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Abstract 

Abstract 

The poor electrification of the development countries is still a serious a problem, nowadays. More in 

context of this work, both Angola and Nepal are countries that have most of their population living in 

rural environment. Some of those rural areas have no access to electricity at all, since their distance to 

the main grid makes it unviable to invest in utility lines. One possible solution to overcome this problem 

is the investment in standalone off-grid systems that rely only on renewable energy sources. Both 

countries show great potential regarding its solar generation and wind generation. With the recent 

developments in the solar and wind energy industry, and due to the good compensation found between 

them, it is possible nowadays to rely in standalone hybrid photovoltaic-wind systems, which is the one 

projected in this thesis.  

So, the system designed is composed by solar panels, wind turbine, Lithium Iron Phosphate (LiFePO4) 

batteries, a control unit and an inverter. A specific load was projected for the remote regions of Luena, 

Angola, and Humla, Nepal, basing on the needs of the people that live in those rural areas. An 

experimental test was performed in Lisbon under real conditions and then compared with the case 

studies. The results showed that the specific wind turbine in study does not produce enough energy to 

have much influence on the system, being the hybrid system efficiency almost exclusively dependent 

on the PV panels production. When simulating the experimental system for the rest of the year it was 

possible to verify that the implementation of a hybrid system it is not viable for the region of Luena, being 

a photovoltaic-system more than enough. However, for the region of Humla, the results showed that the 

production of both sources present a wealthy complementarity, making it more feasible to invest on a 

hybrid system for the region in question. 
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Resumo 

Resumo 

A fraca eletrificação dos países em desenvolvimento ainda é hoje em dia um problema sério. Mais em 

contexto com este trabalho, Angola e Nepal são países que têm maior parte da sua população a viver 

em ambiente rural. Algumas dessas áreas rurais não têm acesso a eletricidade, já que sua distância à 

rede não torna viável o investimento em linhas de rede elétricas. Uma solução possível para superar 

este problema é o investimento em sistemas autónomos que dependem somente de fontes de energia 

renováveis. Ambos os países mostram um grande potêncial no que diz respeito à geração solar e 

geração eólica. Com os desenvolvimentos no setor de energia solar e eólica e devido à boa 

compensação encontrada entre eles, hoje é possível investir em um sistema autónomo híbrido 

fotovoltáico-eólico, semelhantes ao projetado nesta tese. 

Assim, o sistema é composto por painéis solares, turbina eólica, baterias de lítio ferro fosfato (LiFePO4), 

uma unidade de controlo e um inversor. Uma carga específica foi projetada para as regiões remotas de 

Luena, em Angola, e Humla, no Nepal, com base nas necessidades das pessoas que vivem nessas 

áreas rurais. Um teste experimental foi realizado em Lisboa em condições reais e depois comparado 

com os casos de estudo. Os resultados mostraram que a turbina em questão não produz energia 

suficiente para ter influência direta no sistema, sendo que o rendimento do sistema híbrido depende 

quase exclusivamente da produção dos painéis fotovoltaicos. Ao simular o sistema experimental para 

o resto do ano, foi possível verificar que a implementação de um sistema híbrido na região de Luena 

não é viável, sendo que um sistema fotovoltaico é mais do que suficiente. No entanto, para a região de 

Humla, os resultados mostraram que a produção de ambas as fontes apresenta uma boa 

complementaridade, tornando mais viável investir em um sistema híbrido para a região em questão. 
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Chapter 1 

Introduction 

1 Introduction 

This chapter provides a brief overview of the work. Also, a description of the motivation that lead to the 

work accomplishment and, finally, at the end of the chapter, its final structure. 
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1.1 Overview 

Due to the depletion of fossil fuels reserves and the environmental pollution associated with it, the search 

for new forms of clean and renewable energy has increased over the last few years, to satisfy the current 

energy demand. In addition, and more in context of this work, wind and solar energy represent a suitable 

alternative, as they are renewable and environment friendly.   

Electricity generation by using photovoltaic (PV) and wind turbine systems has increased, using 

autonomous off-grid systems, helping supplying loads in rural areas, where the access to electricity is 

poor. This happens due to the great distance there is between these rural areas to the grid, which makes 

uneconomical to install utility lines. So, there has been a growth on the importance of these systems, 

whether separated or combined (hybrid systems), as they meet the socio-economic and environmental 

causes.  

The objective of this work is to provide a solution to this problem, especially in the remote areas of 

Angola and Nepal, by studying the energy production of an autonomous hybrid system, that successfully 

combines wind and solar characteristics. However, these systems based on renewable intermittent 

sources do not ensure long life term, due to their characteristics as they are weather dependent, making 

necessary, most of the times, energy storage. More specifically, this work performs that energy storage 

recurring to Lithium Iron Phosphate (LiFePO4) batteries which represent a cheaper and more energy 

efficient solution. 

To sum up, it is important, before investing in this kind of systems, to study its viability, as they are not 

entirely cheap and needs the investments of external investors or government support. So, this is a topic 

that, through the years, has been a major case study and represents the context of this work.  

1.2 Motivation and Contents 

Electricity presents a key factor today, especially when it comes to the improvement of quality of life [1]. 

When referring to the African continent a consideration must be made: not all people have access to 

electricity. In addition, considering sub-Saharan Africa as a whole, only 290 million out of 915 million 

have clear access to electricity and the number of people without access is rising [2]. Taking Angola in 

account, approximately 10-13% of the entire population has access to electricity [3], which is an alarming 

number.  

On the other hand, when referring to the southern region of Asia which is where Nepal is located, the 

situation is frightening as well, as the access to electricity is still very precarious. About 80% of the 

population live in rural environment, due to its location on the Himalayas mountain range, which makes 

impractical  to reach the grid [4]. 

Being both Angola and Nepal countries well-endowed with renewable energy sources, the aim is to walk 

towards the possibility of meeting the energy needs of them by investing in renewable energy systems 

that could provide better living conditions to rural area, giving them access to electricity. 
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The current thesis is precisely motivated by this vision of providing a short-term solution for that problem. 

The main objective is to focus on a hybrid PV-wind system with energy storage - LiFePO4 batteries – 

that can supply small loads, to test if it would work in small communities in areas with lack of grid access, 

more particularly the region of Luena in Angola, and Humla in Nepal. 

This thesis is composed of 6 chapters: 

• Chapter 1 – Introduction of the problem, also with a small description of the motivation of the 

work; 

• Chapter 2 – State of the art of PV and wind systems and hybrids, description of the case studies 

more especially Luena in Angola and Humla in Nepal and a look at Portugal conditions; 

• Chapter 3 – Description of the different components of the standalone hybrid PV-wind system; 

• Chapter 4 – Theoretical analysis of the production of the standalone hybrid PV-wind system in 

both case studies, as well as in Lisbon for comparison terms; 

• Chapter 5 – Experimental run in Lisbon and experimental analysis of the production of the 

standalone hybrid PV-wind system in both case studies; 

• Chapter 6 – Discussion of results with final conclusions of the study and some suggestions for 

future work.  

 

.
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Chapter 2 

Background 

2 Background 

This chapter provides a brief overview of the evolution of wind and solar systems. However, the focus 

is on hybrids PV/wind systems, and the recent studies associated with them. At the end of the chapter, 

it will be discribed the two main case studies: one in the region of Luena, Africa and the other one in the 

region of Humla, Nepal. It is also taken a glance at the Portugal, more specially Lisbon, conditions.  
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2.1 PV and wind systems  

The use of fossil fuels for everyday-life activities, especially in electricity production, has brought up 

some issues, regarding the use and abuse of these sources. Environmental hazards and harmful 

impacts on the human health are the most important topics discussed when referring to the use of fossil 

fuels. In this regard, the use of renewable energies has increased over the years, in which both solar 

and wind energy represent a big slice of that energy market. 

It is easy to understand why both sources are presented as viable nowadays. In addition, when referring 

to solar energy, it is known that through a photovoltaic (PV) system it is possible a direct conversion of 

sunlight to electricity. This phenomenon is based on the photovoltaic effect which is exhibited by using 

semiconductor material. A typical PV system is composed by solar panels, that comprise solar cells. On 

the other hand, wind energy is the kinetic energy associated with the bulk movement of air. Wind turbines 

convert that kinetic energy into mechanical power, which can be converted into electricity. The work 

principal of a wind turbine, simply stated, is the opposite of a fan, as they use wind to produce electricity. 

With the growth of these technologies, the cost of the electricity generation suffered a massive price 

decline making more possible to invest in them [5]. In fact, over the years, more specifically since 2000, 

a nearly exponential rise of both wind and PV capacity was verified, which is confirmed by Figure 2.1. 

 

Figure 2.1 - Global Cumulative Installations 2000-2019e [6] 

Moreover, despite the decline the wind installations suffered in 2013 of almost 9,4 GW, the annual new 

installations have been steadily increasing and with prospects of improvement until 2019, as it is 

possible to verify in Figure 2.2. In the recent years China has proved to be the main investor in the 

renewable energy sector, mainly due to the environmental problems experienced in the country.       
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Figure 2.2 - Annual New Installations 2000-2019e [6] 

The most common solar and wind systems in today’s energy industry are grid connected, which means 

the generated energy is directly injected in the grid and ready for sale. However, decentralization has 

been growing, with the installation of more and more autonomous systems. In this case, which goes 

further in context of this work, they are not grid connected, therefore, the energy produced as two 

possible destinations: promptly used or stored in proper places for that matter. The first case, is not very 

usual because the system is always dependent on the environment conditions, which makes it not very 

viable, and it is only used in few applications. On the other hand, with energy storage is much more 

reliable, as the battery can supply the load when the renewable energy source cannot. PV-battery and 

wind-battery are some examples of these off-grid systems. They have immense potential in rural areas, 

which are usually rich of renewable energy resources, and can satisfy the needs of those consumers 

that do not have grid access. One downgrade of these type of off-grid systems is the initial high cost of 

the equipment which, most of the times, can be prohibitive [7] [8]. Studies have been carried over the 

years to find a way to surpass this initial prohibitive cost problem, and, with the growth in the renewable 

energy technology, it is possible today to design a system that resorts to more than one energy source, 

it means, a hybrid system. Considered to be more cost-effective, hybrid energy systems can combine 

two or more energy sources (renewable or not) to generate electric power and can be, as well, grid 

connected and off-grid (with or without energy storage). The most common hybrid systems are the off-

grid connected with energy storage, as they are normally made at a smaller scale and for the supply of 

smaller loads [9]. 

In the next sub-chapters, a more detailed description of the technologies of these two systems in 

separate and when combined will be presented.  

2.1.1 PV systems 

Taking advantage of the energy that comes from the sun has been a great deal of use for years in 

various day-to-day applications, from water heating, for example, to producing electricity.  

The PV covers the conversion of light into electricity, as mentioned earlier, through its solar cells. The 

most common solar cells are formed by a semiconductor material – crystalline silicon – which usually 
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generates a Direct Current (DC) power of about 1.5 W, that corresponds of a 0.5 V voltage and a 3 A 

current. So, to obtain more power (usually around 100 W and 200 W DC power) the cells are connected 

in series or in parallel forming the PV modules. Those modules all connected in series form a string, and 

the strings connected in parallel form a solar array of a PV system (Figure 2.3) [10]. The maximum 

efficiency of a crystalline silicon cell has reached is 25.6% and for a module 22.9% at Standard Test 

Conditions (STC) (STC specify a cell temperature of 𝜃𝑟 = 25° 𝐶 ≡ 𝑇𝑟 = 298.15 𝐾 and an irradiance of 

𝐺𝑟 = 1000 𝑊/𝑚2 with an air mass 1.5 (AM1.5) spectrum. These correspond to the irradiance and 

spectrum of sunlight incident on a clear day upon a sun-facing 37°-tilt surface with the sun at a specific 

angle depending on the place on the earth) [11]. 

 

Figure 2.3 – Solar cell to solar array [12] 

2.1.1.1 Cost evolution, growth and market  

In recent years, it has been observed a massive price breakdown, approximately a 70% drop, in solar 

power, making it more possible to be a cost competitive reliable source of energy. As the PV modules 

price continues to decrease, there will also be a decline in the Balance of system (BOS) and installation 

costs (the BOS includes all the components of the PV system besides de modules: wirings, inverter, 

batteries and so on), as it is possible to check in Figure 2.4 [13].  

 

Figure 2.4 - Projected price decline on PV systems [14] 
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This production cost breakdown turned out to be decisive to the tremendous growth in the solar market. 

Figure 2.1 confirms that increase in the global PV capacity and, also shows the 2019 capacity forecast 

to be approximately 10 times higher than the one on 2010 (considering it is GW, it is a considerable leap 

in the market). This obviously leads to an increase in the annual new installations, as seen in Figure 

2.2. 

This development, associated with the fall of the prices, of the solar energy encouraged countries to 

invest more and more. In addition, Europe maintains the leadership regarding the cumulative installed 

capacity, being Germany the main investor with over 40 GW installed power by 2016 [15]. However, in 

more recent years a huge investment has been made by the Asian countries (mainly China and Japan), 

being China the number one in the world in the solar installation market. In addition, it is expected that 

China will remain a considerable influence in the future of the PV market, as they continue to increase 

their share of PV installations. In 2016, China himself reached a new record of 60.5 GW of PV capacity 

[16]. This big development was supported by the Feed-in Tariff (FiT) policies implemented in the 

countries (FiT is designed to accelerate investment in renewable energy technologies by offering long 

term contracts to renewable energy producers. Those contracts guarantee a payment per kilowatt hour 

(kWh) for the full output of the system for a specific period, typically 15 to 20 years) [17].  

2.1.2 Wind systems 

Wind energy can also be considered an indirect form of solar energy. The sun’s radiation warms distinct 

parts of earth’s land and water, which absorb and reflect sunlight differently. This uneven heating of the 

atmosphere makes air flow from cold to warm areas. As the earth rotates, this motion of air, commonly 

known as wind, is perpetuated. To take advantage of that air flow, to produce electricity for example, 

wind turbines were designed. In general, they work better when the wind flows steady and straight. As 

the earth’s surface has some irregularities, such as landforms, bodies of water, vegetation, men made 

constructions, which all influence the wind flow patterns, wind turbines are preferably placed in wide 

open spaces free of all those obstacles. 

Wind turbines can be divided in two types: 

• Horizontal axis wind turbines (HAWT)  

• Vertical axis wind turbines (VAWT) 

The first ones, HAWT, dominate most of the wind energy production industry, and have their name 

derived by the fact that their rotating axis is horizontal or, in other words, parallel with the ground. Most 

of the HAWT are composed by three parts: rotor, nacelle and tower. Usually three-bladed (although 

other configurations are possible), they have their rotor shaft and electric generator at the top in the 

nacelle, which also houses all the other equipment responsible for the power converting. In most cases 

these wind turbines have a gearbox to increase the rotational speed of the rotor, which is usually around 

20 rpm to 30 rpm, to the rotational speed of the electric generators to produce electricity, around 1000 

rpm to 1800 rpm. Finally, the tower, made from tubular steel, supports the entire structure of the turbine. 

As the years go by, the size of the towers has been increasing and, nowadays, towers can have more 
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than one hundred meters, which generate more energy, as wind increases with height [10].  

On the other hand, VAWT (which is in accordance with context of this study), have their name since 

their rotational axis is vertical, or perpendicular to the ground. Unlike HAWT, these turbines do not need 

to be pointed at the wind, which is a good advantage as they are powered from winds coming from all 

directions. Its main components, like the generator (and sometimes the gearbox) are located at the 

bottom of the turbine and, since they can be placed near the ground, it facilitates the tasks of service 

and repair. However, this solution has a few drawbacks, which can be highlighted its low rotational 

speed, as they are placed near the ground where the wind speeds are not so high, producing less 

energy [18].  

Within these two types of turbines, they can be separated in others various subtypes. Although the 

HAWT do not flee much to its conventional design, the VAWT have many subtypes of different shapes, 

being the two main ones the Darrieus and the Savonius. These two were created in the early 1900’s 

and have been a case of study through time. However, new designs for VAWT have been a subject of 

matter as well, and introduced in the market [19]. Figure 2.5 (not in scale) shows the difference between 

a common HAWT and a VAWT (in this case a Darrieus H – a subtype of the common Darrieus VAWTs). 

 

Figure 2.5 - HAWT vs VAWT [20] 

2.1.2.1 Cost evolution, growth and market 

Just like any other renewable energy source, the prices associated with wind energy are slowly 

decreasing, although not as much as the solar market. In addition, this reduction associated with turbine 

prices and installation prices fall as well, raises this market to another level of competitiveness, in which 

the fossil-fuels market can be included [21]. The growth of the global cumulative installations (Figure 

2.1) and the annual new installations (Figure 2.2) confirms that the wind market is growing towards a 

sustainable growth. 

