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Abstract 

 

Nowadays, more country of Africa are looking for the way to develop in field of energy 

need, however some have been facing the challenge of power cut or grid failure due to 

the lack of sufficient energy to power their citizen which in return affect the daily activity 

of industry holder to produce the final product that will later go to the final consumers. In 

fact, there are various way the electricity can be generated and in Rwanda, where this 

bachelor thesis is taken into consideration, most of energy derives from potential in water, 

methane gas (natural gas), peat to power, diesel based generation and solar power 

system. 

Today, Rwanda government is targeting to overcome the above issue of power cut and 

grid failure by facilitating the stakeholders and other private companies and other 

investors to invest in energy section based on power generation in all corner of energy 

development to boost the current power capacity from 224.6MW corresponding to 53.5% 

today and move to capacity of 554MW by the end of year 2024 which is corresponding to 

100% to connect all the citizen of Rwanda. It really requires the great effort to hit the 

target, and all means to generate electricity and able to supply the citizen is on top 

harvested to the existing energy, that’s why this project of solar system should come on 

to contribute on the overall increase in energy possession of the country.  

The bachelor thesis aims to work out the design and size an off grid solar power system 

based on load profile where the health center of Musenyi is taken in consideration to 

overcome the challenge it has of supplying its current load .There, everything regarding 

an off grid solar power system will be worked out and the way of designing can help for 

any other engineers to design and size an off grid solar power system based on load 

profile. In assessment of current load profile, the issue of failure of a solar power system 

of Musenyi will be sorted out with recommendation and future extension about the existing 

solar power system will be sort out there and upon the end, loading procedure will be 

declared to maintain safely and healthy the current or the next off grid solar power system. 
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1. Problem statement on the current off grid solar power system 

 

Basically, off grid solar power systems are designed in similar way, and the only difference 

would be how the choice of equipment would be randomly selected depending upon the 

load profile. In fact, when the load has been determined, the number of modules, size of 

battery bank, charge controller capacity and inverter’s capacity will be no doubt selected 

according to the current currying capacity of each other by referring on the calculation 

worked out. That are main the tasks the thesis will be handling and assess the better 

choice of various equipment according to the requirement of the load of solar system. 

1.1 Problem statement and discussion on the final project 

 

Specifically, this final thesis holds on the design and size of an off grid solar power system 

of Musenyi health center located in Bugesera District, Eastern province of Rwanda. The 

current problem that off grid solar power system of Musenyi health center has, is to fail 

supplying the entire current load in efficient way and so far, the purpose of this bachelor 

thesis is to assess the current load and make decision where it is possible to work on the 

existing solar system by doing necessary correction on or redesign the new solar power 

system to make sure that the performance and reliability of power is available all the time 

without failure or disconnect some of the load.  

During site inspection, the problem observed that needs to be solved is that the existing 

load of the above health center does not match with the size of the solar array which 

requires to disconnect certain load and leave others load continue to be supplied. That 

issue will be solved by doing further load analysis and reveal why solar array were not 

effective to hold on supplying the entire load and provides necessary measures to take 

out. 

1.2 Research goal and environmental impact on the selected area 

 

The goal of doing the research on Musenyi health center off grid solar power system were 

to monitor if the current solar system donated by the government of Rwanda is still 

working in efficient way and reliable to hold on the supplying the load without problem as 



 
 

3 
  

it was previously performing. In addition, the health center has a diesel generator which 

complete the solar system if there is trouble in solar power supply, it serves as back up 

and used when solar system is completely isolated and that are the main reason to assess 

and stick on the power availability at the health center all the time. 

However, one of the main use of generator, should be of charging the battery bank when 

solar system is not able to fully charge the battery bank, and even serves as back up as 

previously said, but it should be used less as possible to reduce fuel used once the solar 

system is working in effective way, this will save money and keep and environment clean 

as well. Normally, an important thing to quote there is that, the usability of diesel generator 

produces fume when operating and contribute much more on the atmospheric ozone 

layer destruction and this should be taken account and considered to reduce as soon as 

possible when off grid solar power system will be fully operating and shortly, solar system 

will be more effective than before after revision and full assessment of the root cause of 

the continuous failure. 

2. Background on solar power system in Rwanda 

 

The country of Rwanda has spread out the great opportunity to the stakeholders and 

shareholders to invest in energy sector with purpose of increasing the generation of 

power in the country. The energy need increases as citizen also request it much more, it 

is foreseen that energy plays an important role in various aspect of the country’s 

development such as medical treatment, small and big industries, factories, and other 

field where electricity depends on and so that the availability of it play an tremendous 

aspect to the overall development of country as well as the living condition of the 

population living the country. In fact, power is generated by using various mean. Here in 

the thesis, only the power generation based on solar radiation will be focused on as 

Rwanda is among the best countries of Africa that have better solar irradiance of 

average of 5.4KWh per m2 daily basis which shows the solar potential in the country 

and prove the feasibility project of more solar power system in the country on large 

scale than today. 
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2.1 Why solar power system is becoming popular in Rwanda? 

 

Rwanda has become the best country to invest in since it started facilitating the private 

sectors to invest in various field like education, infrastructure, health services, and 

agriculture, manufacturing and other many more such as mining and energy sector, the 

thesis intended to count on energy where solar power system considered were 

presenting the average of 5.7% in the year 2017 by comparing the current generation 

with the other source of energy generation. Today, solar system on small scale are 

being used by part of the citizen to supply their home appliances such as light, radio, TV 

, charge telephone and other equipment that does not consume more power. 

In fact, there are two types of solar power systems based on electricity generation in 

Rwanda, the one is grid tied solar power which is commonly used for bigger solar power 

system that are connected with grid, in this mode of generation, the owner of solar 

system has the ability to supply himself and the excess of generation is fed back to the 

grid. In this type of solar system, a special meter is installed to track the flow of power in 

two directions to measure how much of energy is fed to the grid and again how much of 

power the grid has fed to the owner of the solar power system during the night when the 

sunlight is not available, this type of solar power system does not possess the battery 

bank and that is the main reason that during the night, the owner of solar system should 

get supply from the grid and this is less used as it requires power of the grid to be 

connected with. Agahozo shalom is one of the biggest grid tied solar power system in 

Rwanda.              

However, there is another interesting type of solar power system that is not connect with 

the grid, that type of solar system is known on off grid solar power system which is the 

only one the final project will deal with and is the most popular as it not connected on 

the grid, simply the project is more beneficial for the population living in the remote area 

where the power of the grid is not available or difficult to access. Moreover, Rwanda is 

reinforcing to supply electricity to the citizen living far away from the grid with the mini 

solar power system in different village so that, the target of energy supply to the citizen 

of 100% by the year 2024 is completed. This target is possible with the implementation 
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of more off grid solar power systems to compensate the power dispatch in various 

village where the power of the grid is not available or is difficult to access, that is where 

the off grid solar power system find application in mass with many citizens and 

specifically, the case study is taken in Eastern province of Rwanda, Bugesera district. 

2.2 Some of cause of failure of an off grid solar power system 

 

Most of the issue that many off grids solar system faces are to have been undersized or 

bigger load application which in the future affect the overall efficiency of the entire of 

solar power system, and to overcome that challenge, the only secret behind is to carry 

out the load study analysis that an entire solar system will have to supply and 

accordingly all other size of the equipment will follow up. Without that, designer do 

nothing and that is the first important step to undergo with solar power system. 

To design an off grid solar power system requires to pay high attention, the site 

overview where solar is not at reasonable irradiance may cause the failure of the entire 

solar power system and the output of photovoltaic system depends on how strong the 

solar radiation are falling on the solar module, anything that may shade the module and 

prevent it to receive at maximum the fall of solar radiation will affect much more the 

power output, and so that to overcome above issue, the solar module should be placed 

at place where it is freely able to capture the sunlight without shading effect, however , 

most of modules are place on the roof of the house, if the designer is willing to have off 

grid solar power system, the civil engineers and architecture of the building may do their 

work and considering the slop of roof to the best place to maximize the solar energy. If 

the above mode of positioning of solar modules are not considered, high risk to have 

system with low efficiency is booked up and will affect the overall performance once 

commissioned for operation. 
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3. Thesis statement and research methodology 

 

Today, the total capacity of 12.08MW of grid connected solar power system often 

known on grid tied solar power system are available in Rwanda. There is still long 

journey to go with solar power system on either off grid or grid tied solar power system. 

