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Abstract

ترح هذه الأطروحة بنية تحكم جديدة لنوعين من المحولات ثلاثية الأطوار متعددة المستويات المخصصة للأنظمة تق—ملخص

للتحكم في  "الكهروضوئية المتصلة بالشبكة الكهربائية. يشتمل مبدأ التحكم على استخدام تقنية "تحوير نبض العرض المتجه

هروضوئي لتشغيل النظام الك"إستمثال عناصر السرب"  لوغاريتميةكذا تطبيق و المتتالي،والعاكس  المشبك طوبولوجيا العاكس

إستمثال  على مرتكزةمصفوفة البوابات المنطقية القابلة للبرمجة  تطبيق ي هذه الأطروحة إقترحناف .عند نقطة القدرة القصوى

مختلف لتم التحقق من صحة هذه التقنية و، الجزئيتحت شروط التظليل  نقطة القدرة القصوى لحل مشكلة تتبععناصر السرب 

م استخدام تيالإضافة إلى هذا غير موحد. ئي إضاتوزيع تحت يل تشكتقييم سلوك كل من أجل الممكنة للوائح الضوئية  شكيلاتتال

 تريجكما أة. لتوليد إشارات تحكم العاكس وتطبيقها على طبولوجيا العاكس المتتالي تحوير نبض العرض المتجهاستراتيجية 

القدرة تتبع  على أساس وتقييمها MATLAB / Simulink في بيئةالكهروضوئية المتصلة مع كلا النوعين دراسة مقارنة للنظم 

الربط بين  ىلتم استخدام النهج القائم ع المقترح،التوافقي والتكلفة. من أجل اختبار التنفيذ العملي لهيكل الرقابة  والتشوه القصوى

FPGA و      Simulink اس على أستم وضع جدول مقارن ختاما جعل النتائج أقرب ما يمكن إلى الواقع وبحد أدنى من القيود. ل

 .بعض المعلمات التجريبية عليها وتلخيصتحليل النتائج التي تم الحصول 

 .هتحوير نبض العرض المتج، عناصر السرب استمثالالمحولات المتعددة المستويات،  الضوئية،الأنظمة  :المفتاحيةالكلمات 

Résumé—Cette thèse propose une nouvelle structure de contrôle de deux onduleurs triphasés multi-

niveaux dédiés aux systèmes photovoltaïques (PV) connectés au réseau électrique. Ce principe de 

commande inclut l’utilisation de la technique de modulation de largeur d’impulsions vectorielles (SVPWM) 

pour contrôler les topologies d’onduleurs à diode clamper et des onduleurs en cascade. La recherche intègre 

la technique d’optimisation par essaims de particules pour faire fonctionner le système photovoltaïque au 

point de puissance maximale (MPP). Une implémentation sur FPGA, basée sur le PSO, est proposée pour 

résoudre le problème du suivi du MPP dans des conditions d'ombrage partiel. Cette technique est validée 

sous différentes configurations de générateur PV afin d’évaluer le comportement de chaque configuration 

PV sous un ensoleillement  non uniforme.  La stratégie de la SVPWM est utilisée afin de générer des 

signaux de contrôle de l’onduleur et implémentée pour les topologies d’onduleurs DCI et en cascade. Puis 

une étude comparative des systèmes photovoltaïques avec ces topologies d’onduleurs est réalisée dans 

l’environnement Matlab / Simulink et évaluée sur la base du MPPT, distorsion harmonique, coût, avantages 

et inconvénients. Afin de tester la mise en œuvre pratique de la structure de contrôle proposée, l’approche 

basée sur « hardware in the Loop » est utilisée pour rapprocher le plus possible les résultats obtenus de la 

réalité et avec un minimum de contraintes.   

Mots clés : Système photovoltaïque ; Onduleurs multi-niveaux ; PSO ; SVPWM. 

 

for photovoltaic (PV) systems connected to the grid. This control scheme includes the use of the space 

vector pulse wide modulation (SVPWM) technique to control the Diode Clamped Inverter (DCI) and 

cascade inverter topologies and the integration of a particle swarm optimization (PSO) technique to operate 

the PV system at the Maximum Power Point (MPP). An FPGA implementation of PSO based MPPT is 

proposed to overcome the problem of MPP tracking under partial shading conditions. This MPPT technique 

is validated under various PV array configurations in order to evaluate the behavior of each PV 

configuration under non-uniform irradiation. An SVPWM control strategy is used in order to generate gate 

control signals for the inverter and implemented for both DCI and cascade inverter topologies. Then, a 

comparative study of photovoltaic systems with these inverter topologies is carried out under 

MATLAB/Simulink environment and evaluated on the basis of MPPT, harmonic distortion, cost, 

advantages and disadvantages. In order to test the practical implementation of the proposed control 

structure, FPGA/Simulink-based Hardware in the Loop approach has been used to bring the obtained results 

as close as possible to reality and with a minimum of constraints. Based on the analysis of the obtained 

results, some experimental parameters are summarized and a comparison table is synthesized. 

Keywords: Photovoltaic systems; Multilevel inverters; PSO-MPPT; SVPWM. 

 

Abstract—This thesis proposes a new control structure for two multilevel three-phase inverter topologies 
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1.1. Introduction

1.1 Introduction

I n recent years, renewable energy systems have attracted remarkable attention and

investment in many countries [1], due to concerns about environmental issues,

ever-increasing world’s energy demand and outlook of depletion of fossil fuel reserves

[2]. Among renewable energy systems, photovoltaic (PV) systems are expected to play

an important role in the future and, as such, a great deal of research effort is dedicated

to enhancing their performance and efficiency, at both component and system levels.

PV systems are either connected to a large independent grid and feed power to the

grid or are separated from any grid and operate as the main power supply for a group

of loads, mostly in remote buildings and communities [3].

1.2 Statement of problem and research objectives

The aim of this research is to study the factors that limit the capacity, efficiency, power

quality, and the safety of the grid-connected large-scale PV systems, and to propose

appropriate solutions to improve those factors:

• Capacity: Although large-scale PV farms have reached a capacity of up to several

hundred MW, the single PV inverter capacity is limited to about 1 MW, and

larger power ratings are achieved by parallel connections of the smaller inverter

units [4]. Since one large inverter can offer better efficiency, lower cost, and

easier implementation compared to the two parallel-connected (smaller) half-

rated inverters, improving the capacity of the PV inverters can be one major

contributing factor to further support the solar PV industries’ fast growth.

• Efficiency: The efficiency of PV systems is affected by its components, which

include the PV array and inverter, and the system configuration [5–7]. Different

PV array configurations yield different levels of mismatch power loss, especially

under partial shading conditions, and thus produce different total energy. Fur-

ther, under normal operating conditions, the efficiency of different inverter and

system configurations is affected by the switching power loss over the inverter
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switches and by the conduction power loss all over the DC- and AC-side cables,

switches, filter, and transformer [8].

• Power quality: With the fast growth of distributed generators, including the

PV, the quality of their produced power needs to be further improved in order

to not adversely affect the hosting network’s performance. This can be achieved

through utilizing appropriate inverter structures, inverter control schemes, and/or

better filters [9].

• Safe grid-integration: Among the many grid-integration issues of PV systems,

which includes the fault ride-through capability, islanding detection, and ancil-

lary services provision, the over-voltage produced by PV systems (like other dis-

tributed generators) is one subject of interest in this thesis. With the widespread

penetration of distributed generators (DGs) in power systems, the grid and DGs

are facing the ever-increasing problem of temporary over-voltages produced by

DGs and their damages on utility equipment and customer loads, especially the

single-phase ones [10]. Appropriate solutions need to be worked out to pre-

vent over-voltage formation and/or to suppress the produced over-voltage in

the contributing DGs’ structure.

Thus, this thesis aims to propose PV systems (consisting of array, inverter, and

grid interface) which address all of the aforementioned characteristics and deliver

better energy yield, higher capacity, better power quality, and safer integration with

the utility network. To this end, PV array configurations and single- and two-stage

as well as two- and multi-level inverter structures will be studied and appropriate

structures and control strategies/schemes will be developed to achieve the defined

goals. Therefore, more specific objectives of this thesis are:

• To develop a PV array model in order to study the efficiency of different PV ar-

ray interconnection methods in central-configured PV systems, especially during

partial shading conditions, and to search for methods to mitigate the dispropor-

tionate mismatch power loss during partial shading and characteristic mismatch

conditions.
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• To study the restrictions of the conventional single-stage converters for higher

power ratings, to develop a two-stage conversion system, based on modular

inverter technology, to further improve the capacity, efficiency, and output power

quality, and to introduce multi-MPPT and distributed PV array structures.

• To study the grid integration issues of the PV systems, especially the temporary

over-voltage (TOV) problem caused by PV systems in the power network, and

to propose appropriate mitigation techniques.

1.3 Background and related works

According to the EPIA data, the total PV generation connected to the electricity grid

surpassed 100 GW in 2012 and 300 GW in 2016 [11]. In 2017, cumulative solar PV

capacity reached almost 398 GW and generated over 460 TWh, representing around

2% of global power output. Utility-scale projects account for just over 60% of total

PV installed capacity, with the rest in distributed applications (residential, commer-

cial and off-grid). Over the next five years, solar PV is expected to lead renewable

electricity capacity growth, expanding by almost 580 GW under the Renewables 2018

main case. As stated in the same EPIA data report: "Under optimal conditions, the

world’s solar generation plant capacity could reach up to 1,270.5 GW by the end of

2022, but we consider 1,026.2 GW more likely. Still, that means solar would reach

the terawatt production capacity level in 2022. Reaching the 400 MW milestone

already in 2017, we now expect in our Medium Scenarios the total global installed

PV capacity to exceed 500 GW in 2018, 600 GW in 2019, 700 GW in 2020, 800 GW in

2021 and 1 TW in 2022" [11].

The installed-system prices continue to fall, and PV is becoming increasingly more

cost competitive across regions with high electricity consumption than the domestic

power generation. This, together with the improved efficiency of PV system com-

ponents, especially the solar panels, and the environmental concerns related with

conventional and nuclear power plants given the Fukushima nuclear plant disaster of

2011, accelerate further growth of the PV industry, which in turn, further reduces the
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prices in a positive feedback form [12].

To maintain this fast growth, on the one hand, and to deal with potential power

network problems and complexity because of the high penetration of PV systems,

on the other hand, much research is being conducted on improving the PV systems’

performance and profitability and on the safe and supportive integration of them

within the grid.

1.3.1 PV systems

Photovoltaic panels and the inverter are the two main components of a photovoltaic

system, which determine the cost, efficiency and performance of the entire system.

However, other system components, including cabling, maximum Power Point Track-

ing (MPPT), and the network interface, can significantly affect overall efficiency. In

fact, the configuration of the system or the interconnection structure of the compo-

nents plays an important role in the technical and financial characteristics of a PV

system. Regarding the interconnection of the PV array and the inverter, PV systems

are normally categorized into four or five main groups [13–16]. Central structure,

String structure, Multi-string structure, AC modules, micro-inverters and Power op-

timizers. These last are small DC-DC converters dedicated to every module. They

perform the MPPT task for their connected single module to eliminate the mis-match

power loss and, therefore, are considered in the same category with the AC mod-

ules [17]. However, since a central inverter is required to connect them to the grid,

they can also be considered in the multi-string structure category. AC modules are

normally rated around 180-250 W, and therefore they are used in low-power (not

more than a few kW) roof-top residential applications where the possibility of shad-

ing from neighboring buildings and trees is high [18]. The string inverters are rated

around 2-3 kW, or slightly higher for the 1000 VDC standard (in Europe), and as such

are utilized in low- to medium-power residential and commercial/industrial roof-top

applications. Their shading performance is low compared to the AC modules but

is high compared to the central structures. The multi-string and central structures’

rating can reach up to about 1 MW, so are utilized in medium- to high-power com-
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mercial/industrial and utility-scale applications. The multi-string structure has better

partial shading performance but can be expensive compared to the central structure,

which is the most commonly practiced structure in large-scale applications, since it

also offers lower installation and maintenance costs, simplicity of grid interconnection

and central monitoring [19].

1.3.2 Grid integration of PV systems

With the proliferation of distributed generators, the utility grid faces new possibil-

ities including increased transmission and distribution network capacity, improved

reliability, and provision of ancillary services by DGs, and new challenges includ-

ing possible instability, protection complexity, and over-voltage problems caused by

DGs. Not long ago, distributed generators had to meet some few conditions and stan-

dards for connection to the grid, in order not to adversely affect grid performance.

These conditions included production of high-quality power with harmonic contents

less than specific levels defined by IEEE Std.519 [20], and detection of islanding and

de-energizing the utility line during a predefined time window to avoid damage to

the utility and customer equipments and personnel [21]. However, recently, it was

realized that distributed generators, especially the inverter- based ones, can support

the grid more actively in order to improve the performance and the capacity of the

network. Therefore, the grid codes in most countries were redefined to include the

new requirements for DGs to provide dynamic and static support during network

faults and normal operations [22]. For instance, the German grid code for connection

of PV systems to the medium-voltage power grid requires dynamic grid support, or

fault ride-through (FRT) capability, demanding that the generating plants have to stay

connected during a fault, support the voltage by providing reactive power during the

fault, and consume the same or less reactive power after the fault clearance [23].

In PV systems, the control task is normally performed in synchronous dq frame

synchronized with the grid voltage, which results in decoupled real and reactive

power control through the decoupled d- and q-axis current control-loops [24, 25].

During the normal operation of a PV system, the d-axis current control-loop is uti-

19



Chapter 1. General Introduction

lized for the DC-link voltage regulation which results in maximum power production

(operation of PV array at MPP voltage). In the case of over-frequency in the network,

however, the power set-point is calculated depending on the network frequency and

is applied to the current control scheme, which results in the operation of a PV array

with an operating voltage different than the MPP voltage. On the other hand, the re-

active power set-point for PV systems, in normal operating condition, is set to zero or

a small value to deliver unity power factor at the network connection point. However,

in case of required dynamic or static voltage support, the reactive power set-point is

calculated accordingly, depending on the network voltage [26].

1.4 Major contributions

The goal of the research presented in this thesis is to help increase the penetration

level of PV systems in the electric network. This goal can be achieved by accurately

evaluating the performance of the PV system without overestimating or underestimat-

ing its impacts on the electric network. Upon performing this analysis, the impacts

of the fluctuating output power of PV systems should be considered. The main rea-

son behind this consideration is the intermittent nature of the output generated from

these systems. Another important factor that can help increase the penetration level

of PV systems is to investigate the suitability of different methods that can improve

the performance of the PV system and mitigate its negative impacts, especially due to

power fluctuations. Accordingly, the following are the most significant contribution

of this thesis:

• A PSO-MPPT algorithm for centrally configured PV systems is proposed to re-

duce the mismatch power loss over the PV array during partial shading, mod-

ules’ aging, and characteristic mismatch conditions, which improves the energy

yield of the entire PV system.

• The thesis then proposes a two-stage three-phase (still centrally configured) PV

system that, utilizing an interface, applies the distributed-MPPT structure to the
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central inverter, and thus, features an enhanced maximum power point tracking

capability, and an improved energy yield under partial shading conditions.

• The thesis further proposes the two-stage PV system (for large-scale grid-connected

applications) which consists of multiple DC-DC boost converters and one large

central inverter. The inverter is based on the modular technology. The boost

converters independently control the DC voltages of their corresponding PV ar-

rays, while their output voltages are regulated by the inverter. Further, they

limit the DC-link voltage of the inverter if the power cannot be dispatched to the

grid, for example, due to network faults or failure of the inverter. The proposed

PV system also offers an enhanced MPPT performance and energy yield, due to

its multi-MPPT capability. The modular technology permits the employment of

low-voltage switches for the inverter, despite the doubled net DC voltage.

• The thesis also presents a comparative study of two types of multilevel invert-

ers that comprise of diode clamped and cascaded H-Bridge multilevel inverter

for reduction of harmonics in the multilevel inverter output. The proposed sys-

tem is designed using MATLAB/SIMULINK and it consists of diode clamped

and cascaded H-Bridge multilevel inverters. The controller is based on the space

vector pulse width modulation (SVPWM) technique which is applied to the pro-

posed three phase multilevel inverters. The various performances of simulation

results of the diode clamped and cascaded H-Bridge multilevel inverters were

investigated. The Total harmonic distortion (THDv) of the output voltage was

measured for the two types of multilevel inverters.

• In this thesis, an innovative simplified feedback linearization (SFL) control strat-

egy is proposed for the PV inverter with the LCL filter, which offers satisfactory

performance, particularly, in decoupling the control system, improving the dy-

namic performance, and enhancing the adaptability. Furthermore, the SFL con-

trollers are simpler than the high-order tracking controllers used in conventional

feedback linearization control. The detailed simplification process and accurate

transfer functions for SFL control strategy have been presented, and the perfor-
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mance comparisons between the proposed SFL control strategy and the classical

dual-loop method are carried out to show the characteristics of the proposed

control algorithm

• Finally, a new semi-modular multi-level photovoltaic inverter (SMMLI) is in-

troduced. The adopted approach exploits the properties of modular topology

mixed with central topologies and interfaced by several photovoltaic panels

assembled into sections. Two control algorithms; Particle Swarm Optimiza-

tion (PSO) algorithm for maximum power extraction and SVPWM technique

for inverter control; are implemented into FPGA chip to improve the proposed

model efficiency. Using MATLAB/Simulink, characterization tests are success-

fully compared to other configurations reported in the literature. The obtained

results are also validated against experimental prototype under various test con-

ditions.

1.5 Thesis outline

To achieve the aforementioned objectives and facilitate the presentation of the results

obtained in this research, the thesis is organized as follows:

• In this chapter, an introduction to the subject and related works together with

the research objectives and the major contributions of the thesis were outlined.

• Chapter 2 provides a general overview of grid-connected PV systems. This chap-

ter looks at different components of a grid-connected PV system from the solar

irradiance received by the PV arrays to the AC power injected into the grid, and

makes a review of the recent achievements and current research activities in the

field.

• Chapter 3 is divided into three sections as follows:

– Section 3.1. of this chapter begins by brief overview of meta-heuristics al-

gorithms. Then, the key feature of the PSO algorithm is described. Further-
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more, the formulation of MPPT as an optimization problem is presented

and the application of the proposed technique for MPPT is discussed.

– Section 3.2. present the SVPWM technique in general. Then presents

the control of three-phase multilevel cascaded H-bridge inverter for pho-

tovoltaic (PV) grid utility system with an LCL filter using Space Vector

Pulse Width Modulation (SVPWM) scheme. This technique (SVPWM) is an

attractive control candidate for any multilevel inverter, since it can create

a greater output power by reducing Total Harmonic Distortion (THD) and

commutation losses.

– In order to filter the harmonics produced by the inverter we use an LCL

filter, which is a powerful solution for the interconnection between the in-

verter and the grid. The control of a grid-connected inverter with LCL filter

is studied thru conventional direct-current dq vector control strategy and

presented in Section 3.3.

• In Chapter 4, a comparative study of photovoltaic systems with different inverter

topologies is carried out under Matlab/Simulink environment and evaluated on

the basis of MPPT, harmonic distortion, cost, advantages and disadvantages.

In order to test the practical implementation of the proposed control structure,

FPGA/Simulink-based Hardware in the Loop approach has been used to bring

the obtained results as close as possible to reality and with a minimum of con-

straints. Based on the analysis of the obtained results, some experimental pa-

rameters are summarized and a comparison table is synthesized.
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2.1. Introduction

2.1 Introduction

E nergy handling is one of the greatest challenges faced by the world today. In the

global power supply, it is important to balance three factors: competitiveness,

security of supply, the environment and climate. No single source of energy is perfect

according to these three angles. Currently, we use polluting energies that will dry up

in the near future such as oil and gas. Therefore, it will be necessary to develop more

renewable energy to enlighten us, heat us, run the various engines and many other

functions. The advantages of renewable energies are numerous, as they are generally

clean, safe and above all renewable. They also generate little waste, which can even

be recyclable. These energies respect the environment during their manufacture, their

operation and at the end of their life, at the moment of their dismantling. In any case,

all renewable energies reduce CO2 in the same way as the non-renewable energies

they are supposed to replace [27].

To summarize, these renewable energies can significantly reduce the emission of

CO2, they would not generate any dangerous radioactive waste and their resources

would be infinite thanks to the wind, the water and the sun. The responsibility for

global warming of renewable energies is a major disadvantage. They are often pre-

sented and accepted to solve this problem, but for it to be real, the consumption of

fossil fuels such as oil, coal or gas should be considerably reduced and renewable en-

ergy must be better managed to save more. Solar energy is part of so-called renewable

energies in the sense that the sun is a resource almost inexhaustible. In addition to

the sun, a photovoltaic system consists of two main elements: modules composed of a

large number of cells converting photons of light into electrical energy and the electric

converter, in particular the inverter, whose role is to transform electricity generated

upstream in electricity usable daily [28].

The chapter begins by an overview of photovoltaic generation systems. Then, the

PV array characteristics under partial shading are critically examined. It is followed

by the brief presentation of partial shading mitigating techniques. Finally, a review

of MPPT techniques and inverter topologies that have been prominently used in the

grid connected PV system is presented.
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2.2 Overview of photovoltaic system

2.2.1 Historical overview

The photovoltaic effect has been discovered in the first half of the 19th the century.

In 1839, a young French physicist Alexandre Edmond Becquerel observed a physical

phenomenon or effect that allows the conversion of light into electricity [29]. The so-

lar cells’ work is based on this principle of photovoltaic effect. In the following years,

a number of scientists have contributed to the development of this effect, the most

relevant among them are Charles Fritts, Edward Weston, Nikola Tesla and Albert Ein-

stein, who has been awarded the Nobel Prize for his work on "photoelectric effect" in

the year 1904 [30]. However, due to high production rates, a greater development of

this technology has begun only along with the development of semiconductor indus-

try in the late fifties of the 20th century. During the sixties, the solar cells are used

exclusively for supplying electricity to orbiting satellites in Earth orbit, where they

prove themselves as very reliable and competitive technology. In the seventies there

are improvements in production, performance and quality of solar cells, while the

coming oil crisis helps to reduce production costs of solar cells and open up many

possibilities for their practical implementation. Solar cells have been recognized as an

excellent replacement for the supply of electricity at locations distant from the elec-

tricity grid. The energy is supplied to wireless applications, lighthouses’ batteries,

telecommunication equipment and other low power electricity dependent equipment.

During the eighties, solar cells have become popular as an energy source for consumer

electronic devices including calculators, watches, radios, lamps and other applications

with small batteries. Also, after the crisis in the seventies, great efforts have been made

in the development of solar cells for commercial use in households. Independent so-

lar cell systems (off-grid) have been developed, as well as network connected systems

(on-grid). In the meantime, a considerable increase in wide use of solar cells has been

recorded in rural areas where electricity network and infrastructure have not been

developed. Electricity produced in these areas is used for pumping water, cooling

energy, telecommunications and other household appliances [31].
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2.2.2 Types of solar photovoltaic cells

Solar cells are made of various materials and with different structures in order to

reduce the cost and achieve maximum efficiency. There are various types of solar cell

material, single crystal, polycrystalline and amorphous silicon, compound thin-film

material and other semi-conductor absorbing layers, which give highly efficient cells

for specialized applications [32]. Among silicon-based solar cells, crystalline silicon

cells are most popular, though they are expensive whereas the amorphous silicon

thin-film solar cells are less expensive. Monocrystalline solar panels have the highest

efficiency rates since they are made out of the highest-grade silicon. The efficiency

rates of monocrystalline solar panels are typically 15-20%. A variety of compound

semi-conductors can also be used to manufacture thin-film solar cells like cadmium

telluride (CdTe) and copper indium gallium diselenide (CIGS) [33].