The wind energy market can be divided in two fundamental areas: onshore and offshore market. The 

onshore market (as the name refers, wind blowing on land), which is the most common one, sticks out 
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as reliable and its technology is very mature. On the other hand, the offshore market (as the name 

refers, wind blowing at sea) is also a great source of clean energy, as the offshore average mean wind 

speed is higher than the onshore, and offshore farms can increase electricity production over 50% 

compared to onshore farms [22]. However, the costs associated with it remain high, as these turbines 

must be designed to resist the strong offshore winds, as well as the unpredictable marine environment 

(not forgetting the cost of connecting the offshore wind turbines to the net). Better the protection, higher 

the cost, which makes investment in this renewable source more challenging.  

Considered to be one of the most reliable sources of renewable energy, the wind market has registered 

a significant growth. In fact, regarding the onshore market, China is now considered to be the main 

investor, especially by the 2015 investment of around 30 GW, almost half of the world total, which is 

huge, comparing to other main investors like the United States, Germany, United Kingdom, India, and 

others. When talking about the offshore market, Europe continues to dominate it, with prospects of 

increasing it every year by building more and more wind farms, where can be pointed out the United 

Kingdom, Germany, Denmark and Sweden [22] [23]. 

2.1.3 Hybrid PV-wind systems 

When one talks about hybrids, normally it is referred to off-grid systems with energy storage, as 

standalone systems are gaining fame – which is also the focus of this work. This kind of systems have 

been a subject of matter, especially over the past few years, mainly regarding its feasibility, modelling, 

control, optimization techniques and reliability issues [24]. However, as these systems are quite recent, 

the studies continue towards a sustainable growth so that they can be considered reliable enough to be 

widely used. 

As mentioned earlier, solar and wind technology have evolved on a large scale making more possible 

and reliable to design and build hybrid PV-wind systems. Combining these two sources to use the 

strengths of one to overcome the weaknesses of the other can solve the problems of the PV and wind 

alone systems, for certain periods of time that they cannot work because of the lack of sun or wind, 

respectively. In addition, it improves the overall energy output comparing to either technology alone [25].  

2.1.3.1 Common topologies  

So, taking in account the off-grid hybrid PV-wind systems with battery storage, two main types can be 

detached:  

• Common AC bus; 

• Common DC bus. 

In the first case, the hybrid system is connected to a common AC bus. In this topology, the AC outputs 

voltage that comes from the PV panels, batteries and the wind turbine, connected to a DC/AC and 

AC/DC-DC/AC converters, respectively, feed the load directly. The batteries are connected to a DC/AC 

converter, regulating the AC bus voltage, by charging (when there is extra power) or discharging (when 

there is lack of power), as it can be seen in Figure 2.6 a). On the other hand, the second case, the hybrid 
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system is connected to a common DC bus. The DC outputs voltage that comes from the PV panels, 

batteries and wind turbine, connected to a DC/DC and AC/DC converters, in parallel, go through a 

DC/AC inverter to feed the load. The batteries are connected to a DC/DC converters, regulating the DC 

bus voltage, by charging (when there is extra power) or discharging (when there is lack of power), as it 

can be seen in Figure 2.6 b) [26] 

 

 

Figure 2.6 - Standalone hybrid system at common: a) AC bus and b) DC bus [26] 

Both topologies are used worldwide. However, common DC bus systems are very effective and cheaper 

to implement [27]. It simplifies the connection of different generation sources, as it does not require 

voltage synchronization, and losses can be avoided from the DC/AC transformation. For most hybrid 

systems, nowadays, this topology is more common compared to the common AC bus design [28].  

A third topology can be considered, the common DC/AC bus. However, it is most used when there are 

more than only two sources of energy. 

2.1.3.2 Cost evolution, growth and market 

An optimum combination of these two resources can partially overcome the problem of the intermittent 

behaviour of the solar and wind sources. Being so, the system can be considered more reliable and 

economical to run [26]. As prices of these two renewables sources tend to fall, it is easier to invest. 

Although hybrids can be used in every sort of day-to-day application, the growth that has been observed 

in its market is mainly due to rural areas applications. In effect, the installing these systems in areas 

where lacks the access to electricity cost less than trying to get the electricity from the grid. On the other 

hand, it can as well improve the quality of life and help the development of countries. The main cases 

of study, over the past few years, have been the remote areas of Asia Pacific, the Middle East and 

Africa, which have the largest share in the hybrid systems market. [29]. 

However, despite the development of the cost-effectiveness of the solar and wind market, the initial cost 

of a hybrid system remains high [25], especially the cost of the storage components (usually batteries), 

which is still very significant.  
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2.2 Case Studies 

This work has two case studies: one in Angola and the other one in Nepal.  

The first one is based on a former study, which was also in Angola more specifically Luena. That study 

focused on a standalone off-gird PV system that showed good results for a great part of the year, and 

for the months when the irradiation values are high. However, in January and December mainly, the 

production values were small and not sufficient to supply the consumers loosely, suggesting an addition 

of a second source of energy [8]. 

The second case study is in Nepal. Being a country well-endowed of renewable energy resources, it 

was interesting to analyse the viability of investing in this kind of hybrid systems. 

In the end, it was also taken in account Portugal, Lisbon, which is where the experimental part was run. 

2.2.1  Angola case study 

Over half a billion people in Africa lack access to electricity. To meet the existing and future demands, 

a change is needed and the opportunity to generate electricity from clean and reliable sources is gaining 

form [30], as it is a continent where renewable energy resources are abundant, especially its high solar 

potential.  

Considering only Angola, despite the big cities, the access to electricity is still very precarious. Its Power 

Sector is characterized by a low consumption per capita and the electricity is mostly consumed in 

Luanda, where the main infra-structures are located. It accounts 65% of the total demand of the country. 

Angola’s electricity grid is still weak and poorly integrated, and can be divided into three large non-

connected distribution grids: the northern, the central and the southern. Other isolated grids can be 

found in the country, but due to the civil war fought in the country, until 2002, many transmission lines 

were broken. This lead to the use of backup isolated generation systems (especially diesel ones) [3]. 

Although it became more common the use of those generators, both for industries and residential use, 

it has many downgrades, for example the high emissions and noise [8]. Most rural areas in the country 

simply cannot access the electric grid mainly due to the high prohibitive costs of installing utility lines or 

to invest in generators. All of this led the Government to act, to extend electricity coverage, not only to 

help large structures but to improve population’s living conditions trying to provide electricity to most 

people as possible. 

As mentioned earlier, the African continent has enormous potential to exploit its renewable energy 

resources. More specifically, Angola, despite being a country full of oil resources, has most of its 

domestic power supplied is derived from hydropower. Considering this energy source, the country has 

an estimated potential 150 TWh/year, of which only about 65 TWh/year is considered technically and 

economically viable [3]. The total installed capacity is around 866 MW and the total hydropower 

production is around 430 GWh/year [31].This means that a small percentage of the total capacity is 

used. However, new installations are in progress, as it has enough potential for a sustainable growth. 

On the other hand, more in context of this work, other renewable technologies have a growing potential 
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in Angola as well, especially solar and wind. Its off-grid technology is the short and medium term to 

extend electricity coverage around the country, mainly to the population that live in rural areas. Further 

on the objective is also to include them in the national grid. 

2.2.1.1 Solar resource 

As most countries in Africa, Angola has great solar potential with its global horizontal irradiation values 

which goes around 2000 kWh/m2/year. Apart from hydropower, solar technology is the most promising 

renewable source in Angola. 

 

Figure 2.7 – Angola’s Global Horizontal Irradiation [32]   

Taking in account the region of Luena, it is known to be far away from the three main grids, being the 

access to the electricity still very small. There are only isolated systems in the area that can provide few, 

being the off-grid technology an effective way to circumvent this problem. As possible to verify from 

Figure 2.7 it is one of the regions with higher irradiation on a horizontal plane (Hh) values with an average 

of 5830 Wh/m2/day. Nonetheless, PV panels take more advantage when tilted to an optimum angle, 

when compared to the horizontal position. So, for PV projects it is preferable to consider the irradiation 

on optimally inclined plane (Hopt), which for Luena is around 6070 Wh/m2/day (The values of the solar 

irradiation were calculated using the PVGIS database that clearly calculates the irradiation for any 

specific site in an horizontal plane or tilted from an optimum angle selected by the tool (usually the 

latitude of the site studied) [33]). The optimum angle varies through the year depending on the seasons 

and the precise location of the PV panel. However, for an annual mean optimum angle of 19 degrees 

was considered (from horizontal).  

The weather in Angola can be divided in two seasons: dry season (from May to October) and hot rainy 

season (from November to April). The dry season corresponds to the winter months which is also the 
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time where the total of sunshine hours is higher, that also matches with an higher irradiation. The other 

months correspond to the warmest months of the year, which are also cloudy, with lower irradiation and 

sunshine hours. Figure 2.8 shows the average monthly sunshine hours in Luena, Angola, in 2016. 

 

Figure 2.8 – Average monthly sunshine hours in Luena, Angola (2016 data) [34] 

2.2.1.2 Wind resource 

Considering Figure 2.9, it is possible to observe that the Angola’s wind atlas shows some potential, 

especially in the south of the country where wind reaches higher speeds.  

 

Figure 2.9 - Angola’s wind speed at 80 m [35] 

For this work the wind speeds values considered were collected from the National Aeronautics and 

Space Administration (NASA) database website [36]. More specifically, a 10-year average monthly wind 

speed data, 10 meters above Earth’s surface. 

From observing Figure 2.9 it is possible to verify that Luena is not the region with higher wind speed 

values, with an annual average wind speed of 3.9 m/s. In this regard, the higher monthly average wind 

speed values correspond to the dry season, and the lower values to the hot rainy season. These values 

suggest that a stand-alone wind system in the region might not be entirely viable. However, taking in 
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account the previous study of Luena with a stand-alone PV system [8], conciliate the solar and wind 

resource with a hybrid system might be a good solution. In addition, although the wind might not be that 

strong, the advantage is that it blows during all day always producing energy, unlike solar energy.  

2.2.1.3 Power sector overview  

As mentioned previously, regarding its energy scenario, Angola has a low consumption per capita, which 

is around 375 kWh per inhabitant. This results from its poor electrification, considering that most existing 

infrastructures in the electricity sector were built well before the independence of the country (which was 

in 1975) and partially destroyed during the civil war. 

The Ministry of Energy and Water (Ministério da Energia e Águas - MINEA) is the government policy 

making institution responsible for total energy sector in Angola, alongside The Ministry of Planning which 

is responsible for the public investment plans and The Ministry of Finance that sets tariffs and subsidy 

levels. The energy sector is regulated by Instituto Regulador de Sector Eléctrico (IRSE) [8][37]. 

The Empresa Nacional de Electricidade (ENE) is a state-owned company responsible for the generation, 

transmission and distribution of electricity in Angola’s three main grids and some other isolated systems 

in the country (excepting Luanda where Empresa de Distruibuição de Electricidade de Luanda (EDEL) 

is responsible for the distribution). However, in 2014 a national decree was signed to extinguish the two 

distribution companies (ENE and EDEL) to create three new ones: The Empresa Pública de Produção 

de Electricidade (PRODEL) which assets result from the merger of the extinct business unit of ENE and 

the exploitation of Capanda’s Hydroelectric Plant, which belongs to Gabinete de Aproveitamento do 

Médio Kwanza (GAMEK), operating throughout the national territory; the Empresa Rede Nacional de 

Transporte de Electricidade (RNT) which results of the assets of the Transportation Business Unit of the 

extinct ENE, carrying out its activities throughout the national territory; and the Empresa Nacional de 

Distribuição de Electricidade (ENDE) that comes from the merger of the assets of the former EDEL and 

the Distribution Business Unit of the extinct ENE, developing its activity throughout the national territory 

as well [38].  

MINEA’s National Department of Renewable Energy (Direcção Nacional de Energias Renováveis) must 

as well be considered, as it is responsible for the conception, promotion, evaluation, implementation and 

monitoring of policies for renewable energy systems grid-connected being developed in the country. In 

addition, this department lead to the creation of the National Institute for Rural Electrification (Instituto 

Nacional de Eletrificação Rural - INER) which is now responsible for the conception, promotion, 

evaluation, implementation and monitoring (as well) of policies for rural electrification, either from 

renewable energy systems (grid-connected or not) or the extension of the grid [35]. Some projects have 

already been carried out, like the “Aldeia Solar” project, the BIOCOM company and some mini-

hydropower centrals are some of the examples. Those projects are contributing to the social and 

economic development of the country. 

The electricity sector in Angola seems to be growing over the last few years, with big investments to 

improve generation, transmission and especially the distribution. Furthermore, when talking about rural 
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electrification, the creation of INER seems to be an effective way to increase the number of people with 

access to electricity in the country. Although its creation is recent, the plans for the future seem 

promising, with the extension of national grid and the implementation of small auto-sufficient systems  

being the major ones [35]. 

2.2.1.4 Energy costs  

The electricity tariffs have been the same in Angola since the decree signed in 2006 (Executive Decree 

nº 118/06 of 14th August 2006 [8]), which corresponds to 3.35 kwanza/kWh (around 0.0265 €/kWh). 

The downgrade of this tariff is that it only covers 20% of the generation cost, being one of the smallest 

in the African continent [39]. 

2.2.2 Nepal case study 

The Asian continent is, like the African one, well provided with renewable energy resources. Some of 

its biggest countries, in size and economic power, that are still investing in nuclear power, also represent 

the major investors in renewable energy systems. Nonetheless, the issue of the non-electrification in 

the rural areas of certain countries remains a critical concern.  

Considering Nepal, it is known to have most of its energy derived from diverse sources, such as biomass 

(which is the primary source of energy in the country), fuel wood, hydropower and, as Nepal as no 

known oil, gas or coal reserves, the importation of petroleum, which affects the weak economy of the 

country. In addition, its power sector is characterized by a low consumption per capita as the access to 

electricity is still very precarious. The numbers in 2010 were alarming, showing that  there was only a 

53% of electrification, which meant that 12.5 million people in the country lived without electricity [4].  

Nepal has about 80% of its national population living in rural areas, mainly due to its geographic location, 

especially its elevated position in the Himalayas mountain range, that makes hard to reach some of the 

remote communities. As the height of the village increases, it makes infeasible to access the electric 

grid. In addition, those remote areas resort to human labour to produce energy, by using animal manure 

or burning firewood, for example, with exception of some villages that are located near roads and can 

buy kerosene (liquid derived from petroleum that can be used as fuel in households). Other example of 

production of energy in remote areas is the exploitation of the resin soaked high altitude pinewood stick, 

that is called “jharro”. The light it produces when burned is very strong and used to light indoor living 

spaes. Yet, burning “jharro” sticks is known to be prejudicial, as its smoke can cause serious health 

issues, reducing life expectancy [4] [40].  

So, to meet all the energy needs, to provide electricity to most people that live in those remote areas, 

big efforts are necessary. It might be possible, as Nepal has enormous potential in renewable energy 

resources, mainly its solar, hydric and wind power. In fact, some companies have made some efforts to 

improve the live conditions, and one example is the Light Up The World (LUTW) company that has been 

providing LED lightening to households powered by renewable energy sources and, joining forces with 

the Rural Integrated Development Services – Nepal (RIDS – Nepal), has been helping with the 
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installations of those systems and the follow-up of them [41]. In addition, other approaches were taken 

as well, such as the installation of off-grid systems with battery storage and charge controllers. As some 

of these villages, especially the Himalayan ones, are far away from the urban areas, the operation and 

maintenance (O&M) must be thought to the villagers [42].  

To sum up, it can be said that rural electrification is gaining form over the last few years. However, some 

areas live so remotely that is still hard to reach them. 

2.2.2.1 Humla district 

One of the remotest area in Nepal is the district of Humla. It is situated on the north-western region of 

the country and it is located on the Himalayan mountain range. In addition, it is so far away from the 

urban areas that is only reachable by plane, as the nearest road is from a walking distance of 15-17 

days (and that walking trek goes through some of the mountain highest  passes and trails, which can 

be considered dangerous) [40]. The great distance is verifiable in Figure 2.10.  

 

Figure 2.10 – Map of Nepal with the nearest road (underlined in Bierendranagar) from Humla’s district 

(circled in Simikot) (adapted from [43]) 

Considered to be one of the least developed areas in Nepal, the economy of Humla is based on the 

trade of life supplies and importation of all sort of materials. Agriculture is also important, but due to the 

mountainous terrain, it is hard for the villagers to produce enough for themselves. In addition, Humla 

villagers have most of their light derived from the burning of “jharro”. As mentioned earlier, it contributes 

to indoor pollution, being the major cause of reducing the life expectancy and, as well, the cause of 

deforestation in the district [40]. However, Humla is one of the regions in Nepal with greatest renewable 

energy resources, which can be explained especially by its geographic position. In fact, as possible to 

see in Figure 2.11, the district has great levels of altitude, due to being part of the Himalayan mountain 

range, which comes with good wind speed values and solar irradiation values as well. Also, the 

hydropower resource of the region has great potential mainly due to the close location to the Karnali 

river, and other smaller rivers nearby [42] [44]. 
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Figure 2.11 – Topographic map of Nepal (source: https://en.wikipedia.org/wiki/Nepal) 

The sub-development of Humla’s district and the immense potential regarding renewable energy 

resources are the main reasons to this detailed study.  

