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DESIGN REPORT 

EXECUTIVE SUMMARY 

This report gives a detailed description on the technical implementation details of the Energy Kiosk, which is the 

medium through which we aim to achieve our philanthropic goal of providing access to clean, affordable energy to 

rural populations. On the generation side, the design we have used consists of solar panels with an East-West solar 

tracking mechanism and a Power Management Unit (PMU) that carries out Maximum Power Point Tracking (MPPT). 

On the distribution side, we have used sealed, lead-acid, deep cycle batteries with a charge controller and protection 

circuitry to provide to the end user.  

The design and sizing of the system were carried by developing a Scaling Model in Microsoft® Excel using component 

datasheets, socio-economical information about Rwanda and our knowledge of electrical engineering. The Scaling 

Model automatically generates the system specifications when given a set of inputs, which in this case were for the 

case of Minazi Village in Rwanda, where we aim to implement out first pilot project. Additional analysis into scaling 

involved determining the relationship between consumer patterns and system reliability to ensure a stable system. 

In other words, we found a relationship to determine the number of batteries that need to be charged per day so 

that no net build up occurs.   

Polycrystalline photovoltaic panels have been selected on the basis of price and local availability. Moving onto the 

solar tracker design, upon analysis of the solar insolation data for Rwanda obtained from satellite data and 

generated using a Matlab® Program that we constructed; we felt it appropriate to adopt a 1-D East-West tracking 

mechanism which would improve the peak solar hours from 4.9 to 6.7. This tracking mechanism will be implemented 

by connecting the panel onto a stepper motor and using a PIC microprocessor to control when the motor should 

rotate so as to track the sun. The energy produced by the solar panels would be transferred to the batteries using 

the PMU. 

The Power Management Unit provides a system for transferring the maximum power from the solar panels to the 

batteries. The challenge in this task is to maintain the operating point of the Maximum Power Point Tracker (MPPT) 

at the knee of the I-V characteristic of the solar panels, even during periods of varying solar insolation. This is done 

by using a Boost SMPS which maintains the operating point at the MPP using varying duty cycles, followed by an 

isolated flyback SMPS which steps down the voltage and maintains it at 12V for charging the batteries. The PMU also 

has fault protection and safety mechanisms by incorporating fuses and circuit breakers through the inputs which 

would break/trip depending on the currents in the system.  

Overall, the batteries tend to be the most expensive component in the system due to the fact that they need 

replacing every 2-4 years. The battery selected was the Powerfit 12Ah which satisfied the criteria of a light, lead-acid, 

deep cycle, sealed battery. A low voltage discharge circuit was developed for the battery so as to prevent excessive 

discharge during its use by the villagers, which would reduce the life of the batteries. Finally, a robust casing with 

electrical contacts to protect the battery against harsh conditions and damage has been sourced.  

The charge controllers would also determine the lifetime of the battery by controlling the manner in which the 

batteries are charged. Three methods of implementing the charge controller were analysed and compared: off-the-

shelf Steca charge controller, self-designed charge controller to meet our specs, and the TI UC3909 Chip.  

This Design Report establishes a firm base for the upcoming work on the prototyping and building stage. The 

prototyping stage will give us a chance to test whether our design philosophy and details for each aspect of the 

design are correct, and will also allow us to correct any shortcomings in our design. 
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INTRODUCTION 

The tŀǎƪ ƻŦ ŎŀǘŜǊƛƴƎ ǘƻ ǇŜƻǇƭŜΩǎ ŜƴŜǊƎȅ ƴŜŜŘǎ ƛǎ ǉǳƛǘŜ ŎƘŀƭƭŜƴƎƛƴƎΣ ƎƛǾŜƴ ǘƘŀǘ ǘƘŜ Ƴƻǎǘ ƴƻǾŜƭ ǘŜŎƘƴƻƭƻƎƛŜǎ ƴŜŜŘ ǘƻ ōŜ 

used to be competitive. The difficulties in this task are exacerbated by the large capital investment required to 

implement such projects. To recap, our project aims at providing electricity to rural Africans. Our first pilot project 

will be carried out in Minazi village in Rwanda which has a population of 50 homes. Our solution comprises of 

building an Energy Kiosk, which is a centralised charging hub where rechargeable batteries are provided to villagers 

who use the electricity in the battery and return them to the Kiosk for recharging, hence catering to their energy 

needs. A minimal fee will be charged to the villagers so as to discourage misuse of the system. 

This makes our task is more overwhelming, given that we need to do this for populations who can sometimes earn 

less than a dollar a day. Our task involves trade-offs between selecting the newest technologies which are the most 

efficient but costly, and selecting lower specification technologies which are more cost effective. This issue has been 

the main determinant in deciding what approach to take in all areas of the project. Our endeavours to strike a 

balance between efficiency and cost bȅ ǳǎƛƴƎ ǘƘŜ Ƴƻǎǘ άŀǇǇǊƻǇǊƛŀǘŜέ ǘŜŎƘƴƻƭƻƎƛŜǎ Ŏŀƴ be seen throughout both this 

report and the Commercial Report. 

This report will provide a comprehensive analysis into the technical aspects of this Energy Kiosk, providing details on 

the modules and components that we have designed or decided to adopt, computer software that we have 

developed to assist us in designing this system and finally testing procedures that we will put our prototype through. 

This report will be divided into four major sections: 

 Top-Level Design ς Updated High-Level Design, Detailed System Design, System Sizing 

 Solar Panels and Solar Tracking ς Solar Panel Selection, Solar Tracking Theory, Location Solar Radiation Data, 

Hardware Design, Microprocessor Software Design, Testing Procedure 

 Power Management Unit ς Maximum Power Point Tracking, Circuit Protection, Testing Procedure 

 Batteries and Charge Controllers ς Battery Selection, Battery Discharge Protection, Battery Casing, Various 

Methods of Charge Controller Implementation, Testing Procedures  

TOP-LEVEL DESIGN 

HIGH LEVEL DESIGN 

The project specific high level design has changed from the one stated in the Inception Report. We all decided not to 

pursue the design incorporating an AC inverter and a water pump at the Energy Kiosk. This is because we felt that it 

would be inappropriate and unviable both technically and financially for the pilot project of 50 homes at the Minazi 

Village in Rwanda.  

We have decided to keep the high level design simple, fulfilling the core duties of charging up batteries to provide 

electricity to the rural Rwandans. The design includes solar panels which have a solar tracking mechanism; a power 

management unit that ensures that the maximum power is transferred to the charging batteries; and charge 

controllers and batteries which get charged at the various charging stations. 
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Figure 1: High Level Design of Energy Kiosk 

DETAILED DESIGN 

 

Figure 2: Detailed System Design 

Our detailed system design can be seen in the figure above. We will use two high efficiency polycrystalline 200Wp 

Kyocera Solar panels (1) in series. To protect them from any possible reverse current, a diode is included at the output 

of the panels (D3). The solar tracker will be controlling the inclination of the panels to maximise efficiency. It will be 

supplied by a system internal battery. This battery will be kept at constant ŎƘŀǊƎŜ ǳǎƛƴƎ ŀ ΨǘǊƛŎƪƭŜ ŎƘŀǊƎŜǊΩΦ  

At the heart of the system is the Maximum Power Point Tracker (MPPT) circuit with a step down isolated flyback, 

regulating the output voltage for the charge controllers. The duty cycles of the MPPT circuit are controlled by the PIC 

shown in the centre, which monitors the input and output conditions of the MPPT and ensures that the maximum 

available power is drawn from the photovoltaic panels and that the output is kept at a fairly constant level.   
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Each battery will have its own discharge and protection circuitry which will prevent it from discharging past a certain 

depth and will trip the battery if the load current exceeds the recommended maximum (for our model this is 180A 

for 5 sec).  