2.2.3 photovoltaic system types

A solar cell constitutes the basic unit of a PV generator. In fact, a photovoltaic module

is a packaged interconnected assembly of photovoltaic cells. The electrical output of

the module depends on the size and number of cells, their electrical interconnection

and the environmental conditions to which the module is exposed. To achieve the

desired voltage and current, modules are usually wired in series and parallel into

what is called a PV array. The flexibility of the modular PV system allows designers to

create solar power systems that can meet a wide variety of electrical needs, no matter

how large or small. PV systems can be classified into three types: stand-alone, grid-

connected and hybrid systems [34]. Stand-alone photovoltaic systems are designed

to operate independent of the electric utility grid, and are generally designed and

sized to supply certain DC and/or AC electrical loads. The two types of stand-alone

photovoltaic power systems are direct-coupled system without batteries and stand

alone system with batteries. The simplest type of stand-alone photovoltaic system is

a direct-coupled system, where the DC output of a photovoltaic module or array is

directly connected to a DC load. Since there is no electrical energy storage (batteries)
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in direct-coupled systems, the load only operates during sunlight hours, making these

designs suitable for common applications such as ventilation fans and water pumps.

However, in stand-alone photovoltaic power systems, the electrical energy produced

by the photovoltaic panels cannot always be used directly. As the demand from

the load does not always equal the solar panel capacity, battery banks are generally

used for energy storage [35]. The second category is the grid-connected systems.

Grid-connected or utility-interactive photovoltaic systems are designed to operate in

parallel with and interconnected with the electric utility grid. The primary component

in grid-connected photovoltaic systems is the inverter. The inverter converts the DC

power produced by the photovoltaic array into AC power consistent with the voltage

and power quality requirements of the utility grid, and automatically stops supplying

power to the grid when the utility grid is not energised. In addition, these PV systems

are used to reduce the consumption from the electricity grid and, in some instances

to feed the surplus energy back into the grid. This system can produce significant

quantities of high-grade energy near the consumption point, avoiding transmission

and distribution losses [36]. The third category is the hybrid systems that combine

solar power from a photovoltaic system with another power generating energy source

such as a diesel, gas or wind generator [37].

2.3 Modelling of the photovoltaic system

2.3.1 PV module model

To develop an equivalent model of a photovoltaic cell, it is necessary to make a judi-

cious choice of the electrical circuits that constitute it and to understand the physical

configuration and the electrical characteristics of the elements of the cell. For this,

several mathematical models are developed to represent the nonlinear behavior of

semiconductor junctions [38]. Fig. 2.2 shows the equivalent circuit of a solar cell, re-

alized by the parallel connection of two saturation current diodes I1 and I2, a current

source producing the short-circuit current of the cell that depends on solar illumina-

tion. The Rs series resistor takes into account the resistivity of the material and the
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semiconductor-metal contact. Its value can be determined by the inverse of the slope

of the characteristic I(V) for the open-circuit voltage Vco. The parallel resistance Rp

reflects the presence of a leakage current in the junction. The PV module is composed

by Ns PV cells associated in series. The current I delivered by the cell is given by the

following expression:

Figure 2.1: Solar cell.
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Figure 2.2: Equivalent circuit of a solar cell.
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where I and V refer to the output current and the output voltage of the PV array,

respectively. VT (equal to KT/q) is the thermal voltage of the diodes, k is the Boltz-

mann constant (1.3806503× 10−19 J/K), q is the electron charge (1.60217646× 10−19

C) and T is the temperature in Kelvin. a1 and a2 are the ideality factors of the diodes

D1 and D2, respectively.
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Table 2.1: SM55 module specifications

Parameters Value

Number of series cells in the module (Ns) 36

Number of bypass diodes 2

Open circuit voltage(Voc) 21.7 V

Short circuit current (Isc) 3.45 A

Voltage at Pmax (Vmpp) 17.4 V

Current at Pmax (Impp) 3.15 A

Maximum power (Pmax) 55 W

Temperature coefficient of Voc (KV) -77× 10-3 V/AC

Temperature coefficient of Isc (KI) 1.2 × 10-3 A/AC

2.3.2 Uniform irradiance condition

The PV module, SM55, is used in this work. The parameters of this module under the

standard test conditions (STC) (T = 298K and G = 1000 W/m2) are given in Table 2.1.

Fig. 2.3 and Fig. 2.4 show the corresponding static I-V and P-V curves for different

values of irradiance G and temperature T. The module receives a uniform solar

insulation, thus, the P-V curves exhibit a unique maximum power point (MPP).

The effect of the irradiance on the current-voltage (I-V) and power-voltage (P-

V) characteristics is depicted in Fig. 2.3. As was previously mentioned, the photo-

generated current is directly proportional to the irradiance level, so an increment in

the irradiation leads to a higher photo-generated current. Moreover, the short circuit

current is directly proportional to the photo-generated current; therefore it is directly

proportional to the irradiance. For this reason the current-voltage characteristic varies

with the irradiation. In contrast, the effect in the open circuit voltage is relatively

small, as the dependence of the light generated current is logarithmic.

The temperature, on the other hand, affects mostly the voltage and the open circuit

voltage is linearly dependent on the temperature. Fig. 2.4 shows how the voltage-

current and the voltage-power characteristics change with temperature. The effect
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Figure 2.3: The characteristic of PV system under uniform variation in irradiance.

of the temperature on VOC is negative, i.e. when the temperature rises, the open

circuit voltage decreases. The current increases with the temperature but very little

and it does not compensate the decrease in the voltage caused by a given temperature

rise. That is why the PV power also decreases. PV panel manufacturers provide in

their data sheets the temperature coefficients (Kv and Ki), which are the parameters

that specify how the open circuit voltage, the short circuit current and the maximum

power varies when the temperature changes.

2.3.3 Influence of partial shading

Shade

Photovoltaic modules are very sensitive to shading. Unlike solar thermal panels that

can tolerate some shading, photovoltaic modules cannot be obscured, mainly because
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Figure 2.4: The characteristic of PV system under variation in temperature.

of the electrical connections (in series) between the cells and between the modules.

There are two types of shading: total shading and partial shading. The complete

shading prevents any radiation (direct and indirect) from reaching a part of the pho-

tovoltaic cells. Partial shading only prevents direct radiation from reaching part of the

photovoltaic cells. Often, the cells of a photovoltaic module are connected in series.

Thus, the weakest cell will determine and limit the power of other cells. Shading half

a cell or half a row of cells will decrease the power proportionally to the percentage

of the shaded area of a cell, in this case by 50%. Total shading of a row of cells can

reduce the power of the module to zero [39]. To avoid the misuse of a photovoltaic

installation, it is necessary, from the planning stage, to minimize the yield losses due

to the shading conditions. Factors such as the arrangement of photovoltaic modules,
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their connection and in particular the choice of the suitable inverter, play an essential

role. By taking into account some important rules during planning, these factors can

be adapted to different photovoltaic installations, so the energy that can provide can

be exploited completely [40].

Effects of partial shading on photovoltaic installations

Each PV generator has a single point of work where it can provide the maximum pos-

sible electrical power, called the Maximum Power Point (MPP). This power depends

mainly on the intensity of radiation. If different modules of a "String" in a photo-

voltaic generator are in the shade, its electrical properties are significantly altered:

the photovoltaic generator now has different points of work "favorable". Fig. 2.5(a)

demonstrates a PV array containing of two modules associated in string. Fig. 2.5(b)

demonstrates the comparing static P-V characteristic curves for two distinctive shad-

ing designs. For the principal case, the PV panel gets a uniform sun based irradi-

ance, therefore, the P-V curve shows one MPP. In the second case, the following of

the GMPP becomes a more challenging task, we can see the presence of four MPPs

whose GMPP is P = 52, 89 W at V = 27.59 V. Thus, the P-V characteristic can take

different structures according to the shading design.

Shade: A special roles of the inverter

Each photovoltaic inverter has what is called an MPP tracker. It provides a photo-

voltaic generator service always at its optimum working point. Controlled in this

way, the photovoltaic generator can exploit at its maximum efficiency the available

power for a given solar radiation. In our proposed semi-modular inverter, the control

supports this function and thus guarantees maximum energy efficiency. However,

two or more different points occur due to the shading of some PV modules within

a PV generator as described above. Then, the connected inverter must decide which

of these working points, the local MPP(LMPP) or the global MPP(GMPP), it must

operate the photovoltaic generator.
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Figure 2.5: Effects of partial shading on photovoltaic installations

2.4 Mitigation control against partial shading effects in

large-scale photovoltaic power plants

Partial shading in photovoltaic (PV) arrays renders conventional maximum power

point tracking (MPPT) techniques ineffective. The reduced efficiency of shaded PV

arrays is a significant obstacle in the rapid growth of the solar power systems. Thus,

addressing the output power mismatch and partial shading effects is of paramount

value. Extracting the maximum power of partially shaded PV arrays has been widely

investigated in the literature. The proposed solutions can be categorized into four

main groups. The first group includes modified MPPT techniques that properly de-

tect the global MPP. They include power curve slope, load-line MPPT, dividing rect-

angles techniques, the power increment technique, instantaneous operating power

optimization, Fibonacci search, neural networks, and particle swarm optimization.

The second category includes different array configurations for interconnecting PV

modules, namely series–parallel, total-crosstie, and bridge-link configurations. The
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third category includes different PV system architectures, namely centralized archi-

tecture, series-connected micro-converters, parallel-connected micro-converters, and

micro-inverters. The fourth category includes different converter topologies, namely

multilevel converters, voltage injection circuits, generation control circuits, module-

integrated converters, and multiple-input converters. This section surveys the pro-

posed approaches in each category and provides a brief discussion of their character-

istics.

2.4.1 Maximum power point tracking techniques for shaded photo-

voltaic arrays

Maximum power point tracker is a power conversion system with an appropriate

control algorithm to extract the maximum power from the PV source irrespective of

the changes in the operating conditions. The objective of the MPPT algorithm is to

govern the voltage or current or duty cycle in a way that the PV system will always

deliver the maximum power. Up to date there are numerous MPPT techniques have

been reported in the literature. Despite the fact that these methods are designed for

the same objectives, they differ markedly in terms of complexity, convergence speed,

steady state oscillations, cost, range of effectiveness and flexibility. Furthermore, each

technique may work best in certain conditions while not in others. For instance,

some MPPT techniques yield better performance under uniform irradiances but under

partial shading conditions, the results are found to be unsatisfactory. A review of

different MPPT techniques that address the partial shading condition is presented

below.

Several MPPT techniques are presented in the literature to handle the multimodal

P-V characteristic in partial shading conditions. These methods vary in complexity, in

the types and the number of sensors used and the equipment used for the implemen-

tation. [41] proposed a two stage MPPT algorithm for tracking the GMPP. The authors

introduce an analytic condition to distinguish partially shaded conditions from nor-

mal conditions. This condition is based on the comparison of the sensed photovoltaic

current around (0.8× NSS × Voc) and a reference value calculated at uniform insola-
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tion conditions with G = 1000 W/m2, where NSS is the number of series photovoltaic

module and Voc is the open circuit voltage. When the region of GMPP is located, the

algorithm calls a hill climbing subroutine to reach the GMPP. However, in the first

stage, (NSS + 1) points should be tested each time the partial shading conditions are

detected before calling the hill climbing algorithm to locate the GMPP. This method

will become time-costly if the number of series module is large [42]. In addition,

temperature sensors must be used to determine the open circuit voltage.

It is shown in [43] that the function describing the PV power as a function of

the PV voltage is a Lipschitz function. Therefore, [43] adopted the dividing rectangles

(DIRECT) algorithm to search for the GMPP. Although the presented experimental re-

sults showed the efficiency of this method in tracking the GMPP under partial shading

conditions, an appropriate choice of the first sampling interval is primordial for the

GMPP tracking performance [44].

[45–47] employed two-stage search methods to track the GMPP, which first scanned

the P−V characteristic curve and then recorded the GMPP. In the second stage, these

methods applied either the P&O method [45] or fuzzy logic control [46,47] to maintain

the operating point at the GMPP.

[48] proposed a three stage tracking technique to find the GMPP under partial

shaded condition. In the first stage, the control space of PV array voltage is subdi-

vided into predetermined n number of partitions based on the measured open circuit

array voltage, where n is the number of PV modules connected in series. Then, the

slopes on the P-V characteristic in the portioned regions are computed. In the second

stage, the sector or interval wherein the GMPP is located is determined based on the

estimation of local maximum PV power in the portioned regions. In the third stage,

the conventional P&O technique is used in the optimal partitioned region to finally

reach the GMPP and this technique continues to track the MPP until a change in the

irradiation pattern is observed.

Evolutionary algorithms and metaheuristics: In partial shading conditions , many

traditional maximum power point tracking methods like perturbation and observa-

tion, and incremental conductance may become invalid due to involvement in the
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local maximum power point. Many advanced methods based on the artificial in-

telligence like artificial neural network, and fuzzy logic control can track the global

maximum power point. However, they need massive training and broader experience

to familiarize with real complex environment. Alternatively, bio-inspired maximum

power point tracking algorithms deal properly with such situations. In recent years,

researchers have widely applied bio-inspired algorithms to track the global maximum

power point of photovoltaic system during partial shading situations [49]. Various

tracking methods are discussed and compared in terms of their characteristics and

corresponding improved methods. It also presents the advantages and disadvantages

of each method. The modified and combined forms of these methods found to have

better performance than original algorithms. Overall, the performance of swarm in-

telligence based algorithms and evolutionary algorithms are discussed.

Evolutionary algorithms (EAs): Evolutionary algorithms are originated from the

study of natural evolution in living things. These are used for solution of complex op-

timization problems. Few optimization problems like multimodal, non-differentiable,

or discontinuous cannot be solved by traditional methods. They are appropriately

solved using evolutionary algorithms. Generally, an evolutionary algorithm evolves

a population of possible solutions and returns a population of solutions simultane-

ously. Typical evolutionary algorithms are genetic algorithm [50], evolutionary pro-

gramming [51], evolution strategy [52], differential evolution [53], and biogeography-

based optimization [54]. There are several advantages of evolutionary algorithms like

relative simplicity of implementation, high-dimensional solution spaces, and inherent

parallel architecture [55].

Genetic algorithm (GA) Genetic algorithm is based on stochastic optimization with

a global search potential capacity developed by Holland [56]. It is the most successful

class among evolutionary algorithms which is originated from the idea of biological

evolution of living things. Due to its excellent performance for solution of optimiza-

tion problems, it has been known as a function optimizer.

[57] proposed to use genetic algorithm based method for tracking MPP in the PV
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array system during partial shading situation. The results indicated the robust track-

ing capability of the proposed method under rapidly varying irradiance which shows

the improvement in efficiency of grid-connected system. [58] showed that genetic

algorithm tracks the global power point which was matched with the binary search

result and the error did not exceed 2%. [59] presents GA algorithm for MPPT in PV

panels and performed simulation experiments to check the performance. They con-

cluded that GA is simple to apply for MPPT in PV panels and shows good tracking

accuracy. The proposed method is called by changes in power output of PV array.

[60] developed a modified genetic algorithm based method without taking the step

of mutation into account. This was done to eliminate the effect on convergence and

oscillations. The algorithm is restarted by resetting the early population when there

is variation in temperature, solar irradiance, and load, to look for new MPP. The ge-

netic algorithm is restarted upon satisfaction of following two conditions. [60] also

compared the developed method with perturbation & observation, and incremen-

tal conductance methods under the conditions of irradiance variation, temperature

changes, and load changes. The comparison results showed better performance of

proposed approach. [61] performed a comparison between the continuous genetic

algorithm and the hybrid particle swarm optimization algorithm used for MPPT in

a PV array system. It was observed that the hybrid particle swarm optimization al-

gorithm outperforms continuous genetic algorithm in terms of global power tracking

during partial shading situations. The tracking time of continuous genetic algorithm

is 2.82 s while hybrid particle swarm optimization algorithm is faster with tracking

time of 2.69 s.

Differential evolution algorithm DE: Differential evolution algorithm appears to

be one of the most promising population-based problem optimization approach, as

it is very simple. In this approach, firstly, the initial population is chosen randomly

if there is no information about the system. Then the DE optimises the means of

creating new candidates on the basis of different formulas of different methods while

the population size is maintained simultaneously. New candidates and the existing

ones with the best fitness remains in the population, while, other candidates will be
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replaced. Three main advantages exhibited by differential evolution algorithm during

MPP tracking in PV systems are: ability to find the true GMPP without depending on

initial parameter values, less convergence time and requirement of few control factors

[62]. A modified differential evolution algorithm was also proposed as a solution for

optimisation problems. It does not consist of an arbitrary number. It involves only one

factor i.e. mutation. Its performance was comparatively, as PSO converges to local

MPP often. The evolutionary algorithm and differential evolution algorithm have

almost same stages. The only difference between them is the population members.

[63] proposed a MPP tracking algorithm based on differential evolution in 2010.

This algorithm could track global MPP during partial shading situations. This pro-

posed algorithm track the GMPP quickly without any fluctuation. A comparison was

made between the proposed approach and traditional Perturb and observe algorithm

during normal and abrupt varying partial shading conditions, and the performance

of proposed approach was found satisfactory. It was observed from simulated results,

that the DE algorithm converges to MPP quickly and perfectly, while the response

speed of P&O algorithm was very slow even under constant conditions. It was there-

fore concluded that, P&O approach requires more time to track MPP under constant

conditions, however it may oscillate and never converges to real MPP due to its slow

speed during abrupt varying conditions.

[64] proposed a method that could converge to the real MPP in most of the external

situations like normal partial shading situation, and abrupt varying solar insolation

situation. The proposed method was observed to be accurate and fast. It was able to

track the GMPP using a wide-space searching technique, thereby more solar power

could be harvested from the PV system, particularly during partial shading circum-

stances. The planned technique offers rapid and precise convergence of the system

to optimum operating point for gaining maximum power in most of external cir-

cumstances like normal partial shading situation, and abrupt varying solar insolation

situation. Additionally, it avoids the fluctuation, once the optimum operating point

is reached. [65] proposed a modified hybrid evolutionary method i.e. differential

evolution-particle swarm optimization technique to track MPP during partial shading

39



Chapter 2. Review of photovoltaic system connected to the grid

situations. In the PSO method, the diversity of particles decreases with increasing

iteration, which may lead to convergence to LMPP [66]. In DE algorithm, differential

information is utilized to find the local optimum point of search space, but the search

quality disproves in exploring the global optimum point [53]. But, when these two

algorithms are combined as above proposed technique, it prevents the convergence to

LMPP by diversifying the PSO algorithm [67]. The literature review of relevant work

done by different researchers reveals that it is better in performance than both DE and

PSO algorithms, especially in terms of search quality and converging speed [68]. In

searching process of PSO technique, each individual tries to make its position towards

the best one Gb found by swarm. After certain number of iterations, the diversity re-

duces due to decremented weighted velocity of the individuals. This drawback was

overcome in the hybrid approach. The diversity was increased by combining with

DE which avoids the convergence towards local optima [67]. In every odd iteration

step, PSO technique is implemented, while DE is applied in every even iteration step

[65]. The simulated and experimental results of above proposed method prove the

system as a reliable, fast, and accurate system. This method differentiates the GMPP

from LMPP. Few major benefits of this method are: 1) a pure MPPT technique due

to its stochastic nature, 2) maintains its metaheuristic characteristic due to random

numbers and thus track GMPP during any shading situation, 3) reliable and fast in

finding true GMPP, and 4) easy to implement with an economical micro-controller

and less computational burden.

[69] introduced an improved differential evolution algorithm for tracking the GMPP.

The proposed algorithm is simulated in the PSIM electronic simulation software to

ensure its capability to handle the partial shading and its faster respond against load

variation. The improved DE algorithm is implemented on the PIC18F4520 micro-

controller and the feasibility of the approach is validated through experimentation

using solar array simulator from Chroma (Model: 62150H-1000S) and single-ended

primary-inductance converter (SEPIC). The experimental results shows the that the

proposed improved DE technique performs faster than the conventional DE algo-

rithm and it is able to track the GMPP rapidly (within 2s) with MPPT accuracy of
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above 99%. Moreover, the proposed algorithm can respond to load variation rapidly

(within 0.1s) which ultimately reduce undesirable fluctuations at the output of PV

array.

Particle swarm optimisation PSO: Particle swarm optimization (PSO) algorithm is

a swarm intelligence based optimization technique. It was developed by Eberhart

and Kennedy in 1995. The idea of this algorithm originated from the study of swarm

behavior of social animals like torus pattern observed in fishes and flock pattern

observed in birds. The major benefits of PSO are simple computation, reliable true

global convergence, and simple application with less expensive controller [70].

Authors in [71] used conventional PSO algorithm to control several PV arrays with

one pair of voltage and current sensors. Rather than using individual MPPT blocks

to control each of the PV arrays, the authors proposed a single PSO MPPT scheme to

control multiple PV arrays. The scheme has the advantages of providing lower cost,

higher efficiency and simplicity with respect to its implementation. The proposed

scheme tracking capability is tested with experiment for both normal and partial shad-

ing patterns. In addition, the PSO MPPT dynamic response of the PV system under

the partial shading condition is analysed and compared with other MPPT methods

(conventional fixed voltage MPPT , Hill-climbing algorithm, Fibonacci search MPPT).

A DSP-TMS320C32 is used to realise the proposed scheme. The average tracking time

of the PSO algorithm is 2 s, and it was observed that this response time was almost

independent of the shape of the partial shading pattern.

[72] proposed a dual-algorithm search method based on dormant particle swarm

optimization (DPSO) and incremental conductance (INC) algorithm to track the MPP.

When the occurrence of partial shading conditions is confirmed, DPSO is activated

and applied to search the area of global peak, and then the algorithm will be switched

to conventional INC algorithm to track the maximum output power of photovoltaic ar-

rays. A comparative study including the analyses of convergence time and the power

losses is performed in order to choose the initial number of particles in the first pop-

ulation (initial size of population) and to determine the optimal searching sequence

of particles. In order to enhance the tracking speed and improve efficiency, the par-
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ticles in DPSO have two states: dormant state and active state. During iteration, the

particles are turned into dormant state (not participate in the next iteration) one after

one until there is no active particle. Simulation and experimental results show that

this scheme reduces the fluctuation of PV voltage and presents good performance, no

matter how complex shaded conditions the PV arrays are under. In addition, it per-

forms better than conventional PSO which take longer time to converge to the GMPP

and conventional INC technique which falls to handle partially shaded conditions.

[73] proposed a modified PSO algorithm based MPPT to enhance the tracking

capability of the conventional PSO method and improve it’s dynamic performance.

The proposed methods is verified under very challenging conditions, namely large

step change in (uniform) solar irradiance, step changes in load, and partial shad-

ing conditions. The results reveal that this method presents the advantages of fast

tracking speed and reduction of the steady-state oscillation (to practically zero) once

the maximum power point (MPP) is reached, thus improving the MPPT efficiency.

