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ABSTRACT  

The demand for electrical energy in Madagascar has been on the increase since the country got 

its independence. This increase in power consumption has been due to population increase and 

national economic growth. The increase in demand without a matching increase in generation 

has resulted in perennial electrical power shortfall necessitating the JIRAMA, the National 

Electricity and Water Utility to resort to expensive fossil fuels for electrical power generation. 

This electricity shortfall has affected the industrial growth. If the problem is not addressed, 

future national growth projections may not be met. This research therefore, sought to explore 

available methods so as to develop a renewable method to mitigate electrical power generation 

shortage in the country using grid-connected SPV electricity generation.  

First of all, the main components in a grid connected SPV system are described. After that, 

climatic data at the site and several parameters such as available area, topography, 

environmental and social considerations, accessibility, grid connection, module soiling, water 

availability are assessed in order to identify the favourable location for the installation of the 

PV system. The site selected is in the location of Ambodiriana - Ambatolampy which meets all 

the requirements for the installation of a grid connected SPV system. Next, the design 

parameters such as mounting structure, module orientation, inter-row spacing are also 

evaluated. PVsyst is used as the simulation software to design, evaluate and to carry out a 

financial analysis of the designed photovoltaic system. Then, the system wiring, sizing of cables 

as well as the selection of fuses and circuit breakers suitable for installation are outlined. And 

finally, the maintenance and troubleshooting for the grid connected photovoltaic system are 

presented.   

The main results obtained for the design of 20kWp grid connected SPV system are: for optimum 

production, 92 PV modules (Suntech STP 240-20/Wd) and one central inverter (SMA, Sunny 

tripower 20000TLEE-JP) is needed. The annual energy produced by the SPV system is equal 

to 34,20 MWh/year with a LCOE of 486Ariary/kWh and payback time of 11.02 years which is 

less than the SPV system lifetime that makes the project profitable. The evaluation parameters 

for the designed SPV system are 79,73% of PR, 20.29% of CF and annual Yieldsp of 1549 

kWh/kWp/year.  

  Keywords: Grid-connected, Photovoltaic, PVsyst software, Annual energy production, 

Financial analysis, PV system maintenance.  
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RESUME  

La demande en énergie électrique à Madagascar est en augmentation depuis l'indépendance du 

pay. Cette augmentation de la consommation d'énergie est due à l'augmentation de la population 

et ¨ la croissance ®conomique nationale. Lôaugmentation de la demande, sans augmentation 

correspondante de la production, a entra´n® un manque persistant dô®nergie ®lectrique, obligeant 

la JIRAMA, le service national de lô®lectricit® et de lôeau, ¨ recourir ¨ des combustibles fossiles 

co¾teux pour la production dô®lectricit®. Ce manque d'®lectricit® a affect® la croissance 

industrielle. Si le problème n'est pas résolu, les futures projections de la croissance nationale 

risquent de ne pas être atteintes. Cette recherche visait donc à explorer les méthodes disponibles 

afin de développer une méthode renouvelable à but dôatténuer la pénurie de production 

d'électricité dans le pays en utilisant la production d'électricité par le système solaire 

photovoltaique connectée au réseau.  

Tout d'abord, les principaux composants d'un système solaire photovoltaique connecté au 

réseau sont décrits. Ensuite, les données climatiques du site et plusieurs paramètres tels que la 

surface disponible, la topographie, les considérations environnementales et sociales, 

lôaccessibilit®, la connexion au r®seau, la salissure des modules, la disponibilit® de lôeau sont 

®valu®s afin dôidentifier lôemplacement favorable pour lôinstallation du système 

photovoltaique. Le site sélectionné se trouve à Ambodiriana - Ambatolampy, qui répond à 

toutes les exigences pour l'installation d'un système solaire photovoltaique connecté au réseau. 

Ensuite, les paramètres de conception tels que la structure de montage, l'orientation du module, 

l'espacement entre les rangées sont également évalués. PVsyst est utilisé comme logiciel de 

simulation pour concevoir, évaluer et effectuer une analyse financière du système solaire 

photovoltaique conçus. Ensuite, le câblage du système, le dimensionnement des câbles ainsi 

que la sélection des fusibles et des disjoncteurs adaptés à l'installation sont également décrits. 

Et enfin, la maintenance et le dépannage du système photovoltaïque connecté au réseau sont 

présentés.   

Les principaux résultats obtenus pour la conception d'un système solaire photovoltaique 

connecté au réseau de 20 kWp sont les suivants : pour une production optimale, 92 modules 

photovoltaïques (Suntech STP 240-20 / Wd) et un onduleur central (SMA, Sunny tripower 

20000TLEE-JP) sont nécessaires. L'énergie annuelle produite par le système photovoltaïque est 

égale à 34,20 MWh / an, avec un coût actualisé de l'électricité de 486 Ariary / kWh et un temps 
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de retour sur investissement de 11,02 ans, ce qui est inférieur à la durée de vie du système 

rendant le projet rentable. Les paramètres d'évaluation du système photovoltaique conçu sont 

79,73% pour le ratio de performance, 20,29% pour le facteur de capacité et un rendement 

specifique annuel de 1549 kWh / kWp / an. 

  Mots-clés : Connecté au réseau, Photovoltaïque, Logiciel PVsyst, Production d'énergie 

annuelle, Analyse financière, Maintenance du système photovoltaïque. 
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1. CHAPTER ONE: INTRODUCTION  

Like most countries in the world, Madagascar uses electrical energy to meet domestic, 

commercial and industrial energy requirements. Electrical energy comprises 6 % of the total 

energy used in the country annually. Lately there has been increased demand for more 

electricity generation due to population growth and economic development. This chapter 

presents the current electricity generation position and introduces the methods that could be 

used to enhance electricity generation in the country. 

 

1.1 BACKGROUND OF THE STUDY  

The electricity generation mix of JIRAMA, the national electricity and water utility consists of: 

diesel, hydro, SPV, to the fewer extent of wind and biomass (a few hundreds of kWs installed). 

Most of this electrical energy is consumed by industries in the urban centers. A considerable 

amount of this energy is also consumed by the urban domestic consumers during the evening 

and the morning peak energy demands.  

The country has three main interconnected networks with a total installed generation capacity 

of 588MW, comprising 20MW of SPV, 162MW of hydropower and 406MW of thermal energy 

generated from diesel [33]. JIRAMA relies on hydro power generation for up to 30% when the 

reservoirs are full of water, the largest installed capacity is Andekaleka and Mandraka plants 

which is account for 58MW of the total capacity of hydro power generation [33]. There are 

hundreds of mini and small-scale hydro plants throughout the island. However, 70% of the 

electricity consumed in the country is generated by diesel power plants. The country has several 

thermal power plants, the newly completed Mandroseza diesel plant now adds 40 MW into the 

national grid [33]. Some of these hydro and diesel power generation plants are shown in table 

1.1. 