SYSTEM SIZING 

Our system is designed to allow some of the poorest people in the world to take advantage of electricity in their 

households. Therefore, it is very important to size the system appropriately, as any excess in system sizing will be 

incurred as an unfair cost on the people. However, we need to ensure sufficient system reliability for our system to 

be practically viable. We have developed a Scaling Model using Microsoft® Excel which allows us to determine the 

specifications for any sort of system with different number of homes, costs and various other factors. This Scaling 

Model is very versatile and dynamic and allows us to make changes to various input factors to see the resulting 

outcome on the overall system specifications. Additionally, the Scaling Model can also determine the number of 

Carbon Credits (CERs) that a system of any particular size will generate. 

 In this section we will describe the procedure used to size an Energy Kiosk system in Minazi, Rwanda (50 homes). 

 
The diagram below outlines our approach to system sizing:  

 
Figure 3: System Sizing Approach Flow Chart 

DEMOGRAPHICS

Location: Minazi, Rwanda 
(1° 44' 39 S, 29° 46' 17 E)

Average solar peak hours per day:4

Note: Equatorial location therefore little daily 
north-south solar direction variation

LOAD SPECIFICATION
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Light type and rating: 2W LED (CONRAD)

Number of hours of light per night:  4
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Number of 
Homes

Location

System 
Specification

Desired Battery 
Return Rate

Battery Sizing

Daily Battery 
Influx

Solar Panel Sizing

Load Profile

Business Driven 
Need 

Capacity for Extra 
Usage

Required 
Charging Capacity 

Estimated System 
Losses



Project Spark 

 

BATTERY SIZING  

Ideally, we would like the customers in the village to return to the kiosk for recharge every 7 days (Desired Battery  

Return Rate). From this we can calculate the capacity (Ah) requirement on a 12V (Rated Battery Voltage) lead acid 

based battŜǊȅ ǳǎƛƴƎ ǘƘŜ aƛŎǊƻǎƻŦǘϯ 9ȄŎŜƭ {ŎŀƭƛƴƎ aƻŘŜƭ ǘƘŀǘ ƛǎ ǎƘƻǿƴ ōŜƭƻǿΦ ²Ŝ ǳǎŜ ǘƘŜ άDƻŀƭ {ŜŜƪέ ŦǳƴŎǘƛƻƴ ƛƴ 

Excel which determines the optimum battery size for a battery rate of return on 7 days. The summary of the system 

specifications is shown below in the Scaling Model. The grey cells are all input cells which have values hardcoded in 

them; these are the values that can be changed. All the white cells with black text are all calculated from other cells. 

The formula of each cell is shown in italics on the right of the cell.  

 
Figure 4: Scaling Model: Batteries and Load Worksheet 

Group Project
Scaling Model - Batteries + Loads (Lights, Mobile)

No. of Households 50 Actual data

Average no of people per household 8 Actual data

Total Number of People Catered To 400 =No. of Households x Avg. no of people per household

No. of Batteries 50 =No. of Households

Battery

Model Powerfit 12Ah

Charge Stored/Ah 12

Voltage/V 12

Price/$ 30 In RWF 16965

Documented Battery Life/years 4

Battery Life Scaling Down Factor 1

Actual Battery Life/years 4.00 =Documented Battery Life x Scaling Down Factor

Discharge Cycle 80%

Available Charge/Ah 9.60 =Charge Stored x Discharge Cycle

Energy Available/Wh 115 =Available Charge x Voltage

Charge Controllers

Model Tekka

Price/$ 25

Estimated Life/years 10

Mobile Charger

Phone Battery Charge/Ah 0.70

Phone Battery Voltage/V 3.60

Phone Battery Energy Stored/Wh 2.52

No of Charges per week/recharge 2.00

Total Energy Req. for Mobile Ph. Battery/Wh 5.04 =Phone Batt. Energy Stored x No. of Charges per week

Light

Battery Energy Available for Lighting/Wh 110 =Energy Available - Total Energy Req. for Mobile Phone Batteries

No of Lights per Battery 2.00

Model CF Konrad LED Actual data

Type CF LED Actual data

Power Rating/W 5.00 2.00 Actual data

Total Rating (factoring in No. of Lights) 10 4 =No. of Lights x Rating

Cost/$ 20.00 26.00 Actual data

Estimated Life/years 10.00 15.00 Actual data

Luminosity/ lumens 210.00 79.00 Actual data

Operating Voltage/V 12.00 12.00 Actual data

Operating Current/ A 0.42 0.17 =Power Rating/Operating Voltage

Battery discharge time/hours 11 28 =Battery Energy Available for Lighting/Total Lighting Rating 

Average battery usage per day 4 4 =no. of hours of lighting in 'Carbon Credits' Worksheet

No of days per visit to the Energy Kiosk 3 7 =Battery Discharge Time/Avergae usage per day

No of days in a year 365 365

No of visits in a year 133 53 =No. of days in a year/No of days per visit
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SOLAR PANEL SIZING 

The solar panel sizing is also done by the Scaling Model. The results from the Batteries and Load worksheet feed 

through to the Solar Panel sizing sheet and the solar panel sizing specifications are determined as shown below. The 

cells that have a άChoose:έ option, allow the user to select between various different options that are programmed 

in using a drop down menu. The Model will appropriately change the specifications based on some of these choices. 

The choices in the following worksheet are: 

1. Choose: LED or CF light, which will determine the number of days between charges 

2. Choose: with MPPT or without MPPT, which will determine the system losses 

 
Figure 5: Scaling Model: Solar Panels Sizing Worksheet 

The Scaling Model has an additional worksheet that calculates the number of Certified Emission Reductions (CERs) 

ƛΦŜΦ ά/ŀǊōƻƴ /ǊŜŘƛǘǎέ ǘƘŀǘ ǘƘŜ ǇǊƻƧŜŎǘ ƎŜƴŜǊŀǘŜǎ ŀƴŘ ǘƘŜ potential earnings from them. This part of the model is 

shown in Appendix A. However, for our pilot project of 50 homes the earnings are quite insignificant, hence we 

ƘŀǾŜƴΩǘ ƛƴŎƭǳŘŜŘ ƛǘΦ .ǳǘ ƛƴ ǘƘŜ ŦǳǘǳǊŜ ǿƘŜƴ ǿŜ ǇŀǊǘƛŎƛǇŀǘŜ ƛƴ ƭŀǊƎŜǊ ǇǊƻƧŜŎǘǎΣ ƛǘ ǿƛƭƭ ōŜ a useful tool to have to 

calculate additional income. 

