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There are 1.4 billion people worldwide living without access to electricity. Providing these people 

with access to electricity can have a huge impact on their income, education and health. Across 

Africa people are using Kerosene for lighting which produces poor quality light but more 

importantly releases toxic fumes and can easily cause severe burns. The movement to eradicate 

Kerosene is growing but there are still many barriers for the end customers, one of the biggest 

being the lack of finance for purchasing alternatives.  

One alternative is the Solar Home System; this is typically a PV (solar) panel, storage battery and 

LED lights. These are selling in large numbers to the richer consumers in developing nations but are 

still too expensive for consumers at the bottom of the income pyramid. In 2012 with e.quinox, I 

developed a prototype Solar Home System called the izuba.box that could be purchased on a pay-

as-you-go plan. This meant that we could better replicate the business model of Kerosene, which is 

to sell small quantities frequently, making an expensive product more affordable to the end 

customer. The 2012 prototype was trialled in Rwanda and highlighted many areas for 

improvement, the most important being the poor quality charge controller which shortened 

battery lifetime. 

The desired outcome of this project is an open-source but commercially viable izuba.box which 

integrates an intelligent charge controller. The charge controller is designed to extend the useable 

lifetime of the sealed lead-acid batteries whilst making the most efficient use of the PV panel. This 

will help to reduce the cost and environmental impact of the izuba.box and better meet its original 

aims of being a truly affordable alternative to Kerosene. 

The charge controller has now been designed, tested and is ready for trial deployment. The charge 

controller makes use of a technique called interrupted charge control which was shown to increase 

battery lifetime by up to 400% when used with an unlimited power source. This gain in battery 

lifetime is mostly due to the reduction in overcharging which normally occurs during current charge 

control algorithms. The innovation in this project is applying interrupted charge control to small PV 

system with unreliable and intermittent power. This means that maximum power point tracking, 

temperature dependence and on-load battery charging must be considered to ensure that the 

system is optimised for battery lifetime without impacting the usability. 

A secondary aim of the project is to reduce the manufacturing and assembly time and complexity 

of the product whilst increasing the reliability and robustness. The product is now designed as a 

single PCB which combines the charge controller, payment system and user interface. The PCBs 

and matching casings can easily be manufactured by external partners without specialist 

electronics or engineering knowledge. This was done so that organisations that are larger than 

e.quinox can use these designs for their own trials or even large scale distribution to start to tackle 

the electrification problem on a bigger scale. 

There is still work to be done in this project. Long-term battery lifetime tests could not be 

completed in the timeframe and battery temperature based test proved inconclusive. However, 

the product is designed to include an optional data-logging unit which can be used by e.quinox to 

perform a full analysis following a trial of 100 units which will commence in Rwanda during the 

summer of 2013. 

 

 



6 
 

TABLE OF CONTENTS  



7 
 

Abstract ................................................................................................................................................ 4 

Table Of Contents ................................................................................................................................ 6 

Introduction ......................................................................................................................................... 8 

Overview .......................................................................................................................................... 9 

Project Aims ................................................................................................................................... 14 

Background ........................................................................................................................................ 16 

PV Panels ........................................................................................................................................ 17 

Sealed Lead Acid Batteries ............................................................................................................. 24 

Implementation ................................................................................................................................. 30 

System Overview ........................................................................................................................... 31 

Microcontroller and Software Overview ....................................................................................... 34 

Charge Controller ........................................................................................................................... 38 

User Interface ................................................................................................................................ 53 

Payment System ............................................................................................................................ 59 

Design For Assembly ...................................................................................................................... 61 

Future Work ....................................................................................................................................... 66 

Conclusion .......................................................................................................................................... 68 

Bibliography ....................................................................................................................................... 70 

Bibliography ................................................................................................................................... 71 

Appendix ............................................................................................................................................ 74 

Hardware Designs .......................................................................................................................... 75 

Software Designs ........................................................................................................................... 80 

Mechanical Designs........................................................................................................................ 81 



8 
 

INTRODUCTION  



9 
 

OVERVIEW  

This project aims to develop a charge controller suitable for use in domestic off-grid solar systems. 

The developed charge controller will be incorporated within a pay-as-you-go solar home system 

named the izuba.box which is designed to provide low income groups in developing nations with 

clean access to lighting and electricity. The project is affiliated with e.quinox, an Imperial College 

based, student run project, and Engineers Without Borders UK, an international development 

organisation. During the summer of 2013 the izuba.box will be manufactured and used in a trial of 

100 households in Rwanda. This report discusses the motivations behind this project, background 

research and the final implementation. Importantly, it also highlights the future work required and 

lessons learnt. 

THE ELECTRIFICATION PROBLEM  
There are 1.4 Billion people living worldwide without access to electricity (1).  In Africa 57% of the 

population live without access and this is predicted to rise to 67% by 2030 (2). In Rwanda 

specifically only 7% have access (3) and in rural areas this falls to 1%. Bringing electricity and 

lighting to these areas can have a huge impact; productivity can increase as people work and do 

business later into the evening which boosts the local economy. School children can study later 

into the evenings allowing them to achieve better grades, and finally it reduces the travelling 

required to recharge mobile phones and to purchase Kerosene for lighting. 

The passage below is a message received from a young person living in a small village in Northern 

Rwanda where e.quinox first trialled the izuba.box concept. It shows the impact that clean and 

easy access to electricity can have. 

“I really like your project here ,it is quiet awesome to see my small quarter called 

MUNYANA(Minazi) at the evening all blight with the light provided by your organization 

e.quinox. previously, we were mainly based on petrol lights or candles for some people, but 

to day it is note the case due to equinox. moreover it was so hard to recharge our phones, 

you can imagine that the people did about 5 kilometers to get to the sector office to 

recharge their phones because it was there only found electricity along over the whole 

sector. but to day we almost use boxes to recharge.” [sic] 

Many people would argue that a commercially viable solution cannot be used to solve the 

electrification problem as they believe target consumers do not have the money to support a for-

profit venture. This however, is a misconception. The market currently spends $37 billion dollars on 

low quality energy solutions (4). Businesses need to change their models to enable profit to be 

generated from this new market. 

Bottom of the pyramid (BOP) consumers cannot afford to pay large amounts of cash for a product 

and are much better served by small, frequent payments. For example, shampoo is often sold to 

these markets in single use sachets rather than large bottles allowing the price sensitive consumer 

to purchase just what they need for that day (5). A second example is how people are currently 

buying Kerosene, the fuel used for lighting. People purchase only enough to last a few days rather 

than buying in bulk which is potentially cheaper. By applying this business methodology to 

electrification, the issues can be tackled in a sustainable and large scale way by for-profit 

companies.  
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FIGURE 1  -  THE ECONOMIST PYRAMID SHOWING THE HUGE SIZE OF THE MARKET OF BOTTOM OF THE PYRAMID 

CONSUMERS.  WHILST THE CONSUMERS IN TIERS 4  &  5  HAVE LESS PURCHASING POWER EACH THERE ARE MANY MORE 

OF THEM MAKING THE MARKET WORTHWHILE TARGETING (5). 

CURRENT SOLAR HOME SYSTEMS  
Many companies are entering the developing nation’s electrification market with products known 

as solar home systems (SHSs) or solar lanterns (SLs). These are solar powered systems, with storage 

batteries providing lighting and often mobile phone charging. Bboxx and DLight are examples of 

companies supplying these systems commercially. 

 

FIGURE 2  -  BBOXX'S BB5  SOLAR HOME SYSTEM AND D.LIGHT'S S250  SOLAR LANTERN  

These are selling well to the richer consumers in developing nations and are often purchased in 

bulk by NGO’s such as Solar Sister (6) to be given to the end customers. Through NGO’s they can be 

distributed to the poorest customers who need them most but this is not a sustainable solution. A 

real solution is to provide a product which is affordable to even the bottom of the pyramid 

customers. 

E.QUINOX  
e.quinox is a non-profit, student-led, humanitarian project that aims to bring cost-effective, 

sustainable and renewable energy to developing countries (7). e.quinox aims to prove that certain 

business models and technologies work thus encouraging the uptake of these models by larger 
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NGOs or for-profit organisations. The core belief of e.quinox is that the electrification problem can 

only be solved with financially viable business models rather than relying on aid.  

Since 2009 e.quinox has been experimenting with an energy kiosk model and has built 6 energy 

kiosks across Rwanda and Tanzania. An energy kiosk is a small building at the centre of a village 

with a solar battery charging system which is used by a shopkeeper to charge battery boxes. A 

battery box is a sealed lead-acid battery with protection and power level conversion circuitry 

allowing it to power LED lighting and charge mobile phones. Customers rent a fully charged battery 

box, take it to their homes and return it when the battery is depleted. 

However, during the trials of the energy kiosk model many issues have been identified, both 

technically and from a business perspective. One of the identified issues with the energy kiosk is 

that it is not suitable for very rural areas with a very sparse population density. It is designed to be 

placed in the centre of a village however we have found that people may walk for 5 km or more to 

rent a battery box (8). Another identified issue is one of bookkeeping and management. In each 

kiosk e.quinox employs a shopkeeper who is paid through the profits generated. They are in charge 

of keeping track of the finances and ensuring all customers have paid for their rentals. However 

due to the lack of education or occasionally corruption the shopkeepers do not correctly log this 

data. Whilst analysing performance of each kiosk e.quinox members often find the accounts to be 

so badly kept that the data is unusable.  

PRECEDING WORK  
During 2012 e.quinox experimented with a new solution for electrification of rural communities 

which improved upon some of the issues associated with the energy kiosk and solar home systems.  

I developed a prototype of the solution which was branded the izuba.box (izuba means solar in 

Kinyarwandan, the local language in Rwanda) which removes the requirement for a kiosk and 

extends the battery box to incorporate power generation facilities. Each izuba.box was supplied 

with its own solar panel, charge controller and payment system.  