Madagascar is endowed with hydro power, its potential has previously been estimated to 

7800MW, with only 2% being utilized [33]. In spite of the fact that Madagascar has a great 

potential in hydro, the major generating plants is still diesel plants, meaning that the country 

still heavily depends on expensive fossil fuel for electricity generation. In addition, JIRAMA 

estimates that there are 799 outages due to power breakdowns on the medium voltage network 

every year, more than twice a day on average [33]. 
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Table 1-1:Existing hydro and diesel power generation plants. Source [50] 

Power plant Type Output MWh CO2/kg Intensity Kg/MWh 

Andekaleka Hydro 357,617 0.0 0.0 

Mandraka  Hydro 147,980 0.0 0.0 

Antelomita Thermal 95,665 18,688,900 195 

Ambohimanambola Thermal 82,953 39,926,100 481 

Sahanivotry Hydro 79,773 0.0 0.0 

Ambohimanambola Thermal 73,219 37,087,500 253 

Tamatave Thermal 64,379 31,666,200 492 

Tulear Thermal 59,277 29,363,800 495 

Volobe Hydro 43,839 0.0 0.0 

Antsirabe Thermal 39,709 15,707,900 396 

Namorona Thermal 38,885 4,734,600 122 

Mahajanga Thermal 30,728 15,565,500 253 

Toamasina-3 Thermal 18,247 13,601,400 373 

Manandrona Hydro 14,717 0.0 0.0 

Antsirabe Hydelec Thermal 12,309 6,235,530 253 

Mahajanga Thermal 6,839 5,619,010 411 

Nosy-be Thermal 6,186 3,718,550 601 

Taolagnaro Thermal 5,998 4,007,400 334 

Tsihombe Thermal 5,998 4,007,400 334 

Ambanja Thermal 4,782 3,573,670 374 

Ambatondrazaka Thermal 3,849 3,084,070 787 

Antsohihy Thermal 3,905 3,051,390 391 

Ankidona Thermal 3,434 2,170,890 632 

Maroantsetra Thermal 2,815 1,810,740 643 

Ampanefena Thermal 2,781 1,789,880 644 

Ambositra Thermal 2,676 2,422,180 453 

Antetezambato 1 Hydro 383 0.0 0.0 

Mandritsara  Hydro 247 0.0 0.0 

Manja Thermal 213 120,529 283 

Morafenobe Thermal 201 111,293 277 

Ampefy Hydro 185 0.0 0.0 

Firahaiana Thermal 145 73,325 253 

Masomeloka Thermal 117 59,118 254 

Midongy Sud Thermal 113 57,240 253 

Imerimandroso Thermal 122 61,612 253 

Beloha Thermal 131 68,041 260 

Beneitra Thermal 91.6 46,403 253 

Vondrozo Thermal 131 67,090 256 

Antsalova Thermal 131 68,041 260 

Iakora  Thermal 134 69,811 261 

Ikongo Thermal 134 69,811 261 

Anahidrano Thermal 62 55,338 892 

Antsiafabositra Thermal 43 21,847 253 

 

Some parts of the capital experience load shedding of several hours each day, while anticipated 

power breakdowns are organized in secondary cities. Many residential and commercial 

establishments maintain diesel generators to compensate for load shedding. 

Unlike the standard practice world over, where electricity supply industries use hydro 

generation for peak demand, Madagascar relies on hydro generation for its base load. Hence, 
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electricity generation shortfall is worse during the dry seasons when the water reservoir levels 

are very low and the electricity supply industries is forced to rely more on the diesel plants to 

supply the base load, like the case of 2017 dry spell. During that period, the electricity supply 

industries totally relied on diesel plants to supplement the hydro plants to meet the demand.  

With the current global climatic changes, the Madagascar electricity supply industries has to 

review its electrical generation mix with a view to develop and exploit other energy resources 

like solar photovoltaic, wind, biogas. The world-wide trend is to shift from over reliance on 

fossil fuels to renewable energy resources. Madagascar has to make the same shift if the 

electricity supply industries is to continue serving the consumer effectively. Furthermore, if 

Madagascar is to realize the objectives of vision 2030, the electricity supply industries must be 

enhanced to withstand the energy demand pressure that comes with rapid economic and 

population growth.  

Renewable energy has been used in many countries. Countries like the United States of America 

(USA) have instituted a policy that in every state, 6% of the total electricity generation must 

come from renewable sources to cut down on pollution caused by fossil fuel plants [4]. In 

Germany, the introduction of the Renewable Sources Act of 2000, of granting priority to 

renewable energy sources, encouraged growth of the installed SPV capacity level from 113 

MWp in 2000 to 794 MWp in 2004 and 7.5 GWp by 2011[39]. In Ghana, government support 

schemes, particularly the national electrification scheme backed by donor funding increased 

solar PV growth from 160 kWp in 2000 to 1MWp in 2004 and 1.8 MWp by 2009 [35]. And 

Kenya had 3.6 MWp installed solar PV by the end of 2009 that was mostly concentrated in the 

rural areas [22]. 

1.2 OBJECTIVES OF STUDY  

1.2.1 Main objective 

The main objective of this study is to design and size a grid connected solar photovoltaic system 

and investigate the impact of such systems on Madagascar electricity supply industry. The work 

is also an introduction of the Photovoltaic solar energy in the Madagascar national electrical 

network. It represents a study of the implementation of 20 kWp solar power station into 

Ambatolampy sub-station. 
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1.2.2 Specific objectives 

The study has the following specific objectives: 

-To identify the favorable site for the installation of the grid connected SPV system. 

-To design and size a typical grid connected SPV electricity generation system for the case 

study. 

-To assess the energy produced by the grid connected SPV power generation, to evaluate the 

performance of the system and its impact to the grid for the case study.  

-To perform a financial analysis of the SPV electricity generation system and the environmental 

impact of such system. 

-To outline system wiring, installation, maintenance and trouble shooting procedures for the 

system designed.  

1.3 PROBLEM STATEMENT  

From the overview done on the Madagascar electricity supply industries, it is evident that there 

is insufficient electricity supply and overreliance on fossil fuels in electricity generation. The 

installed effective electricity generation capacity in Madagascar stood at 588MW as of June 

2018 while the peak power demand was 551MW [33]. The difference of 35MW or 6 % of 

generation comprised spinning reserve which was below recommended best practice of 12 to 

15%. With a 6% spinning reserve capacity, the industry encountered difficulties in handling the 

sharp evening peak power demand. Furthermore, the effective electricity generation capacity 

which is account for 70% is made up of fossil fuel-based generation whose unit cost relied on 

the ever-increasing price of petroleum products. This amount of fuel-based generation 

contributed a large percentage to electrical energy price in the country. Thus, there is a need to 

reduce fuel base electricity generation by exploiting and increasing renewable methods of 

generation. 

1.4  JUSTIFICATION OF THE STUDY  

In view of the present electrical energy shortfall in the Madagascar electricity supply industries 

as highlighted, it is evident that the industry needs to take urgent measures to make supply more 

reliable. Grid connected SPV systems seems to be one of the alternative solutions to avoid 

customer inconvenience due to electrical power interruption and to satisfy peak demand. 
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2. CHAPTER TWO: LITERATURE REVIEW  

It is important to state that the amount of literature on Madagascarôs solar energy, Photovoltaic 

technology and SPV grid-connected system is enormous. This chapter will cover just a little 

portion of that enormous amount of literature. 