However, the power derived from solar system would be the better solution for the 

Rwanda citizens to accelerate the power access as targeted by the government. 

The reason behind the usability of solar power system is that it is a kind of renewable 

energy that does not contribute to the atmosphere pollution and is more ecofriendly type 

of energy that Rwanda has than other sources of energy. Moreover, anyone living in the 

remote area, where the power of the grid is not available, the off grid solar power 

system is the best solution than others, because it is cheap in term of usability but looks 

expensive in term of cost of materials and equipment, installation and but the running 

cost compared to the power of the grid and or if the generator is used to supply the 

same load. 

3.1 The outcome on thesis statement and development’s concept 

 

 However, the thesis statement intended to carry out research on off grid solar power 

system of Musenyi health center and investigate deeply the major cause of failure and 

provide the reliable solutions. The questions to answer here are: Is the off grid solar 

power system of Musenyi health do what it was intended to do? If no what solution the 

thesis development would recommend so that the previous off grid solar power system 

perform in efficient away?  And all about this will be the overall questions to overcome 

the issue behind and work out in deep the project in right way with accuracy. 

3.2 Purpose and objective on doing research on the final project  

 

In fact, there is no project implemented without carrying out research to see whether 

project is feasible or not, and formulate the hypothesis to be tested many time to drive 

on the final successful result and would not be ignored to maintain the sustainability of 

research that leads to the reasonable result at the end. The main purpose to have been 
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chosen this project was to investigate, analyze load profile, look up on various 

equipment in the existing off grid solar power system and provide feedback on their 

performance. 

In the meanwhile, after site visit, it has been observed multiple issue encountered in the 

design of Musenyi health center in Bugesera district, located in Eastern province of 

Rwanda: 

1. Solar array arranged at place where it cannot maximize the sun ray  

2. Load has grown systematically and solar array cannot handle it  

3. Poor maintenance on the entire off grid solar power system which lead to 

breakdown of some part of the solar system, 

4. Some of photovoltaic modules and cells are no longer performing and need 

replacement for better efficiency. 

5. Charge controller of PWM and do not perform in effective way  

6. Inverter size and maintenance and load handling have been serious issue to sort 

out with the new choice of inverter able to handle current load 

7. Battery bank has been down operation when the sunlight is not available, which 

simply mean that, no autonomy is out here to run electrical appliances. 

All above issues lined up out there must be cleared with new off grid solar power 

designed according to the current load profile, and will take care of design of various 

parts to overcome the existing issue which has triggered the breakdown of the solar 

system. 

4. Strategy and technique in design of Musenyi off grid solar power system 

 

In this project dealing with the solar power system of Musenyi health center will be 

designed to match the load with the size of the array taking care of various equipment 

and component necessary to avoid further failure, and that why this final project intends 

to work out on all the part of the solar system to determine accurately the size of the 

entire solar system performance and effectiveness. It will require first to understand the 
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basic operation of solar power system and here down is what is going to be reviewed as 

far as solar power system is concerned. 

4.1 Introduction on solar energy, basic principle and application  

 

Looking on how renewable energy is advancing in various application of engineering, 

however, the solar energy that reaches the earth is abundant and using different 

scientific method, it is possible to convert the energy of the sun in other useful form of 

energy such as electricity, heat energy and kinetic energy. It has been proven that 

overall solar energy that hit the earth is about 1KW/m2. That kind of solar energy is the 

converted into electricity based on the technology of semiconductor devices that 

operate under condition that, when exposed on solar energy, they have capability of 

generating the voltage across the terminal. The special devices are known on silicon 

diodes known as photodiode and are connected together in series and parallels to 

increase the voltage and the current respectively to form what is commonly as 

photovoltaic panel or solar module. Here down is an example of solar cell made up of 

photodiode able to generate electricity once it receives or exposed on sunlight. 

                                                     

Figure 1:  Single solar cell that form solar module 

Specifically, there are many reason that solar energy is the best to deal with, and it find 

applications in various field such as satellite applications, industrial zones, car based 

solar innovation and other more. Here down is an example of solar module in which 

various solar cells are connected in series and in parallel to increase the voltage output 

and current required to deliver the specific power to the connected load. 
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Figure 2: Solar panel made up of more cells to increase voltage and current 

4.2 Structure of an off grid solar power system 

 

Obviously, the main structure of an off grid solar power system is made of 6 majors’ 

equipment that will be exercised to provide an effective solar power system, where 

every equipment will be sized according to the power flow as well to the current currying 

capacity at each stage and considering the cable that connect every equipment. 

                  

Figure 3: Structure of off grid solar power system 

The above solar power system structure shows the various part  which will be discussed 

during the design of the solar system, regarding the site, Bugesera is the best place for 

implementation of the project is it was really done before, it is the area with cumulative 

good solar irradiance when taking review on global yearly and daily solar potential. 
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4.3 Site overview and data gathering for sizing off grid solar power system. 

 

In this final project, the site visit and data gathering was the major step to conduct the 

root cause of the failure of the solar power system and carry out the reliable off grid 

solar power system that is able to handle the current load of the health center. To do so, 

there are factor to consider with mathematical approach to provide the reliable off grid 

solar power system. 

As seen on the site, the existing solar power system is not operational because of 

multiple issue already listed, but the major and big cause is that, the load has increased 

significantly such that the solar array is no longer able to deliver power at full capacity 

and other problem which is serious is that the battery bank has been affected much 

more due to lack of maintenance and during rainy season or night, it cannot withstand 

the connected load. The preliminary data needed is the load characteristic, in this way, 

the designer of solar power system should have to define the type of load, and how 

much of time (duration) load need to be connected as indicated in the table below: 

Type of 

equipment  

Quantity  Rated 

power(W) 

Total 

power(W) 

Time used 

per day(h) 

Energy consumed 

per day (Wh) 

Flat TV 2 100 200 5 1000 

Water heater 1 200 200 2 400 

Water pump 1 150 150 2 300 

Lighting  8 10 80 7 560 

Refrigerator 1 100 100 7 700 

Air conditioner 1 1000 1000 3 3,000 

Washing machine 1 200 200 1 200 

Lab equipment 3 100 300 5 1,500 

Computers 5 30 150 3 450 

Total power xxxxxxxx xxxxxxxx 2,380 xxxxxxxx xxxxxxxx 

Total energy xxxxxxxx xxxxxxxx xxxxxxxx xxxxxxxx 8,110 
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Table 1: Load profile record of Musenyi health center 

In the above table shows the current overall power consumption of Musenyi health 

center with the respect of time (duration) that every equipment is supposed to be 

connected on the circuit. Hence, the overall energy per day calculated is 8,110Wh/day 

or simply 8,11KWh/day. However, that power is considered if the equipment are 

connected at respective time interval and if they are all connected at the same time, the 

overall power is about 2,380W or simply the power of 2,38KW. 

4.4 Overall solar radiation in Rwanda  

 

While Rwanda has adequate solar energy potential to support energy demand, it has 

been therefore been an important opportunity to harness that type of energy to find the 

solution to the energy shortage and environmental degradation the country faced in the 

recent time. However, solar energy is the best effective and economic resource to have 

using to generate electricity as good as possible. It has been proved that overall solar 

energy radiation in Rwanda specifically in Bugesera district and Kigali found on the 

average of 5.4 KWh/m2 which is likely to mean that every meter square, the solar 

energy possession of 5.4KWh in the area of one meter square and can reach out 

4.5Kwh/m2 in the cloudy season, this is huge power that Rwanda is about working on 

where an investing company known on Agahozo shalom located in Rwamagana district 

/ eastern  province of Rwanda has been operating since 2015 by installing the capacity 

of 8.5MW of grid tied solar power system which testify the availability of doing business 

based on solar power system and today, there are various solar power system which 

are tied with grid as well other off grid just like the case our final project is dealing with. 

