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ABSTRACT 

Renewable energy, particularly solar photovoltaic, offers great solutions to the current energy crisis that 

people face in their daily lives due to its cleanliness, advantages, and low cost of technology. The 

dissertation intends to demonstrate to the public, policymakers, and policy executors that sufficient 

exploitation of available water resources and solar energy abundant in the country can ensure the 

sustainability of electric energy as well as renewable energy development in Rwanda. The dissertation's 

main goal is to design a floating solar photovoltaic system integrated with a hydropower plant (a case 

study of the NYABARONGO Dam). The potential energy of floating solar photovoltaic (FSPV) on the 

Nyabarongo hydro power plant (HPP) dam is modeled and simulated using PVsyst software, and Matlab 

was used to validate the thesis results and analyze the impact of floating solar photovoltaic (FSPV) 

integrated with hydropower plant on the national grid. The control system includes a maximum power 

point tracker, which locates the point at which the photovoltaic modules produce the most power under 

varying operating conditions. The phase locked loop (PLL) is used to quickly synchronize the PV system 

with the grid by locking the converter output to the grid voltage. The rotating reference frame locked to 

the grid is used to control current and voltage towards active and reactive power flow. Furthermore, the 

study demonstrates the benefits and potential of using floating solar photovoltaic (FSPV) in Rwanda to 

reduce the use of land-mounted solar photovoltaic (SPV), as floating solar photovoltaic (FSPV) is found 

to be more efficient than traditional SPV due to its cooling facilities. A total of 33,750 photovoltaic 

modules were used on a small surface area of 72,884 m2 extracted from a large surface area of the 

Nyabarongo hydro power plant (HPP) dam, injecting 15 MWp into the grid at a nominal power ratio of 

1. Five 3,000 kW inverters, each operating at 630-930 VDC and 400 VAC at its output, were used to 

connect the FSPV to the grid, and MATLAB software (Version 2017) was used to simulate its 

performance with an inductor-capacitor-inductor (LCL) filter. The proposed model includes PV arrays, 

a closed loop boost converter to control the effects of weather on the floating solar photovoltaic (FSPV), 

and an inverter with an LCL filter to suppress harmonics in the system. The system parameters were 

tuned so that the total harmonics distortion of current and voltage respects the IEEE (519-2014) 

standards. It is ensured that the production of Nyabarongo hydro power plant (HPP) has been improved 

because with FSPV inject 28 MW or more into the grid at all times. The results show that the floating 

solar photovoltaic (FSPV) makes the best use of existing infrastructure and could supplement existing 

hydroelectric production as well as provide electricity in conjunction with  hydro power plant's existing 

generating units. 
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CHAPTER I: INTRODUCTION 

1.0. Background 

Rwanda currently has a total installed power generation capacity of 235.6 MW, with an estimated 51 

percent of the population having access to electricity (37 on-grid and 14 percent off-grid). Rwanda aims 

to reduce the use of biomass (wood energy) from 79.9 percent to 42 percent by 2024, increase access to 

electricity to 100 percent by 2024 (52 percent on grid and 48 percent off-grid), and productive users to 

be connected 100 percent by 2022, as well as achieve 556 MW installed power generation capacity by 

2024. 

In 2017, Rwanda distributed more than 185,000 solar home systems and nearly 300,000 solar lanterns. 

This activity is on track to meet Rwanda's target of off-grid electrification of 48 percent by 2024, as 

shown in [1]. As shown in Fig.1.1, the growth of power generation from 2010 to 2013 is small and 

nonlinear, whereas the growth of power generation from 2013 to 2021 is significant and approximated 

to be linear. The plot of Fig.1.1 (a) depicts installed capacity growth per year from 2010 to 2021. The 

graph shows a significant increase from 2013 to the present. 

1.1. Rwanda's population growth rate in relation to land 

Rwanda's population growth rate is high in comparison to land resources [2], so land resources used 

for solar energy generation must be reduced and replaced with another alternative of energy generation 

that does not use land. 

Rwanda distributed over 185,000 solar home systems and nearly 300,000 solar lanterns in 2017. This 

activity is on track to meet Rwanda's target of 48 percent off-grid electrification by 2024, as shown in 

Fig.1.1 (b). This scenario leads to increased water, food, and energy consumption in Rwanda, putting 

pressure on land, biomass resources, and water ecosystems as a result of the country's high population, 

negatively affecting the climate. 
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(a)                                                                                 (b)                                                               

Figure1. 1: Installed capacity and population growth (a) Increase in installed capacity in MW per 

year (source REG Website, and (b) Annual Population projection against available land in Rwanda, 

2019-2050 [2] 

It has been demonstrated that traditional terrestrial PV systems produce only 1 kW for a large land 

surface of 8 m2, posing enormous challenges in terms of land resource. Based on the foregoing, another 

alternative in PV energy generation technology may offer a synthetic solution for energy production that 

does not place a significant demand on land resources. A floating PV system is a new type of solar 

energy generation technology in which PV cells are installed on a floating system on the surface of the 

water. In 2007, the first study on floating PV cells was conducted to compare the performance of floating 

PV cells with traditional terrestrial PV systems[2]. The research revealed that the FSPV is profitable due 

to its high efficiency. 

1.2. Statement of the problem 

Rwanda has been trying to overcome the challenge of energy production. It is in this prospective that the 

government has started to exploit the energy from Solar photovoltaic (PV). Fig.1.3 shows  Rwamagana 

SPV power plant as a typical example [1]. This solar power plant takes up the entire 17 hectares (170,000 

square meters) of land, employs 28,360 photovoltaic panels, and generates 8.5 MWp of grid-connected 

power, enough to power 15,000 homes. The plant is the second large-scale solar field in East Africa, and 

it now accounts for approximately 6% of the country's total electrical supply. This proves that if the 

power produced by terrestrial SPV is increased, the native people may face a land crisis, as Rwanda is a 

small country with a surface area of 26,338 km2 and 90 percent reliant on agricultural activities [5]. 
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Figure1. 2: Utility-scale of 8.5 MW PV power plant constructed in Agahozo-Shalom Youth Village 

[4] 

Based on equation (1), the land used for energy generation from solar PV indicates a huge reduction in 

agriculture land if not replaced with other alternatives. The PV energy produced is proportional to the 

surface occupied by PV modules as indicated by equation (1): 

 𝑃𝑃𝑉 = 𝑁𝑃 × 𝐴𝑃𝑉 × 𝐺 × 𝜂𝑃𝑉 (1) 

Where: Ppv is solar power plant output and NP: is the total number of panels, AP: is the total panels’ area, 

G: is the irradiance at STC (1000 W/m2), and𝜂𝑃𝑉: is the global efficiency of panels. 

Referring to existing Rwamagana GigaWatt solar power plant Fig.1.2 occupying the 17 Ha for 8.5 MWp 

maximum expected output power. If this power is doubled, the required land is about 34 Ha which is a 

large land surface that can satisfy a big number of population, when it is used for agricultural activities  

1.3. Objectives  

The thesis has two types of objectives: Major objective and specific objectives. The major objective is 

the general goal of the present work whereas the specific objectives reflect some activities, which have 

been conducted toward the major objective. 
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1.3.1. Major Objective 

The primary goal of this dissertation is to design a floating solar PV system on the dam of the 

NYABARONGO hydropower plant. This floating solar PV (FSPV) system's primary goal is to support 

the existing hydropower plant (HPP) if energy production from the HPP is reduced or if energy demand 

increases. The FSPV on the HPP dam can use existing energy transmission resources, allowing for 

greater flexibility in power dispatch to the grid. 

1.3.2. The Specific Objectives 

To achieve the main objective, the dissertation has the following specific objectives: 

 Select appropriate solar modules, and inverter depending on meteorological and geographical 

data of the site. 

 Modeling of the system to show its technical feasibility. 

 Simulate and analyze the performance of the modelled system by MATLAB 

 Analysis of energy potential of FSPV, and solar panels shading effect by PVsyst software 

 Show to the public that FSPV is feasible in Rwanda 

 Show to the policy maker that FSPV contribute to land use management 

 Show to the public that FSPV efficiency is improved compared to traditional SPV efficiency. 

1.4. Scope of the study 

Based on the limited time, this research dissertation has been focusing on floating photovoltaic system 

at Nyabarongo HPP dam. The activity to be conducted is to model and simulate the floating system on 

extracted area. 

1.5. Expected Outcomes and Significance of the Study 

In this research the expected outcomes part includes all activities expecting to conduct for available time 

of the research leading to its implication to mitigate existing gaps in energy generation sustainability. 

1.5.1. Expected Outcome of the Study 

Expected outcome of the designed floating PV system are: 

 Prove to  Energy developers and policy makers that FSPV is feasible in Rwanda  

 Demonstrate that FSPV is one of the key solution to land use management  

 FSPV can be used for evaporation minimization for different HPP dams 

 Contribute to Rwanda electrification program through scientific research 
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 Inject the produced power to NYABARONGO HPP bus 

 Compensate the peak load demand during a single generator operation 

 Lower the GHGS emission to meet the target of Rwanda for its sustainable energy sector 

 Lower the dependency of fossil fuel energy 

 Lower conventional Solar PV plant use 

 Maximize utilization of existing infrastructures. 

 Increases the capacity factor of current hydro power plant 

1.5.2. Significance of the Study 

Because of dam water evaporation in arid areas, global hydroelectric energy fluctuates. The floating PV 

system protects the dam surface from direct solar radiation, which can have a negative impact on the 

dam's stability, reduces thermal excursion of the dam surface and increases dam durability, oxygenates 

water bodies, and reduces land use for hydropower plants. Furthermore, FSPV can be connected to the 

grid to meet rising load demand. Because of its superiority over land-based solar PV, floating solar PV 

coupled with hydropower plants have recently grown in popularity around the world[3]. First, floating 

solar PV systems installed on dams transmit generated power via the existing grid. Second, because 

relatively cold water cools the PV panels, floating PV systems produce more electric power output (EPO) 

than land-based PV systems. Third, because floating PV arrays are installed on water, national land can 

be managed well and used for agricultural purposes, allowing it to be used to its full potential. Fourth, 

unlike most PV systems installed on land, floating PV systems are less obtrusive because they are not 

generally visible to the general public. Fifth, structures built on bodies of water are subject to fewer rules 

and regulations. Fifth, this method aids in the control of algae and the creation of fish-spawning habitats. 

1.7. Organization of the study 

This research comprises four chapters: 

Chapter 1: Introduction, this chapter mainly deals with the rational, and objectives of the study, and 

ends up the dissertation outlines. 

Chapter 2: Solar PV mounting technologies, this chapter is dedicated to illustrate the relevant 

literatures on land mounted solar PV, in building solar PV, Floating solar PV, the shadow effect on each 

mounting technology and the way forward to mitigate the shading effect on the solar PV system 

performance. 

Chapter 3: Floating PV system development methodology, the documentation, site data collection, 

and modeling and simulation as activities conducted in the research are detailed in this chapter. 
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Chapter 4: Floating PV system modelling and simulation, in this chapter, modeling, and simulation 

of floating PV are described in details. 