 

FIGURE 3  – PROTOTYPE IZUBA.BOX WHICH WAS TRIALLED IN RWANDA IN 2012. 
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The izuba.box is similar to a Solar Home System but with the addition of an innovative business 

model. Customers are given the izuba.box on a pay-as-you-go, hire purchase scheme. Payment is 

made using a mobile phone based money transfer system which is already widely used in Rwanda 

and surrounding countries. Money is transferred to e.quinox from the customer and they receive a 

SMS reply with a unique unlock code for their system. The unlock code is typed into the keypad on 

the izuba.box which verifies the code and allows the user as much access as they have paid for. 

The izuba.box concept has many advantages over the energy kiosk model. Firstly, the cost of 

building, maintaining and operating a central kiosk is removed. This removes the need for a 

shopkeeper to manage the bookkeeping as this is now all managed by on automated system which 

generates the unlock codes. However we will still employ an individual to manage the distribution 

and maintenance of the systems. The online interface to the payment system is shown in Figure 4. 

This is only ever accessed by e.quinox and its employees in Rwanda who manage the trial. 

Customers interact with the payment system solely though their mobile phones.   

 

FIGURE 4  -  ONLINE PORTAL FOR CUSTOMER ACCOUNT MANAGEMENT AND UNLOCK CODE GENERATION.  CUSTOMERS 

DO NOT ACCESS THIS PAGE, INSTEAD THEY AUTOMATICALLY RECEIVE THE UNLOCK CODES VIA SMS  AFTER 

TRANSFERRING MONEY T O E.QUINOX THOUGH MOBILE MONEY TRANSFER SYSTEMS. 

One benefit to the customers is that the izuba.box costs a similar price to Bboxx’s BB7 (Figure 2) 

however the addition of a pay-as-you-go payment business model and technical implementation of 

this makes the product affordable to almost all customers. The monthly price charged for a 

payback period of 2 years is less than the average bottom of the pyramid consumer is spending on 

low quality energy solutions currently. 

A second customer benefit is that the box is charged and paid for in the user’s home meaning that 

the time previously spend travelling to gain access to electricity is now freed. People may still need 

to travel to top up their mobile money credit, however the mobile phone networks already have 

very good distribution networks in place for this. 

A trial of 75 prototype izuba.boxes (shown in Figure 3) were deployed in Rwanda’s northern 

Provence in September 2012. They were distributed to a range of customer types but focusing on 

the bottom income group in the most rural areas. The test customers chosen were known to the 

shopkeeper at one of e.quinox’s existing kiosks meaning we have easier access to the customers 

for feedback. 
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Many issues have been identified which need to be addressed before large scale deployment of 

this product. These issues have been identified through customer and shopkeeper feedback as well 

as by analysing data from the unlock code generation system (Figure 4) and through detailed 

reliability analysis of the current design. The first issue identified was the third party charge 

controller which was used within the boxes. The charge controller used is the most basic type, it 

connects the panel and battery directly together with a high voltage and low voltage disconnect. 

There are many implications of this which will be discussed in more detail in this report; the mains 

issues include reduced power available from the panel and shortened battery lifetime. Due to the 

reduction of battery lifetime e.quinox estimates that the batteries used in the first generation 

izuba.box will fail before the end of the payback period, for this reason we have covered the cost of 

a replacement battery in the total price of each unit.  

Based on the feedback and knowledge gained from this trial the objectives for improvement and 

the basis for this project have been decided. 
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PROJECT A IMS  

The primary aim of this project is to incorporate an intelligent maximum power point tracking 

(MPPT) charge controller into the payment system and output conversion electronics allowing full 

utilisation of the solar panel and ensure a replacement battery is not required during the products 

lifetime. The integration of the payment system and charge controller is beneficial as many 

components are duplicated when separated. Both systems require a method for detecting battery 

charge and switching of the outputs when battery is low. By integrating these systems together we 

reduce costs and increase the intelligence of the overall system. 

PRIMARY A IM  

Develop an intelligent, low cost maximum power point tracking charge controller and battery 

management system to extend battery lifetime. 

The above aim specifies 4 desired attributes for the designed charge controller: 

- Intelligence: the charge controller should consider factors such as the health of the 

battery and the maximum amount of power available from the PV panel and carefully 

balance the battery charging algorithm to provide an optimal charging and discharging 

technique. 

- Low cost: this product is targeted at low income consumers in developing nations, for this 

reason the product should be as low cost as possible without compromising on quality or 

reliability. 

- Maximum power point tracking: the PV panel is a large part of the component cost of this 

product, for this reason the full power should be extracted from it when suitable. 

- Battery lifetime extending: the battery is the largest single cost component in the product 

and is most likely to fail. For this reason the charge controller should prolong lifetime as 

much as possible. 

Research has been published separately into the individual attributes of the goal but it is difficult to 

find research combining all aspects into a single charge controller. Intelligent, multi-stage charge 

controllers have been widely commercialised but are often very expensive. The same can be said 

for maximum power point tracking but this functionality is rarely combined with multi-stage 

charging. Charge controllers that extend battery lifetime are mostly mains powered, there are very 

few, if any, commercially available solar charge controllers with this functionality.  

Most research published on charge controllers focus on large sealed lead-acid batteries, typically > 

30Ahr. This is due to most research looking at uninterruptable power supplies for 

telecommunications systems, automotive applications or large photovoltaic systems. As this 

product is a photovoltaic systems for a single household the required batteries are much smaller, 

typically 7-10AHrs. Because of this many charge controllers designed in current research have 

much higher power ratings than is required here. The algorithms used to detect charge the 

batteries will need to be modified and optimised for these smaller systems. 

SECONDARY A IM  

Redesign the izuba.box to reduce manufacturing time whilst increasing durability and reliability. 

This secondary aim will involve combining the charge controller technology and the solar home 

system to make a full and commercially viable product which is reliable and easy to assemble. The 
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2012 prototype izuba.box suffered from reliability issues and took a very long time to manufacture. 

This is due to all the connectors being wired and connected to the PCB through terminal block as 

shown in Figure 5. One easy improvement to reduce assembly time is to mount all the connectors 

directly to the PCB and machine the faceplate to match. This should also increase the reliability of 

the product as failures due to repeated flexing of wires will be prevented. 

 

FIGURE 5  -  2012  IZUBA.BOX PROTOTYPE.  THIS DEMONSTRATES THE EXCESSIVE W IRING AND POOR CONNECTOR 

MOUNTING. 

A second motivation for this aim links back to e.quinox’s strategy for tackling the electrification 

problem on a large scale. As a student-run organisation, e.quinox cannot itself have a huge impact 

but, if it proves that certain business models and technologies work then other organisations may 

adopt these solutions. If e.quinox relies on large amounts of free student labour in the assembly of 

these boxes then our trials are an unrealistic representation of what another organisation could 

replicate.  

For these reasons this product will be designed with machine assembly in mind and we will be 

using partner companies to assemble the electronics and the faceplates. Final assembly of the units 

will still be completed in Rwanda with a potential customers being employed by e.quinox but as 

this required little technical knowledge we feel that this is easily replicable. e.quinox will pay for 

any tooling fees required for machine assembly meaning that in the future any companies wishing 

to replicate the solution can simply re-order the design from our partner companies.  
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PV  PANELS  

Solar systems have long exploited the benefits of PV panels to deliver power to rural off-grid areas 

of developing nations. This project will use a PV panel of poly-crystalline silicon cells, purchased 

from a third party. To analyse the magnitudes of power, voltage and current we must first 

understand the operating principles of a PV panel. 

PV  PANEL OPERATING PRINCIPLES  
PV Panels have three important parameters. These are: 

 Peak power, WP – The power a panel will produce at 25°C under an irradiance of 1000 

W/m2 (9). While this parameter is specified at 25°C, many PV panel manufactures quote 

ratings at 45°C as this is more representative of normal operating conditions (10). 

 Open Circuit Voltage, VOC – The voltage present across the terminals of the solar panel 

when open circuit. This sets the maximum operating voltage of a PV panel at 25°C, 1000 

W/m2. 

 Short Circuit Current, ISC – The current through the solar cell when the voltage is zero. 

Again, this is measured at 25°C, 1000 W/m2. 

These parameters can be obtained from the IV plot of the panel as shown below: 

 

FIGURE 6  -  CURRENT AND POWER CHARACTERISTICS AGAINST VOLTAGE.  FOR THIS PANEL ISC=0.5A  AND 

VOC=22V.  WP=8.2W. 

PV  PANEL MODELLING  
Two types of simulation are required for this project. The first simulation type is use to test charge 

control algorithms. Simulink is used for this as it allows hardware models to be combined with 

software scripts to test algorithms. Simulink includes a PV cell model which can be duplicated to 

create a model of a full PV panel. 

The second simulation required is of the analogue electronics used in the DC-DC converter, for this 

LTSpice has been used. LTSpice does not contain a PV Panel model. The model was made with a 

diode model published online (11). The simulated characteristics of this model are shown in Figure 

7.   
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FIGURE 7  -  PV PANEL SIMULATION IN LTSPICE.  THE GRAPH SHOW CURRENT AND POWER AGAINST PANEL OPERATING 

VOLTAGE  

MAXIMUM POWER POINT TRACKING  
The peak power in Figure 6 is labelled MPP (Maximum Power Point), MPP is a more general term 

for the maximum power that can be extracted from a solar panel under any level of irradiance and 

at any temperature. Figure 6 is plotted at 25°C and 1000W/m2 the MPP is equal to the Peak power. 

Figure 8 shows the Power Voltage plot under a range of irradiance levels, the MPP moves as 

irradiance changes.  

 

FIGURE 8  -  POWER CURVES OF A PV PANEL AT A RANGE OF IRRADIANCE LEVELS. 

It is clear that the MPP will move during normal use due to daily variations in irradiance and cloud 

shadowing. To extract the most power from the panel at any given time the MPP must be tracked 

by adjusting the magnitude of the load attached to the panel. This is the main operating principle 

behind a Maximum Power Point Tracking (MPPT) Charge Controller which combines a DC-DC 

converter and software algorithms to adjust the load on the panel and thus the operating voltage. 

One of the most commonly used algorithms is Perturb and Observe (12). The maximum power 

point will be tracked by perturbing the duty cycle and observing the change in power output. If the 

power output increases the direction of the perturbation is repeated, if power falls the direction is 

reversed. The typical control flow is shown in Figure 9. 
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FIGURE 9  -  CONTROL FLOW OF CONVENTIONAL P&O  METHOD (13). 