In developing the project, the data of 5.4KWh/m2 solar irradiation energy will be taken 

account in sizing the solar array required to supply the connected. 

4.5 Consideration of overall efficiency factor and number of modules required 

 

The efficiency of solar power system depends on several factors that affect the output of 

solar modules, however, this can be rectified by considering the factor 1.3 on the energy 
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calculated to determine the solar modules required. Hence, the overall energy used 

considering the oversize factor will be: 

𝐄/𝐝𝐚𝐲 = 𝟏. 𝟑 × 𝟖. 𝟏𝟏𝐊𝐖𝐡/𝐃𝐚𝐲 = 𝟏𝟎. 𝟓𝟒𝟑𝐊𝐖𝐡/𝐃𝐚𝐲 

As already previously seen, the solar radiation in Rwanda is about 5.4KWhm2/day, 

which simply expressed that the solar radiation is abundant at average of 5.4h a day in 

every unity meter square where a solar module is exposed without shading, hence, we 

are now able to work out the watt peak (Wp) that panel will require to deliver the full 

output power once receive the solar ray. Therefore, the total watt peak (Pm/day) 

required by solar array can be determined as follows: 

𝐏𝐦/𝐝𝐚𝐲 =
𝐄𝐧𝐞𝐫𝐠𝐲 𝐚𝐯𝐚𝐢𝐥𝐚𝐛𝐥𝐞

𝐒𝐨𝐥𝐚𝐫 𝐡𝐨𝐮𝐫
/𝐝𝐚𝐲 (𝟏) 

𝐏𝐦/𝐝𝐚𝐲 =
𝟏𝟎. 𝟓𝟒𝟑𝐊𝐰𝐡

𝟓. 𝟒𝐡
/𝐝𝐚𝐲 =

𝟏. 𝟗𝟓𝟒𝐊𝐰

𝐃𝐚𝐲
≈ 𝟐𝐊𝐰 𝐃𝐚𝐲⁄  

From the above calculation, it is clear that total watt peak required by the solar array or 

photovoltaic solar system is about 2KW and after that, it will be simple to get the 

number of modules once the total power on the solar power system is already 

calculated and what is remaining there is to select which type of solar modules is 

required for the above characteristic of load requirement. 

However, the task here is to choose the modules according to the power output, if the 

choice is made on modules with low power output, it will requires more number of 

modules and the connection will be complex as series and parallel connection will be 

required, and so that, the choice will be done by considering the module of higher power 

output to maintain at least the minimum string of series as they often cause the problem 

of loss, where if for example one of the series modules is shaded or damaged, it will 

cause the other to stop out delivering the power. Let’s consider the solar module of SD 

that has the electrical characteristic (250Wp) with the short circuit current (Ish) of 8.7A 

and the terminal voltage of 24V 
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It is now possible to determine how many numbers of solar panel according to the 

required panel selected randomly:  

𝐍𝐭 =
𝐏𝐦

𝐏𝐨𝐏
… … … … … … … … . . (𝟐) 

                                             𝐍𝐭 =
𝟐𝟎𝟎𝟎𝐖

𝟐𝟓𝟎𝐖
= 𝟖   

So, the eight solar modules are required to complete the off grid solar power system 

and do the determination of series and parallel strings to fulfil the requirement of the 

system. 

4.6 Solar module’s configuration  

 

In fact there are two type of configuration to be made here, one is parallel connection 

and the second is series connection, and the advantage behind is to design the system 

to match with the device rating voltage, however, the system voltage to which the solar 

system will operated according the equipment and design procedure is to be 48V, so far 

the connection of modules will be made such that are possible to adapt to the system 

voltage.   

4.6.1 Series module’s configuration  

 

As previously calculated that, the total number of modules is eight, the selected 

modules are of 24V, and the solar system voltage is 48V, we would make arrangement 

of connecting them such that the 2 modules be connected in series to increase the solar 

module’s voltage to 48V required by the entire solar system. The advantage here to 

wire the solar modules in series is to increase the voltage and keep the current flow the 

unchanged. Here down is an equation to apply to get the number of modules required  

𝐍𝐬𝐦 =
𝐕𝐬

𝐕𝐨𝐛
… … … … … … … … … … . . (𝟑) 

𝐍𝐦𝐬 =
𝐕𝐬

𝐕𝐨𝐛
=

𝟒𝟖𝐕

𝟐𝟒𝐕
= 𝟐                  
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4.6.2 Parallel module’s configuration 

 

To maintain the system voltage unchanged, the solar modules will be connected in 

parallel, but the current delivered by a set of modules connected so will be increased or 

added together. So far, our designed solar power system will have 4 strings panels 

connected in parallel as required by system configuration. Here down is the equation to 

work out the number of modules required in parallel. 

𝐍𝐦𝐩 =
𝐍𝐭

𝐍𝐦𝐬
… … … … … … . (𝟒)          

𝐍𝐦𝐩 =
𝐍𝐭

𝐍𝐦𝐬
=

𝟖

𝟐
= 𝟒                          

4.6.3 Overall solar module’s configuration  

 

In fact, connecting solar modules in series will add the voltage to a specific working 

voltage required by the solar system to charging the battery bank, while connecting 

solar panels will hold on adding the current flow from solar modules on charging the 

battery bank. However, the above two configurations will help on determining the total 

current from the solar modules to charge the battery bank on the specific system 

voltage required by off grid solar power system. So far, the power generated by solar 

modules is constant regardless to the connection considered, only the series and 

parallel will change only voltage and current respectively. 
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Figure 4: Solar module configuration overview 

Here above is the wiring arrangement of solar modules connected in series and in 

parallel, where the negative terminal of solar panel labeled 1 is connected to positive 

terminal of solar module labeled 2. The two modules have now the only two terminals 

(negative and positive) connected on the main bus bars also labeled negative and 

positive. Further details on configuration can be seen on the figure5. 

4.7 Size charge controller matching with the load 

 

Normally, the sun is variable a day, week or a month and other factor such as 

temperature, cloud and or rain season are the major key point that affect the output of 

solar power system. However, charge controller is introduced in off grid solar power 

system as solution to regulate the amount of flow of electric power delivered by solar 

module array to the battery bank. So far, charge controller will be in the circuit to 

prevent two major things: 

1. prevent battery charge overflow when the sunlight is abundant in a day, this will 

allow the battery bank to breath by dumping down the charging current and will 

too prevent the overheating of the gas inside the battery bank. 

2. prevent flow back of charge from battery bank to the solar array in dark period or 

night, this is critical action to choose the right charge controller that is able to 

perform in such condition and rate it correctly to avoid further damage 

4.7.1 Pulse width modulation (PWM) charge controller 

 

Power width modulation (PWM): This type of charge controller on the principle of 

modulating the waveform of voltage and current required by the battery bank, this type 

of charge controller has less efficiency compared to MPPT and it’s quite difficult to 

optimize the voltage difference and this a negative impact on the overall efficiency of the 

entire solar array, and so far, this type of charge controller is not expensive at all. The 

Health central has this type of charge controller which so far has been unable to capture 
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and optimize the overall efficiency as well as other equipment in conjunction were 

affected.  

                                     

Figure 5: PWM Charge controller 

4.7.2 Maximum power point tracking(MPPT) charge controller 

 

Maximum power point tracking (MPPT): this type of charge controller is the best one to 

choose because of multiple benefit integrated with, some of them are that it has very 

good efficiency where it can optimize the dc load and the voltage difference of the entire 

solar power system. Regarding the price, this type of charge controller is quite 

expensive compared to the pulse width modulation (PWM). This MPPT charge 

controller is the one I recommend to use in the new designed solar power system to 

keep the effectiveness and better performance.  
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Figure 6: MPPT Charge controller 

In fact, we can see how much the charge controller is important in off grid solar power 

system and the choice of it is a key critical element to consider in order to have solar 

system with good efficiency as matter of that equipment in conjunction with other are 

well selected. Upon the calculation made above, it is too possible to work out the 

number of charge controller based on the current carrying capacity that charge 

controller is allowed to hold on. Let’s go back to the previous Watt peak required (Pm) 

by the solar modules and find how much number of charge controllers needed to sort 

out in accordance to the value of current flowing from the solar array to the battery 

bank. And note that in the design process the voltage of 48V is selected in compliance 

with the equipment needed to complete the off grid solar power system, it will be 

common for battery bank as well inverter and solar panels. Without further ado, let’s go 

through calculations:  

𝐈𝐜 =
𝐏𝐦

𝐕𝐬
… … … … … … … … … … … . (𝟓) 

𝐈𝐜 =
𝐏𝐦

𝐕𝐬
=

𝟐𝟎𝟎𝟎𝐖

𝟒𝟖𝐕
= 𝟒𝟏. 𝟔𝟔𝐀          
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It is worthwhile to choose the charge controller of MPPT that will be able to handle that 

flow of current (41.66A) to charge the battery bank with the specific operating voltage. 