Group Project
Scaling Model - Solar Panels

Batteries

No. of Batteries 50 =No. of batteries in "Batteries" worksheet

Approx no. of days per charge 7 Choose: LED

Working Days in a week/No. of days kiosk is open 5.5

Fraction of total battery influx at the kiosk on any given week 0.80 =Approx. no of days per charge/Working days per week

Batteries Charged per week 40 =Fraction of total battery influx x Total No. of Batteries

Influx per day (assuming perfect distribution of batteries discharging) 7 =Batteries Charged per Week/Working days per week

Assumption of extra influx per day 25%

Battery influx per day accounting for upward variations 9 =Influx per day x extra influx

Available charge in the battery assuming 80% Discharge Cycle/Ah 9.60 =Available charge stored in 'Batteries' Worksheet

Voltage/V 12 =Voltage in 'Batteries' Worksheet

Total energy within the battery/Wh 115 =Available Charge x Voltage

Total energy required to charge the battery/Wh 115 =Total energy within the battery

Total energy required on a day to charge batteries at the Kiosk/ Wh 1047 =Total energy x Battery influx in a day with variations

In KWh 1.05

Solar Panels

No. of peak solar hours per day/hours 4 Actual Data from Kigali Solar

Total power required to charge batteries/kW 0.26 =Total Energy Required in the Energy Kiosk/Peak solar hrs

Total power required for the ENERGY KIOSK/kW 0.26

Incrementing Factor - for extra influx & expansion 25%

Total power required for the ENERGY KIOSK assuming fluctuations/kW 0.33 =Total Power Required x Incrementing Factor

Power Management Unit

System losses 7% Choose: with MPPT

Total efficiency of the PMU system 93%

Total PV panel rating required for the Energy Kiosk/kW 0.35 =Total Power Required by Energy Kiosk/

Total Efficiency of the PMU System

Solar Panel Models

Solar Panel Model Name Kyocera

Price per Module/$ 1600

Peak Power/W 200

Estimated Life/years 20

Price per Watt/$ per Watt 8 =Price per Module/Peak Power

No of Modules Required 2.00 =Total PV Rating/Peak Power

Total Cost/$ 3200.00 =Price per Module x No. of Modules Required
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The summary of the specifications obtained from the Scaling Model are shown below. The Scaling Model has a few 

inputs that allow us to add in a buffer into the system hence allowing us to have some spare capacity to expand or to 

allow for unaccounted losses.  

 

RELATIONSHIP BETWEEN CONSUMER PATTERN AND SYSTEM RELIABILITY  

The Energy Kiosk is a system that is assumed to serve a fixed amount of customers. The system evolution of the 

Energy Kiosk is primarƛƭȅ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ Ψƭƻǎǎ ƻŦ ƭƻŀŘ ǇǊƻōŀōƛƭƛǘȅΩ ŀƴŘ ǘƘŜ ΨŘŀƛƭȅ ŎƻƴǎǳƳŜǊ ǊŜǘǳǊƴ ǇǊƻōŀōƛƭƛǘȅΩΦ ¢ƘŜ 

Ψloss of load ǇǊƻōŀōƛƭƛǘȅΩ ŘŜǎŎǊƛōŜǎ ǘƘŜ ǊŜƭƛŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ƛΦŜΦ ǿƘŀǘ ƛǎ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ ǘƘŀǘ ǘƘŜ Energy Kiosk has 

insufficient energy to charge the reǉǳƛǊŜŘ ǎŜǘ ƻŦ ōŀǘǘŜǊƛŜǎΦ ¢ƘŜ ΨŘŀƛƭȅ ŎƻƴǎǳƳŜǊ ǊŜǘǳǊƴ ǇǊƻōŀōƛƭƛǘȅΩ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ 

many factors such as, battery sizing, load specifications and expected usage.  

However, it should be clear that if the demand for charging is greater than the reliability of the system, it will create 

a dynamically unstable system in which it there is a NET build up of batteries that need to be charged. An excess of 

charged batteries in the system is desirable when the system stability is considered. In the following sections we will 

mathematically analyse ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ Ψloss of load ǇǊƻōŀōƛƭƛǘȅΩΣ ΨŘŀƛƭȅ ŎƻƴǎǳƳŜǊ ǊŜǘǳǊƴ ǇǊƻōŀōƛƭƛǘȅΩ ŀƴŘ 

the conditions under which we can ensure no NET build up of depleted batteries.  

MATHEMATICAL DESCRIPTION OF THE ENERGY KIOSK SYSTEM 

The Energy Kiosk can be described by the following system: 

 

   

          

        

        

From , we can see that the system has a memory property i.e. the previous dayΩs performance will affect the 

current system performance. Ideally, we would like the current dayΩs performance to be independent of the 

ǇǊŜǾƛƻǳǎ ŘŀȅΩǎ ǇŜǊŦƻǊƳŀƴŎŜΣ ƛΦŜ. we would not like to see a net build-up of batteries. From  we can see: 

 

 

                                                      

From the above equation we can see that to make the system absolutely memory less, we require the following 

condition to be satisfied: 

No. of Households: 50
Battery Return Rate: 7 days
Battery Usage per day: 4 hours

Battery Model: 12Ah deep-discharge battery
Battery Life: 4 years
No. of Lights per household: 2
Light Model: Conrad 2W LED 

Daily Influx of Batteries: 7
No of Charging Stations in Energy Kiosk: 7
Total Energy Required per day to Charge 

Batteries in the Energy Kiosk: 1.05kWh
Efficiency of PMU System: 93%
Theoretical PV Panel Rating Required: 350Wp
Solar Panel Model: Kyocera Solar 200Wp
Total PV Panel Rating: 400Wp



Project Spark 

 
 

That is, if the system probability of failure is equal to the daily consumer return probability, we will have no average 

NET battery build-up over time. We can identify three different modes of operation that results in different system 

characteristics: 

i.  

ii.  

iii.  

Let us characterize each of these states and define the overall effect on the system performance. The case for (i) 

results in the following equation: 

 

From ǿŜ Ŏŀƴ ǎŜŜ ǘƘŀǘ ǘƘŜ ǎȅǎǘŜƳ Ƙŀǎ ƭƻǎǘ ƛǘǎ ΨƳŜƳƻǊȅ ǇǊƻǇŜǊǘȅΩ ƛΦŜΦ ǘƘŜ ǎȅǎǘŜƳ ƛǎ ŎŀǇŀōƭŜ ƻŦ ǊŜǘǳǊƴƛng all the 

batteries received back into the system at ALL times (  ). However, it should be noted that thŜ ΨǊŜƎƛƻƴ ƻŦ 

ǎǘŀōƛƭƛǘȅΩ ƛƴ that resulted in is hard to maintain, hence ǘƘƛǎ ǎǘŀǘŜ Ŏŀƴ ōŜ ŎƻƴǎƛŘŜǊŜŘ ΨƳŀǊƎƛƴŀƭƭȅ ǎǘŀōƭŜΩΦ 

Therefore, it would be unadvisable to design a system to operate in this state. 