This algorithm has been implemented in a MatLab script and tested with the above Simulink model 

of the system. Figure 10 and Figure 11 show the results of the Simulink simulations. Both show the 

power being pulled from the panel on the left and the duty cycle of the switching MOSFET on the 

left.  

 

FIGURE 10  -  SIMULATION OF THE MPPT  CHARGE CONTROLLER WITH A LARGE DUTY CYCL E DELTA. 

 

Power 
Duty Cycle 
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FIGURE 11  -  SIMULATION OF THE MPPT  CHARGE CONTROLLER WITH A SMALL DUTY CYCLE DELTA. 

As we have seen in Figure 10 and Figure 11 the chosen duty cycle delta, the amount by which duty 

cycle is varied, affects the operation of the MPPT. A large duty cycle delta allows the algorithm to 

track changes in MPP quickly but a smaller duty cycle delta means smaller fluctuations around the 

MPP in constant irradiance situations. P&Ob is a modified version of the P&O algorithm, where a 

fixed duty cycle delta is not used, instead the delta is changed so that it reduces around the MPP 

and increases for quicker tracking in fast changing conditions. 

P&O is a simple MPPT algorithm but many alternative algorithms have been proposed and 

evaluated in research papers. M. Berrera’s experimental review of MPPT algorithms was studied 

(14). This paper compares classical P&O (P&Oa), modified P&O (P&Ob), three point weight 

comparison (P&Oc), Constant Voltage (CV), incremental conductance (IC), open circuit voltage (OV) 

and shortcurrent pulse (SC). The paper ran tests to compare the algorithms in terms of total energy 

output under two irradiance profiles shown in Figure 12. 

 

FIGURE 12  –THE IRRADIANCE PROFILES FOR THE TESTS, RESULTS SHOWN BELOW (14). 

 

FIGURE 13  -  ENERGY GENERATED AS A FUNCTION OF MPPT  TECHNIQUE AND IRRADIANCE INPUT (14). 

The experimental results from this investigation into MPPT algorithms show that P&O based 

techniques provide the best results. P&Oc requires higher complexity than the P&Oa, so the extra 

Power Duty Cycle 
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costs must be considered when choosing algorithm. OV and SC require making changes to a 

typically DC-DC converter making these techniques undesirable, especially considering their lower 

performance. P&Ob showed the best results in the tests but it’s response in low irradiance levels 

may be slightly worse than other P&O techniques.  

This evaluation compared the listed MPPT algorithms with a fixed duty-cycle variation, ∆∂ (except 

P&Ob which alters ∆∂ as part of the algorithm) and time interval. These two values can be further 

optimised for the expected usage environment. A reduced duty cycle variation allows the MPP to 

be found more accurately but slows down the tracking. This can be countered by reducing the time 

interval but this will increase the required computation power. These parameters must be 

optimised to get high performance in terms of efficiency and cost. 

YEARLY SOLAR INSOLATION DATA FROM RWANDA  
Given solar panel parameters the total annual power in a certain region can be estimated given the 

Insolation (Energy per Area of PV Panel) data. The target area for this product is central Africa, 

more specifically Northern Rwanda which only has one reliable insolation measurement station at 

Kigali Airport (15). Geostationary satellites can give irradiance estimations over a course grid. 

Figure 15 shows yearly insolation data obtained using a variety of measurements techniques but 

shows a good estimate for yearly insolation in Rwanda. We see that for Northern Rwanda we can 

expect 2000 – 2100 kWh/m2 over an average year. 

Taking the 7 WP PV Panel used with the izuba.box as an example the would give a total panel 

output of 54 Wh per day. Assuming the system is 50% efficient at storing the PV energy this would 

give the user 38Wh of energy usage on an average day, this will equate to 5 hours of mobile phone 

charging and 13 hours of 2W LED bulb lighting. The 50% efficiency is a rough estimation of system 

efficiency and includes inefficiencies arising from sub-optimal PV panel placement, finite storage 

capacity, power losses in electronics and standby power consumption. 

The above estimation is based on the assumption that the irradiance does not fluctuate due to 

seasonal variations. Figure 14 estimates the seasonal variations using three models. This shows 

that seasonal variation is only 10% which will not have a large impact on the user as the system is 

deliberately oversized to counter this. This would be important for countries further from the 

equator. 

 

FIGURE 14  – SEASONAL VARIATIONS IN IRRADIANCE FOR K IGALI AIRPORT, RWANDA (15). 
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FIGURE 15  – MAP SHOWING ANNUAL SUM OF IRRADIANCE ACROSS AFRICA (16).   

DAILY SOLAR IRRADIANCE DATA FROM RWANDA  
Yearly insolation is useful for estimating the amount of power available for a customer to use but 

when rating component sizes for the design of a solar home system the instantaneous power is 

more important. Figure 16 shows measurements taken from an e.quinox Energy Kiosk in Minazi, 

Northern Rwanda. Whilst the data does not show instantaneous power the data has 10 min 

resolution which is better than annual data. 
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FIGURE 16-  SOLAR IRRADIANCE MEASUREMENTS FROM MINAZI, NORTHERN RWANDA.  THE GRAPH SHOWS MAX,  

MEAN AND M INIMUM VALUES OVER 1  YEAR OF MEASUREMENTS.  (17) 

Figure 16 show peak irradiance of 1166 W, giving a maximum achievable power from a 7 WP panel 

of 8.16 W. It is important that the system design is rated to at minimum this power rating but 

ideally greater to account for measurement inaccuracies, rating tolerances and higher than 

expected irradiance values. 
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SEALED LEAD ACID BATTERIES  

Many battery technologies were explored for use in this product, the three best options are Sealed 

Lead-acid (SLA), Nickel-Metal Hydride (NiMH) and Lithium-Ion (Li-ion). A short comparison of the 

technologies is shown in Table 1.  

TABLE 1  -  COMPARISON OF BATTERY TECHNOLOGIES (18). 

 SLA NiMH Li-ion 

Gravimetric Energy 
Density (Wh/kg) 

30-50 60-120 110-150 

Cycle Life 200-300 300-500 500-1000 

Typical Cost for 
comparable capacity 

$25 $60 $100 

Self-discharge / 
Month 

5% 30% 10% 

Availability in 
Rwanda 

High Low Medium 

 

Sealed lead-acid batteries are the best option in terms of cost, availably and self-discharge but fall 

short in energy density and cycle life. The energy density is not of large concern as the izuba.box is 

expected to remain stationary in the customer’s home. Cycle-life however is of more concern but 

the aim of this project is to increase this cycle life with intelligent charge management. Based on 

these considerations SLA batteries are the best choice for this application. However, if the cost of 

Li-ion continues to fall due to the uptake of use in electric vehicles then at some point in the future 

this may present the best option for off-grid solar systems. 

 

FIGURE 17  -  TREND OF LI-ION BATTERY PRICES (19). 

Lead-acid batteries work by submerging a pair of lead plates within sulphuric acid. There is a 

positive sponge lead plate and a negative lead dioxide plate with a separator between them, all 

submerged within the sulphuric acid electrolyte. Each pair of lead plates are called a cell and 

multiple cells are connected in series to make a battery. For a standard 12V battery 6x2.1V cells are 

used. 

The discharge equation for a lead acid battery are: 
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𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑃𝑙𝑎𝑡𝑒: 𝑃𝑏𝑂2 + 3𝐻+ + 𝐻𝑆𝑂4
− + 2𝑒− → 𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂  

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑃𝑙𝑎𝑡𝑒: 𝑃𝑏 + 𝐻𝑆𝑂4
− → 𝑃𝑏𝑆𝑂4 + 𝐻+ + 2𝑒− 

On both plates the solid conductor reacts with the sulphuric acid to form the non-conducting lead 

sulphate on the plates. This is reversed during the charging reactions (20).  

Batteries have two estimators of current state. The state of charge (SOC) shows the short-term, 

reversible state of the battery whereas the state of health (SOH) shows the longer term, 

irreversible state of the battery. Both are measured by comparing the current state of the battery 

with the state of the battery when it is fully charged (100% SOC) or when it was new (100% SOH).  

STATE OF CHARGE ESTIMATION  
State of Charge measures the short term state of the battery, the amount of charge remaining.  

𝑆𝑂𝐶 =
𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝐹𝑢𝑙𝑙𝑦 𝐶ℎ𝑎𝑟𝑔𝑒𝑑 𝐵𝑎𝑡𝑡𝑒𝑟𝑦
 

The most accurate method for measuring SOC is to measure the internal parameters of the 

battery, such as the ion concentration in electrolyte or the active mass parameters. There is a 

linear relation between ion concentration and SOC, however this requires the use of special, 

internal battery sensors which are expensive and not practical for this product.  

SOC, in this product, must be estimated using external parameters such as voltage, current and 

temperature. Open-circuit voltage of the battery terminals has a simple relation to state of charge 

however the battery must be rested for five or more hours before an accurate measure of open-

circuit voltage can be taken. This is not practical to use whilst charging or discharging a battery 

(20). 

𝑆𝑂𝐶 =  
𝑎 − 𝑈0 

𝑎 − 𝑏
 

WHERE 𝒂 IS 100%  SOC  OPEN CIRCUIT VOLTAGE,  𝒃 IS 0%  SOC  OPEN CIRCUIT VOLTAGE AND 𝑼𝟎 IS CURRENT OPEN 

CIRCUIT VOLTAGE (20). 

A second method for SOC estimation is charge balance or Amp Hour counting. This allows for in-

use estimation of SOC which is much more practical but less precise than using the rested open 

circuit voltage.  

𝑄𝑏 = ∫ 𝐼𝑀𝑅 ∙ 𝑑𝑡
𝑡

 

WHERE 𝑸𝒃 IS THE CHARGE BALANC E AND 𝑰𝑴𝑹 IS THE MAIN REACTION CURRENT (20). 