Chapter 5: Conclusions and recommendations, is the last part concerned with conclusions, and 

recommendations of the study. The detail result sheets, photographs etc. are presented in appendix 

afterwards. 
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CHAPTER II: SOLAR PV SYSTEM MOUNTING TECHNOLOGIES 

2.0. Introduction 

Due to its geographical location, solar energy is the most promising renewable energy resource in 

Rwanda. Rwanda is located south of the equator at 2° 0′ 0′′ South and 30° 0′ 0′′ East, making it a good 

candidate for solar energy, with an average daily global solar irradiation on the tilted surface of around  

5.2 kWh/m2 per day[4]. 

Solar energy is a zero-emission, low-cost, and environmentally friendly energy source. Every day, the 

sun emits massive amounts of energy in the form of heat and light. PV systems almost all have the same 

functionality, but they are mounted in different ways. There are numerous PV mounting technologies 

available; however, in this study, land mounted, building integrated, rooftop mounted, and floating solar 

PV mounting are discussed. The point to consider during the construction of each solar PV mounting 

technology is the shadow effect. In [5], when it comes to mounting solar modules, solar energy users 

have several options. When deciding on the best mounting method, consider the available space, system 

size, array tilt, orientation, shading, durability, and cost. Based on the aforementioned factors, 

researchers are working hard to improve wind speed loading, snow load, tilt angle, and site geography 

for each mounting technology in order to improve solar module performance. 

2.1. Solar PV mounting technologies 

Mounting of solar module is the one technical point considered when determining; wind loading size, 

snow loading, tilt angle, shading effect on the PV module, and tracking direction of the solar module. In 

nature, most mounting solar PV systems are fixed-plate in design. When a solar photovoltaic PV system 

is installed to provide an unobstructed view of the sun, it is possible to use the sun to generate electricity 

for residential, commercial, or agricultural purposes. Installing a single solar module or a solar array at 

the proper tilt angle is part of this. When it comes to mounting solar modules, the solar user has several 

options. When deciding on the best mounting method, consider the available space, system size, array 

tilt, orientation, shading, durability, and cost[5].The solar PV power plant mounting is  broadly divided 

into various  types such as roof mounted, ground mounted, pole mounted, ballast mounted, flush 

mounted, floating solar PV, building mounted solar PV, and East-West mounted solar PV as indicated 

in Fig.2.1. 
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Figure2. 1:Examples of different types of solar PV mounting: (a) Roof mounted solar PV, (b) Ground 

mounted solar PV, (c) Pole mounted solar PV, (d) Ballast mounted solar PV, (e) Flush mounted solar 

PV, (f) Floating solar PV, (g) Build-integrated solar PV, and (h)East-West mounting of solar modules 

[6],[7], [8],[9], [10] 

(a) Roof mounted SPV at I & M Bank/Rwanda (b) Ground mounted SPV at Rwamagana  

(c) PMSPV Sahasra Electronics Rwanda                                        (d) Ballast mounted solar PV 

(e) Flush mounted solar PV    (f) Floating solar PV  

(g) Build-integrated solar PV (h) East-west mounting of solar modules 
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2.1.1. Land mounted solar PV 

Traditional solar PV is a land-based or ground-mounted solar PV system. A ground mounted solar 

system works well in areas where there is enough space to install the system away from buildings and 

shade producing structures. It is more expensive than roof-mounted solar PV. Modules are mounted on 

rails that are attached to concrete pylons or blocks or fixed to a steel structure installed in the ground. 

Installation, maintenance, cooling, and safety are all simple with this type of mounting. Figure 2.1(b) 

depicts ground-mounted solar PV. The available irradiance and ambient temperature dictate the output 

power and generation efficiency of ground-mounted solar PV systems, as detailed in [11]. For land 

mounted PV system output power and its generation efficiency are respectively determined by equation 

(2), and (3). 

 𝑃𝑃𝑉 = 𝐴𝑃𝑉 × 𝐺𝑇 × 𝜂𝑃𝑉 (2) 

 𝜂𝑃𝑉 = 𝜂𝑟 × 𝜂𝑃𝐶[1 + 𝛼𝑝(𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)] (3) 

Where: APV is the PV module area, GT is the solar irradiance on the plane of PV arrays, ηPV is the PV 

generation efficiency, and ηPV and ηr are the power conditioning and reference module efficiencies, 

respectively. STC denotes the PV cell temperature under standard test conditions (STC), TC denotes the 

PV cell temperature, and αP denotes the temperature coefficient of power. 

2.1.2. Building integrated solar PV 

PV cells can be mounted on top of or above existing or traditional roofing or wall systems, as shown in 

Fig2.1 (g). BIPV (Building integrated solar PV) can function as both a climate control device and a 

power source that generates electricity. Thus, in addition to lowering electricity costs, BIPV may provide 

material and labor savings. Furthermore, major factors to consider and assess when integrating PV cells 

into the outer building envelope skin include cell aeration, cell inclination, coverage area, cell 

geographical position, and orientation towards the sun[8]. The shading effect consideration for this 

technology is a must. Evaluation of BIPV is based on the important technical characteristics indicated 

in equations (4) and (5) 

 𝜂 = 𝑃𝑚𝑎𝑥 (𝛷⁄ 𝐴)   (4)  

 𝐹𝐹 = 𝑃𝑚𝑎𝑥 𝑈𝑜𝑐𝐼𝑠𝑐 = 𝑈𝑚𝑎𝑥𝐼𝑚𝑎𝑥 𝑈𝑜𝑐𝐼𝑠𝑐⁄⁄   (5)  

Where Pmax is the maximum power point in watt-peak (Wp), Φ is the input solar irradiance in W/m2, FF 

is a fill factor, UOC is the open-circuit voltage in Volts, and ISc is the short-circuit current in Amps. 
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Researchers' efforts in developing PV and BIPV materials and technologies will result in increasingly 

better BIPV solutions in the coming years, owing to improved solar cell efficiency, environmental 

aspects, lower production costs, and improved building integration. 

2.1.3. Floating solar PV  

The floating photovoltaic system (FPVS) is a novel approach to renewable energy production that does 

not add to the strain on water and land resources. As shown in the diagram of Fig.2.1 (f), FSPV, also 

known as floatovoltaics, is a solar PV application in which PV panels are designed and installed to float 

on bodies of water such as reservoirs, hydroelectric dams, industrial ponds, irrigation ponds, water 

treatment ponds, mining ponds, wastewater treatment plants, wineries, fish farms, canals, lakes, oceans, 

and lagoons. This mounting technology offers more advantages over traditional land mounted solar 

system due to its cooling done by water and air circulating on water surface. Key components of a large 

scale FSPV is shown in Fig.2.2. 

The integration of FSPV with existing hydropower plant increase its capacity factor as well its 

performance towards its reliability[12]. Moreover, in [13], the researcher showed that if the HPP dam 

surface is covered  with FSPV module to 10% , HPP energy production has been increased by 65%. The 

main factors that determine cell temperature in a floating PV system are wind speed and sea 

temperature[14].  

 

Figure2. 2: A schematic depiction of a typical large-scale FSPV system and its key components [15] 

 



 

11 

 

Water temperature, wind velocity, and floating PV array output can be determined using equations (6), 

and (7). 

  𝑇𝑊 = 5 + 0.75𝑇𝑎𝑚𝑏 (6) 

  𝑉𝑤𝑠 = 1.62 + 1.17𝑉𝑤𝑙 (7) 

Where, TW is the sea temperature, Tamb is the air temperature in (oC), Vws is the sea wind speed, and Vwl 

is the land wind speed in m/s, respectively. The cell temperature on the sea is given by equation (8) 

 𝑇𝑐𝑤 = 0.943𝑇𝑤 + 0.0195𝐺 − 1.528𝑉𝑤𝑠 + 0.3529 (8) 

Where, Tcw is the sea cell temperature. 

The floating solar PV array output power can be determined using equation (9)  

 
𝑃𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 =

𝐸𝐿

(
𝐺
𝐺𝑆𝑇𝐶

) × (𝑓𝐷𝐶/𝐴𝐶) × 𝑓𝑡𝑒𝑚𝑝

 
(9) 

Where, EL is the estimated energy required per day (Wh/day), fDC/AC is DC to AC de-rating factor [%] = 

0.778. Cell temperature is given by equation (10) 

 𝑓𝑡𝑒𝑚𝑝 = 1 − 𝛽(𝑇𝑐𝑤 − 𝑇𝑆𝑇𝐶) (10) 

Where, β is the PV cell temperature in current time step (oC) =-0.38% 

The expression in the equation (11) can be used to calculate a photovoltaic module's efficiency or power 

conversion. 

 
𝜂𝐸𝑙 =

𝑃𝑚𝑎𝑥
𝐺 × 𝐴𝑃𝑉

× 100% 
(11) 

Where ηEl is the electricity efficiency produced (%), Pmax is the maximum power produced by PV system 

(W), G is the solar radiation strength falling on the PV module (W/m2), and APV the area of PV module 

receiving the irradiance (m2). 

2.1.4. Hybrid FPV-Hydropower systems 

A hybrid energy system is preferred for harnessing energy from multiple sources at the same time and 

location, including both renewable and conventional power plants. In [16], FSPV systems in hybrid 

systems are identical to those in standalone systems. However, they are coupled with other generation, 

the author defined hybrid systems as those in which net economic benefits from the coupling of multiple 

generation technologies are anticipated, relative to the cost and/or value attached with comparable 

independent, stand-alone technologies, three possible hybridization configurations are suggested in the 

same research. 
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1. Hybrid systems that co-exist (cost savings): two or more technologies are co-located to save 

money, but operations are improved separately. 

2. Computer generated hybrid systems (improved performance): more than two technologies 

are sited separately, with operations linked via joint agreement and some co-optimized operation. 

3. Fully hybrid systems (cost and performance improvements): Co-optimized planning and 

operation achieves both cost and performance improvements. These frequently include at least 

one dispatchable technology paired with one or more variable renewable technologies that, when 

combined, provide operational benefits. 

The FSPV hybrid technologies include: FSPV-Hydro systems, FSPV-Pumped hydro, FSPV-Wave 

energy converter, FSPV-Solar tree, FSPV-Tracking, FSPV-Conventional power, and FSPV-

Hydrogen as detailed in [17].Among all these highlighted hybrid technologies, FSPV-Hydro system 

is among the most promising methods that could be potentially used for efficient power generation, 

it is shown in the previous Fig.2.3. 

2.2. Floating solar PV worldwide overview 

One option that has gained traction globally and is expected to grow rapidly in the coming years is floating 

solar PV (FSPV). Annual capacity addition is expected to rise from 1.314 GWp in 2018 to 4.6 GWp by 

2022. China is the largest international market at the moment, followed by Japan and South Korea. Due to 

the availability of large bodies of water, India, according to the research, is another country with very 

promising prospects for developing FSPV projects[18]. 

 

Figure2. 3:Schematic of a hybrid FPV-hydropower system[17] 
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According to past and current research, if renewable energy generation booms and FSPV installed capacity 

doubles every year, it is estimated that by 2050, FSPV power plants will produce all of the world's electricity. 

According to current analysis, this makes sense, as described in [12]. 