2.2.2.2 Solar resource 

In Asia, the South Asia or Southern Asia (both terms are used to describe the southern region of Asia) 

has the greater values of solar irradiation. The countries that are included in that region are the sub-

Himalayan ones, of which Nepal is part. In Figure 2.12 is possible to see the high potential of the country 

regarding its solar power. 

 

Figure 2.12 – Nepal’s solar Irradiation with solar panels tilted at latitude (around 30º) (source: 

http://www.evwind.es/tags/nepal) 

The values of the solar irradiation for this part were also calculated using the PVGIS database [33].  

Per year, Nepal usually has 300 days of sunshine [45]. Considering Humla’s district, and by observing 

Figure 2.12, it is possible to verify that it has probably some of the highest irradiation values in the 

country with an average Hh of 4270 Wh/m2/day. Considering only the optimum angle by an annual 

https://en.wikipedia.org/wiki/Nepal
http://www.evwind.es/tags/nepal
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average, which is 32º for that site, it is possible to get the Hopt which is about 4650 Wh/m2/day. 

As Nepal is above the Equator line, it has its seasons divided similarly as in Europe. However, its climate 

is different as it is a warm and humid country: its hot season (from April to September) is characterized 

by the highest irradiation values. It also corresponds to the rainy season as well (especially during 

Summer, from June to September). The other months (from to October to March) are the dry ones where 

the irradiation values are smaller.  

When taking in consideration the sunshine hours, and basing on the Kathmandu’s sunshine hours 

(Nepal’s capital), it is possible to verify from Figure 2.13 that it is during Spring, in which the days are 

longer, there are more sunshine hours. However, in average, the dry months have larger sunshine 

hours. 

 

Figure 2.13 – Average monthly sunshine hours in Kathmandu, Nepal (2016 data) [34] 

2.2.2.3 Wind resource  

Nepal has good potential regarding its wind energy. In fact, has it is a mountainous country with various 

regions at great altitude, it has high values of wind speed, as it is possible to verify from Figure 2.14. 

 

Figure 2.14 – Nepal’s wind speed data (source: http://nepalitimes.com/article/nation/energy-windfall-in-

Nepal,2539 ) 

For Nepal, the wind data was also collected from the NASA database website [36], on a 10-year average 

monthly wind speed data ,10 meters above Earth’s surface. 

http://nepalitimes.com/article/nation/energy-windfall-in-Nepal,2539
http://nepalitimes.com/article/nation/energy-windfall-in-Nepal,2539
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Considering Humla’s district, it has an annual average wind speed of 4.73 m/s. In addition, the higher 

monthly average wind speed values correspond to the dry season (from October to March, where the 

solar irradiation values are lower), and the lower monthly average wind speed values correspond to the 

hot season (from April to September, where the solar irradiation values are higher). These values 

suggest that it is an area where solar and wind energy complement each other well. 

For now, in the country little is known regarding its wind projects. However, some hybrid PV-wind 

systems have been set in some rural areas [46]. 

2.2.2.4 Power sector overview  

As well as in Angola, Nepal has a low consumption per capita with weak electrification, mainly due to 

its irregular terrain and weather (the Koshi floods in 2008 broke many transmission lines) and its poor 

economy. After the civil war fought in the country, from 1996 to 2006, Nepal’s power sector has faced 

some difficulties and it still lacks good fund support.  

The main entity responsible for the energy scenario in Nepal is The Ministry of Energy (MoE). It was 

created from the old Ministry of Water Resources (MoWR), being the water resources one of its major 

concerns. There are other ministers that also have mandates regarding the usage of energy in the 

country. The Ministry of Environment, Science & Technology (MoEST), which focuses on the 

sustainable economic growth and environmental impact issues in Nepal, the Ministry of Industry (MoI), 

which aims to monitor all the industries in the country, the Ministry of Forest and Soil Conservation 

(MoFSC), responsible for the biomass sector (greatest source of energy in the country), the Ministry of 

Commerce and Supplies (MoCS), which is responsible for the fossil fuels scenario and the Ministry of 

Housing (MoH) in the building sector.  

Talking more specifically about electricity, the company responsible is the Nepal Electricity Authority 

(NEA). This state-owned company, which is affiliated with MoE, is responsible for the generation, 

transmission and distribution of electricity in the country. It also buys power from Independent Power 

Producers (IPP). However, the electricity tariffs are not set by NEA, but the Electricity Tariff Fixation 

Commission (ETFC). With the increase of the gap between the supply and demand (the demand has 

increased over the last few years), NEA has not been able to handle it, occurring time to times power 

cuts, which take several hours during a day.   

On the other hand, there is Alternative Energy Promotion Centre (AEPC), created by the MoEST, which 

is especially directed to the promotion of renewable energy resources in the country. In addition, it is 

responsible for the implementation of renewable energy policies, to get and deliver subsidies to rural 

off-grid projects (which usually come from the government and international funds) and ensure a proper 

work of the systems by providing regular O&M control. Another association that has been helping the 

creation of off-grid projects is the RIDS-Nepal, a non-profit non-governmental organization, which is 

financed by individuals, charities and others. [4] [45]. 

The electricity sector in Nepal can and should be improved. The sporadic electricity blackouts 

experienced in the country have increased, especially during the dry cold season, with NEA being 
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publicly criticized. One way to overcome this problem is the installation of renewable energy systems to 

increase the supply. On the other hand, those blackouts do not harm some of the people that live in 

remote areas, as they do not have access to electricity at all. Yet, with the creation of the AEPC and the 

help of RIDS-Nepal, the future of rural electrification seems promising [4]. 

2.2.2.5 Energy costs 

Considering Nepal has a more irregular terrain, its electricity tariffs for households are not constant. Be 

that as it may, it can correspond from 4 to 10 Nepalese Rupees/kWh (approx. 0.04 - 0.10 €/kWh) [4]. It 

is one of the most expensive tariff in the South Asia. 

2.2.3 Portugal: experimental site 

Finally, it is important to look at the conditions of Portugal, more specifically its capital Lisbon. It was not 

considered previously as a case study because it is not a rural area. However, as it is not possible, for 

the realization of this work, to run the experimental tests in Angola or in Nepal, the site chosen was in 

Lisbon in Instituto Superior Técnico, which is studied in detail in chapter 5. As the aim of this work is to 

study the viability of the implementation of this kind of systems in rural areas, for Portugal it is only taken 

in consideration its solar and wind resource for comparison terms.  

2.2.3.1 Solar resource 

In Europe, the Iberian Peninsula has the greatest solar potential with high values of solar irradiation, 

making Portugal a good place for the installation of PV modules.  

 

Figure 2.15 – Portugal’s Global Horizontal Irradiation [32] 
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According to the data that was calculated using the PVGIS database [33] it is possible to verify from 

Figure 2.15 that Portugal is a country well-endowed with solar irradiation. Considering only Lisbon 

(specifically Instituto Superior Técnico) it has high irradiation values with an average Hh of 5120 

Wh/m2/day. Considering only the optimum angle by an annual average, 35º, it is possible to get the Hopt 

of 5940 Wh/m2/day. Comparing with both case studies, its irradiation values are higher than Nepal’s and 

lower than Angola’s. 

Portugal’s seasons are like Nepal’s, as they are both above the Equator line, being its hotter season the 

one with higher irradiation values, which is during spring and summer, especially from April to 

September, in which the days are longer, as possible to verify from Figure 2.16. The other months are 

shorter, and also correspond to the lower values of irradiation. 

 

Figure 2.16 – Average monthly sunshine hours in Lisbon, Portugal (2016 data) [34] 

2.2.3.2 Wind resource 

Despite not being the country in Europe with the highest potential regarding wind energy, Portugal 

shows, however, good values of wind speed typical of a windy country. 

 

Figure 2.17 – Portugal’s wind speed at 80 m (source: http://dev.igeo.pt) 

http://dev.igeo.pt/
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Figure 2.17 clarifies that Lisbon is one of the regions with greatest wind speeds. According to the data 

collected from the NASA database website [36], the annual average wind speed reaches 5.37 m/s. The 

higher wind speed values are during autumn and winter (from October to March, which also corresponds 

to the months where the irradiation values are lower) and the lower wind speed values correspond to 

spring and summer (from April to September, where the solar irradiation values are higher).  

To conclude, Instituto Superior Técnico in Lisbon, Portugal, was the site chosen for the experimental 

run, which made necessary to study its conditions. It is not considered as a case study as it is a country 

with a high rate of electrification and, through the last few years, has included renewable energy sources 

in its energy sector, being one of the countries in Europe which invests and consumes the most [47]. 
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2.3 Conclusions 

The market of renewable energies is growing clearly. It is known that some of the fossil fuels reserves 

are close to extinction, making countries turn to another source of energy that can supply indefinitely. In 

fact, that lead to the fall in the prices of renewable energy systems and, with that, a great deal of 

investment of various countries, so that they can depend only on them in the future. Nonetheless, there 

is still many people without no access to electricity at all, and having access to it is indispensable for a 

sustainable growth of communities. As sometimes it is unfeasible to invest in utility lines to connect the 

grid to some remote areas, and these areas are usually full of renewable energy resources, the idea of 

investing in autonomous renewable energy systems is growing. 

As introduced in this chapter, with the advances in wind and solar technology, the path is to start 

designing autonomous hybrid systems that can combine both, instead of using just one. Taking in 

account the case studies in Angola and Nepal, more specifically Luena and Humla district, the access 

to electricity is still very precarious, as they live far away from the main electric grid. However, both areas 

are well-endowed with renewable energy sources and, with the significant efforts that have been made 

in the renewable energies sector, especially to improve the living conditions of these rural areas, the 

future seems to grow towards the increasing of electrification in those areas.   
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Chapter 3 

Standalone hybrid PV-wind 

system 

3 Autonomous hybrid standalone PV-wind system 

This chapter gives an overview of the standalone hybrid PV-wind system that is studied in this project. 

In addition, it is given a detailed description of the characteristics of each component. 
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3.1 System’s diagram 

This work aims the study of a standalone hybrid PV-wind system. In fact, a system that consists on the 

combination of energy that comes from the PV panels and a VAWT, both connected to a control unit, in 

this case a Battery Management System (BMS), which monitors the charge of the battery bank. The 

BMS is also connected to an DC/AC inverter which is linked to an AC load. Figure 3.1 shows a potential 

scheme of the hybrid PV-wind system.  

 

Figure 3.1 – Hybrid PV-wind system with battery storage 

The next few sub-chapters will give a detail description of each component of the system. 

3.2 PV panels 

Taking in account solar energy, the PV panels are the first renewable energy source of the system to 

be considered. Most off-grid systems use them as their primary source, with numerous examples using 

PV panels alone. Today, PV panels are mostly based on a variation of silicon, with the polycrystalline 

and monocrystalline being good examples of it. What differs is the purity of the silicon (the purer, more 

efficient the solar panels are), being the monocrystalline the most efficient one. However, the purity 

process is still very expensive and, nowadays, the choice of the panels tends to the polycrystalline ones, 

which are less expensive.  

In the projected hybrid system, there are two polycrystalline PV panels connected in parallel, more 

specifically the polycrystalline Suntech STP225 - 20/Wd (annex A.1). Considering its size, each panel 

has a dimension of 1665 x 991mm, it means, a panel area of 1.65 m2. For each panel, the maximum 

power peak is 225 Wp. Being two panels, the maximum production would be of 450 Wp. For STC, the 

efficiency of the panel is 𝜂𝑃𝑉 = 13.6 %. However, a Maximum Power Point Tracker (MPPT) is not taken 

into account in this project, as it makes the cost of the system cheaper. So, considering the Normal 

Operating Cell Temperature (NOCT) standard conditions (NOCT conditions specify an ambient 

temperature of  θ = 20° 𝐶 ≡ T = 293.15 𝐾, an irradiance of 𝐺 = 800 𝑊/𝑚2, a wind speed of 𝑣𝑤 = 1 𝑚/𝑠 

with the PV model at a tilt angle of 45 ℃ ± 3 %) to better choose the maximum power of the panels, it is 
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possible to verify that, for one panel, the value is 165 Wp. Being two panels, the maximum production 

would be of 330 Wp. 

When using such conditions, like STC and NOCT, some aspects are not considered. For example, the 

environment changes and the mounting conditions of the PV can change the temperature on which the 

cell is working and, as the temperature variation has effect on the voltage produced by the PV (lower 

the temperature, higher the voltage, and with higher temperature). 

3.3 Wind turbine 

Now, taking in account wind energy, the other renewable energy source to be considered is the wind 

turbine. In addition, as the project focuses on microgeneration of energy, and due to where it was placed, 

the type of turbine used was a small VAWT (mostly used for small off-grid systems), as they are cheaper 

and easy to install and repair in case of any problem, and the energy is generated at low speeds, 

discarding the need of a gearbox, which increases the system’s cost. The design chosen to this study 

was the Lenz turbine.  

So, when one talks about the Lenz design it is important to verify some of its main empirical 

characteristic: starting with the blades, it is composed by 3 aerofoils, equally distanced from one another 

(usually the number of blades in small VAWT, although its number might be flexible) all connected 

through a tubular spindle. For this specific VAWT, each aerofoil as a height of 98 cm and the rotor 

diameter is 96 cm. It is also important to verify the section of air that is swept by the rotor. Once it is 

referent to a VAWT, the shape of the swept area is a rectangle, calculated by: 

𝐴 = ℎ ×  𝑑 (3.1) 

where the A is the swept area [m2], h is the aerofoil height [m] and d is the rotor diameter [m]. For the 

turbine in question, the total area swept by the rotor is approximately 0.94 m2. 

However, to fully understand the function of the VAWT it is also important to know how much energy 

that comes from the wind can truly be used, and how it affects the performance of the turbine. 

3.3.1 Output power 

The total power that is available in the wind can be given by the following formula: 

𝑃𝑎𝑣 =
1

2
𝜌𝐴𝑣𝑤

3 (3.2) 

where 𝜌 is the air density [kg/m3] at normal sea level and at 15℃, which takes the value of approximately 

1.23 kg/m3 and vw the wind speed [m/s]. As possible to see from (3.2), the available power from the wind 

is strongly dependent on the wind (it is proportional to the cube of the wind speed). However, not all 

energy derived from the wind is truly enjoyed. The ratio of wind power used by the turbine and the total 

wind power is given by the power coefficient (Cp), which can also be called the turbine’s efficiency: 
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𝐶𝑝 =
𝑃𝑜𝑤𝑒𝑟 𝑢𝑠𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 (𝑃𝑇)

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑 (𝑃𝑎𝑣)
 (3.3) 

In section 3.3.2 there will be a more detailed description of the normal Cp of wind turbines.  

So, the total electric output power of the turbine can be calculated from: 

3.3.2 Power coefficient and deviations 

To produce energy, the wind turbine decelerates the wind. For it to be 100% efficient, the wind turbine 

would have to stop all the wind that passes through it, but that is impossible because the wind turbine 

would have to be opaque and couldn’t spin, not producing kinetic energy, not creating any energy at all.  

So, trying to understand how much would be the maximum Cp of a normal wind turbine, a theoretical 

limit was deduced: Albert Betz found that for a HAWT the maximum value is around 59,3 %. However, 

that limit cannot be directly applied to a VAWT. This theoretical value of Cp represents the kinetic energy 

that can be converted to mechanical energy turning the rotor, it does not consider the conversion of 

mechanical energy into electricity which also considers the generator efficiency (reducing the Cp).  

Apart from that, there are also other factors that alter the maximum value of the Cp of the turbine, 

obviously reducing it. More in context of this work, that structure that holds the wind turbine is handmade 

and develops some resonances as it is not totally fixed and tends to shake, reducing the Cp of the 

turbine.  

One factor that influences the value of the Cp, common to all types of wind turbines, is the Tip Speed 

Ratio (TSR). In addition, it is defined as the ratio between the tangential speed at blade tip and the actual 

wind speed:  

where R is the rotor radius [m] and 𝜔𝑇 is the angular speed at which it is rotating [rad/s] and vw the wind 

speed. It is important to understand that the wind speed is not the only one to take in consideration. It 

means, to obtain a maximum Cp it is necessary to count with the rotational speed of the turbine (along 

with the wind speed) as when the rotor rotates fast, the wind starts to face it as an obstacle, producing 

less energy. For a specific optimum value of TSR, the Cp reaches its highest value. 

So, considering the facts that can alter the maximum value of Cp, and basing on a previous literature  

[48], one can state that the maximum value that can be considered for most VAWT, nowadays, is usually 

between 0.15-0.22.  

Finally, it is also important to see the forces acting on the blade, presented in Figure 3.2. 