The condition of state (ii) results in the following system equation: 

 

 It can be ŎƭŜŀǊƭȅ ǎŜŜƴ ǘƘŀǘ ǘƘŜ ŀōƻǾŜ Ŝǉǳŀǘƛƻƴ Ƙŀǎ ŀ ΨƳŜƳƻǊȅ ǇǊƻǇŜǊǘȅΩ ƛΦŜΦ ǘƘŜ ǇǊŜǾƛƻǳǎ ŘŀȅΩs outcome affects the 

current output. Furthermore, we can see that the system is unstable and will converge higher than the system 

capacity, which will result in a NET build up of charge i.e. 

                                                                       =  

 

This can be shown as follows: 

 

  

 

 

 

In a similar manner it can be shown that: 

 

 

Following this pattern, we can generally express the following conjecture: 

                                                 

Furthermore, we can see that the result in is valid when the following condition is met: 
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Let us see the effect of convergence as : 

 

 

Hence,                                       

From we can see that the only case at which  is when   i.e. when the system is 100% unreliable. 

Furthermore, we can see that the result is the same again for the condition . We can simply plot the graph of 

 and see that  as  increases. Furthermore, we note that the lowest L is when  (i.e. the system is 

100% reliable) i.e.  when  From this we can also see that condition (iii) is the most appropriate 

one to keep a small system stable with no NET build up of depleted batteries. 

In addition, we can determine the required battery charge capacity (C) that the Energy Kiosk requires. Thus, the 

condition for dynamic stability of the Energy Kiosk is: 

                                                           

We can gain some important insight into the internal workings of the Energy Kiosk from the Capacity Formula. 

Firstly, we can note that to ensure NO NET build up of batteries, one could design the capacity of the Energy Kiosk to 

be very near the total amount of batteries present in the system (T). However, such a system would not be cost 

effective unless the unreliability of was very great.  

In addition, it can be noted that the probability variables do have an inherent variance associate with them. To some 

extent, the Capacity Formula suggests a relationship between the behaviour of the failure rate of the system (which 

is mostly governed by the sun) and the consumer behaviour. Intuitively, the previous statement does make sense; 

the behaviour of people is to an extent governed by the weather. This can be shown by the following alternations of 

: 

                                                           

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ǿƛƭƭ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜ ǎȅǎǘŜƳ Ψloss of load ǇǊƻōŀōƛƭƛǘȅΩΥ 

1. Insufficient solar radiation  

2. Higher than expected consumer demand on the system 

3. System breakage 

CONCLUSIONS 

In this section we have been able to show a relationship between the consumer behavioural pattern and system 

reliability to ensure a dynamically stable Energy Kiosk system. We have shown that the controlling factor in order to 

ensure a dynamically stable system is the system capacity i.e. how many batteries can be charged at the same time 

in the Energy Kiosk. Therefore, the condition for a dynamically stable system will be very useful to ensure proper 

system sizing and therefore also allow us to improve the overall economic viability of the system. 

 Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘΣ aŀǘǘƘŜǿ 5ŀȅǘƻƴΩǎ ǿƻǊƪ ƻƴ Energy Kiosk reliability using probability, shows that system 

reliability can drastically be increased if a few extra charged batteries are kept in the Energy Kiosk.  The calculations 
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suggest that for a 50 home system, we should aim to have 6 batteries on the shelf to increase system reliability to 

above 99%.  

Furthermore, we can easily see that our system will be dynamically stable and will ensure no NET build up of 

discharged battery. 

SOLAR PANELS & SOLAR TRACKING 

SOLAR PANELS 

There are currently three different types of panels openly available on the market. These are polycrystalline PV cells, 

monocrystalline PV cells and ŀƳƻǊǇƘƻǳǎ ƻǊ Ψ¢Ƙƛƴ CƛƭƳΩ ǇŀƴŜƭǎΦ tƻƭȅŎǊȅǎǘŀƭƭƛƴŜ ǇŀƴŜƭǎ ŀǊŜ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴƭȅ 

available ones and the cheapest type. Monocrystalline panels tend to be slightly more efficient than polycrystalline 

panels, however their large difference in price compared to the polycrystalline ones does not justify their cost for the 

extra efficiency obtained. Amorphous panels are still an emerging technology, although they have been under 

development for a few years now. A visit to a solar power plant outside Kigali during the preliminary survey trip to 

Rwanda showed that they use 250kWp of amorphous solar panels from FirstSolar. Amorphous panels are clearly the 

best choice of panels due to their efficiency under local climate conditions. These panels however are not openly 

available for systems below 30 kilowatts. Hence, the best choice of panels is polycrystalline.  

We have chosen to use 2 modules of the Kyocera 200Wp solar panels as they are known to be reliable, efficient, and 

moreover locally available in Rwanda. 

SOLAR TRACKING 

There are several methods of optimizing a photovoltaic system. Several advances have been made in semiconductor 

physics to allow the manufacture of more efficient and cost effective solar panels. Furthermore, there are relatively 

simple methods of increasing the efficiency of a PV system through the inclusion of solar concentrators and solar 

tracking. Each of these methods has its own benefits and drawbacks. For our projects we will be using a one-axis 

solar tracking mechanism to optimise our solution for use in rural communities in equatorial Africa. (2)  

THEORY 

The solar radiation is similar to an electric field. From electromagnetic theory, it is known that the electric flux that 

passes through an enclosed surface is related to the angle of the surface in respect to the direction of the electric 

field.  

The greatest power output of the panel is achieved when the panel is perpendicular to the direction of the solar 

radiation. The solar panel power output can be related to the incoming power as:  

    

Therefore, it can be seen from the above formula, that ǘƘŜǊŜ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŀŘǾŀƴǘŀƎŜǎ ƻŦ ŀŎǘƛǾŜƭȅ ΨǘǊŀŎƪƛƴƎΩ ǘƘŜ ǎǳƴΦ 

By designing a solar tracker that is able to improve the average power output from the solar panels, we can reduce 

the overall sizing of a stationary system, hence reducing the cost and the required solar panel area. As our system 

will be specifically designed for communities in rural Africa, it has to be a low cost and low maintenance system. 

Several technical aspects of this type of system need to be determined e.g.  

1. How often should the solar panel be adjusted to achieve the perfect balance between motor energy 

consumption and NET energy gained? 
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2. How to ensure a low maintenance and low cost (e.g. whether or not to incorporate a backup system, auto-

reboot, warning signals etc.)  

The following condition must be met during a day cycle to justify solar tracking (3): 

 

 

 

   

   

    

From we can see that efficiency gained from solar tracking is highly dependent on the refresh frequency (w). 

Intuitively, if we follow the sun continuously, we would be continuously using energy on the tracking motor and 

therefore such system would most likely be inefficient. Conversely, infrequent tracking would create a reduction in 

the possible power output possible from the solar panel.  

