse under

variable irradiance conditions. Significant duty cycle oscillations aroptdum value

is experienced at steady state. These oscillations are due to the higlzestegdue during

small PV voltage changdt is importance to note form Figure 4.1b that the algorithm

drifted when irradiance increased from 400/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 st&pe compared to the optimum one can provide

a faster dynamic response but excesgseillations at steady state. Although, the

technique in [2.35] replaces the st@pe in conventional INC MPPT, it also htdse

following limitations

U The scaling factor, N in conventional variable ss&® INC MPPT is not optimum and
only works effectively at the selected irradiance conditions.

U The variable stegize is a dependent on the sloji20 j Q@ of P-V characteristic
curve. A small change in PV module voltage increases the magnitude of ts&zstep
This leads to a significant power oscillation around MPP.

U The technique has siotracking performance under variable irradiance conditions.

It is also important tonitigate the impact athe conditiorQ «»  TTby caping the step

size value. However, the algorithm will only work effectively at a selected irradsamme

the stepsize is not generic and system dependdihie algorithm will experience

significant oscillation at different irradiance levBased orthe aboe limitations, a new

variable stegsize INC MPPT is proposed to address the limitations.
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Fig. 4.3. PV module output power characteristic with bigger scaling factor com

to optimum value.
4.2 Proposed variable stegsize INC algorithm

The PV modul@perating voltage ranges between® , however unnecessary sampling

within large range slows down the tracking speed. Limiting the search range restricts the
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viable operating range, thus reduces the tracking time for the MPPT algorithm. Therefore,
an nitial sampling value of 76% of opagircuit 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 gropose
MPPT technique for PV system is defined by dividing the search range of-¥he P
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 (44).

™ @ ® Q w 18

The proposed MPPT algorithm is divided into three partee following subsections

explained them:

4.2.1 Proposed Autonomous Scaling Factor

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

the scaling factor to enhance the tragikperformance during transient and steathite

PV out power (W)

0.76V Ve Voo
Voltage (V)

Figure 4.4. PV Characteristic curve describing the search rai
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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To ensure an adjustatdealing factor towards the MPP, a new autonomous scaling factor

is proposed, which can be illustrated in term¥®f andYo given in T& .

Y& ©w 0 ™

Yo ® » Q

4.2.2 Estimation of rj; -y

For accurate operation plus avoid adding any extra hardware components, the proposed
variable MPPT technique estimates thevalue This voltage is required in calculating

the proposed autonomous scaling factor. Most of MPPT algorithersithher temperature

or irradiance sensors or both to estimate Therefore, the value can be estimated given

in equation T& asin [4.24.4].

W W | 00— QY Y £ 1

Where,"O , @w , and”Y are the solar irradiance, open circuit voltage and
temperature at standard test conditions respecti@ty, “YandQ are the operating solar
irradiance, thermal voltage, operating temperature, and temperature coefficient of
respectively. [4.5]. The output current of the PV module and its short circuit
current,O  has a linear relationship [449] as in (4.9).

. . i ey O

(@] (@] QY 7Y —_— &

: O

By keeping the temperature constéit “Y ), the estimation ofb 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 op@rcuit voltage

Irradiance (W/m?2) 1000 800 600 400 200

Ambient current (A) 3.5.00 | 2.826 211 1.421 0.7099
Actual Voc_array 211.00 | 209.60 207.70 205.30 201.70
Estimated VMc_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 opeincuit 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 expressiarginrtshows 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 staze 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 MPR) whe

irradiance level changes froi® to "O as shown in Fig. 4& while there is a relatively
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small change in PV voltage. This results in a significant largesstepvalue, which may

push the MPPT algorithm to take more time to reach the new MPP. Tesadhis issue,
theslopeangle between PV power change and related voltage change is utilized. This can
control the change in power, which eventually controls thesipvalue irrespective of

the variation of PV voltage. When the angle is small, thgg®Ver change also becomes
small to limit the large increase in step size. The slope angle variation can be derived from

PV output power agsing Figure 4.6b asllows:

() OE1l
Qo AT10 @ P
Then,
OE1l o (0[0)
AT 0 © @ C

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

variation.
OET 0 o -2 Aho
E © G 1 ®0
O0ET 0 o O W %
W — — o1
®» W W
2
g dP
] & NP
3 2 d
g P
, B av
Voltage (V)_—dv_
(a) (b)

Fig. 4.6.(a) Effect of irradiance on MPRb) Slope angle variation
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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:

0Q 071 Y ol
P Y% &5 %e R

Hence, the new proposed variable stege is given by:

T
Vo @ w e

The operation of the proposed MPPT algorithm is represented in the flow chart shown in
figure 4.7. Unlike the conventional variable stpe 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 variablsizeepith 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 MPPTLt is important to note that the proposed algoritismestricted to
operate on the condition that Q is less tham& v or greater tham& @ as shown

in Figure 4.7 and so the condition that Q@ 18 ¢ will not be recognised by the
proposed algorithmThus, the algorithm will ntooperate ate} @ .