𝑃𝑇 = 𝐶𝑝 × 𝑃𝑎𝑣 = 𝐶𝑝 ×
1

2
𝜌𝐴𝑣𝑤

3 (3.4) 

𝑇𝑆𝑅 = 𝜆 =
𝑇𝑎𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑏𝑙𝑎𝑑𝑒 𝑡𝑖𝑝

𝐴𝑐𝑡𝑢𝑎𝑙 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
=
𝜔𝑇𝑅

𝑣𝑤
 (3.5) 



 

31 

 

Figure 3.2 – Forces acting on an aerofoil  

The shape of a blade determines the amount of energy extracted from the wind. In addition, the turbine 

in question has three blades that are aerofoil shaped. Considering the relative velocity (𝑉∞), that actuates 

on the blade, it results from the wind speed and the tangential speed, and hits the blade at a specific 

angle, made with the chord line (c) (line that represents the distance between the leading and the trailing 

edge of the blade), and it is called the angle of attack (𝛼). Also, the resultant force (R) on the blade can 

be divided in two components: the drag force (D), which is parallel to the relative velocity vector and 

takes the same direction, and the lift force (L) which is perpendicular to that relative velocity vector. The 

resultant force can also be divided in: the normal force (N) which acts perpendicular to the chord line, 

and contributes to the movement of the blade and the axial force (A) which acts tangential to the chord 

line [10] [49].  

3.3.3 Permanent magnet synchronous generator  

The wind turbine in study was connected to a permanent magnet synchronous generator (PMSG). In 

this case the excitation of the synchronous generator is created due to the existence of permanent 

magnets in the rotor instead of an external DC current flowing in the rotor field windings.  These types 

of generators are often used in the production of electricity using a primary mechanical source, often of 

variable speed, due to its lower maintenance costs and higher efficiencies. In most cases the AC output 

is converted to DC power. For being simpler, more efficient and cheaper, the conversion from AC to DC 

power is accomplished by an AC/DC rectifier, it means, a full-wave diode bridge rectifier. The DC/DC 

converter is optional, to increase/decrease the voltage and for safety measures. 

The PMSG used in the project was a small one which was tested in the laboratory. So, it can be 

highlighted its 4 pairs of poles and its rated power of 𝑃𝑛 = 750 𝑊. In addition, it was also considered the 
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use of a DC/DC boost converter (studied more in detail in chapter 5). 

3.3.3.1 Experimental determination of the electrical time constants 

For the characterization of the PMSG, it is imperative to quantify some of its parameters. In this regard, 

some experimental tests were performed, especially regarding the electrical time constants of the 

generator. For it, it was necessary to proceed to the align of the rotor according to which respective axis. 

So, firstly, to determine the electrical time constants according to the d axis of the stator, it is necessary 

to align of the rotor according to it, the connections at the terminals of the PMSG, as seen in Figure 3.3, 

were made, applying a continuous voltage (V) at its terminals, with no load.  

 

Figure 3.3 – Connections for the experimental run according to the d axis of the stator [50] 

In steady-state, the currents can be described by: 

in which: 

With the rotation of the generator and as 𝜃 approaches zero, iq equally tends to zero: 

As the generator stops, the rotor is perfectly aligned with the d axis of the stator. So, assuring that 

position, it is possible to rewrite the equations seen in (3.6): 

{
 
 

 
 
𝑖𝑑 = √

3

2
𝐼 cos 𝜃

𝑖𝑞 = −√
3

2
𝐼 sin 𝜃

 
 

(3.6) 

𝐼 = 𝑖1 = −2𝑖2 = −2𝑖3 (3.7) 

𝜃 = 0 ⇒ 𝑖𝑞= 0 (3.8) 
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In these conditions, it is possible to study the transient regime of the currents. According to [50] it is 

possible to verify: 

For simplification of the calculations, it was considered: 

where it can be defined: 

With a strong magnetic bond, it means:  

it is now possible to write: 

where now emerge the sub-transient constant (𝜏𝑑0) and the time constant in free regime of the d circuit, 

being the D circuit in open-circuit. So: 

As it corresponds to a short-circuit of the source, it is also important to look at the voltage step (∆𝑢𝑑) 

applied. It is now possible to demonstrate that: 

{
 

 
𝑖𝑑 = √

3

2
𝐼

𝑖𝑞 = 0

 (3.9) 

{𝑖𝑑(𝑡) = 𝐼𝑑1𝑒
−
𝑡
𝜏𝑑1 + 𝐼𝑑2𝑒

−
𝑡
𝜏𝑑2 + 𝐼𝑑∞

𝑖𝑞(𝑡) = 0
 (3.10) 

{
 

 𝑝𝑑1 =
1

𝜏𝑑1

𝑝𝑑2 =
1

𝜏𝑑2

 (3.11) 

𝑝𝑑1,2 = −
1

2𝜎𝑑
[(
𝑅𝑑
𝐿𝑑
+
𝑅𝐷
𝐿𝐷
) ± √(

𝑅𝑑
𝐿𝑑
+
𝑅𝐷
𝐿𝐷
)
2

− 4𝜎𝑑
𝑅𝑑
𝐿𝑑

𝑅𝐷
𝐿𝐷
] (3.12) 

0 < 𝜎𝑑 ≪ 1 (3.13) 

{
 

 𝑝𝑑1 ≅
𝑝𝑑0𝑝𝐷0
𝑝𝑑0 + 𝑝𝐷0

⇒ 𝜏𝑑1 ≅ 𝜏𝑑0 + 𝜏𝐷0

𝑝𝑑2 ≅ −
1

𝜎𝑑
(𝑝𝑑0 + 𝑝𝐷0) ⇒ 𝜏𝑑2 ≅ 𝜎𝑑

𝜏𝑑0𝜏𝐷0
𝜏𝑑0 + 𝜏𝐷0

 (3.14) 

1

𝑝𝑑0
= 𝜏𝑑0 =

𝐿𝑑
𝑅𝑑

 (3.15) 
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So, the equations written in (3.10) can be reformulated and described by: 

in which the respective evolution can be seen in Figure 3.4: 

 

Figure 3.4 – Current id according to the d axis 

According to Figure 3.4 it is possible to verify the existence of the time constant, which takes the value 

of 𝜏𝑑 = 52 𝑚𝑠.  

On the other hand, it is also important to determine electrical time constant according to the q axis of 

the stator of the PMSG. Now, it is necessary to maintain the rotor aligned with the d axis of the stator. 

That can be assured with the connections presented in Figure 3.5.  

 

Figure 3.5 – Connections for the experimental run according to the q axis of the stator [50]  

{
  
 

  
 𝐼𝑑1 ≅ −

𝜏𝑑0
𝜏𝑑0 + 𝜏𝐷0

∆𝑢𝑑
𝑅𝑑

𝐼𝑑2 ≅ −
𝜏𝐷0

𝜏𝑑0 + 𝜏𝐷0

∆𝑢𝑑
𝑅𝑑

𝐼𝑑∞ ≅
∆𝑢𝑑
𝑅𝑑

 (3.16) 

{
𝑖𝑑(𝑡) =

∆𝑢𝑑
𝑅𝑑

(1 −
𝜏𝑑0
𝜏𝑑1

𝑒
−
𝑡
𝜏𝑑1 −

𝜏𝐷0
𝜏𝑑1

𝑒
−
𝑡
𝜏𝑑2)

𝑖𝑞(𝑡) = 0
 (3.17) 
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The currents can be described by: 

in which: 

So, following the same line of thought as previously, in the d axis scheme, and taken into account [50] 

it is possible to study the transient regime again: 

For simplification of the calculations, it was considered: 

where it can be defined: 

Again, with a strong magnetic bond:  

it is now possible to write: 

where now emerge the sub-transient constant (𝜏𝑞0), again with the Q in short-circuit So: 

{
  
 

  
 𝐼𝑑1 ≅ −

𝜏𝑑0
𝜏𝑑0 + 𝜏𝐷0

∆𝑢𝑑
𝑅𝑑

𝐼𝑑2 ≅ −
𝜏𝐷0

𝜏𝑑0 + 𝜏𝐷0

∆𝑢𝑑
𝑅𝑑

𝐼𝑑∞ ≅
∆𝑢𝑑
𝑅𝑑

 (3.18) 

𝐼 = 𝑖2 = −𝑖3 (3.19) 

{
𝑖𝑑(𝑡) = 0

𝑖𝑞(𝑡) = 𝐼𝑞1𝑒
−
𝑡
𝜏𝑞1 + 𝐼𝑞2𝑒

−
𝑡
𝜏𝑞2 + 𝐼𝑞∞

 (3.20) 

{
 
 

 
 𝑝𝑞1 =

1

𝜏𝑞1

𝑝𝑞2 =
1

𝜏𝑞2

 (3.21) 

𝑝𝑞1,2 = −
1

2𝜎𝑞
[(
𝑅𝑞

𝐿𝑞
+
𝑅𝑄
𝐿𝑄
) ± √(

𝑅𝑞

𝐿𝑞
+
𝑅𝑄
𝐿𝑄
)

2

− 4𝜎𝑞
𝑅𝑞

𝐿𝑞

𝑅𝑄
𝐿𝑄
] (3.22) 

0 < 𝜎𝑞 ≪ 1 (3.23) 

{
 
 

 
 𝑝𝑞1 ≅

𝑝𝑞0𝑝𝑄0

𝑝𝑞0 + 𝑝𝑄0
⇒ 𝜏𝑞1 ≅ 𝜏𝑞0 + 𝜏𝑄0

𝑝𝑞2 ≅ −
1

𝜎𝑞
(𝑝𝑞0 + 𝑝𝑄0) ⇒ 𝜏𝑞2 ≅ 𝜎𝑞

𝜏𝑞0𝜏𝑄0

𝜏𝑞0 + 𝜏𝑄0

 (3.24) 
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Taking a closer look at the voltage step (∆𝑢𝑞) applied. It is now possible to demonstrate that: 

So, the equations written in (3.20) can be reformulated and described by: 

The respective current evolution can be seen in Figure 3.6. 

 

Figure 3.6 – Current iq according to the q axis 

According to Figure 3.6 it is possible to verify the existence of the time constant, which takes the value 

of 𝜏𝑞 = 66 𝑚𝑠.  

3.4 LiFePO4 Batteries 

When one refers to the most expensive element of these types of systems, it is always the batteries. In 

addition, the initial cost of the whole pack remains high, which requires a good choice of its type. The 

batteries chosen, for the previous autonomous solar system [8], which are the same used in the hybrid 

system, are LiFePO4 batteries. They are a type of rechargeable batteries, more specifically Lithium-ion 

batteries that use LiFePO4 as cathodes.  

The choice of the cathodes is important, as they play an important role in the performance and cost of 

the battery itself. Reducing the cost of Li-ion batteries is a challenge nowadays, and it can be made by 

1

𝑝𝑞0
= 𝜏𝑞0 =

𝐿𝑞

𝑅𝑞
 (3.25) 

{
  
 

  
 𝐼𝑞1 ≅ −

𝜏𝑞0

𝜏𝑞0 + 𝜏𝑄0

∆𝑢𝑞

𝑅𝑞

𝐼𝑞2 ≅ −
𝜏𝑄0

𝜏𝑞0 + 𝜏𝑄0

∆𝑢𝑞

𝑅𝑞

𝐼𝑑∞ ≅
∆𝑢𝑞

𝑅𝑞

 
 

(3.26) 

{

𝑖𝑑(𝑡) = 0

𝑖𝑞(𝑡) =
∆𝑢𝑞

𝑅𝑞
(1 −

𝜏𝑞0

𝜏𝑞1
𝑒
−
𝑡
𝜏𝑞1 −

𝜏𝑄0
𝜏𝑞1

𝑒
−
𝑡
𝜏𝑞2)

 (3.27) 
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studying other types of cathodes. For example, the lithium cobalt oxide (LiCoO2) batteries represent a 

major deal in today’s market in various applications, such as isolated systems, but have a higher cost 

compared to other types of batteries. The LiFePO4 batteries present a less expensive solution. Apart 

from that, other advantages can be considered, such as its thermal stability (works for a wider range of 

temperatures) and the longer life cycle, which make them ideal for off-grid projects [8][51]. 

Taking the LiFePO4 batteries bought for the project (CALB SE130AHA) in account, it is important to 

verify how they operate (annex - A.2). Taking a closer look at the few aspects of the charge/discharge 

of the batteries, some can be underlined:  

• The discharging cut-off voltage of the battery is 2.5 V; 

• The charging cut-off voltage of the battery is 3.65 V; 

• The nominal voltage of the battery is 3.2 V; 

• Under load, the batteries work at 3 V; 

• While charging, the battery should not work outside the range 0°C ~ 40°C; 

• While discharging, the battery should not work outside the range -20°C ~ 40°C. 

This type of characteristics is usual in this type of batteries, although they can differ, depending on the 

manufacturer.  

For the autonomous hybrid PV-wind system were used 8 batteries all connected in series, in which each 

one of them has 130 Ah capacity, with a nominal voltage of 𝑉𝑛 = 24𝑉 (the CALB SE130AHA batteries). 

Figure 3.7 shows a LiFePO4 battery. 

 

Figure 3.7 - LiFePO4 CALB SE130AHA battery 

The percentage of energy stored in a battery can be denominated by its state of charge (SOC). It is 

often used when referring to the current state of a battery. On opposite, there is the depth of discharge 

(DOD) of a battery, an alternative form of measuring the SOC, and it is normally used when referring to 

the lifetime of the battery.  

For a precise estimation of the battery’s SOC, it is possible to do it in two diverse methods: online or 

offline. As the online methods are still in an early state of research, the approach taken followed the 

offline one, more specifically the Coulomb counting method. In addition, this technique simply measures 

the current that flows in the battery and integrates it, as it is possible to verify from the Coulomb counting 

equation (3.28), indicating the remain capacity of the battery:  
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being SOC0 the initial SOC of the battery, 𝜂 the coulombic efficiency, Cn the estimated capacity of the 

battery and 𝑖(𝑡) the current that flows in the battery. This model has some drawbacks, which can be 

highlighted the lack of precision due to its low accuracy, the increase of the SOC estimation error and 

especially its long-term drift, which means the SOC must be often recalibrated. However, as it is a simple 

method, it is commonly used, for instance, in many BMS products for the calibration of the SOC [8] [51]. 

Each individual battery often comes charged from the manufacturers but, due to transport and different 

environmental conditions, the batteries come with different capacity each other.  For a better estimation 

of the SOC of the battery pack, the batteries should be balanced before they are all connected in series, 

so that it maximizes the capacity and longevity of them. Also, without balancing, the batteries do not 

have the same voltage, and consequently the same SOC, at charging/discharging time. In addition, that 

is not desirable because, for example, the discharging of the batteries stops when the battery with the 

lowest capacity reaches its minimum, even though the other batteries are not entirely empty, happening 

the same thing for charging. So, when balanced, all individual cells present a similar SOC.  

The CALB SE130AHA battery pack was previously balanced for the autonomous PV system [8]. In 

addition, various tests were performed during the periods of charging and discharging of the cells to 

study their behaviour, and was possible to verify that, when the battery pack is balanced, the results are 

obviously more promising, with clear gains in the cells energy [8]. Those tests were performed recurring 

to a proper BMS, which is studied in detail in 3.5.   

3.5 Battery Management System  

To prevent the damage of the batteries, a proper control of each battery cell in a battery pack is required. 

In fact, during the operation period of a cell, there can be some problems associated with over-charging 

and over-discharging that can seriously affect batteries lifetime. So, in systems associated with energy 

storage on batteries a solid control system is imperative and, in this case, a BMS was used. 

In general, BMSs perform a proper control of the battery packs state by monitoring some parameters of 

the cells, such as: 

• Voltage – of each cell or of the total battery pack; 

• Current – during charging and discharging of the batteries and the by-pass current; 

• Temperature – average or of each cell; 

• SOC/DOD – of each cell and the total battery pack. 

These are the main aspects monitored by BMSs. Obviously, it depends on the kind of system and the 

number of batteries. Since the project speaks of an off-grid system with energy storage in LiFePO4 

batteries, more specifically composed of 8 batteries all connected in series, the 123Electric BMS 

designed by 123electri.nl was the choice (annex A.3). This BMS matches some of the requirements for 

𝑆𝑂𝐶𝑡 = 𝑆𝑂𝐶0 −∫
𝜂 ∙ 𝑖(𝑡)

𝐶𝑛
𝑑𝑡

𝑡

0

 (3.28) 
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the project. However, it is primarily designed for only one source of energy source (mainly solar 

systems). So, for the insertion of the wind system, it was necessary to follow other path, which is 

described in detail ahead (chapter 5).  

 In addition, it is primarily designed for batteries connected in series, especially LiFePO4 batteries 

(although it can work as well for other types). Each cell of the battery pack is equipped with a small 

circuit-board, being all of them wire-connected with each other and to the main controller – it controls 

each cell, not only the entire battery pack, providing more safety. The most important cell parameters 

are monitored (current, voltage, temperature and SOC) and the data is displayed in a computer via USB. 