𝐼𝑀𝑅 = 𝐼𝐵𝐴𝑇𝑇 − 𝐼𝐿𝑂𝑆𝑆  

𝐼𝐿𝑂𝑆𝑆 = 𝑖𝐵𝐴𝑇 ∗ (𝐶𝐹 − 1)𝑓𝑜𝑟 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 

𝐼𝐿𝑂𝑆𝑆 = 0 𝑓𝑜𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 

WHERE 𝑪𝑭 IS THE CHARGE FACTOR 1.0  < 𝑪𝑭<1.2  (20). 

Using a Charge Balance technique to estimate SOC accurately is difficult as the integration of 

current needs to be done very accurately over a long period of time, otherwise small errors will 

accumulate and the SOC estimation will have a large error. Also, SOH needs to be accounted for in 
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the equations so occasional calibration is needed which involves a full charge cycle of the battery. 

Learning and calibration algorithms can be applied to the charge balance technique for estimating 

SOC.  

STATE OF HEALTH ESTIMATION  
State of health measures the current capacity of the battery against the capacity when new (or 

more exactly a few cycles after new as the battery settles in). The batteries capacity reduces over 

the lifetime due to many failure mechanisms which will discussed later in this report.  

𝑆𝑂𝐻 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑅𝑎𝑡𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 (20) 

Measuring SOH is difficult for similar reasons to measuring SOC. One method is using AHr counting 

whilst full discharging and charging a battery measuring the current capacity. An alternative 

method if to use the internal resistance as a SOH indicator. One paper suggests using a 

combination of AHr counting and internal resistance measurements to estimate SOH (21).  

BATTERY L IFETIME OPTIMISATION  
Battery lifetime is affected by temperature of operation, usage characteristics, battery chemistry 

and internal design. These factors are out of the control of the system designer and can only be 

affected when choosing which batteries to purchase. Other factors within the system designers 

control which significantly affect battery lifetime is the level of discharge to which the battery is 

used and the characteristics of the battery charging.  

Depth of Discharge (DOD) is one of the major considerations to make when optimising battery 

lifetime. The higher the DOD the shorter the lifetime of the battery. In one study of sealed lead-

acid batteries a 20% DOD resulted in 4000 cycles before the battery was at the end of its 

serviceable life whereas a 100% DOD only lasted 27 cycles (22). There is a trade-off when choosing 

the DOD for a device, whilst a low DOD results in longer battery lifetime, the usable capacity of 

battery is reduced. This reduction in usable capacity can be countered by using a large battery 

however this must be balanced against cost, physical size and weight.  

As a lead-acid battery is discharged lead sulphate (PbSO4) is formed on both plates as shown in the 

discharge equations. This is a non-conductive substance. The further a battery is discharged the 

more lead sulphate is formed, in normal discharge the lead sulphate forms in a non-crystal state 

which easily converts back to lead and lead oxide when charged. If the battery is deeply discharged 

or left discharged for prolonged periods the lead sulphate forms in large crystalline structures 

which do not easily take part in the charging equations. The sulphate crystals reduce battery 

capacity in many ways, firstly it reduces the amount of active reactants available in the charging 

and discharging equations and also physically blocks the surface of the lead plate from being 

exposed to the sulphuric acid. The build-up of lead-sulphate crystals may be partially reverse by 

applying high energy pulses of current to the battery which help to break up these large crystals 

(20). This process is known as De-Sulphation. 

The second factor affecting battery lifetime is the level of overcharging allowed by the charge 

control algorithm. Overcharging a flooded lead acid battery produces hydrogen and oxygen which 

escapes from the battery. These chemicals are easily replaced by adding distilled water to the 

battery. In a sealed battery water cannot be added so this effect must be minimised. Sealed 

batteries have additional chemicals added which allows for the oxygen and hydrogen to recombine 
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and stay within the battery. If overcharge current is small then the recombination reactions can 

remain in equilibrium and little net gas is generated (20).  

An “Evaluation of the Impact of the Different Charging Algorithms on the Lead-Acid Batteries 

Lifetime” has been presented in a paper by H. Yatsui et al (21). The paper compares the algorithms 

used within four commercial charge controllers. It was found that the best charging algorithm used 

a medium speed of charging in the first stage of charging and pulse-charging in the floating stage. 

This also provided fast rates of charging. The PDI charging technique, shown as the red traces in 

Figure 18 and Figure 19 increased the SOH by up to 40% over other charging techniques (21).  

 

FIGURE 18  – COMPARISON OF THE LONG TERM VOLTAGE CHARACTERISTICS OF VARIOUS COMMERCIAL CHARGE 

CONTROLLERS (21). 

 

FIGURE 19  -  COMPARISON OF THE SHORT TERM CURRENT CHAR ACTERISTICS OF VARIOUS COMMERCIAL CHARGE 

CONTROLLERS (21). 

Figure 7 shows the current characteristics against operating voltage of a solar panel. Considering 

the operation of the most basic charge controller which simply connects the battery terminal to 

the solar panel terminals when the battery is not fully charged, we see that the charging cycle is 
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completely wrong for extension of battery lifetime. Rather than performing high current charging 

in the first stage and decreasing the charging speed as 100% SOC is reached, the most basic charge 

controller does the opposite. As the battery charges the terminal voltage rises bringing the 

operating point closer to the MPP, increasing charging current.  This means that the current during 

overcharging is high leading to excess gas escaping from the battery. High currents during high SOC 

also make SOC more difficult to estimate as the voltage is further from the open circuit voltage.  

LEAD-ACID CHARGE CONTROLLER TOPOLOGIES  
Many charge controller topologies have been proposed in research papers and implemented in 

commercially available products. Armstrong et al. present a comparison of battery charging 

algorithms for photovoltaic systems (23). The three charging methods compared in this study are 

Intermittent Charging (IC), Three Stage Charging (TSC) and Interrupted Charge Control (ICC); their 

ability to maintain high state of charge, charging efficiencies and their temperature effects are 

compared. ICC is similar in concept to PDI charging which in the previous section was shown to 

increase SOH by up to 40% (21). 

Intermittent charging is the most simple of the charge control algorithms, the battery is charged 

between two voltages thresholds, the battery is charged until the high threshold is met and then is 

left open circuit falls to the low threshold, at which point it is charged again. This can be performed 

with or without Maximum Power Point Tracking. The third party charge controllers purchased for 

use in the 2012 prototype izuba.box were of this type without maximum power point tracking 

(MPPT).  

 

FIGURE 20  -  VOLTAGE AND CURRENT CHARACTERISTICS FOR INTERMITTENT CHARGING WITH MPPT  (23). 

Three stage charging splits the charging cycle into stages, the first charges the battery with 

maximum current until the battery reaches a set voltage called the absorption voltage. The second 

stage is slowly reducing the current whilst maintaining the voltage at the absorption voltage. The 

final stage is known as the float charging stage, this applies a small current to the battery and 

maintains the voltage.  

 

FIGURE 21  -  VOLTAGE AND CURRENT CHARACTERISTICS FOR THREE STAGE CHARGING WITH MPPT (23). 
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Interrupted charge control is a variation on intermittent charging which has four modes, mode 1 

charges at a constant current rate of 0.1CRATED
1 to an upper threshold voltage. It is then left open 

circuit until the battery settles at a lower threshold, at this point, mode 3 is entered in which the 

battery is pulse charged at 0.05CRATED until the upper threshold is again reached. The fourth mode 

leaves the battery open circuit. 

 

FIGURE 22  -  VOLTAGE AND CURRENT CHARACTERISTICS FOR INTERRUPTED CHARGE CONTROL (23). 

The results of Armstrong et al’s tests showed that Three Stage Charging charged the batteries to 

100% SOC quickest in no load conditions (Figure 23) and under load however in both cases over 

charged the batteries. We see that Interrupted Charge Control never over charges the batteries but 

also fails to charge the battery quickly due to the charging at a constant current rather than 

utilising the full power of the panel with MPPT. 

 

FIGURE 23  – CHARGING TIME AND SOC  COMPARISON FOR THREE CHARGE CONTROL METHODS (23).  THE LEFT PLOT 

SHOWS A COMPARISON U NDER NO-LOAD CONDITIONS.  THE RIGHT PLOT SHOWS A COMPARISON UNDER A VARYING 

LOAD. 

This project aims to implement ICC in a solar charge controller. The design must deal with the 

intermittencies of solar whilst using the ICC concept to prevent battery overcharging. 

                                                                 
1 xCRATED is the states Amp Hour (AHr) capacity of the battery by x. For example 0.1CRATED Amps for a 

7Ahr battery is 7*0.1 = 0.7A.  
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IMPLEMENTATION 
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SYSTEM OVERVIEW  

The izuba.box developed in this project can be easily separated into sub-systems as shown in 

Figure 24, whilst these sub-systems are partly independent they share many common resources 

such as a single microcontroller and power supplies. The most complex section of the system is the 

charge controller and this was the focus of the project. All electronics are brought together on a 

single PCB which also acts as the mounting for the user outputs and the LCD screen. The size of the 

PCB is limited by the size of the 7Ah battery used in the izuba.box. 

Research into operation of the sealed lead-acid batteries and PV panels have been presented in the 

Background section of this report. This section will focus on explaining the implementation of each 

sub-section of the design. The charge controller takes reasonability for managing the battery and 

PV panel. It will include the DC-DC converter and charge controller algorithms.  

The user interface section contains all parts of the system that the customer will interact will, this 

includes the LCD screen, keypad and power switch. The power switch does not cut power to the 

whole device, instead it is controlled by the microcontroller and will turn only the user interface 

and user outputs section of the device off. The charge controller and payment systems remain 

active but in low power states. 

The payment system is tasked with managing the pay-as-you-go business model, it verifies any 

unlock codes entered and keeps a count of how much time has expired since the last payment. If 

payment expires a message is sent to the user outputs to turn off until a valid payment is entered. 

The user outputs section provides two USB phone charging ports and three 12V DC outputs to the 

user for LED lighting. This hardware detects any faults on these outputs and disables them if 

necessary. 

The full hardware designs can be found in the Appendix Hardware Designs section and is also 

hosted on Github at github.com/equinoxorg/standalone_v2. Full software files are not included in 

this report to save space but can also be viewed at the above link if desired.  