4.3 Simulation results and discussion

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

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 moduleShortcircuit current O 3.8A
PV module opertircuit voltage ¢ 21.1V
Maximum PV module current® 3.5A
Maximum PV module Voltagew 17.1V
Maximum PV module powerd 60W
temperature coefficient@d U0 -0.08013
Temperature coefficient ® 0© 0.00%73

carried out under different irradiance levels. The initial irradiance is 1000 Afichis
changed to 400 W/frat 0.3 s. The irradiance level then changed back to 100G @/m

0.7 s. The proposed MPPT technique, the conventional variabisiseefNC [2.35] and

two existing modified techniques in [2.41] and [2.43] are simulated and compared at same
conditions ofirradiance and temperature. Figure 4.9a is the output power of the PV
modules under variable irradiance conditions for the proposed and conventional variable
stepsize INC MPPT techniques. It proves that the proposed technique is more effective
than convetional 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
stepsize NC MPPT, respectively. The duty cycle of proposed variable smpINC

MPPT reaches its optimum value with small oscillations within a satisfactory time.
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Figure 4.10. Simulation results: (a) Duty cycle for conventional variablessgtedNC

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

Furthermore, during the changes in irradiance, the duty cycle of the proposed technique

moves toward the optimum value fastethout drift. On the contrary, the converter duty
cycle of conventional MPPT techniqgue shown kigure 4.10a exhibits significant

oscillations around its optimum valweith drift when the irradiance increased from

400W/m2 to 1000W/mZrhe performance of the new autonomous scaling factor is shown

in Figure 4.10b. The scaling factor is adjusteespectiveo irradiance change to further

improve the dynamic response. Thus, with an embedded autonomous scaling factor, the

proposed MPPT tracking time is faster in stgstand for a large change in irradiance
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compared to conventional variable stpe INC technique with a fixed scaling facttir.

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 estimed value ofw is greater than that at high irradiance level.
Since the denominator of the autonomous scaling factor expression is a funetion of
hence bigger scaling factor value is required as compared to higher irradianc&Hevel.
proposedlgorithm shows a tremendous reduction of power oscillations at both dynamic
and steadystate, 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 siep 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 stize INC technique in [2.41fdcks

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 tsé&zstep

the algorithm experiences slow tracking at start up compared withrdpesed 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 4i.3.5 present a performance compan between the proposed
MPPT technique, the conventional variable ste@ 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 tesisevalso 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 ant
existing modified variable stefize INC MPPT under variable irrasce

Conditions Variable step- | Energy used| Dynamic Tracking
size methods (mJ) performance | accuracy
1000W/nt to [2.35] 1522 Low Low
[2.41] 186 Low High
400W/nt [2.43] 192 Low Low
Proposed 163 High High




Table 4.4. Performance analysis of the proposed, conventional and the
existingmodifiedvariable stegsize 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 [T
?1 L —Reference
S 200 .
5]
>
D- L 1 1 1 1 1 1 L 1

(==}

01 02 03 04 05 06 07 08 09 1
Time (s)

Figure 4.11. The proposed and the other two modified MPPT techniques.

Table 4.5. Tracking comparison of the proposed, conventional ahddbexisting

modified variable stegize INC MPPT under variable irradiance.

Variable Step-Size | Average Power at ) ) Oscillation at o
Settling Time (s) Efficiency (%)
Methods 1000 W/n? 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/rhto 400 W/nt at 0.3 s and then changed back to 400 ¥\4tr0.7 s.
Figure 4.12 shows the output power of the proposed, conventional [2.35] and existing
modified variable stegize MPPT [2.43] techniques, while Figure 4.13 depicts the output

power of the proposed teclgoie and another existing modified variaslepsize MPPT
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Table 4.6. Tracking time with step irradiance change of pheposed,
conventional and two existing modified variable stge INC MPPT technique:

Conditions \Variable Step-Size INC Methods [Tracking Time (ms)
[2.35] 88.8
800 W/nt to [2.41] 17.6
400 W/nt [2.43] 31.2
Proposed 10.2
600 T T T T
=3 —[2.41]
oy i —Proposed | |
5 400 —Reference
o
3
5 200 .
@]
>
o
0 Il L L L
0 0.2 0.4 0.6 0.8 1
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Figure 4.13. Simulation results of the proposed and the two existing mo

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

as compar to the conventional and the two modified techniqueder 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 requirset poaling
factor.

4 4 Partial Shading Analysis of the Proposed MPPT

Partial shading in the P8ystem 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 charaeristic 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 undepartial 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 male to operate at 1000 W#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 MR
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
modulesreceived irradiance of 1000 W#mfour PV modules received 500 W/rand

three of the PV modules received 300 \&i/ifigure 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/n% to 1000 W/m at 0.5 s and then changed from 1000 A#r200 W/n% at

1s. Figure 4.18 shows that the proposed MPPT tracks the global maximum point with
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short time uder 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 4.14PV array under partial shading condition.
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4.5 Experimental results

The proposed MPPT technique and conventional variablessgtepINC 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
boog 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-PS8360010 with analogue interface). The microcontroller (CY8C5888LF097)

is used to set the reference output voltage based on thénd@it 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
proposedviable stepsize INC techniques during step irradiance change. It can be
concluded from the results that the proposed viablesszepINC technique succeeded to
track the maximum power in 60 ms, which is faster than the conventional algorithm that
needsaround 140 ms to track the MPP. Additionally, it can be observed from Figure 4.21
parts ¢ and d that the dbws delivered output power and is more stable with minimum
oscillations at steady state, however, thébds 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 1.5 mH
Boost converter capacitance 2200 pf
DC-bus voltage 110V

Programmable power Boost converter
\

supply Dc-link inductance 110Vdc bgs power supply

Gate drive module

Microcontroller _
N

Voltage and current
transducer board
N

Fig. 4.19. Experimental set up
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Figure 4.20. Flow chart of the microcontroller programme for PV emulator.

Table 4.8. The PV module parameters (MODEL SUNPOWER-SFPRNHT).

Parameter Value
Maximum power 305 W at STC
Number of Cells 96
Current at MPP 558 A
Voltage at MPP 54.7 A

Open Circuit Voltage 64.2V
Short Circuit Current 5.96 A
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Figure 4.21. Experimental results: (a,b) The PV outmitage (VPV), PV outpu
current (IPV), debus voltage (Vdc), and daus delivered current (ldc); wit
conventional variable stefize, and proposedMPPT respectively, (c,d) dbus
delivered power (P), dbus voltage (Vdc), and elaus deliveredcurrent (Idc) with

conventional variable stegize and proposed one respectively.