It can be noted that the refresh frequency is dependent on the maximum system deviation angle from the sun (). If 

the step frequency of our system is  and that after each step , we can approximate the energy lost due to this 

step resolution: 

 

 

  

    

From ǿŜ Ŏŀƴ ŘŜŦƛƴŜ ǘƘŜ Ψ5ŜǾƛŀǘƛƻƴ ŀƴƎƭŜ ŜŦŦƛŎƛŜƴŎȅ ŦŀŎǘƻǊΩ όas; 

  

Computational data obtained from satellites indicates that the yearly average amount of peak hours in Rwanda 

excluding any tracking is 4.9 hours (See Appendix B). Furthermore, we know that the number of peak hoursΩ increase 

to 6.7 if a two-axis tracking mechanism is introduced. Therefore using  and  we can redefine our condition 

of stepper motor operation as: 

)>  

Rwanda is an equatorial country located in the centre of Africa. We have developed a computer program in Matlab® 

to predict the solar path as function of day of the year and the hour of the day (4). The code for the Matlab® Program 

is shown in Appendix C. The results from Kigali, Rwanda were compared with results from London, UK. We found 

that the variation of the solar path in Kigali was of a much smaller magnitude than that of London. Furthermore, we 

can also note that the North-South movement in Kigali is narrower compared to the same movement in London on 

any given day of the year. Therefore, we have decided that a one-axis east-west tracker will result in the optimum 

balance between cost effectiveness and efficiency gained. The results from the simulation can be found below: 
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Figure 6: Top graph shows the absolute north-south difference in solar position as function of day and hour  

The bottom graph shows the day length pattern as function of the day of the year 

From the above simulation output, it is clear that the Day Length remains nearly constant throughout the year in 

Rwanda. The Day Length simulation output for London is as expected; the days are shorter during the winter and 

longer during the summer. Furthermore, it can be seen that in Rwanda, the North-South deviation is insignificant 

and it has a maximum deviation of 25.118° during a solar year.  The deviation in London is found to be 43.994°. 

Therefore, seeing that the North-South angle is not significantly affected during any particular day in Rwanda, we 

suggest a simple East-West axis tracking to improve power output with monthly North-South angle compensation on 

the solar panel support structure. Even if the North-South tracking is ignored, we expect a significant improvement 

in power output.  

SOLAR TRACKER HARDWARE DESIGN 

Our intention is to use a stepper motor that is 

connected to the solar panel via a gear box. 

Furthermore, we have decided to use an off-shelf 

stepper motor driver circuit. Our control system 

will be embedded into a PIC (5) which will control 

the direction, speed and refresh frequency (w).  

 

The following components have been selected:  

 

The driver board is capable of providing the stepper motor with appropriate stepping sequence and is also capable 

of controlling the speed of the movement. Therefore, the only input the PIC needs to provide the driver board is the 

following control signals: 

1. Direction 

2. Speed (set by the clock frequency of the board) 

 

Kigali London

Photodiode

BS520E0F 

PIC

PIC12F629

Driver Board

RS 217-3611

Stepper Motor

191-8340

Photodiode

Stepper 
Motor

PIC Driver Board

Figure 7: Solar Tracker High Level Design 
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The photodiode will detect the sunrise and thereafter the PIC will implement the designed tracking algorithm that 

will move the stepper motor in a programmed manner. Furthermore, upon detection of the sunset by the 

photodiode, the PIC will ensure that the Solar Panel is returned to its original starting position.  

THE PIC 

The PIC (Programmable Intelligent Computer) is an industry standard microcontroller used in a wide range of 

applications. In essence, it is a programmable I/O (Input/Output) device. The choice of a PIC is generally based on 

five parameters: Number of I/O required; peripherals needed; memory size; microcontroller speed; physical size. (6) 

Our main criterion for selection is the number of I/O pins. The specifications of our PIC are determined by the 

algorithm described below. We will have only one input from the photodiode to make the program run or enter 

Sleep Mode. The outputs of the PIC are determined by the inputs required by the motor driver, i.e. one for the 

direction of rotation and another for the step pulses. Therefore, we only require 3 I/O ports. No peripherals are 

required and the memory usage is small with very few variables. The microcontroller speed should be high given that 

this will provide a more accurate calculation of time, and the physical size is not a matter of concern for our 

application. 

The PIC12F629 microcontroller meets our requirements. It has 

6 I/O pins and can be run with a 20MHz oscillator, giving a CPU 

speed of 5MIPS. It also includes 128 bytes of EEPROM memory 

which could be used to store some fixed parameters like the 

motor frequency. It includes an 8-bit Timer module with a 

corresponding prescaler which can perform the operation 

described in the software. 

Product  
Family 

Status Volume  
Pricing 

Architecture Memory  
Type 

Program  
Memory  
Kbytes 

Program  
Memory  
Kwords 

Self- 
write 

EEPROM  
Data  

Memory 

RAM I/O  
Pins 

Pin  
Count 

Max. 
CPU  

Speed  
MHz 

CPU  
Speed  
MIPS 

Internal  
Oscillator 

PIC12F609 In  
Production 

$0.63 8 Flash 1.75 1 No 0 64 6 8 20 5 4 MHz,  
8 MHz 

PIC12F615 In  
Production 

$0.70 8 Flash 1.75 1 No 0 64 6 8 20 5 4 MHz,  
8 MHz 

PIC12F629 In 
Production 

$0.70 8 Flash 1.75 1 No 128 64 6 8 20 5 4 MHz 

Figure 9: Specifications of Different PIC Chips (6) 

THE STEPPER MOTOR 

The RS 217-3611, is a 4-Phase Unipolar Stepper Motor Driver Board. It requires four external control signals to 

function:  

 
The PIC will be responsible for the Clock input and the Direction Input. The Direction Input will be important to 

ensure that the system is reset to its original position after the 

end of the day. Furthermore, the clock input will allow the PIC to 

control the number of steps the Stepper Motor takes, thus 

ensuring that the desired average angular velocity is maintained.  

The RS 191-8340, is a 12Volt 494mMn stepper motor with a 

stepping angle of 1.8° (7). Therefore, depending on our update 

frequency (w), we need to ensure that sufficient number of steps 

are taken so that the average angular velocity of 15° per hour.   

B : Full Step/Half Step C: Clock D: Direction E: Pre-Set

Figure 8: PIC12F629 Chip Diagram showing I/O Ports 

Figure 10: RS 217-3611 Stepper Motor Driver Board Circuit 

Diagram 
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PIC TIMER ALGORITHM  

The operation of our solar tracker will be based on moving the stepper 

motor the required number of steps at discrete intervals of time so that 

the panels will be perpendicular to the solar radiation most of the time. 

In order to implement this, we need to be able to measure time. The 

rate at which the panels will move will be short enough to be measured 

in minutes.  