Remember that charge controller has two important roles here of regulating the voltage 

of the solar array to the required nominal battery bank voltage and prevent the flow back 

of power from battery bank to the solar array when the sunlight is not available. 

Here down is the characteristic of charge controller that meets with our sized solar array 

to charge the battery bank on the specified working voltage. 

Type MPPT Charge controller 

Brand Outer back Power 

Series Flex Max series 

Max current (Im) 60A 

Adjustable operating voltage 12V,24V,36V, 48V 

Temperature at rated current 40oC(104oF) 

Max PV array voltage (Vdc Pv) 150Vdc 

 

Table 2: Charge controller specifications 

In fact, there are other type of charge controller that may act in the same way as, but 

the choice of MPPT should respond to the minimum requirement such as operating 

voltage, maximum current of solar array and maximum PV array voltage regardless to 

the brand manufactured the MPPT charge controller.  

4.8 Size battery bank of solar power system and back up required 

 

All off grid solar power system must have a battery back up to keep the solar system 

running when the sunlight is no longer available, this is the critical factor to consider with 

accuracy when designing an off grid solar power system. So far, the solar power system 

of Musenyi has also to be designed with good storage capacity to sustain the availability 

of the power to the connected load during the night or rainy season where sunlight is 

not stronger to charge battery to full. However, there is number of days that a solar 
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power should run without solar radiation and the days required would be determined 

how many number of batteries required of which capacity and how many days can the 

system operated on that batteries without shortage , that factor is known as the 

autonomy. 

Simply , days of autonomy is the number of the days that an off grid solar power can 

remain supplying the load on the battery bank without any other source of energy, the 

autonomy is sometimes called battery bank multiplier and can vary from region to region 

depending on the availability of solar radiation in the selected area. In fact, Rwanda is 

among the country with strong solar radiation and in the design process, the autonomy 

of 3 days will be considered to size the battery bank required by the off grid solar 

system, 

4.8.1 Battery bank capacity required and system voltage selection 

 

In fact, off grid solar power system must have battery bank that is capable to sustain the 

power required by the load within the time specified (autonomy) without interruption and 

while the voltage specification should be determined according to various factors and 

some of which are that the system may have DC load to supply to the specific DC 

voltage, or the inverter on choice requires the high DC input according to the high AC 

load output. Another factor that may require the solar system to operate on high DC 

voltage may due to the reduction of gauge of copper wire in between battery bank and 

solar array, so far the use of use of high DC voltage will totally affect in good way to 

make lesser the high current if the system were designed for low voltage such as 6V or 

12V. That is the main reason behind for this project to select the high DC operating 

system voltage for all the equipment located in DC system. As previously mentioned, 

battery bank for any off grid solar power system is sized accord to the AC load, not the 

size of solar array, that why, when the sunlight  is not available,  the battery bank should 

keep supplying the load in systematic way. 

 



 
 

20 
  

4.8.2 Effect of temperature and depth of discharge of battery  
 

The temperature effect on battery bank is another critical factor to take care when 

designing an off grid solar power system because of its role of storing electrical energy 

in form chemical means. That is the main reason to maintain battery system in the 

intermediate temperature to improve their functionality so that system battery bank can 

operate longer, here down is the table showing the effect of low and high temperature 

on battery bank system. 

Low temperature High temperature 

Decrease the capacity of batteries Increase the capacity of batteries 

Raise batteries voltage Lower batteries voltage 

Increase the life span Shorten the life span 

 

Table 3: Effect of temperature on battery system 

To design the size of the battery bank with accuracy, we will consider the battery 

temperature multiplier in the equation of calculating the total ampere hour required by 

solar system. Here in the table, let consider the room temperature of 60oF or 15.6oC that 

correspond to the 1.11 factor that will be used in the equation (6) 

 

 

 

 

 

 

 

Table 4: Temperature magnitude vs battery temperature multiplier 

Temperature Battery temperature multiplier  

80OF(26.7OC) 1.00 

70OF(21.2OC) 1.04 

60OF(15.6OC) 1.11 

50OF(10OC) 1.19 

40OF(4.4OC) 1.30 

30OF(-1.1OC) 1.40 

20OF(-6.77OC) 1.59 
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Another critical point to consider is the depth of discharge, it simply states how much 

energy is cycled into and out of battery with in the given cycle, however, this factor is 

expressed in percentage and the maximum value of DOD can’t go below 50% for the 

lead acid battery, and battery bank is less discharged, it can increase the life span as 

fact that power it offered to the load is quite small and hence the autonomy is increased 

more than that is already calculated. 

Let’s size the battery bank required and see how much Ampere-hour required by battery 

bank. 

𝐄𝐛 =
𝐄𝐭 × 𝐃𝐨𝐓 × 𝐓 𝐦

𝐃𝐎𝐃
… … … … … … … … … … … … (𝟔) 

𝐄𝐛 = [

𝟏𝟎. 𝟓𝟒𝟑𝐊𝐖𝐡
𝐃𝐚𝐲 × 𝟑𝐝𝐚𝐲𝐬 × 𝟏. 𝟏𝟏

𝟎. 𝟓𝟎
] = 𝟕𝟎. 𝟐𝟐𝐊𝐖𝐡 

The energy of 70.22KWh is the total energy required by the load within the three days 

when the sunlight is not available, means, the solar modules are not receiving the solar 

radiation. However, the system voltage is 48V, and the battery bank or string would be 

wired so to meet the system voltage requirement of the entire solar power system. In 

the equation (7), the factor of 1000 is used to work on the common unit i.e, convert from 

kilowatt hour to watthour. 

𝐀𝐦𝐩𝐇 =
𝐏𝐦

𝐕𝐬
× 𝟏𝟎𝟎𝟎 … … … … … … … … … … … … . . (𝟕) 

𝐀𝐦𝐩𝐇 = [
(𝟕𝟎. 𝟐𝟐 × 𝟏𝟎𝟎𝟎)𝐖𝐡

𝟒𝟖𝐕
] = 𝟏, 𝟒𝟔𝟐. 𝟗𝟐𝐀𝐡 

The total ampere hours of 1,462.92Ah are required within three days to run electrical 

appliance without interruption, however if the days of autonomy are completed while the 

sunlight is not available or weak and the battery bank has been used to 50% of the 

rated capacity, i.e the 4th day, the solar system will be out of service and there would be 

other means of charging to full capacity the battery bank either by using the diesel 
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generator, but this is optional solution and will not be covered in this thesis 

development. 

4.9 Battery bank configuration  

 

The following step to consider is to work out how many number of batteries that will be 

connected in series and how many number of batteries that will be connected in parallel 

to comply with the system working voltage as well as matching them with other 

equipment of the entire solar power system. 

By referring to the solar modules principle of configuration, the batteries will too be 

wired such that ones are series connected to increase the voltage to the specific 

operating voltage but keeping the ampere-hour unchanged while other batteries will be 

connected in parallel to increase the ampere-hour, but the system voltage unchanged. 

That is the main fact of making the string of batteries in series and others in parallel.  

Let’s for this project, selected the battery bank of the type of lead acid battery of the 

following specification: V= 24V, 380Ah. 