It is also equipped with two relays: one is connected to the consumer (in this case the inverter) and the 

other one to the renewable energy source (in this only directly connected to the PV panels). In addition, 

by blocking the relays when the SOC of the batteries is whether too low or too high, problems associated 

with over-charging or over-discharging that can seriously damage the batteries can be prevented [52].  

The choice of this specific BMS was also associated with the fact that it can also be used to balance the 

cells in the battery pack. As mentioned previously, not only it can bring better results in terms of energy, 

with clear gains, but it also protects the batteries and ensures them a greater lifetime. The balancing of 

the batteries was made recurring to the 123Electric BMS, one by one before being connected in series. 

On the other hand, it is also important to estimate the SOC of the battery pack. It is a simpler method, 

widely used in BMSs nowadays. As mentioned previously, the balancing of the cells and the SOC 

estimation of the CALB SE130AHA batteries were already made for the autonomous PV system [8]. 

However, the long-term drift of the Coulomb method makes it necessary to re-calibrate the SOC 

occasionally. So, for a proper re-calibration it is necessary, firstly, for the user to select the SOC. Then, 

in the first discharging cycle, the voltage of the battery should reach its lower value of 𝑉𝑚𝑖𝑛 = 2.5 V (0% 

of the SOC is presented in the display). Afterwards, the cell is charged until it reaches its higher value 

of 𝑉𝑚𝑎𝑥 = 3.65 V (100 % will be shown in the display). The SOC is then established [8].   

The batteries should never be discharged too low or overcharged. It is imperative that they stay within 

a safety area of operation. In 123Electric BMS, the opportunity of choosing the range of work is given.  

 

Figure 3.8 – Example of the safety area of work of a battery (adapted from [52]) 
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Figure 3.8 shows an example of the total percentage of a battery that is used (green area). By delimiting 

this working area, the battery wear is prevented. 

Finally, the losses of the BMS can be considered less than 2 %.  

3.6 Off-grid Inverter 

At this stage of the system, it is required to convert the DC, that derives from the power sources 

(although the wind turbine produces AC, it is converted do DC before the bus), to AC to feed the load 

and, for that, an inverter is required. It must be considered that, for this project, the choice of the inverter 

should be delimited to the off-grid standalone ones.  

In the market, nowadays, it can be distinguished two major types of inverters: modified sine wave and 

pure sine wave. The difference between those two is in their output waveform and, mainly, in their total 

harmonic distortion (THD), which can seriously affect the different loads they feed. Sometimes not 

considered a major type, a third one can be considered, the square wave. 

Modified sine wave inverts are very similar to the square wave ones. It is characterized for its lower price 

and simple AC applications (pure resistive loads for example), since the waveform is simply the product 

of switching between specific values at set frequencies (three, for example, as seen in Figure 3.9). On 

the other hand, the pure sine wave inverters can produce output waveforms like the ones of the electrical 

outlets. The advantage of that is that is suitable for almost any AC load, with a very low THD compared 

to other types of inverters [53]. However, they have higher cost. 

 

Figure 3.9 – Different types of output waveforms of inverters (adapted from [54]) 

3.6.1 Livre Pure Sine Wave Inverter 1500 W 

The choice of the inverter must consider the type of application. Since the project in question refers to 

an off-grid system with a specific load (which will be in detail in advance), the most appropriate choice 

should be a pure sine wave inverter which can run motors more efficiently and has a low THD which 

makes the consumption of electronics with less interference and noise.  

The Livre Pure Sine Wave Inverter with a nominal power of 𝑃𝑛 = 1500 𝑊 (annex A.4) has the right 

characteristics for the project. In addition, considering some important aspects that lead to the choice of 

this inverter: 
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• 12 V, 24 V or 48 V DC input – considering the nominal voltage of the battery pack of 24 V, it is 

suitable for the project; 

• A peak power of 𝑃𝑝 = 3000 𝑊 (double of the nominal power) –  considering the load in study, 

which will be seen in 3.7, it represents a respectful value; 

• Output voltage of 220 V – as it is a pure sine wave inverter it is a normal value, and fits the 

needs of the load in study; 

• Protection against overheat, low-high voltage, short-circuit and polarity – important, especially 

when talking about loads that have starting peak power, as it prevents the damaging of the 

inverter; 

• THD <3 % – an optimum value. 

Other aspect considered was the efficiency of the inverter. In fact, it shows the amount of DC power that 

is converted to AC and, theoretically, it can be calculated from the fraction of the output power (AC) over 

the input power (DC):  

However, for the final value of the inverter efficiency, an experimental test was run, with a pure resistive 

load [8], with the following result, seen in Figure 3.10: 

 

Figure 3.10 - Livre Pure Sine Wave Inverter efficiency [8] 

The inverter efficiency ranged from 84-90% between 200 W and 300W with the highest value at 800W 

(50 % of the Pn). However, for further calculation, the efficiency considered was 85 % (20 % of the Pn) 

[8]. 

3.7 AC Loads 

For this project, it was considered that the objective is the implementation of this kind of systems in 

remote regions such as Angola and Nepal, it means, it should only feed the loads that are necessary 

for the basic life conditions of people. In addition, the loads considered for this project simulate a small 

rural house that lives with the following: 

• Refrigerator; 

𝜂𝑖𝑛𝑣 =
𝑃𝐴𝐶
𝑃𝐷𝐶

 (3.29) 
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• Incandescent lamp; 

• Cathode ray tube television (CTR TV). 

3.7.1 Refrigerator  

The “heaviest” load, it means, the one that consumes the most, is clearly the refrigerator. In addition, it 

is necessary to consider that it is always switched on, for obvious storage reasons. More specifically, 

the refrigerator in study is the Kentt 201E (annex A.5). It is important to know here that this is an old 

refrigerator - from 1989 - and is constituted by a 1336 A compressor [8], which means it has high levels 

of consumption. The choice of this refrigerator was based on the fact that in development countries the 

access to some modern technologies, such as new refrigerators that have lower consumption, is 

precarious and expensive. So, the Kentt 201E has 7 refrigerator levels. For a better approach to reality 

the load diagram of the active power of the refrigerator was obtained for one hour with the refrigerator 

almost full in the 3th level. The load diagram of the refrigerator was obtained using the Fluke 1735 power 

logger (annex A.8) and can be seen in Figure 3.11. 

 

Figure 3.11 – Load diagram of the refrigerator, for one hour  

This measurement shows that the refrigerator, for the indicated conditions indicated works in two periods 

of 15 minutes with an average active power of around 61 W.  

3.7.2 Lightning 

The light considered for the project was a single 60 W incandescent one. 

3.7.3 CTR TV 

The television considered for the project is a cathode ray tube television (CTR TV). This type of TV’s 

has been supplanted through the years over plasmas, LCD and so on, as they have lower manufacturing 

costs and significant less power consumption. However, as mentioned earlier, in developing countries 

it is hard to reach some advanced technology that are usually associated with high prohibitive costs. 

The television used for the project was the Sony KV-14LT1E 13’’ Colour TV (annex A.6). According to 
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its appendix, it has a power consumption of 42 W.  

3.7.4 Daily load  

To simulate a typical day, both in Angola and Nepal, it was considered: 

• The refrigerator is always on during the day but only works on two periods of 15 minutes per 

hour, which means 12 h/day;   

• The light is switched on at the end of the afternoon, around 18 h, and switched off at the end of 

the night, around 23 h (this is an average for the entire year, as the sunshine hours are not 

equal for the different seasons of the year); 

• The TV is switched on at night only for 2 hours, from 20 h to 22 h. 

So, the sum of the three loads can be seen in Figure 3.12. 

 

Figure 3.12 – Total load diagram for one day 

For further simplification of calculations, an average daily consume can be calculated, in terms of 

energy. Considering the average power and daily utilization of each load, it is easy to determine: 

• Refrigerator: 61 W during 12 h/day equals a total of 732 Wh/day 

• Lightning: 60 W during 5 h/day equals a total of 300 Wh/day 

• TV: 42 W during 2 h/day equals a total of 84 Wh/day 

Summing all the energy consumption it gives a total of 1116 Wh/day.  

3.8 System’s efficiency 

Despite the efficiency of the renewable energy sources, it is also important to consider the efficiency of 

the other components, as not all the energy consumed by the loads is the one produced by the PV 

panels and the wind turbine. In addition, from Figure 3.1 it is possible to divide the total system in two 

sub-systems: The PV system and the wind system.  

 

So, for the PV sub-system, the efficiency can be calculated by: 
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on the other hand, for the wind sub-system: 

The losses considered are the ones on the cables. As possible to verify from equations (3.30) and (3.31), 

both sub-systems have the same components, with the difference that the wind sub-system has an 

AC/DC rectifier.  

With the theoretical values of efficiency of each component it is possible to determine the total theoretical 

sub-system efficiency. So: 

• 𝜂𝐿𝑜𝑠𝑠𝑒𝑠 = 0.97 – considering the only losses are the ones on the cables, and in isolated systems 

they do not exceed 3 % of the total power [8]; 

• 𝜂𝐴𝐶/𝐷𝐶 𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟 = 0.81 – considering a full wave bridge rectifier, its maximum efficiency is 81 %; 

• 𝜂𝐷𝐶/𝐷𝐶 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 1 – considering no losses on the converter; 

• 𝜂𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 = 1 – considering no losses on the batteries; 

• 𝜂𝐵𝑀𝑆 = 0.98 – Considering the losses of the BMS do not exceed 2 %; 

• 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 0.85 – As possible to see from Figure 3.10. 

Ending up with the following efficiencies:  

 

 

 

 

 

 

 

 

 

 

  

𝜂𝑃𝑉𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 = 𝜂𝐿𝑜𝑠𝑠𝑒𝑠 × 𝜂𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 × 𝜂𝐵𝑀𝑆 × 𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (3.30) 

𝜂𝑊𝑖𝑛𝑑𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 = 𝜂𝐿𝑜𝑠𝑠𝑒𝑠 × 𝜂𝐴𝐶/𝐷𝐶 𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟 × 𝜂𝐷𝐶/𝐷𝐶 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 × 𝜂𝐵𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 × 𝜂𝐵𝑀𝑆 × 𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (3.31) 

{
𝜂𝑃𝑉𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 ≈ 81 %

𝜂𝑊𝑖𝑛𝑑𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 ≈ 65 %
 (3.32) 
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3.9 Conclusions 

This chapter gives an elaborate description of the entire system itself, by detailing each of its 

components. In addition, before the use of this type of systems it is imperative to understand how they 

work and their main characteristics.  

Thus, most of the equipment was already purchased for the previous autonomous PV project [8], which 

can be highlighted the BMS and its components, the LiFePO4 batteries, the PV panels and the inverter 

(apart from other components, such as the DC switch, the fuse, fuse holder, PV cables and the 

differential circuit breaker). Apart from that, the wind turbine is the added value of the project. 

So, the wind turbine is a VAWT, in a handmade welded iron structure, connected to a 4 pole PMSG of 

a nominal power of 750 Wp connected to a AC/DC rectifier which is then connected to a DC/DC 

converter, to link it to the LiFePO4 batteries. 

It is also given the AC loads diagram that takes place in the project and are important for the next 

chapters. The load considered is a refrigerator, a TV and a light. This was the load considering on one 

normal day in a rural area. 

Finally, the efficiency considered for the system was for the one that was later used for the experimental 

run. In addition, this system has components that, for rural areas, can be dispensed (for instance, the 

BMS has functions that are not necessary when one talks about only feeding a small load: it could be 

replaced for a simpler control system). However, as this system was used in practical terms, it was 

considered for the theoretical and experimental analysis.  
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Chapter 4 

Case studies (theoretical 

analysis) 

4 Case studies (theoretical analysis) 

This chapter will take a closer look on the following case studies: in Luena, Angola and in Humla, Nepal. 

A glimpse of Lisbon is taken as well, as it corresponds to the site where the experimental part was run. 

In addition, those studies will be made by studying the energy extracted by each renewable energy 

source and verify its behaviour along the year. This was the method considered. 
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4.1 Overview 

For the study of the behaviour of the system in study, in the regions of Luena and Humla, it was 

impossible to perform the experimental tests there (however, an experimental test was performed in 

Lisbon, which is studied more in detail in the chapter 5 for comparison terms). So, the study of the 

behaviour of how the system might work was made by simulating it recurring to the site conditions, by 

collecting average annual data from different databases (such as NASA [36] and PVGIS [33]). 

So, for dimensioning the power production of both the sources and the hybrid system itself, some 

calculations were made, regarding the available energy on the PV panels and wind turbine, such as the 

energy that is produced. Note that the energy generated by the hybrid system can be determined from 

the sum of the energies generated by both sources.  

For the calculations, it is important for this part to take in account the efficiency of the renewable energy 

sources, such as the autonomous system itself as well (for simplification methods, the efficiency was 

considered a constant value the entire year). The values considered were the theoretical values 

calculated in 3.8. So, the most important efficiency values to take in account are: 

• The efficiency of the PV: 𝜂𝑃𝑉 = 13.6 %; 

• The efficiency of the wind turbine: 𝐶𝑝 = 15 % (worst case scenario); 

• The efficiency of the system: 𝜂𝑃𝑉𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 ≈ 81 % and 𝜂𝑊𝑖𝑛𝑑𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 ≈ 65 %. 

It is important study the potential of energy generation of both renewable energy sources, as bigger the 

generation, lower is necessary for the system to resort on the batteries. In addition, as the batteries 

represent the major investment and suffer great wear through time, it is important for the system to 

depend on them as little as possible.  
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4.2 Luena, Angola 

Starting by studying the region of Luena, it is important take a closer look at the Table 4.1, which gives 

the values of irradiation on an optimally inclined plane and wind speed, in monthly average values.  

Table 4.1 – Solar and wind data of the region of Luena, Angola 

Months 
Monthly average Irradiation at an 

optimum angle [Wh/m2/day] 

Monthly average wind speed 

[m/s] 

January 4860 3.11 

February 5020 3.49 

March 5520 3.15 

April 6260 3.93 

May 6960 3.86 

June 7050 4.09 

July 7180 4.51 

August 7330 4.66 

September 6820 5.42 

October 6100 4.08 

November 5020 3.78 

December 4670 3.60 

Angola is a country well-endowed with solar resources, mainly, as it observable from Table 4.1, and, in 

average, has its higher irradiation values during its dry season (from May to October). Its wind speed 

values, although not so high, are, in average, higher during its dry season as well. 

Considering both monthly average Irradiation and wind speed values, it was possible to determine the 

energy available both on the PV panels and on the wind turbine. 

For the PV panels, the available energy was calculated knowing the area of the panels. As each one 

has 1.65 m2, and being two panels, the total area is of 3.3 m2. So: 

𝐸𝑎𝑣𝑃𝑉 𝑝𝑎𝑛𝑒𝑙𝑠 = 𝐻𝑜𝑝𝑡 × 𝐴𝑝𝑎𝑛𝑒𝑙𝑠 (4.1) 
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For the wind turbine, it was considered the equation (3.2), which gives the available power on the turbine. 

Considering the daily utilization of the turbine (knowing that the values of wind speed are monthly 

averages, the value taken in account of its utilization was 24 h/day, which means the wind blows during 

all day) its available energy is given by: 

It is now possible to compare the available energies of both renewable energy sources. 

 

Figure 4.1 – PV panels and wind turbine’s available energy in Luena, Angola 

As possible to verify from Figure 4.1, the PV panels available energy is larger than the amount available 

in the wind turbine (for example, in March it is more than 40 times higher). 

As not all the energy available is enjoyed, it is important to consider only the one that is produced. For 

that, the efficiencies of the PV panels and of the wind turbine were considered. 

 

Figure 4.2 – Energy produced by the PV panels and the wind turbine in Luena, Angola (using 

theoretical parameters)  

By observing Figure 4.2, is possible to verify that the production of the wind turbine is little when 

compared to the PV panels. In this regard, it clearly demonstrates that the hybrid system relies mostly 

on the production of the PV panels, being them the main source of energy. 

𝐸𝑎𝑣𝑤𝑖𝑛𝑑 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 𝑃𝑎𝑣 × 24
ℎ
𝑑𝑎𝑦⁄  (4.2) 
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On the other hand, it is also necessary to consider the system’s efficiency to determine how much 

energy is carried to the loads. 

 

Figure 4.3 – Energy delivered to the load by the PV panels and the wind turbine in Luena, Angola 

(using theoretical parameters) 

Figure 4.3 clearly shows the differences between the production of each renewable energy source. As 

mentioned previously, the energy delivered to the loads by the PV panels will be much higher compared 

to the wind turbine’s. 