4.6 Summary

In this chapter, a modified variable steige INC MPPT technique has been proposed.

The drawbacks of conventional variable ss&ge in INC MPP technique hasdn
discussed in order to tackle them via the new proposed variablsiztefNC technique.

A new autonomous scaling factor has been proposed. The proposed technique is capable
to enhance both the steastate and dynamic performance response. The propose

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 variablgizadplC

MPPTs have been simulated under different operating conditions using
MATLAB/SIMU LINK 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 stetadly and dynamic
conditions. The experimenteesults 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 condisidhfurther analysglimitations of
conventional 0.8Voc modeR new 0.8Vocmodeltechniqueto estimate the peak global
voltagefor medium voltage megawatt photovoltaic (PV) system integration is proposed.
The proposed model technique is capable of exploiting the advantagesventional
0.8Vog 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 medioltage megawatt

photovoltaic (PV) system integration.

5.1 Background

ForPV systemnterconnections, 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
a maor limitation which is the notinear characteristic of a PV module particularly under
partial shaded condition$.p]. In practice, the output power from PV string is the
summation of individual PV modulsonnected in series. As demonstrated in Figute 5.
when the PV string is exposed to uniform irradiance condition, only one peak is generated
on |V and RV characteristic curves. The aforementioned MPPT techniques discussed in
chapter two and the proposeariable step size in chapter four can succélgdhcate the

MPP. Since conventional MPPT techniques are specifically designed to track MPP under
uniform weatherconditions, they may not locate GMPP unless modified under partial
shading condition (PSCY.he generated output power from the PV arrayngka with
different shadow degrees of PV string and different partial shading pattern is form leading
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to significant power losPSCin PV systersis a condition in which only a certain portion

of the PV module is shaded, while other parts remain unifomagliated. It is typically
caused by clouds formation, shadow from buildings, trees, poles, overhead cables, etc.
When the PV moduas exposed to partial shading, significant amount of energy is lost
because the shaded module is short circuited by its respective bypas#diadesult,
multiple RV curves, with several local and global psakegenerated. Considering the

high initial cost of installation of a PV system and low energy conveediasiency, it is
important to deploy suitableVIPPT technique to extract maximum power from the PV
modules since conventional MPPT fail to distingugiobal MPP from local MPP.
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Figure 5.1. PV string under normal and partial shading condit

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

in the literature $.3]. These solutions for PSC have been classified into group based on
the features of GMPPT methods and these are;
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1 Extension of conventional MPPT method.
I Method based on observation of/Fand FV characteristic curve.

1 General GMPPT techniques.

5.2.1 Extension of conventional MPPT method

Thistechnique 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, wideearch range technique and tstage 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 locMPP. 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 RV characteristic curve is proposed in [5.7] in order to track GMPP. A solution is also
proposed in [5.8] wére a full scanning technique was performed on tkWlecRaracteristic

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 extensionof conventional MPPT method for GMPP [591]. 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 ranggow down the tracking process. In [5.13], widen search technique
is proposed to search GMPP from both left and right of tifecRaracteristic curve under
PSC. Although, GMPP is located but the technique is slow due to many perturbations
performed withinthe wider search space. A great number of$tage methods to track
GMPP under PSC have been proposed in the literature$5154 In this technique, one
stage is used to move the operating point closed to the GMPP and then tracked the actual
GMPP usingonventional 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

additiona circuit for implementation
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5.2.2 Method based on observation of-KF and |-V characteristic curve

A comprehensivestudy on PV and IV characteristic curve have been undertaken by
many authors under PSC and this study has been extended to govern GMiRi¢ec
[5.17-5.18]. Observation in [5.17] indicates that fhemks of a partial shadedWPcurve

are located at the integral multiples8w . This method is easy and straightforward to
implement. Also, the tracking performance is effective since tbleaglsearch method
requires only the vicinities d.8w instead of searching the wholeVPcharacteristic
curve. The drawback of this technique is that the global pedksoverlook 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 hasbeen undertaken under this categdilyey can be classified undeegmental

search methodnd soft computing methd8.19-5.20]

(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 [AP 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 redathe searching interval based on the sample values and the
conditions. Figure5.2 demonstrates the tracking process of the DIRECT method.
Regarding the Fibonacci search method, the Fibonacci sequence is used to establish the
length of theconsidered interval. For successful executing this technique, it is important

to define acondition to detect PSC. The advantage of this method is tisastitaight

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 ( k1 3.8A
Opentcircuit voltage (. 4 21.1V
Current at maximum power point ( & __ 3.5A
Voltage at maximum power point .. 17.1v
Maximum output power |k 1, 59.85W
1. Jcoef. of temperature L -0.08073
L icoef. of temperature L. 0.00H73

(b) Soft computing method

Soft computing method is anothegeMPPT method which include ardolony
optimization [5.22], grey wolf optimization (GWO) [5.23], simulated annealing technique
[5.24], particle swarm optimization technique and others {5.28] and others. All of the

aforementioned techniques have bédemonstrated 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 bildcking 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;

~

QO p Q0 wQ ph Q phBd )

where, N is the total number of particles,s the velocity of particlesQ 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 algoriias almost no
oscillation around GMPP since the velocity is zero. However, the drawback is that it takes
long time for searching the GMREhdhas several perturbation steps before converging

to GMPP.The literature review discovered some limitaion the method basedn
observation of B/ and FV characteristic curvégconventional 0.8Voc modeljThis
chapter discussed the limitatioasd a new 0.8Voc model is suggested to overcome the

limitations.