The proposed method is implemented on a TMS320F240 digital signal processor and

verified experimentally using a buck-boost converter fed by a solar array simulator.

Furthermore, the simulation and experimental results highlight the superiority of the

proposed method over the conventional HC in terms of tracking speed and steady-

state oscillations.

In [74], the authors have improved their algorithm (PSO) by removing random fac-

tors from the conventional PSO velocity equation. The proposed algorithm becomes

deterministic and its structure becomes simpler. However, a restriction is imposed

on the maximum of particle velocity to not fall into a LMPP. The value of limiting

velocity factor is determined based on a critical study of P-V characteristics during

partial shading. In this paper, the complete algorithm is divided on two modes:

global mode and local mode. The DPSO algorithm was used only when partial shad-

ing conditions is occurred. The local mode is activated in two cases; when uniform

insulation is detected or when the convergence criterion of DPSO in global mode is

reached. In this case, variable step-size HC method is employed minimize the energy

loss due to oscillations in the vicinity of MPP. The DPSO method is implemented
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by the TMS320F240 DSP on the Dspace DS1104 environment. The simulation and

experimental results have shown that the proposed technique offers remarkable ac-

curacy and tracking speed compared to conventional HC under several scenario of

irradiance including uniform insulation, partial shading conditions, slow variation of

partial shading conditions and extreme partial shading. The proposed method yields

an average efficiency of 99.5% when tested using the measured data of a tropical

cloudy day.

[75] presented a FPGA implementation of PSO based MPPT for PV systems un-

der partial shading conditions. First, Matlab/Simulik simulations are presented to

demonstrate the accuracy of PSO for global peak tracking and its superiority over the

P&O technique. After that, the PSO method has been designed using very high speed

integrated circuit hardware description language (VHDL) and implemented on Xilinx

Virtex5 (XC5VLX50-1FFG676) FPGA in order to achieve a high degree of flexibility

and robustness for the MPPT algorithm. The developed architecture is tested in real

time application on a buck-boost converter and the experimental results confirm the

efficiency of the PSO scheme and its high accuracy to handle the partial shading.

[76] proposed an improved MPPT strategy for PV systems based on PSO algo-

rithm. To increase the tracking speed, a variable sampling time strategy (VSTS) based

on the investigation of the dynamic behaviour of DC-DC converter current is de-

ployed. To insure that particles (the duty cycle) don’t exceed the interval [0,1], the

velocity is controlled by using the inverse tangent function which permit to retain

the speed of particles within a safe margin. In order to access the superiority of the

proposed approach over the fixed sampling time strategy (FSTS), Matlab/Simulink

simulations and experimentation, in which a TMS320F335 DSP is used to implement

both tracking strategies on a real boost converter connected to a an Agilent E4360

Modular Solar Array Simulator, are performed under uniform irradiance, fast tran-

sient changes in insulation, and partial shading conditions.

[77] combined P&O and PSO to form a hybrid method to reduce the search space

of the PSO. Initially, the P&O method is employed to identify the nearest local maxi-

mum. Then, the PSO method is used to search for the GMPP. The advantage of this

43



Chapter 2. Review of photovoltaic system connected to the grid

method is the improvement of the time that is required for convergence since the

search space for the PSO is reduced in the early stage. The proposed controller was

implemented in a 32-bit digital signal processor (DSP-TMS320F28035) and has been

validated with experiments for three static P-V characteristic curves. In addition, the

dynamic tracking capability was investigated for two scenarios of changing sequences

of the shaded patterns. The experiments results have shown that the proposed hybrid

method can track the GMPP dynamically, requires less tracking time and exhibits

better dynamic response than the conventional PSO method.

[78] proposed a combined algorithm that integrates the benefits of PSO approach

and Proportional-Integral (PI) control technique. The proposed combined algorithm

works in two phases. In the first phase, the algorithm uses PSO approach to locate the

global power. To increase the efficiency of the proposed algorithm, an Adaptive Sam-

pling Time Strategy is integrated using a comparator between the reference voltage

computed by the PSO based controller and the output voltage of PV system. Once

the reference voltage is attained, the corresponding power is measured and stored,

and the next agent is set as a new reference voltage to the power converter. Thus,

the convergence speed towards the global power is greatly increased. In the second

stage of this algorithm, once the global power is attained, the algorithm switch to

a PI based MPPT controller in order to increase the tracking precision and to deal

with slow variations in the global power location, if existed. The above proposed

algorithm was tested through simulations under different environmental conditions.

Simulation results show that it could track global power peak with high accuracy and

convergence speed. The algorithm is simple and involve rapid computations.

Authors in [79] integrated the PSO technique in a new control structure for two

multilevel three-phase inverter topologies for photovoltaic (PV) systems connected to

the grid. This control scheme includes the use of the space vector pulse wide modu-

lation (SVPWM) technique to control the Diode Clamped Inverter (DCI) and cascade

inverter topologies and the integration of the PSO technique to operate the PV system

at the maximum power point (MPP). PSO method is used to overcome the problem of

MPP tracking under partial shading conditions. This MPPT technique is implemented
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into FPGA and validated under different shading patterns for two PV architectures;

string and modular, in order to select the optimal PV system architecture and circuit

topologie offering the highest performance and to evaluate the behaviour of each PV

inverter setting due to non-uniform irradiation. In these conditions, it is observed

that the modular connection is dominant but, the results also highlight the benefit of

inserting an adaptation stage with PSO-based MPPT between the PV array and the

load in order to optimize the produced power at any time.

BAT algorithm: In [80], a MPPT algorithm based on a bat algorithm (BA) is pro-

posed to deal with the multi-modal characteristic of photovoltaic panel under par-

tial shading conditions. The bat algorithm is a swarm intelligence based method

which was inspired by the echolocation behaviour of bats. Simulations are carried

out in Matlab/Simulink environment under extreme shading patterns to confirm the

global search ability and the good dynamic performance. The simulations results

have shown that the proposed method tracks the GMPP with a high accuracy and

yields a static efficiency above 99.9% for the most cases studied. In addition, the pro-

posed scheme outperforms the P&O and the PSO methods in terms of accuracy and

oscillations in PV power at the transient time. The BA based MPPT is implemented

on Xilinx Virtex-5 (XC5VLX50-1FFG676) Field Programmable Gate Array (FPGA) and

tested experimentally for four partial shading patterns.

Ant colony Optimization algorithm ACO: The ant colony optimization is a prob-

abilistic algorithm for solution of optimization problems. This idea was originated

from the study of collective behavior of ants looking for their food [81, 82]. It was

proposed in the early 1990s. Initially it was applied for solution of complex combina-

torial problems, which gives a set of discrete feasible solutions. In last few years, this

approach has been extended to solve continuous problems [83, 84] In combinatorial

problems, the social behaviour of numerous ants was involved. The ants search for

the food in a collective way. Initially, few ants follow random paths to search for food

and lay down pheromone, which act as a communication signal for other ants. The

other ants follow this pheromone path. More the ants follow that path, more is the
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pheromone density on that path. This results in a trend that large number of ants

will choose that path to reach the food. In the meantime, pheromone starts to evapo-

rate. The longer the distance, more pheromone will evaporate. Finally, an individual

ant find a shortest route to the food through this communication process. Now this

results in less evaporation of pheromone comparatively. Now, few other ants started

to follow this new route. Finally, the overall result is that all the ants started to fol-

low this new shortest route having high pheromone density. The same idea gives the

solution of combinatorial optimization problems. The idea for solution of continuous

optimization problems is little different [85].

[85] proposed an ant colony optimization based method to search for MPP in large-

scale PV systems during partial shading situations. They also proposed a centralized

controlled PV array configuration to work with this new technique. Only one pair

of sensors were used in this configuration, which reduces the overall system cost

and adds up simplicity. This PV configuration enhance reliability and efficiency of

the system. The proposed system was also tested using MATLAB simulation. The

simulation results showed that, the average execution time of this algorithm is 7.3 min

after 30 repetitions of the algorithm, when sampling period was set at 0.01 s. And this

algorithm takes average running time of less than 0.4 s to track global optimal point.

It was observed that, ant colony optimization based MPPT controller meets global

point in less number of iterations as compared to PSO based MPPT. Furthermore, the

convergence does not depend upon initial conditions.

[86] propose a new bio-inspired MPPT controller based on the Ant colony Op-

timization algorithm with a new pheromone updating strategy (ACO NPU MPPT)

that saves the computation time and performs an excellent tracking capability with

high accuracy, zero oscillations and high robustness. Several tests are performed

under standard conditions for the selection of the appropriate ACO NPU parame-

ters (number of ants, coefficients of evaporation, archive size, etc.). To evaluate the

performances of the obtained ACO NPU MPPT, in terms of its tracking speed, accu-

racy, stability and robustness, tests are carried out under slow and rapid variations of

weather conditions (Irradiance and Temperature) and under different partial shading
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patterns. Moreover, to demonstrate the superiority and robustness of the proposed

ACO NPU MPPT controller, the obtained results are analyzed and compared with

others obtained from the Conventional Methods (P&O MPPT) and the Soft Comput-

ing Methods with Artificial intelligence (ANN MPPT, FLC MPPT, ANFIS MPPT, FL

GA MPPT) and with the bio-inspired methods (PSO) and (ACO) from the literature.

The obtained results show that the proposed ACO NPU MPPT controller gives the

best performances under variables atmospheric conditions. In addition, it can easily

track the global maximum power point (GMPP) under partial shading conditions.

Cuckoo search: Cuckoo Search is a soft computing method used for solution of

complex optimization problems. The idea of this algorithm originates from the study

of natural reproduction behavior of cuckoo birds. These birds follow a parasitic and

aggressive strategy during their reproduction process. They lay down eggs in nests of

other birds (communal nests) instead of their own nests. The other birds are termed

as host birds. The cuckoo mother bird find other suitable nest to hatch its own eggs

in a search space just like other animals find food. This parasitic behavior of cuckoo

bird is followed in cuckoo search algorithm [87, 88].

[87] proposed cuckoo search algorithm for MPPT in 2013. They also conduct per-

formance evaluation of the proposed algorithm. They made a performance compari-

son between cuckoo search based MPPT and P&O based MPPPT under same environ-

mental conditions. It was observed that, cuckoo search algorithm takes less tracking

time as compared to P&O algorithm. Cuckoo search takes 22 ms while, P&O takes

45 ms at standard test conditions to track MPP. In addition to fast convergence speed,

the cuckoo search algorithm tracks MPP without any steady state oscillations. While,

P&O algorithm shows oscillations. The P&O algorithm oscillates but cuckoo search

algorithm remains on Vmpp and Impp. Initially, cuckoo search shows oscillations

before final tracking, as samples are randomly placed over the entire region. But,

the convergence takes place with high speed. Once the voltage samples come closer

to optimal point, the oscillation decreases. Finally, oscillations disappeared at steady

state and cuckoo search remains at MPP. Furthermore, the cuckoo search algorithm

is capable to track true global power even during abrupt varying solar irradiation
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distribution.

Ahmed and Salam [88] stated that cuckoo search algorithm can handle partial

shading conditions appropriately because it has natural ability to track global opti-

mal point. They verified the algorithm using simulation approach. A partial shading

condition is developed in the simulation. The sampling rate was 10 ms during sim-

ulation of 2s. At 1s (partial shading point), the P&O algorithm moves towards local

peak point. In contrast, cuckoo search algorithm tracks true global optimal point

after searching of 300 ms. Large oscillations are observed during searching process

of cuckoo search algorithm due to Levy flight distribution. performance comparison

between cuckoo search and PSO algorithms during partial shading situations was

elaborated. The comparison shows that, both the algorithms are capable to handle

partial shading situations, as both involve searching mechanism. However, cuckoo

search exhibits high convergence speed. Cuckoo search tracks maximum power in

300 ms, while, PSO takes 520 ms. Apart from this, PSO shows large oscillations in

transient state.

[89] proposed an optimized FLC algorithm for hybrid power system based on

cuckoo search to operate under different environmental conditions. In present ap-

proach, the cuckoo search algorithm adjusts the functions of FLC. It tunes design

variables of fuzzy algorithm to obtain more accurate controller. Hourly solar irradi-

ation, temperature, and load profile data is used to tune the fuzzy controller. This

adjustment facilitates better performance as compared to traditional FLC algorithm

and fuzzy controller with PSO.

2.4.2 Array configuration

The partial shading effects can be alleviated by employing different array configura-

tions for interconnecting PV modules [90–92]. PV array configuration pertains to the

interconnections of individual PV modules which are Series (S), Parallel (P), Series-

Parallel (SP), Total-Cross-Tied (TCT), Bridge-Linked (BL), and Honey-Comb (HC) [2].

The two configurations Series (Fig. 2.6(a)) and Parallel (Fig. 2.6(b)) are basic config-

urations for the interconnection of PV modules. The series coupling of the modules
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makes it possible to increase the voltage of the PV field. In the parallel connection

the global current is the sum of all currents. Serial-to-Parallel (SP) connection is the

most commonly used and is achieved by serialising the PV modules to form a string

or branch in order to achieve the required voltage. These strings are then connected

in parallel in order to increase the total output current, as shown in Fig. 2.6(c). In

the TCT configuration (Fig. 2.7(c)), the modules are first linked in parallel to form

parallel-connection groups; these will then be connected in series. So in this type of

coupling the PV modules are fully connected. The two BL and HC configurations are

shown in Fig. 2.7(a) and Fig. 2.7(b).

PV1

PV2

PV3

PV4

PV5

(a) Serie connection

PV1

PV2

PV3

PV4

PV5

(b) Parallel connection

PV1

PV2

PV3

PV4

PV5

(c) Serie-parallel connection

Figure 2.6: Traditional connection schemes for PV array.
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PV1

PV2

PV3

PV4

PV5

(a) BL connection

PV1

PV2

PV3

PV4

PV5

(b) HC connection

PV1

PV2

PV3

PV4

PV5

(c) TCT connection

Figure 2.7: Alternative connection schemes for PV array

They reduce the number of connections between the adjacent strings modules by

approximately half, compared to the TCT configuration, which significantly reduces

the amount and duration of PV field wiring. Reconfigurable PV arrays are another

viable solution to compensate the power loss due to the partial shading condition

[93]. In [93], Adaptive reconfiguration of solar PV arrays under shadow conditions

has been presented. A matrix of switches is used to connect a fixed TCT PV array

with a solar adaptive bank that can be reconfigured. Simple control algorithms that

determine how the switches can be controlled to optimize output power are presented

and implemented in real time. Once shading is detected, the switching matrix recon-

figures the PV modules. The shaded modules in the fixed part are compensated by

the modules in the adaptive bank. Thus, the PV system produces a constant power

even when shaded. An experimental adaptively reconfigurable solar PV array has

been built and tested to verify the proposed configurations.
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2.4.3 Photovoltaic inverter topologies and architectures

Photovoltaic inverters are essential for connection of photovoltaic solar panels to the

network. They make it possible to adapt the direct current coming out of the photo-

voltaic generator into an alternating current injectable in the public network. But they

also play a role in the performance of the photovoltaic system. The optimization of

the production of an installation goes through a choice adapted to the type of invert-

ers and their dimensioning. We will define five criteria in order to make a comparison

between different architectures that can answer the problems mentioned above.

• The first criterion is the level of leakage current generated by the structure.

The latter depends directly on the switched voltage level across the parasitic

capacitances of the modules. The amplitude of the current generated during the

operation of each structure will then be analysed.

• The second criterion concerns the capacitive decoupling of the DC-link. This is

to identify the amplitude of the DC-link, as well as the number of capacitors

necessary to ensure the operation of the inverter.

• The number of sources (PV fields or subfields) at the input, as well as the number

of switches constituting the structure, define the third and fourth criteria. This

will provide an initial assessment of the cost of achieving the power structure.

• Finally, the fifth criterion is to evaluate the harmonic distortion rate THD of the

output voltage. This quantity makes it possible to quantify the variation of a

signal with respect to a reference, here a sinusoid of frequency equal to 50 Hz.

2.4.3.1 Photovoltaic inverter topologies

The topologies which represent the different possible configurations that link the

modules PV to inverters are described below:
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Load

DC/AC 

converter

DC/DC 

converter

Figure 2.8: Central inverter topology.

A. Central topology This topology (see Fig. 2.8), which appeared in the 1990s, is

the oldest and most known topology. Networks (called rows or "strings") of several

PV modules associated in series then in parallel are connected to a single inverter.

Applications that use this topology are high power level, from a few kilowatts to a

hundred kilowatts [1]. Such topology has many advantages. First of all, its simplicity,

the installation cost is the most attractive of all configurations, its performance which

is also the most efficient, but on the other hand, can be quickly penalised by the

existence of shading on the PV-field. Indeed, because of the many associations in

series of modules, if only one of them is in the shade, not only the whole row will

be penalized (current limited by the least irradiated module), but also the whole of

production, since MPP research is common to the entire installation. Given the large

area of the field and the high DC bus voltage (300 V - 600 V), anti-return diodes are

required. Continuous losses due to DC cable lengths are also important (about 0.43

Wm−1 for a current of 10 A on a 4 mm2 copper cable). another problem of central

topology is redundancy. In case of failure of the inverter, the entire installation will be

out of order and will not produce anything. In summary, this topology is dedicated to
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installations of high power and under conditions where the entire field of PV modules

is subjected to a uniform light intensity and without disparity. Towards the 2000s,

to alleviate the various problems mentioned, the installations turned towards string

configurations.

DC/DC 

converter

DC/DC 

converter

DC/DC 

converter

Load

DC/AC 

converter

DC/AC 

converter

DC/AC 

converter

Figure 2.9: String inverter topology.

B. String topology The string topology (see Fig. 2.9) is widely used in applications

from 1 kW to 3 kW [94]. It has the advantage of having one inverter per string and

thus one MPPT stage per row. The productivity gain (which depends on the size

of the shading and its homogeneity) is positive in case of shading. Redundancy is

also improved because if there is a failure on one of the inverters, the rest of the

installation continues to produce power. The anti-return diodes are also no longer

needed. The major disadvantage here is the cost, which is increased in comparison

with the previous topology. An example of application could be that of a house

with two different orientations (south-east and south-west). In this case, the optimum

operating point at a given time is different for both orientations. Two MPP Trackers

would then bring a gain with maximum productivity.
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DC/DC 

converter

DC/DC 

converter

DC/DC 

converter

Load

DC/AC 

converter

Figure 2.10: Multistring inverter topology.

C. Multistring inverter topology The multi-string inverter (see Fig. 2.10) has been

developed to provide a compromise between the two previous topologies [95,96]. The

interest is to reduce the costs of the topology ranked by the use of only one inverter

(fewer components), to reduce DC losses compared to the central topology, but also

to be less sensitive to shading by the existence of a MPPT per row. This topology, also

called string converter (using a DC/DC converter per string) is still penalizing in case

of malfunction. The range of power of this topology which is democratized more and

more are between 3 kW and 10 kW.

D. Central inverter topology with Remote MPPT Always in the optics of discretiza-

tion the production and being the least sensitive to shading (problematic mainly in

urban environment), new concepts have recently emerged. This is to integrate a MPPT

stage by module [97]. The assembly is then connected to a conventional central in-

verter (see Fig. 2.11) The objective is to have PV modules able to provide their max-

imum power whatever the uniformity and the level of sunshine. This problem has

been dealt within the work of Stéphane VIGHETTI [98]. It exposes the problem of
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voltage rise on conversion efficiency of DC/DC converters. Thus, work is carried out

on several identical DC/DC converters whose outputs are first connected in parallel,

then in series (has better performance for a high voltage gain) to study the impact

of the type of association on Total Return. A balancing structure is also proposed.

It allows a better discretization of the energy conversion and presents better perfor-

mances in case of shading (+ 2% on the European yield). A similar study of this

topology is carried out in the works of Cédric CABAL where the association of the

outputs of converters is made in parallel and not in series (mode inter leaving). This

study demonstrates once again the gain brought by the discretization in case of shad-

ing [99]. The major disadvantage of this topology is the increase in the number of

components which induces an additional cost.

Load

DC/DC 

Converter

With Mppt

DC/DC 

Converter

With Mppt

DC/AC 

converter

DC/DC

Converter

With Mppt

Figure 2.11: Central topology with remote MPPT.
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Load

DC/AC 

Converter

With Mppt

DC/AC 

Converter

With Mppt

DC/AC 

Converter

With Mppt

Figure 2.12: Modular inverter topology.

E. Modular topology Unlike the previous topology, the purpose of the integrated

inverter (see Fig. 2.12) is not to integrate a DC/DC converter per module, but directly

a DC/AC converter [100]. We are moving towards the Plug and Play concept. Each

module is stackable with another. It is enough to associate them judiciously between

them to increase the production of energy [101]. We therefore have directly alterna-

tive generators optimized and usable either individually or in groups. This concept

certainly seems very attractive, but costs and performance are penalized. Indeed, a

strong increase of the input voltage of the modules (about 45 V for a surface of 1.5

m2) towards the mains voltage (230 V) induces losses (the European efficiency of a

micro-inverter of 240 W of the manufacturer Enecsys worth 92%). The applications

are limited and reserved to date for small local applications. We have seen that the

trend is to discretize production [102]. As an indication, it would be possible to push it

even further, until the cell. The goal is to always produce maximum energy, whatever

the operating conditions.
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Figure 2.13: Proposed semi-modular inverter topology .

F. Proposed photovoltaic inverter topologie Fig. 2.13 describes a new semi-modular

photovoltaic inverter topology based on several DC-DC converters interfaced by one

multilevel inverter. This configuration is obtained by the combination of the cen-

tral inverter and multistring inverter configurations. The principle of this method is

based on the fact that each string is divided into sections (2-10 modules per section).

Each section is connected to a DC/DC converter with its own MPPT command allow-

ing each section to operate at its maximum power point. These DC/DC converters

are connected to a central multilevel inverter through a continuous bus as shown in

Fig. 2.13. The advantage of this architecture is , first of all, to have the ability to detect

and locate the failed GPV which disturbs the operation of the installation. In addi-

tion, the use of DC/DC converters allow to work at lower GPV voltages. By using its

modularity property, in case of several peaks on the PV-characteristic of the sections

due to the partial shading, the DC/DC converters can adapt the different PV modules

57



Chapter 2. Review of photovoltaic system connected to the grid

of the system whatever the condition of shading. In contrasts with modular topology,

this proposed topology extract the maximum power from PV modules while reducing

installation costs by reducing the cable connection and the number of converters to

use. The cost can be competitive for this installations which incorporate a monitoring

system.

2.4.3.2 photovoltaic module/inverter interconnection

Load

Filter LCL

DC-DC Converter with PSO-MPPT

DC-AC Diode Clamped Inverter

Figure 2.14: Diode clamped inverter integrated with common DC sources (Centralized).

A. Common DC sources Common DC sources presented in Fig. 2.14 was based on

centralized inverters (Diode clamped inverter) that interfaced a large number of PV

modules to the grid. The PV modules were distributed into strings, each one produc-

ing the required high voltage to avoid further amplification. Through string diodes,

these strings were connected in parallel. A centralized system has many advantages

in the case of projects with large homogeneous photovoltaic generators. Their watt-

peak cost may be lower and maintenance can be facilitated because of the centralized

setting. However, they still have some limitations such as high voltage in DC cables,

power losses due to a centralized MPPT, mismatch losses between the PV modules

and losses in the string diodes. Above a certain size of a PV installation, it becomes
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more practical to opt for a centralized topology in order to avoid complications due

to the use of a decentralized topology.