Finally, considering the total energy delivered to the load by the hybrid system, and knowing the daily 

load that was studied in 3.7.4, it is necessary to study the behaviour of the system, during the year, and 

verify if it meets the needs of consumers by feeding the daily load entirely, by comparing the energy 

needed and the energy delivered to the load. So, for the simplification of that study, the graphic, which 

can be seen in Figure 4.4, was made: 

 

Figure 4.4 – Energy delivered to the load by the hybrid system in Luena, Angola (using theoretical 

parameters) 

So, it is plausible to conclude that the energy that is delivered to the load by the hybrid system is enough 

to support the load through the entire year. It is also observable from Figure 4.4 that the worst months 

are the ones during the hot rainy season (from November to April) where the irradiation values and the 

wind speed values are lower, as seen from Table 4.1. 
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However, as this study is based on theoretical values of efficiency, and the total load is based in a 

constant daily value, which does not consider deviations in its value, such as the opening the refrigerator 

door, filling the refrigerator and turning the lights on. Nonetheless, it is a good indicator of how the system 

might work under those conditions in the region of Luena.  

Being Angola a country with great levels of irradiation, more specifically Luena, the energy derived from 

the PV panels is high, and enough to feed the load. However, with the introduction of the wind 

technology, despite its low levels of production, it is possible to achieve a greater room for manoeuvre, 

considering the deviations the load might have.  

4.3 Humla, Nepal 

Considering now the region of Humla, in Nepal, despite being a country with good solar resources, it is 

also characterized by its great wind speeds, mainly due to its elevated position in the Himalayas 

mountain range. The values of the irradiation on an optimally inclined plane and wind speed, in monthly 

average values are presented in Table 4.2.  

Table 4.2 – Solar and wind data of the region of Humla, Nepal 

Months 
Monthly average Irradiation at an 

optimum angle [Wh/m2/day] 

Monthly average wind speed 

[m/s] 

January 3150 5.20 

February 3660 5.25 

March 4900 5.05 

April 5110 4.87 

May 5430 5.09 

June 4810 4.50 

July 4580 3.88 

August 4630 3.65 

September 4430 3.95 

October 5870 5.03 

November 4910 5.19 

December 4190 5.22 
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As well as in the results from the Luena case study, in average, the wind blows stronger during its dry 

season (from October to March). On the other hand, in average, the highest irradiation values 

correspond the hot rainy season (April do September). Note that the seasons of Angola and Nepal are 

thus exchanged. 

Basing on the values of Table 4.2, and following the same reasoning as in 4.2, it is possible to calculate 

the total available energy on both renewable energy sources. So, using equations (4.1) and (4.2) was 

possible to obtain Figure 4.5. 

 

Figure 4.5 – PV panels and wind turbine’s available energy in Humla, Nepal  

As seen in the Luena case study, and as well from Figure 4.5, the PV panels available energy is higher 

than the amount available in the wind turbine. However, in this case, the difference is not so high and 

that is especially since the months are well compensated regarding the irradiation and wind speed 

values. For instance, in January, the energy available is only 5 times higher in the PV panels than in the 

wind turbine. Considering the values of irradiation in Humla are high (one of the highest in the Middle 

East), it is a good indicator for its wind potential. The worst month is September in which the difference 

of the energy available is around 20 times higher in the PV panels than in the wind turbine. 

Now, taking in account the efficiency of each renewable energy source, Figure 4.6 is obtained 

 

Figure 4.6 – Energy produced by the PV panels and the wind turbine in Humla, Nepal (using 

theoretical parameters) 
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Again, as mentioned earlier in 4.2, the hybrid system relies mostly in the production of the PV panels. 

Nonetheless, in this case, the production of the wind turbine is higher, with values around 300 Wh/day 

during most year, unless in July, August and September, which the production is lower, around 100 

Wh/day. 

In addition, considering the efficiency of the system between the renewable energy sources and the 

load it is possible to obtain Figure 4.7. 

 

Figure 4.7 – Energy delivered to the load by the PV panels and the wind turbine in Humla, Nepal 

(using theoretical parameters)  

The conclusions are the same that were taken for Figure 4.6, but now, as the efficiencies of the system 

were taken in consideration, the total energy is lower. 

Finally, Figure 4.8 shows the total energy delivered to the load by the hybrid system. 

 

Figure 4.8 – Energy delivered to the load by the hybrid system in Humla, Nepal (using theoretical 

parameters) 

It is possible to conclude that the energy that is delivered to the load by the hybrid system is enough to 

support it through the year. In addition, the worse months are January and February which correspond 

to the ones where the irradiation values are lower. Unlike Luena, now there is a good compensation of 

the amount of energy derived from the wind turbine and the one from the PV panels, it means, the 
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months where the irradiation values are lower, the wind speed values are higher and vice versa.  

Deeming the Humla region, and the kind of needs of the people that live there, it is probably too much 

to consider a refrigerator, a television and lightning for a regular house. However, it was considered this 

case, which means that, if this system works for the load considered, it is be a great indicator.  

4.4 Lisbon, Portugal 

After taking a closer look at Luena e Humla conditions and sub consequent the theoretical energy 

productions of the hybrid system, it is also important, before taking the experimental run, to study the 

conditions of Lisbon, Portugal. In addition, as mentioned previously, it was not possible to take the tests 

such as in Angola and in Nepal. So, the test was run in Lisbon, more specifically at Instituto Superior 

Técnico. The values of the irradiation on an optimally inclined plane and wind speed, in monthly average 

values are presented in Table 4.3. 

Table 4.3 – Solar and wind data of the region of Lisbon, Portugal 

Months 
Monthly average Irradiation at an 

optimum angle [Wh/m2/day] 

Monthly average wind speed 

[m/s] 

January 3930 5.48 

February 5150 5.87 

March 6280 5.76 

April 6510 5.75 

May 6830 5.25 

June 7080 5.01 

July 7370 5.24 

August 7420 5.15 

September 6870 4.71 

October 5660 4.81 

November 4440 5.52 

December 3750 5.95 

So, as observable from Table 4.3, Lisbon has great Irradiation values (in comparison terms higher 

values than Humla but lower than Luena) especially during its hotter months (during spring and summer) 
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and lower values during its colder months (during autumn and winter). As well as in Humla case study, 

this difference of irradiation values is well compensated with the wind values which, although it blows 

strongly during the entire year, it has its higher values during the months where the irradiation is lower 

(with especial highlight for November, December, January and February).  

So, by following the same thought as in 4.2 and 4.3, starting by calculating the total amount of energy 

available for both the PV panels and the wind turbine, basing on the values of irradiation and wind speed 

of Table 4.3: 

 

Figure 4.9 – PV panels and wind turbine’s available energy in Lisbon, Portugal 

Comparing the available energy values of each source, it is possible to conclude that the ratio of the PV 

panels available energy per the wind turbine’s available energy is lower than Humla and Luena, mainly 

due to the good compensation of the irradiation and wind speed values. In this regard, from observing 

Figure 4.9 is possible to highlight the colder months (mainly from October to April) where the ratio is 

lower than 10 (in December it is only 4).  

Again, considering the amount of energy enjoyed by both sources: 

 

Figure 4.10 – Energy produced by the PV panels and the wind turbine in Lisbon, Portugal (using 

theoretical parameters) 

Figure 4.10 demonstrates the high production of the PV panels, especially during its warmest months 

(spring and summer), and the production of the wind turbine which is always higher than 200 Wh/day.  
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The energy that is given to the load, considering the losses of the system, can be seen in Figure 4.11. 

 

Figure 4.11 – Energy delivered to the load by the PV panels and the wind turbine in Lisbon, Portugal 

(using theoretical parameters) 

Finally, considering the total energy of the hybrid system: 

 

Figure 4.12 – Energy delivered to the load by the hybrid system in Lisbon, Portugal (using theoretical 

parameters) 

It is possible to conclude, from Figure 4.12 that the energy delivered to the load by the hybrid system is 

enough to feed the load through the year. Being Lisbon a city well-endowed with good irradiation and 

wind speed values it was perceptible that the system would work in a good way.  
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4.5 Conclusions 

Through this chapter it was made a detailed study of how the system might work in two different regions 

in two different countries: region of Luena in Angola and the region of Humla in Nepal.   

It is important to clarify that the values of efficiency, such as for the renewable energy sources (PV 

panels and wind turbine) and the system’s (cables, BMS, batteries and inverter) are theoretical values. 

Also, it considers that the wind speed blows constantly for 24 hours and all the irradiation is harnessed 

by the panels. 

More specifically, the region of Luena well-endowed with irradiation values, which makes it a perfect 

place to study the production that the PV panels have there, being possible to feed the load in study by 

only using them. On the other hand, its wind speed values are not as relevant (the annual PV panels 

production is 25 times higher than the wind turbine’s). However, adding other sources of energy is good 

and give a larger room for manoeuvre. 

Besides that, there is the Humla region. This case study is interesting from the point that it has great 

irradiation values as it has great wind speed values as well. Even though its irradiation values are not 

as high as Luena’s, they are still enough to feed the load in study, however by a short margin. So, in 

this case, the wind turbine plays a more significant role (on average, the annual PV panels production 

is only 12 times higher than the wind turbine’s). 

Also, the glimpse taken in the conditions in Lisbon was important, as it is the site where the experimental 

test was run (more in detail in chapter 5). In addition, as it has great irradiation and wind speed values, 

the hybrid system could feed all the load.  

So, with the results obtained it is possible to conclude that, theoretically, the hybrid system meets all the 

needs and can feed the load studied in 3.7, recurring only to both renewable energy sources, with the 

stipulated conditions for this chapter.  

However, as mentioned previously, it was not considered the influence of the batteries on the system, 

but only the generation of both the PV panels and the wind turbine. In practice, it is always necessary 

for the system to use the batteries to feed the load. Though, higher the production the less it is to resort 

on the batteries, preventing its wear. 

http://www.linguee.pt/ingles-portugues/traducao/room+for+manoeuvre.html
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Chapter 5 

Experimental run 

5 Experimental run 

This chapter will take a closer look at the experimental operation of the standalone hybrid PV-wind 

system. The experimental test was run in Lisbon, more specifically at Instituto Superior Técnico. 

  



 

60 

5.1 Overview 

For this part, to study the viability of the system, all the components described in chapter 3 were 

experimentally used. After verifying its behaviour considering optimum conditions, it is important to study 

its performance under real conditions. So, the real losses of each component, the unpredictability of the 

weather conditions and other factors that can alter the system efficiency are taken in consideration now, 

which obviously reduce in terms of generation, comparing to simulated terms.  

5.2 Experimental system 

Analysing Figure 3.1, that is how the system should ideally work. However, the BMS used in the project 

can only be connected to one renewable energy source, leaving it with two options: connect the wind 

turbine in parallel with the PV panels or connecting it directly to the batteries.  

The choice ended up being the direct link between the batteries and the wind turbine. It is important to 

know that this does not arm any danger to the system. So, the final configuration can be seen in Figure 

5.1. 

 

Figure 5.1 – Hybrid PV-wind system with battery storage (experimental configuration) 

5.2.1 Renewable Energy Sources 

Focusing on both renewable energy sources of the hybrid system (PV panels and the wind turbine): the 

experimental site where they were both placed was the terrace of the Electricity Pavilion (Pavilhão de 

Eletricidade), which matches the height of a third floor (a considerable height to perform the tests with 

greater irradiance values and wind speeds) and it is attached to the North Tower building at Instituto 

Superior Técnico, as it is possible to verify from Figure 5.2, where a) shows the PV panels (it was only 

used the two ones on the right, which are the polycrystalline) and b) the VAWT.   
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Figure 5.2 – Renewable energy sources a) PV panels b) VAWT 

Nonetheless, regarding that specific location, it is important to take some considerations: 

• For the PV panels: the close location of the North Tower (which has a considerable height) 

shades the panels around 15:00; 

• For the wind turbine: due to the proximity to the Electricity Pavilion and the North Tower the 

wind does not reach the turbine from all the directions.  

All those factors represent a down factor for the experimental run, despite being a favourable place for 

the experimental test. 

5.2.1.1 Wind turbine and DC/DC converter 

Has the wind turbine was placed in the terrace of the Electricity Pavilion, some tests were made to check 

its performance. Nonetheless, it is important to observe Figure 5.2 b), in which is possible to verify that 

the wind turbine’s structure was handmade by welding tubular pieces of iron and has a net around it, 

which was placed for safety measures. Those factors influence the efficiency of the VAWT as it flies 

when the wind speeds are great, due to its irregular structure, the net also affects how the wind reaches 

it and the weight of the generator on the bottom of the structure also prevents it from spinning easily. 

Despite that, after verifying the proper work of the wind turbine, it was noted that its production was not 

so high as expected, due to its low voltage and current. So, it was used a DC/DC converter (annex A.7) 

to increase its voltage. As possible to verify from Figure 5.3, from an experimental test (a 10000 points 

acquisition for a short period), whenever at the input of the converter the voltage exceeds 3 V, it was 

dimensioned that the output voltage would be 27.5 V, which is always higher than the voltage of the 

battery pack, so that when it reaches the 3 V, and exceeds it, the power is always injected in the batteries 

(there is a small discrepancy of the values, which is due to the problems associated with the precision 

of the transducers). 
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Figure 5.3 – Input/output voltage of the DC/DC converter 

With the DC/DC converter, besides from protecting the PMSG from any arm, it also increases its output 

power, which provides an added value to the project.  

5.2.2 Other system components 

Through proper cables, both the PV panels and the wind turbine are connected to the Energy 

Laboratory, which is placed in the basement of the Electricity Pavilion (approximately 50 m) to the other 

system’s components, described in chapter 3. The composition of the system is presented in Figure 5.4. 

 

Figure 5.4 – Photo of the system, which is placed in the Energy Laboratory: 1 – LiFePO4 battery pack, 

2 – BMS, 3 – Inverter, 4 – Switch, 5 – AC/DC rectifier, 6 – DC/DC converter, 7 – Transducers, 8a – 

DAQ (responsible for the batteries), 8b – DAQ (responsible for the renewable energy sources) 
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The electrical parameters acquisition regarding the power flow of the system, was performed resorting 

to voltage transducers (LV-25-P) (annex A.10), current transducers (LA-25-NP) (annex A.11) and also 

connecting them to a NI USB-6008/6009 DAQ (annex A.12A.12). With those instruments, it was possible 

to measure the voltages and currents of both renewable energy sources and, besides that, the battery 

pack as well.  

5.3 Experimental test 

According to load studied in 3.7 the experimental test was taken. Even though Figure 3.12 simulates a 

day for the remote areas in study, for this specific experimental case in Lisbon that was not the approach 

taken, for two main reasons: 

• Due to the wind’s inconstant behaviour, the output power production of the wind turbine varies 

quickly in time as well. To perform a more detailed study, with the help of the DAQ, the points 

acquired could not be separated for a long time. So, it was chosen to acquire 1 sample for 10 

seconds, which acquires much memory and was not possible to acquire for one day (more in 

detail in A.13); 

• Since it was not used a MPPT or either a gearbox to maximize the output powers of the 

renewable energy sources, the days in which the experimental tests were run were especially 

chosen for when the weather conditions were favourable, since the tests were performed in 

October, which is a month where the irradiation and the wind speed are not the highest.  

So, the experimental test was phased, and performed in more than just one day. 

Now considering the hybrid system and the constraints addressed in 5.2.1, and again analysing Figure 

3.12, there are two main experimental tests that can be taken: one during the day until around 15:00 

when both renewable energy sources are producing, but then the PV panels start to be shaded; and 

one when only the wind turbine is producing, which is after the panels are shaded during daytime and 

by night. 

5.3.1 Daytime test  

As mentioned previously, the following test was performed during the day while both renewable energy 

sources produce. The test began at approximately 09:30 and finished at almost 17:00. 

In this particular day, the solar potential was great with high levels of irradiance and with little clouds 

that did not shaded the PV panels during the test at all. On the other hand, in terms of wind, it was 

regular not so windy day, with some peaks, yet enough for a proper study. 

Concerning the load, here, for this test, the refrigerator was always on. At approximately 12:00, since it 

was not possible to consider an incandescent lightning (they have been forbidden in Europe), the 

refrigerator level was increased from 3 to 5. Two hours later at approximately 14:00, the TV was turned 

on for about one hour. Finally, a little after 15:00 the refrigerator was levelled again to 3. Note that the 

SOC of the batteries at the beginning of the test was not at 100%, but at around 70%.  
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Saying that, it is important to start by analysing the evolution of the output voltage of each source, which 

can be seen in both Figure 5.5 and Figure 5.6. 

 

Figure 5.5 – Output voltage of the PV panels  

 

Figure 5.6 – Output voltage of the wind turbine (daytime test) 

Being the PV panels connected to the BMS, it is important to know that they only charge the batteries 

whenever its voltage is higher than the batterie’s voltage. So, analysing its evolution seen in Figure 5.5, 

it starts to grow, a little after 09:30, and maintains its level until a little after 15:00, which is when the 

panels are shaded by the North Tower and the voltage starts to decay (a non-cloudy day). On the other 

hand, the wind turbine only charges the batteries whenever at the input of the DC/DC converter is higher 

than 3 V, which is when it lets the current flows through it. So, from observing Figure 5.6, there are some 

peaks in the morning and more in the afternoon, which is when the wind speed was stronger. From 

11:00 to 14:00 the output voltage of the wind turbine was 0, which does not mean that there was no 

wind at all but that it was not enough for it to produce 3 V at the input of the DC/DC converter. 