5.3 Voltage and current relationship of PVmodules under partial shading condition

The PV module operating under partial shading conditiomhaact load instead of power
source as this module is forced to operate at a reverse biased region. This leads to highly
localized power dissipation [§l] in the form of heawhich results unrepairable damage

to the shaded PV module. Hence, it is necessary to employ bypass diodes in the entire PV
array system as shown kigure 53 to prevent localized power dissipation under partial
shading conditions. Thesbypass diodes are added to the PV configuration system to
protect the modules during partial shading condition fromtssdting. During normal
weather conditions, the bypass diodes have no impact on the PV configuration system and
become reverse biasddbwever, 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 oriteh&acteristic
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curve. It is impornt 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 Nfnumber of PV modules iAgure5.3a is used. The PV modules

are subjected to three different irradiance level. The irradiance level® a@, and™O,

whereO "O "0 and the number of PV modules under these irradiance leveis,are

0 , and0 respectively. Due to three different level of irradiance, three different steps are
generated by theV curve shown irFigure 53b. The curve is divided into three regions
where the first region has current due to irradiance [€v&nd the other remaing PV

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

expression is given as follow:

W W Vw 0w LS

Where,o  is the voltage of one module in subassembly lis the voltage across the
diode, however, the voltage across thaddiis negligible.
Thus, equation (8) is modified as

W L8
The expression forp  is written as [32]
‘O¢ p 2 ud
O
The expression for current due' @is given by
y 0y LYY

o
O = Oy 0 Y'Y — QoM w p LY
O ARoB ©or 0OYY p
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In the subassembly 2, the irradiance le@benerated current in step 2. The 0

generated power whil® modules are bypassed. Thus, expression for voltage and current
is given by

L&

oYY
oYY »p

. Op
v Y'Y
Aog®H o ;

Qo w p L&)

In the subassembly 3, the expression for voltage of the generated power for all modules are
given by
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Figure 53. PV modules under (a) partial shading conditions.-{bharacteristic curve
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Also, the current expression due'@ in the region 3 is given by

— O, o ‘O 0 YY ~
O —= Oy 0 Y'Y — Qwmw p U ¢
O ARo® or 0YY p

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

is given by

W W ;i 0 wNw T8 p U o

where, £ represents the total number of subassembly #ntbr the number of

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

0 2 0r oYY
O A

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, 8@m, 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 lp is 33.10V comparedvith the simulation value of 31.60V.
Furthermore, the calculated value of voltages of subassemibliesandw  are 90.60V

and 132.03V respectively while the simulation valuesof andw  are 89.10V
andl34.71V respectively. Thelcalated 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 54. Position of voltage of subassembly module under partial shading con

5.4Limitations of 0.8 .model technique
Under uniform weather conditions, theakvoltage at MPP isstimatedy equation%.15)
as:
® ™ 0 v v

where 0 is the number of PV modules in the stridg is the opercircuit voltage of the
module.
Taking the same line of argument further, it is sutggem [b.17] that the local peaks (thus
MPP) of a partial shading curve are located around the multiples @f .OMis idea is
developed from the following critical observations made by the author 1] [&fter
conducting a study on the\Pcharaceristic curve:
(1) The global peak may be situated at the left-of €haracteristic curve.
(2) The displacement between any two successivespealpproximately 0.8 of Voc.
(3) When the PV characteristic curve moved back and forth or sidewaysntdgnitude

of peaks increases until global peak is reached and after thabath@tude 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 theft of the PV characteristic curve as claimed in1%] but rather
could be situated at the left or the right or at the middle of tecRaracteristic curve as
justified by Figure 55(a), (b) and (c). Additionally, when the\Pcharacteristic 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 justifieéigure 55(d). In Figure 55(d),

the PV power increases frotn to 0 but suddenly decreasestat before increased to
reach global MPP ai . Also, depending on the nature of the PV system with specific
number of modules, the model is bound to experience a sartifieviation. 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 0.8 model is significantly deviated.herefore, the assertion that the displacement
betweenany two successive pesais approximately 0.8Voc is incorredtor clarity, the
following example explains the limitations in 8 model. Consider ten modules, which

are exposed to the followingadiance patterns: [1000 1000 1000 700 700 700 700 300
300 300] W/m2As 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 708vV/m2, the number of PV module in the second subassembly is 7. Hence,
the estinated 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 57 depicts the actual peaks value as against the estimated \@leasy, the
estimated valuedeviate from the actual valu&he 0.8 model experiences higher
deviation from the actual valwa lower irradiance level, which ntraryto the theory

that the local peakarelocated around the multiples of 8. As the nmber of shading

level increases, the deviation of local pelikm the actual value become more obvious.
Figure 58 showsthe flow chart of the algorithm that validate the concept of 0.8Voc under
partial shading conditions. Thperationof thealgorithmawaysbeginswith 85% of Voc

which is reference voltages | ndi cated i n the8R&asusedProgr
to track the MPPUntil partial shading occurs, it maintains the operasibthis MPPoy
continuously us conventional P&O MPPT. When amisturbance like partial shading
occur , t he Aoktethechafyamithen@anol s t he AGP track ¢
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conditions.
AGP track
control to the nAnMain

voltage perturbation which is around 60% to 70%wof

S u b r ofwst peakusingtP&@tecknggquandthren, passwn the

progr amo, peakAilamge mai nt

is appliel to move the

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

until GMPP is reachedsome critical observations made from th& Rnd FV curves

contrary to the principles @.80 model are as follows.

1)
(2)
characteristic curve.
(3)
peak point may be a potential global MPP.
4)
thanPV modules with high irradiance level.
)
point may be a potential global MPP.

The ped& voltages of PV modules that receive different irradiance level are different.