Load

DC-DC Micro-
Converter with 

PSO-MPPT

DC-DC Micro-
Converter with 

PSO-MPPT 

DC-DC Micro-
Converter with 

PSO-MPPT 

DC-DC Micro-
Converter with 

PSO-MPPT 

DC-DC Micro-
Converter with 

PSO-MPPT 

DC-DC Micro-
Converter with 

PSO-MPPT 

Filter LCL

DC-AC Cascaded Inverter

Figure 2.15: Cascade inverter integrated with separate DC sources (Decentralized).

B. Separate DC sources For PV installations with heterogeneous configurations

such as different inclinations and orientations, modules and strings of different sizes,

modules with high manufacturing tolerance or shaded modules, it is preferable to opt

for decentralized concept using several DC-DC converters as shown in Fig. 2.15. With

several DC-DC converters, it is possible to adapt to the different operating points

of the various PV modules of the system. A string inverter is then connected with

a series of PV modules with the same characteristics. The characteristics of the PV

modules are relatively constant, the modules are all more or less different from each

other. However, the yield of a string is directly dependent on the module having the

lowest yield. So, if a module is partially shaded by tree leaves, dust or if it has a

slight defect, the whole string will suffer. The use of a micro-converters can solve this

problem as the PV modules are independent of each other. A module having a defect

can also be disconnected while waiting to be cleaned or fixed without affecting the

rest of the modules. The major disadvantage still faced by micro-converters is their

cost. It is indeed obvious, that it is more costly to put one converter per PV module
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than one converter for 10 modules. Nevertheless, the cost can be competitive for com-

plex installations which incorporate a monitoring system. Decentralized systems still

have the option of replacing only one element in case of failure of one PV module or

string or a drop in efficiency, while keeping the PV system in operation; thus reducing

downtime and it is even better and more advantageous when using micro-inverters.

2.5 Inverter for photovoltaic modules connected to grid:

circuit-topologies

2.5.1 Design of grid-connected PV inverters

The inverter in a grid-connected PV system functions as the interface between energy

sources with the utility grid on one side and the PV module on the other side. As

the inverter transforms DC power into AC power, it controls the amount of power

that should comply the requirement by different standards, e.g., EN 50106, IEEE

1547.1–2005, IEC61727 and VDE0126-1-1 in various regions. These standards han-

dle issues like total harmonic distortion (THD), leakage current, injected DC current

level, range of frequency and voltage for regular operation, power factor (PF), auto-

matic reconnection of the system [103]. Table 2.2 shows the summary of two remark-

able standards. Grid-connected PV inverters are grouped into isolated or non-isolated

ones based on the galvanic isolation between the power grid and the PV module. A

high-frequency transformer or a line frequency transformer can be used to monitor

the galvanic isolation that adjusts the DC voltage of the converter [104–106]. In gen-

eral, galvanic isolation is detected through a transformer that considerably affects the

DC to AC efficiency of grid-connected PV systems [107]. The occurrence of galvanic

isolation in a grid-connected PV system depends on the regulations of a country [108].

In countries such as Italy and the UK, galvanic isolation is a requirement and is imple-

mented using either a high frequency transformer on the DC side or a low-frequency

step-up transformer on the grid side, as shown in Fig. 2.16(a) and (b).
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Table 2.2: Summary of two prominent standards in grid-connected PV systems.

Issue IEEE1547 IEC61727

Nominal power

Maximum current THD

Power factor at 50% of

rated power

DC current injection

Voltage range (normal

operation)

Frequency range (normal

operation)

30 kW

5%

-

Less than 0.5% (rated

output current)

88–110% (97–121 V)

59.3–60.5 Hz

10 kW

5%

0.9

Less than 0.% (rated

output current)

85–110% (196–253 V)

50±1 Hz

Figure 2.16: Grid-connected PV systems with (a) a transformerless inverter, (b) a high-frequency trans-

former, and (c) a low-frequency transformer.
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A summarized criteria of existing standards in some IEA countries is given in

Table 2.3 [109]. Considering weight, size, and cost, line frequency transformers are

preferably removed at the time of designing a new converter. Moreover, a high-

frequency transformer necessitates numerous power stages, which make increasing

efficiency and reducing cost challenging [110]. On the contrary, in countries such as

Spain and Germany, galvanic isolation is not required if other technological solutions

are used to separate the electrical grid and the PV array. Fig. 2.16(c) shows a typical

transformerless PV system, which decreases the installation complexity, weight, cost,

and size of the whole system. One drawback of these systems is that DC current

may be produced by the inverter to the injected AC current due to the missing line

frequency transformer, thereby causing overheating and failure [111,112]. Meanwhile,

one of the advantages of these systems is the remarkable 2% increase in total efficiency

[113–115].

Table 2.3: Existing standards in some IEA countries.

Countries Voltage Isolation Harmonic Power

fluctuation (V) Transformer factor

Austria

Denmark

Germany

Italy

Japan

Holland

Portugal

Switzerland

United Kingdom

United States

184–253

207–253

216–244

207–253

182–222

207–244

187–253

226–254

NO

HPFI Relay-

30 mA

NO

DC Monitoring

DC Monitoring

NO

NO

DC Monitoring

DC Monitoring

DC Monitoring

EN61000-3-2-A

EN61000-3-2-A

EN61000-3-2-A

EN61000-3-2-A

THD < 5%

EN61000-3-2-A

EN50160

EN61000-3-2-A

EN61000-3-2-A

THD < 5%

> 0.9

> 0.95

> 0.9

> 0.9

> 0.85

> 0.9

-

-

> 0.85

> 0.95
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2.5.2 Single-phase transformerless inverter topologies

Proper understanding on the strengths and weaknesses of different inverters can pos-

sibly be achieved by examining their configurations and operations. Inverters have

many configurations, which exhibit their own characteristics, to address the issues of

CM noise and ground leakage current. Most transformerless inverters can be catego-

rized according to the number of required switches, such as two-switch, three- switch,

four-switch, five-switch, six-switch and multilevel inverters.

2.5.2.1 Two-switch inverters

Figure 2.17: Half HB inverter topology.

The half H-Bridge (HB) topology involves a capacitive divider coupled with the PV

module and two transistors (Fig. 2.17). The grid neutral wire connection to the mid-

point of a capacitive divider warrants a relatively constant voltage that inhibits leak-

age current through the parasitic capacitance of the module [116]. The half HB topol-

ogy uses only half of the semiconductors, and thus, is simple and low-cost compared

to the full HB topology [117]. However, the former is seldom used because of its

drawbacks. For example, the switches should support twice the voltage than the

full HB topology, the output waveform only has two levels, and the output current

is extremely distorted and generates a high amount of electromagnetic interference

emissions [116,118]. Thus, the half HB topology requires high blocking voltage power

transistors, which increase switching losses. The specifications of a half bridge topol-

ogy are listed in Table 2.4 [118].
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Table 2.4: Parameters of two-switch topologies.

Half HB [118]

Power (KW)

Input voltage (V)

Switching frequency (KHz)

Grid voltage (V)

Filter inductor (mH)

Filter capacitor (uF)

5.5

700

5

230

3

-

2.5.2.2 Three-switch inverters

Figure 2.18: Conergy NPC topology.

Conergy neutral point clamped (NPC) topology is illustrated in Fig. 2.18, in which

voltage output is clamped to the neutral point through bidirectional switches [119],

where the clamping circuit has four diodes and one switch. Zero voltage can be

attained in this topology by clamping the ground to the output voltage (midpoint

of the DC bus) via SA and SB. Switches S1 and SA commutate complementary at a

high frequency during the positive half cycle, whereas during the negative half cycle,
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S2 and SB commutate complementary at a high frequency. CM voltage is clamped

to VPV/2 during the entire process, and consequently, low leakage current streams

into the parasitic capacitance [120]. This topology has higher efficiency, which makes

it appropriate for low-power PV applications [121]. The specifications of a conergy

NPC topology [119] is listed in Table 2.5.

Table 2.5: Parameters of three-switch topologies.

Conergy NPC [119]

Power (KW)

Input voltage (V)

Switching frequency (KHz)

Grid voltage (V)

Filter inductor (mH)

Filter capacitor (uF)

0.225

-

10

-

-

-

2.5.2.3 Four-switch inverters

Full HB topology is commonly used in grid-connected PV inverters. This topology

has four transistors, which are linked as shown in Fig. 2.19(a). Numerous commercial

inverters adopt this topology along with a low-frequency transformer; thus, studying

its usage in transformerless inverters is beneficial. A uni-polar pulse width modu-

lation (PWM) is the most commonly used modulation for this topology because it

offers several advantages, such as improved efficiency, reduced electromagnetic in-

terference emissions, and lower current ripple at high frequencies as compared with

bipolar modulation [122]. Nevertheless, a high-frequency CM voltage of amplitude

VDC/2 is applied to the PV panels in uni-polar PWM, which generates a considerable

amount of leakage current because of the parasitic capacitance of PV panels. Thus,

this modulation is not recommended for transformerless inverters [123]. In the PV

inverter with a full HB topology, bipolar PWM is used to solve the problem of leak-

age current. Thus, the high-frequency components of the applied CM voltage to the

panels are eliminated [124].
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Figure 2.19: Full HB topology (a), NPC half-bridge inverter (b), dual-buck transformerless inverter

with, series configuration (c), parallel configuration (d), NPC three-level voltage source inverter (e),

flying capacitor topology (f).

CM voltage only has the low-frequency component of the first harmonic, and

leakage current is reduced [125–127]. However, good synchronization is required

among the gate signals of the bridge transistors to limit peak leakage current. If

not, then leakage current may increase significantly [128]. Therefore, this topology

is not suitable for transformerless PV inverters, even when bipolar PWM is used

[129]. Another four switches inverter, NPC half-bridge topology is a single-phase

version of the multilevel topology for high-power applications [130]. Recently, it has
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been introduced as an alternative for the design of PV inverters. This topology has

a branch with two clamping diodes and four transistors (Fig. 2.19(b)). The diodes

provide a freewheeling path for the output current, which results in a state of zero

output voltage [124]. The NPC half-bridge topology functions similarly as the half

HB topology, but has less current ripple, better efficiency, and a constant CM voltage

[118], which inhibit leakage current. The voltage derivative and performance of the

NPC half-bridge topology are also similar to those of the full HB topology with uni-

polar PWM, that is, a three-level output inverter voltage. Therefore, the performances

of the converter and the output filter are comparable with that of a uni-polar PWM

full HB topology [127]. The main disadvantages of the NPC half-bridge topology

are its high input voltage, use of several power semiconductors, and a high capacity

bank for capacitors [126, 131], which generate twice the full HB input voltage [123].

Another issue is the transient overvoltage in internal transistors because of the lack of

parallel capacitors [132]. However, this issue can be solved by using a snubber circuit.

Moreover, power loss is not consistently scattered across all the semiconductors [133].

Another four switch topology can be generated as displayed in Fig. 2.19(c) and (d).

If dual-buck converter modules are combined, a transformerless inverter is obtained.

Here, one buck is responsible for the negative half cycle voltage, whereas another buck

is used to generate a positive half cycle voltage. These modules are either in parallel

or in series configuration. In series configuration, the split-inductor NPC inverter is

used [134], as shown in Fig. 2.19(c). D1 and Sw1 comprise the upper buck module,

whereas D2 and Sw2 form the lower buck module. Switch Sw3 remains turned on

during the positive half cycle, whereas Sw1 functions in high frequency to produce

the positive half cycle voltage. To disconnect the lower buck module, this module is

turned off. Furthermore, the upper buck module does not work during the negative

half cycle, and only the lower buck converter operates to generate a negative half cycle

voltage. To block the reverse inductor current, Sw3 and Sw4 change direction with line

frequency. The dual-buck inverter with series configuration does not experience the

shoot-through problems of the half-bridge inverters, and thus, system reliability is

improved. Nevertheless, the DC-link voltage should be twice the grid peak voltage.

67



Chapter 2. Review of photovoltaic system connected to the grid

Parallel configuration is used to reduce the DC-link voltage. Fig. 2.19(d) shows the

dual-buck inverter with parallel configuration in analogous working modes [123].

The required DC-link voltage is split to decrease the number of series PV panels and

enhance safety. Two inductors, which work alternately, are necessary in dual-buck

inverters. Filter inductors have a significant role in power density and cost [135]. The

interleaved dual-buck inverter reduces inductor size [136]. The coupled inductors

further decrease the size of the magnetic core.

A NPC topology was introduced for single-phase grid-connected PV systems. This

topology has one leg with two diodes D1–D2 and four switches Sw1-Sw4 (Fig. 2.19(e)).

The diodes provide a freewheeling path for the output current, which leads to a

zero-voltage output state [118, 124]. This topology has an operating principle that is

comparable with that of the half-bridge topology, but its current ripple is less and

its efficiency is higher. Moreover, a high-frequency CM voltage remains constant,

and thus, leakage current is reduced. Similar to the full-bridge topology, uni-polar

sinusoidal PWM (SPWM) is used with a three-level output voltage [127]. The main

disadvantage of this topology is the higher input voltage (800 V) requirement. Con-

sequently, a high capacity bank of capacitor is necessary [126, 131]. Flying Capacitor

(FC) is another four switch topology that can function as an exceptional solution for

transformerless PV inverters (Fig. 2.19(f)). The clamping diodes in this topology are

substituted with a capacitor that “floats” relative to the DC source reference. Extra

levels are attained through the capacitor, and maintaining a constant voltage across

the capacitor at the preferred level is required, mainly when loading the outer DC-link

capacitor. Nevertheless, imbalances may generate a high voltage that can destroy the

inverter [137,138]. Thus, an exceptional circuit is required for pre-charging the floating

capacitor to solve the overvoltage problem. This circuit will increase the complexity

of the control circuit of the FC inverter [131, 139]. Furthermore, several capacitors are

necessary for large structures. Fault-tolerant operation is the most remarkable feature

of FC inverters. This feature enables the inverter to remain functional even if multiple

faults occur in different phases or if a single switch fault occurs per phase [140]. The

specifications of some four-switch topologies are listed in Table 2.6.
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Table 2.6: Parameters of four-switch topologies.

Full HB [122] Dual-Buck [123] 3-Level NPC [118]

Power (KW)

Input voltage (V)

Switching frequency (KHz)

Grid voltage (V)

Filter inductor (mH)

Filter capacitor (uF)

1.7

400

10

240

-

-

4.5

376–537

16

230

3

3.3

5

700–1100

16

230

3

-

2.5.2.4 Five-switch inverters

Compared with the FB topology, the H5 topology only requires an extra transistor.

SMA Solar Technology introduced H5 topology [141]. In this topology, the PV panel is

disconnected from the grid during current freewheeling periods to inhibit the switch-

ing of frequency ripples in the voltage of the panel poles to the ground, and con-

sequently, maintaining a nearly constant CM voltage. The H5 topology shown in

Fig. 2.20(a) uses a FB inverter that involves a DC-bypass Sw5 switch and four switches

(Sw1,Sw2,Sw3, and Sw4). Here, Sw1 and Sw2 work at a grid frequency, whereas Sw3,Sw4,

and Sw5 are functional at high frequencies. The switch Sw5 is open during current

freewheeling period, thereby detaching the full HB inverter from the PV panels. The

switch Sw1 closes the freewheeling path, by Sw1 and Sw3 inverse diode for the negative

half cycle, and by Sw3 and Sw1 inverse diode for the positive half cycle of the electrical

grid. The H5 transformerless inverter topology results in high efficiency, particu-

larly at a partial load [142]. It only requires one extra transistor compared with the

full HB topology. Nevertheless, conduction losses can increase if the semiconduc-

tor is mediocre because the transistor is in series with the full HB inverter [143]. At

present, several inverters available in the market use this topology, particularly those

from branded patents, as an alternative to implementing transformerless PV inverters

[123].
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Figure 2.20: H5 topology (a), single-buck inverter topology (b), virtual DC bus topology (c), HB-ZVR

topology (d).

The elementary outline for the five-switch inverter is a buck converter working at

a high frequency. To develop the sinusoidal output, the high-frequency switch adopts

a corrected sinusoidal reference, whereas the low-frequency switches work at the

line frequency to change the waveform from a corrected sinusoid to a full-sinusoidal

waveform. This topology is called a single-buck inverter (Fig. 2.20(b)) [144]. Similar to

the uni-polar dual-buck inverter, the biggest advantage of the single-buck inverter is

that it can use metal-oxide-semiconductor field-effect transistors (MOSFETs) reliably

for a high-frequency switch. Another benefit of the single-buck inverter is that only

one magnet is required, which decreases the cost [144]. When MOSFETs are utilized

for full-bridge unfolders, the extra conduction loss from an extra switch in the con-
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duction route is alleviated. The modulation operation of the converter is uni-polar,

which reduces inductor loss. Given that the AC neutral point is linked to the DC neg-

ative point at all times, CM noise is also decreased compared with that in standard

uni-polar modulation. At both negative and positive line cycles, Sw1 works at high

frequencies because the reference is a rectified sinusoid wave. The switch Sw1 turns

off the current freewheels via D1,Sw2,and Sw5 during the positive line cycle, whereas

it turns off the current freewheels through D1,Sw3, and Sw4 for the negative line cycle.

The fundamental component of the CM voltage is low. Similarly, the dV/dt of the

voltage transition is gradual; thus, leakage current magnitude is negligible. A short

circuit is a disadvantage of a single-buck inverter. The only practical solution for this

problem is to place inductors on the mid-node of the full-bridge unfolder to the AC

line. Consequently, CM noise is increased, and losses occur in inductors.

Table 2.7: Parameters of five-switch topologies.

H5 [141] Single- Virtual DC- HB-ZVR [145]

Buck [146] Bus [147]

Power (KW)

Input voltage (V)

Switching frequency (KHz)

Grid voltage (V)

Filter inductor (mH)

Filter capacitor (uF)

1

340–700

20

240

4

6.6

0.25

380

30

240

6

0.47

0.5

400

20

230

-

C1 = 470,

C2= 940

2.8

350

8

230

1.8

2

Another five-switch transformerless inverter can be generated as displayed in

Fig. 2.20(c). It is an economical PV inverter, and is called the virtual DC bus [147].

To eliminate leakage current, parasitic capacitance between the ground and the PV

module is prevented via direct connection between the negative pole of the DC bus

and the grid neutral line. Similarly, a virtual DC bus provides the negative level. Con-

sequently, the inverter achieves three-level output voltage. The switch Sw2 is always
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turned off, whereas Sw1 and Sw3 are always turned on in the positive half cycle of

the grid current. However, Sw4 and Sw5 commutate complementary at high frequen-

cies. Sw4 is always turned off, whereas Sw5 is always turned on in the negative half

cycle; Sw2 complementary and Sw1 and Sw3 synchronously commutate at switching

frequency [147]. The PV panel and the capacitor Cp form the real DC bus, whereas the

switched capacitor C creates the virtual DC bus, which is charged to keep a constant

DC voltage via Sw1 and Sw5. Both double-frequency SPWM and uni-polar SPWM can

be used to generate high-performance AC current. The main problem is controlling

the charging of the virtual DC bus capacitor using the real bus. Similarly, the power

switches are influenced by additional current stresses because of switched capacitor

action, which decreases reliability and efficiency [147,148]. Fortunately, the maximum

current stress can be limited to less than thrice that of basic half-bridge inverters by

adopting an appropriate design.

Zero voltage rectifier topology (HB-ZVR) is another five-switch topology with AC

bypass [145], in which the short-circuited output voltage is clamped to the midpoint

of the DC bus during the freewheeling period via a bidirectional switch and a diode

rectifier. To protect the lower DC-link capacitor from short circuiting, another diode

is added (Fig. 2.20(d)). The working standard of HB-ZVR topology is considerably

analogous to the highly efficient and reliable inverter concept (HERIC) topology [149],

which is discussed in the following subsection. In the positive half wave, the Sw5 gate

pulse is opposite the Sw1 and Sw4 gate pulses, with a minor dead time to ignore grid

short circuit [145, 149]. The switch Sw5 is controlled during the negative half wave by

Sw2 and Sw3 contrary to the gate pulse that generates a zero-voltage output state by

short circuiting the output of the inverter and fixing it to the midpoint of the DC bus.

Diode D5 performs the clamping, which permits one-directional clamping as long as

the potential of the freewheeling path is higher than the midpoint voltage of the DC

link. Consequently, CM voltage fluctuation is observed when the reverse condition

occurs. Another drawback of this topology is the dead time requirement that increases

output current distortion. The specifications of some five switch topologies are listed

in Table 2.7.
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2.5.2.5 Six-switch inverters

A new topology based on the full HB inverter, known as HERIC, was developed to

avoid the occurrence of leakage current while preserving the three-level output volt-

age [150]. In this topology, a series of branches are added parallel to the output filter

(Fig. 2.21(a)). Several commercial inverters have used this topology, including Sun-

way’s converter [123,124]. The advantages of HERIC topology include its low leakage

current, high efficiency, and uni-polar PWM. Moreover, the benefits also includes its

three-level output voltage that is generated using uni-polar SPWM and low current

ripple in the output filter. To provide the freewheeling current path, two switches

are added to the AC side. The extra branches shift at the electrical grid frequency,

such that Sw1 is in the off-state in the negative half cycle and in the on state in the

positive half cycle. By contrast, Sw2 is in the off-state in the positive half cycle and

in the on-state in the negative half cycle. Consequently, diodes D1 and D2 can work

as freewheeling diodes in both negative and positive half cycles, thereby inhibiting

the flow of output current through the diodes. This feature separates the electrical

grid from the PV panel and achieves three-level output voltage because the same one

remains short circuited when D2 or D1 conducts. Through HERIC topology, the PV

panel keeps a floating voltage to the ground, and consequently, attain a constant CM

voltage [124]. Ground leakage current is reduced to a satisfactory level [145, 149].

Furthermore, the efficiency of HERIC topology can be improved compared with

that of HB topology because the current does not stream through bridge semi-conductors

during freewheeling periods. This feature is considerably useful when the inverter

works in light load conditions [124, 145, 151]. Another six-switch inverter, H6-type

MOSFET inverter topology, which does not use insulated-gate bipolar transistors (IG-

BTs), has been proposed in [152] (Fig. 2.21(b)). A uni-polar SPWM with three-level

output voltage can be implemented using this topology. The freewheeling current

streams via Sw5 and D1 in the positive half cycle of the grid current when Sw1 and Sw1

are off. By contrast, it streams through D2 and Sw6 for the negative half cycle of the

grid current when Sw2 and Sw3 are off. Consequently, reverse recovery is unnecessary

for this topology. The European efficiency and peak efficiency of the H6-type MOS-

73



Chapter 2. Review of photovoltaic system connected to the grid

FET inverter on a 300 W prototype circuit with 30 kHz operating frequency are 98.1%

and 98.3%, respectively [152, 153]. The grid current streams via three switches in the

active mode, and thus, conduction losses remain high. Another challenge is that anti-

parallel diodes are triggered when a phase shift happens between the inverter output

current and voltage. Thus, the reliability of the system is reduced because of the low

reverse recovery of such diodes [153, 154].