4.9.1 Series battery’s configuration 

 

As already said, the connection of batteries will go from any terminal , let say positive of 

one battery to the negative of the second battery and the net terminal of the two 

batteries will be finally connected to the bus bar where negative and positive of the two 

batteries are separately connected. To the point of view of our case, let’s work out the 

number of battery to be connected for series string and this will be determined by 

considering the system operating voltage and the voltage of single battery selected as 

shown by the following equation (8). 

𝐍𝐛𝐬 =
𝐕𝐬

𝐕𝐨𝐛
… … … … … … … … … … . (𝟖) 

𝐍𝐛𝐬 =
𝐕𝐬

𝐕𝐨𝐛
=

𝟒𝟖𝐕

𝟐𝟒𝐕
= 𝟐 𝐁𝐚𝐭𝐭𝐞𝐫𝐢𝐞𝐬         
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The two batteries will be wired in series and will respond to the system voltage of 48V 

with the total ampere-hour of 380Ah which is likely to mean that the voltage is added 

while keeping the ampere-hour unchanged to 380Ah as said above. Most of the 

manufactures recommend to do not make more than 4 series connections to avoid 

further loss. Here in the project, the two series battery are connected which is good as 

far as loss are concerned to be limited as low as possible. 

 4.9.3 Parallel battery’s configuration 

 

As previously discussed with solar modules, the battery bank also are connected in 

parallel to increase the ampere-hour by maintaining the voltage system constant and to 

fulfill that requirement, we will be using four strings of batteries connected in parallel by 

calculating the ampere-hour that each string would have. Here down is the equation that 

needs to be used to determine the ampere-hour per string required:  

𝐀𝐦𝐩𝐇/𝐒𝐭𝐫𝐢𝐧𝐠 =
𝐀𝐦𝐩𝐇

𝟒 𝐬𝐭𝐫𝐢𝐧𝐠𝐬
= 𝐀𝐡/𝐒𝐭𝐫𝐢𝐧𝐠(𝟗) 

𝐀𝐦𝐩𝐇/𝐒𝐭𝐫𝐢𝐧𝐠 =
𝟏, 𝟒𝟔𝟐. 𝟗𝟐𝐀𝐡

𝟒 𝐬𝐭𝐫𝐢𝐧𝐠𝐬
= 𝟑𝟔𝟓. 𝟕𝟑𝐀𝐡/𝐒𝐭𝐫𝐢𝐧𝐠  

The choice of string depends on batteries capacity as well as total ampere-hour of the 

entire solar power system. Therefore, the total number of battery can be expressed by 

taking the number of strings in parallel times the number of battery in series as shown 

here down done. 

𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐛𝐚𝐭𝐭𝐞𝐫𝐢𝐞𝐬 = 𝟒 𝐬𝐭𝐫𝐢𝐧𝐠𝐬 𝐢𝐧 𝐩𝐚𝐫𝐚𝐥𝐥𝐞𝐥 × 𝟐 𝐛𝐚𝐭𝐭𝐞𝐫𝐢𝐞𝐬 𝐢𝐧 𝐬𝐞𝐫𝐢𝐞𝐬 = 𝟖 𝐛𝐚𝐭𝐭𝐞𝐫𝐢𝐞𝐬 

4.9.3 Overall battery system’s configuration 

 

The overall battery system can be wired in series and in parallel, the purpose of doing 

so is to maintain the sustainability of power within the pre-determined period of supply. 

When batteries are connected in series increases the voltage and keep ampere-hour 

constant and when connected in parallel, the ampere-hour increases while the voltage 

remain constant. So that in this project, the both connection are used to maintain above 
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characteristic to meet the requirement of the solar power system. Here down is the 

overview diagram of how the battery bank will be connected where we have 4 strings in 

parallel with only 2 batteries connected in series and provide the overall capacity of 

around 1,520Ah which is closer bit higher to the calculated Ampere hour of 1,462.93Ah 

and that is how practically it would be done and the current available corresponding 

energy of the battery bank can be evaluated by considering the chosen battery capacity 

of 380Ah as follows:  

𝐄𝐚 = (𝐒𝐭𝐫𝐢𝐧𝐠 𝐍𝐮𝐦𝐛𝐞𝐫 × 𝐀𝐦𝐩𝐞𝐫𝐞𝐡𝐨𝐮𝐫)(𝐒𝐞𝐫𝐢𝐞𝐬 𝐍𝐮𝐦𝐛𝐞𝐫 × 𝐁𝐚𝐭𝐭𝐞𝐫𝐲 𝐯𝐨𝐥𝐭𝐚𝐠𝐞) … … (𝟏𝟎) 

𝐄𝐚 = (𝟒 × 𝟑𝟖𝟎𝐀𝐡)(𝟐 × 𝟐𝟒𝐕) = 𝟕𝟐, 𝟗𝟔𝟎𝐖𝐡 

 

Figure 7: Overall battery system’s configuration 

4.10 Size inverter for solar power system 

 

Basically, an off grid solar power system should have an inverter that will have task of 

converting DC voltage from the battery bank to the AC voltage needed by the load. 

Most of today’s electrical equipment use AC power rather that DC power and that is why 

an inverter comes in to allow those electrical load to be connected. There are two type 

of inverters, the modified sine wave inverter and pure sine wave inverter, but the best 

here that matches with all electrical equipment is the pure sine wave inverter because it 

has the same shape of the trend as that of power of the grid and that why it is 
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commonly used in off grid solar power system and is the best to use in the off grid solar 

power system than modified sine wave inverter. 

In this thesis, it will be required to choose an inverter that is able handle the current load 

of Musenyi health center applied without effect of overloading but correspondingly to the 

calculated current load. 

Generally, the inverter equipment should match the battery voltage picked (48V) and 

while the output power might be selected according to the load nature requirement. The 

output of an inverter can be three phase or single phase and so that before the use of it, 

there would be selection of which type of connection is required for the load. In fact, the 

inverter are designed to receive the DC voltage and convert to AC voltage with purpose 

of supplying the electrical load and it allows the flow of power from battery to load, but 

specific featuring, the inverter can have the way it charges the battery bank in the case 

the sunlight is not enough to charge the battery bank and this featuring help much more 

because if the grid is available can be used to support the solar array to charge the 

battery bank or the additional generator can be connected to it to do the same task as 

the power from the grid can do. 

Inverter wattage and surge would be determined by adding the power of equipment and 

considering those with high power surging the solar system, so far, the inverter should 

be able to withstand the surge even more than 30% times to rated power and here 

down is the key elements to help choosing the right inverter. 

4.10.1 Key requirement for choosing an inverter 

 

There are several facts to consider while it comes to choose an inverter and some of 

them can be sorted out there: 

Integrated AC charging: This is important feature to consider when AC power is 

available and can be used to charge the battery bank when sunlight is not sufficient. 
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Automatic generator start: Also very useful because can sense the status of the 

battery bank and decide to start generator when the sunlight is not sufficient to charge 

battery system. 

Inverter transfer switch: Just as automatic generator start, the transfer switch can be 

incorporated in inverter to facilitate the accessibility of other external sources to charge 

battery bank for battery use and hold the efficiency reasonable. 

Remote control and display: The remote control and display allows to track the 

performance of the inverter while it is far away from the solar system and that feature 

will not require to keep an eye on inverter all the time. 

4.10.2 Size an inverter of an off grid solar power system 

 

In fact, there is no off grid solar power system without an inverter, this a critical 

equipment that convert the DC voltage from the battery system to the AC voltage that is 

able to run AC electrical equipment, after the voltage has been converted, it is sent to 

the main AC power supply where there are too main AC protection according to the 

system requirement. 

So far, to size an inverter requires to pay serious attention by evaluating the load that 

will run continuously and those that will run instantly and may cause the surge on the 

inverter. Normally, the surge is the high current drawn by the equipment at the starting 

condition and is quite high for the short period and the chosen inverter would respond to 

that surge by holding the solar system less affected. As we had previously calculated in 

the load profile record(fig 4), the overall power is 2,380W and from that data, we can 

now evaluate the minimum power rating of the inverter required to intermediate battery 

bank and the AC load by applying the following equation:  

𝐏 = (𝐏𝐢 ×
𝟑𝟎

𝟏𝟎𝟎
) + 𝐏𝐢 … … … … … … … … … … … … … (𝟏𝟏) 

𝐏𝐭 = [(𝟐, 𝟑𝟖𝟎 ×
𝟑𝟎

𝟏𝟎𝟎
) + 𝟐, 𝟑𝟖𝟎] 𝐖 = 𝟑𝟎𝟖𝟒𝐖 
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The characteristic of inverter to choose on the market must respond to the following 

criteria of handling the surge of the connected equipment as well as the current 

load/power of (3084W) of the entire off grid solar power system. Here down is the 

minimum information of an inverter required in correspondence with the current load of 

the solar power system. 