2.1 THE GENERAL STATE OF MADAGASCAR  

Madagascar is a large island in the Indian Ocean off the eastern coast of southern Africa, east 

of Mozambique. It is the fourth largest island in the world. The capital Antananarivo is in the 

hauts plateaux near the center of the island. Madagascar has a total area of 587,040 square 

kilometers [51]. The country overview is shown in the figure 2-1. 

 

 

Figure 2.1:Country overview. Source [51] 

 

The current population of Madagascar is 26,833,424; based on the latest United Nations 

estimates [51]. 37.8 % of the population is urban (10,183,611 people in 2019), 62.2 % of the 

population live in rural area [51]. According to the word bank, the Gross Domestic Product of 

Madagascar was estimated to $39,763,887,263 [51]. The agricultural sector is accounted for 

34% of GDP and industry is accounted for 11% of GDP. Therefore, the availability of energy 

is vital for the economic and social development of the country [51]. 
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2.2 THE STATE OF SOLAR ENERGY IN MADAGASCAR 

Madagascar has a large solar energy potential. Almost all regions of Madagascar receive over 

2,800 hours of sunshine per year, with the daily solar radiation ranging from 1,500 to 2,100 

kWh/m2[15]. The countryôs global horizontal irradiation is shown in the figure 2-2. 

 

Figure 2.2ΥaŀŘŀƎŀǎŎŀǊΩǎ Dƭƻōŀƭ IƻǊƛȊƻƴǘŀƭ LǊǊŀŘƛŀǘƛƻƴΦ Source [Solargis] 

 

2.3 THE STATE OF SOLAR PHOTOVOLTAICS IN AFRICA  

Africa has abundant solar resources but also has a desperate need for new capacity to improve 

existing supply quality and meet demand growth. The continent is increasingly turning to SPV 

as an economic means to bolster energy security, meet social and development goals and 

support rapid economic growth in a sustainable manner. In 2014, new capacity additions of 

SPV in Africa exceeded 800MW, more than doubling the continentôs cumulative installed PV 

capacity [29]. This was followed by additions of 750MW in 2015 (refer to figure 2.3). There is 

also a fast-growing PV market to meet off-grid electricity needs. Technology improvements 

and lower costs have spurred local and social entrepreneurs in the solar home system (SHS) 

market and in developing stand-alone mini-grids. 

As for Madagascar, PV systems are currently utilized for powering public buildings such as 

health clinics, as well as off-grid community electrification solutions. A few foreign companies 

are assisting with various electrification projects on a small-scale (i.e. solar-powered pumps for 

clean water) [16]. 
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Figure 2.3:Africa's total installed cumulative solar PV capacity and annual new additions, 2001-2015. Source [29]. 

 

2.4 PHOTOVOLTAIC TECHNOLOGY 

In the following section, the Photovoltaic technology will be described. It includes the elements 

of solar PV, the effect of some parameters on the performance of a PV module and the different 

types of solar PV system. 

2.4.1 Photovoltaic cell 

A photovoltaic cell converts solar energy to electricity due to the photoelectric effect. Most 

solar cells are made of semiconducting material, with crystalline silicon (c-Si) being the most 

commonly used in solar cells today. The solar cell can absorb a wide spectrum of photons from 

the incident solar radiation, depending on the optical and electrical features of the 

semiconductor material used in the solar cell. 

 

Figure 2.4:PV cell 

2.4.2 Photovoltaic modules 

A solar cell typically has an open circuit voltage ranging from 0.55 - 0.72 V. To generate a 

usable voltage and current, several solar cells can be interconnected to form a PV module. PV 
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modules often contain 36, 60 or 72 solar cells, usually connected in series to minimize resistive 

losses and enable high voltages. The efficiency of a module is lower than a solar cell due to the 

mismatch losses and resistive losses in the interconnections between the cells. 

 

Figure 2.5:PV module 

 

Module structure and materials 

The typical components of a crystalline silicon PV module are illustrated in figure 2-6. The 

front surface is a low iron, tempered glass with a high transmissivity which provides mechanical 

stability. The solar cells are sandwiched between two layers of encapsulants to protect them 

against the environment. The encapsulant needs to be transparent, have low thermal resistance 

and withstand high temperature and UV radiation. A backsheet protects the cells from water, is 

electrically insulating and helps dissipate heat. The most common backsheet is a combination 

of Tedlar and polyester [3]. The surrounding frame enhances the mechanical stability and the 

junction box contains all the electrical connections to the solar cells. 

 

 

Figure 2.6:Structure of a crystalline silicon PV module. Source [3] 

 

2.4.3 Photovoltaic array 

Desired power, voltage, and current can be obtained by connecting individual PV modules in 

series and parallel combinations in much the same way as batteries. When modules are fixed 
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together in a single mount, they are called a panel and when two or more panels are used 

together, they are called an array. Single panels are also called arrays. When circuits are wired 

in series, the voltage of each panel is added together but the amperage remains the same. When 

circuits are wired in parallel, the voltage of each panel remains the same and the amperage of 

each panel is added. This wiring principle is used to build photovoltaic (PV) modules. 

Photovoltaic modules can then be wired together to create PV arrays. 

 

 

 

 

 

 

 

 

2.4.4 Describing photovoltaic module performance 

 EFFECT OF THE TEMPERATURE ON THE BAND GAP 

The term "band gap" refers to the energy difference between the top of the valence (outer 

electron) band and the bottom of the conduction (free electron flow) band. In the valence band 

electrons are tightly held in their orbits by the nuclear forces of a single atom. In the conduction 

band, electrons have enough energy to move around freely and are not tied to any one atom. A 

material with a large almost insurmountable band gap, greater than 3 electron volts is called an 

insulator. In metal conductors, the valence and conduction bands overlap, so they do not have 

a band gap. Materials with a small band gap, which behave as insulators at absolute zero, but 

allow excitation of electrons into their conduction bands (at temperatures below their melting 

point) are called semiconductors. Electrons are able to jump from one band to another given an 

"energy lift" by some external force, such as a sunlight photon. In order for an electron to make 

the leap from the valence band to the conduction band, it requires a boost of "band gap" energy. 

Electrons can gain enough energy to jump to the conduction band by absorbing either a 

"phonon" (heat) or a "photon" (light) with at least band gap energy. Photons with energy less 

than the band gap will not separate electron pairs and simply pass through the solar cell. 

Photons, with more energy than necessary to separate an electron pair, do generate an electron 

and a hole with the balance of their enegy being dissipated in the form of heat. Band gap energy 

differs from one material to another.  

a) PV panel b)  PV array 

 
Figure 2-7:PV Panel & Array 
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Figure 2.8:Band gap of different materials 

 

 
Figure 2.9:Photoelectric effect 

Like all other semiconductor devices, solar cells are sensitive to temperature. Increases in 

temperature reduce the band gap of a semiconductor, thereby effecting most of the 

semiconductor material parameters. The decrease in the band gap of a semiconductor with 

increasing temperature can be viewed as increasing the energy of the electrons in the material. 

Lower energy is therefore needed to break the bond. In the bond model of a semiconductor 

band gap, reduction in the bond energy also reduces the band gap. Therefore increasing the 

temperature reduces the band gap. In a solar cell, the parameter most affected by an increase in 

temperature is the open-circuit voltage. The impact of increasing temperature on the output of 

a PV module is going to be described in the following paragraph. 