Figure 2.21: HERIC topology (a), H6-type MOSFET inverter topology (b), H6 topology (c), improved

H6 topology (d), HRE topology (e), oH5 topology (f).

FB inverter with DC bypass (DCBP) topology adds a bidirectional clamping branch

and two switches to the FB topology (Fig. 2.21(c)) [155]. The clamping branch has two

diodes and a capacitive divider that clamps half of the DC voltage input to the CM
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voltage input. Sw1 and Sw4 are commutated anti-parallel to Sw2 and Sw3 with line

frequency depending on whether the grid voltage is in a negative or positive half

period. D1 or D2 works during freewheeling mode depending on whether the free-

wheeling path potential is lower or higher than half of the DC-link voltage. The effect

of leakage current removal in this topology is only contingent on the turn-on speed

of the clamping diodes. The main disadvantage of DCBP topology is that conduction

losses result from the flow of inductor current through four switches in active mode

[155]. In another H6 topology [148], two additional Sw5 and Sw6 switches are symmet-

rically added to the FB inverter (Fig. 2.21(d)). Uni-polar SPWM and double-frequency

SPWM are the modulation techniques used for this topology. CM voltage is constant

when two more capacitors with 29 pF are connected to Sw3 and Sw4 in parallel under

uni-polar SPWM. Alternatively, CM voltage remains constant under double-frequency

SPWM if four additional capacitors (470 pF) are connected to Sw1, Sw2, Sw3, and Sw4

in parallel. Double-frequency SPWM decreases current ripples throughout the out-

put filter, which is half of that in the uni-polar SPWM scheme [148]. A six-switch

HRE topology was proposed in [154], which uses MOSFETs as main power switches

(Fig. 2.21(e)). This topology divides the AC side into two separate portions for the

negative and positive half cycles of the grid current. D1–D4 diodes perform voltage

clamping for active Sw1–Sw4. The freewheeling current streams via Sw5 and D5 when

Sw1 and Sw3 are turned off, thereby detaching the PV module from the grid for the

positive half cycle. For the negative half cycle of the grid current, the freewheeling

current streams via D6 and Sw6 when Sw2 and Sw4 are off. As coupled inductors,

L1 and L2 start working for the positive and negative half cycles, respectively. The

maximum efficiency of the HRE inverter on a 5 kW prototype circuit with a switching

frequency of 20 kHz is 99.3%. The main topology has six diodes and six MOSFETs

that increase the initial cost and complexity. A six-switch oH5 inverter is a modified

H5 topology [156]. A clamping branch that comprises a capacitor divider and a switch

are added to H5 topology, which ensures that the freewheeling path potential is fixed

to half of the DC bus voltage (Fig. 2.21(f)). Sw5 and Sw6 are commutated during the

entire grid period to warrant the disconnection of the grid from the PV module. A
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dead time is required between the gate signals of Sw5 and Sw6 to prevent the short cir-

cuiting of the CP1 input split capacitor. Consequently, CM voltage oscillates in dead

time [156, 157]. Another drawback is that conduction losses remain high because in-

ductor current streams via three switches in active mode. The specifications of some

six-switch topologies are listed in Table 2.8.

Table 2.8: Parameters of six-switch topologies.

H6 [152] HERIC [158] HRE [154] oH5 [157]

Power (KW)

Input voltage (V)

Switching frequency (KHz)

Grid voltage (V)

Filter inductor (mH)

Filter capacitor (uF)

0.3

180-200

30

120

0.8

0.68

1

350

8

230

1.8

2 b

5

360

20

240

0.95

-

1

340-700

20

240

4

6.6

2.5.2.6 Multilevel inverters

Figure 2.22: Asymmetric cascade H-bridge (ACHB) (a), 5-level ANPC (b).
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The multilevel inverters are based on a number of DC voltage levels and a special

arrangement of the passive components and semiconductors of the inverter [159].

The simplest multilevel inverter involves the connection of H-bridge forms in series

by its AC-side, while each DC-link connected to different photovoltaic panel [160]. A

cascaded H-bridge (CHB) multilevel inverter as shown in Fig. 2.22(a). A multilevel in-

verter called asymmetric cascaded H bridge inverter (ACHB) presented in [161]. This

topology connected to unequal DC voltage levels between H-bridge forms, decreasing

the switching losses and improving efficiency by switching of the higher power forms

at grid frequency. Due the type and the number of existing primary energy sources,

this topology could be suitable for low voltage applications or single phase. The main

disadvantages of this topology include excessive switching devices, rise of the high-

est voltage H-bridge form by increasing the numbers of levels, complex modulation

strategy and control system. The advantages include lower THD and operating at

low switching frequency. By using a lot of H-bridge, the inverter can achieve high

voltage levels to connect to high voltage buses without using transformers [161]. A

five-level multilevel inverter called 5L-ANPC [162] includes a three-level flying capac-

itor (FC) power form with a three-level active NPC (ANPC) form connected between

the switching devices as shown in Fig. 2.22(b). The number of inverter levels can effec-

tively be increased with the levels of the Flying capacitor module. A five levels voltage

( ± Vdc/2, ± Vdc/4, and 0) can be reached by controlling FC to Vdc/4, which is con-

nected in series to the ANPC dc-link capacitors at Vdc/2, using a suitable switching

state. This topology without the series connected diodes and by just using FC forms

can reach to higher level values [162]. Because of the particular configuration and the

extra levels in this topology, the series loss is compensated by commutating the outer

switches at lower switching frequency.

2.5.2.7 Discussion

In general, the classic half-bridge inverter removes leakage current with a basic config-

uration as only one inductor and two power switches are required [118]. Nevertheless,

DC-link voltage should be twice the grid peak voltage, and the semiconductors must
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endure high DC-link voltage stress. Furthermore, the cost and filter size of the bipolar

inverter output voltage are higher. Three-level NPC inverters can reduce filter size,

increase the corresponding switching frequency, and decrease semiconductor voltage

stress. One of the drawbacks of these inverters is the unbalanced conduction losses

among the internal and external power switches. To decrease conduction losses in

low-voltage systems and maintain the main advantages of multilevel topologies, Con-

ergy NPC inverters are used [137]. Bidirectional switches are located between the split

capacitors and the midpoint of HB inverters to attain comparable clamping function

and three-level output voltage in NPC inverters. Switch voltage stress is different in

this topology. The two series switches in the lower and upper parts of the inverters

must withstand high DC-link voltage, and active clamping switches bear only half of

the high DC-link voltage. In [163], a comprehensive analysis and efficiency compari-

son of Conergy inverters, three-level NPC inverters, and two-level HB inverters were

presented for low-voltage applications. A conclusion has been drawn that Conergy

inverters and three-level NPC inverters have higher conversion efficiency comparing

to two-level half-bridge inverters. In H5 topology, Sw1 and Sw3 are both conducting

to generate zero-voltage output, whereas lower switches Sw2 and Sw4 and the Sw5

blocking switch are turned off. Consequently, during zero-voltage level operation,

PV panels are disconnected from the AC grid. In addition, the voltage step is only

half of the DC-link voltage, and thus, the size of the filter inductor and the switching

losses are reduced. However, the switching frequency of Sw5 is twice those of other

switches, which causes conduction losses and unbalanced switching. Power density

is affected, which also affects the heat-sink design. In the H6 transformerless inverter,

zero-voltage level realization has two probable decoupling operation modes. The first

mode places Sw1 and Sw3 in the turn-on state. The second mode generates turn-on

gate signals for Sw2 and Sw4. Modulation flexibility is enhanced by the redundant

switching patterns. The loss distribution for the high-frequency switches is balanced

via the uni-polar SPWM. Moreover, the double frequency uni-polar SPWM is used to

further decrease filter inductor size and enhance the quality of the grid current. When

energy is transferred from the PV panels to the grid, four switches are in conduction
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mode. The alternate operation of two blocking switches balances loss distribution for

the high-frequency switches. The conduction losses of the H5 circuit are slightly more

than that of the improved H6 inverter because only two switches are in conduction

mode during the entire negative half cycle. Innovative HERIC-based topologies have

been introduced to solve the patent problem of the HERIC inverter [125, 164, 165].

Nevertheless, these circuits are different, and rules to develop these types of trans-

formerless inverters remain unclear. Therefore, the generation methodology and the

topology derivation law are expressed in detail as follows. For HERIC topology, dur-

ing the positive half cycle of the power delivery stage, Sw2 and Sw3 are turned off,

whereas Sw1 and Sw4 are turned on. When Sw6 is turned on, the operation state is

similar because no current streams through it. Splitting the connection point of Sw3

and Sw4 (right bridge switches) is possible, and the Sw3 emitter is connected to the

Sw6 collector. Similarly, Sw1 and Sw2 (left bridge switches) are disconnected, and Sw1

and Sw5 are in series configuration in the negative half cycle. Leakage current is sup-

pressed via hybrid modulation, and the three-level output voltage aids in optimizing

power quality and the inductor [164]. In multilevel topologies, due to the number of

modules set in series, the number of output voltage levels can be increased, thus they

are able to boost the AC voltage without applying a transformer or a boost converter

to inject AC current into the grid. Furthermore, due to the cost of the extra power

switches as needed, these devices have been mostly applied in high power applica-

tions [127]. Table 2.9 shows the comparison among different topologies described in

the literature.
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Table 2.9: Comparison of topologies.

Topologies References Leakage Input Voltage Efficiency Switches Advantage Disadvantage

current (%)

Half HB

Conergy NPC

Full HB

NPC (mH)

Dual-Buck (uF)

Three-Level NPC

H5

Single-Buck

Virtual DC Bus

HB-ZVR

HERIC

H6

HRE

oH5

Cascaded

[118]

[119]

[122]

[130]

[123]

[118]

[141]

[161]

[147]

[145]

[146]

[152]

[154]

[157]

[109]

Moderate

Very Low

Moderate

Very Low

Low

Very Low

Low

Moderate

Low

Low

Low

Low

Low

Very Low

Moderate

700 V

800 V

400 V

400 V

400 V

800 V

400 V

400 V

400 V

400 V

400 V

400 V

400 V

400 V

400 V

+

++

+

++

++++

+++

+++

++

++

+

+++

++

++++

+++

-

2 transistor

3 transistor+

4 diode

4 transistor

4 transistor+

2 diode

4 transistor+

2 diode

4 transistor+

2 diode

5 transistor

5 transistor+

1 diode

5 transistor

5 transistor+

5 diode

6 transistor+

2 diode

6 transistor+

2 diode

6 transistor+

6 diode

6 transistor

8 transistor

Low cost

Low conduction losses

-

Very low leakage current

High efficiency

Very low leakage current

Low component count

Only one filter inductor

Only one filter inductor

-

Line frequency leakage

current

Line frequency leakage

current

Very high efficiency

Very low leakage current

Low commutation stress

and lower THD

High DC-link voltage stress

High device stress

High leakage current

High device stress

Additional devices required

Increased complexity

Unbalanced switching

High leakage current

Current stress on switch 5

Low efficiency and increased

complexity

Additional devices required

Additional devices required

Increased complexity

Additional devices required

Complex control and many

switching devices

Table 2.9 shows the efficiency, leakage current, input voltage, switching voltage,

number of required diodes and transistors, as well as the advantages and disad-

vantages of several previously validated methods. Nevertheless, determining which

method is better than the others is difficult because each method has its own strengths

and weaknesses. The aforementioned methods can be compared by highlighting sev-

eral key features. Apparently, with regard to a high conduction path with a high

switch voltage, half HB, HB-ZVR, and full HB topologies demonstrate higher power

losses. Therefore, the efficiency of these inverters can be extremely low. Dual-buck

and HRE topologies are the best in terms of efficiency. With regard to leakage cur-

rent, all NPC, FC, and oH5 topologies perform very well. However, FC, Conergy

NPC, and three-level NPC require double DC bus voltage. In multilevel inverters, the

large number of switches may affect the reliability and the cost. Moreover, depending

on the number of connected modules, the leakage current may also rise higher.
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2.6 Review of grid connected PV inverter architectures

The type of inverters to be used depends on the installation and connection parame-

ters of the photovoltaic modules: connection in series or in parallel, different degrees

of inclination between the modules, output voltage and solar irradiance. As a result

of these technical features of photovoltaic systems, the arrays configuration and the

architecture of PV systems connected to the grid can have important impacts on its

operation [166]. Lot of research is carried out on PV system configurations, such as

Pendem et al. [167], Belhachet et al. [168], Horoufiany et al. [169]. These researches

involve the study and analysis of various photovoltaic panels settings under various

partial shading scenarios, to assess the performance and ability of each setting to

increase output power and reduce partial shading losses.

The PV system architecture depicts how the power converters are associated with

PV modules. The circuit topology of the power inverters can be changed to addition-

ally enhance the yield energy from grid connected PV system under partial shading

conditions [170]. it allows the inverter to regularly reap more energy than a string-

level or arrays level inverter [171].

Given the large body of work published on inverter topologies and MPPT tech-

niques for shaded PV arrays, such us: Dhople et al. [172], Roman et al. [173], which

proposed a micro-inverter architecture to implement MPPT for strings of solar cells

associated through bypass diodes in a PV module. In Wu et al. [174], another group

of high-effectiveness DC/AC PV inverter with a variety of input DC voltage is pro-

posed. A new scheme for a distributed synchronous boost converter (DMPPT) is

proposed by Adinolfi et al. [175]. A system utilizing an additional full bridge inverter

to perform MPPT operation is provided by Debnath et al.[176].

Different PV system architectures employing Power Conditioning Units (PCUs)

with different technologies are developed by Spertino et al. [177]. Islam et al. [178]

proposed an improved H5 topology for grid connected photovoltaic inverter with

reduced leakage current. Common mode (CM) characteristics are studied in details.

The drawback of this system is the cost of the small scale inverter. Control and circuit

techniques to mitigate partial shading effects in photovoltaic arrays is presented by
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Bidram et al. [179], a brief discussion of their characteristics and the approaches

suggested in each category is provided.

The use of multilevel inverter is increased due to utilization of micro grid, smart

grid and distributed generations to meet the huge energy demand. Various topolo-

gies of multilevel inverters (MLIs) have been published to fulfil the criteria of power

requirement in an efficient and effective manner in terms of quality of power and

voltage, reduced switch count, higher voltage levels with lesser number of sources,

less switch stress, modular nature, less gate drive count, less use of capacitors, same

and different voltage source configurations etc. Any single inverter structure is not

capable to fulfil all these criteria. Each developed topology has its distinct merits and

demerits.

First multilevel inverter is introduced by H. Akagi in 1981 [180]. Three standard

topologies i.e. Cascaded H-Bridge (CHB), Diode-clamped multilevel inverter and Fly-

ing Capacitor (FC) have established the foundation for the multilevel inverters to ex-

pand its applications. The research is increased towards the development of various

application oriented topologies such as photovoltaic (PV), fuel cell, flexible alternat-

ing current transmission system (FACTS), high-voltage direct current (HVDC), electric

vehicle, hybrid vehicles, drives, uninterruptible power supply (UPS) etc. The various

manufacturing companies, like ABB, Simens, General Electric, Toshiba etc. produce

the power converters by using different multilevel inverter topologies for different

applications. A review paper [181] on multilevel inverter topologies with reduced

device counts is reported to give a better understanding about the proper selection of

topology and its control strategy for particular application and requirement. A 5 level

active neutral point clamped inverter with optimal modulation technique is presented

in [182] with less number of active switches. A uni-polarity based cascaded multilevel

inverter with reduced power switches is presented in [183] to reduce the installation

space and cost. The use of series and parallel connections of DC sources for electric

vehicle application is focused in [184]. An asymmetrical compact module multilevel

inverter is proposed in [185] with cascaded structure to resolve the issue of current

during dead time. Based on the availability of source configurations, the topology is
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developed in [186] to work in symmetrical as well as asymmetrical modes.

When the renewable energy like PV is used as a source, more importance is given

to the topology with asymmetrical source configuration due to the continuously vari-

ation in magnitude of source voltages. A topology reported in [187] is used for stand-

alone PV applications with the range of few kilowatts. The review is carried out in

[188] about the maximum power point tracking (MPPT) techniques for PV system to

give an idea about appropriate use of control technique in grid-tied and stand-alone

systems. The multilevel dc-link inverter is introduced in [189] with control algorithm

to avoid the partial shading in PV system. A switch-ladder multilevel inverter with

47 voltage levels is presented in [190] with reduced switching losses and higher effi-

ciency.

To improve the power quality in PV system, modular structure based multilevel

inverter is developed in [191]. Three phase structure based multilevel inverter is

reported in [192] for PV system with various dynamic conditions including partial

shading and panel failure. A review on different multilevel inverter topologies and

their modulation techniques are provided in [193] for grid connected PV systems.

The researchers have focused on maximum number of levels with the asymmetric

sources while developing the inverter in [194]. A modified MPPT control technique

applied to multilevel DC link PV system in [195] is claiming more power and lower

total harmonic distortion (THD). Capacitor also plays a vital role in the design process

of inverter for high energy conversion. Its use is shown in packed U cells multilevel

inverter [196]. In [197], the different source patterns are applied to capacitor based cas-

caded multilevel inverter to increase the voltage levels with minimum switch count.

A simplified transformer based multilevel inverter topology with reduced component

count is proposed in [198] for renewable energy applications. The exhaustive and

benchmark work is presented in [199] with the analysis of total harmonic distortion

(THD) to improve the power quality. The modified switched diode topology is pro-

posed in [200] to improve the THD with less component counts. By combining the

T-type and cross connected modules, a modified inverter in [201] has the capability

to work at higher output voltage without increasing the total standing voltage and
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peak inverse voltage of switches. A step-up switched-capacitor module for cascaded

multilevel inverter proposed in [202] is claiming the self-balancing of capacitor volt-

ages. A grid connected symmetrical cascaded multilevel inverter presented in [203]

shows the improvement in power quality. To increase the conversion efficiency and

power density, a bridge modular switched capacitor based multilevel inverter devel-

oped in [204] has more reliability and less complexity. A cascaded modified quasi-

Z-source inverter with a single phase symmetrical hybrid three level inverter in [205]

has higher boost ability at the load side with reduced source inductance. A trans-

formerless single phase T- type inverter of [206] for the PV system generates 5 level

voltages with asymmetric sources. A dual- asymmetrical DC port multilevel inverter

is developed in [207] with minimum conversion stage and improved efficiency. The

cascaded semi-half bridge cells based crisscross switched multilevel inverter is pro-

posed in [208] with the advantages of less switch count, better modularity structure

and reduced voltage stress across the switches. By using the turns ratio of trans-

former, the output voltage level of cascaded H-bridge multilevel inverter is increased

[209]. A combination of selective harmonic elimination (SHE) technique and total

harmonic distortion (THD) minimization technique is applied to a single phase mul-

tilevel inverter [210] to eliminate the lower order harmonics and minimize the voltage

and current THDs. In [211], the performance analysis of a new asymmetric multilevel

inverter with less switch counts is presented for a single phase grid tied PV system.

A nine level multilevel inverter with one source and reduced components is proposed

in [212] for high frequency AC power system distribution system with lower THD.

A modified multilevel inverter based on packed U-Cell [213] for higher voltage ap-

plications is presented with the advantages of lower component counts, lower rating

and blocking voltage of switches and improved performance. A multilevel inverter

with variable DC link is proposed in [214] for low voltage applications. A hybrid cas-

caded multilevel inverter with improved symmetrical 4-level sub-module is proposed

in [215] with less switch count and source count. In [216], a proposed quasi cascaded

H-bridge boost inverter with less passive components results in reduction of size, cost

and weight.
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2.7 Conclusion

In this chapter, the principle of photovoltaic system has been described. The be-

haviour of the PV system under different environmental conditions is discussed. In

addition, various converters that have been used for MPPT are described and anal-

ysed. Furthermore, a strategic review of MPPT techniques for PV systems under

partial shading conditions is presented. Special attention is given towards the meta-

heuristic based techniques due to their promising features. Among these algorithms,

Bat, PSO and DE algorithms are envisaged to be very effective in dealing with MPPT

problem particularly during partial shading occurrence. A comprehensive review of

single-phase grid connected PV systems that adopt several transformerless schemes.

The omission of transformers has led to the creation of a resonant circuit and electri-

fication via fluctuating CM voltage that depends on topology structure and modula-

tion scheme. Various transformerless schemes have been investigated and compared

in terms of efficiency and leakage current. A classification of the transformerless

schemes has been made based on the number of switches required, such as two-

switch, three switch, four-switch, five-switch and six-switch and multilevel inverters.

Subsequently, a discussion has been presented, and the benefits, drawbacks, and oper-

ation principle of the existing transformerless schemes have been deliberated. More-

over, a comparison table has been provided for direct comparison among different

schemes. In addition, a new transformerless inverter has been proposed in this the-

sis. In regard to the several topologies presented in this thesis, the most important

key concern is the necessity of diminishing the leakage current in the transformerless

inverters. Consequently, cost-efficiency can be achieved by reducing the DC-link volt-

age, the number of PV panels, the switching losses. Finally, it is essential to use the

system with minimum number of power switches, which reduces the power losses

and cost of system by increasing the efficiency.
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3.1. Introduction

3.1 Introduction

S mall-scale PV systems (0-10 kW) are the type of renewable energy units that are

mostly connected to the networks. Commercially attractive rebates and conces-

sion schemes that were introduced by the world governments for installing small scale

PV systems along with price reductions in PV panels and power electronic converter

systems, are the main reasons for the increased number of grid-connected small scale

PV systems in LV power grids. The majority of small scale PV systems are domestic

roof-top type installations and are generally single-phase systems.
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Figure 3.1: Basic structure of a grid-connected photovoltaic system.

The basic structure of a grid-connected PV system is shown in Fig. 3.1. This is a

generic representation of a domestic roof-top PV system. The PV system consists of

a DC-DC converter, a VSC and an LCL filter. The PCC is where the PV system is

connected to the grid. In the grid-connected PV system shown in Fig. 3.1, the DC-DC

converter steps up or steps down the output voltage of the PV array to a suitable level

at the output of the DC-DC converter. An MPPT algorithm determines the MPP of

the PV array at a given time and the DC-DC converter is controlled in such a way

that the PV array is operated at the MPP. The output of the MPPT algorithm is an

input to the controller of the DC-DC converter. The PV system shown in Fig. 3.1 is

integrated to the grid via a VSC. A VSC with an ability to control output voltage
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magnitude and phase angle with reference to the voltage at the PCC, provides a

significant flexibility in controlling the active and reactive power injected to the grid.

Therefore, VSCs are becoming more attractive in PV grid integration especially with

the additional capability of providing reactive power support, voltage regulation and

managing battery storage. The output power from a PV array is a function of solar

irradiance and ambient temperature. Since solar irradiance and ambient temperature

vary, the power output of a PV array is not constant. If the grid-connected PV system

shown in Fig. 3.1 is controlled to inject a constant amount of power to the grid at

times when power level varies at the PV array, the DC-link capacitor, CDC may be

charged or discharged affecting the DC-link voltage, VDC. However, maintaining a

constant DC-link voltage is necessary in order to minimize the appearance of low-

order harmonics at the output of the VSC as a result of PWM switching of the power

electronic switches of the VSC. Therefore, in a grid-connected PV system a controller

is used to control the DC-link voltage at a suitable level by controlling the active power

flow of the PV system.