The peak voltage may be situated at the left or right or at the middle of\the P

The number of peaks is equal to the number of different irradiance level and any

The peak voltage of PV modules that receive low irradiance level has higher deviation

The number of peaks is equal to the number of different irradiance level and any peak
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The limitation of 0.8Voc 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 locatiothefpeaks 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
equationin [5.33]is givenas:

wf |0 ™ 0 o Ld @
where Qis the subassembly numbei, is the numberPV modulesin the new
subassembly) is the number of PV modules in theevious subassembind| is a
variableparameter.
The accuracy of this model depends on subassembly voltage \(Wiich is given by

| 0 @ andisdependenton irradiance. As can be seen from Figure 5.4,dtleaviges
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Measure PV voltage
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Figure 58. Flowchart for conventional 0.8Voc model technique.

when irradiance level fall from one level to another. Although, this model improved the
performance of the conventional 0.8Voc model, th@ Which is a function of cannot
provide true correction to the deviations in the conventional model. This is bpcause
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 duaitigl shading
conditions.
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5.5 Proposed0.8Voc modelto estimate the peak voltage at global MPP

The accuracy of 08 model depends largely on the nature of shading on the PV modules.
For lower irradiance level, the local peaks experience signifdenation 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 im@mt to address this abnormality in conventional
0.8 model for performance improvement. To achieve this, the peak voltage and peak

voltage deviation correction is developed from irradiance patterns.

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

follows:

O ®  TQOE— O Y Y v X

where G is solar irradianceGstc is the reference irradiance at standard test condition
(1000W/n?),"Y is the temperature at standard test conditioRQR5 is the ideality
factor, and) is the temperature coefficient of the open circuit voltage, isthe open
circuit voltage at standard test condition amds the thermal voltage. It is noted that the

linear relationship between PV current &@d s given as$.34];

0 0 VIS 2 — uP Y

The calculation ofo is done by using the measured current hence, equétibi ¢an be

updated to:

0
o o (G085 VR W

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

can be estimated frorM curve inFigure 59 as;
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"O. vg T

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

string under partial shading condition candalculated as;

b = L& p

wherew is the PV string voltage exposed to irradianseijs the vdtage of one PV

module. Therefore, the peak voltage is estimated by modifying equation (5.18) using
equation (21), which is given in equation (22pas;

Actual value 4
— == = 0.8Voc model J
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Fig. 59. 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 thdeviation, peak deviation factor correctignis
deduced from-V curve in Figure ® given by;

- "O o \ : T[EﬂJ U& ?
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wherg w is the open circuit voltage of PV string deduced frevhdurve under partial
shading conditiom Figure 59 andw is the open circuit voltage dii¢ PV string at
standard test conditiomhe 0.8 in (5.23) is the ratio between voltage at MRP and

open circuit voltagéw at STC.Table 5.1 gives the STC valuékherefore, the peak

voltage deviation correction @btained usingquation (21) and (5.3) given as;

[ - — ™ 0 w g T

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

correction factor is given by;
W W r ug U

A study of eight different cases of partial shading conditions including various irradiance
patterns shown in Table 5.2 are conducted. The actual value ofdue to different cases

of partial shading conditions is used to estimate the peak eal@gation correction. On

the other hand, a selected value®f 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 chmas. The peak voltage deviation correction

Table 5.2PV module numbeand its irradiance value (WAn

\V modules No.
1 2 3 4 5 6 |7 8 91|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 volta

Irradiance Actual Peak Peakvoltage | Global Selected | Peak voltage | Global
patterns value of | voltage deviation peak value of deviation peak
T dv T-—m+g| coOrrection voltage T dv correction voltage
(% Tem+@ (- T—m+E
Fo a
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 i

improved 0.8 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 [517] | [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 4.94 141 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 2.31 1.66
194.20 168.80 192.43| 198.73 25.40 1.77 4.53
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Figure 510. I-V characteristic curve under partial shading condition.

expression is a function af  and a suitable value of , gives almost the same results

as the actuab  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 valuesiof 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 propodetj ePV 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 § =3),0 08 wi, O o xa, O o, w  207.9A (refer

to Figure 510) CPP' T PRO WO ¢ @w. Using equations

(8), (10) and (11), thed and’ are respectively 44.63V and 0.86V. Hence, voltage at
global MPPw is45.49V which coincides with actual voltage of 45.78V. Similarly, the
global peak voltage é@© andO 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.¢1 modd technique

The propose@.8w model technique is validated by using a string of ten modules. These
modules are exposed to partial shadiogditions given in Table 5.2. Case 2 is taken only
as an exampleThe proposed algorithm is compared with conventidh&b model
[5.17) and improved 0&® model [5.33] at the same conditions of irradiance and

temperatureDue to the five differet level of irradiance, five local peaks were generated.
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Figure 5.11. Peak location verification.

Using the proposed @8 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
conventiond.8w model and the improved @8 [5.33] which have the peak voltage
equal to 16.88VSimilarly, the estimated voltage for the second pestage is 67.16V

while the actual voltage is 65.52V. However, the conventionab Oahd an improved

0.80 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 @8 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 b8and 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 0.8
model has fifth peak voltage equal to 168.80V while the improved Osm@odel
equald94.12V. 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 peagesteviation.