 IMPACT OF SOLAR RADIATION ON V-I CHARACTERISTIC CURVE OF PHOTOVOLTAIC MODULE 

Standard sunlight conditions on a clear day are assumed to be 1000 W/m2 [17]. This is 

sometimes called "one sun," or a "peak sun." Less than one sun will reduce the current output 

of the module by a proportional amount. For example, if only one-half sun (500 W/m2) is 

available, the amount of output current is roughly cut in half. For maximum output, PV modules 

should be pointed as straight toward the sun as possible. 
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Figure 2.10:Effect of the solar radiation on the PV I-V curve. Source [17] 

 
 IMPACT OF TEMPERATURE ON V-I CHARACTERISTIC CURVE OF PHOTOVOLTAIC MODULE 

Module temperature affects the output voltage inversely. Higher module temperatures will 

reduce the voltage by 0.04V to 0.1V for every one Celsius degree rise in temperature (0.04V/°C 

to 0.1V/°C) [17]. That is why modules should not be installed flush against a surface. Air should 

be allowed to circulate behind the back of each module so its temperature does not rise and 

reducing its output. An air space of 4-6 inches is usually required to provide proper ventilation 

[17]. 

 

Figure 2.11:Effect of temperature on the PV I-V curve. Source [17] 

 
 IMPACT OF SHADING EFFECT ON V-I CHARACTERISTIC CURVE OF PHOTOVOLTAIC MODULE 

Because photovoltaic cells are electrical semiconductors, partial shading of the module will 

cause the shaded cells to heat up. They are now acting as inefficient conductors instead of 

electrical generators. Partial shading may ruin shaded cells. Partial module shading has a serious 

effect on module power output. For a typical module, completely shading only one cell can 
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reduce the module output by as much as 80% [17]. One or more damaged cells in a module can 

have the same effect as shading. That is why modules should be completely unshaded during 

operation. Thin film modules are not as affected by this problem, nevertheless, they should still 

be unshaded. 

 

Figure 2.12:Effect of shading on the PV I-V curve. Source [17] 

 

2.4.5 Types of photovoltaic system  

PV technology was first applied in space, by providing electricity to satellites. Today, PV 

systems can be used to power just about anything on earth. On the basis, PV systems operate 

in three basic forms. 

 

 Grid Connected PV Systems 

These systems are connected to a broader electricity network. The PV system is connected to 

the utility grid using a high-quality inverter, which converts DC power from the solar array into 

AC power that conforms to the gridôs electrical requirements. During the day, the solar 

electricity generated by the system is either used immediately or sold off to electricity supply 

companies. In the evening, when the system is unable to supply immediate power, electricity 

can be bought back from the network.  
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Figure 2.13:Grid Connected PV Systems. Source [55] 

 
 Grid Tied with Battery Backup PV system 

Solar energy stored in batteries can be used at nighttime. Using net metering, unused solar 

power can be sold back to the grid. With this system, you will have power even if your 

neighborhood has lost power. 

 

Figure 2.14:Grid Tied with Battery Backup PV system. Source [55] 

 
 Standalone PV Systems 

PV systems not connected to the electric utility grid are known as Off Grid PV Systems or 

ñstand-alone systemsò.  Direct systems use the PV power immediately as it is produced, while 

battery storage systems can store energy to be used at a later time, either at night or during 

cloudy weather. These systems are used in isolation of electricity grids, and may be used to 

power radios, telephone booths and street lighting. Standalone PV systems also provide 

valuable and affordable electricity in developing countries, where conventional electricity grids 

are unreliable or non-existent. 
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Figure 2.15:Standalone PV Systems. Source [55] 

 

2.5 GRID-CONNECTED SPV SYSTEM COMPONENT 

In this section, a description of the main components forming a grid-connected SPV system is 

presented. This section is also meant to assess technologies (evaluate and explore the different 

merits of various PV components and inverter based on their price, performance and technical 

feasibility) in order to select the final optimized components to be used in the detailed design 

section. 

2.5.1  Photovoltaic solar modules 

Solar photovoltaic modules, as the core of any SPV system, generate electrical energy from 

incident sun rays based on photoelectric effect. Currently, single-junction cells with either 

silicon crystalline or thin-film technology and multiple-junction solar cells are presented on the 

market. Despite of considerably higher theoretical efficiency of multiple-junction solar cells, 

about 87 % compared to 33 % of theoretical maximum of single-junction solar cells, they have 

very limited use due to complex manufacturing process and high price to performance ratio [7]. 

Various single-junction photovoltaic modules are currently available and used in all sorts of PV 

installations. The choice of a PV module technology depends on the complex of factors such 

as price, efficiency, availability, and site-specific indicators. The most commonly used 

photovoltaic technologies are silicon crystalline and thin-film sole cells. Summary of key 

advantages and disadvantages, potential issues of each photovoltaic technology can be found 

in the table 2-1. 
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Table 2-1:Strengths and weaknesses of different photovoltaic technologies. Source [30] 

PV Technology Strengths Weaknesses 

Monocrystalline Silicon (mono-Si) 

36% of market share 

 

 Efficiency: 15-20% (21.5% as 

current maximum) 

 Durability up to 25 years 

 Space-efficient 

 The Highest price 

 Sensitivity to ambient temperature 

(performance decrease significantly 

with an increase of ambient 

temperature 

 Sensitivity to shading issues, snow and 

dirt 

 Wasteful manufacturing process 

Polycrystalline Silicon (P-Si or m-

Si) 55% of market share 

 

 

 Simple, cost efficient and not 

wasteful manufacturing process 

 Insignificant intolerance to high 

ambient Temperature  

 Impurity and efficiency of 13-16% 

 Not space efficient 

 Energy extensive manufacturing 

process 

Thin-film ( TFSC): 

-Amorphous Silicon (a-Si) 

-Cadmium Telluride (CdTe) 

-Copper indium gallium selenide 

(CIS-CIGS) 

 

 Cost-efficient and simple 

manufacturing process 

 Flexible configurations 

applicable different installation 

 High tolerance of shading issues 

and variation of ambient 

Temperature 

 Low efficiency: 9-12% 

 Low space efficiency 

 High degradation rate 

 

PV module selection for the design of 20kWp SPV for the case study 

 

Selecting a module to use may be challenging as there are numerous modules available in sizes, 

power, types, prices and efficiency from multiple manufacturers. It is important to make sure 

that the module complies with IEC standards for module design and quality and investigate the 

module warranty. Another factor to consider is which modules are available in the country and 

which modules installers are familiar with. When choosing a module, site specific factors such 

as available area, local weather conditions, temperature and near shading objects should be 

taken into consideration, as well as price. For a limited available area, a module with high 

efficiency and power may be chosen to maximize the power production per area. If the available 



 

16 

 

area is unlimited, cheaper, lower quality models may be chosen to reduce costs. Thin film 

modules have a greater tolerance for shading than crystalline modules [44] and are more 

flexible in terms of their geometric dimensions. Thin film modules have a lower efficiency than 

crystalline modules, but can absorb visible light with short and medium wavelengths more 

effectively. The power loss due to temperature is also lower for thin film modules. To decide 

whether to use polycrystalline or mono-crystalline modules is not easy. It requires consideration 

regarding weighing costs against efficiencies.  