Section 3.1. of this chapter begins by brief overview of meta-heuristics algorithms.

Then, the key feature of the PSO algorithm is described. Furthermore, the formulation

of MPPT as an optimization problem is presented and the application of the proposed

technique for MPPT is discussed.

Section 3.2. present the SVPWM technique in general. Then presents the control

of three-phase multilevel cascaded H-bridge inverter for photovoltaic (PV) grid util-

ity system with an LCL filter using Space Vector Pulse Width Modulation (SVPWM)

scheme. This technique (SVPWM) is an attractive control candidate for any multi-

level inverter, since it can create a greater output power by reducing Total Harmonic

Distortion (THD) and commutation losses.

In order to filter the harmonics produced by the inverter we use an LCL filter,

which is a powerful solution for the interconnection between the inverter and the

grid. The control of a grid-connected inverter with LCL filter is studied through

conventional direct-current dq vector control strategy and presented in Section 3.3.
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3.2 Particle swarm optimisation (PSO)

3.2.1 General overview on metaheuristic algorithms

Optimization is paramount in many applications, such as engineering, business activ-

ities, and industrial designs. Obviously, the aim of optimization is the searching for

the optimal solution like minimizing the energy consumption and costs, to maximiz-

ing the profit, performance, and efficiency [217].

Many real-life optimization problems are difficult to solve by exact or deterministic

optimization methods, due to properties, such as high dimensionality, multimodality

and non-differentiability [218]. Hence, approximate or stochastic algorithms are an

alternative approach for these problems. Stochastic algorithms can be decomposed

into heuristics and metaheuristics. Heuristic refers to experience-based techniques for

problem-solving and learning. These algorithms produce, by trial and error, accept-

able solutions to a complex problem in a reasonable amount of computational time.

Heuristics are problem-dependent and designed only for the solution of a particular

problem. Further development of heuristic algorithms is the so-called metaheuristic

algorithms. Here meta means "beyond" or "higher level", and these algorithms gener-

ally perform better than simple heuristics by using certain tradeoffs of randomization

and local search. Metaheuristics can be trajectory-based or population-based. Tra-

jectory based metaheuristics are based on a single solution at any time whereas in

population-based metaheuristics, a number of solutions are updated iteratively until

the termination condition is satisfied.

Two major components of any metaheuristic algorithms are intensification and

diversification, or exploitation and exploration. Diversification means to generate

diverse solutions so as to explore the search space on a global scale. Intensification

means to focus on the search in a local region by exploiting the information that a

current good solution is found in this region. This is in combination with the selection

of the best solutions. The selection of the best ensures that the solutions will converge

to the optimality, whereas the diversification via randomization avoids the solutions

being trapped at local optima and, at the same time, increases the diversity of the
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solutions. The good combination of these two major components will usually ensure

that the global optimality is achievable with high accuracy [218].

Metaheuristics may be nature-inspired paradigms, stochastic, or probabilistic al-

gorithms. Nature-inspired optimization algorithms have sparked great interest in re-

cent years. Among them, bio-inspired especially those Swarm intelligence (SI)-based

algorithms, have become very popular. In fact, these nature-inspired metaheuristic

algorithms are now among the most widely used algorithms for optimization and

computational intelligence [219].

Since the problem of MPP tracking in PV system can be modelled as a dynamic,

multi-modal optimisation problem, bio-inspired metaheuristics are envisaged to be

very effective to deal with P-V characteristic curve under partial shading conditions.

Among them, BA, PSO and DE algorithms are very effective due to their superior ef-

ficiency with minimal control parameters, robust performance and simple structures.

Then, one of these metaheuristic algorithms is proposed in this thesis to develop MPP

tracker for PV system subjected to in-homogeneous irradiance.

The rest of this section discusses the key features of the PSO algorithm and de-

scribes the application of the proposed techniques for MPPT.

3.2.2 PSO algorithm

Particle swarm optimization is a population based meta-heuristic invented by Russel

Eberhart (electrical engineer) and James Kennedy (socio-psychologist) in 1995 [220,

221]. This algorithm uses a population of candidate solutions to develop an optimal

solution to the problem under consideration. It was originally inspired in general

by the artificial life and specifically by the social behaviour of swarming animals,

such as fish schooling and bird flocking. Indeed, we can observe in these animals

relatively complex dynamics of displacement, whereas individually each individual

has a limited "intelligence", and has only a local knowledge of its situation in the

swarm. The local information and the memory of each individual are used to decide

on his movement.

The swarm of particles corresponds to a population of agents, called particles.
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Each particle is considered as a solution of the problem and it is assigned a position

(the solution vector) and a velocity. Moreover, each particle has a memory which

enables it to remember its best performance (in position and value) and the best

performance achieved by the neighbouring particles: each particle has a group of

informants, historically called its neighbourhood. A swarm of particles, which are

potential solutions to the problem of optimization, "flies" over the search space in

search of the global optimum. The velocity of a particle is then influenced by the

three components: a component of inertia, a cognitive component and a social com-

ponent. The first one describes the trend of the particle to follow its current direction

of displacement. The second one represents the trend of the particle to move towards

the best position by which it has already passed. The social component characterize

the trend of the particle to rely on the experience of its congeners and, thus, to move

towards the best site already reached by the swarm. The strategy for moving a particle

is illustrated in Fig. 3.2.

Figure 3.2: Movement of a particle.

Formalisation

In a research space of dimension D, we define a swarm of particles of size N (size

of the population). The particle i of the swarm is modeled by its positron vector

xi = (xi1, xi2, ..., xiD) and by its velocity vi = (vi1, vi2, ..., viD). The quality of its position

is determined by the value of the objective function of that point. This particle keeps

in memory the best position by which it has already passed, that we note Pbesti =

(Pbesti1, Pbesti2, ..., PbestiD). The best position reached by the swarm is noted Gbest =
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(Gbest1, Gbest2, ..., GbestD) In our case, we are only interested in the fully connected

swarm, that is, all the particles share the information; each particle knows the best

position already visited by any particles in the swarm. This version of the algorithm

is called, global version of PSO (Gbest), where all the particles of the swarm are

considered as close to the particle i.

At the beginning of the algorithm, the particles of the swarm are initialized ran-

domly or uniformly in the search space of the problem. Then, at each iteration, each

particle moves, linearly combining the three components mentioned above. Indeed,

at the iteration t + 1, the velocity vector and the position vector are calculated from

Eq. (3.1) and Eq. (3.2), respectively.

vt+1
ij =w vt

ij + c1 rt
1ij

(
Pbestt

ij − xt
ij

)
+ c2 rt

2ij

(
Gbestt

j − xt
ij

)
, j ∈ {1, 2, ..., D}

xt+1
ij =xt

ij + vt+1
ij , j ∈ {1, 2, ..., D}

(3.1)

(3.2)

with w is a constant, called the coefficient of inertia; c1 and c2 are two constants, called

acceleration coefficients; r1 and r2 are two random numbers drawn uniformly in [0, 1],

at each iteration t and for each dimension j.

Stochastic factors allow the particles to move in the problem space randomly. This

property allows for extensive exploration of the search space and increases the prob-

ability of finding the best solution with high efficiency. The three components men-

tioned above (i.e. of inertia, cognitive and social) are represented in Eq. (3.1) by the

following terms:

wvt
ij corresponds to the inertia component of the displacement, where the param-

eter w controls the influence of the direction on the future displacement;

c1rt
1ij
(Pbestt

ij− xt
ij) corresponds to the cognitive component of displacement, where

parameter c1 controls the cognitive behaviour of the particle;

c2rt
2ij
(Gbestt

j − xt
ij) corresponds to the social component of displacement, where

parameter c2 controls the social aptitude of the particle.
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PSO control parameters

The inertia weight w was firstly introduced by Yuhui Shi and Russell Eberhart [222].

This parameter plays the role of balancing the global search and local search during

the search process. It can be a positive constant or even a positive linear or nonlin-

ear function of time (or iterations). The confidence constants, c1 and c2, also called

acceleration coefficients, represent the weighting of the stochastic acceleration limits

that pull each particle towards the best global and local position. Thus, adjusting

these constants changes the pressure between parameters in the system. These two

parameters can be positive constants, or linearly or nonlinearly varying with time

(iterations).

Convergence criteria

The stopping criterion indicates that the solution is sufficiently close to the optimum.

Selecting a good termination criterion has an important role to ensure a correct con-

vergence of the algorithm. Several criteria for halting the process of optimisation are

possible. The algorithm can be stopped when the objective of optimisation is met. In-

deed, in some optimization tasks, the objective function’s minimum value is already

known. For example, error functions for which the tolerable error is given or test func-

tions whose minima are known. If the best vector’s objective function value is within

a specified tolerance of the global minimum, the optimization halts. In addition, the

algorithm can be stopped after a sufficient number of iterations for the search space

to be properly explored. This criterion can prove to be expensive in computing time if

the number of particles to be treated in each population is important. The algorithm

can also be stopped when the population is not moving fast enough.

Neighbourhood topology

The PSO algorithm is inspired by the collective behaviour of swarms. This algorithm

highlights the ability of an agent to stay at an optimal distance from others in the

same group and to follow a global movement affected by the local movements of its

neighbours. Thus, the authors modelled the behaviour of particles by equations (3.1)
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and (3.2). In practice, using Eq. (3.1), an interconnexion network must be defined

in order to establish connections between the particles and allow them to exchange

information with each other. This communication network between the particles is

called neighbourhood topology. This topology helps to define a group of informants

for each particle; this is called the neighbourhood of a particle. The neighbourhood

of a particle can therefore be defined as the subset of particles of the swarm with

which it has a direct communication, ie each particle can interrogate the particles

in its neighbourhood (its informants), which, in turn, send it their informations. The

choice of a topology (the communication network between the particles) therefore has

a significant influence on the performance of PSO algorithm.

3.2.3 Application of PSO for MPPT

The PSO method is applied to realize the MPPT algorithm for PV system operating

under partial shading conditions, wherein the P-V curve exhibits multiple MPPs.

Flowchart of the proposed PSO based MPPT technique is shown in Fig. 3.3. The

operating principles of proposed technique can be described as follows:

Step 1: PSO initialisation

In order to start the optimization, the duty cycle of the PWM signal is chosen to be the

optimization variable. Thus, it is adjusted directly by the MPPT controller. Initially,

a solution vector of duty cycles with Np particles is defined. Number particles in

the population should be chosen carefully. A larger number of particles results in

more accurate MPP tracking even under complicated shading patterns but tracking

speed reduces. As the number of particles increases, computation time also increases.

Therefore, population size should be chosen in such a way that it ensure good tracking

speed and accuracy. To find a tradeoff, three particles are considered in this research.

d = (di) = (d1, d2, d3) (3.3)

PSO particles are usually randomly initialized in the search space. For the pro-

posed MPPT algorithm, the particles are initialized at fixed points, using the method
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Figure 3.3: Complete flowchart of the proposed PSO method.

of the reflective impedance [223]. Then, the first vector of N duty cycles (first vector

of solutions) is generated from a uniform distribution on [0, 1] or it is predefined. The

number of particles (N) is an important factor in the optimization process. A large

number N guarantees the determination of GMPP but the convergence time can be
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long while a small number N will save in convergence time but it can result in low

GMPP tracking accuracy if the parameters of the MPPT algorithm are not well opti-

mized. To ensure a compromise "convergence speed-efficiency", the number of duty

cycle, N is chosen to be three (3). The first three duty cycles are calculated thus:

d1 =

√
ηZmin√

RPV_max +
√

ηZmin

d2 =

√
ηZave√

RPV_STC +
√

ηZave

d3 =

√
ηZmax√

RPV_min +
√

ηZmax

(3.4)

(3.5)

(3.6)

where η is the converter efficiency, Zmin, Zmax and Zave = (Zmin + Zmax)/2 are the

minimum, maximum and averege values of the connected load respectively. RPV_min

and RPV_max are the minimum and maximum values of the reflective impedances of

the PV array, respectively, while RPV_STC is the reflective impedances of the PV panel

at STC condition. In our simulations, the values of the parameters are : η = 0.96,

Zmin = 40 Ω, Zmax = 70 Ω, RPV_min = 6 Ω, RPV_STC = 22 Ω and RPV_max = 43 Ω.

It should be mentioned that the interval [d1, d3] serves only for a first approxima-

tion of the search space. This approach leads to prevent having major disturbances

and fluctuations in the voltage of the photovoltaic panel. The BA based MPPT can

then search for the MPP outside of this range. The minimum duty cycle and maxi-

mum duty cycle are defined as 0.02 and 0.98, respectively.

The current and voltage of the photovoltaic array are sensed and the corresponding

power is calculated for each duty cycle. The best duty cycle, dbest which gives the best

value of fitness (PV power) is then stored. The purpose of the optimisation process

is the maximisation of power extracted from the PV panel, which is defined to be the

objective function (P). The fitness value evaluation function is defined as:

P(dk
i ) > P(dpbesti) (3.7)

where dpbesti is the personal best position of particle i.
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Step 2: Update individual and global best duty cycle

For each duty cycle di, the corresponding PV output power P(dk
i ) is calculated by mul-

tiplying the measured voltage (VPVi) and current (IPVi). Then, the algorithm proceeds

to check whether this duty cycle value will result in a better individual fitness value

(compared to old Pbesti). In such case, the personal best position (dpbesti), as well as

its corresponding best individual fitness value Ppbesti, are updated; otherwise, Ppbesti

retains its present value. The global best duty cycle, dbest, is determined by comparing

fitness values of the actual population with the global best PV power achieved, Pbest.

Step 3: Update Velocity and Position of Each Particle

After the evaluation process, velocity and position of each particle in the swarm are

updated. The new duty cycles are then calculated for the each iteration by the equa-

tions:

vk+1
i = w vk−1

i + c1 r1

(
dpbesti − dk

i

)
+ c2 r2

(
dbest − dk

i

)
dk+1

i = dk
i + vk+1

i

(3.8)

(3.9)

Convergence criterion

The algorithm continues to calculate the new duty cycles until constraint on conver-

gence is satisfied. In this thesis, the condition shown in the Eq. (3.10) is used as a

convergence criterion. If the absolute difference between each two different duty cy-

cles is less than a threshold ∆d, then the algorithm stops the optimization process and

brings out dbest ∣∣∣dk
i − dk

j

∣∣∣ ≤ ∆d; i, j = 1, 2, 3; i 6= j (3.10)

Step 5: Re-initialization

In a PV system, the optimum power point is not constant and global maximum

available power usually changes due to varying weather and loading conditions. In

such cases, the duty cycles must be reinitialized to search for the new GMPP. If re-

initialization process is no carried out properly, updating of personal best duty cycles
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and global best duty cycle cannot be performed automatically for the change in op-

erating point. As a result, the MPPT algorithm may stuck at some operating point,

rather than searching for the new GMPP. The MPPT algorithm should have the ability

to detect the variation of shading pattern and to search for the new global MPP. In

this thesis, the search process is initialised if the following condition is satisfied

|PPV new − PPV last|
PPV last

> ∆P (3.11)

where PPVnew and PPVlast are the values of photovoltaic panel power in two successive

sample periods and ∆P is the power tolerance, constraint given in Eq. (3.11) is uti-

lized in the proposed PSO based MPPT to detect the irradiance and shading pattern

changes and to reinitialise the search process.

3.3 Space vector PWM control for the multilevel inverter

The major feature of PWM is the low loss of power in the exchanging gadgets. Prac-

tically, there is no current when a switch is OFF. At the point when it is ON and

power is being exchanged to the load, there is no voltage drop over the switch. PWM

also works well with digital controls, which, on account of their on/off nature, can

without difficulty set the required duty cycle [224]. PWM is vastly utilized for VSI,

since it can create output power with variable frequency and variable voltage. In

this work SVPWM technique is utilized to generate PWM control signals for the in-

verter. This technique holds strong advantages allowing higher Dc bus efficiency,

low power losses, voltage magnitude and variable frequency control. Other points of

interest of SVPWM incorporate a vast linear modulation range, fewer computations

and easy implementation. Advancements in microchips diminish the calculation time

and making SVPWM to become the favored PWM technique [225]. In this thesis, we

suggest a scheme for a multilevel inverter to operate in over-modulation mode and

right into six-step.
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3.3.1 SVPWM for five level cascade H-Bridge inverter

The objective of the SVPWM technique is to estimate the reference voltage vector

(Vref) instantaneously by relating the switching states corresponding to the principle

space vectors [226]. More precisely, for every PWM period, the reference vector (Vref)

is averaged by using its two adjacent space vectors for a certain duration of time and a

null vector for the rest of the period. The switching state, is defined as Su, Sv, Sw and

can take a value [−2,−1, 0, 1, 2]. There are 125 switching states for a 5-level CHB, as

appeared in Fig. 3.4. Normally, in each switching period four of them are used by the

switching sequence, depending on the position of the reference vector. In this thesis,

a switching sequence is followed using the common-mode voltage elimination [227].

Hence, for any triangle there could be numerous switching sequences. However, one

and only sequence can be executed at switching time.

Figure 3.4: Space vector diagram for five-level inverter.
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3.3.2 over-modulation mode in SVPWM

Recently, to increase the output voltage of an inverter and get a greater effective use of

the DC-link voltage, an over-modulation system has been reported in the most recent

literature. The modulated section of SVPWM was separated into two regions: linear

region and nonlinear, allowing to the amplitude of the voltage vector. If the tip of the

voltage vector path is situated in the linear region, at that time SVPWM plan is basic

; however, DC-link voltage cannot be enough used. In [228], the over-modulation sec-

tion was partitioned into over-modulation types I and II. In type I, Just the amplitude

of the reference vector was balanced, while in mode II, the amplitude and the angle of

the reference vector were rectified. To achieve real-time and linear modulation in the

nonlinear region, the two-mode over-modulation that uses restricted trajectories was

introduced. In view of [228], the current work suggests a simplified SVPWM-based

over-modulation methodology. The over-modulation technique is simple, suitable

and exhibits only the basic function. The solutions of nonlinear equations or lookup

tables are required. The proposed scheme is explained with the help of the five-level

cascaded H-bridge inverter topology shown in Fig. 3.1. The scheme is then extended

to an n-level inverter.

3.3.3 Modulation index and mode of modulation

An essential parameter related with SVPWM is modulation index mi [229], which is

defined as:

mi =
V

Vsix−step
(3.12)

In Eq(3.12), V is the peak value of the fundamental voltage and (VSix−Step) is the

peak value of fundamental voltage at six-step operation.

For an NPC topology:

VSix−Step=
2
π

VDc (3.13)

where VDc is the Dc link voltage.It is same as the two-level inverter.
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(a)

mi=0.907o
1

Ѱc

(b)

mi=0.9535o
1

(c)

Vh_1

Vh_2Vh_3

Vh_4

Vh_6Vh_5

Ѱh

o

Figure 3.5: Modes of operation: (a)sinusoidal mode. (b)over-modulation mode I. (c)over-modulation

mode II.

For an n-level cascaded topology:

VSix−Step=
2
π
(n-1)VDc (3.14)

The modulation region might be separated into three classifications, allowing to the

magnitude of the modulation index as shown in Fig. 3.5, Firstly sinusoidal region (0 <

mi < 0.907) , over-modulation region I(0.907 < mi < 0.9535) and over-modulation II

(0.9535 < mi < 1). In the first classifications, the reference vector moves on a circular

trajectory. In over-modulation I, the reference vector moves on a circular trajectory for

some part of the sector and for the residual part, it moves on a side of the hexagon. In

over-modulation region II, for the focal part of the sector, the reference vector moves

on a linear trajectory while for the residual part it is held at one of the six vertices of

the hexagon [229].
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3.3.4 Switching times modification and over-modulation Area

The fundamental thought of SVM is to make up the requisite volt-seconds utilizing

separate switching on-times created by inverter. Based on 2-level inverter, the on-time

count depends on the region of the reference vector inside of the sector Si , where ”i”

implies that it can take any whole number from : 1,6. Volt-second equation for the

first sector is:

VrTs=V1Ta + V2Tb (3.15)

The volt-seconds in terms of components Vα, Vβ along (α, β) axis are:
Vr

αTs=Ta+0.5Tb

Vr
βTs=hTb

Ts =Ta+Tb+To

(3.16)

From the geometry of the sector, shown in Fig. 3.6, the on-times are calculated as:

Ta = Ts

(
Vr

α -
Vr

β√
3

)

Tb = Ts

(
Vr

β

h

)
To = Ts-Ta-Tb

(3.17)

In eqs (3.16)-(3.17), h is the height of a sector, which is a unity side equilateral triangle

. In eqs (3.15)-(3.17), Ts=1/(2 ∗ Fs) where Fs is the switching frequency.

V1

V2V3

V5

V4

V6

V0 V7o
α

β

Figure 3.6: The space vector diagram for two-level inverter.
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Can be divided each sector into (n-1)2 triangles, where n specifies the level of the

inverter. For any given reference vector, both the operation sector and the is calculated

by using Eqs (3.18) and (3.19), correspondingly:

Si = integer
(

θ

60

)
+1 (3.18)

γ = reminder
(

θ

60

)
(3.19)

In eqs (3.18) and (3.19), (0 < θ < 360) is the angle of the reference vector with

respect to α axis, γ is the angle within the sector and Si is the sector operation. The

space vector diagram of a three phase voltage source inverter is a hexagon, consisting

of six sectors.

3.3.4.1 Sinusoidal mode(0 < mi < 0.907)

The inward vector limit is zero and the external reference limit is the engraved circle

of the hexagon. Besides, in every sector, a triangle can be characterized into two forms

according to his base side. The triangle number ∆j can be dictated by using of two

whole number factors 1 and 2, which are reliant on the position of reference vector

(Vα, Vβ).

1=int
(

Vα+
Vβ√

3

)
(3.20)

2=int
(

Vβ

h

)
(3.21)

Geometrically if 1=2, this means that the specific area is located inside [V3V6V9V5]

and if 2 = 1, this means that the specific area is located inside [V2V11V12V5] . The val-

ues of {1 ∧ 2} connote the crossing of these two regions. This crossing is a rhombus

made of two triangles [∆6∆7]. Let
(

vr
α, vr

β

)
be the coordinates of the reference vector

with respect to the origin of the rhombus.

vr
α=Vα-1+0.52 (3.22)

vr
β=Vβ-h2 (3.23)
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The slope
(

vr
β/vr

α

)
of the line between the origin of the rhombus and the reference

vector can be determined by using eqs (3.22)-(3.23). This slope is compared with the

slope of the diagonal of the rhombus which is
√

3. The slope comparison is done by

evaluating the following inequality
(

vr
β ≤
√

3.vr
α

)
.