Therefore the PIC needs to be programmed to act as a timer. Initially, 

the PIC will be kept in sleep mode for power saving purposes. As soon as 

the sun rises, the photodiode will initialise the program. It will then 

count the minutes until the motor has to be driven and then restart the 

count again. The PIC will also have to remember the number of steps 

the motor takes, given that once the sun sets, the panels will have to go 

back to their initial position by taking back as many steps as they took 

during the day. The microprocessor will then enter sleep mode again 

and restart the cycle. 

To implement this program, we will use the timer module called TMR0 

included in most PICs. By enabling this timer, the memory location 0x01 

of the PIC will keep track of the number of instructions processed. The 

increment of TMR0 depends on the value of the prescaler. If it is set to 

1:1, TMR0 will increment its value for every instruction, if set to 1:2, 

every two instructions, and so on. The maximum value of the prescaler 

is 256. Whenever the value of TMR0 reaches its maximum (256 for an 8-

bit timer), an interrupt will occur. 

The time that every instruction takes can be derived from the crystal clock frequency driving the PIC. Therefore, we 

can derive the rate at which interrupts will be called from the values of three variables: the crystal clock frequency, 

the initial value of TMR0 and the prescaler. Hence by knowing the frequency of the interrupts, we can calculate the 

number of interrupts needed for a second to have passed. (8) 

 

 

(+2 needed because two instructions go by without incrementing TMR0 whenever we write to it. We will have to 

write to TMR0 every time an interrupts is called)  

 

The PIC will remain in sleep mode when no light is detected by the LED sensor. As soon as sun is detected, the 

software will be launched. It will enter an infinite loop where it will constantly check if the number of interrupts 

called is greater than the amount we need for a second to elapse. By checking this condition, TMR0 will count up PIC 

instructions and interrupts will be called at a rate  

Figure 11: PIC Timer Algorithm Flowchart 
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There will be a point when this condition becomes true and we will increment a variable assigned to count seconds. 

LŦ ǿŜ ƘŀǾŜƴΩǘ ǊŜŀŎƘŜŘ сл ǎŜŎƻƴŘǎ ȅŜǘΣ ǘƘŜ ǇǊƻƎǊŀƳ ǿƛƭƭ ǎǘŀǊǘ ǘƻ Ŏƻǳƴǘ ƛƴǘŜǊǊǳǇǘǎ ŀƎŀƛƴΣ ōǳǘ ƛŦ ǿŜ ƘŀǾŜ, we will 

increment a variable used to count minutes and reset the seconds register.  

The program will continue with this process until the count of minutes is greater than the threshold specified by the 

user after which the motor should take a given number of steps. At that point, the motor will be driven and the PIC 

will have to remember the number of steps taken by the motor during the day by incrementing a variable. Finally, 

the program will check if the LED is still on. If it is, it will reset the variables used for seconds, minutes and steps, and 

ǊŜǎǘŀǊǘ ǘƘŜ ǿƘƻƭŜ ǇǊƻŎŜǎǎΦ LŦ ƛǘ ƛǎƴΩǘ ƛǘ ǿƛƭƭ Ǉǳǘ ǘƘŜ ǇŀƴŜƭǎ ōŀŎƪ ǘƻ ǘƘŜƛǊ ƛƴƛǘƛŀƭ Ǉƻǎƛǘƛƻƴ ŀƴŘ ŜƴǘŜǊ ǎƭŜŜǇ ƳƻŘŜΦ  

TESTING 

The primary test on the solar tracking module will be to determine the most efficient refresh frequency of the motor 

i.e. how often we need to drive the motor. It is imperative that we strike the right balance between power gained 

from solar tracking and power consumed by the motor. This testing will be done using a speculative approach and 

trying different values of the refresh frequency (a priori in the order of tens of minutes) both theoretically and 

practically until the most efficient solution is determined. Another interesting test will be determining the effect on 

the overall efficiency of manually adjusting the panels 2 or 3 times a year to account for North-South tracking. This 

can only be tested theoretically since a whole year would be required to take practically take measurements. 

Another issue is the robustness of the tracker. The PIC algorithm will have to be tested by shining light onto the 

photodiode, which would then trigger the whole mechanism. To successfully pass this test the tracker would have to 

ensure that the solar panel completes the cycle for a day and returns to its initial position. This process will be 

repeated several times to determine the reliability of the program and to establish whether a backup system will 

have to be included to compensate for the power loss during an error. The entire structure will also have to be 

tested for harsh weather conditions such as wind, heavy rainfall and dusty conditions. 

POWER MANAGEMENT UNIT 

Systems powered by PV cells suffer from a great susceptibility to rapidly changing Solar Insolation levels. This causes 

the I-V output characteristic of a PV panel to change. Unless special circuitry is deployed, most loads will not be able 

to adapt their own I-V characteristics to these changing circumstances and may at best simply cause the panels to 

operate inefficiently and at worst cause the system permanent damage. Either outcome is most undesirable as we 

are trying to cost optimise our system and hence want as little wastage as possible as well as protect the system 

adequately from permanent damage.  

The Power Management Unit (PMU) is designed to ensure that the panels operate at their maximum efficiency. It 

will control the power flow from the generation side to the load side (in this case the charge controllers) and protect 

the system from reverse current flow and large current flows. The output voltage of the PMU will be between 12V-

15V which will be monitored and if necessary adjusted by a micro controller in the PMU.  

THE I-V CURVE PREDICAMENT 

The I-V characteristics of a typical PV panel are shown in the figure below. It can be noticed that the I-V characteristic 

is strongly influenced by the insolation level and the operating temperature of the PV cells. Although the 

temperature may vary significantly, it is not something that will change very rapidly. Insolation levels on the other 

hand can change rapidly, by moving clouds for example. 
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Figure 12: Typical I-V characteristics of a PV module 

Under normal circumstances, we would aim to operate at the Ψknee pointΩ of the horizontal and vertical sections of 

the I-V characteristic which will allow us to draw the maximum amount of power available from the panels. 

Assuming that we are operating at the knee point at an insolation level of 600W/m2, our load will be demanding a 

current of about 4.7A. The problem arises when the insolation level drops significantly, to 200W/m2 for example. The 

load will still want to draw a current of about 4.7A as we are still operating at a similar voltage level as before. This is 

however not possible anymore and by trying to satisfy the load demand, the operating point begins to slide up (to 

the left) the I-V curve increasing the current. This causes the voltage level to collapse and the system to settle at a 

much lower operating point. This means that we are far from the maximum power output of the panels (under the 

current insolation level). Energy that is not used by the load will then have to be dissipated through the panels in the 

form of heat, which will in turn reduce efficiency. As can be seen in the figure aboveΣ ǘƘŜ ǇŀƴŜƭΩǎ ƳŀȄƛƳǳƳ Ǉƻwer 

output follows an inverse relationship with respect to temperature, i.e. the hotter the panels the less efficient they 

become.  