However, the contribution of floating solar PV in renewable energy generation booming, there still  one to 

five data gaps as mentioned in[16].  For starters, there is no global identification on FSPV, and no publicly 

available bathymetry data sets with the required resolution are available. Due to a lack of bathymetry data, 

the researchers are unable to estimate water body areas that may be too narrow or have seasonal variations 

in coverage, preventing FSPV deployment. Second, because there is no global data on the spatial temporal 

variation of water bodies, it is impossible to exclude areas of water bodies that are dry for a portion of the 

year. Third, due to system configuration assumptions, global capacity factor data, such as the Global Solar 

Atlas, is biased toward land-based systems. The Global Solar Atlas data is based on an optimum tilt. As a 

result, capacity factors for FSPV systems in high latitudes are most likely overestimated. Furthermore, these 

data do not account for any potential cooling effects of water on FSPV system efficiency, which would 

increase FSPV capacity factors in warmer climates. These factors could lead to a difference in estimated 

generation between water bodies in warmer and cooler regions. Fourth, due to a lack of global coverage in 

hydropower capacity (MW) and annual generation (GWh) per year, it is difficult to size FSPV systems in 

proportion to hydropower and available transmission system capacities. While this may be a financial 

concern, the data may also allow for an evaluation of the combined capacities and/or benefits of hybrid 

FSPV-hydropower systems. Finally, the resolution of attributes at regional scales such as European, country, 

or sub-country scales remains unchanged for datasets with global coverage. 

 

 

Figure2. 4: Global installed SFPV capacity (TERI’s analysis based on publicly available 

sources)[15] 

(a) Top 6 countries in the world advancing in FSPV (b) World FSPV installed capacity in MWP 
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These datasets do not include prospects, local project siting constraints to floating solar PV that reflect water 

body use regulations (for example, prohibitions on siting on recreational water bodies) or water body 

conditions (potential freezing during winter months). 

In [15], floating solar photovoltaic (FSPV) installations accounted for 1.3 GigaWatt-peak (GWp) of total 

installed global capacity at the end of 2018, according to the World Bank Group, and deployment is expected 

to accelerate as the technologies mature, opening up a new frontier in the global expansion of renewable 

energy. When combined with other demonstrated benefits such as higher energy yield, reduced evaporation, 

and, in some cases, improved water quality, FSPV is likely to be an appealing option for many countries. 

To avoid using scarce land resources for solar power generation, several countries with dense populations 

are considering large-scale floating solar deployment. The author describes China in the same handbook. 

With the installation of a few large FSPV systems since 2017, it has risen to the top of the market, with 

more than 950 megawatt-peak (MWp) installed capacity in 2018, accounting for roughly 73 percent of 

the global total shown in Fig.2.4 (a). The remaining installed capacity was distributed primarily among 

Japan, the Republic of Korea, Taiwan, China, and the United Kingdom, with the rest of the world 

accounting for only 2%. FSPV projects, on the other hand, were being developed in over 30 countries 

(World Bank Group, ESMAP, and SERIS 2019). As shown in Fig.2.4 (b), the total installed capacity of 

FSPVs worldwide from 2007 to 2019 was 2400 MWp. 

The competition between hydroelectric, GSPV, and wind energy sectors is clearly depicted in Fig.2.5 

(a), with the SPV dominating after 2027.[12].  

 

Figure2. 5:Renewable energy growth trend: (a) Plot of RES growth in the next ten years in linear 

scale, (b) Logarithmic plot of global yearly produced FPV energy (blue, 2019 to be confirmed) and 

forecast up to 2025 (yellow). The red line represents a linear fit with a fixed growth rate of 100%. [12] 

(a) (b) 
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In this research, the author predicts the renewable energy sources without considering intermittency of 

solar, wind and environmental impact of this kind of booming of FSPV and wind energy sources use. 

The trend of hydro, wind, SPV-FSPV, GSPV, FSPV from 2019 to 2030 are respectively, 4,950; 4,730; 

6,980; and 710 TWh as indicated in Fig.2.5 (a). The SPV-FSPV combination has higher trend compared 

to other source of energy.  

The logarithmic trend in FSPV energy production in MWh is shown in the Fig.2.5 (b), it is shown that, 

the FSPV energy production is increasing linearly from 2009 to 2025 (1.1 MWh to 117,965 MWh). 

2.3. FSPV internal and external negative impacts 

In [19], the researcher presented internal negative impacts of FSPV such as FSPV requires long-term 

maintenance requirements and the durability of floating solar PV is yet to be seen, ecological and adverse 

effects on water ecosystem, relatively young and immature technology, lack of experience and 

knowledge, lack of cooperation from local distribution utility, solar energy concentration levels on 

floating platform, high waves and salt water potentially damaging the solar panels. Others, on the other 

hand, demonstrated how to mitigate FSPV's negative effects, thereby making FSPV profitable. 

2.3.1. Challenges with floating solar panels 

Presently, floating solar photovoltaic (FPV) still comes with challenges that will require further 

research and learning to expand its installation all over the world[15]. Some of those challenges 

includes: 

 The capital costs of FPV are currently still slightly higher than ground-mounted PV, owing 

chiefly to the expenses for the floats, mooring and anchoring, and more stringent requirements 

for electrical components. 
 In some reservoirs, anchoring and mooring installation and maintenance for FSPV becomes a 

challenging issue due to water depth and the terrain of the water body’s bed. For this case more 

complicated solutions are required and additional cost to the project. 
 The FSPV Operation and maintenance activities are generally more difficult to perform on water 

than on land. This issue is connected to an advanced workers safety requirements 

 System must periodically inspected, reinforced, and replaced to ensure its electrical safety 

and long-run reliability. 

 The FSPV temperature fluctuations may cause floats to blowup and shrink, which can cause 

cracks. Freezing may stress system components, particularly joints. Additional temperature 

variations control devices are required with additional costs, etc. 
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2.4.     Shadow effect in solar PV mounting technologies 

Many factors influence the performance of a PV system, including environmental factors such as 

shading, solar radiation falling on it, dust accumulation, module temperature, and solar cell materials. 

The amount of light that a cell absorbs directly proportions to the amount of current produced by the 

cell. A reduction in light caused by a lack of sunlight, poles, trees, buildings, passing clouds, dust 

particles on the panel surface, nearby permanent structures, leaves, birds, and bird droppings falling 

directly on modules, and the shadow of other panels in its vicinity[23]-[25]. All of these factors 

contribute to partial or complete shading of a PV module, resulting in a decrease in the current produced 

by the PV cell. When the current in one PV cell is reduced, the current output of the entire string of 

series-connected PV cells is reduced, causing the PV panel's output characteristics to change.  The 

reduction in PV system performance caused by shading can be divided into four distinct loss factors: a 

decrease in incident irradiance on the PV modules, a difference in spectrum between beam and diffuse 

irradiance, mismatch losses due to varying irradiance and temperature of each cell, and a decrease in 

inverter MPP tracking due to the I-V curve having false maxima as explored in [23]. Partial or complete 

shading is the main cause of PV module performance degradation on PV module, the associated effects 

must be mitigate with different alternative methods towards goods performance of PV module are 

explained in the following section.  

2.5. Mitigation of shadow effect on solar PV and control 

The improper operation of a solar cell caused by shadow can be mitigated by the use of a conventional 

bypass diode, which allows current to flow in the circuit from non-shaded cells. As research advances, 

newer solutions for reducing the impact of shading, such as DC-DC optimizers or module inverters for 

adjusting the current reduced from shaded solar cells by lowering the voltage, are becoming available. 

Because of the presence of shading, multiple local MPP appear in the power curve, misguiding 

conventional MPPT techniques; to track the global MPP, soft computing-based MPPT techniques are 

efficient[24].The inverter in a grid-connected PV system is equipped with the MPPT technique, which 

is primarily used to extract the maximum capable power of the PV modules in relation to solar irradiance 

and temperature at a given point in time using an MPPT controller[25].  

As one method for increasing PV module efficiency, maximum power point tracking (MPPT) techniques 

are very effective. Incremental conductance (In-Cond), perturbation and observation (P&O), fractional 

open-circuit voltage (FOCV), fractional short-circuit current (FSCC), fuzzy logic control, and ripple 

correlation control are all MPPT methods (RCC). The complexity, cost, and popularity of these 
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techniques vary, as do the rate of convergence, the number of sensors needed, hardware implementation, 

and effectiveness. Furthermore, these techniques are assessed in terms of varying irradiation and 

temperature, as well as the calculation of the energy supplied by the entire PV array[26], [27]. 

MPPT Techniques

Off-line techniques On-line or Hill-climping techniques Artificial-Intelligent(AI) techniques

1. Fractional-Open-Circuit-Voltage 

(FOCV)

2. Fractional-Short-Circuit-Current

(FSCC)

1. Perturb-and-Observe (P&O)

            2. Incremental Conductance(InCond.)
1. Fuzzy-Locgic-Control (FLC)

       2. Artificial-Neural-Network(ANN)

3. Particle-Swam-Optimization

(PSO)

 

Figure2. 6: Maximum power point tracking (MPPT) techniques[28] 

All of the benefits of using the Incremental Conductance method were described in the same study, 

including its simplicity in implementation, effectiveness, high sampling rate requirement, fast 

calculation of the power slope, good tracking efficiency, automatic adjustment of the module operating 

voltage with no oscillations, improved response, and extracted power control optimization. The only 

negative aspect of the technique is its control unit, which is difficult and expensive to implement, but it 

is cost effective if implemented using microcontrollers. 

In [28], because the author demonstrated that PV power output remains low, ongoing efforts must be 

made to develop the PV converter and controller for maximum power tracking efficiency and a lower 

cost factor. Maximum power point tracking (MPPT) is a process that extracts as much power as possible 

by tracking one maximum power point from array input and varying the ratio between voltage and 

current delivered. Several algorithms have been developed in order to extract as much power as possible. 

Due to low PV module efficiency and power failure due to environmental conditions, maximum power 

point trackers are used to maximize PV module utilization and minimize power failure; Fig.2.6 depicts 

different types of MPPT techniques used in current PV system technology. The incremental 

conductance, perturbation, and observation techniques are investigated in this study because they are 

commonly used in PV system MPP trackers. 
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2.5.1. Incremental conductance technique 

The IC method is based on the fact that the slope of a solar panel's P-V curve (dP/dV) is zero at the 

MPP, positive to the left of the MPP, and negative to the right, as shown in Fig.2.7[29]. 

 

Figure2. 7: P-V and I-V curves of solar panel and signs of its slop at various regions [29] 

The Incremental Conductance algorithm uses equation (
𝑑𝑃

𝑑𝑉
= 0 𝑎𝑡 𝑀𝑃𝑃) which can   be expressed by 

the voltage and current as below: 

 𝑑𝑃

𝑑𝑉
=
𝑑(𝑉𝐼)

𝑑𝑉
= 𝐼

𝑑𝑉

𝑑𝑉
+ 𝑉

𝑑𝐼

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
 

(12) 

 

At MPP,  

 𝑑𝑃

𝑑𝑉
|
𝐼=𝐼 𝑚𝑝𝑝

𝑉=𝑉𝑚𝑝𝑝

= 0,            
𝑑𝑃

𝑑𝑉
|
𝐼=𝐼 𝑚𝑝𝑝

𝑉=𝑉𝑚𝑝𝑝

= −
𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
 

(13) 

Where dI/dVPV) represents the incremental conductance (IC) of the solar panel and I PV / VPv represents 

conductance. The solar panel will operate at MPP if the ratio of IC equals the negative of instantaneous 

conductance. 