For the case study, a large area is available to install the modules. No harsh temperature has 

been recorded in the location, near and far shading are neglected since no shading object is 

present on the location and the topography of the site presents no hills nor mountains, it is 

considered as flat terrain (Refer to site identification in section 3.2). All those criteria lead to a 

conclusion that high-quality polycrystalline modules would be suitable for the project. After 

carefully reviewing costing information and reading module specification (type, power, cost 

and warranty) of a large variety of PV panels, the German Suntech STP 240-20/Wd 

Polycrystalline PV module was chosen and has been proven to be the most optimal module 

from a financial and performance perspective. This module is available in the country, and 

modules installers are familiar with it. Electrical Data for Solar Panel Suntech STP 240-20/Wd 

is shown in table 2-2. 

Table 2-2:Selected PV module Specification 

Suntech STP 240-20/Wd  

Type of technology Polycrystalline solar cells (60 

cells) 
 

Nominal capacity 240 Wp 

Power tolerance 0/+5% 

Dimensions 1640 x 992 x 35 mm 

Weight 18.2 kg 

MPP current  7.95 A 

MPP voltage 30.2 V 

Short circuit current  8.43 A 

Open circuit voltage 37.2 V 

Power Temp Coeff -0.43%/°C 

Voltage Temp Coeff -136mV/°C 

Maximum Array Voltage IEC  1000 V 

Module efficiency 14.76% 

 

The manufacturerôs specifications were based on original PVsyst database. 

See technical datasheet in Appendix 1 for more information  
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2.5.2 Inverter  

An inverter is a critical interface component that deploys feed-in function and converts direct 

current (DC) from the PV array into alternate current (AC) for the system output to be 

compatible with a local utility grid in terms of voltage and frequency values (mostly 50 Hz and 

60 Hz in the USA).  PV inverters can be classified in different topologies. The topology of the 

solar inverter will determine the connections between the PV modules and the inverter and their 

possible applications. Different topologies of PV inverters and their Strengths and weaknesses 

can be seen in table 2.3.  

Inverter selection for the design of 20kWp SPV for the case study 

When selecting the inverter, consideration should be made of the size of the system, cost, 

flexibility of the system, partial shading, number of sub-strings or strings and their orientation. 

Care should be taken to ensure that only modules with the same orientation, angle and shading 

conditions are connected together in strings. There are several configurations of inverters for 

grid-connected PV systems, for areas with large amounts of shading or continuous diurnal 

shading, module inverters or a string inverter with optimizers may be a good alternative to 

maximize the power output. For areas with less shading, one central inverter may be sufficient. 

A consideration should be made between maximum power output, price and availability in the 

country.  

In addition, care needs to be taken in the integration of modules and inverters to ensure optimum 

performance and lifetime. Inverters have to be sized such that to handle the expected power 

level, and be compatible with the specifications on the grid side as shown in the table 2.4. 

For this project of 20kW ground-mounted grid connected PV system, the shading effect are 

considered minimum. Moreover, all modules have the same specification, same tilt and same 

orientation. Hence, we consider that all modules are almost experiencing the same conditions 

in the same array (receiving the same irradianceé.). As a result, a central inverter is selected 

for the design. Another aspect of choosing central inverters is that they have advantages over 

other inverter topology like: low initial investment, easy maintenance and simple to implement.  
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Table 2-3:Strengths and weaknesses of different inverter topologies [11] 

Topology Strengths Weaknesses 

Central Inverter: 

From several kW to hundred MW range 

 

 Low investment cost 

 Easy maintenance 

 Simple Design and 

Implementation 

 High DC wiring cost 

 High shading 

performance loss 

 Little scope for the 

scalability of the 

system (system 

designed for a fixed 

power) 

 

String Inverter: 

Typically rated from 500W to few kW range 

 

 Performance loss mitigation 

(Resilient to partial shading) 

compare to the central inverter 

because each string is 

independently operating at each 

maximum power point tracking 

that guarantee a high energy yield  

 Implementation more 

complex than the 

module inverter 

 High investment cost 

 Complex maintenance 

compares to central 

inverter 

 

Optimizer or multi-string inverter: 

Typically rated around 1kW to 10kW range 

 

 Combine high energy yield of a 

string inverter and the lower cost 

of a central inverter, each string is 

prepower processed using low 

DC/DC converter, each string has 

its maximum power point Tracker 

implemented alongside the 

DC/DC converter 

 More complex to 

implement 

 Complex maintenance 

 High investment cost 

Module Integrated inverter or micro inverter: 

Typically rated around 50 to 400W 

  

 Performance loss mitigation (due 

to mismatch or partial shading) 

since each module is 

independently operateing at each 

MPPT. 

 High scope of scalability 

 Low DC wiring cost 

 High investment cost 

 Complex maintenance 
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Table 2-4:Grid specifications 

Grid Specification 

No. of Phases Three phases 

Voltage rating 400 Volts AC 

Frequency 50 Hz 

 

The selected central inverter was chosen based on recommendation from Clean Energy 

Reviews. The most used inverter brand for PV systems in the 11 - 99 kWp range is SMA. The 

SMA, Sunny tripower 20000TLEE-JP Transformless inverter was used in all ground mounted 

simulations [31]. Moreover, SMA, Sunny tripower 20000TLEE-JP Transformless inverter is 

available in the country. Selected Inverter Specification is shown in table 2-5. 

Table 2-5:Selected Inverter Specification 

SMA, Sunny tripower 20000TLEE-JP  

Type of inverter Central inverter  

Input Values MPP Voltage range 580Vé.800V 

Maximum DC Voltage 1000V 

Maximum DC Current 36A 

Output Values Rated Output Power 20kW 

Nominal Main Voltage 3 x 400V 

Maximum AC Current 29A 

Main Nominal 

frequency/Range 

50Hz,60Hz 

Power factor cos(f) 0.8 

Grid connection Three phases (without a 

neutral conductor) 

Efficiency Maximum efficiency 98.5% 

Ambient Conditions Ambient Temperature 

Range 

-25ÁCé.+60ÁC 

Ambient Temperature 

Range at Rated Power 

-25ÁCé.+50ÁC 

Weight and 

dimensions 

Weight 45kg 

Dimensions (WxHxD) 665x680x265 mm 

 

The manufacturerôs specifications were based on original PVsyst database. 

See technical datasheet in Appendix 1 for more information. 
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2.5.3 Transformers 

A transformer is an electric device which transfer electric power applied in a primary winding 

to a secondary winding by electromagnetic induction. The transfer of power is done at the same 

frequency, but with different voltage and current. Transformers are used in a grid PV solar 

system to step-up the output voltage of the inverter in order to reach the AC grid voltage level. 

Selection criteria for transformers include technical and economic factors: efficiency, 

guarantee, vector group, system voltage, power rating, site conditions, sound power, voltage 

control capability and duty cycle among other factors. Furthermore, the selected transformer 

for any PV project should be accredited by ISO 9001. 

For the 20kWp grid-connected SPV system for the case study Ambatolampy, the connection to 

the grid is done at the Low Voltage Level Network (3x400V) which is the already compatible 

with the output voltage of the chosen inverter, hence a step-up transformer is not required. 