If
(

vr
β ≤
√

3.vr
α

)
, it indicates that the triangle is of type 1. The point P is within the

triangle ∆6 and the small vector vr (vr
α, vr

β) is represented by
−→
V4P. These triangles are

Analogous to the two-level inverter sector 1. Then, the triangle number ∆j is given as:

∆j = 21 + 2.2 (3.24)

If
(

vr
β ≥
√

3.vr
α

)
, which indicates that the triangle is of type 2. The point P is

within the triangle ∆7 and the small vector vr (vr
α, vr

β) is represented by
−→
V8P. These

triangles are analogous to sector 2 of a two-level. Then, the triangle number ∆j is

given as:

∆j = 21 + 2.2 + 1 (3.25)

3.3.4.2 over-modulation I (0.907 < mi < 0.9535)

The key purpose of the over-modulation strategy is to find a satisfactory modifica-

tion technique to adapt the reference voltage vector. Given that the mode I over-

modulation region is between the engraved circle and the hexagon, then two limit

modulation indices exist. The inward one, the maximum linear modulation index

happens at mi = 0.907, and the external one, the maximum modulation index of over-

modulation mode I happens at mi = 0.9535. The thick circle in Fig. 3.5.b demonstrates

the chosen reference vector path. This area is noticeable by a non-linearity. Generally,

depending on the mi, the path is rectified and the actual vector tip moves on the path

appeared in thick lines. First of all, it moves along the round track, then along the

straight track on the side of the sector and lastly along the round track. Follows a

method which modifies the switching vectors on-times on circular track to compen-

sate for the loss in volt-seconds, instead of changing the reference vector [230]. Let

Ψc be the angle, illustrated by the intersection of the the hexagon track and the ref-

erence vector, Fig. 3.5.b. For (Ψc < γ < π/3− Ψc), the vector proceeds onward the
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hexagonal track and for the rest part of the sector on circular track. Utilizing cartesian

geometry,Ψc is expressed as:

Ψc =
π

6
− cos−1

(
π

2mi
√

3

)
(3.26)

Hexagonal Part: (Ψc < γ < π/3−Ψc) On the linear portion, in a switching period

two switching states are executed. The coordinates of the vector Vr are given in

function of the angle and level of the inverter as:

(
Vα, Vβ

)
=

( √
3 (n-1)√

3+ tan γ
,

√
3 (n-1) tan γ√

3+ tan γ

)
(3.27)

Knowing the coordinates of Vr , (3.27), we define two integers i1, i2 to find the triangle

in which tip coordinates of actual vector lies. These two integers are given as: i1=n-2

i 2=int
(

Vβ

h

) (3.28)

These triangles are of type 1. Using this point, the small vector can be directly ac-

quired from (3.22)-(3.23). Knowing
(

Vr
α , Vr

β

)
, assuming that the on-time To=0 for

hexagonal track, equation (3.17) is used to determine the on-time Ta similar to the

two-level inverter. Then Tb=Ts-Ta. Triangle number ∆j is calculated using (3.25).

Circular Part (0 < γ < Ψc) or (π/3 − Ψc < γ < π/3) As depicted before, the

on-times sinusoidal mode are gotten using(3.17). The on-times are adjusted to com-

pensate for the loss of volt-seconds during the linear trajectory, which may ensure

that the amplitude of rectified vector is equal to those of the reference vector and the

voltage trajectory within the hexagon [231]. In this way, at a modulation index mi ,

the loss in volt-seconds over a sector is proportional to (mi-0.907). The most extreme

conceivable value of mi is 0.9535. Then, the maximum possible loss in volt-seconds

over a sector is proportional to difference (0.9535-0.907). The compensation factor ϕ

is then:

ϕ=
mi-0.907

0.9535-0.907
=

mi-0.907
0.0465

(3.29)
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Based on triangle type (top-side, bottom-side), the on-time modifications are obtained

as:

- if triangle are of type 1, the on-time modifications are given as:
Ta=Ta +0.5ϕ2To

Tb=Tb+0.5ϕ2To

To=Ts-Ta-Tb

(3.30)

where Ta and Tb are the on-times of the two vertices that are on the hexagon side.

if triangle are of type 2, the on-time modifications are given as:
Ta=Ta -0.5ϕ2To

Tb=Tb-0.5ϕ2To

To=Ts-Ta-Tb

(3.31)

where Ta and Tb are now the on-times of the two vertices that are not on the hexagon

side. The on-time modifications in (3.26) adequately lessen the on-times of the inter-

nal vector utilized and increment the on-times of the external vectors. It is clarified in

[230] that such plan is appropriate for fast closed loop operation.

3.3.4.3 over-modulation II (0.9535 < mi < 1)

Seeing that the over-modulation mode II area is outside the mode I section, the two

limit conditions are the most extreme modulation index of modes II and I respectively.

The switching in over-modulation II is marked by a hold angle Ψh, appeared by the

thick red arrow in Fig. 3.5.c. For (Ψh < γ < π/3-Ψh), the vector Vr proceeds onward

the hexagonal track. In the over-modulation mode II, there are six substantial vectors

for the total space vector chart. For (0 < γ < Ψh) and (π/3-Ψh < γ < π/3), the

vector Vp is held on one of the substantial vectors. In this study, the hold angle Ψh is

gotten utilizing a system like the method described by A.K.Gupta [231] where Ψh is

calculated as:
π/3
mi

=2Ψh+
(π/3-2Ψh )

0.9535
. (3.32)
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For (Ψh < γ < π/3-Ψh) , the on-time estimation is the same as the mode I hexag-

onal trajectory. For (0 < γ < π/3-Ψh) and (π/3-Ψh < γ < π/3), the vector is

held at one of the six substantial vectors. At mi = 1, hexagonal track disappears

and vector is just held at one of the six substantial vectors consecutively. Like to

the two-level inverter, this is a six-step operation. Subsequently, a multilevel inverter

loses its multilevel characteristics when operated at mi = 1. For useful operation of a

5-level inverter, the greatest modulation factor (mi) ought to be restricted to slightly

less than one (1-ε) in order to keep up the five-level output voltage waveform. Along

these lines, no other calculation is necessary. It enormously streamlines the PWM

procedure as switching states can be effortlessly mapped as for the triangle number.

The triangle number is expressed to offer a simple way for the triangles organization,

prompting to simplicity of the identification and extension to any level.
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Figure 3.7: Switching Sequence diagram for 5-level space vector PWM.
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Figure 3.8: The space vector diagram

of first sector of a five-level inverter.

Figure 3.9: The space vector diagram

of second sector of a five-level inverter.

3.3.5 Generating the switching sequence

Having determined the triangle ∆j, the shift vector Vr is now calculated by following

the switching sequences which vary from a triangle to another. For each triangle, we

require an organization to order the on-times calculated ta, tb, to in desired sequence

of [t0 → ta → tb → t0] . An order is identified Figs. 3.8 and 3.9 for each triangle

in Fig. 3.7. The triangle in odd sectors [S1, S3, S5] has the identical duty-ratios order.

Also, the triangle in even sectors [S2, S4, S6] has the identical duty-ratios order. This

structure has been applied for a five-level cascaded which can be extended to a several

level. The structure can be utilized for both cascaded H-bridge inverter and NPC

topologies and can be certainly stretched to include over-modulation range.

3.4 Feedback linearization control of a three-phase mul-

tilevel inverter through a LCL filter

The formal grid-tie multilevel inverter is controlled in a synchronous reference frame

by a dual-loop control strategy. Firstly, based on the small signal model, the con-

trollers are designed for a steady-state operating point by neglecting the coupling

terms and high-order. Later on, in spite of their complications, these last ones are

taken into account in an LCL approach filter [232]. Hypothetical examination, demon-
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strating and a simulation of a grid-tie system are detailed. With a specific end goal to

lessen the intricacy of the system, a linear current and voltage controllers have been

established for a 3-phase grid-tie inverter. Instantaneously, the controllers regulate

the current injected to the grid and the Dc link. The simulation results demonstrate

that the control and dynamic performance of the inverter-grid arrangement offer high

harmonic attenuation.

3.4.1 LCL filter design

The focal purpose of the LCL filter is to decrease high-order harmonics on the output

side; however poor design might cause a distortion increase. Therefore, the filter

must be designed appropriately and reasonably. The LCL filter transfer function,

which affects the closed loop system bandwidth in the grid-connected mode, is

i2 =
vi + vg

(
1 + s2C f Li + sC f Ri

)
C f Lg

2 Lis3 + s2C f
(

Lg
2 Ri + LiR

g
2
)
+ s

(
C f Rg

2 Ri + Li + Lg
2
)
+ Rg

2 + Ri
(3.33)

Based on Equation (3.33), the transfer function between the converter voltage Vi

and the grid current i2 is expressed by Equation (3.34) while neglecting the resistors

effect. The LCL filter resonance frequency Allowing to this equation is given by

H =
i2
vi

=
1

C f Lg
2 Lis3 + s

(
Li + Lg

2
) (3.34)

w2
res = (2π fres)

2 =
Lg

2 + Li

Lg
2 LiC f

(3.35)

The LCL filter outline approach is expected to meet network code prerequisites

through efficient lessening of high request current harmonic parts on the grid side. It

requires the following input data : the active power P; the voltage of the grid Ug; the

switching frequency of the converter fsw; grid voltage frequency fg; Then, the LCL

filter constraints are adjusted allowing to the following steps.
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Resonance frequency

The resonant frequency must have a distance from the grid frequency and must be

minimally one half of the switching frequency, because the filter must have enough

attenuation in the switching frequency of the converter. The resonant frequency for

the L-C-L filter can be calculated as:

10 fg <
fsw

6
< fres

(
Lg, C f

)
<

fsw

2
(3.36)

Maximum value of the total inductor

In order to makes the voltages drops in the filter and the losses unimportant , the total

values of the LCL filter inductor should be as small as possible. To this reason, the

max inductor value should be lower than 0.1 pu as appeared in Equation

LT = Li + Lg
2 = 0.1

U2
g

2π fgP
(3.37)

Then, the minimum inverter side inductor iL can be calculated according to the

equation (3.37) as below :

∆imax =
Vdc

6Li fsw
(3.38)

Li =
Vdc

6 fsw∆imax
(3.39)

Maximum LCL filter capacitor value

The design of the filter capacity proceeds from the fact that the maximal power factor

variation acceptable by the grid is λ% of the rated power P as shown in Equation

(3.40). The filter capacity can therefore be calculated as

|Qc| ≤ λ |P| (3.40)

Qc = −U2
gC f wg (3.41)
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Qc signifies the reactive power expended by the filter capacitor and ˇ chosen usu-

ally equal to or lower than 0.05. According to Equations (3.40) and (3.41), the maxi-

mum value of the filter capacitor can be expressed as :

C f = 0.05
P

2π fgU2
g

(3.42)

3.4.2 Modeling of the system

The inverter, which is the key component of the framework, is associated to the grid

through an LCL arrangement. The switching frequency should be far higher than the

grid frequency and the parasitic parameters are ignored. In view of this supposition,

the current and voltage in the system can be investigated without consideration of

the high-frequency components. Fig. 3.10 shows the block diagram of 3-phase grid-

connected PV inverter and its control scheme.

DC-link side

In order to control the output voltage of the PV panel and force it to the MPP value,

according to the solar irradiation and cell temperature parameters, we need to control

the Dc-link voltage. The voltage ripple will decrease, by using a relatively large DC-

link capacitor. The following equation (3.43) govern the DC bus voltage:

dv̂Dc

dt
=

1
CDc

.(iDc-ipv) (3.43)

An underlined supposition here, is that the power of the PV collections comprises

the charging capacitor power and the Dc-link input power of the 3-phase VSI without

other energy dissipation.

Ppv = Pin + Pcap (3.44)

Where Pin=V̂Dc ∗ iDc is the Dc-link power input of the inverter and Pcap=CDc ∗VDc,

VDc is defined as the power of the Dc-link capacitor. The AC side output and the

instantaneous active power of the Dc-link input can be represented as:
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Pout=(
3
2
)(Vgd × i2_d + Vg_q × i2_q). (3.45)

Pin=Ppv- CDc ×VDc ×
dV̂Dc

dt
. (3.46)

To attain steady state operation, the AC power served into the grid must be on

a par with the delivered Dc power of the PV. The Dc voltage controller gives the set

point of the AC power, the power transmission loss of both the LCL filter and the

inverter is neglecting. At that time, we can consider that:

1
2

CDc
dv̂2

Dc
dt

=Ppv − (
3
2
)
(
Vg_di2_d + Vg_qi2_q

)
. (3.47)

The resulting non-linear system, with respect to VDc will be transformed to an equiv-

alent linear system. A new state variable is chosen λ = VDc
2 The equation becomes:

1
2

CDc
dλ

dt
= Ppv − (

3
2
)
(
Vg_di2_d + Vg_qi2_q

)
(3.48)

Output LCL filter

In the steady state, the grid phase currents I2a, I2b, and I2c are controlled to be in phase

with the consistent grid phase voltages Vga, Vgb, and Vgc which are written as :


Vga

Vgb

Vgc

 =


Vmcos(wt)

Vmcos(wt− 2π/3)

V mcos(wt + 2π/3)

 (3.49)

Where w and Vm are the angular frequency and the amplitude of the phase voltage,

respectively. The equations describing the current and voltage of the three phase are:


L1

di1k
dt = Vck − R1i1k −V1k

C f
dV̂ck

dt = i1k − i2k

L2
di2k
dt = V2k − R2i2k −Vck

(3.50)
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Figure 3.10: Block diagram of three phase grid-connected PV inverter control.

where k is the phase number equal to {1, 2, 3}. The differential equations of the

LCL filter in the frame (α, β) are:

d
dt


i1_αβ

V̂c_αβ

i2_αβ

 =



−R1
L1
− 1

L1
0

1
Cf

0 − 1
Cf

0 1
L2

−R2
L2


×


i1_αβ

V̂c_αβ

i2_αβ



+


1
L1

0

0 0

0 − 1
L2

×
 Vinv_αβ

Vg_αβ

(3.51)

In that frame, six equations can be composed (3.36)-(3.41) at w angular speed. Trans-

formation into the (d− q) frame of the state description in (α − β) frame is gotten

from the transformation matrix T (Park’s transformation).

Fig. 3.11 represents the averaged equivalent circuit in the synchronous (d, q) ref-

erence frame. Assuming that R1 and R2 are dissimilar from zero, the differential

complex equations in (d− q) frame are given by:
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dV̂c_d

dt
= w V̂c_q +

1
Cf

i1_d −
1
Cf

i c_d (3.52)

dV̂c_q

dt
= −w V̂c_q +

1
Cf

i 1_q −
1
Cf

ic_q (3.53)

di1_d

dt
= −R1

L1

i1_d + w i1_q +
1
L1

V1_d −
1

L1

Vc_d (3.54)

di1_q

dt
= − R1

L1

i1_q + w i1_d +
1
L1

V 1_q −
1
L1

Vc_q (3.55)

di2_d

dt
= −R2

L2

i2_d + w i2_q +
1
L2

V2_d −
1

L2

Vc_d (3.56)

di2_q

dt
= − R2

L2

i2_q −w i2_d +
1
L2

V 2_q −
1
L2

Vc_q (3.57)

The valued complex state description in(dq) frame shows that the behavior of the LCL

filter output depends on the rotation direction of the vectors. There are three reactive

elements L1, Cf and L2. The inputs are the grid voltage (Vg−dq) and the inverter

voltage (V1−dq). The output and the state variables of the system are the currents

through L1 (i1−dq) and L2 (i2−dq) and additionally the capacitor voltage (Vc−dq).

Equations (3.48) and (3.52)-(3.57) represent the model of the LCL-inverter-PV . The

control system will be designed in the next section, based on the inverter averaged

circuit.

Figure 3.11: The averaged circuit in the (dq) reference frame
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3.4.3 Design of simplified feedback control strategy

The PQ theory

The P-Q theory [233] is defined in three phase systems with or without a neutral

conductor. From the instantaneous line current and phase voltage, the instantaneous

real power P and the instantaneous imaginary power Q are defined on the (d-q) axes

as :  Pg

Qg

 =

 vg_d vg_q

-vg_q vg_d

 i2_d

i2_q

 (3.58)

In the following description, the (d-q) current will be set as function of voltages and

the real and imaginary power P and Q. This is exceptionally appropriate to better

clarify the physical significance of the power characterized in P-Q hypothesis. So it is

conceivable to write: î2_d

î2_q

 =
1

V 2
g_d + V 2

g_q
×

 vg_d vg_q

-vg_q v g_d

×
 Pg

Qg

 . (3.59)

a

b
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Vb

Vc

P3Ø

ia
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Figure 3.12: Three phase instantaneous active power.

The output active power delivered by the PV is given by:

P̂dc = îinv × Vdc (3.60)

The reference active power injected to the grid is

P̂g=P̂ dc −∑ (P inv , PLCL) (3.61)
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In this thesis, we assume that active power is injected only in the network, then:

Q̂g = 0 (3.62)

We also assume that the power losses in the LCL filter and inverter is equal to zero.

We can then consider that:

P̂dc ≈ P̂ g (3.63)

The controller of the line current involves a cascade controller model, which allows

the use of PI controllers Fig. 3.10. The controller is made out of an inward current

control loop for the current(i1_j), a transitional voltage controller, for the capacitor

voltage (Vc_j) and an outer current controller, for the network line current( i2_j).

Step1:Network current controller side The grid current reference will generate by

the combination of signal references, generated for active power and reactive power

control. The grid current should follow the reference current generated by the active

and reactive current components of the load, according to the basic methodology of

the control. The grid current controller is especially designed to control and separate

the currents of inductance L2 (i2_d and i2_q). Based on [24]-[25] the current controller

input is divided into two terms: the feedback input (i2−dq) and the reference input

(î2−dq). Based on the standard P-I controllers, the output current inverter is achieved.

The resultant state equations are:

δi2_d
= î2_d − i2_d (3.64)

δi2_q
= î2−q − i2_q (3.65)

The differential equations (3.56) and (3.57) become:

L2

d(δi2_d
)

dt
=L2

d(î2_d)

dt
+R2i2_d −wL2i2_q+Vg_d −Vc_d (3.66)

L2

d(δi2_q
)

dt
=L 2

d(î2_q)

dt
+R2i2_q+wL2i2_d+Vg_q −Vc_q (3.67)
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where

V̂c_ d = L2
d(î2_d)

dt
+ R2i2_d −wL2 î2_q +Vg_ d (3.68)

V̂c_q = L 2
d(î2_q)

dt
+ R2(i2_q)+wL2 î2_d+Vg_q (3.69)

As indicated by (3.68) and (3.69), the voltage V̂c−dq is consist of two terms: first

one is the equivalent impedance voltage drop when it is crossed by the current i2−dq

and the second term, which characterizes the network voltage Vg−dq . The difference

between the measured voltage Vc−dq and the reference voltage V̂c−dq yields an error on

the injected current. Then, the terms (3.68) and (3.69) must be monitored by current

controllers given by the step-1 stage, Fig. 3.10.

Step 2:Voltage controller The feedback control methodology is like to the step 1

stage. We assume that the actual current i2−d and i2−q are equal to their reference val-

ues, for simplicity of the investigation,. The input of the voltage controller is divided

into two terms: the reference input (V̂c−d,V̂c−q), and the feedback inputs (Vc−d,Vc−q),

according to the differential equations of the filter capacitance C f ,. The resultant state

equations are:

δVc_d = V̂c_d − Vc_d (3.70)

δVc_q = V̂c_q − Vc_q (3.71)

The differential equation (3.54) and (3.55) become:

C f
d(δVc_d)

dt
= C f

d(V̂c_d)

dt
− C f wVc_q + i2_d − i1_d (3.72)

C f
d(δVc_q)

dt
= C f

d(V̂c_q)

dt
+C f wVc_d + i2_q − i1_q (3.73)

where

î1_d = C f
d(V̂c_d)

dt
-C f wVc_q+i2_d (3.74)

î1_q = C f
d(V̂c_q)

dt
+C f wVc_q+i2_q (3.75)
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The difference between the measured current i1−dq and the reference current î1−dq

yields an error on the capacitor voltage. Based on (3.74) and (3.75), each one of the

current (î1−d,î1−q) is consists of two terms. First one describes the capacitor current

when it is fed by Vc−dq , while the second describes the network current i1−dq which is

directly measurable. Terms (3.74) and (3.75) must be expounded by voltage controllers

appeared in the step-2 stage, Fig. 3.10.

Step 3:Inverter side current controller Fig. 3.12 shows the inverter current controller

side. The inductor current controller is accomplished with a PI controller. The relating

state equations are:

δi1_d
= î1_d − i1_d (3.76)

δi1_q = î1_q − i1_q (3.77)

The differential equations (3.52) and (3.53) become:

L1
d(δi1_d

)

dt
= L1

d(î1_d)

dt
+ R1(i1_d)−wL1i1_q + Vc_d −V1_d (3.78)

L1

d(δi1_q
)

dt
= L1

d(î1_q)

dt
+ R1(i1_q) + wL1i1−d + Vc_q −V1_q (3.79)

where

V̂1_d = L1
d(î1_d)

dt
+ R1(i1_d)−wL1i1_q + Vc_d (3.80)

V̂1_q = L1
d(î1_q)

dt
+ R1(i1_q) + wL1i1_q + Vc_q (3.81)

The variation between the reference voltages (V̂1−d,V̂1−q) and the measured (V1−d,V1−q)

yields an error on the inverter current . The terms (3.80) and (3.81) must be controlled

by the current controllers given by the step-3, Fig. 3.10.
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3.5 Conclusion

In this chapter, the designing procedures of PSO based MPPT, SVPWM, FLC are

described in details. The comprehensive analysis of every aspects is followed by

the detail flowchart. The next chapter discusses the software implementation, the

simulation results and experimental multilevel PV inverter interface with solar panels

are presented at the end.
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4.1. Introduction

4.1 Introduction

T his chapter proposes a new control structure for two multilevel three-phase

inverter topologies for photovoltaic (PV) systems connected to the grid. This

control scheme includes the use of the space vector pulse wide modulation (SVPWM)

technique to control the Diode Clamped Inverter (DCI) and cascade inverter topolo-

gies, this technique (SVPWM) is an attractive control candidate for any multilevel

inverter, it can create a greater output power by reducing Total Harmonic Distortion

(THD) and commutation losses.

Since the energy provided by the photovoltaic (PV) system depends on the atmo-

spheric conditions like temperature and irradiance, a stage of adaptation is inserted

between the photovoltaic panel and the inverter to extract the maximum of the avail-

able power. This stage is a conjunction of a DC-DC converter and a maximum power

point tracker (MPPT).

This chapter presents the GMPP tracking results for the proposed PSO MPPT

controllers, during partial shading. The idea is to locate the GMPP for any type of

P-V curve regardless of environmental variations. This is made possible due to the

ability of these techniques to handle non-linear objective functions effectively using

relatively simple algorithm.

A FPGA implementation of PSO based MPPT is proposed to overcome the prob-

lem of MPP tracking under partial shading conditions. This MPPT technique is vali-

dated under various PV array configurations in order to evaluate the behavior of each

PV configuration under non-uniform irradiation.

Then, a comparative study of photovoltaic systems with these inverter topologies

is carried out under Matlab/Simulink environment and evaluated on the basis of

MPPT, harmonic distortion, cost, advantages and disadvantages.

In order to test the practical implementation of the proposed control structure,

FPGA/Simulink-based Hardware in the Loop approach has been used to bring the

obtained results as close as possible to reality and with a minimum of constraints.