In practice, it is impossible to achieve the equality of IC and negative of instantaneous conductance. As 

a result, the practical IC method assumes that the MPP is reached when the working point is within a 

small margin of error (𝜀). 

 𝑑𝑃

𝑑𝑉
= ±𝜀 

(14) 

Where 𝜀 goes to zero at the MPP. 
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Start

ΔIpv/ΔVpv = - Ipv/Vpv
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Return
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Vpv(t)-Vpv(t-1) > 0
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No

No
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Imppt(t+1)=Imppt(t)-Inc Imppt(t+1)=Imppt(t)+Inc Imppt(t+1)=Imppt(t)-Inc

Yes
No

No

YesYes
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Figure2. 8: Incremental conductance flowchart algorithm  [29] 

 

To avoid tracking past the margin, the step size must be smaller than the margin. Furthermore, the 

incremental variations can be approximated by subtracting the actual values of VPV and IPV in the two 

subsequent sampling times. 

 𝑑𝐼 ≈ ∆I = I(t) − I(t − 1)

𝑑𝑉 ≈ ∆𝑉 = 𝑉(𝑡) − 𝑉(𝑡 − 1)
} 

(15) 

Therefore the governing equations become: 

 ∆𝐼

∆𝑉
= −

𝐼

𝑉
    𝑓𝑜𝑟 𝑉 = 𝑉𝑚𝑝𝑝
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∆𝑉
> −

𝐼

𝑉
    𝑓𝑜𝑟 𝑉 < 𝑉𝑚𝑝𝑝

∆𝐼

∆𝑉
< −

𝐼

𝑉
    𝑓𝑜𝑟 𝑉 > 𝑉𝑚𝑝𝑝}

 
 

 
 

 

(16) 

The flowchart of the IC algorithm is shown in Fig.2.8 
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Where:  D= is the duty cycle varying from 0 to 1, ΔD= is the change in duty cycle, ΔV= is the change 

in voltage, ΔI= is the change in current, Vpv= photovoltaic panel voltage, and 𝜀= a small marginal error. 

2.5.2. Perturb and Observe algorithm 

The P&O algorithm is the most widely used and workhorse MPPT algorithm due to its balance of 

performance and simplicity. However, it lacks speed and adaptability, both of which are required for 

tracking fast transients in varying environmental conditions. Although it is a simple and straightforward 

technique, its performance suffers as a result of the trade-off between accuracy and speed when 

determining step size[27]. To ensure maximum power, this algorithm modifies the operating voltage. 

VPV: is the panel output voltage, IPV: is the panel current, PPV: is the panel output power, IMPP: is the 

panel current at MPP, VMPP: is the panel voltage at MPP, k: is the present time while (k+1): is the future 

time. 

In case where if the output power ∆P is greater than zero for a given increment in VPV (VPV>0), the 

MPPT moves toward the maximum power point MPP value; if ∆P <0, then the MPPT moves away of 

the MPP.  

Start

Return

Read Vpv, Ipv

Vpv(t)-Vpv(t-1) > 0

Imppt(t+1)=Imppt(t)+Inc

No

Imppt(t+1)=Imppt(t)-Inc Imppt(t+1)=Imppt(t)-Inc Imppt(t+1)=Imppt(t)+Inc

No Yes
Yes

Ppv(t)=Vpv(t)*Ipv(t)

Vpv(t)-Vpv(t-1) > 0

Vpv(t)-Vpv(t-1) > 0

No Yes

Figure2. 9: Perturbation and Observation flowchart algorithm  [29] 
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Figure2. 10:Behavior of P&O MPPT algorithm with P-V curve[30] 

The control algorithm is shown in Fig.2.10 for each case. In [27], the P&O algorithm is explained as 

being based on a perturbation of the system's operating point, causing the PV array terminal voltage to 

fluctuate around the MPP voltage even when the solar irradiance and cell temperature are constants. 

2.6. Temperature effect on PV module 

In [31], some electrical characteristics of a solar PV cell, such as short-circuit current, open circuit 

voltage, and power output, are temperature dependent, according to the author. This study discovered 

that as temperature rises, the short circuit current of a solar cell increases slightly, the open circuit voltage 

decreases rapidly at a rate of 2.3 mV/oC, and the rate of change in short circuit current increases slightly 

is 0.1 𝐴𝑚−2𝑜𝐶−1, the rate of change in short circuit voltage is−2.2 𝑚𝑉𝑜𝐶−1, the rate of change for 

maximum output power is−0.5% 𝑜𝐶−1. While the power output of the cell decreases at the rate of about 

0.6% oC-1. Second, as the intensity of illumination increases, so does the short circuit current, up to a 

reasonable level of illumination. As the intensity of the illumination increases, so does the open circuit 

voltage. Similarly, open circuit voltage is less sensitive to variations in illumination and illumination 

level. This means that when cells are exposed to high levels of illumination, it is preferable to provide 

cooling. This is because the power output of the cell decreases as the temperature rises under high levels 

of illumination. In [32], the author emphasizes the effect of variation in solar cell operating temperature 

as a function of solar irradiation level and ambient temperature. Ta, the variable ambient temperature, 

influences cell output voltage, and photocurrent. The temperature coefficients CTV and CTI for cell output 

voltage and cell photocurrent, respectively, represent these effects in the model, as: 

 𝐶𝑇𝑉 = 1 + 𝛽𝑇(𝑇𝑎 − 𝑇𝑥) (17) 
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 𝐶𝑇𝐼 = 1 +
𝛾𝑇
𝑠𝑐
(𝑇𝑥 − 𝑇𝑎) 

(18) 

Where: βT=0.004 and γT=0.06 for the cell used and Ta=20o C, is the ambient temperature during the cell 

testing, and SC, is the benchmark reference solar irradiation and level during cell testing.  

2.7. Efficiency comparison between FSPV and GSPV 

Many researchers claim that FSPV has a higher efficiency than ground-mounted solar PV. In [33], 

according to the researcher, the average capacity of the floating panel is 11% greater than the average 

capacity of a solar panel installed on the ground. According to a study conducted in Singapore, the 

ambient temperature on water is about 1oC to 3oC lower than the adjacent land environment. As a result 

of this, it was discovered that the module temperature installed on the water's surface decreased by 5oC 

to 10o C, resulting in an increase in the energy yield of the installed PV capacity[15]. Furthermore, on 

open water, the wind speed is higher than on land, which aids in module cooling. Because the tilt angle 

is kept low to reduce wind loads, and the enterrow shading is also reduced, the FSPV on water bodies is 

rarely shaded by objects or buildings, which improves the efficiency of the FSPV and distinguishes it 

from land-mounted solar PV power plants. The energy yield of this new technology, according to the 

researcher, is 10% higher than that of ground mounted PV systems. Furthermore, a remote sensing 

method revealed that the lake has a lower temperature than the ground, in terms of prediction, FSPV 

efficiency was found to be 0.61 percent higher than GPV with only an 8oC difference in annual 

temperature[15]. The devlopment of different methodologies used to achieve objective of the resaerch 

are detailed in Chapter III. 
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CHAPTER III: FLOATING PV SYSTEM DEVELOPMENT METHODOLOGY 

3.0. Introduction  

To achieve successfully the main objective, and specific objectives of the present work, a detailed 

methodology was developed. The following section describes in detail the developed methodology.   

3.1. Methodology 

As the research requires different methodologies to achieve the objectives of the research, in this research 

the documentation, data collection, modelling, and simulation are the methodologies used to achieve the 

research objectives as stated in the Fig.3.1. 

3.1.1. Documentation  

The achievement of the goal of the present research work, documentation has been conducted based 

some researches, existing research gaps, and the trend in solar PV energy generation is done in this 

research. Recent published research papers, conference articles, renewable energy books, and scientific 

reports were used for the same purpose. The documentation was not sufficient to conduct the present 

research therefore, a site visit at Nyarabarongo HPP was necessary. The following section presents the 

objective of the site visit. 

 

Figure3. 1: Block diagram of Methodology summary 

3.1.2. Data collection 

The data collection was carried out in order to obtain genuine data. The data was gathered primarily 

through site visits and Google Earth data related to the Nyabarongo HPP site. The purpose of site visit 

1. Documentation
•Reading papers

•Reading books

•Using scientific reports

2.Data collection

• Site visit

•Google Earth data collection

• Study design scheme

3. Modeling and
Simulation

•Analysis with PVsyst
software

•Modeling with MATLAB
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is to collect data related to the site technical specifications needed for the system design shown in 

Table3.1. Google Earth was used to extract the set up and set off of the sun directions at Nyabarongo 

HPP dam as indicated in Fig. 3.2 from 8h00 AM to 3h30 PM, water is indicated with the yellow color 

and surrounding mountains with green color. The sun set up from East and set off to West as indicated. 

3.1.3. Google Earth data 

The surrounding mountains elevations and exact location of the map of the site are shown in Fig 3.3, 

dam water elevation in Table3.1, altitude, and latitude of the site. Nyabarongo HPP dam water level 

variation, operating hours of Nyabarongo HPP generating units, Wind speed on dam, dam shadow 

situation, and the distance between the main roads to the site. The sun set up from East and set off to the 

West as presented in the Fig.3.2. 

Table3. 1: Nyabarongo HPP dam specifications 

Item Specifications 

Country Rwanda 

Location  Muhanga District/Mushishiro/Matyazo 

Reservoir elevation 1,555 m (5,090 fts) 

Turbines  2x14 MW(19,000 hp) 

Installed capacity 28 MW (38,000 hp) 

Maximum height of the dam 44.5 m 

Dam length 230.37 m 

Dam head  59.3 m 

Length of the reservoir 22 km 

Design flood 554 m/sec 

Dam type Concrete gravity 

Commission date 2014 
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Figure3. 2: Nyabarongo HPP sun set up and sun set off directions 

3.1.4. Nyabarongo HPP dam on a Map (Bijyojyo) 

Nyabarongo HPP geographically is located in Rwanda, Western province, Muhanga District, and 

Mushishiro sector, Bijyojyo and Matyazo cells to Mwogo River. Its reservoir elevation is 1,555 m 

(5090feets), length of the reservoir is 22 km with concrete dam length of 230.37 m, and with height of 

44.5m. The Nyabarongo upper catchment lies within the Nile washbasin and flows from south to north 

in western Rwanda. It has a surface area of 3,348 km2, accounting for 12.7 percent of Rwanda's total 

surface area (26,338 km2). The catchment is well-known as Rwanda's "water tower," with numerous 

large tributaries including the Mwogo, Rukarara, Mbirurume, Munzanga, and Satinsyi Rivers. A 

significant portion of the catchment in the west is at high altitude, above 2,000 m, with steep slopes; the 

highest point is 2,950 m, as shown on the map in Fig.3.3[34]. 