 

FIGURE 24  -  SYSTEM OVERVIEW  

Izuba.box 

Sealed Lead-acid 
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Charge Controller 

Payment System 

User Interface 

Keypad LCD 

User Outputs 

USB 

Output 
12V Output 

ARM uC 

PV Panel 

Buzzer 

https://github.com/equinoxorg/standalone_v2
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The final implementation of the izuba.box product has the following specification 

 12V 7Ah Sealed Lead-acid Battery 

 7WP Foldable PV Panel 

 3 x 12V 2.5mm DC Power Outputs (for LED Lighting) 

 2 x 5V USB DC Power Outputs 

 16x2 Character LCD Screen 

 3x4 Custom Numerical Tactile Keypad 

 Tactile Soft Power Switch (with long-press reset) 

 2A Solar Charge Controller 

 2 x 2W LED Bulbs 

 USB Multi-phone charging cable 

 

FIGURE 25  -  FULL IZUBA.BOX SYSTEM.  D ISPLAYED WITH 1  LED  LIGHT AND USB  CHARGER CABLE. 

The power consumption of the designed system is shown in Table 2. This excludes the power 

consumption of any devices attached by the user. 

TABLE 2  -  POWER CONSUMPTION OF IZUBA .BOX SYSTEM  

State Power Consumption 

On, backlight on 364 mW 

On, backlight off 230 mW 

Off, charging 218 mW 

Off, not charging 48 mW 
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It is recommended that the system is fully charged and the battery disconnected from PCB when 

left unused for prolonged periods of time. A fully charged system will completely discharge if left 

connected for two months causing large sulphation of the battery and reduction in battery lifetime. 

SYSTEM COST  
This product is designed to be sold in developing nations to price sensitive consumers, but the use 

of a pay-as-you-go payment plan makes this relatively expensive product affordable to many more 

customers. Typically the target for the payment plan is calculated so that the payback period is 

two-years and the customers pay less per week than they were previously paying for Kerosene.  

The cost of the product is important as it should be able to return a profit whilst meeting the 

targets above. The costs of the system for a run of 100 units is shown in Table 3. 

The largest single cost item is the assembled PCB followed by the faceplate. However the costs 

included in these two items include one-off design and tooling charges. Repeat orders of these 

components would bring the cost down.  

TABLE 3  -  BREAKDOWN OF SYSTEM COSTS. 

Item: Notes: Supplier: Quantity: Total Cost: 

Wooden Casing To be sourced on the 
ground 

Rwanda 1  £         5.00  

Casing Screws Wood Screws Rwanda 20  £         1.00  

Handle Plastic Handle with M8 
Holes 

RS  1  £         1.69  

M8 Bolts To Secure handle RS  2  £         0.60  

7Ah Lead Acid Battery Shipped From China INCL 
Shipping 

Bboxx  1  £         6.84  

Key Pad E.quinox Logo Printed China 1  £         0.98  

PCB Stand/Nut/Bolt Hexagonal 14 mm M3 Farnell 4  £         1.36  

Battery Crimps One Red One Black Farnell 2  £         0.12  

Battery Wires One Red One Black Farnell 2  £         0.10  

Assembled PCB2 Full component assembly China 1  £       22.66  

Foldable Solar Panel + Cable 7 Watt Panel From China Bboxx  1  £         6.90  

Metal Face Plate CNC Faceplate Lincoln 
Binns 

1  £         9.61  

Box Labour Cost Wooden Box Construction 
Minazi 

Minazi 
Community 

1  £         4.00  

Battery + Solar Panel Shipping 
Cost 

Shipping from China to 
Mombasa 

Bboxx  1  £         1.91  

Total £       62.77 

 

                                                                 
2 A full breakdown on the electronics cost is shown in Appendix PCB Bill Of Materials. 
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M ICROCONTROLLER AND SOFTWARE OVERVIEW  

The choice of microcontroller used in this product is one of the largest design decisions, the 

microcontroller must incorporate as much of the required functionality as possible whilst keeping 

cost and power consumption low. Many options were explored including Microchip’s PIC series, 

NXP’s LPC series and STMicroelectronic’s STM32F0 series. The latter two are based on ARM’s 

Cortex-M0 architecture.  

It was decided that a Cortex M0 based microcontroller would be used for their high efficiency. The 

microcontroller used in the product was a STMicroelectronic’s STM32F050C6, the reasons for this 

choice are many but the main advantage of this chip over other Cortex M0 chips was the price. As 

low as £1.00 in low volumes (24). This price is low in comparison to similar products from over 

vendors but unlike most alternatives includes real-time clock functionality. A discrete real-time 

clock costs between £2-3 in low volumes so the saving here is significant. A summary of the 

specification of the STM32F050C6 is shown in Table 4. 

TABLE 4  -  STM32F050C6  IMPORTANT PARAMETERS (25). 

Feature Value 

Core Architecture ARM Cotrex-M0 

Core Frequency 48 MHz 

Flash Memory 32 Kbytes 

SRAM 4 Kbytes 

Voltage 3.3 V 

Power Consumption [max] 396 mW 

Real-time Clock Yes 

Real-Time CLOCK Backup Battery Yes 

GPIO Pins (all mapped to interrupts) 39 

ADC  12-bit 

ADC Channels 10 

ADC Temperature Sensor Channel Yes 

USART Interface 2 

 

One advantage of the STM32F050C6 is that there is a small range of devices with the same pin-outs 

and peripherals but with varying flash and SRAM capacities. This is useful as it is difficult to predict 

the amount of flash and SRAM required before completing the software development. In this 

project I approached the limit of the SRAM capacity so it could be sensible to switch to the 

STM32F051C8 which is a very similar chip but with 8Kbytes of SRAM and 64Kbytes of flash. These 

microcontrollers could be swapped with no alterations to the current PCB design. 

SOFTWARE  
The software development environment used for this project is ARM’s MDK which includes ARM’s 

C compiler and the Keil µVision 4 IDE. This is a paid for software but ARM has kindly provided a 

license to e.quinox for this project. However a free version is available with full functionality but a 

code limit of 32kB, the same size as the Flash memory of the STM32F050C6, thus this project can 

be developed and maintaining with free software (26). This is important as e.quinox and Engineers 

without Border aims to promote designs to other organisations to re-use and build upon under an 

open source model.  

The decision to uses ARM’s MDK rather than open-source alternatives was driven mainly by the 

RTX software included with the MDK. RTX is a real-time operating system (RTOS) which allows the 



35 
 

programmer to write code at a higher level. It allows the running of multiple tasks concurrently 

(based on time division multiplexing of system resources) which means the code is more simple to 

program and easier to maintain due to it being split into distinct and separate tasks.  

The structure of the code can be broken down in a similar manner to hardware as shown in Figure 

26. An advantage of using a RTOS is that each task can be tested separately, in this application it 

allows separate testing of the charge control algorithms, user interface and payment systems. It 

also makes the code more maintainable, for example if the product was altered to use Ni-Mh 

batteries rather than a sealed lead-acid only the charge controller task would need to be modified, 

all other tasks would remain the same. 

Disadvantages of using a RTOS do exist and they include the reduced portability of code. Using 

ARM’s RTX RTOS means that the code can be ported to other ARM devices but only as long as the 

MDK environment supports them. It would be very difficult to port the code to a platform with a 

non-ARM architecture as RTX would have to be replaced with an alternative RTOS. 

A second disadvantage of using a RTOS is the overhead incurred in code space, memory 

requirements and computation time. When switching task the RTOS must store the state of the 

system, including all local variable onto the stack which takes time and memory space.  

 

FIGURE 26  – H IGH LEVEL STRUCTURE OF SYSTEM CODE 

Figure 26 shows the top level structure of the code and which task is responsible for controlling the 

shown peripherals. Some of the shared peripherals and less important details are missed for 

clarity. The following sections will discuss each task in more detail.  

Communication between different blocks in the system occur in various manners, the simplest 

communication occurs between the tasks and the lower level drivers. The communication occurs 

through function call parameters. Communication between the RTOS, tasks and ISRs is more 

complicated. Tasks can have associated events, they can wait in an idle state until an event occurs 
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and then react accordingly. Events can be initiated by others tasks or ISRs but do not transfer any 

extra data with them. Mailboxes are another option for communication between tasks, other tasks 

can place data items in a mailbox and the receiving task can read and react to it. Mailboxes are 

used when more than a single event of communication is needed. 

An example of an event is used in the keypad driver. An ISR is triggered when a key is pressed, this 

ISR sends an event to the UI task to tell it to scan the keypad, determine which key is pressed and 

deal with it appropriately. The benefit of using an event is that the ISR is very quick to complete 

and the action of a key can be determined by the UI task and can be dependent on other factors. 

INTERRUPT SETUP  
The STM32F0 series is based on the ARM Cortex M0 architecture which includes a Nested Vectored 

Interrupt Controller (NVIC) with 32 channels. These can be used for various peripherals such as the 

ADC and GPIO pins. Interrupts are used extensively for monitoring error conditions and user inputs 

to reduce the need for polling devices and for faster reactions to over current faults. Interrupts are 

also used to wake-up the device from low power states, this may be a timer event or a power 

switch event. 

Interrupts are used for: 

 SysTick for RTOS timing control 

 Power Switch Event (This interrupt also wakes microcontroller from sleep or standby) 

 Keypad events 

 USB Overcurrent protection 

 DC Output overcurrent protection 

 Real-time clock alarm 

CODE SAFETY  

WATCHD OG T IME RS  

The code is written and tested in a defensive manner, meaning that any system lock-ups should be 

prevented by the use of timeouts. However, intermittent bugs may be missed and lead to lock-up 

of the microcontroller. To deal with lock-up failures Watchdog timers have been implemented. 

These are hardware decrementing timers which are reset to a high value periodically by the code. 

If a system lock-up occurs the timers will not be reset and after a set time will reach zero. If this 

occurs a hardware reset of the microcontroller will be performed. The chip can detect on start-up if 

the reset was due to a Watchdog timer and log the event to the serial port. This should help detect 

and fix bugs in future. 