Based on the analysis of the obtained results, some experimental parameters are sum-

marized and a comparison table is synthesized.
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4.2 Simulation results of different PV configurations un-

der partial shading conditions

In order to compare the different structures under the same operating conditions,

all the constituent elements of the simulated models have been chosen so that they

can be used in the case of real dimensioning. The test procedure was developed to

eliminate bias when comparing systems. In this study, the modules were 55 W, 36 cells

with 2 bypass diodes per module. The test used various shading conditions ranging

from 20% for each panel to more than 50% for a total of 10 configurations. For each

configuration, each panel had exactly the same shading pattern applied. The systems

tested are composed of 5 × 6 identical panels, subjected to two gradient scenarios

indicated in Table 4.1 for Scenario 1 and Table 4.2 for Scenario 2. The performance

results are then summarized in Table 4.3, which includes the results obtained for each

configuration.

Table 4.1: Shading patterns of 5× 6 PV array relating to scenario 1.

String1 String2 String3 String4 String5 String6

Row1 1000 1000 1000 1000 1000 1000

Row2 1000 1000 1000 800 800 1000

Row3 1000 1000 1000 600 600 1000

Row4 1000 1000 1000 800 800 1000

Row5 1000 1000 1000 1000 1000 1000

Table 4.2: Shading patterns of 5× 6 PV array relating to scenario 2.

String1 String2 String3 String4 String5 String6

Row1 1000 500 1000 500 800 800

Row2 800 800 800 800 800 1000

Row3 500 500 500 500 500 1000

Row4 800 800 800 800 800 1000

Row5 1000 1000 1000 1000 1000 1000
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The simulation results for conventional central architectures (serie, parallel, serie-

parallel) and alternative architectures (HC, BL, TCT) studied are shown in Fig. 4.1.

The P-V characteristic of the power extracted from PV arrays are presented for the

two scenarios, Fig. 4.1(a) for scenario 1 and Fig. 4.1(b) for scenario 2.
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Figure 4.1: The P-V characteristic of PV array configurations at partial shading conditions.
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Figure 4.2: Power extraction against power loss for all different PV array configurations under partial

shading conditions.
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For the string, multi-string, modular and semi-modular architecture and for leg-

ibility reasons, the P-V characteristic can’t be represented for each string and each

module according to the studied architectures. For this, resulting output voltage and

power extracted from photovoltaic modules, as we have explained above, are summa-

rized in Table 4.3, to show the ranking of the different interconnection architectures

and to select the optimal circuit topologies giving the highest performance, as well as

to evaluate the behavior of each PV inverter due to non-uniform irradiation.

Table 4.3: Simulation results for different configurations under PSC for 2 scenario.

Iverter Topology PV architecture
scenario1 scenario2

P (W) V(V) I(A) P(W) V(V) I(A)

Central Inverter

Topology

Serie 1349 520.8 2.59 1053.2 413.2 2.54

Parallel 1500.4 17.6 85.2 1259.1 17.6 71.53

Serie-Parallel 1423.9 88.4 16.10 988.5 72 13.72

HC 1445.2 88.5 16.32 1050 73.6 14.26

BL 1455.3 89.6 16.24 1015.2 74.4 13.64

TCT 1485.3 90.4 16.43 1043.0 72.8 14.32

String/Multistring

Inverter
String/Multistring

P(W) sum of output

power per string1451.6 1057.6

Modular

inverter
Modular 1534.8 1273.3

sum of output

power per module

Semi-Modular

Inverter
Semi-Modular 1507.2 1163.5

sum of output

power per section

Based on results illustrated in Figs. 4.1 and 4.2 and results included in Table 4.3,

different architecture connections of photovoltaic inverter are compared under differ-

ent shaded patterns. In these conditions, it can be seen that the modular connection is

dominant. This concept certainly seems very attractive, but costs and performance are

penalized. Always with the aim of discretizing production and being less sensitive to

shading. The proposed semi-modular solution solves the cost problem by reducing

the number of converters and cable connections while keeping the power extracted

from the photovoltaic generators as high as possible.
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4.3 Simulation and experimental implementation of PV-

inverter under different topologies

4.3.1 Experimental implementation of PSO-MPPT

In order to validate the simulation results which carried out from Section 4.2 and to

select the optimal PV systems architectures and circuit topologies offering the highest

performance, we performed tests under different shading scenarios for two PV ar-

chitectures: string and modular to evaluate the behaviour of each PV inverter setting

due to non-uniform irradiation. A FPGA-based control circuit prototype, shown in

Fig. 4.3, was developed for this purpose.

The schematic prototype of the first considered PV system architecture, string

architecture, is shown in Fig. 4.4(a). The experimental results obtained for this topol-

ogy under two scenarios of partial shading are shown in Figs. 4.6 and 4.7. The re-

sulted P-V curves are characterized by the presence of multiple MPPs: for scenario

1: PLMPP = 31.9 W and PGMPP = 49.6 W. and for scenario 2 : PLMPP1 = 25 W and

PGMPP = 81.7 W. The GMPP is on the left of the P-V curve for the two scenarios, with

VGMPP = 23.8V in scenario 1 and VGMPP = 43.5V in scenario 2. It can be seen that

the PSO algorithm has effectively found the GMPP in the two cases and the operating

point is maintained around V = 23.8V and I = 2.1 A in scenario 1 and V = 43.5 V

and I = 1.87 A in scenario 2.

Figure 4.3: Components of PV system under test.
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Figure 4.4: (a) Schematic prototype of the proposed central architecture control, (b) Measured array

voltage, current and power waveforms during MPPT process under a shading pattern.

The schematic prototype of the second considered PV systems architectures, mod-

ular architecture is shown in Fig. 4.5(a). The experimental results obtained for this

topology under two scenarios of partial shading are shown in Figs. 4.6 and 4.7. This

figures show the P-V curves for each separate PV module as well as the results of the

MPP tracking.
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Figure 4.5: (a) Schematic prototype of the proposed modular architecture control, Measured array

voltage, current and power waveforms during MPPT process under a uniform pattern:(b) for module

1, (c) for module 2. 128
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Figure 4.6: Experimental waveforms under Irradiance Condition Scenario 1 (ICS1) containing (voltage,

current, power and P−V characteristic curve).
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Figure 4.7: Experimental waveforms under Irradiance Condition Scenario 2 (ICS2) containing (voltage,

current, power and P−V characteristic curve).
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Table 4.4: Experimental results of a PV system architectures under two irradiance condition scenarios

scenario_1 scenario_2

Current(A) Voltage(V) Power(W) Current(A) Voltage(V) Power(W)

Module1 2.49 13.05 32.5 2.31 13.6 31.5

Module2 0.73 17.9 13.11 2.10 12.72 26.8

Module3 0.54 14.6 8 1.88 12.42 23.4

Module4 0.41 13.6 5.7 0.42 13.57 5.7

String(4S) 2.10 23.8 49.6 1.8 43.52 81.7

Modular maximum power extracted= 59.31W maximum power extracted= 87.4W

Considering the configurations of available photovoltaic system architectures: string,

modular that has been examined under two possible shading scenarios, a detailed

observation of Figs. 4.4 to 4.7 and the results shown in Table 4.4 , show that the

performance of the PV generator is variable and the choice of the most optimal and

appropriate configuration depends strongly on the shading pattern, the intensity of

shading, the type of shading affecting the PV array (uniform or not) and the used

configuration. In order to obtain a practically usable voltage, it is essential to use a

series connection of solar cells in an array. Since there is a considerable loss of power

due to non-uniform illumination in a serial array, care must be taken to ensure that

all cells associated in series get a similar irradiance under different shading patterns.

A number of these strings are connected in parallel to obtain the required power.

Such care will give better protection to the grid and at the same time, the total en-

ergy production will be higher. In this thesis, the string and modular connections are

compared under different shaded patterns. It can be seen that the modular connec-

tion is dominant. The result show also the benefit of inserting an adaptation stage

with PSO-based MPPT between the PV array and the load in order to optimize the

produced power at any time. The choice of the PV inverter used to inject this power

extracted into the grid depends strongly on the architecture of the photovoltaic arrays

used. The following section describes how the PV inverter converts and delivers the

energy produced with maximum efficiency and safety into the grid.

130



4.3. Simulation and experimental implementation of PV-inverter under different
topologies

4.3.2 Simulation and experimental implementation of the SVPWM

Based on Matlab/Simulink, several simulations were carried out to evaluate the con-

trol and synchronization algorithms. The SVPWM output is generated from the

Simulink. The developed programs determine first the position of the reference vec-

tor according to the sampling frequency fs = 5 kHz and the fundamental frequency

f = 50 Hz. On the basis of the sector selected, where the reference vector is located,

the switching sequence and the operating time for different switching states are com-

puted. Fig. 4.8 illustrates the results of the output simulation in the case of a switching

frequency of 5 kHz. Moreover and in order to check the feasibility of the SVPWM that

has been depicted above, implementation on FPGA circuit is used to execute the pro-

posed control. Fig. 4.9(a) represents the block diagram of the proposed VHDL code

where clk is the input clock and mi is the modulation index.
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(a) Cascaded inverter.

(b) Diode clamped inverter.

Figure 4.10: The simulated 24-pulses gate control signals generated by SVPWM.

The experimental inverter pulses [S11-S14] are presented in Figs. 4.9(b) and 4.9(c)

for mi = 0.82; mi = 0.92. The computation process is similar for each reference

vector located in any of the 96 sub-triangles; nevertheless, the resultant switching

states, switching sequences of the voltage vectors, are different in each sub-triangle.

All the functional blocks in Fig. 4.9(a) are described using VHDL coding. Fig. 4.10

presents the simulated 24-pulses gate control signals generated by SVPWM algorithm

for cascaded inverter Fig. 4.10(a) and diode clamped inverter Fig. 4.10(b) by Xilinx
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ISE. To store the switching sequences and the switching states, look up tables (LUTs)

are used. Different criteria are considered, for example, simplicity, flexibility and

computation accuracy, while designing the VHDL code. The VHDL code includes a

number of computational blocks, such as, sector identifier, switching state selector and

on-time calculator. The proposed work, takes into account some key design measures

in order to simplify hardware design and enhance calculation precision.

4.3.3 Feedback linearization control for the PV inverter systems

A three-phase system is modelled by a current injector with its power regulation.

The control system regulates the power injected by the PV system into the connection

point as a function of the temperature and irradiance. The purpose of this control is

to impose the active and reactive powers injected by the PV system at the connection

point of the distribution network, by defining the desired set point values P and Q.

In reality, the active power P is set by the MPPT module of the PV system and the

reactive power Q is zero. Moreover, this imposition of power will directly participates

through the regulation of the DC bus, to the selection of the active current (Id) sent

to the network. By measuring the currents and the three-phase voltages at the con-

nection point, it is possible to determine the currents to be injected. The process of

this model is described in Fig. 3.10. From the voltages and currents measured at the

grid connection point, the active and reactive powers are determined. These powers

are controlled by a simple Proportional-Integral type correctors. Where Vd and Vq

are the direct and quadrature components of the voltage, measured at the point of

common coupling (PCC), in the Park reference. Id and Iq are the direct and quadra-

ture components of the reference product current by the PV system on the network to

which it is connected. P and Q are the reference powers of the PV system. Therefore

these currents depend on the power demands as well as on the voltage measured at

the point of connection. A PLL is used to synchronize the Park transformation to the

pulse of the measured voltage across the network. Thus, as shown in Figs. 4.11(a)

and 4.11(b), in steady state, the quadratic component Vq is zero and the direct compo-

nent Vd at the output of the Park transformation is an image of the amplitude of the
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measured voltage. These currents are then converted into the three-phase reference.

The amplitude and the phase shift of the currents injected into the network, shown in

Fig. 4.12, will thus regulate the powers at their set value. The limit for the component

Id is chosen as a function of the maximum output current of the inverter and of the

power limit of the DC source.
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Figure 4.11: The inverter voltages and currents obtained with direct power control.
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pling (PCC).

4.3.4 Total Harmonic Distortion (THD) analysis

PV systems use power electronic inverters to connect with the distribution system, and

these inverters generate harmonics and inject them to power grids during operation.

Harmonic characteristics are affected by the system impedance, control system, and

grid-tie filters (LCL or LC filters). Based on IEEE std. 929-2000, voltage, voltage flicker,

frequency, and distortion are four parameters used to evaluate power quality in PV

systems. The Total Harmonic Distortion (THD) in terms of voltages and currents are

the parameters to be evaluated from the harmonics aspect.

The THD measurement for both five-level inverters is shown in Fig. 4.13. The

output THD voltage for cascade inverter is presented in Fig. 4.13(a) and the output

THD voltage for diode clamped inverter is presented in Fig. 4.13(b). The output THD

current for cascade and diode clamped are presented respectively in Fig. 4.13(c) and

Fig. 4.13(d). The simulation results in Fig. 4.13 demonstrate that the SVPWM based

multilevel system has an output line-to-line voltage and current with a very low THD.

When the modulation index is increased, better performance can be achieved. This

demonstrates that the proposed scheme can reduce the THD which is a necessary

condition in grid connected PV systems.
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Figure 4.13: The THD measurement for five-level inverter cascade (a):voltage,(c):current and diode

clamped (b):voltage, (d):current.

4.3.5 Hardware in the loop implementation (HIL) through : FPGA-

MATLAB

Traditionally, industrial control tests are performed directly on physical equipment

(eg, a production line), or on the entire system, or on a laboratory test-bench. These

approaches have the advantage to be realistic, but they could be very costly, unsuc-

cessful or even dangerous. The HIL test perfectly remedies to these disadvantages.

In this case, the physical installation under test is replaced by a computer model, ex-

ecuted in real time on a simulator equipped with inputs/outputs (I/O) interfacing

with the systems control and other equipments. This simulator can thus accurately
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reproduce the controlled system and its dynamics, as well as its instrumentation (sen-

sors/actuators), to test their closed-loop interactions without going through a real sys-

tem. The real-time simulation of power electronics systems remains one of the most

ambitious challenges of simulation with hardware in the loop (HIL). Input/output

capabilities for PWM capture, closed loop simulation latency, matched resolution of

coupled switches and fault injection at all levels of a complex system of power elec-

tronics, are all examples illustrating the complexity of this evolving sector [38,39]. The

hardware implementation is performed in the Xilinx (XC5VLX50-1FFG676) FPGA cir-

cuit and Simulink via Ethernet cable (Fig. 4.14). The FPGA in the Loop (FIL) generates

the PWM signals, used to control the three phase inverter in Simulink. As it can be

seen from Fig. 4.15, the main control targets are attained.

The waveform of the output voltage is very close to that simulated in Fig. 4.1. The

results of the co-simulation obtained show the correct practice of the VHDL codes

developed and confirm the possibility of a practical implementation of the digital

controller designed for the system.

Figure 4.14: Schematic prototype of the hardware in the loop for the five-level 3-phase inverter with

Matlab/FPGA.
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Figure 4.15: The hardware in the loop results for the five-level 3-phase inverter with Matlab/FPGA.

4.4 Experimental implementation of the proposed semi-

modular photovoltaic inverter

An experimental setup is implemented to evaluate and validate the control strate-

gies developed for the proposed semi-modular inverter. The experimental platform

designed around a semi-modular multi-level converter interfaced to 4× 3 PV array

shown in Fig. 4.16. This figure details the different components of the test bench: the

power section (inverter system and three-phase asynchronous machine in load), the

measuring instruments and the control unit (FPGA and PC).

Fig. 4.17 shows the schematic of the prototype used to model the behavior of

the semi-modular 5-level inverter proposed. In order to validate simulation results

presented in Fig. 4.18, which illustrate the measured array current, voltage and power

waveforms under shading pattern during MPPT process presented in Figs. 4.18(a)

and 4.18(b), and FPGA implementation results presented in Fig. 4.19,which illustrate

the experimental inverter pulses, the semi-modular three-phase inverter was used to

control a three-phase asynchronous machine speed as explained in previous sections.
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Figure 4.16: Components of PV system under test.
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Figure 4.17: Schematic of the prototype for the proposed semi-modular inverter.
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(a) Simulation results under unifrom shading pattern
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(b) Simulation results under non-unifrom shading pattern

Figure 4.18: Measured power, voltage and current of two PV modules associated in series under uni-

form and shading pattern during MPPT process based on PSO algorithm.
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Chapter 4. Simulation and real time implementation of the proposed semi modular
inverter

(a) experimental results under

unifrom shading pattern

(b) experimental results under non-

unifrom shading pattern

Figure 4.19: Measured voltage and current of two PV modules associated in series under uniform and

shading pattern during MPPT process based on PSO algorithm.

The simulations results for the inverter output: line to neutral voltages (Fig. 4.8(a))

and line to line voltages (Fig. 4.8(b)) corresponding to sinusoidal mode; over-modulation

I; over-modulation II, presented in Fig. 4.8 are in agreement to the experimental results

shown in Figs. 4.20 and 4.21 for different modulation index (mi). Thus, to validate

the efficiency of the proposed algorithm with respect to the elimination of the se-

lected harmonics, we recorded the phase voltages of the inverter for different values

of im, then we made a spectral analysis of these voltages. As a result, the experimen-

tal results confirm the efficiency and accuracy of our SVPWM implementation based

on FPGA circuit for the elimination of preliminary harmonics and the control of the

fundamental voltage.

the proposed semi modular can operate in unity power factor, therefore the pro-

posed inverter has most of the features needed for a PV inverter. A full analysis of

the inverter is done. Also, a suitable switching algorithm for correct operation of the

inverter is presented. Moreover, the design technique for the passive elements of the

topology is demonstrated. Simulation results in MATLAB plus experimental results

from a laboratory prototype are added to substantiate the theoretical results.
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4.5. Conclusion

(a) mi=0.89 (b) mi=0.92

Figure 4.20: Experimental results for inverter output pulses.

Figure 4.21: Experimental result for inverter output voltage mi =0.89.

4.5 Conclusion

This chapter analysed the performance of the proposed global search MPPT con-

trollers based on PSO algorithm for photovoltaic systems. The Matlab/Simulink en-

vironment is used to simulate various PV architectures under various partial shading

patterns and to analyse the proposed MPPT control schemes robustness and perfor-

mance. To validate the control strategy for the proposed inverter, some simulations

have been directed for different load power factor and input voltage conditions and
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Chapter 4. Simulation and real time implementation of the proposed semi modular
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disturbances. Finally, laboratory prototypes of the semi modular inverter are designed

and some experiments have been directed to examine the performance of the system

and operation of proposed control flowchart and system. Experimental results are

presented. Overall, the investigations show that the proposed inverter may operate

well when there are different categories of high power factor loads and there is a

variable input voltage. Moreover, the converter may operate satisfactorily even when

the power factor of the load decreases to 0.8 as has been shown. Therefore, the uti-

lization of the modular inverter may lead to some improvements in the application

of three-phase multi-level asymmetrical five-level inverter for residential PV applica-

tions, which require step-up conversion and may be needed to supply high power

factor loads with high quality.
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GENERAL CONCLUSION

T his work presents a new design for a three phase cascaded MLI along with

simulation and experimental results that validates the practical feasibility of the

proposed three-phase MLI concept. Comparison with the published papers on three

phase MLI topologies shows the superiority of the proposed inverter concept over

existing topologies in terms of reducing devices count without compromising the

quality of the output voltage.

The main contribution and key features of this research can be highlighted as

follows:

The optimisation of photovoltaic systems under partial shaded conditions is achieved

thanks to the proposed MPPT technique, based on PSO algorithm, which allow the

global point of the maximum power of the PV generator to be tracked with great ef-

ficiency. The objective of the maximum power point tracking (MPPT) algorithm is to

optimise the operating point of the PV system at the particular point on the I-V curve

at which the module or array yields the greatest power. However, achieving this goal

is a demanding task because the MPP on the P-V characteristic curve is inconsistent

due to continuous variation of solar irradiance and its temperature. The situation is

worsened under partial shading (PS) conditions where the P-V curve becomes multi-

modal. Thanks to the ability of metha-heuristcs to handle multi-modal functions,

MPPT controller based on a PSO algorithm is proposed to deal with the multi-modal

characteristic of photovoltaic panel under partial shading conditions. Simulations
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are carried out under extreme shading patterns to confirm their global search ability

and their good dynamic performance. Furthermore, their performances are evalu-

ated based on the tracking efficiency, speed and steady-state oscillation and ability to

handle the partial shading. The simulations results show that the proposed method

tracks the GMPP with a high accuracy and yield a static efficiency above 99%. In

addition, the proposed scheme outperform the P&O methods in terms of global peak

tracking. FPGA implementation is presented to validate the proposed controller on

real time application. The implemented architectures are designed using hand writ-

ten VHDL codes for better optimization of hardware resource and a more flexible and

reusable structures. Being reconfigurable, FPGAs can offer a high degree of flexibility

and robustness. Since the PWM signal is generated with a high resolution, the per-

formance of the tracking process is largely improved. Experimental results confirm

the efficiency of the proposed methods in the global peak tracking and their accuracy

under partial shading conditions. This work authenticates the viability of the pro-

posed PSO algorithm for MPPT of PV system. The tests and results demonstrate that

the proposed controllers are capable of effectively and accurately locating MPP even

under challenging and extreme conditions where many basic algorithms fail.

The ultimate goal of this research is to develop a generalized technique to reduce

the number of devices of three phase multilevel inverter; this goal is achieved in a

systematic process. An extensive literature study has been done on different cascaded

multilevel inverter topologies and their control strategies. Besides, the shortcomings

of the existing multilevel inverter topologies are highlighted.

An H-bridge cascade topology with non-isolated dc-voltage supplies is developed

and proposed at the early stage of this research. The switching pulses of this topology

are controlled by Space Vector Pulse Width Modulation (SVPWM) strategy. Besides,

the proposed topology has been investigated under a number of case studies, differ-

ent load power factor, dynamic load, and variable carrier frequency and modulation

index. Moreover, the performance of the topology is tested while a PV-array is con-

nected as an input dc-voltage supply. The proposed cascaded multilevel inverter is

compared with a number of half- bridge inverter topologies in the literatures and it
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has been found that the proposed architecture optimises the number of levels in the

output voltage. The feasibility of the proposed inverter is confirmed through simula-

tion and experimental analyses at different operating conditions. Since the number of

inverter components is directly related to the cost, complexity and installation area,

the new three phase concept offers a cost effective technique that is expected to have

a great potential in renewable power generation systems and smart grid applications.

The high frequency magnetic link provides galvanic isolation between input and out-

put of the inverter that ensures more safety in grid connected inverter operation.

Future work Extend the study to other meta-heuristics : it would be interesting to

investigate the possibility of tracking during partially shaded conditions with other

meta-heuristics such as Ant Colony Optimization (ACO) , Cuckoo search (CS) and

Firefly algorithm (FA). The implementation of these algorithms in FPGA could also

be envisaged.

It is expected that the proposed cascaded MLI will play significant role in grid

connected renewable energy conversion systems. Potential future research in this

area could be:

While this thesis investigated the proposed MLIs using an open loop control al-

gorithm, the inverter can be precisely controlled with a closed loop algorithm which

can extend its applications in real time.

While real time PV generator units are utilised as input source, wind turbine gen-

erators can be connected as input sources to investigate the performance of the in-

verter when connected to real systems.

While staircase space vector modulation technique is utilized as a control strat-

egy in the proposed CMLI, it may raise abnormal situation when the inverter is de-

signed for bi- directional power conversion and hence, standard pulse width modu-

lation/Sine pulse width modulation can be developed and investigated.
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