At 3h30 PM 

 At 8h00 AM At 8h30 AM 

At 9h30 AM 
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Figure3. 3: Nyabarongo HPP dam and its cell location on map 

3.2. Meteorological data at Nyabarongo HPP dam  

The FSPV system is designed based on meteorological data shown in Table3.2, for one year, where, the 

minimum global horizontal irradiation at the site is 5.06 kWh/m2/day in June, and the maximum 

irradiation is 5.83 kW/m2/day in January. The average ambient temperature is 19.31o C, the average wind 

speed is 2.15 m/s, and the relative humidity is 74.41 percent. The graph in Fig.3.4 depicts the change in 

global horizontal irradiation, horizontal diffuse irradiation, temperature, wind velocity, and relative 

humidity at the site.  

 

 

 

 

 

(a) Minimum extracted surface on 

Nyabarongo HPP dam view 
(b) Left and Right side mountains view 

(c) Nyabarongo HPP dam view (d) Nyabarongo HPP dam cell location 
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Table3. 2: Meteorological data variation at Nyabarongo HPP dam 

 

 

 

     

3.2.1. Nyabarongo HPP dam and Power house technical data 

To design the FSPV on Nyabarongo HPP dam, it is mainly required to have the technical specifications 

of the existing HPP: The transformer information, generation capacity, frequency and operating voltage 

and other technical specifications are the prerequisite to start the modelling and simulation of the FSPV 

system.  

 

 

 

 

 

 

 

 

 

Months Global 

horizontal 

irradiation 

(kW/m2/day) 

Horizontal 

diffuse 

irradiation(k

W/m2/day) 

Temperature 

(oC) 

Wind 

velocity 

(m/s) 

Relative 

humidity in% 

January 5.83 2.25 19.6 1.9 75.4 

February 5.69 2.26 20.1 2.1 73.5 

March 5.61 2.37 19.8 2 75.5 

April 5.4 2.28 19.1 1.99 79.7 

May 5.25 2.12 19.4 2.09 76.3 

June 5.06 1.85 19.1 2.39 69.8 

July 5.33 2 18.7 2.6 68 

August 5.28 1.97 19.2 2.5 70.3 

September 5.26 2.36 19.1 2.39 73.9 

October 5.28 2.58 19.6 2.2 74 

November 5.47 2.2 18.9 1.9 78.9 

December 5.52 2.34 19.1 1.79 77.6 

Average 5.42 2.22 19.31 2.15 74.41 
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Table3. 3: Nyabarongo HPP technical specifications 

Items  Values  

Transformer  2*16.5 MVA/2*14,000kW/6.6kV/110kV 

Generator max current 1,400 A 

Generator overcurrent 1,700 A 

Minimum generator voltage 6.6-7.2 kV 

Nominal frequency 50 Hz 

Under-frequency 47 Hz 

Over-frequency  52 Hz 

Maximum reactive power/Gen. 11 MVA 

Power factor range 0.85-1 Lagging 

Minimum of dam water level 1,495 m 

Maximum of dam water level 1,499 m 

Maximum production of two generators 28 MW 

Minimum production of two generator 20 MW 

Therefore during the site visit, it was necessary to collect data related to Nyabarongo HPP and sun 

direction for solar irradiation potential at the site as indicated in Fig.3.2. Table3.1 presents different 

nominal values of various equipment at Nyabarongo HPP.  

3.2.2. Installed power at Nyabarongo HPP 

Based on monthly report, in July/2021, the total energy generated by generating unit I is 4,217.50 

MWH of energy, while generator unit II generates 1,511.70 MWH as indicated in Fig.3.4. 

 

Figure3. 4: Nyabarongo HPP MWh index for unit I& II for Month of July/2021 
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Figure3. 5: Month of July /2021dam water level and tail race level 

The variation of water level in this month was not significant as indicated in Fig.3.5. To install the FSPV 

on Nyabarongo HPP dam targets the compensation of water level variation pertinently for the sunny 

period which causes water evaporation and leading to instability of HPP generation capacity. 

3.3. Modeling and simulation 

The potential power of FSPV system was modeled and simulated using PVsyst software .To validate the 

results from PVsyst, simulation, and harmonics analysis have been  done using Matlab software. The 

used data in these software were based on the standards of PV and best performance of PV panels on the 

market. The details, description of the simulation, and harmonics analysis due to FSPV integration with 

the grid and the harmonics due to the grid interconnection with FSPV are in the next Chapter. 
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CHAPTER IV: FLOATING PV SYSTEM MODELLING AND SIMULATION AT  

                                                    NYABARONGO HPP DAM 

4.0. Introduction  

As modeling requirements for other systems, FSPV study requires a good mathematical modeling. The 

modeling has considered the data collection presented in the previous chapter. It puts into consideration 

the case study as well. The first part of modeling investigates the potential power production of the site 

using PVsyst software. Secondly, mathematical modeling was done and finally, the simulation of the 

FSPV on Nyabarongo HPP dam was conducted to validate the modeling concept by using MATLAB 

software. The FSPV system, and DC-AC inverter nominal values were calculated using PVsyst software. 

DC-link between the FSPV and the DC-DC converter were modelled and sized to meet the system 

requirements. The simulation considers the existing technical specifications of Nyabarongo HPP given 

in the Table 3.1 in the previous chapter. Moreover, the data of the site and design scheme described in 

the following section are considered as well to prove the potential power generation at the site from 

FSPV.  

4.1. Study design scheme 

The design schemes comprises different parts of the FSPV topology on which the simulation is based 

on. The Fig.4.1, gives a brief detail about the research study scheme, from the energy generation source, 

which is FSPV, feeding its output voltage, and current to DC-DC boost converter connected to DC-AC 

inverter that converts DC voltage or current into alternating voltage and current before being stepped up 

by a transformer and connect it to Nyabarongo HPP substation bus and delivers to National grid. The 

voltage and current control techniques done at the level of DC-DC boost converter and inverter are 

shown in Fig.4.2. 
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Figure4. 1: Block diagram of the proposed system 

Figure 4.1, there is no closed loop block diagram. However, the FSPV must have a closed loop system 

to ensure system stability. The Maximum Power Point Tracking (MPPT) algorithm provides the 

maximum power point for any change in operating conditions of the FSPV system, which is achieved 

using the Incremental Conductance (IC) method, as shown in the block diagram of Fig.4.2. A DC-DC 

boost converter also ensures that the output voltage is always greater than the grid peak voltage[35],[36]. 

There is also a DC-AC inverter and control unit that provides an AC voltage that meets the grid 

requirements for connection and synchronization. The functionality of the system's controllability takes 

into account the solar irradiance at the site, as described in section 4.2.  

 

 

Figure4. 2: Block diagram of a general Grid-connected PV system with control [33] 
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4.2. Solar irradiance at the site 

The National Aeronautics and Space Administration (NASA) of the United States and the University of 

Rwanda assessed Rwanda's solar radiation and solar resources. Rwanda's Southern Province has global 

horizontal irradiance ranging from 5.2 to 5.4 kWh/m2, while the East Province has the greatest potential 

for solar energy generation. Another academic study, conducted in 2007 in collaboration with the 

Ministry of Infrastructures (MININFRA) department of meteorology, used a meteorological data set to 

estimate monthly averaged global solar radiation. In Rwanda's Southern and Eastern provinces, daily 

solar irradiation ranges from 4 kWh/m2 north of the city of Ruhengeri/Musanze to 5.4 kWh/m2 south of 

the capital, Kigali. However, conditions vary seasonally, with average daily irradiation levels in the cloud 

reaching about 4.5 kWh/m2, and the total annual potential estimated to be around 66.8 TWh[1]. This 

fluctuation is governed by the previously mentioned control. As shown in Fig.4.3, the Nyabarongo HPP 

dam, a case study of the research, is located in Muhanga District. Figure 4.4 depicts its solar irradiance 

behavior. 

 

Figure4. 3: Global horizontal irradiation map for different districts of Rwanda 

On Fig.4.4 (a), the power generation capacity per m2 in a day always depends on ambient temperature 

of the site, at 18.28o C; the global horizontal irradiation, horizontal diffuse irradiation, and horizontal 

global clear sky model were found to be 7.573 kW/m2/day, 1.087 kW/m2/day, and 8.11 kW/m2/day 

respectively as indicated in Fig4.4 (a). 
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Figure4. 4: Irradiance in in kW/m2/day at different ambient temperatures 

At ambient temperature of 19.55oC the global horizontal irradiation and horizontal diffuse irradiation 

become 5.830 kW/m2/day, and 2.255 kW/m2/day as shown in Fig.4.4 (b). 

The efficiency of the system is not only affected by the irradiance but also it is influenced by relative 

humidity and wind velocity as indicated in Fig.4.5. The relative humidity average and wind velocity 

average are respectively 74.41%, and 2.15m/s2. Some factors affect positively the PV system, other 

affect it negatively. Therefore, analyzing of losses based on different factors is useful. The researcher in 

[37], demonstrated that, the moderate wind improve the efficiency of the PV system due to its cooling 

effect on the PV system. But the high relative humidity increases the shunt resistance of the PV cell 

which affects the output power of PV system negatively. The high relative humidity lower global 

horizontal irradiance which affects the efficiency of the PV system negatively as indicated by the Fig.4.6. 

For good performance of PV system, it is required to operate at moderate wind speed and low humidity. 

In the Fig.4.7; the array normalized production, normalized array loss ratio, normalized system 

production, and the normalized system loss ratio are indicated such as 4.8kWh/kWp/day, 1.25, 

4.43kWh/kWp/day, and 0.077 respectively. 

(a) (b) 
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Figure 4. 5: Nyabarongo HPP dam Meteorological Data 

 

Figure4. 6: The effect of relative humidity on global horizontal irradiance 

 

Figure4. 7: Normalized array system production and related losses ratio 
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Figure4. 8: Array energy and injected energy into the grid with performance ratio 

4.3. FSPV potential power at Nyabarongo HPP dam 

The FSPV potential power was estimated using PVsyst. Data collected from the site in Table3.1 were 

used to simulate the number of the modules and surface used for FSPV model are 33,750 module area 

of 72,970 m2, 5 inverters, nominal PV power output of 15,019 kWp, maximum PV output power of 

15,506 kWDC, nominal AC power of 15,000 kWAC and nominal power ratio of 1.001. This research 

work is partially based on the PVsyst software. The PVsyst have been used for modeling purpose. All 

the figures, tables depicted here in this research are generated during the simulation process for 

Nyabarongo HPP dam site. The results from extracted surface part of the dam water were indicating that 

the site has greater power potential, the yearly energy produced is 24,087 MWh/year, the specific 

production is 1,604 kWh/kWp/year, the normalized production is 4.39kW/kWp/day, and performance 

ratio of 81.2% as shown in the Fig.4.8. 

4.3.1. System losses  

Various losses area available for the whole FSPV system such as near shading loss, PV conversion loss, 

boost converter loss, inverter loss, and ohmic loss. The near shading loss is due to the surrounding 

mountains, Matyazo mountain in East and Bijyojyo mountain in West of the Dam as shown in Fig.4.9 
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Figure4. 9: Near shading modeling in PVsyst software 

4.3.2. Detailed Inverter energy output and losses 

The output energy of the inverter, inverter global loss, inverter loss during its operation, inverter loss 

due to its threshold power, and its efficiency plotted in Fig.4.10 and Fig.4.11 are 24,088,671.0 kWh/year, 

403,373.0 kWh/year, 401,369.0 kWh/year, and 768.6 kWh/year respectively. 