MAXIMUM POWER POINT TRACKING (MPPT) CONCEPT 

The above mentioned problem can be overcome by allowing the panels to only operate on the I-± ŎǳǊǾŜΩǎ ΨƪƴŜŜ 

pointΩΦ ¢ƻ Ǌǳƴ ǘƘŜ ǎȅǎǘŜƳ ŀǘ ƳŀȄƛƳǳƳ ŜŦŦƛŎƛŜƴŎȅ, the ideal operating point would be the Maximum Power Point 

(MPP) as shown in the figure below. By forcing the system to operate at a certain power point however we may not 

be able to supply the desired output voltage or current. The system will have to be designed to work with one or the 

other at a fixed level. (9) (10) (11) 

 
Figure 13: MPPs of photovoltaic systems with varying insolation levels 
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IMPLEMENTATION OF MPPT USING DC-DC CONVERTERS 

The problem of forcing a certain operating point onto a system can be solved by connecting a DC-DC converter 

between the PV panels and the load (12)(13). Using a Switch Model Power Supply (SMPS) for the DC-DC converter, we 

can control the duty cycle, which in turn controls the output voltage and hence the operating point of the panels. 

The panels will be producing energy at all times. Therefore, it is important to design the SMPS such that it draws 

constant current (as opposed to in intervals). This is important so as not to destabilise the voltage level of the panels, 

especially since that is the variable we wish to control. A simple and robust circuit to use is the Boost SMPS. This 

circuit has an inductor on the input and as long as it is designed ŀƴŘ ŎƻƴǘǊƻƭƭŜŘ όǾƛŀ ǘƘŜ Řǳǘȅ ŎȅŎƭŜ ʵмύ ǘƻ ōŜ ƪŜǇǘ ƛƴ 

continuous mode it will also draw current continuously from the PV panels. General design specifications can be 

found in the literature for this circuit. However, it is important to understand the equation relating output and input 

voltage: 

 

To operate at the MPP the circuit needs to be 

operated at duty cycles between 10% and 60%. 

A duty cycle of 10% is relatively low and hence 

will require a large inductor (choke) in the 

millihenry region to keep the boost from going 

into discontinuous mode. When sizing the 

output capacitor, we have to find a trade off 

between reaching the desired voltage level 

before the next sample of the input current is 

taken by the micro processor and having a large 

voltage swing on the output.  

Following some basic PSpice simulation, an inductor of about 1mH and a capacitor of about 500µF should be 

adequate for the series coupled solar panels. Accurate calculations regarding component values can only be made 

once the input impedances of the charge controllers are better defined. 

The output voltage from the Boost SMPS will realistically operate at a maximum voltage of about 120V (assuming 

that current will always be drawn from the panels and hence the input voltage is no more than 30V per panel and 

the maximum duty cycle used is 50%). This voltage however is much too high to be used by the charge controller. 

Hence we will need to step down the voltage to about 12V-15V.  

A simple way to step down voltage is to use a Buck SMPS. The problem with this circuit in our case is that the output 

voltage is directly proportional to the duty cycle. Hence a duty cycle of about 10% would be required to step down 

the voltage. Operating SMPSΩ at such low duty cycles, as mentioned before, can be troublesome. A better option is 

to use an isolated flyback SMPS which has an isolating step-down transformer. The transfer ratio of this SMPS is as 

stated below and the circuit is shown below: 

 

Figure 14: Boost SMPS Circuit 

Vi Vo 

ɿ 
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Figure 15: Isolated Flyback SMPS Circuit 

The advantage of this circuit is that we can scale the output voltage using both a preset factor as well as by adjusting 

the duty cycle. For our design, the ratio of N1/N2 = 10 meaning we would only require the duty cycle to adjust for 

slight discrepancies. Even if the output voltage of the boost is 80V, we would still only require a duty cycle of 60%. To 

keep the voltage output at a constant level, the micro processor will have to monitor the output voltage and adjust 

the duty cycle of the flyback accordingly. 

The algorithm used is a standard perturb and observe algorithm as described in V. SalasΩ paper (9). When initialising 

the algorithm for the first time it is important to start off with a duty cycle of 100% to ensure that we start off lower 

down the I-V characteristic curve. From thereon, the program should start the MPPT algorithm with a duty cycle of 

20%. A good value for the duty cycle increment (C) remains to be determined experimentally but we predict a value 

of about 1% should be a reasonable values to start with.  

A suitable choice of microprocessor is the PIC18F2221. It contains 4 I/O ports, 4 timers, 2 PWM modules and a 10bit 

A/D converter. Further details can be found in the data sheet.   

CIRCUIT PROTECTION 

To ensure that the PV system we put in place at the Energy Kiosk is safe for both the equipment and the personnel 

running the Kiosk we have incorporated various fault protection mechanisms into the system. To protect the system 

from high currents, we have included fuses at the input and the output of the PMU. These fuses have a maximum 

current rating which will be determined once the prototype is built, and will break the circuit if this is exceeded 

within milliseconds. Each charge controller has its individually secured power line so that if any of the charge 

controllers should develop a fault which may cause it to short circuit, only the faulty circuit will be cut off. For 

additional safety, we may incorporate circuit breakers at the input of the PMU and at each of the charging stations.  

Additionally, due to the high incidence of lightning in Rwanda, the Energy Kiosk will have lightning arrestors around 

it, so as to ensure that all the equipment is not destroyed in the event of a lightning strike. A map of lightning 

incidence in Rwanda is shown in Appendix D. 

TESTING  

We will first simulate the entire MPPT in PSpice with an accurate load definition. After this has been accomplished 

the circuit will be built and tested in the laboratory before a prototype is going to be field tested in Rwanda.  

 

Vi 

Vo 

ɿ 
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Figure 16: MPPT Algorithm Flowchart 

 

 

 

 

 

 

Sense:
VPV(t) & IPV(t)

Calculate:
PPV(t) = VPV(t) x IPV(t) 

Sense:
VPV(ǘҌɲǘ) & IPV(ǘҌɲǘ)

Calculate:
PPV(ǘҌɲǘ) = VPV(ǘҌɲǘ) x IPV(ǘҌɲǘ) 

Calculate:
ɲtPV= PPV(t) - PPV(ǘҌɲǘ)

ɲtPV> 0
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BATTERIES AND CHARGE CONTROLLERS 

BATTERY SELECTION 

The batteries can be most expensive components of the PV system as they need to be replaced quite frequently. The 

choice of batteries is therefore extremely important and care must be taken into maximising their lifetime by 

choosing a type that is suitable for a PV system of our scale. Several points must be considered when selecting the 

type and size of battery.   

The households must be able to use the battery without having to visit the Energy Kiosk for recharging too 

frequently. This and the estimated power usage per household were the main factors when deciding the sizing 

methodology as discussed previously. 

Apart from the battery sizing, the type of battery will be of great importance to the PV system also. There are several 

types of batteries such as lead-acid, nickel-hydride, nickel-zinc etc. (14) However, the lead-acid battery appears to be 

the best option for PV systems. This option gives the highest capacity per dollar (15), and has a lower initial cost than 

many other options (16). It is commonly used in PV systems and is readily available in most parts of the world. Our 

system will therefore make use of lead acid batteries.  

The two main classes of batteries that must be considered are shallow and deep cycle batteries. The lifetime of 

shallow cycle batteries will be significantly reduced if they are subject to repeated deep discharge, i.e. a discharge 

above 20% of its capacity. Shallow cycle batteries would require customers to recharge the battery often and their 

lifetime is likely to be compromised.   