PHYS ICA L RESE T BUTTO N  

The Watchdog timer in the microcontroller should catch and deal with any system lock ups but will 

not prevent the system entering an unknown state or any other undesired behaviours. With careful 

coding and testing this should never happen but due to the nature of use of the product we want 

the user to be able to deal with any problems if possible. For this reason a physical Reset button 

has been multiplexed with the power switch on the faceplate. In the unusual scenario where the 

user needs to reset the device, the power switch must be held down for more than 5 seconds. This 

will cause a hardware reset of the microcontroller.  
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The chip has two pins of interest here, the first is a wakeup pin which is pulled high to soft power 

switch the device; the device will seem off to the user but the microcontroller will continue to run 

the charge controller code in the background. The second pin is a NRST pin, this will reset the 

microcontroller when pulled low. 

Figure 27 shows the circuit diagram and simulation results of this power switch design. C1, R2 and 

M2 are used to time the 5 second interval, after C2 is charged for 5 seconds M2 will turn on. This 

will pull NRST low provided M3 is also on. M3 is on for all time that the switch is depressed, this 

means the reset line will be pulled high again as soon as the switch is released rather than waiting 

for C2 to discharge. V1 and M1 are simple used to simulate the power switch. R1 and C2 are the 

pull-down resistor and de-bouncing capacitor for the wakeup pin.  

This design is extremely low cost as the switch is less than 20p in low volumes and the cost of the 

passives are negligible. The 2N7002 is also very low cost, less than 3p in low volumes. 

 

  

FIGURE 27  -  TWO GRAPHS SHOWING THE OPERATION OF THE POWER AND RESET SWITCH.  THE LEFT PLOT SHOWS A 

BUTTON PRESS OF 4.5S AND THE R IGHT SHOWS A BUTTON PRESS OF 6S.  IN THE 6S CASE THE RESET LINE IS PULLED 

LOW. 
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CHARGE CONTROLLER  

The charge controller is a combination of software algorithms and DC-DC converter hardware. The 

hardware used is a step-down (Buck) power convertor. This section describes the implemented 

hardware and software. 

CONTROL S IGNALS  
The charge controller is controlled using the microcontroller which must take measurements from 

the solar panel, battery and temperature sensor as inputs and output a PWM control signal to the 

switch mode power supply circuit. These signals are filtered in both hardware and software to 

provide stable reading to the control algorithm. 

VOLTAGE SE NSE  

Voltage of both the battery and the solar panel must be read by the control algorithm. These 

should give an accurate reading of the voltage without noise. The main source of noise in the 

circuit is the 40 kHz switching noise from the MPPT hardware. 

The voltage signals for both the Battery and Solar panel exceeds the 3.3V maximum input for the 

ADC. A simple potential divider has been used with RC filtering to overcome both of these issues. 

 

FIGURE 28  – VOLTAGE SENSE FILTERING CIRCUIT AND SIMULATION RESULTS. 

CURRE NT SE NSE  

The current of the battery and solar panel must also be measured. The solar panel will only ever 

have a positive current so a unidirectional current sense amplifier is used in combination with a 

current sense resistor. Many current sense amplifiers are available but the ZXCT1107 was used for 

its attractive price point, small footprint, adjustable gain and minimal number of external passives 

needed. The gain of the ZXCT1107 is set using a single external resistor, RGAIN which is chosen to 

output 3.3V under the maximum expected current. The ZXCT1107 is a transconductance amplifier 

with transconductance gm = 0.004 (27). Filtering of the 40 kHz switching noise was added using C1 

on the output.  
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FIGURE 29  -  UNIDIRECTIONAL CURRENT SENSE AMPLIFIER WITH FILTERING.  USED FOR PV PANEL CURRENT 

MEASUREMENTS. 

The current meansurments of the battery need to measure bi-directional current so that a single 

current sense can be used for both charging and discharging. The TI INA213 current sense amplifier 

was chosen for this aplication. Like the ZXCT1107 it has an attractive price point and small footprint 

but does require more external components. The INA213 has a voltage reference pin which is used 

to set the output voltage at 0A, in this application it is reasonable to set the reference as VCC/2 

with a simple voltage divider. The voltage gain of the INA213 is a fixed 50, this means to change the 

current to output voltage scaling the sense resistor must be changed, in this application a sense 

resistor of 0.01Ω is used, giving a current to output voltage scaling of: 

𝑉𝑜𝑢𝑡 = (𝐼𝑠𝑒𝑛𝑠𝑒 ∗ 0.01 ∗ 50) +
𝑉𝐶𝐶

2
 

 

Filtering of the 40 kHz switching noise is handled slightly differently with this current sense circuit. 

On the recommendation of the datasheet the filtering is placed at the input rather than the output. 

The advantages of this are that the low output impedance of the output buffer is not compromised 

(28). This filtering technique does result in a 0.84% gain error but this is not important as it is very 

small and the tolerances of the passives will be more significant. Errors can be calibrated in code if 

necessary.  

  

FIGURE 30  – BIDIRECTIONAL CURRENT SENSE AMPLIFIER WITH FILTERING.  USED FOR BATTERY CURRENT 

MEASUREMENTS. 

INA21
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ADC  SE TUP  

The ADC used is the microcontroller’s internal ADC which is 12-bits and runs at 12MHz. The 

microcontroller is configured to measure 5 analogue voltages, these are: 

 Battery Voltage 

 Battery Current 

 PV Panel Voltage 

 PV Panel Current 

 Internal Temperature Sensor 

The ADC and temperature sensors are calibrated by STMicroelectronics’s during production of the 

microcontroller and these calibration factors are loaded from read-only memory. Each ADC 

channel is sampled for 239.5 ADC clock cycles and the conversion takes 12.5 ADC clock cycles (29). 

This gives a maximum sampling rate of 47.5 kHz or 9.5 kHz for each channel. 

To reduce the CPU overhead the ADC has been configured in continuous conversion mode meaning 

it will continually sample the 5 channels in a circular fashion. To further reduce the overhead, the 

ADC is coded to use Direct Memory Accesses (DMAs) to put the results of the ADC conversions 

directly into a circular buffer. When the charge controller task requires an ADC value the circular 

buffer is average then scaled to give a filtered voltage, current or temperature. The operation of 

the circular buffer is better shown in Figure 31. The benefits of this coding technique is that the 

ADCs run in the background with no CPU intervention until a value is required. At this point the 

average is calculated by the code does not have to wait to sample the ADC multiple times. 

 

FIGURE 31  -  OPERATION OF ADC  IN CONTINUOUS SAMPLING MODE WITH DMA ACCESS. 

The size of the circular buffer used is the number of channels * 16, which means that each ADC 

reading is the average of the past 16 samples, or the last 1.7ms. This combined with the hardware 

filtering makes the ADC readings stable and improves the operation of the charge controller. 

ADC CH1 Value1 

ADC CH2 Value1 

ADC CH3 Value1 

ADC CH4 Value1 

ADC CH5 Value1 

ADC CH1 Value2 

ADC CH2 Value2 

ADC CH3 Value2 

ADC CH4 Value2 

ADC CH5 Value2 

ADC CH1 Value3 

ADC CH2 Value3 

ADC CH3 Value3 

ADC CH4 Value3 

ADC CH5 Value3 

ADC DMA Controller CH1 Averaging Code Output Value 

Hardware Tasks (no CPU intervention) CPU Tasks 
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BUCK SMPS 
Figure 32 shows that the maximum power points for the izuba.box 7W PV panel under varying 

irradiance levels. It shows that the MPP is above 15V for useful power levels which is greater than 

the 14.4V maximum battery voltage. The DC-DC converter should only ever required a step-down 

in voltage so a Buck converter is used. 

 

FIGURE 32  -  POWER CURVES OF A 7W  PV  PANEL UNDER VARYING IRRADIANCES. 

To make the charge controller design more versatile the hardware is designed to operate with a 

range of solar panel sizes, ranging from 7WP to 25WP but with an open circuit voltage, VOC of 21.8V. 

The short-circuit current for this range of panels is 0.45A to 1.8A. Looking back to Figure 16 we see 

that the maximum expected solar irradiance is expected to be 1166 W per m2, which equates to an 

approximate maximum PV panel current of 2.1A. 

The output current of the charge controller can be calculated with the maximum PV panel power 

and the minimum expected battery voltage. Any components on the output side of the buck 

convertor must be rated to at minimum, this current. 

𝐼𝑜𝑢𝑡
𝑚𝑎𝑥 =

𝑃𝑝𝑒𝑎𝑘 ∗
𝐼𝑟𝑟𝑎𝑛𝑑𝑖𝑒𝑛𝑐𝑒𝑀𝑎𝑥

1000

𝑉𝐵𝑎𝑡𝑡
𝑚𝑖𝑛

=  
25 ∗

1166

1000

10.5
= 2.8𝐴 

Voltage ratings of componenets are set by the open circuit voltage level of the PV panel and the 

battery which are 21.8V and 14.4 V maximum respectivly. 

The values of the components used in the SMPS were calculated using TI’s SMPS design tool (30) 

based on the known minimums and maximums for voltages and currents. The required values were 

found to be L=248µH and C=206µF. These values were then rounded to their next highest 

commonly available package, L=330µH and C=220µF. 

These values were simulated using LTSpice including values for parasitics taken from datasheets. 

The model for a solar panel is described in the background research section of this report. The 

model for the battery is very simplistic but will act as a power sink at 11V. 

Simulation results taken from this model are shown in Figure 34 and Figure 35. Figure 34 shows the 

results for the minimum expected input power from the panel based on irradiation data from 

Rwanda and PV panel parameters. Figure 35 shows results for the maximum expected input power. 
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FIGURE 33  – LTSPICE MODEL OF CONVERTER HARDWARE. 

 

FIGURE 34  -  0.05  I_SC PANEL.  ROUGHLY EQUAL TO THE OUTPUT CURRENT OF A 7W  PANEL AT 100  W/M^2  

IRRADIANCE. 
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FIGURE 35  -  2.1A  INPUT CURRENT .  EQUIVALENT TO A 35W  PANEL AT 1166  W  /M^2  IRRADIANCE. 