 
Figure4. 10: Inverter available output energy and its efficiency 
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Figure4. 11: Inverter losses 

The site is potential and an energy developper can exploit the site using the FSPV. However, a feasability 

study is required to interface the FSPV and the existing hydropower plant. Therefore, the present 

research shows how the FSPV can be integrated to the HPP.  

4.4. Modelling of power electronic converters for the grid connected FSPV 

Since the FSPV is intermittent energy source due to the weather conditions, a power electronic interface 

is needed to control the voltage, power, and frequency of the inverter. Therefore, proper PV modules for 

FSPV arrays, a well-designed boost converter with MPPT control is required for FSPV for boosting the 

PV arrays output voltage, and a grid connected inverter well designed with current and voltage control 

to meet the grid requirement has to be incorporated to interface the FSPV and the grid or Nyabarongo 

HPP, finally, the inductor (L), capacitor (C), and inductor (L) filter to suppress harmonics from inverter 

must be added to the output of the inverter. 

4.4.1. PV module technical specifications  

For this modeling, a Sunpower-SPR-445NJ-WHTD.PAN, Si-mono-crystalline PV module is used; the 

sub-array contains 675 parallel strings and 10 series-connected modules per string. Table4.1 contains 

additional technical specifications for the selected modules. 
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Table4. 1: Sun Power SPR-445NJ-WHTD.PAN technical specifications 

Parameters  Abbreviations Values  Units  

Module open-circuit voltage Voc 90.5 Volts (V) 

Temperature coefficient of Voc - -0.29101 %/oC 

MPP voltage Vmpp 76.7 Volts (V) 

Module short-circuit current Isc 6.21 Amps(A) 

Temperature coefficient of Isc - 0.013301 %/oC 

MPP current Impp 5.8 Amps (A) 

MPP Power Pmpp 444.86 Watts(W)  

Number of cells per module 128 - - 

Diode saturation current Io 1.35552e-11 Amps (A) 

Light generated current IL 6.2167 Amps (A) 

Number of sub-arrays - 5 - 

4.5. Modeling of DC-DC converter for FSPV 

The potential power at the Nyabarongo site is taken into account when sizing the DC-DC boost 

converter. In other words, the power stage and control of the DC-DC boost converter are modelled in 

accordance with the technical specifications of the FSPV chosen for the site. To minimize switching 

losses, heat, avoid acoustic noise, reduce inductor and capacitor size, and increase boost converter 

efficiency, the appropriate parameters, such as input voltage to the converter (Vinv), output voltage (Vo), 

duty cycle (D), switching frequency (fs), and inductor value, must be included in its design for PV system 

MPPT.  

 

 Figure4. 12: DC-DC Boost converter electric circuit 
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The electric circuit of Fig.4.12 depicts the boost converter model circuit. Equation (19) connects the 

output voltage and input voltage: 

 
𝐷 = 1 −

𝑉𝑖𝑛
𝑉𝑜
× 𝜂 

(19) 

The proper inductor is selected by using the equation (20) by considering the voltage ripple (ΔV) as 

1% and the ripple current (ΔI) as 5% at maximum input voltage. 

 
𝐿 =

𝑉𝑖𝑛(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛) × 𝐷

∆𝐼𝐿 × 𝑓𝑠 × 𝑉𝑜𝑢𝑡
 

(20) 

To ensure the boost convverter continuous conduction mode , the minimum inductor must be selected 

using equation(21): 

 
𝐿𝑚𝑖𝑛 =

𝐷(1 − 𝐷)2𝑅𝑜
2 × 𝑓𝑠

 
(21) 

The capacitor value selected is calculated from the variation in output voltage or ripple voltage, it is 

given from equation (22): 

 
𝐶2 =

𝐷

𝑅0 × 𝑓𝑠 × ∆𝑉𝑜
=

𝐷

𝑅0 × 𝑓𝑠 × 0.01
 𝑜𝑟 𝐶2 =

𝐼𝑜 × 𝐷

𝑓𝑠 × ∆𝑉𝑜
 

(22) 

The bost converter designed is effective if the parameters values are calculated as indicated in 

Table4.2. 

4.5.1. Boost converter power stage sizing  

The following table shows the boost converter design parameters: 

Table4. 2: Boost converter design parameters 

Parameters  Abbreviations Values  Units  

Input voltage Vs 767 Volts (V) 

Input current Is 3915 Amperes(A) 

Output voltage Vo 900 Volts (V) 

Output current Io 1564.537 Amperes(A)  

Inductor  L 3μH Henry(H) 

Capacitor   C 1mF Farads(F) 

Duty ratio D 16 % 

Efficiency  Η 98.5 % 

Switching frequency Fsw 25,000 Hz 

Load  RL 0.575 Ω 
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The ripple current and ripple voltage are set to 20% and 1%, respectively, to reduce voltage and current 

ripples at the boost converter's output. The boost converter's efficiency is assumed to be 98.5 percent. 

4.5.2. Boost converter simulation  

To show the performance of the FSPV is simulation using Matablab was conducted, Fig.4.13  

 

Figure4. 13: Boost converter open loop and closed loop Matlab models 

The open loop boost converter simulation in Fig. 4.13 (a) aims to depict the converter's steady state in 

the absence of feedback control. This provides a starting point for tuning control parameters for the boost 

converter with a closed loop system see Fig.4.13 (b). The MPPT control takes into account the PV array 

output voltage behavior shown in Fig. 4.15(a) and (b). The maximum power can change depending on 

the irradiance value.  

 

Figure4. 14: The PV output voltage, current and power as input to the boost converter 

 

 

(a) Boost converter open loop 

Matlab model 
(b) Boost converter closed loop Matlab model 

(a) Array output current vs voltage (b) Array output power vs voltage 
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Figure4. 15: Boost Open loop and closed loop simulation results 

The 10 series modules and 675 parallel strings of FSPV inputs the maximum peak voltage of 767 volts 

to the open loop boost converter as indicated in Fig.4.14 (a), and power of 3,000 kW in (b). The open 

loop boost converter with 16% of duty cycle, its output voltage was found to be 900Volts, and the current 

of 1,600A as shown in Fig.4.15 (a), and (b). While the closed loop boost converter voltage output voltage 

measured is 900Volts as indicated in Fig.4.15 (d). MPPT control the voltage and current are maintained 

to the same values if there is any change in FSPV operating parameters. 

4.6. Modeling of grid connected inverter for FSPV 

In this simulation, a Delta solutions India DelCen3000 inverter was used. Table4.2 lists the critical 

technical specifications of the chosen inverter: 

 

 

 

 

 

 

 

 

 

(b) Open loop Boost output current  (a) Open loop boost output voltage 

(c)  Boost closed loop output voltage (d)  Boot closed loop output current 
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Table4. 3: Design specifications of the inverter 

Parameters Values 

Inverter input DC-voltage 900 Volts 

Inverter output AC-voltage 400 Volts (rms) 

Inverter operating DC-voltage 630-930 Volts 

Inverter power rating 3 MWac 

Switching frequency 25 kHz 

Inverter efficiency 98.69% 

Number of sub-arrays 5 

Number of MPPT per inverter 24 

Number of inverter needed 5 

Total Power injected in the grid 15 MW 

4.6.1. Grid connected inverter control scheme for FSPV 

Because the DC-DC converter was modeled using the FSPV technical values, the inverter is also 

modeled using the same values. However, the inverter modeling is based on the output of the DC-DC 

converter. The inverter's stability is implied by the stability of the DC-DC converter. As shown in 

Fig.4.16, the inverter current and voltage were controlled. The DC-link voltage is set in accordance with 

the PV output power. The boost converter output serves as the reference for the active current controller 

(Idref), while the reference for the reactive current controller (Iqref) is set to zero because the photovoltaic 

system connected to the low voltage distribution network is expected to deliver only active power under 

normal conditions. As a result, the current vector is always in synchronization with the grid voltage. In 

order to control a three-phase grid-connected inverter, the inverter voltage, and current must be sensed, 

as shown in Fig.4.17. The design of a three phase grid connected inverter is based on the design of its 

filter and controller. The PLL is there to synchronize the inverter output with the grid with respect to 

common voltage, voltage phase angle, and same frequency with the grid. 
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Figure4. 16:Grid connected inverter dq-control scheme [38] 

 

Figure4. 17:PLL Closed loop model[39] 

Due to power electronics switching device, the inverter can cause some harmonics on the side of the 

grid. To minimize these harmonics, the LCL filter is strong enough to suppress them at high level. 

4.6.2. Grid connected inverter LCL filter modelling for FSPV 

The preliminary goals of three phase LCL filter design are to reduce voltage and current distortion, to 

alleviate reactive power constraints, DC bus voltage constraints, pass band and stop band leading to 

minimize losses toward improved system efficiency, low temperature loss, and low cost of loss. The 

LCL filter is designed to suppress harmonics in the inverter output voltage and current so that the smooth 

voltage and current can be input into the step-up transformer before being injected into the national grid. 

𝑉𝑑 = 𝑚𝑑

𝑉𝑑𝑐
2

 

 

𝑉𝑞 = 𝑚𝑞

𝑉𝑑𝑐
2
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The steps for designing the LCL filter are as follows: selecting the switching frequency, selecting the 

resonance frequency, determining the value of capacitance, and determining the value of inductance. 

The switching frequency is ten times the resonance frequency, according to some standards. The reactive 

power supplied by the capacitor at fundamental frequency is used to design the filter capacitor C. In this 

design, reactive power is set to 5 percent of inverter rated power, grid switching current is set to 0.3 

percent of grid current, and grid switching voltage is set to 0.9 times grid voltage[40]. 

 

Figure4. 18:Three phase grid connected inverter LCL filter[41] 

4.6.3. A complete grid-connected inverter model for FSPV 

The modeled part is on the FSPV production side, containing the signal builder for temperature and 

irradiance as the PV array input. The PV arrays are linked to the boost converter via MPPT incremental 

conductance, which controls the current and voltage to meet the DC-link voltage connected to the DC-

AC converter's input. The inverter's output contains a certain level of harmonics, which is suppressed by 

the LCL filter. The grid side inductance of the LCL filter suppresses harmonics from the grid. The PLL 

is yet another component of a grid-connected inverter that synchronizes the voltage, frequency, and 

phase angle on both sides of the inverter and the grid. As shown in the Fig.4.19, the full model of the 

grid-connected inverter is created in Matlab software. 

(a) Three phase LCL filter-type Grid 

connected main circuit 
(b) Three phase LCL filter-type Grid 

connected equivalent circuit 
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Figure4. 19: Grid connected inverter with LCL filter Matlab model 

4.6.4. Grid connected inverter for FSPV power stage 

Step-by-step design of an LCL filter for a three-phase grid-connected inverter, as well as the sizing of 

LCL filter parameters, are provided below.  

Grid base impedance: 

 𝑍𝑏 = 𝐸𝑛
2 𝑃𝑛⁄  (23) 

Where: En is the RMS line to line voltage of the grid. 