It is therefore desirable to employ deep cycle lead acid batteries. These can withstand repeated discharging up to 

80%. However it is important to note that even for these batteries, shallower discharge cycles may increase their 

lifetime. It is important to recharge the batteries completely soon after discharging, as sulphation occurs when they 

are left in a discharged state over a long period time. Sulphation results in a permanent loss of capacity.  

The choice must now be made between open vent and sealed batteries. Open vent batteries require water 

additions, i.e. manual maintenance. Sealed batteries, on the other hand, do not require manual maintenance and as 

they are liquid tight, they can be used in any position without leaking acid. For this reason, sealed batteries are 

suitable for applications that involve the transport of the battery. Hence, it is imperative that we use sealed batteries 

as the Energy Kiosk concept requires people to transport batteries to and fro from the Kiosk.  

We also have to take into consideration the weight of the battery as we would not like to have our customers carry 

heavy batteries for large distances, just so that they can get electricity for a week. Heavy batteries will also prevent 

people from using our services. Hence, we need to find a battery as light as possible. 

The choice has now been narrowed down to light, lead-acid, deep cycle, sealed batteries. The final factor in deciding 

the battery now is local availability.  

Findings from the survey trip made in January 2009, indicated that the Powerfit S300 produced by Exide Industrial 

Technology (see Figure 27 in Appendix E) is locally available in Rwanda. This is a deep cycle battery that can 

withstand discharge up to 80% and has an expected lifetime of 3-4 years, taking into account the heavy usage and 

harsh environment in Rwanda. Weighing in at 2.6kg, it is also extremely light hence can be carried large distances. 

The fascinating feature about this battery is the fact that the electrolyte is contained within a glass mat.  

The general advantages of this specific battery and its capacity are: 

1. Spillages from damaged batteries are prevented due to the sealed glass mat battery 

2. Light battery, hence making it easy to transport 
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3. Reduced potential safety hazards due to smaller battery size, reduced acid leaks, and lower output currents 

4. Low internal resistance due to more efficient battery cell structure 

5.  Small self-discharge current increasing the lifetime of the battery 

6. Smaller battery size makes it cheaper for the Energy Kiosk to replace  

BATTERY PROTECTION 

As highlighted earlier, the batteries are the most expensive components of our system due to their frequent 

replacement and hence they need to be well protected so that they do not break down during their heavy use. 

Furthermore, lead-acid batteries can be potentially dangerous to the user. Battery protection is therefore necessary, 

to protect both the battery and the user. The battery protection will consist of the battery casing and protection 

circuitry. 

 BATTERY CASING 

In order to prevent the user from misusing the battery, extra casing is provided which includes electrical contacts for 

2 LED lights, a cell phone charger and an optional radio plug/contact for general applications. The casing can 

accommodate a display made of Light Emitting Diodes (LEDs) which shows the state of charge of the battery.  

This casing will allow the end user to use the battery ǿƛǘƘƻǳǘ ΨŘƛǊŜŎǘ ŎƻƴǘŀŎǘΩ ǿƛǘƘ ǘƘŜ ōŀǘǘŜǊȅΣ ǘƘǳs eliminating the 

possibility of making dangerous false connections. The state of the casing will allow us to determine if the customers 

are handling them recklessly, thus allowing us to revoke the deposit that the users have paid on the batteries. 

The quality of the casing can be tested by putting it through a series of mechanical tests, to ensure that it is strong 

enough to protect the battery during daily use transportation.  

 PROTECTION CIRCUITRY 

In order to prevent the battery from excessive discharge, circuitry is needed to 

detect the level of charge present at any given time and prevent the battery from 

being discharged above the maximum set level. The level of charge can be 

estimated by measuring the open circuit voltage across the battery terminals, after 

the battery has been at rest (i.e. not been in use) for at least 3 hours. (16) 

By setting a reference voltage, Vref and measuring the open circuit voltage (VOC) 

between the battery terminals, the two voltages can be compared. When VOC drops 

below the reference voltage the battery must be disconnected from any loads, so 

that further discharge is prevented. This is the principle of a Low Voltage 

Disconnect circuit (LVD) and will be used by our system to protect each individual 

battery.  

In addition to preventing excessive discharge, it is desired that the LVD uses light emitting diodes (LEDs) to display 

the state of charge of the battery. This will indicate to the user when the battery must be returned to the Energy 

Kiosk for recharging.  

Vref  must be chosen to correspond to the battery being 80% discharged, as discharge above this level will shorten the 

batteries lifetime. The voltage across the terminals corresponding to this will vary depending on the battery type. It 

will therefore be necessary to test a real battery for an accurate reference point. For now, we can assume that it is in 

the range 11.5V - 11.8V (17). Any difference between this range and the actual Vref of the batteries used by our system 

can be compensated for by scaling the components of the LVD appropriately.  
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The temperature of the battery holds some information about the battery. If too much current is drawn from the 

battery or if it is damaged, the temperature of the battery will increase. A thermal fuse can be added to the 

protection circuitry. If the temperature is too high, the fuse will blow. This will protect the user from damaged 

batteries and if the increase in temperature is due to too high currents, this will protect the battery.  

The LVD circuit which is shown in Figure 18 operates as explained below. A more detailed description of the circuit 

with all the equations can be found in the Appendix F. (18) 

  

 
Figure 18: Low Voltage Disconnect (LVD) Circuit Diagram 

The circuit detects the battery voltage indirectly through the voltage at node A (VA) resulting from the potential 

divider formed by R1 and R2. This voltage is compared to the voltage at node B (VB), which is selected such that 

when the two voltages are equal, the voltage across the two battery terminals corresponds to the battery being 80% 

discharged (i.e. Vref). When this occurs the output of the comparator is high, which turns the p-channel MOSFET off, 

thus disconnecting the load.  

 

However, when the load is disconnected the battery voltage increases. This causes the comparator to oscillate, 

repeatedly turning the MOSFET on and off. To avoid this R6 is added; part of the output voltage of the comparator is 

fed back to so that when the output of the comparator is high, VB is increased compared to the VA. In order to 

prevent oscillation, VB must be increased sufficiently; this will be determined by the internal resistance and the 

maximum discharge current.  

 

Two LEDs have been added to indicate the state of the battery. When the load is connected to the battery a green 

LED is turned on, indicating that the battery is sufficiently charged for use. When the battery is discharged the 

output of the comparator is high, turning the red LED on. A thermal fuse is added in series to the battery such that 

the connection to the load is cut off if high temperatures are reached. As explained earlier, this allows the protection 

of both the user and the battery.  

 

In order to determine the component values, the relationship between the battery open circuit voltage and its state 

of charge must be known. This relationship will be found experimentally during the next stage of this project. The 

component values will then be selected accordingly.  

TESTING 

Before implementing the entire system ς in particular before connecting the LVD to a battery, the circuit can be 

tested by applying a variable DC power source in the place of the battery. By varying the voltage between the 