EFFIC IE NCY  

Using the simulation model shown in Figure 33 with the parasitic values taken from component 

datasheets, the expected efficiency of the converter can be calculated. The efficiency varies 

between 88% and 93% in the expected current range of the converter. A breakdown of which 

components consume the most power is more beneficial for improving efficiency. At peak power 

of 7W panel the efficiency break down is shown in Table 5. 

TABLE 5  -  SIMULATED EFFICIENCIES OF BUCK SMPS  CIRCUIT  

DEVICE POWER (LOSSES) PERCENTAGE OF INPUT 

PV Panel Input 7.7W - 

High Side Mosfet 11mW 0.14% 

Low Side Mosfet 15uW 0.0002% 

Inductor 250mW 3.25% 

D1 (SMPS Diode) 20mW 0.26% 

C 0.61mW 0.008% 

D2 (Output Diode) 237mW 3.1% 

Load 7.12W 92.5% 
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The two components which waste most power are the inductor and reverse current blocking 

diode. The inductor has a high series resistance of ~0.5Ω. It is possible to purchase an inductor with 

lower resistance however the cost and physical size of the device rises. The inductor used was 

deemed to give the best balance between cost and performance.  

The diode used on the design is a Schottky type with 0.45 V forward voltage drop, the low forward 

voltage drop is used to minimise the power lost in this device. This reverse current blocking could 

be implemented with a Mosfet in active diode configuration in future which would reduce the 

power consumption but this must be balanced against cost. 

INTERRUPTED CHARGE CONTROL  
Based on the research presented in this report, Interrupted Charge Control (ICC) was determined 

to be the most appropriate charge control algorithm for extension of battery lifetime. It was shown 

to overcome overcharging issues which is a major cause of reduction in usable lifetime of a sealed 

lead-acid battery. 

ICC charges a battery in four modes, Mode 1 is a constant current (CC) mode at a current of 

0.1*Crated A and should charge the battery to over 85% SOC. Charging moves to Mode 2 when the 

battery exceeds an voltage threshold, Mode 2 is a battery rest state where the battery is left to fall 

to a lower voltage threshold. Mode 3 charges the battery with current pulses of 0.05*Crated A. The 

pulses have 30s period and 33% duty cycle. Mode 3 will raise the SOC from 85% to 100%. Mode 4 is 

a fully charged state where the battery is no longer charged. When the battery voltage threshold 

reaches a restart voltage charging will be restarted in Mode 1. A plot of battery voltage and current 

during a single battery charge is shown in Figure 36 (31). 

 

FIGURE 36  – OPERATING MODES OF THE INTERRUPTED CHARGE CONTROL ALGORITHM (31). 

The ICC technique was originally designed with AC connected chargers in mind which means that 

the constant current conditions can be met. In a PV system the amount of available power is 

variable which means that at times the desired CC level cannot be met. In this situation standard 

MPPT will be used to keep the charging current as high as possible.  
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The algorithm used to set the duty cycle and thus the charging current of the battery is a modified 

perturb and observe maximum power point tracking algorithm. Under low irradiance conditions 

when the desired CC value cannot be met, the standard perturb and observe algorithm is used. 

Under normal irradiance conditions the algorithm increases the operating voltage of the solar 

panel until the target CC is met. This works as the PV power will fall if the operating voltage is 

pushed above the MPP thus the battery current will fall. The algorithm is shown in Figure 37. 

 

FIGURE 37  – FLOW CHART SHOWING THE PERTURB AND OBSERVE ALGORITHM MODIFIED TO CURRENT L IMIT WHEN 

EXCESS POWER IS AVAILABLE. 

The higher level algorithm which controls which mode the charge controller operates in is shown in 

Figure 38. The implemented algorithm adds a fifth state to Wong and Hurley’s proposed algorithm 

to make it suitable for PV applications, the fifth state will be entered when the PV panel is 

producing negligible power, normally at night. This state allows the microprocessor and other 

hardware to enter a low power state and periodically wake to scan the panel for non-negligible 

power output. 

Start 
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Where V is PV Panel Voltage, P is Power and k is the iteration. 
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FIGURE 38  – STATE MACHINE DIAGRAM SHOWING THE INTERRUPTED CHARGE CONTROL ALGORITHM. 

An important design choice for this algorithm is the choice of the threshold levels. The levels used 

are shown in Table 6 and were derived from research published on interrupted charge control (31). 

The threshold values are valid for a battery at 25°C and with the fully charging current available. 

They will be compensated to account for temperature and irradiance variations. 

TABLE 6  – THRESHOLD VOLTAGE USED FOR INTERRUPTED CHARGE CONTROL ALGORITHM (31). 

THRESHOLD BATTERY VOLTAGE 
VHTH 14.7 V 
VLTH 13.4 V 
VRESTART 12.8 V 

 

TEMPE RA TURE COM PE NS ATIO N  

Battery operation can vary with temperature and overcharging occurs at a lower voltage at 

increased temperature. Battery manufacturers give temperature compensation advice for three 

stage charging (Figure 39) but ICC needs a different technique method of implanting this. 

Mode 1 
Bulk Charge 

 

Mode 2 
Rest 

 

Mode 3 
Pulse 

Charge 

Mode 4 
Fully 

Charged 

Mode 5 
Night Mode 

(sleep for 
10 mins) 

P < Pmin P < Pmin 

P > Pmin 

V > VHTh V < VLTh V > VHTh 

V < VRestart 

Where V is Battery Voltage, P is PV Panel Power 
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FIGURE 39  -  EFFECT OF TEMPERATURE ON BATTERY CHARGING VOLTAGES FOR THREE STAGE CHARGING (32). 

Temperature compensation of the voltage thresholds can reduces the rate of water loss and grid 

corrosion caused by to overcharging when the temperature is high. A suggested temperature 

compensation technique also changes the duty cycle of the charging pulse during the pulse charge 

state of ICC to prevent thermal runaway (33).  

 

FIGURE 40  -  TEMPERATURE COMPENSATION FOR ICC  (33). 

For the implementation in this project the parameters are shown in Table 7. These were derived 

from recommended values from the battery datasheet and a paper on ICC (33). 
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TABLE 7  -  IMPLEMENTED TEMPERATURE COMPENSATION PARAMETERS. 

Parameter Value 

𝑽𝑰𝑪𝑪
𝒓𝒂𝒕𝒆𝒅 14.7 V 

𝑽𝑰𝑪𝑪
𝒎𝒊𝒏 13.2 V 

𝑫𝑰𝑪𝑪
𝒓𝒂𝒕𝒆𝒅  33 % 

𝑫𝑰𝑪𝑪
𝒎𝒊𝒏 16.7 % 

𝑻𝒎𝒊𝒏 5°C 

𝑻𝒓  25°C 

𝑻𝒎𝒂𝒙 50°C 

 

 

CURRE NT COM PE NSA TIO N  

ICC relies on charging a battery at a constant current until the high voltage threshold is met. Using 

a PV panel as the power supply means that at times this constant current target cannot be met. 

The battery can still be fully charged but at a lower current for a longer time. Figure 41 shows the 

effect of charging current on the threshold values, the graph is for three stage charging but by 

looking at the voltage values at 92% SOC the voltage thresholds for ICC can be derived. This 

introduces the problem that the voltage thresholds must be reduced for lower current charging 

levels. 

 

FIGURE 41  -  EFFECT OF BATTERY CHARGING CURRENT ON VOLTAGE (34). 

The voltage thresholds are compensated with the charging current as well as temperature as 

discussed above. The charging current is filtered to remove short-term drops in charging current 

due to cloud shading as battery voltage does not change instantly with changes in current. The 

values are compensated after the temperature compensation by multiplying the temperature 

compensated value by a scaling factor. The implemented scaling factor is shown in Figure 42.  
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FIGURE 42  -  CHARING CURRENT COMPENSATION OF UPPER VOLTAGE THRESHOLD. 

LOW VOLTAGE D ISCONNECT  
Research in the failure mechanisms of sealed lead-acid batteries highlighted two major causes of 

failure. The first is over charging and this has been addressed with the use of interrupted charge 

control. The second failure mechanism is over discharge of the battery leading to sulphation. 

Sulphation can be prevented by not allowing the battery to rest in a low SOC state, whilst the 

charging of the battery cannot be controlled, the depth of discharge (DOD) can.  

When the SOC of the battery falls below a set level the outputs will be turned off and the user will 

be informed that the box cannot be used until recharged. The set point at which this happens is 

commonly called the Low Voltage Disconnect Level (LVDC) as is normally implemented as a single 

voltage threshold.  

 

FIGURE 43  – D ISCHARGE CHARACTERISTICS OF TYPICAL SEALED LEAD-ACID BATTERY (32). 

Based on Figure 43 the disconnect voltage should change with output current. The graph showing 

the implemented disconnect voltages is shown in Figure 44. The voltage is constant below 

0.1*CRated A and above 5*CRated Amps. It varies linearly between these two constants. The constant 

value at 5*CRated Amps is used to calculate the linear gradient but will never itself be required as the 

device limits output current to around 1Crated A to prevent damage to the load switching Mosfets. 

The liner relationship makes the code implementation of the LVDC checking very simple and quick 

to execute. 
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FIGURE 44  -  CUT OUT VOLTAGE AGAINST NEGATIVE BATTERY CURRENT.  NEGATIVE CURRENT IS USED AS THIS 

REPRESENTS CURRENT OUT OF THE BATTERY,  POSITIVE CURRENT IS GOING INTO THE BATTERY. 

The limits here are roughly set at 80% Depth of Discharge. However we do not expect this limit to 

be reached every day during normal use. Based on experience gained from the 2012 trial and 

e.quinox’s experience with energy kiosks it is unlikely that a user will use more than 4 hours of 2W 

LED lighting per night, but may run two bulbs. They are unlikely to charge more than one phone 

per day. The total likely power consumption per night is 26 Wh. This roughly equate to a 30% 

Depth of Discharge on average which will help to prolong the lifetime of the battery. The LVDC 

level is a worst-case scenario and is designed to prevent the user from significantly shortening the 

lifetime of the battery. 

RESULTS  
The final implementation of the charge controller has been tested in many ways. Firstly the 

charging algorithm was tested by simulating a solar panel with a power supply. This allowed the 

charge controller to be tested with a predictable power supply that was not reliant on the weather. 