Using different irradiance patterns as in Table 5.2, the performance of the proposed
technique, conventional @8 model and the improved @8 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@ is very high for all cases exdgpr third peak of case 8.
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5.6.1Impact 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 simiity 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
subassembliemprise 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

San

Set dth, qPol, Isc and lsc_stc
Set gPth and measure Vpv(k), 1pv(k) and measure 1pv(K)
dVpv = Vpv (k)- Vpv(k-1)

AA

AA

d dipv = 1pv(K)-1pv(K-1)
Pov(K) = Vpv(K)* Ipv(K) Is
* Isc-1pv(k))/Isc_stc Oqdt
Call ves
MPPT agorithm calculate Vpeak and  using
equation (5.20) and (5.22)
No respectively
L 2
Estimate Vempp using
equation (5.23)
Store last MPP v
information Call
i.€ Pmax-last and Vm_last MPPT algorithm
¥ Store last M PP information
i.€ Pmax_last and Vm_last
Calculate qPpv
as the algorithm detect
existence of another p

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

Call global MPPT
track sub-routine

Update
Pmax_last = Pmax_new
V max_last = V max_new

Figure 5.2. Flowchart for the proposed model technique
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2 PV modules. Table 5.1 givéise specifications of the PV modules. Figure2sthows

the flowchart of the proposed 0.8Voc model algorithm that tracks GP under partial shading
conditions. The execution of the algorithm starts by measuring the PV string voltage and
current as shownimte fiMai n programo in Figure 5.12.
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.nl this work, incremental conductance (INC) algorithm is used due it

accurate performance under fast varying weather conditions$38% When any sudden

di sturbance | i ke partial shading occur, t
tracking the GP and calls the global MPPT -soilstine. The global MPPT stdoutine
tracks the new GP and, then, again hand o0\

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

i nformation about PV stringo0 saseant Y powe
respectively. Until any disturbance occurs, the algorithm maintains its operatiwsat t

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 tbet maue,

means that partial shading has occurred. Subsequglathal 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 Ry &ten out put po
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 minimisedhcillations due to power

variation, a tolerable power variation threshold (  is allowed to enable the algorithm

tracks global maximum poweFigure 5.B shows the reference peaks locations of PV
modules under partial shading conditiohs Figure 5.8a, during the partial shading
conditions, the proposed technique tracks the estimated voltage which is around the actual
reference voltage compared to thewentional 0.8&» model and improved 0.8Voc model

The estimated peak voltage of the proposedyO.8odel 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 ftine conventional 08 model is 135.04V, therefore the
deviation is 12.96V. Alsathe peak voltage for the improved 0.8Voc model i33pis.
145.59V and this leads to a deviation of 2.41 (more than 2V). Table 5.5 further gives the
details performare of the three 0.8Voc model technique. Figurels dhows the global

peak power of the proposed and other twax0.Bodel techniques. The power difference
between the proposed and the conventional 0.8Voc model technique is 20W. Also, the
power differeice between the proposed and improved 0.8Voc model techniqua3higs.

2W. The efficiency of the conventional @8 model is about 93% while that of the
proposed is 99.6%. The efficiency of the improved 0.8Voc model techniques8j if5.
98.74%. Theoroposed technique can be used for large scale PV farms, which leads to save

high amount of extracting power.

I Normal :'veather I MPP =600'W
600 conditions ™~

E artial shading

54001 conditions

2 GMPP = 240W

% 200¢

0 L 1 L L
0 50 100 150 200 250
Voltage (V)

Figure 5.13. PV characteristic curve under normal weather and partial shading cond
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(b)
Figure 5.14. Scanning of peaks by MPPT: (a) PV voltage, and (b) PV power.

Table 5.5. Performance of the three 0.8Voc model techniques on ted\e under
partial shading conditions

0.8Voc model| Calculated | Global peak| Calculated globa| Global peak powe| Efficiency

techniques global peak| voltage peak power (W) | deviation(%) (%)
voltage (V) | deviation (%)

Conventional

0.8Voc modell 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 0.8Vo

model 149.28 1.28 238.00 0.42 99.60

5.7 Summary

In thischaptera new0.8w 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 ab0.8re incorrect with long PV
string. For adng string of PV modules witlow irradiance under partial shading, the
deviation of local peaks becomes more obvious. Therefore, theOrfeov model
technique addresses the drawbacks in the convenfidial 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 minimuak peltage
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 0.8Voc model suggested in chapter five is utilized
to optimizes the active power level in the grid interfacing of rmégawatt photovoltaic

system. The new 0.8Voc model is capable of saving high amount of poweueder

partial shading condition. The feasibility of the grid interfacing system is validated by

simulation in multtimegawatt 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 Ewvest
essential as this controls the harmonic injected into the grid. Interfacing large scale PV
farms to the grid involves the use of power electronics. Ruldln modulated voltage
source inverter (VSI) or current source inverter (CSI) are the mainrpeleetronic
devices for grid interfacing system I§. 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 na@ble 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 applicati6r&.86.Thus, the
approach complicates partial shading problems. Even thougltativtaded multilevel

inverter is given much attention in the PV system applicatiof} [ee 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 appligdverter for grid interfacing PV
system is the two level VSI. This inverter has high switching losség][Gut with
appropriate pulse width modulation, the inverter can generate high quality output voltage
where significant harmonic can be suppressenhfpenetrating 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 intenig@®V system, certain conditions
need to be met [62-6.13]. 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 theidk 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 topoldgies [6.
The single stage topology involves only onewvasion stage and uses one inverter. Thus,
the number of components is reduced which increases system efficiehdly fégure

6.1a shows the configuration of the topology. The main limitation for this topology is the
voltage ripple on the dc bus which ¢aused by double line frequency grid power
oscillation [615]. 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 dynamiesponse [@.6]. 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 [A7] leadingto 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 oclustep
transformer to match the invertoutput in this topology increases the inverter losses.
Thus, this topology is limited to small scale PV application. A-stage topology
involves two conversion stage which has inverter and decouplidg donverter as an
additional component. The ditional dcdc 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 eiic converter stepp the PV voltage level, which leads to an
increase in operating range andxibility to increase number of PV modules1]6.
Additionally, the energy changes between the dc link capacitor of the output inverter stage
and PV string can be decoupledl. Figure 6.1b shows a typical configuration of two
stage grid connected systeEffective optimization and utilization of active power in the
grid connected PV system can be achieved by the useitableMPPT, and effective

external and internal control loops18].