Before analysing the batterie’s voltage it is important to study the output power of each renewable 

energy source. So, as observable from both Figure 5.7 and Figure 5.8. 
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Figure 5.7 – Output power of the PV panels  

 

Figure 5.8 – Output power of the wind turbine (daytime test) 

It is then possible to conclude that, even though the peak voltage of both sources is similar, the current 

that flows through the generator of the wind turbine is much smaller than the one of the PV panels, 

which makes its production short.  

Finally, Figure 5.9 shows the output voltage of the batteries.  

 

Figure 5.9 – Output voltage of the batteries (daytime test): A – Morning, B – Lunchtime, C – Afternoon  
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From this test it is possible to conclude that the voltage of the battery pack is clearly more affected by 

the production of the PV panels, being the production of the wind turbine too low to influence. 

Scrutinizing the graph: during the period A (morning), while the PV panels are increasing its levels of 

production, the batteries are slowly increasing its SOC level. It is as well possible to verify some peaks 

in the wind turbine production, although not so significant. The voltage drops seen in the graph represent 

the times whenever the refrigerator turns on. As mentioned previously, at around 12:00, which marks 

the beginning of period B (lunchtime), the level of the refrigerator was changed to 5, which is verifiable 

from Figure 5.9, as those voltage drops increase. In addition, it also matches when the levels of 

production of the PV panels are at its highest and the wind turbine is not producing. The television which 

was turned on at 14:00, has little influence. After resetting the level of the refrigerator to 3 and turning 

off the television, that matches the beginning of period C (afternoon) which is when the PV panels are 

shaded and the production of the wind turbine increases, the battery pack slowly starts to decrease its 

SOC level. 

So, during the three periods addressed in Figure 5.9, it is possible to conclude that the SOC level of the 

batteries varies almost exclusively with the production of the PV panels. For instance, during periods A 

and B, which is when the PV panels are not shaded, their average production power is 220 W. On 

opposite, during period C, which is when the wind turbine is the only source producing, its average 

production power (considering only when there is output power on the DC/DC converter) is only 2 W.  

5.3.2 Night test  

From the daytime test seen in 5.3.1 it was clear to conclude that the production of the PV panels is 

imperative for the proper work of the hybrid system. Now, it is also important to check the test that was 

performed during night-time, which does not consider the influence of the PV panels (the current is zero 

when the sun is out) but only the wind turbine’s. As well as in the other test, here the initial SOC of the 

battery was not at 100% but at around 70% as well.  

For this test the only load used was the refrigerator on level 3. So, following the same procedure as 

before, it is necessary to start by analysing the output voltage of the turbine: 

 

Figure 5.10 – Output voltage of the wind turbine (night test) 
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On opposite of the test run during the day, and as expected, the wind speed was stronger during the 

night (it was only considered until almost 04:00 which was when the output of the DC/DC converter 

showed potential).  

Again, before analysing the behaviour of the batteries it is important to check the production of the wind 

turbine, it means, its power output, which is verifiable in Figure 5.11. 

 

Figure 5.11 – Output power of the wind turbine (night test) 

And, finally, the voltage of the battery comes: 

 

Figure 5.12 – Output voltage of the batteries (night test) 

So, from Figure 5.12 it is possible to conclude that the production of the wind turbine hardly has influence 

on the SOC level of the batteries. The pack slowly reduces its SOC at the same time as the refrigerator 

turns on during that time. 

To sum up, it is possible to conclude that the SOC level of the battery pack changes only with the 

consumption of the load (in this case the refrigerator). Again, analysing the output power of the turbine 

(only when there is power on the output of the DC/DC converter), it is only around 5 W. In addition, 

considerably low to power the system, either the batteries or the load. 
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5.4 Experimental efficiencies  

As the aim of this work is to study the feasibility of a hybrid system in the remote areas of Luena and 

Humla, it is important to study the efficiency of the renewable energy sources and the system as well. It 

is important to understand that the efficiency of neither the sources is constant along the year. However, 

for this project, it was only measured in one specific period.  

Firstly, starting with the PV panels: The determination of the efficiency of the PV was the only one 

considered outside the practical results observed in 5.3.1. So, considering the total available irradiance 

and having the PV panels output, the efficiency was easily obtained, which can be seen in Figure 5.13. 

Note that when the test was taken the PV panels were shaded at 14:30. On average, the efficiency took 

the value of 10.8 %. 

 

Figure 5.13 – PV panels efficiency 

For the rest of the PV sub-system, considering the losses of the components that are in the Energy 

Laboratory: now taking in account the daytime test, considering the energy production of the PV panels 

of approximately 1320 Wh, and the load of the test, measured with the Fluke, of almost 1030 Wh, the 

sub-system takes the efficiency of approximately 78 %.  

On the other hand, to determine the wind turbine’s efficiency, basing on (3.3) it was necessary to know 

the wind speed values to determine the power available in the wind and then compare it with what the 

wind turbine really produced. The wind speed data was collected from [55] which gives wind speed 

values from 5 to 5 minutes. During those 5 minutes the power of the turbine varies, as the data was 

collected from the DAQ was acquired every 10 seconds, which makes the calculation less accurate. 

The efficiency was calculated during the night-time test, from 23:00 to 03:00.  

Therefore, the process chosen to determine a proper value of efficiency was to only consider the 

moments in which the wind turbine is producing (when there is power at the output of the DC/DC 

converter). As it works in unpredictable time intervals, the number of peaks collected in each hour are 

not the same, as possible to observe from Figure 5.14, in which the hours of the time axis have not the 

same size. The points in which the output of the DC/DC converter is 0 were despised.   
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Figure 5.14 – Wind turbine’s efficiency 

It is possible to conclude that the efficiency varies quite a bit, from point to point and that is because that 

the data collected was in a different site other than the turbine is placed and acquired in another time 

frame. However, from this method it was possible to extract an average value of efficiency of 6.4 %.  

For the wind sub-system, it is just necessary to multiply the efficiency of the AC/DC rectifier with the PV 

sub-system efficiency, whose components are equal, which has a maximum of 81%, giving a total wind 

sub-system efficiency of approximately 63 %. 

5.5 Case studies (experimental analysis) 

After verifying in chapter 4 how the system would theoretically behave in terms of generation, it is now 

necessary to confront those values with the experimental ones. As mentioned previously, the efficiency 

of both sources is not equal during the year but, as it was not possible to collect them from each month, 

the values obtained in 5.4 were interpolated for the whole year.  

So, the experimental efficiencies are: 

• The efficiency of the PV: 𝜂𝑃𝑉 = 10.8 %; 

• The efficiency of the wind turbine: 𝐶𝑝 = 6.4 %; 

• The efficiency of the system: 𝜂𝑃𝑉𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 ≈ 78 % and 𝜂𝑊𝑖𝑛𝑑𝑠𝑢𝑏−𝑠𝑦𝑠𝑡𝑒𝑚 ≈ 63 %. 

Again, it was considered the total daily load, studied in 3.7.4 

5.5.1 Luena, Angola 

Starting with the Luena, Angola, case study: Again, taking a closer look at Table 4.1, it gives the monthly 

average irradiation at an optimum inclined plane and wind speed values for the region of Luena. 

Following the same reasoning as chapter 4, considering the efficiencies of each source, starting with 

the total energy produced, which is possible to verify from Figure 5.15.  
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Figure 5.15 – Energy produced by the PV panels and the wind turbine in Luena, Angola (using 

experimental parameters) 

The PV panels production is considerably greater that the wind turbine’s. Also, both sources show no 

complementarity: in the months where the irradiation is smaller the wind speed values are to as well, 

and the same for the higher values. 

Considering the efficiency of the experimental system it is possible to obtain Figure 5.16 

 

Figure 5.16 – Energy delivered to the load by the PV panels and the wind turbine in Luena, Angola 

(using experimental parameters) 

Finally, the total energy used by the hybrid system:  

 

Figure 5.17 – Energy delivered to the load by the hybrid system in Luena, Angola (using experimental 

parameters) 
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From observing Figure 5.17, and comparing it with Figure 4.4, it is possible to conclude that, despite the 

decay that was in the energy, the system is still possible to support the load in study, recurring less to 

the batteries, which is an optimum indicator. Still, during its hot rainy season the value of the load and 

energy used are approximate, which even with the introduction of the wind turbine was not helpful.  

5.5.2 Humla, Nepal 

Following the Humla, Nepal, case study: As done in 5.5.1, by observing Table 4.2, which gives the 

monthly average irradiation at an optimum inclined plane and wind speed values for the region of Humla, 

first it was calculated the total energy produced by each source, possible to verify from Figure 5.18. 

 

Figure 5.18 – Energy produced by the PV panels and the wind turbine in Humla, Nepal (using 

experimental parameters) 

In this case, it is shown as well that the PV panels energy produced is still much greater than the wind 

turbine’s. However, in this case, on opposite of what was observed in 5.5.1, both sources present a 

viable complementary, in which the strengths of one can help overcome the weaknesses of the other. 

Again, considering the efficiency of the experimental setup of the Energy laboratory, it is possible to 

obtain Figure 5.19. 

 

Figure 5.19 – Energy delivered to the load by the PV panels and the wind turbine in Humla, Nepal 

(using experimental parameters) 

So, considering the sum of the energies delivered to the load by both renewable energy sources, it is 

obtainable the total energy used by the hybrid system, which is possible to verify from Figure 5.20. 
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Figure 5.20 – Energy delivered to the load by the hybrid system in Humla, Nepal (using experimental 

parameters) 

Now, even though both sources presented a positive complementarity between them, the system is not 

able to feed the load entirely through the whole year, having to critically resort on the batteries on the 

first months of the year. That would cause de early wear of the battery pack and, much likely, result in 

days when the battery would reach its minimum capacity. One possible solution to overcome this 

problem is to try and reduce the total load of the system. 

5.5.3  Lisbon, Portugal 

In order to understand how the system will behave in the experimental site it was placed the same 

process was considered: observing Table 4.3, gives the monthly average irradiation at an optimum 

inclined plane and wind speed values for the region of Lisbon, and taking in account the efficiencies 

obtained from the experimental tests it is possible to obtain the total energy produced along the year.  

 

Figure 5.21 – Energy produced by the PV panels and the wind turbine in Lisbon, Portugal (using 

experimental parameters) 

So, from Figure 5.21 some conclusions can be made: like Humla, both sources present a good 

complementarity and, like Luena, the PV panels production reaches great levels of production, in which 

like both case studies of Luena and Humla, it was much greater than the wind turbine’s production.  

Considering the losses of the experimental system it is obtained the graph from Figure 5.22. 
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Figure 5.22 – Energy delivered to the load by the PV panels and the wind turbine in Lisbon, Portugal 

(using experimental parameters) 

Lastly, considering the hybrid system Figure 5.23 was obtained. 

 

Figure 5.23 – Energy delivered to the load by the hybrid system in Lisbon, Portugal (using 

experimental parameters) 

It is then possible to conclude that both sources present a viable solution to feed a small load. However, 

during winter months the total energy used to feed the load is similar to the load’s energy, which means 

the system will vitally depend on the battery pack to help feed the load, which also can lead to days 

where its capacity reaches low critical levels. 
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5.6 Conclusions 

In this chapter it was presented the experimental run of the hybrid system that took place in Lisbon, 

more specifically at Instituto Superior Técnico. 

The experimental test was separated in two parts:  

• one during the day, in which both renewable energy sources of the hybrid system are producing; 

• one at night, where the PV panels do not produce and the generation of the system relies only 

on the wind turbine. 

The daytime test showed that the performance of the hybrid system is highly dependable on the 

performance of the PV panels. The production of the wind turbine has little influence on the SOC of the 

batteries such as in feeding the loads. On the other hand, from the test run at night it was concluded 

that: even though the wind turbine had greater production comparing to the day test, it was not enough 

to have influence on the SOC of the batteries such as in feeding the loads.  

This experimental run help conclude that the system hybrid system in study relies almost exclusively on 

the PV-batteries system, almost without even resorting to the wind turbine production. That can be 

possibly explained since the VAWT is accoupled to a poor generator which as a low level of rated power 

and pair of poles. Also, its handmade structure causes losses that, for low levels of production are 

critical. 

So, the experimental efficiencies of the system were obtained as well, with the PV panels having a 

10.8% and the wind turbine 6.4%. Considering the hybrid system, the influence of the wind turbine is 

minimal, having a low impact in its total efficiency of less than 0.5%. Considering the experimental 

system assembled in the Energy Laboratory it was possible to obtain its efficiency too: from the PV 

panels to the load (PV sub-system) the efficiency was of 78% and, from the wind turbine to the load 

(wind sub-system) the efficiency was of 63% 

Having the experimental efficiencies, the case studies were addressed: 

• Starting with Luena: the experimental test of including the wind turbine presented no benefit 

regarding this region. In addition, the levels of production obtained from the interpolation to the 

whole year of both sources present no positive complementarity. To conclude, the inclusion of 

a wind turbine is not viable; 

• In Humla: now, the experimental test presented a different positive result. From the data 

obtained and the simulation to the whole year the production of both sources presented a good 

compensation, but not able enough to feed the total load in study. However, as mentioned 

previously, for this specific remote area the load can be reviewed, as the one in study might be 

excessive for the needs of the region. So, investing on a hybrid system might be feasible; 

• Finnaly, in Lisbon: the approach of this site was only because it is where the experimental test 

was taken. In addition, it is possible to conclude that the system was well placed as the values 

of irradiation and wind speed are more than enough to perform proper and viable studies.  
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To conclude, it is important to note that the efficiencies used for the case studies were firstly to calculate 

the total energy production and then the total energy delivered to the load by both sources, considering 

the losses of the experimental setup. In addition, this was made as it was considered the system used 

experimentally (placed in the laboratory). However, for remote areas, such as Luena and Humla, a such 

complex system does not have to be considered. Simpler control devices, which are cheaper can and 

should be considered at the time of the real experimental installation of this kind of systems in such 

places.  
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Chapter 6 

Conclusions and Future Work 

6 Conclusions and Future Work 

This chapter takes the final conclusions of the work and gives some topics for a future work related to 

the hybrid system. 
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6.1 Conclusions 

The number of people that still have no access to electricity is much bigger than one might think. This 

usually occurs in development countries which have remote areas that are so far to the nearest grid that 

it is unfordable to invest in utility lines. One approach, trying to overcome this issue, is the 

implementation of standalone systems that can, by themselves, feed the needs of those people. 

However, the investment in these systems is always dependent on external investments. 

So, this dissertation aimed the detailed study of an autonomous hybrid standalone PV-wind system with 

battery storage (LiFePO4 batteries) that can supply the minimum loads for the basic living conditions (in 

this case is given more emphasis to a refrigerator). The values of efficiency of the system were 

determined experimentally and then interpolated to the whole year to verify its viability in the remote 

areas of Luena (Angola) and Humla (Nepal).  

For a better study of the hybrid system the experimental test was made in two different conditions: one 

when the PV panels and the wind turbine are producing (during the day) and other when only the wind 

turbine is producing (during the night). The experimental results showed that the hybrid system relies 

mostly on the performance of the PV panels, which reach much higher values of production when 

comparing to the wind turbine. The low production of the wind turbine shows that it hardly has any effect 

on the system whether it is on feeding the loads or charging the batteries. The low production of the 

wind turbine can be explained due to various factors, which can be highlighted the poor generator 

accoupled to the turbine, the hand-made structure that causes many losses and the long distance 

between the turbine and the rest of the components of the system. 

The interpolation of the experimental data determined was possible to simulate the behaviour of this 

kind of systems for the areas in study, concluding that for Luena it is not viable and for Humla presented 

some feasibility, as it presents the complementarity between both sources that Luena does not. 

The investment in this type of systems have been gaining form through the last few years, mainly 

standalone PV systems. However, what costs more is the storage equipment (most of the time 

batteries). So, combining more than just one source of energy can open doors to reduce the cost of this 

type of systems. With more generation, the need to have much equipment to store energy is reduced. 

The study of hybrid systems is a growing market with prospects of future improvement. 
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6.2 Future Work 

Hybrid systems are a recent topic regarding renewable energy systems. Since they are in an early state 

of life it is important to study and review all the topics around it.  

This type of systems need storage equipment to have a proper operation mode, but, the high cost 

associated with it sometimes is prohibitive. For a future prospect, this is an interesting topic to start with, 

such as investing in a better generator to accouple to the turbine and verify how it works and if possible 

to reduce the number of batteries in the system.  

One downgrade to this project was the fact that the BMS did not require all the topics necessary for a 

proper control of the renewable energy sources – batteries power flow. It would be beneficial to check 

other types of control unit. 