Base capacitance: 

 𝐶𝑏 = 1 𝜔𝑔𝑍𝑏⁄  (24) 

The maximum power factor variation seen by the grid for the filter capacitance is 5%, indicating that the 

system's phase impedance is adjusted as follows: 

 𝐶𝑓 = 0.05𝐶𝑏 (25) 

The base inductance can be deduced from equation: 

 𝐿𝑏 = 𝑍𝑏 𝜔𝑔⁄  (26) 

And the grid inductance is approximated to be: 

 𝐿2 = 𝐿𝑔𝑟𝑖𝑑 = 0.1𝐿𝑏 − 𝐿1 (27) 

The maximum current ripple at the DC-AC inverter's output is given by: 

 ∆𝐼𝐿𝑚𝑎𝑥 = (2𝑉𝑑𝑐 3𝐿1)(1 − 𝑚)𝑚𝑇𝑠𝑤⁄  (28) 

It can be seen that at m=0.5, the maximum peak to peak current ripple occurs, and the ripple current 

becomes: 
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 ∆𝐼𝐿𝑚𝑎𝑥 = 𝑉𝑑𝑐 6𝑓𝑠𝑤𝐿1⁄  (29) 

Where: L1 is the inverter side inductor 

For the design parameters, a 10% ripple of rated current Imax is given by: 

 ∆𝐼𝐿𝑚𝑎𝑥 = 0.1𝐼𝑚𝑎𝑥 (30) 

Where: 𝐼𝑚𝑎𝑥 = 𝑃𝑛 √2 3𝑉𝑝ℎ⁄  and Lin becomes: 𝐿1 = 𝑉𝑑𝑐 6𝑓𝑠𝑤∆𝐼𝐿𝑚𝑎𝑥⁄  

The LCL filter should reduce the expected current ripple by 20%, yielding a ripple value of 2% of the 

output current. Now, harmonic mitigation is given by comparing the harmonic current generated by the 

inverter to the current injected into the grid:  

 

𝑖𝑔(ℎ)

𝑖𝑖(ℎ)
=

1

|1 + 𝑟[1 − 𝐿in𝐶𝑏𝜔𝑠𝑤2𝑋]|
= 𝑘𝑎        𝐿2 =

√1 𝑘𝑎
2 + 1⁄

𝐶𝑓𝜔𝑠𝑤2
       𝐿2 = 𝑟𝐿1           

(31) 

The constant ka represents the desired attenuation, and r represents the ratio of inductance on the inverter 

side to that on the grid side. In order to avoid resonance, a resistor in series Rf with the capacitance 

attenuates some of the ripple on the switching frequency. This resistor's value should be one-third of the 

filter capacitor's impedance at the resonance frequency. 

 
𝑅𝑓 = 1 3𝜔𝑟𝑒𝑠𝐶𝑓⁄ ,           𝜔𝑟𝑒𝑠 = √

𝐿1+𝐿2

𝐿1𝐿2𝐶𝑓
  

(32) 

Where: 10𝑓𝑔 < 𝑓𝑟𝑒𝑠 < 0.5𝑓𝑠𝑤 

The other parameters considered when designing the LCL filter, is the voltage modulation index and the 

frequency modulation as the parameters determining the equality of input and output parameters, over-

modulation and under-modulation. 

Additionally, the care must be taken in selecting the switching frequency as it is proportional to the 

power loss in the LCL filter. High switching frequency lower the value of filter inductance which is 

profitable, and a low switching frequency require high value of filter inductance, i.e the power loss in 

filter reduces as switching frequency is increased. The overall design of the system, switching frequency 

can be selected to minimize the loss in semiconductor and filter. 
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Table4.4: Grid connected inverter LCL filter design parameters  

Design parameters Values Units 

Inverter output voltage frequency(f) 50 Hertz (Hz) 

Filter inverter side inductance(L1) 7e-3 Henry (H) 

Filter grid side inductance (L2)  7e-7 Henry (H) 

Filter capacitance(C) 3e-3 Farad (F) 

Filter damping resistor (R) 7e-3 Ohm (Ω)  

4.6.5. Grid connected inverter for FSPV simulation  

The grid-connected inverter serves as a link between the FSPV and the grid. The closed loop or control 

of the grid-connected inverter allows the inverter output voltage, frequency, and phase angle to be 

synchronized with the grid. Fig.4.19 (a) depicts the inverter's output voltage before the insertion of an 

LCL filter and Fig. 4.19(b) depicts the voltage and the current after inserting the filter. The voltage at 

the inverter's output after the filter is always constant, and obtaining maximum values in simulation is 

400 ∗ √2 which 565.68 Volt (peak to peak). 

 

Figure4. 20: Grid connected inverter voltage: (a) Phase to phase voltage and (b) Current waveforms 

before and after inserting LCL filter 

During switching time, the THD was high compared to the THD after 0.05 sec. The total harmonics 

distortion at t=0.05sec from switching was significantly reduced towards the stability of the system as 

indicated in Fig.4.23 and Fig.4.24. THD for inverter output voltage was found to be 0.053%, while THD 

for inverter output current was 1.56% which are within IEEE (519-2014) standards.  

 

                                      (a)                                              (b) 
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Figure4. 21: Inverter output voltage THD distortion before inserting the filter (Va, Vb, Vc) 

 
 

Phase voltage a Phase voltage b 

 

Phase voltage c 

 

  
Phase voltage THD 
Phase a 36.87% 
Phase b 38.46% 
Phase c 70.82% 

   
 Phase voltage THD percentage 
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Figure4. 22: Grid connected inverter output voltage after inserting LCL filter THD at t=0.05secs   

 

Figure4. 23: Grid connected inverter output current after inserting LCL filter THD at t=0.05secs 

Phase a Phase a 

Phase b Phase b 

Phase c Phase c 

Phase a 

 

Phase a 

Phase b Phase b 

Phase c Phase c 
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CHAPTER V: RESULTS AND DISCUSSIONS 

5.0. Introduction 

This chapter highlights the study's findings, which realize the study's objectives of designing the FSPV, 

modeling, and simulation, its contribution to land management, its contribution to moving from 

traditional SPV systems to other alternative FSPV technologies, GHGS reduction, water body quality 

improvement, and maximizing the use of existing HPP infrastructures. For data analysis, PVsyst, 

Matlab, and Microsoft Excel were used.  

The Sunpower-SPR-445NJ-WHTD.PAN, Si-mono-crystalline PV module, with sub-array of 675 

parallel strings and 10 series modules, the closed loop boost converter, and the closed loop inverter are 

used to complete the system design. The design was done referring to available water body, shadow 

consideration, the load profile of Nyabarongo HPP and meteorological data at the place as well. The 

impact of FSPV on the grid was analyzed through harmonics analysis. The temperature, irradiance, and 

wind speed of the site are other parameter used to show that the FSPV is more efficient compared to land 

based SPV. 

5.1. Load profile of Nyabarongo HPP 

The previous chapters demonstrate the FSPV's good performance; however, the load profile of 

Nyabarongo must be considered before discussing the FSPV's interconnection to the existing system. 

The July 2021 load profile for Nyabarongo HPP is shown in Fig.5.1, which shows the power delivered 

by each of the two generating units at Nyabarongo HPP over a given time period. When both generating 

units are operational at the same time, they deliver 28 MW of power to the grid. Where each generator 

generates 14 MW at its maximum. The load profile presented in Fig.5.1, it is only for the month of 

July/2021. 
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Figure5. 1: Nyabarongo HPP July/2021 load profile 

Total running hours in July/2021 for generating unit I and II are 545 hours, in these hours the generated 

energy was 5,729.2 MWhrs, the minimum energy generated energy was 74.3 MWhrs on 30th July/2021, 

while the maximum energy generated was 333 MWhrs within 31 hours on 21st July/2021. The FSPV 

comes in support during the day, in sunny period, to inject the power of 28 MW, for single unit with 

FSPV farm. In the case where both units are in operation, the FSPV and Nyabarongo HPP units inject 

together into the grid 42 MW at time. During the night, FSPV is not in operation, only the hydro power 

plant which must inject 28 MW for two units in operation or 14MW for one unit. To meet the demand 

of 42 MW during the night, it is required to incorporate storage to support the HPP. 

5.2. FSPV potential energy contribution  

The potential energy production of the FSPV is shown in Fig.5.2, where the energy produced was 

2,234,123 kWh, and the energy injected into the grid was 2,198,176 kWh, indicating a 98.4 percent 

efficiency of the FSPV. According to the PVsyst software simulation, the average output energy of the 

grid-connected inverter is 24,088,671.0 kWh, and the average efficiency of the inverter is 98.4 percent, 

as shown in the Fig.5.3. 
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Figure5. 2: Array produced energy and injected energy into the grid 

 

 

Figure5. 3: Grid connected inverter output energy and its efficiency 

The Fig.5.4 presents that the inverter global average loss was found to be 35,197.75 kWh, the average 

array mismatch loss was 44,279.58 kWh, and the average loss due to electrical shading was 397.47 kWh. 
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Figure5. 4: Shading loss, Inverter global loss, and array loss 

5.3. Contribution of the FSPV  

From the PVsyst software analysis of FSPV potential energy production, the FSPV in each month from 

January to December the maximum energy produced is found in January where 2,234,123 kWh are 

produced, the minimum production is found in June, where 1,893,845 kWh are produced. The maximum 

performance ratio is found in May of 82% and minimum of 80.7% is found in February. Usually, 

Nyabarongo HPP deliver 14 MW for single generating unit or 28 MW for two generating units. After 

integrating with FSPV, both deliver to the grid 42 MW during the day, and in sunny period to satisfy the 

increasing load demand of today. If the demand is only 28 MW, a single generating unit with FSPV 

inject in the grid 28 MW, and during this time water in dam will be stored for running two units during 

the night when the demand is 28 MW. As FSPV is integrated with HPP, the capacity factor of the hydro 

power plant increases. The hydropower plant dam water surface that has not been exploited is being used 

for this FSPV project to maximize the use of Nyabarongo infrastructures. 

The FSPV contributes to land use management specifically because it only uses water bodies such as 

reservoirs, hydroelectric dams, industrial ponds, irrigation ponds, reservoir, water treatment ponds, 

mining ponds, wastewater treatment plants, wineries, fish farms, canals, lakes, oceans, and lagoons. 

Traditional solar PV systems require a large surface of land, which could be used for agriculture or other 

purposes. To solve this agriculture conflicts with traditional solar PV, FSPV technologies are used. 

The FSPV design on the selected site, inject an amount of 15 MW, this compensate the load demand 

which exponentially increasing today. Today, as the fossil fuels are the source of GHGs, which harm the 

environment, in these centuries, the use of FSPV, minimize significantly this emission of GHGs. 

Furthermore, because the efficiency of solar energy is affected by temperature, and the FSPV installed 
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on water bodies has self-cooling, it ensures high efficiency when compared to land-mounted solar PV, 

so the FSPV technology is used instead of the traditional means. 

Many dams and hydropower plants in Rwanda are underutilized due to the lack of use of this new solar 

energy generation technology; in order to maximize the use of existing hydropower plant infrastructures, 

this technology must be adopted. The potential production of the FSPV demonstrated that in Rwanda, if 

the available water resources surfaces are used for energy production, the target in energy access from a 

rate 51% (37 on-grid and 14 % off-grid) to   52% on grid and 48% off-grid by 2024 with a capacity of 

556 MW can be achieved easily by installing the FSPV on water body surfaces not currently in use. As 

the ambient temperature on Nyabarongo HPP dam is 19.8o C, and the global horizontal irradiance of 

5.83 kWh/m2, this ensure high efficiency in energy generation compared to ground mounted solar PV 

that has less efficiency due to their cooling difficulties. The potential power of Nyabarongo HPP dam is 

beyond the extracted small area providing 15 MWp as simulated by the use of PVsyst software. The 

system production was 24,087 MWh/year, specific production of 1,064 kW/kWp/year, the performance 

ratio of 82% and system losses of 0.07kW/kWp/day, the normalized production of the FSPV has been 

shown as 4.39 kW/kWp/day. 