Figure 6.1. Topology of grid connected systemSmylestage system, (b) Twstage

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 uraheironmental weather conditions.

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

explained below:

U Tradeoff issue in most conventional MPBTThis has the tendency of reducing the
grid power level due to oscillation aroumdPP and also slow down the tracking
process of the algorithm.

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

U The occurrence of partial shading on the PV modules produces multiple peakés on P
characteristic curve. This is a critical issue that need to be address in grid connected
system. Significant powebss 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 [619]. This providces 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
internaticnal organizations such as IEC 16727 and IEEE 1547 standagfk [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 outputaifaiyev
controller. The current controller in the loop then forces the grid current to line up with

sinusoidal reference. Proportionaitegral (Pl) with feed forward and proportional
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resonant (PR) are common in grid interfacing PV systén2d][ PR contoller performs

better than that of PI 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, amproved PR ontroller is
recommendetb absorb the impac6[2]]. Figure6.2 shows the inner current control loop

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

0 if Q 0——0 )

where Q and 'Q are integraand proportional gaBirespectively] represents the

resonance frequencyO °Y is the LCL filter. &(s) is the microcontroller processing

delay and is given by:

where Y represents the sampling time.

Figure 62. 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 gritis sinusoidal reference grid

current is responsible for instantaneous power aveik#ithe input of the inverte8 23.
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By using the current controller where taenplitude 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 thelddk where delink voltage becomes constant. There are
two main components that causes possible linear increment and decremeitinkf dc
voltage in grid connected PV system. The first is the dc component, which is the average
power difference between the powettracted by the ddc converter and the dx
inverter. The second is the ac power, which constitutes ripples with frequency twice of the
main frequencyThe power balance in griconnected system shown in Figurgi6.given

by:

05

Ca
C
C

where U is the power extracted by dtc converterp is the power extracted by the

dc-ac inverter) is the power to dtink capacitor
0 w 6 & o3
0 =
Qo

where @ is the delink voltage andQis assumed to be sinusoidal and is align with the

grid voltage, then:

0 0 ow 0Oi Q¢ oD
Al @ o
ow O P ATQ (05
q
5 0. XA N
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where @ and 'O are grid voltage injected current respectively, is the injected

instantaneous active power at unity power facahstituting 6.4) and 6.7) into (6.3),

142



Figure 63. Power balance in grid connected system.
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Considering the power lossi¢f 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:
%50 Ai@ o6 &6 2§ oo
U -V w —_— U
C P Qo
In order to meet the condition for power balance, it is important that thiekdeoltage is

maintained constant at all time under any givemdiance conditions. A simple

conventional PI controller is suitable and is given by

0 Y Q oP T

. o)
~

wherg 'Q and'Q are proportional and integral gain of PI 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.

6.24 Control of Voltage source irverter (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 vaand 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. Voltage source inverter can be operated in standalone ac system or
grid connected modas shownn figure 6.41n 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 responsibléor 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 determinése power quality. The control system should be able to
supply enough redive and active power to match the load demand by maintaining the
frequency and voltage within the standard dp=ation limit. On contrarily, the inverter

in the grid connected mode controls and handle any distorted grid voltage that may draw
from the retwork.Figure 6.5 shows a typical inverter equivalent circuit connected to the

grid through an inductance.

Figure 64. The operation of voltage source inverter

The expression for active and reactive power is respectively obtaifetbas;

., oww OET b
5 P

o (¢ M

V] ,—(booAI‘]Ooo 0P q
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Figure 65. Grid connected system

where,® is the coupling inductance or the reactance of the line between the grid and
inverter) is the phase angle between voltage of thedbusnd the output voltage of the
inverterw. It is evident from the expression (6.11) and (6.12) that the active power
depends on the anglewhile 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 controlgrsgnchronous reference frame

and MPPT control scheme.

6.3.1 The proposedGMPPT controller

A new GMPPT control scheme developed from conventional 0.8Voc madghtapter

five is used to implement multimegawatt PV grid connected system. A new global peak
voltage developedonsists of two components: the voltage at peak and peak deviation

factor @rrection. The voltage at peak is expressed as:

Where,® is open circuit voltagé0® s short circuit currenall at standard test
condition (STC), andw are ideality factor and thermal voltage respectivéy s the
short circuit current for PV string, afi@  is the shirt circuit current of PV string at

STC. Also, the deviation factor correction is given by:
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where @ is open @cuit voltage of PV string under partial shading conditions and
w  represents open circuit voltage of the PV string at STC.

Thus, the calculated global peak voltage under partial shading condition is given by:
@ @ I P v

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 wattisd Since the control
design requires only fundamental frequency dynamic, the equations that describes the

inverter ac dynamic can be presented given below:

. Q0 | SN 150

0 =g @ ) 10 P o
. Q0 SO 100

05y @ w 10 P X

Equations §.16 and 6.17) can bewritten as

Qo0 YO w w 1070

Qo 0 0

Qo 0 0

Qo0 YO w w 100

AssumeY o @ 1 00andY w 100
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Equations §.18 and 6.19 can be renritten as:
Q0 YO 7V

KoY 0 0
(9]0 YO 7Y
Q0 0 0

Where,”Y and"Y are obtained from PI controller given as

Y 00O O 0 O 0006

Y 00 0O 0 O 00Qo

By using the following change of variables:

I v O OQATA 0 O "OQb

Equations §.22) and 6.23) can be written as:

Y 0 0 O

(0]0) Y v O 7 0O

Q0o 0 0 0
Q0 Y v O 7 VRNO)
Qo 0 0 0

¢g p

P& C
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By differentiating equationg(26) - (6.29), the inverter ac dynamic can be represented in

state space equation as:

Q0 . .
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The control system for-Bhase inverter in -d synchronous reference frame can be
summarised as shown in Figureés.6The feedforward terms are calculated es

0 ® 1 00andw 0 & 1 070 The active power is expressed as:

0 -wO0 o p

Similarly, the reactive power is expressed as:

G O-!u
V] - w0
C
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Fig. 6.6. Schematicontroldiagram of grid interfacing PV system.