Electrical specification  Rating 

AC Output voltage   400/230V 

Max Output current 60A 

Maximum power  3200W 

Frequency  50Hz  

DC Input voltage 48V  

Output connection  Single/three phase 

 

Table 5: Inverter electrical specification 

4.11 Cable sizing and solar system protection 

 

Electrical system are always subject to fault due to various factors which can be found 

in internal or external. The external fault are due to atmospheric condition behavior 

while the internal fault are due to the system overloading, heating or short circuit. The 

wrong the protection of solar power system leads to shortening the life of the equipment 

as well as the effect of causing complete failure and breakdown of the solar power 

system, in this thesis, I will be discussing the major way to protect various part of solar 

power system and work out the rating capacity required for the circuit breaker to protect 

the solar system. First of all, let’s go through the cable sizing and protection next. 

4.11.1 Cable sizing from solar module to charge controller and to the battery bank  

 

Previously, the capacity of solar power system has been worked out with mathematical 

approach to size the accurate solar system that matches with the load. The equipment 

be needed to be linked together to complete the off grid solar power system and there 
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will be need of cable to through which electric charge should flow from solar module to 

the load. Ohm’s law will be in use while considering at least 4% voltage drop of the 

rated voltage and taking consideration of copper resistivity of 1.72×10-8Ωm. 

However, the Vpm is the maximum voltage that solar module can deliver at full load and 

can be seen on the electrical specification of the solar module, in fact, the module SD 

250W selected has the overall maximum voltage at full load of 29.6V and are connected 

in series as well, hence the voltage will add up and be 59.2V while the Vd is the 

maximum voltage drop in the solar system and can be evaluated as follows: 

𝐕𝐝 =
𝟒

𝟏𝟎𝟎
× 𝐕𝐦𝐩 … … … (𝟏𝟐) 

𝐕𝐝 =
𝟒

𝟏𝟎𝟎
× 𝟓𝟗. 𝟐𝐕 = 𝟐. 𝟑𝟕𝐕 

The minimum cross section can be evaluated by taking the minimum length to which the 

wiring must be made as well as the short circuit current that module can withstand 

under abnormal situation, in this case, the length estimated is 10m go and back with the 

short-circuit current of the four strings connected in parallel, however each module has 

8.7A and are connected in parallel, the overall current will be added up or times 4 times 

the single current of the module which is actually 34.8A to be used in the equation 13 

here down as overall short-circuit current: 

𝐀 =
𝛒 × 𝐋 × 𝐈𝐬𝐜

𝐕𝐝
× 𝟐 … … … … … … … … … … … … … (𝟏𝟑) 

𝐀 = [
𝟏. 𝟕𝟐 × 𝟏𝟎−𝟖 × 𝟏𝟎 × 𝟑𝟒. 𝟖

𝟐. 𝟑𝟕
× 𝟐]𝒎𝒎𝟐 = 𝟓. 𝟏𝐦𝐦𝟐 

The minimum cross section of 5.1mm2 is requires to link solar module to the charge 

controller and from charge controller to the battery bank. 
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4.11.2 Cable sizing from the battery bank to the input of the inverter 

 

The cable size from battery bank to the inverter can too be worked out by considering 

the voltage drop on the side of battery bank to the inverter input (side of 48V system) as 

it is the same voltage to supply the input of inverter, however, the input of inverter find 

effective from 90% to 95% and let’s use the overall efficiency of 92.5% in the following 

equation 14 to find the maximum current that is able to flow from the battery bank to the 

inverter as follows:  

𝐈 =  
𝐊𝐕𝐀 𝐨𝐟 𝐢𝐧𝐯𝐞𝐫𝐭𝐞𝐫

𝐈𝐧𝐯𝐞𝐫𝐭𝐞𝐫 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 × 𝐑𝐚𝐭𝐞𝐝 𝐃𝐂 𝐕𝐨𝐥𝐭𝐠𝐞 𝐨𝐟 𝐬𝐲𝐬𝐭𝐞𝐦
… … … … … … … … … (𝟏𝟒) 

𝐈 = [
𝟑𝟐𝟎𝟎𝐖

𝟎. 𝟗𝟐𝟓 × 𝟒𝟖𝐕
] 𝑨 = 𝟕𝟐. 𝟏𝑨 

From the current above, it is now easier to evaluate the size of cable required by the 

inverter DC side and considering the voltage drop by applying equation (12) and the 

cable sizing equation (13). 

𝐕𝐝 =
𝟒 × 𝟒𝟖𝐕

𝟏𝟎𝟎
= 𝟏. 𝟗𝟐𝐕 

𝐀 = [(
𝟏. 𝟕𝟐 × 𝟏𝟎−𝟖 × 𝟖 × 𝟕𝟐. 𝟏

𝟏. 𝟗𝟐
) × 𝟐] 𝐦𝐦𝟐 = 𝟏𝟎. 𝟑𝐦𝐦𝟐 

From the above calculation, the minimum cross section of the cable required would be 

at least 10.3mm2 with required length of 8m go and back from battery bank to the 

inverter input. Considering the variable in the equation (current and length requirement), 

the cross section can be higher or lower depending on the system loading. It is 

worthwhile to calculate according to the maximum loading to avoid future breakdown of 

system because of under sizing the cable and the associated equipment. 
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4.11.3 Cable sizing from output of inverter output to the distribution box 

 

The sizing of the cable from output of the inverter to the distribution box should be 

determined with the following equation (15) if three phase output inverter is considered, 

however, there is advantages of wiring the output of the inverter in three phase, 

because the overall current is reduced 3 times as if the single phase inverter is consider 

and hence the overall cross section is reduced. The current in three phase system is 

determined by the following equation: 

𝐈 =
𝐈𝐧𝐯𝐞𝐫𝐭𝐞𝐫 𝐩𝐨𝐰𝐞𝐫(𝐖)

√𝟑 × 𝐕𝐋
… … … … … … … … … … (𝟏𝟓) 

 

𝐈 =
𝟑𝟐𝟎𝟎𝐖

√𝟑 × 𝟒𝟎𝟎𝐕
= 𝟒. 𝟔𝟏𝐀                                          

Hence, using the equation 12, it is possible to determine the voltage drop per phase as 

follows:  

𝐕𝐝 =
𝟒

𝟏𝟎𝟎
× 𝟐𝟑𝟎𝐕 = 𝟗. 𝟐𝐕 

Therefore, the cable cross section is determined by the equation 16, using the voltage 

drop and overall current already calculated previously by considering the estimated 

length of the cable of 100m. 

𝐀 =
𝛒 × 𝐋 × 𝐈

𝐕𝐝
× 𝟒 … … … … … … … … … … … (𝟏𝟔) 

𝑨 = [(
𝟏. 𝟕𝟐 × 𝟏𝟎−𝟖 × 𝟏𝟎𝟎 × 𝟒. 𝟔𝟏

𝟗. 𝟐
) × 𝟒]𝒎𝒎𝟐 = 𝟑. 𝟒𝟓𝒎𝒎𝟐 

The minimum cross section of cable required to link the inverter to the distribution box is 

evaluated to 3.45mm2, but the higher to that is highly recommended, say 6mm2  is 

better that 3.45 mm2 calculated. The rest of cable or conductor from distribution box to 

the other circuit can be evaluated according the power rating on the equipment. 
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4.11.4 Solar power system protection  

 

In this solar power system, I will do sizing the breaker of various part of the system, the 

setting for the breaker will be 1.5 of the solar array, charge controller, battery bank and 

inverter. Let‘s go through them to get the approximate size of breaker that will be used. 