 

2.5.4 Switchgear 

The switchgear is the set of switches, fuses or circuit breakers used to control, protect and isolate 

the electrical equipment included in the system. Switchgears installed in a PV system should 

meet the following requirements: accomplish IEC standards and national electrical codes; show 

the on and off position clearly; option to be secured by locks in off/earth positions; be rated for 

operational and short-circuit currents; rated for the correct operational voltage; and be provided 

with suitable earthing [21]. 

For the 20kWp grid connected SPV project, a disconnecting combiner box on the DC side and 

a dual pole circuit breaker on the AC side are selected. The circuit breakers used for the project 

is sized in the sub-section 4.4. 

 

2.5.5 DC and AC cables  

DC cables connect the PV modules between them and with the inverters while AC cables 

connect the rest of the electrical equipment inside the PV plant, unless the collection system of 

the PV plant is operating in DC, but nowadays it is not a common solution. The cables installed 

in a solar project should meet the international and local requirements of these type of 

installations. There are three main parameters defining the selection criteria for DC cables [21]: 
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 Cable voltage rating. The cable selected must withstand the voltage of the PV modules 

connected.  

 Current carrying capacity of the cable. The cable must be sized in order to withstand the 

current for the worst case possible.  

 Minimization of voltage drop. Reduce the energy losses is a key aspect which can 

determine the viability of a PV plant project; therefore, it is important to reduce the 

voltage drop in the cables.  

 The cables installed in a specific PV solar plant should be adequately protected for the 

site conditions (sun, moist, heaté).  

The cable used for the project is sized in the sub-section 4.3 

2.6 PVsyst SOFTWARE BRIEF DESCRIPTION 

Nowadays, a wide variety of design, simulation and optimization tools and software for SPV 

system are available on the market but the most common used are: pvPlanner, PVSOL, PVsyst. 

The choice of the best available option depends mainly on the desired output and which 

parameters are the most critical for the project. For example, some tools might be used for 

sizing, optimization, prefeasibility calculations, shading analysis and so on, while more 

comprehensive studying of solar PV system requires more complex software package that 

comprises a set of interacting tools. In addition to that, the choice of a software to be used is 

also based on its availability, solar input data and configuration of the system to be simulated.  

Out of 3 tools mentioned above, PVsyst, which is a standard tool for PV installations, delivers 

the most comprehensive and detailed analysis of the performance of the PVsystem. PVsystôs 

uncertainty in the simulation process is low that makes the results more accurate compare to 

the other simulation tools. On the whole, PVsyst provides the most robust results as a simulation 

software tool.  

PVsyst is a software package that allows the user to employ full-featured study and analysis of 

a PV project. PVsyst integrates simulation of a PV system with evaluation of its pre-feasibility, 

sizing and financial analysis, no matter whether it is a grid-connected, stand-alone, pumping or 

DC grid system. At the database level, PVsyst has radiation data from a large number of cities. 

The radiation data for the case study Ambatolampy, Madagascar, was imported from 

Meteonorm 7.1. It only requires entering in the geographical coordinates and it automatically 

imports the meteorological information required for the photovoltaic project. Similarly to 
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Meteonerm 7.1, various measured, interpolated or synthesized meteorological data from such 

sources as Satellight, SolarGIS, US TMY2/3 NASA-SSE, and others are available for 

simulation in PVsyst. It is also possible to import user defined data including set of parameters 

listed in the table 2-6. 

Table 2-6:PVsyst meteorological data input. Source [30] 

Mandatory data 

Header = GHI Horizontal global irradiation (W/m2) 

Header = Tamb Ambient (dry bulb) air temperature (deg°C) 

Additional data 

Header = DHI Diffuse horizontal irradiance (W/m2) 

Header = DNI Direct normal irradiance (W/m2) 

Header = GPI Plane of Array irradiance (W/m2) 

Header = WindVel  Wind velocity (at 10m altitude) (m/s) 

 

Economic evaluation of the system can be employed by setting investment, financing and loan 

parameters. In other words, the user shall define the cost of the components, (i.e. PV modules, 

inverters, wiring, mounting system), taxes, subsidies and loan term and interest rate. Carbon 

balance, as a performance characteristic of the system, can be evaluated within financial 

analysis tool.  Figure 2-15 shows the main interface of PVsyst. 

 

Figure 2.16:PVsyst software main interface 
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3 CHAPTER THREE: METHODOLOGY 

The methodology of designing a grid connected PV system is divided in two sections: site 

assessment and technical assessment. The following section tries to elaborates the SPV desing 

method. 

3.1  GRID-CONNECTED SPV SYSTEM DESIGN 

This project is focused on prefeasibility and feasibility phases. The calculations and estimations 

of the following sections try to: 

¶ Identify a favorable site for a PV system;  

¶ Perform technical and financial evaluation of the PV project. 

 
3.1.1 Site identification 

Before doing the required calculations for the design of the PV power plant it is necessary to 

select the site where the PV plant is going to be installed. The selection of the site is a very 

important issue due to the meteorological conditions of the site selected will largely determine 

the energy production of the PV plant. In addition to the meteorological conditions of the site 

selected, some criteria should be analyzed in order to choose the final location. The main aspects 

taking into account for the site selection are: available area, solar resource, local climate, 

topography, environmental and social considerations, accessibility, grid connection, module 

soiling, water availability [21].  

3.1.2 Mounting structures, orientation and tilt 

Mounting structures are used to fix the PV modules to the ground and they determine the tilt 

angle and the orientation of the modules. A classification of the mounting structures can be 

done depending on their assembly to the ground [56]: 

 Pole mounts: Mounting structures are directly installed into the ground or embedded in 

concrete.  

 Foundation mounts: Structures are fixed into the ground by means of concrete slabs or 

poured footings.  

 Ballasted footing mounts: Mounting structures do not penetrate into the ground and are 

fixed to it by means of the weight of concrete or steel bases.  
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The selection criteria of the mounting structures involve many factors such as: cost of 

manufacturing, cost of installation and difficulty of installation, lifespan of the structures, 

resistance to corrosion or protection against adverse climatic conditions. 

Besides, mounting structures are the responsible to endow to the PV modules the required tilt 

angle and orientation. Regarding this aspect there are two main categories of mounting 

structures: fixed structures and tracking axis systems. Their strengths and weaknesses are 

depicted in table 3.1. 

Table 3-1:Mounting structures strengths and weaknesses. Source [25] 

Mounting Structure Strengths Weaknesses 

Fixed tilt system 

 

 The least expensive 

 Easy maintenance 

 

 Not capable to modify 

neither the orientation nor 

the tilt angle 

 The energy production 

not optimum 

1-axis tracking system 

 

 Better energy capture 

compares to fixed tilt 

system 

 One degree of freedom 

 Expensive compare to 

fixed tilted system 

 Difficult maintenance 

compares to fixed tilt 

system 

2-axis tracking system 

 

 The best energy capture 

 Multiple degrees of 

freedom 

 The most expensive 

 Complex maintenance 

 Requires huge area of 

installation 

 

Orientation and tilt: to be applied in a fixed tilt system. Optimal orientation and tilt angle depend 

on the terrain, microclimate, surroundings and obstacles. As the rule of thumb, the system 

should face true north (for southern hemisphere) with a tilt angle equal to latitude [10].  