6.4 Simulation results and discussion

In this section, simulation results oWV 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 oMBN. 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. Bystem delivers 5 MW on normal weather condition

and 2 MW on partial shading condition. The proposed 0.8Voc model is implemented with
conventional incremental conductance to adjust the PV array voltage to voltage at
maximum power point and subsequentlyng@tes maximum power from the PV
modules. The effectiveness of both conventional and proposed 0.8Voc model techniques
for grid interfacing multimegawatt is demonstrated using MATLAB/SIMULINK. Fig.

parts (a) and (b) show the global voltages and pewaleisoof both conventional and the
proposed 0.8Voc model. It is evident that the proposed 0.8Voc 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 67 (c). Figure 68 (a) demonstrates theffectiveness of the external control loop,
where the dc link voltage controller regulated dc bus voltage at 14.25 kV and 13 kV at
normal andpartial shading conditions respectively. The external cotdig regulates

both active 0) and reactiveQ) current components. TH@current is set to zero in order

to achieve unity power factor andraenjected reactive power. Figure Ga8rts (b) and

(c) demonstrate the effectiveness of the internal control loop. The active power from the
PV arrays iS5 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 MWThe 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, with improves the active power injected into the grid.

Table 6.1 System parameters

Rated power, frequency 5 MW, 50 Hz
Transformer Turns ratio 11
Leakage reactance(pu) 0.1
Resistance (pu) 0.002
Control parameters Current controller [KpKi ] [21 106]
Voltage controller [Kp Ki] [0.8 60]
Inductor 2mH
Boost converter Input capacitor 150 F
DC link capacitor 400' F
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 Vwmpp, Impp, Prax 40.74V 13.01 A530 W
Voc, Isc 49.26V, 13.69A
PV array Vwvep, Impp, Phax 7.74kV,160.5A, 5MW
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Fig.6.7. (a) Voltage of proposed and conventional 0.8Voc, (b) Output power of

proposed and conventional 0.8Voc, lfgected grid active power.
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Fig. 6.8. (a) DC link voltage, (b) Active and reactive current, (c) Reac

power.

6.5 Summary
In this chapteyissues associated with controls in grid interfacing of amégawatt PV
system have been investigated. This investigation focused on MPPT, grid current and dc

link voltage control to highlight the main challenges lmatations. A new 0.8Voc model
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techniquesuitable for mulimegawatt 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 shadiogrnventional 0.8Voc model is not
correct. The simlation results attest that tipeoposed 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 proposedhotktis suitable for large scale muilti
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 evefincreasing rate of greenhouse gas emission due to high global demand of
electricity has generated enormous interest in development of renewable energy.
Integration ofrenewable 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 scal€his is due to their applicatigin

satellite systems, transportation systems, distributed generation and mobile applications.
However, due to voltage and current characteristic curve of PV moduM{gh is
described as nelinear, the generated power is always affected by the iariatf
irradiance and temperature. Additionallg an event of noequally distributed irradiance
around the PV module, multiple peaks comprising of local and global maxima are
generated in the power (Wpltage (V) characteristic curve. For PV systemligpgions,

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 thheeimpacts of temperatiand 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 ne¥ MPET 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 trackingneffiared their
optimum proportionality constants values werdweed during variable temperature and

irradiance conditions.

In chapter four, a modified variable stejze incremental conductance MPPT technique

for PV systemwasdeveloped. In the new MPR&chnique, 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 ssge algorithnwasproposed. Additionally,

a slope angle variation algorithwasalso developed. The merits of the proposed MPPT
technique were verified using simulation and practical experimentation. The performance
of the proposed MPPT technigwascompared to the conventional variable stege INC

MPPT and the results show fast kg, less oscillations under steashate and dynamic
conditions and good tracking efficiency. The performance of the proposed algaathm
further evaluated with simulation and compared to the two different existing variable step
size INC MPPT.

A new Q8Voc model technique tesgmae the peak global voltage under partial shading
condition for medium voltage megawatt photovoltaic systemegration 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
convernional 0.8Voc. The performance of the proposed technipsfurther compared

to the existing modified 0.8Voc 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 syktseeimvestigated.

A modified 0.8Voc model suggested in chapter fivees utilized to optimize the active
power level in the grid intéacing of multtmegawatphotovoltaic system under normal
and partial shading conditions. The proposed systamsuccessfully verified using

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

4 S$XWKRUTVY FROQWULEXWLRQV
Thecontributions in this thesis can be summarised as follows

1 New FOCV MPPT and FSCC MPPT techniquesve beenproposed. The

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

1 Modified variable stefsize incremental conductance MPPT technique for
photovoltaic gstems The system uses autonomous scaling factor instead of fixed
scaling factor to minimize oscillations around the MPP.

1 New 0.8Voc model technique to estimate the peak global voltage for medium
voltage megawatt photovoltaic systemeigration

1 Proposing as i interfacing of MultiMegawatt 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 futurenvork

The research commenced in this thesis addresses some key limitations of P\ system
which is related to maximum power point tracking techniqueleunormal 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:

1 The concept of the combined temperature and mredi 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 agmising work for the future.

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

1 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 bia tisisd
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technique to minimize thdeviations in order to enhance its performance in a

largescale PV system.
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