5.3.  FSPV Three phase inverter harmonics analysis 

The interaction of the FSPV must adhere to the existing network's standards. As a result, the level of 

harmonics must be discussed. The following are the primary design goals of closed loop current control 

for the FSPV grid-connected inverter: (1) a small steady-state error in grid current; (2) a fast dynamic 

response with low overshoot; and (3) a low inverter THD. The Fast Fourier transform (FFT) analysis of 

inverter output current and voltage THD was found to be within IEEE (519-2014) standards for 69 kV 

to 161 kV, which is 2.5 percent for voltage and 3 percent for current. The Table5.1 and 5.2 show the 

level of harmonics on the output voltage and current of the FSPV inverter. 

Table5. 1: THD measured in the AC side phase voltages of the inverter (fundamental 

frequency 50Hz) 

Phase voltage THD (at t=0sec) THD (at t=0.05sec) 

Va 0.68% 0.05% 

Vb 1.47% 0.06% 

Vc 0.88% 0.05% 
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Table5. 2: THD measured in the AC side phase currents of the inverter (fundamental 

frequency 50Hz) 

Phase current  THD (at t=0sec) THD (at t=0.05sec) 

Ia 49.36% 1.51% 

Ib 74.71% 1.73% 

Ic 63.52% 1.44% 

5.4. Comparison of FSPV at different sites with FSPV at Nyabarongo site 

The results in chapter 4 proved that the Nyabarongo HPP dam is potential for the FSPV. Yet, a 

comparison with other sites is necessary to be sure that the FSPV is not only feasible at Nyabarongo 

site but also it can be applied on other sites. The FSPV is feasible in Rwanda because water bodies 

such as Nyabarongo HPP dam, Rusizi HPP dam, Mukungwa HPP dam, Ntaruka HPP dam, and others 

sites are available, as well as lakes such as Cyohoha lake, Rweru lake, Birara lake, Sake lake, Mugesera 

lake, Rwanyakizinga lake, Muhindi lake, Hago lake, Kivumba lake, Ihema lake, Rwakibali. The 

average irradiance on the lakes listed is 5.7kW/m2/day, which is adequate for any solar PV system. 

The ambient temperature on the available lakes is discovered to be less than the STC temperature of 

25oC. As the land mounted SPV cooling capability is low, the operating temperature of the traditional 

SPV is high compared to the FSPV as indicated in Fig.5.5, and Fig.5.6. 

 

 

 

 

Figure5.5: Rwamagana GigaWatt meteorological data 
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Figure5. 5: Nyabarongo HPP dam meteorological data 

As the ambient temperature is the key factor determining the efficiency of the FSPV system, the Fig. 

5.7., shows the temperatures of the five lakes i.e; Lake Ihema, Lake Mugesera, Lake Rweru, Lake Birara, 

and Lake Burera. Their temeperatures are under the STC temperature 25oC which predict the feasibility 

of FSPV installation in Rwanda. 

 

Figure5. 6: Temperature of some Lakes in Rwanda (Meteo data) 

Fig.5.8, shows the temperatures and global irradiance of the five selected lakes showing that the FSPV 

is feasible as temperature and irradiances are within allowable values. 
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Figure5. 7: Temperature and global horizontal irradiance of some Lakes in Rwanda 

5.5. FSPV integration with HPP 

The integration of this FSPV is exciting because the goal is to maximize the utilization of existing 

infrastructure to avoid the additional costs associated with transmission and distribution of generated 

power. Although there are various methods of power transmission, the existing transmission lines of 

110kV are used to keep the research goal of minimizing costs. Because it is the closest substation to 

the FSPV power plant, the Nyabarongo HPP sub-station is used. To connect the FSPV to the 110kV 

grid, the low voltage of 400V from the inverter's output is stepped up with a transformer rated 

400/6.6kV and then to the substation transformer rated 6.6/110kV. The minimum investment will be 

ready to be use once the FSPV connection is established. The capacity factor of the existing HPP is 

also improved. 
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CHAPTER VI: CONCLUSION AND RECOMMENDATIONS 

6.0. Introduction 

This chapter provides a summary, conclusion, recommendation, and areas for future research on topics 

related to ‘‘Design of floating solar photovoltaic system integrated with a hydropower plant (a case 

study Nyabarongo HPP dam)’’. Recommendations are addressed to all Rwandan energy stakeholders: 

policy makers, regulators, companies’ suppliers, investors, households’ members, and readers to achieve 

sustainably the universal energy access by 2024. A technical feasibility of FSPV at the site was done 

towards the international standards, such as nominal power ratio, performance ratio, and total harmonics 

distortion percentage for inverter output voltage and the current. The questions which formed the basis 

of this thesis work are presented here again: 

What is the improvement in photovoltaic energy generation efficiency, if the traditional SPV system is 

replaced by floating solar photovoltaic system? 

Does floating solar PV contribute to optimal use of existing HPP infrastructures? 

6.1. Conclusion 

The goal of this study was to design the FSPV on the Nyabarongo HPP dam, evaluate its technical 

feasibility, and assess its impact on the grid. To achieve the designed system's stability, a DC-DC 

converter was used to boost the output voltage of the PV array and perform MPPT using the IC technique. 

In the d-q reference frame, a three phase-two level VSI was controlled to inject the maximum active 

power into the grid. The PVsyst software was used to simulate the potential electrical energy generated 

by FSPV. To validate the performance of the proposed system, computer simulation was performed 

using the MATLAB/Simulink software environment. The simulation results show that the control 

techniques provide an excellent steady-state response with low steady-state error, a fast dynamic 

response, a low total harmonic current distortion, and high quality injected current into the grid. 

Furthermore, the current controller aligns the current injected into the grid with the grid voltage. The 

FFT analysis of the inverter output current demonstrates that the THD is within acceptable limits. This 

ensures that the power output of the Nyabarongo HPP is maximized and the FSPV energy injection into 

the grid is of high quality. The findings of this study project a good use of existing infrastructure and an 

increase in the capacity factor of the Nyabarongo HPP. The installation of FSPVs on available water 

bodies in Rwanda anticipates meeting the increasing load demand day by day, as well as GHGS because 

it is a renewable energy source. The FSPV installation increases energy generation capacity due to its 

ease of cooling; however, in order to improve efficiency and land use management, some existing ground 
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mounted SPV can be replaced with installation of FSPV where it is possible for managing the land 

resource. As previously stated, the implementation of innovative technologies such as floating solar PV 

power plants is a reasonable step toward achieving 100 percent access to electricity by 2024. 

6.2. Recommendations 

This study's recommendations emphasize four points: policy framework, policymakers, energy 

developers, energy regulators, researchers, and renewable energy developer companies: 

 Implementing the renewable energy policy framework as target of increasing the renewable 

energy in the energy mix, will stimulate the involvement of individual players, and local players 

in the energy sector by providing to them necessary infrastructure to motivate the development, 

encourage the banks and other private sectors to be involved in the achievement of the universal 

energy access to reliable, affordable, and sustainable energy development. 

 Through renewable energy policy makers, the emission and climate change effect will be reduced 

by elaborating policies encouraging the energy developers to move from the traditional means 

which emit GHGS as source of air pollution, to the new technology of energy generation from 

the use of renewable resources such as FSPV, hydro-energy, and agro-photovoltaic towards the 

sustainable energy development, and meet the increasing load demand of today. 

 The Ministry of Education has to invest more in renewable energy research development, and 

establish more renewable energy centers to empower the research in this field towards smart grid 

of the future. 

 To successfully implementation of this new technology and other renewable energy alternatives, 

more effort must be put in awareness campaign to motivate internal young entrepreneurs and 

external companies working on the renewable energy development. 

 As local SPV companies  are competing for land including agriculture, industries and population 

growth due to lack of space and space limitations, it is recommended to MININFRA to put more 

effort to exploit the available water bodies in Rwanda as our country is among countries with 

weak land electrical network. 
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6.3. Area of further research 

This study was limited on FSPV with temperature and irradiance variations under control. The voltage 

and current control of a grid-connected inverter were controlled, further research will be conducted on 

three highlighted points. 

1. Grid connected FSPV load variation control (frequency control) 

2. The impact of FSPV on Nyabarongo HPP dam biodiversities, 

3. Economic feasibility of FSPV on Nyabarongo HPP dam and GHGS emission 

4. Techno-economic feasibility of FSPV on Nyabarongo HPP dam 
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       Appendix 1: Nyabarongo HPP Dam 
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        Appendix 2: Nyabarongo HPP substataion 

 

       Appendix 3: Nyabarongo HPP Power House 
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Appendix 4: Incremental Conductance mppt Matlab Codes 

function y = MPPT_InC(V_PV,I_PV,Vo, Io, D) 

m=0; 

dV=V_PV-Vo; 

dI=I_PV-Io; 

if dV==0 

if dI==0 

    m=D; 

else 

    if dI>0 

        m=D-0.0001; 

    else 

        m=D+0.0001; 

    end 

end 

elseif dI/dV==-(I_PV/V_PV) 

else 

    if dI/dV>-(I_PV/V_PV), m=D-0.001; 

    else 

       m=D+0.0001; 

    end 

end 

y=m; 

end 

Appendix 5: Some important formulae used for grid connected inverter: 

Efficiency of the inverter: 𝜂𝐼𝑛𝑣 =
𝑃𝑂𝑢𝑡

𝑃𝐼𝑛
× 100 =

𝑃𝑎𝑐

𝑃𝑑𝑐
× 100 

European Inverter efficiency: 

 𝜂𝐼𝑛𝑣(𝐸𝑈𝑅) = 0.03𝜂5% + 0.06𝜂10% + 0.13𝜂20% + 0.10𝜂30% + 0.48𝜂50% + 0.2𝜂100% 

Carfornia Energy Commission Inverter efficiency:  

𝜂𝐼𝑛𝑣(𝐶𝐸𝐶) = 0.04𝜂10% + 0.05𝜂20% + 0.12𝜂30% + 0.21𝜂50% + 0.53𝜂75% + 0.05𝜂100%  

Efficiency of the PV module: 𝜂𝑃𝑉 =
𝑃𝑀𝑃𝑃

𝐺×𝐴
 

Performance Ratio of PV system: 𝑃𝑅 =
𝐸

𝐺×𝐴×𝜂
 

Total efficiency of the PV system: 𝜂𝑇𝑜𝑡 = 𝜂𝑚𝑜𝑑𝑢𝑙𝑒 × 𝑃𝑅 
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Appendix 6: PV system loss diagram in PVsyst software 
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Appendix 7: System overview in PVsyst software 

 

Appendix 8 : Panels orientation  
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Appendix 9: PV array behavior for each loss effect 

Appendix 10: Shading scene construction in PVsyst software 

 