3.1.3 System sizing 

PVsyst software designs the PV grid connected system by determining different parameters 

using the following equations and steps. Those parameters are: number of modules, number of 

modules in series and parallel, area occupied by the PV modules, ... In addition, PVsyst makes 

the performance evaluation of the system by determining the system losses, hourly production, 
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monthly normalized energy production, performance ratio and some more. The formulas used 

in this project are based on the paper published by Kerekes et al. [52] 

 

 NUMBER OF PV MODULES (╝╟╥) 

Depending on the module technology selected for the PV plant, the total number of PV panels 

required in the system will vary as well as the area needed for the implementation of the PV 

plant will also differ depending on that parameter.  

For calculating the required number of PV panels, ╝╟╥, the following equation is used: 

 
ὔ

ὖὨὩίὭὲὫ 

ὖὓȟὛὝὅ
 

                                  (3.1) 

Where, ὖ   is the power plant design capacity and, ὖȟ  [W] is the PV module power 

rating (maximum power under Standard Test Condition). The calculation of the number of PV 

modules is only an indicative calculation based on power plant design capacity, the final 

number of PV modules in the system will be recalculated afterwards. 

 AREA OCCUPIED BY THE PV MODULES (╢╪►►╪◐)  

Calculation of the surface area of each PV module: 

 

 Ὓ ὰὩὲὫὬὸ ȢύὭὨὸὬ                                   (3.2) 

Where, Ὓ  [m2] is the product of multiplying the length [m] by the width [m] of the PV 

module selected.  

For calculating the total area occupied by the PV array, Ὓὥὶὶὥώ [m2], the following formula is 

used: 

 Ὓ Ὓ  Ȣὔ                                    (3.3) 

 

Again, this calculation is not considering the final value of the number of PV modules, therefore 

this parameter will also be recalculated afterwards. 

 CALCULATION OF THE MAXIMUM NUMBER OF PV MODULES IN SERIES 

AND PARALLEL (╝▼,□╪● ,╝▬,□╪●)  

The calculation of the number of PV modules in series and parallel depends on the 

specifications of the inverter selected. The algorithm used for the calculation of the maximum 

number of PV modules in series per inverter is shown in figure 3.1: 
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Figure 3.1:Maximum number of PV modules in series algorithm 

 

Where, the specifications of the inverter are: ὠὭ,άὥὼ [V] is the DC input maximum MPP voltage, 

ὠὭ,άὭὲ [V] is the DC input minimum MPP voltage and ὠὈὅ,άὥὼ [V] is the maximum permissible 

DC input voltage; and the specifications of the PV module are: ὠὓ,άὥὼ[V] maximum MPP 

voltage and ὠέὧ,άὥὼ[V] maximum open-circuit voltage. The optimum number of modules 

connected in series is a number smaller than ὔί,άὥὼ, but to simplify the calculations the number 

of PV modules in series used for further calculations is ὔί,άὥὼ. By choosing the maximum 

number of PV modules in series, the number of necessary inverters is reduced, but in terms of 

energy capture this procedure is not always the best option, since the inverter is more efficient 

when is working closer to its rated power. 

The number of PV modules connected in parallel is calculated using the values of current of 

the module and the current of the inverter: 

 
ὔȟ Ὢὰέέὶ

Ὅ ȟ

Ὅȟ
 

                                  (3.4) 

Where, the specification used of the inverter are: Ὅ ȟ  [A] is maximum continuous current; 

and the specification of the PV module used in in this calculation: Ὅὓ,άὥὼ [A] is maximum MPP 

current. 

 FINAL NUMBER OF PV MODULES (╝▬○,█░▪╪■) AND FINAL AREA OCCUPIED 

BY THE PV MODULES (╢╪►►╪◐,█░▪╪■)  

With respect to the number of selected inverters, total number of PV modules previously 

calculated must be recalculated. Or, instead of recalculating the number of PV modules, could 

be that one inverter (or more than one) was not connected to the maximum number of modules 
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in series and parallel. The final solution is to slightly oversize the system in order to make all 

the PV sets in the system of the same size (number of modules per inverter). The formula used 

to calculate the final number of PV modules in the PV plant is shown below: 

 ὔ ȟ ὔȢὔȢὔ                                    (3.5) 

Where ὔ is the number of inverters. As the number of PV modules is changed respect to the 

initial design conditions, the output power of the PV array is also modified: 

 ὖ ὔ ȟ ὖȟ                                    (3.6) 

Also, the area occupied by the PV modules must be recalculated. 

 Ὓ ȟ Ὓ Ȣὔ ȟ                                    (3.7) 

 

 SOLAR PANEL TEMPERATURE CALCULATION (TM)  

It is important to calculate the temperature of the PV module because this parameter is directly 

related with the performance of the module. The formula based on [20] used for calculating the 

temperature of the PV module is the following: 

 
Ὕ Ὕ

Ὃ

ψππ
 ὔ ςπ 

                                  (3.8) 

 

Where, Ὕ  [ºC] is the ambient temperature, Ὃ [W/m2] incident solar radiation and ὔ  [ºC] 

nominal operating cell temperature. 

 MPP POWER OF EACH PV MODULE (PM)  

The power output of each PV module is calculated considering meteorological conditions such 

as temperature of the PV panel and irradiance (both previously obtained). The formula 

describing the power output of the PV modules is the following: 

 
ὖ ὖȟ Ȣ

Ὃ

ρπππ
Ȣρ ȢὝ ςυ 

                               (3.9) 

 Where,  [%/ºC] is the temperature parameter of the PV module at MPP and it is specified in 

the technical specifications of the PV modules selected. 

 ACTUAL POWER OUTPUT OF EACH PV MODULE (╟╟╥)  

Once the MPP power of each module is obtained the actual power output of each module can 

be calculated considering the losses of operation. The formula describing the actual power 

output is the following: 

 
ὖ ρ

ὨὪ

ρππ
ρ

Ὓ

ρππ
ὖ  

                                  (3.10) 
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Where, ὖ  is the rated power of each module, ὨὪ (%) is the PV module output power derating 

factor due to the dirt that is deposited on its surface. Ὓὴ [%] are the losses due to shading effect. 

Once the MPP power of each module (ὖὓ) and actual power output power of each module (ὖὖὠ) 

are calculated, the power losses can be easily obtained: 

 ὖ ȟ ὖ ὖ                                    (3.11) 

 

 OUTPUT POWER OF EACH PV SET (PIN)  

The number of PV modules forming a PV set is formed by the number of modules in series 

multiplied by the number of modules in parallel. The number of PV sets in the PV power plant 

is equal to the number of inverters required. 

 

Figure 3.2:PV set configuration on PV plant. Source [52] 

The calculation of the output power of each PV set depends on the actual power output of each 

module, MPP efficiency of the inverter, voltage drop of the dc cable and mismatch losses. 