1. Protection between solar array and charge controller: the size of the breaker 

will be little higher to the short-circuit current of each solar module. For the solar 

module selected, the short circuit current is 8.7A and that is the high current the 

module can offer. Following the solar module overview figure, the two modes are 

connected in series while the four are connected in parallel, so far ,it possible to 

determine the single modules protective breaker and overall protective breaker to 

maintain the flow the current from solar array to the charge controller and will be: 

𝐈𝐛𝟏 =  𝐈𝐬𝐡 × 𝟏. 𝟓 … … … … … … … … … … … … … … … … . (𝟏𝟕)  

𝐈𝐛𝟏 = (𝟖. 𝟕𝐀 × 𝟏. 𝟓) = 𝟏𝟑. 𝟎𝟓𝐀 𝐣𝐮𝐬𝐭 𝐟𝐨𝐫 𝐬𝐢𝐧𝐠𝐥𝐞 𝐬𝐭𝐫𝐢𝐧𝐠  𝐦𝐨𝐝𝐮𝐥𝐞 𝐩𝐫𝐨𝐭𝐞𝐜𝐭𝐢𝐨𝐧     

𝐈𝐛𝟐 = 𝐍 × 𝐈𝐬𝐡 × 𝟏. 𝟓 … … … … … … … … … … … … … … … (𝟏𝟖)  

𝐈𝐛𝟐 = (𝟒 × 𝟖. 𝟕𝐀 × 𝟏. 𝟓) = 𝟓𝟐. 𝟐𝐀 , 𝐣𝐮𝐬𝐭 𝐟𝐨𝐫 𝐬𝐭𝐫𝐢𝐧𝐠 𝐜𝐨𝐦𝐛𝐢𝐧𝐞𝐝   

2. Protection between charge controller and battery bank: As previously 

calculated the overall current moving from charge controller the battery bank, that 

current will be used to size the breaker that is convenient to be placed between 

charge controller and battery bank. Here 1.5 factor needs to be times with the 

that current flowing in the charge controller or simply, the rating of the charge 

controller amperage can be used to size and mentions which breaker rating can 

be used. 

𝑰𝒄 = 𝟏. 𝟓 × 𝐈𝐜 … … … … … … … … … … … … … . . (𝟏𝟗) 

𝑰𝒄𝒃 = 𝟏. 𝟓 × 𝟒𝟏. 𝟔𝟔𝐀 = 𝟔𝟐. 𝟒𝟗𝐀                                    

3. Protection between battery bank to inverter : In this way , to size the breaker 

between battery bank and the inverter will require to take account the battery 

voltage as well as the inverter wattage / power and the factor of 1.5 as previously 

considered, here down is the equation that comply with the size of the breaker. 
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𝐈 =
𝐑𝐚𝐭𝐞𝐝 𝐰𝐚𝐭𝐭𝐚𝐠𝐞 × 𝟏. 𝟓

𝐕𝐬
… … … … … … … (𝟐𝟎) 

𝐈 = [
𝟑, 𝟐𝟎𝟎𝐖 × 𝟏. 𝟓

𝟒𝟖𝐕
] = 𝟏𝟎𝟎𝐀 

4. Protection between inverter and AC load: This is the main breakers that will 

be required to protect the AC output of the inverter and the distribution box , the 

current drawing from the inverter to the load per phase will be considered to rate 

the breakers in the following equation:  

𝐈 =
𝐈𝐧𝐯𝐞𝐫𝐭𝐞𝐫 𝐩𝐨𝐰𝐞𝐫(𝐖)

𝐕𝐩𝐡
× 𝟏. 𝟓 … … … … (𝟐𝟏) 

𝐈 = [
𝟑, 𝟐𝟎𝟎

𝟐𝟑𝟎
× 𝟏. 𝟓] 𝑨 = 𝟐𝟎. 𝟖𝟕𝑨 

In the above equation, I considered the single phase line due to the fact that, the 

breaker protects the single pole of the line and is supposed to carry that current at full 

loading of the solar power system. Beyond to that current will lead to an overloading 

which leads to the thermal expansion of the conductors used, that why, it is very 

important to size the solar system according to the current loading capability and 

choose the correct cable or conductors fitting with the solar power system. 

Additionally, the breaker to use here has the main task to interrupt the fault current 

under normal and abnormal condition with purpose of protecting the part affected 

without damaging the associated equipment. The fault is limited by opening the poles of 

the breaker and protect the portion between load and inverter , however, there are other 

protective devices that protect outgoing circuit in various places where electrical 

equipment are located surely known on main distribution box. This box has other rating 

breakers to protect various circuits.  

5. Solar surge arrestor, earthing and lightning protection: this type of protection 

is adopted to protect solar off grid solar power system to maintain the safely of 

the system as well as the equipment connected to it, however, the solar power 

system is subjected on the dynamism of internal and external fault that may 

result the failure of the solar power system. The internal fault may due to the fault 



 
 

33 
  

of electrical equipment connected to it that finally intended to causes protective 

devices to react against by opening the poles to save the entire solar system, 

that why circuit breaker has been first introduced in various part of solar system. 

However, if electrical equipment has issue with the earth, there is high risk that 

person in contact to be affected by electric shock that severely can be the cause 

of the death. The earthing system works properly with the differential on the best 

to prevent that kind of electrocution by cutting off the supply of the selected 

circuit. The lightning protection is very essential for solar power system because 

are exposed much more on the lightning strike as solar system is made of 

electronic component that are risky to be damaged, therefore, it is strictly 

recommended to choose the size of lightning arrestor able to capture and divert 

that current due to surge to the earth to save the life of the solar power system. 

Musenyi health center should have the above protective means to be safe on 

operation and increase the availability of power without interruption. 

5. Project price estimation and solar system configuration of health center 

 

Solar power system is an attractive project for the investors to carry out rather that 

concentrating on other source of energy and that is because of it is easy to install, 

cheap compared to the grid and environmental pollution free compared to other sources 

of energy available. The cost of equipment will be displayed to show how much the 

project may cost and if needed to be implemented, the general idea will be found on 

various prices of the equipment involved. 

5.1 Project equipment’s billing estimation   

 

This step consist of working out how much money will be spent on the project from the 

design to the implementation and commissioning. However, the solar power system is 

quite expensive at the stage of design and implementation while comparing to adoption 

of the use of the power of the grid, but the usability and reliability in operation and 

advantage it present qualify good drawback of the money invested in operation. 
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Type of equipment  Number Rating/Capacity Unit price Total price  

Solar modules 8 250W $220 $1,760 

Charge controller 1 60A $300 $300 

Bus bar  4 500A $80 $240 

Combiner box 4 N/A $100 $400 

Circuit breaker  12 15A, 20A,70A,100A $22 $264 

Batteries 8 380Ah  $250 $2,000 

Inverter  1 3,200W $650 $650 

Cable  4 N/A $250 $1,000 

Earth system  1 N/A $200 $200 

Lightning arrestor 1 N/A $55 $55 

Surge arrestor  1 10KA $200 $200 

Accessories 20 N/A $39 $780 

Differential breaker  1 N/A $120 $120 

Positioning equipment 10 N/A $72 $720 

Measurement& Counter 1 N/A $134 $134 

Total  NA N/A N/A $8,823 

 

Table 6: Cost estimation of the project 

The table above shows the cost of solar power system, it seems expensive at the start 

up because of equipment involved compared to the power of the grid, but if the system 

is well designed and the owner follows the routine maintenance and other safety 

procedure have the powerful impact to increase the overall efficiency and performance 

the solar system. In fact, the life span of solar power system is estimated to 25 years 

and above when the overall efficiency is kept above 80%. 

5.2 The configuration of Musenyi health center off grid solar power system  

The configuration of Musenyi health center solar power system intends to show out 

there the main part of solar power system as well as the main protection devices in 

every portion of the solar system. However, trading view is the application I used to 
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facilitate in the drawing of circuit in this project and it is not easy to represent all the 

devices in the single diagram such as the on the part of distribution board, which would 

lead to complexity of the system and that is the reason of highlight only the main 

protection on DC voltage side and main protection on the AC side. The full operation is 

about to be discussed in details in the next section. 