Finally, there are some cases when the renewable energy sources cannot meet the needs to feed the 

loads entirely, which brings up the topic of a detailed study of a PV-wind-diesel generator system, which 

is another type of hybrid system that has no problem feeding the load at any time.  

 

 

 



80 

 

 



81 

References 

References 

[1] V. Khare, S. Nema, and P. Baredar, “Status of solar wind renewable energy in India,” Renew. 

Sustain. Energy Rev., vol. 27, pp. 1–10, 2013. 

[2] IEA, “Africa Energy Outlook: A Focus on Prospects in Sub-Saharan Africa,” 2014. 

[3] UNEP, “Emissions reduction profile - Angola,” 2013. 

[4] “Nepal Energy situation.” [Online]. Available: 

https://energypedia.info/wiki/Nepal_Energy_Situation#Electricity. [Accessed: 03-Feb-2017]. 

[5] M. R. Patel, Wind and Solar Power Systems: Design, Analysis, and Operation, 2nd ed. New 

York, USA: CRC Press, 2008. 

[6] “Wind & Solar Energy Installation Data: 2000-2014 Actuals + 2015-2019 Forecast,” 2015. 

[Online]. Available: http://www.fi-powerweb.com/Renewable-Energy.html. [Accessed: 21-Nov-

2016]. 

[7] T. Ma, H. Yang, and L. Lu, “A feasibility study of a stand-alone hybrid solar-wind-battery system 

for a remote island,” Appl. Energy, vol. 121, pp. 149–158, 2014. 

[8] J. Carriço, “Technical and Economic Assessment of a 500W Autonomous Photovoltaic System 

with LiFePO4 Battery Storage,” Instituto Superior Técnico, 2015. 

[9] Y. Oğuz and M. F. Özsoy, “Sizing, design, and installation of an isolated wind-photovoltaic hybrid 

power system with battery storage for laboratory general illumination in Afyonkarahisar, Turkey,” 

J. Energy South. Africa, vol. 26, no. 4, pp. 70–80, 2015. 

[10] R. Castro, Uma Introdução às Energias Renováveis: Éolica, Fotovoltaica e Mini-hídrica, 2nd ed. 

Lisbon, Portugal: IST PRESS, 2012. 

[11] M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, “Solar cell efficiency tables 

(Version 45),” in Progress in photovoltaics: Research and applications, vol. 15, 2007, pp. 659–

676. 

[12] “Photovoltaic systems,” 2013. [Online]. Available: 

http://www.yourhome.gov.au/energy/photovoltaic-systems. [Accessed: 22-Nov-2016]. 

[13] A. J. Sangster, “Solar Photovoltaics,” Renew. energy Technol. Cost Anal. Ser., vol. 1, no. 4/5, 

pp. 145–172, 2012. 

[14] “The Falling Costs of Renewables.” [Online]. Available: 

https://hub.globalccsinstitute.com/publications/rethinking-energy-towards-new-power-

system/21-falling-costs-renewables. [Accessed: 22-Nov-2017]. 



 

82 

[15] “Net installed electricity generation capacity in Germany,” 2016. [Online]. Available: 

https://www.energy-charts.de/power_inst.htm. [Accessed: 21-Nov-2016]. 

[16] “Global Installed Solar PV Capacity Will Surpass 756 GW By 2025, GlobalData,” 2016. [Online]. 

Available: https://cleantechnica.com/2016/06/28/global-installed-solar-pv-capacity-will-surpass-

756-gw-2025-globaldata/. [Accessed: 21-Nov-2016]. 

[17] K. Cory, T. Couture, and C. Kreycik, “Feed-in Tariff Policy : Design , Implementation , and RPS 

Policy,” 2009. 

[18] M. M. Moh Saad and N. Asmuin, “Comparison of Horizontal Axis Wind Turbines and Vertical 

Axis Wind Turbines,” IOSR J. Eng., vol. 4, no. 8, pp. 27–30, 2014. 

[19] M. Ragheb, “Vertical axis wind turbines,” Illinois, USA, 2013. 

[20] “Wind Energy Turbines.” [Online]. Available: http://www.alternative-energy-tutorials.com/wind-

energy/wind-energy.html. [Accessed: 24-Nov-2016]. 

[21] E. Lantz, R. Wiser, and M. Hand, “IEA Wind Task 26: The past and future cost of wind energy,” 

Colorado, US, 2012. 

[22] P. Breeze, “Wind Power,” Renew. energy Technol. Cost Anal. Ser., vol. 1, no. 5, pp. 223–242, 

2012. 

[23] “Offshore Wind Industry Will Become €130 Billion Annual Market By 2020,” 2013. [Online]. 

Available: https://cleantechnica.com/2013/05/08/offshore-wind-industry-will-become-e130-

billion-annual-market-by-2020/. [Accessed: 30-Nov-2016]. 

[24] V. Khare, S. Nema, and P. Baredar, “Solar – wind hybrid renewable energy system : A review,” 

Renew. Sustain. Energy Rev., vol. 58, pp. 23–33, 2016. 

[25] “Tips for Living Off-the-Grid using a Hybrid Solar/Wind System,” 2008. [Online]. Available: 

http://www.chelseagreen.com/blogs/tips-for-living-off-the-grid-using-a-hybrid-solarwind-

system/. [Accessed: 07-Dec-2016]. 

[26] R. Al Badwawi, M. Abusara, and T. Mallick, “A Review of Hybrid Solar PV and Wind Energy 

System,” Smart Sci., vol. 3, no. 3, pp. 127–138, 2015. 

[27] “Hybrid systems,” 2016. [Online]. Available: http://www.steca.com/index.php?Hybrid_systems. 

[Accessed: 12-Dec-2016]. 

[28] A. Belsky, V. Dobush, and D. Ivanchenko, “Wind-PV-Diesel Hybrid System with flexible DC-bus 

voltage level,” 9th Int. 2014 Electr. Power Qual. Supply Reliab. Conf. PQ 2014 - Proc., pp. 181–

184, 2014. 

[29] “Hybrid Power Systems Market - Installation of Hybrid Power Systems to Rise as Energy Industry 

Preference Centers on Renewable Sources; Global Industry Analysis, and Forecast 2016 - 

2024,” 2016. [Online]. Available: http://www.marketwatch.com/story/hybrid-power-systems-

market---installation-of-hybrid-power-systems-to-rise-as-energy-industry-preference-centers-

on-renewable-sources-global-industry-analysis-and-forecast-2016---2024-2016-07-26-



 

83 

8203315. [Accessed: 13-Nov-2016]. 

[30] A. D. Mukasa, E. Mutambatsere, Y. Arvanitis, and T. Triki, “Development of Wind Energy in 

Africa,” African Dev. Bank Gr., p. 39, 2013. 

[31] “World Energy.” [Online]. Available: 

https://www.worldenergy.org/data/resources/country/angola/hydropower/. [Accessed: 03-Jan-

2017]. 

[32] “Solargis.” [Online]. Available: http://solargis.com/products/maps-and-gis-data/free/overview/. 

[Accessed: 05-Jan-2017]. 

[33] “PVGIS - PHOTOVOLTAIC & SOLAR ELECTRICITY DESIGN TOOLS.” [Online]. Available: 

http://photovoltaic-software.com/pvgis.php. 

[34] “World weather & climate information.” [Online]. Available: https://weather-and-climate.com/. 

[Accessed: 10-Jan-2017]. 

[35] J. Ventura, S. Cristovão, and J. Neto, Atlas e estratégia nacional para as novas energias 

renováveis. 2015. 

[36] “Surface meteorology and Solar Energy.” [Online]. Available: https://eosweb.larc.nasa.gov/sse/. 

[Accessed: 10-Jan-2017]. 

[37] International Energy Agency, Angola Towards an Energy Strategy. France: IEA Publications, 

2006. 

[38] “MINEA.” [Online]. Available: http://www.minea.gv.ao/. [Accessed: 10-Jan-2017]. 

[39] “Rapid Assessment and Gap Analysis: ANGOLA,” pp. 1–82, 2015. 

[40] A. Zahnd, “The Role of Renewable Energy Technology in Holistic Community Development,” 

2011. 

[41] “Light Up the World.” [Online]. Available: http://lutw.org/. [Accessed: 08-Feb-2017]. 

[42] L. S. To, A. Zahnd, and R. Riek, “Enhancing capacity for solar photovoltaics in rural Nepal,” 

World Renew. Energy Forum, WREF 2012, Incl. World Renew. Energy Congr. XII Color. Renew. 

Energy Soc. Annu. Conf., vol. 6, pp. 4571–4577, 2012. 

[43] “Nepal’s Oldest Himalayan Buddhist temple and monastery threatened by Floods.” [Online]. 

Available: https://www.asianart.com/articles/halji2/index.html#1. [Accessed: 09-Feb-2017]. 

[44] “Rural access program.” [Online]. Available: http://www.rapnepal.com/home. [Accessed: 09-Feb-

2017]. 

[45] “RIDS-Nepal.” [Online]. Available: http://www.rids-nepal.org/. [Accessed: 09-Feb-2017]. 

[46] K. C. Surendra, S. K. Khanal, P. Shrestha, and B. Lamsal, “Current status of renewable energy 

in Nepal: Opportunities and challenges,” Renew. Sustain. Energy Rev., vol. 15, no. 8, pp. 4107–

4117, 2011. 



 

84 

[47] IEA, “Energy Policies of IEA countries: Portugal,” 2016. 

[48] T. Mone, “Prof. Narendra K. Ade, Tanmay Mone,” vol. 5, no. 5, pp. 1389–1409, 2014. 

[49] S. Gundtoft, “Wind Turbines,” 2009. 

[50] J. Esteves, “Accionador electromecânico de velocidade variável,” Instituto Superior Técnico, 

1992. 

[51] M. Filipe, “State-of-Charge ( SOC ) Prediction of Lithium Iron Phosphate ( LiFePO4 ) Batteries 

for Automotive Application Based on Intelligent Systems,” Instituto Superior Técnico, 2014. 

[52] “123electric.nl.” [Online]. Available: http://www.123electric.nl/index.phtml?category_id=67. 

[Accessed: 26-Apr-2017]. 

[53] J. Doucet and J. Shaw, “DC / AC Pure Sine Wave Inverter,” 2007. 

[54] “Pure Sine Wave Inverters with code.” [Online]. Available: 

http://www.theengineeringprojects.com/2012/11/pure-sine-wave-inter-design-with-code.html. 

[Accessed: 29-Apr-2017]. 

[55] “Meteo Técnico.” [Online]. Available: http://meteo.tecnico.ulisboa.pt/. 



85 

Annex A 

System’s components datasheets 

Annex A  

Annex A presents the datasheets of all components of the system. 
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A.1 PV panels – Polycrystalline Suntech STP225 - 20/Wd 
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A.2 LiFePO4 Batteries – CALB SE130AHA  
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A.3 BMS off-grid 123electri.nl 

System’s structure 

The 123electric BMS is designed for battery-packs that have many cells in series, to form a high voltage 

battery-pack. Each cell is equipped with a small BMS-board, that monitors cell parameters like current, 

voltage and bypass-current and communicates over a one-wire interface with the BMS-controller. This 

BMS-controller collects this data, and displays that via a USB-interface on a Windows Computer. The 

electronic dashboard tells what the status of the battery-pack is. In the 'settings-menu' the user can 

adapt the system to his requirements: 

- Consumer relay (Max. 60 Ampère DC)  

- Charge relay (Max. 60 Ampère DC)  

- Voltmeter (5 choices)  

- Current Sensor used (100 A for the off-grid version)  

- Cell Capacity (10 - 999 Ah)  

- Real Time Clock (24 h)  

- Consumers starts  

- Consumers stops  

- Minimum Cell Voltage (error-level)  

- Maximum Cell Voltage (error-level)  

- Bypass Voltage (balancing voltage) 

 

Specifications 

Supply Voltage of BMS-controller: 8-60 V 

Idle Current of the BMS-controller (including current sensor): < 10 

mA  

Number of Cells: 2 - 255  

Balancing Current: 1 A  

Idle Current BMS-boards: < 100 uA  

Current-sensor: 100 A 

Resolution: 10 Bit 
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Layout 
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A.4 Livre Pure Sine Wave Inverter 1500 W  

Nominal Power: Pn = 1500 W 

Peak power: 2 x Pn = 3000 W 

DC input voltage: 12 V, 24 V or 48 V 

Vmin (cut-off): 10.5 V ± 0.5 V; 21 V ± 1 V; 42 V ± 2 V 

Vmax (cut-off): 15 V ± 0.5 V; 30 V ± 1 V; 60 V ± 2 V 

Output voltage: 220 V  

Output frequency: 50 Hz 

THD: <3%  

Notes: External fuse 

Protection: Overheat; Low-High voltage; Short-Circuit; Polarity 

Certificate: CE, ISO9001, RoHS 

A.5 Refrigerator - Kentt 201E 

Type: 200 

Model: 201 E 

Gross capacity: 200 I 

Available capacity: 179 I 

Freezer capacity: 14 I 

Voltage (frequency): 230 V (50 Hz) 

Suction/Pressure: 10/30 bar 

Power: 90 W 

 

SOKO HEKOM AE 1336 A compressor  
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A.6 CTR TV - Sony KV-14LT1E 13’’ 

TV system: B/G/H 

Colour system: PAL; SECAM; NTSC 3.58; 4.43 (only Video   In) 

Channel coverage: VHF: E2-E12; UHF: E21-E69; CATV: S1-

S20; HYPER: S21-S41; D/K: R1-R12, R21-R69 

Sound output: 1 x 6W (musical); 1 x 3W (RMS mono)  

Power consumption: 42 W 

Stand-by consumption: ≤ 0.55 W 

Dimensions: 393 x 358 x 415 mm 

Weight: 11.5 Kg 
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A.7 DC/DC converter  
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A.8 Power Logger Fluke 1735 

Model: Fluke 1735 three-phase power logger 

Memory: 4 MB flash memory – 3.5 MB for measuring data 

Sample rate: 10.24 kHz 

V-RMS wye resolution: 0.1 V 

Operating error: ± 0.5% of measured value +10 digit 

A-RMS wye resolution: 0.01 A 

Operating error: ± 1% of measured value +10 digit 

 
 

 

A.9 Tektronix TDS 2001/2012C Oscilliscope 

Brand: Tektronix 

Model: TDS 2001/2012C 

Analog bandwidth: 100 MHz 

Sample rate: 2 GS/s 

Record length: 2.5k Point 

Analog channels: 2 
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A.10 Voltage transducer LV 25-P 
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A.11 Current Transducer LA-25-NP   
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A.12 National Instruments NI-USB6008/9 Data Acquisition 

Device 
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Annex B 

Data acquisition 

Annex B 

Annex B presents the method used to collect the data of the power flow of the system. 
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The data acquisition for the experimental run, that took place in Lisbon, was performed by using voltage 

and current transducers, as mentioned previously. Then, recurring to a DAQ, it was possible to verify 

the graphs of the voltage and currents of the components, more specifically of the PV panels, wind 

turbine and the batteries, and collect that data to an Excel file. Figure A.1 shows an example of a 

possible block diagram to collect the data from the DAQ.  

 

Figure A.1 – LabVIEW block diagram interface: 1 – DAQ Assistant, 2 – Voltage graph, 3 – Current 

graph, 4 – Converter of the voltage graph data to excel, 5 – converter of the current graph data to 

excel 

It is important to verify that the before the graphs, the signal is divided by a numeric constant to measure 

the right value. In Figure A.1 the numeric constants are only examples, as the values of them depend 

on how the transducers are dimensioned. As seen in both annexes A.10 and A.11 there are more than 

just one way to dimension them. 

In the DAQ Assistant menu it is possible to define important steps to a proper measure of both current 

and voltage, which can be highlighted the signal input range, the acquisition mode, samples to read and 

the rate (Hz). Going one by one: the signal input range in this example is not taken in account, as the 

maximum of the DAQ is 20 V and the PV panels and wind turbine’s voltage, for example, are higher 

(which is the reason of the usage of the voltage transducers in the first place). In addition, it is only 

important when what is being measured is directly connected to the DAQ, for instance the voltage of the 

batteries in separate. As the DAQ only measures voltage, the current is not measured directly but with 

the transducer, thus despising the signal input range as well. The acquisition mode was set, for this 

project, to continuous samples. The samples to read and the rate are obviously linked, having been set 

1 sample for 100 mHz, which means 1 sample for every 10 seconds. This was the choice due to the 

inconstant behaviour of the wind turbine (if it was 1 sample for more than 10 seconds the study of the 

wind turbine’s would not be much accurate).  
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Figure A.2 shows the DAQ assistant menu.  

 

Figure A.2 – DAQ Assistant menu 

Finally, in Figure A.3 it is possible to see an example of the LabVIEW graph interface.  

 

Figure A.3 – LabVIEW graph interface 

 

 

 

 