 ὖ ὔὔ
ʂ

ρππ
ρ
ʂ

ρππ
ρ
ʂ

ρππ
ὖ  

                 (3.12) 

Where, ʂ  (%) is the MPP efficiency of the dc/ac inverter. ʂ (%) is the voltage drop of the 

dc cable. Another important factor affecting PV set power output are mismatch losses, 

ʂ . These losses appear due to slight difference in the manufacturing of PV modules 

interconnected, or also they can be caused due to PV modules experiencing different conditions 

in the same array.  
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 TOTAL OUTPUT POWER OF EACH DC/AC INVERTER (Po)  

Each PV set is connected to an inverter and depending on the specifications of this inverter, the 

final energy obtained will vary. The output power of each DC/AC inverter is calculated using 

the following equations: 

 1) If Pin Ò Pi,na  ,then ὖ  Ȣ  ὖ  , Else ὖ  Ȣ ὖȟ  

2) If ὖὭὲÒ ὖὭ,ίὧ , then ὖέ= 0 

                  (3.13) 

Where,  ὖȟ [W] is the inverter maximum permissible power level, –  [%] is the inverter 

power conversion efficiency and ὖὭ,ίὧ [W] is the self-power consumption of the inverter.  

 LAND OCCUPIED BY THE PV SOLAR POWER PLANT  

For further calculations it is important to know the area which the PV power plant is going to 

occupy. To make this calculation, some assumptions have been made: The total dimensions of 

the land occupied is assumed from literature and it is set at 0.036 km2/MWac (ὒὥὲὨ ) [41]. 

 ὒὥὲὨÍÁØὖ ȢὔȢὒὥὲὨ                   (3.14) 

 

 POWER THAT PV PLANT CAN INJECT INTO THE GRID (PPLANT)  

Power that can be injected into the grid is calculated considering losses in the AC side cable. 

The formula used for this calculation is the following: 

 ὖ
–

ρππ
ȢὖȢὔ 

                               (3.15) 

Where, –  [%] is the efficiency of the AC cable connections.  

 TOTAL ENERGY INJECTED INTO THE GRID FROM THE PV POWER PLANT 

(Eplant,tot)  

The energy injected into the grid is calculated considering the time steps used along the previous 

calculations and adding an availability factor of the PV power plant due to maintenance reasons. 

The formula used in this step to calculate the energy injected for each time step is the following: 

 
Ὁ

ὉὃὊ

ρππ
Ȣὖ ȢЎὸ 

                                (3.16) 

Where, EAF [%] is the Energy Availability Factor of the PV plant due to maintenance of the 

PV power plant components. ȹὸ [h] is the time step. Total energy injected into the grid, or 

Annual Energy Production (AEP in MWh/year) is calculated using the following formula: 

 
Ὁ ȟ

ὉὃὊ

ρππ
Ȣ ὖ ȢЎὸ 

                                (3.17) 
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Where, t is the number of time steps considered during the calculations of the PV power plant. 

For one-year t is equal to 8760. The calculation methodology and the steps explained previously 

are summarized in the following Figure 3-3: 

 

 

Figure 3.3:Calculation methodology scheme 

3.1.4 Cables sizing 

As much as the design/sizing of the grid connected PV system is important, the accurate 

selection of system wiring cables is very essential in order to keep the system safe.  The wiring 

must not reduce the performance of any of the components of the system. The cables in a grid 

connected system must be sized correctly to reduce the voltage drops in the cable and to make 

sure that the safe current handling capacity of the cable is not exceeded. 

 Sizing of DC cables: 

Cables between PV modules, Cable from PV array to the Inverter 

 

The voltage drop in a cable is given as: 

 
ὠ

”ὰ

ὃ
ȢὍȢς 

                                (3.18) 

Where ʍ is the resistivity of copper wire which is normally taken to be 0.0183ɋmm2/m 

l = the length of cables in meters  

I = the current through the cables in amperes  
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A is the cross-sectional area (CSA) in mm2  

The multiplication by 2 accounts for total circuit wire length.  

Changing the subject of the above formula 

 
ὃ

”ὰ

ὠ
ȢὍȢς 

                                (3.19) 

In the design of the system, a maximum cable voltage drop of 5% is used and this is the 

maximum allowable drop in PV grid connected systems [19]. 

 Sizing of AC cable:  

Cable from inverter to the grid 

The maximum current from inverter at full load on each phase (line) is given by: 

 
Ὅ

ὍὲὺὩὶὸὩὶ ὶὥὸὩὨ ὖέύὩὶ

ὠ ȢЍσ
 

                                (3.20) 

And similarly, the CSA: 

 
ὃ
”ὰ

ὠ
ȢὍ Ȣς 

                                (3.21) 

 

3.1.5 Protection of the SPV system 

Protecting the system using circuit breakers in an event something goes wrong is paramount. 

In a grid tied system, there are 2 locations that need to put the overcurrent protection: on the 

DC side by the solar panels (in the combiner box) and on the AC side in the main breaker box. 

Circuit breakers are installed in the system to cater for over current protection and sized to not 

be below 125% of the current flowing through the wiring [18]. 

 

 Sizing of circuit protection between PV array and Inverter  

There are generally two ways of undertaking the circuit protection between PV array and 

Inverter.  

ü Each parallel string of modules can be fused in the DC combiner box or  

ü The total output of the PV array is fused before being joined to the inverter  

In this installation, the first option is used because that makes it easier to find suitable DC circuit 

breakers. 

The combiner box is generally installed outside, near the solar panel. The combiner box wires 

the strings into parallel, and gives a place to transition the wires into conduit to make the 
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rundown to the inverter. So also, a good place to put a surge arrester like a lightning arrester 

(as shown in the figure 3-4). A surge arrester is a device used in an installation to protect the 

other equipment from an over-voltage that can be caused by external factors such as lightning 

or switching events. An additional feature is available; a switch is used to turn off the DC power 

coming out of the panels. 

 

Figure 3.4:Disconnecting combiner box 

 

Fuse sizing per parallel string: 

The maximum current is         

 1.25 x Ὅ                                   (3.22) 

Therefore, minimum rate of DC circuit protection is 

 Ὅ ρȢςυ ὼρȢςυὼ Ὅ                                 (3.23) 

 

 Sizing of circuit protection on every phase output of inverter  

The minimum rating of circuit breaker is: 

 Ὅ ρȢςυ ὼ ὍὴὬὥίὩ                                 (3.24) 

 

 

Figure 3.5:Dual pole circuit breaker 
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3.1.6 System wiring 

The figure below illustrates the PV grid connected system wiring. 4 strings of 8 modules in this 

example are entering in the combiner box where they will be fused and wired in parallel. Then, 

wire out of the combiner box make their way to the inverter in a conduit and go through the AC 

circuit breaker and finally continue their way to the grid. 

 
Figure 3.6:System Wiring 

 

3.1.7 Inter-row spacing 

Both near-field shading and far shading or horizon shading effects have a significant impact on 

a system output, up to 80 %, with the difference that horizon is easily modelled yet not 

adjustable, while near shading is exceptionally difficult to model but possible to avoid or 

mitigate. Potential shading loss can be decreased by adjusting such design variables as azimuth 

and tilt, panel orientation and row spacing. In common practice targeting shading losses would 

be 2 to 4 %. To stay within this shading limit, horizontal distance, or setback ration (SBR), 

should be 2:1 in lower latitudes and 3:1 in mid-latitudes. Figure 3-7 depicts the relationship 

between tilt angle, setback and ground coverage ratio (GCR) [26].  

 

Figure 3.7:Array geometry. Source [26] 

The relationship might be also expressed by the formulas: 

 
ὛὄὙ

ὦ

ὥ
 

                                (3.25) 


























































