 

Figure 8: Complete off grid solar power system configuration 

5.3 Discussion on the working principle of the sized off grid solar power system 

 

As previously mentioned, the solar based generation is today performing in effective 

way, in various aspect of the life, but in this section I would like to express specifically 

how each part of solar power system will be working and introduce the basic operation 

of protective devices incorporate with the solar system. 

In fact, the sun is the source of energy on the earth to which other kind of energies are 

derived, regarding the solar system, there are type of semiconductors that , when 
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exposed on solar photo or radiation generated electricity. The process of allowing that 

semiconductors to behave so is known as doping which consist of adding the impurity in 

to change the behavior status, to which , when receive solar energy experiences the 

flow of electrons in junction PN, that flow is neither that electric current and solar 

module are operated on such principle. 

However solar module is made up of cells connected in series to increase the voltage 

output as well as connected in parallel to increase the output current of the module. 

Specifically, the solar modules are connected in parallel and in series to fulfill the 

expected load requirement to which it will be connected and here in the design of 

Musenyi health center, the size of solar array calculated is around 2KW, under 48V 

system voltage as required by the equipment selected. In the design, the solar system 

array is made up 8 solar modules, each of 250W and delivering 24V.  The solar system 

should satisfy preliminary load requirement characteristic where two panels are 

supposed to be connected in series to complete 48V and simply the system requires the 

4 parallel strings made up of 2 modules in series. 

Note that each string is protected by a single breaker to prevent short circuit and used 

carry out the maintenance on the need of the system and following the system modules 

configuration, the current flowing in the charge controller should be accurately known 

and safely supported by the charge controller without damage or harm. Charge 

controller between solar array and battery bank should allow the flow of charging 

current and breaker in between should reassure that fault located at that portion is 

cleared as soon as possible to avoid further breakdown or damage of the equipment. 

The charge controller in the solar system will act as device that regulates the flow of 

electric charge to the battery bank as well as to prevent the flow back from battery bank 

to the solar modules array, there are many charge controller on the market, in this 

project, the maximum power point tracking (MPPT) is the best type of charge controller 

to stick on because of its overall performance in the solar system of maximizing the 

solar energy and maintain the constant charging current regardless to variation of solar 

radiation. 



 
 

37 
  

Another critical point to highlight here is the size of battery bank, it is the better to size it 

according to the need of the load, and batteries used in solar system are expensive and 

should be protected and use them accordingly, never discharge them  too much to 

avoid shortening life span as quickly as possible. Here, in the designed solar system, 

each battery has the capacity storage of 380Ah under 24V, to fulfill the system voltage 

requirement as well as the days of autonomy desired, the battery system has 4 parallel 

strings made up of 2 batteries in series per string. The breaker is incorporated between 

battery bank and charge controller to limit the fault between them and well as to serve 

as isolating device for maintenance purpose when it will be needed. 

The inverter is the main AC equipment that serves to convert the DC voltage to AC 

voltage due to the fact that most of today’s equipment uses AC power. In the designed 

solar power system, there is breaker rated to protect fault between inverter and battery 

bank and can to serves as isolator for maintenance purpose. There too the protection 

provided between inverter and main AC board. Normally, this board has various 

protective devices and provides power to the AC distribution board which finally 

dispatch the power to the outgoing circuit where the equipment are placed.  Finally, 

everything here complete each other, the protective breakers are sized according to the 

current flow in the circuit concerned and will react accordingly depending on the fault 

magnitude. 

6. Conclusion, recommendation and future extension of solar power system 

 

Rwanda government is currently facilitating more the stakeholders and shareholders to 

invest in energy sectors and that is because in the key development indicators, the 

energy possession count a lot as benchmark tools used to determine the economic 

growth of the country. However, Rwanda has multiple sources of energy such as that 

derived from water storage (dam), thermal (Diesel, peat or natural gas), power pool 

coming from neighboring countries and lastly solar energy, to which thesis has been 

thoroughly talking about. In fact, the solar power system is currently at low scale in 

terms of electricity generation compared to the other source of energy available in 
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Rwanda, and this is because of unfamiliarity of technology involved and the high cost 

involved when it comes to start a new solar power plant as it requires large space to set 

up the solar modules when it is needed to generated more megawatt (MW) and today, 

there is effort done about off grid solar power system and grid tied solar power system 

which denote the good progress and more similar project are yet to come in compound 

with other existing energy sources. 

Currently, the installed capacity is about 226.4MW and intended to move to 554MW by 

2020 and in the installed generation, only the demand required today is not above 

150MW, while the 76.4MW remain unused (standby), there are many projects under 

construction that are awaited to boost the generation to the current level, but requires 

great effort and supervision so that they can be completed on time as seen that every 

year, the demand of energy consumption increases. 

So far so good, the solar energy in Rwanda has become attractive project in some area 

of the country where the power of the grid is not yet extended and it is observed that off 

grid solar power system can offer the comfort of living once it is accurately sized 

according to the need of equipment in the house or area of living. The solar power 

system to which the thesis is carried out is based in Bugesera district, it is actually the 

place with reasonable sunlight than other regions of Rwanda. 

In fact, Musenyi heath center had an old off grid solar power that were not effective at 

all due to various factors previously enumerated in this thesis that were the major key 

factors of breaking down the existing off grid solar power system and so that, it was 

proposed to design and size again the new solar power system according the current 

demand or load profile of the Musenyi health center. The important steps in design and 

size the off grid solar power system have been followed to avoid further premature 

failure where the step one were to determine the load profile to be supplied by the solar 

power system, and this is the main point to which the choice of solar modules, charge 

controller, battery bank and inverter are based on and so that under sizing is the reason 

that conduct to the failure in the future. 
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In the recommendation, I would like to advice on how off grid solar power system of 

Musenyi would be operated and maintained as it is an important key of holding the 

system performance and effectiveness. Specifically, the system is supposed to operate 

within three days without the sunlight once the battery bank is fully charged and that 

why autonomy comes in while design solar power system that is not depending on the 

grid or other sources of energy. The existing generator can be used for other purpose or 

other way used to charge battery bank when required, but this is optional idea and was 

not included in this final thesis, but is possible to be done. To maximize the efficiency of 

solar power system, it is highly required to do not discharge the battery bank below 50% 

if so, the life of battery bank will be reduce, normally, if battery bank is used in good 

condition can last longer to 15ans. So that periodic maintenance should be carried out 

to avoid premature failure on quarterly basis. The maintenance should be also be done 

on the side of solar array system to remove the dust, debris and heavy particle that may 

have preventing the outer surface to let solar radiation to be absorbed by the silicon 

devices inside the cells of the module for electricity generation and additionally to this, 

the entire solar power system should be free from shading object, the shading effect 

may due to the any object that prevent solar module to maximize the sunlight which 

affects much more the generation of electricity from the photovoltaic array as well and 

should be avoided for better performance.  Any fault in solar power system should be 

investigated and analyzed with purpose of taking preventive action for future similar 

case.  

Lastly, the off grid solar power system can be used to anyone of who needs to be 

independently satisfied on power generation. In fact, the thesis development was 

dealing with the right way of sizing off grid solar power system based on load profile and 

the similar way can be followed to design and size any other off gird solar power system 

depending on the load profile available. In fact, when there is a need to apply any other 

additional load to the existing load, a care should be taken to avoid any further issue of 

exceeding the loading capability which may cause breakdown of the entire solar 

system. However, it is highly recommended to consult an electrical engineer or 

contractor of solar system for the support to assess the impact of the new load and 
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provide feedback to reveal where it is necessary to increase number of modules or not, 

number of batteries in the battery bank system, charge controller or not. Note that, the 

bigger the load to apply, the high the chance of tending to return on the design and size 

of solar system, which would be better solution than overloading the existing solar 

system and design it according the current load. On other hand, the current Musenyi 

health center can be tied with the grid when transmission line will be extended to the 

area and the power it generates, can be intermittently used by itself and the excess 

send back to the grid to get paid back according to the power generation, and is the 

reliable solution that can be worked in the future desire on this project which may 

involve the additional equipment and change in configuration. 
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