A comparison has been made between a commonly used three stage charging algorithm and the 

implemented ICC scheme. Both charging batteries were matched in terms of manufacturer, age 

and starting state of charge. The comparison shows that both charge control scheme took 11 hours 

to full charge the batteries to 100% SOC with a rested open-circuit voltage of 13V. 

Ambient temperature and battery temperatures were also recorded during the charging test to 

estimate the impact of the algorithms of battery lifetime without the need for long-term tests. The 

battery temperature corrected for ambient are shown in Figure 45. The results of this test are 

inconclusive as the precision of the temperature recording equipment was 1°C. The expected 

temperature difference between the charge control algorithms is expected to be less than 1°C.  
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FIGURE 45  – COMPARISON OF THE IMPLEMENTED ICC  CHARGING (LEFT) AND THREE STAGE CHARGING (RIGHT).  

COMPARISON WAS PERFORMED WITH SIMULATED PV PANELS WITH EQUAL POWER AVAILABILITY. 

 

FIGURE 46  – ICC  STATE 3, PULSE CHARGING.  CLOSE-UP VIEW OF THE PULSE CH ARGING STATE OF THE ICC  

ALGORITHM.  30S TIME PERIOD WITH 33%  DUTY CYCLE. 
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The second testing technique was real-world testing over a two week period. The izuba.box 

prototype was used with a 7W PV panel mounted to a rooftop in Chelsea, London. This allowed the 

testing of the MPPT with non-constant lighting due to cloud shading and daily variations. Figure 47 

shows the charging profile from a single day (31st May 2013). The plot shows the charge controller 

remaining is Mode 1 of the interrupted charge control algorithm due to the voltage never reaching 

the high threshold. At 17:45 irradiance falls away rapidly and the charge controller enters night 

mode. The drop in battery voltage is partly due to settling and partly due to a mobile phone being 

connected to charge. 

 

FIGURE 47  -  PLOT OF PV PANEL POWER, BATTERY VOLTAGE AND BATTERY CURRENT FOR A DAY OF CHARGING. 
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USER INTERFACE  
The user interface is all aspects of the system that the user interacts with, this includes the LCD 
display, the keypad and USB and DC power outputs.  

LCD  SCREEN  
The main feedback to the user is though the LCD screen. It will display information such as the 

current SOC, Charging speed and time remaining until next payment. 

The LCD screen is controlled by the UI software task which uses a LCD driver which was written 

specifically for this application and can display custom characters such as battery icons. The LCD 

has three states, the first state is the normal condition when the device is charged or charging and 

payment is valid. The second state is when a payment is required and the final state is a powered 

down state which is used when the box is off or in LVDC state. 

 

 

FIGURE 48  -  LCD  STATES IN NORMAL MODE (TOP) AND PAYMENT REQUIRED (BOTTOM). 

The LCD shows the state of charge diagrammatically in a simple 5 steps of battery level. This is 

based on feedback from our first prototype in which people found a percentage figure confusing, 

especially if the battery level meter would vary by a few percent when a large load was plugged in. 

This solution is partly solved by more intelligent SOC estimation but also by simplifying the battery 

level display. A second advantage here is that the battery level indication is language independent. 

The battery icon is animated to indicate when the device is charging. 

The LCD screen has two sources of power consumption, firstly the LCD uses power to display the 

characters on the screen, secondly the LCD has a backlight which consumers power when on. 

Measurements on a sample LCD gave the power consumption of the LCD to be ~5mW and the 

backlight to be 100mW. To reduce the power consumption of the izuba.box the LCD and backlight 

can be powered down separately by the microcontroller. The backlight is switched with a low cost 

Mosfets as shown in Figure 49. It is also possible to PWM the backlight to reduce the brightness 

and power consumption. The LCD is powered down with a command sent to the LCD. The 

microcontroller will power on the LCD when the box is turned on by the user, the screen will be off 

when the user turns the box off, even if the microcontroller is running the charge control 

algorithm. The LCD backlight is turned on with a 15 second time-out after a user event, such as 

powering on the box or interacting with the keypad. 
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FIGURE 49  -  LCD  POWER CONTROL CIRCUITRY. 

KEYPAD  
The keypad is custom manufacture by a Chinese supplier to the design shown in Figure 50. These 

have a self-adhesive backing and will be stuck to the faceplate. They keypads are connected to the 

PCB using a ribbon cable which passes through the faceplate underneath the self-adhesive backing.  

As Figure 50 shows the electrical connection is a 3x4 matrix which connects to 7 pins of the 

microcontroller. The 4 horizontal connections are held low whilst the 3 vertical pins are weakly 

held high with pull-up resistors. When a button is pressed one of the 3 vertical pins is pulled low 

generating an interrupt in the microcontroller software. The interrupted causes the keypad to be 

scan be pulling only a single horizontal pin low at a time and detecting which vertical pin is pulled 

low. From this it can be determined which button is pressed. 

The input from the keypad is predominately used for entering unlock codes into the device but can 

also be used to activate the LCD backlight for a short amount of time.  

A small buzzer is included in the design which give the user audible feedback when using the 

keypad. It is also used as an alarm to indicate to the user that the battery is low or payment has 

expired. 
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FIGURE 50  -  KEYPAD DESIGN W ITH EMBOSSED TACTILE BUTTONS AND SELF-ADHESIVE REAR. 

OUTPUTS AND PROTECTION  
The outputs available for uses by the user are listing in Table 8. The DC sockets are designed to 

work with the 2W LED lights sold with the izuba.box but may also be used for other applications 

such as low power TVs. The USBs are designed for mobile phone charging but may be used to 

charge FM radios and any other USB powered devices. 

TABLE 8  -  POWER OUTPUTS AVAILABLE TO THE USER. 

Output Quantity Power Rating (each) 

12V 2.5mm DC Power Socket 3 1A 

5V USB Socket 2 0.5A 
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FIGURE 51  – PROTOTYPE SYSTEM POWERING TV,  LED L IGHT AND CHARGING A MOBILE PHONE 

USB  OUTPUT PRO TE CTIO N  

The USB sockets are powered by the 12V to 5V buck convertor which uses an LM2576 controller. 

This has a maximum output current of 3A and is used to power the USB sockets and is also used to 

power the LCD screen and the microcontroller through a 3.3V linear regulator. 

The USB outputs are protected to allow a maximum current of 0.5A per output. If the connected 

device pulls more current than this or the USB socket is short circuited the output will be disabled 

by software. This current limiting is implemented using an AP1212 IC which is a high side power 

switch with overcurrent error flags. The error flags are linked to an interrupt service routine in the 

microcontroller which disables the USB output.  

The USB data lines are voltage biased to indicate to connected devices that no more than 0.5A 

should be sourced from the USB port. This is simply implemented with a potential divider on each 

data line (35). This charger should be compatible with the latest smart phones (36) as well as the 

feature phones used in developing nations. 

 

FIGURE 52  -  USB  OVER-CURRENT PROTECTION.  MICROCONTROLLER REACT S TO ERROR FLAG IN 5µS BY DISABLING 

THE USB  OUTPUT. 
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FIGURE 53  -  THE USB  CHARGING HARDWARE.  ERROR FLAGS OF THE AP1212  ARE CONNECTED TO INTERRUPT P INS 

OF THE MICROCONTROLLER. 

12V  DC  OUTPUT PRO TE CTIO N  

The 12V outputs are not individually current limited but the current though all DC ports are 

monitored together and disabled if unsafe currents or short circuits are detected. The current is 

measured using the battery current sensing circuit. 

The PV panel and Battery currents are read periodically by the ADC as described in the Charge 

Controller section. The UI task sets up an Analogue Watchdog on the Battery current ADC channel, 

if the measured current rises above a predefined safe value an interrupt will be generated. The 

interrupt will use the current battery current in combination with the PV panel current to decide if 

the output current is at an unsafe level. If it is the output will be disabled and the user will be 

informed. This will prevent failures which were seen in the 2012 izuba.box prototype which 

resulted from over-current on the DC output sockets. 

BATTE RY SHO RT C IRCUIT AND REVE RSE PO LARITY PROTE CTIO N  

Sealed Lead-acid batteries can ignite or explode when short-circuited for prolonged periods of time 

(37). The microcontroller code monitors battery current using the analogue watchdog described 

earlier but it important to add a hardware safety feature in case the short circuit causes the 

microcontroller power rail to be pulled down. This is could easily happen if moisture or any 

connective material shorts out metal contacts on the PCB.  
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A resettable fuse has been placed on the battery input line. This is designed to hold at up to 7A and 

trip at 16A so should not affect normal operation which limits above 5A. This is not designed to 

protect any circuit elements but to prevent dangerous battery short circuits if all other over-

current protection has failed. 

The battery is housed within the closed casing of the product and should never be changed by the 

user, however the boxes will be assembled by a local workforce so there is a small chance of 

battery terminals being incorrectly attached. To reduce this chance as much as possible the 

connector used for the battery can only be inserted the correct way into the PCB. The other end 

will be colour coded to match the battery terminals. Whilst this should reduce risk there may still 

occur human error in both the cable assembly and the final product assembly. A reverse polarity 

protection diode has been added to the battery input circuitry. This, along with the PTC should 

prevent damage from reverse battery connections at most there will be -0.7V from VBatt to Gnd 

which is within the safe levels for all components. 

 

FIGURE 54  -  BATTERY HARDWARE SHORT-C IRCUIT AND REVERSE POLARITY PROTECTION. 
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PAYMENT SYSTEM  

The customers of this product pay for the use of the outputs though a pay-as-you-go business 

model. They can purchase between 2 days and 2 months access at a time. The izuba.box must keep 

track of how much use the customer has paid for and also how much time has elapsed since the 

payment.  

The customer pays for the product using a mobile money transfer system and e.quinox is currently 

in the process of producing an “app” for all feature phones based on the USSD protocol to simplify 

this process. Following payment the customer receives an SMS containing an unlock code which is 

typed into the product keypad. Once this is verified the box will unlock the outputs for the length 

of time paid for.  

To ensure unlock codes are unique to each product and are only one time usable the software 

must store a box id and the number of times an unlock code has been used. These are also stored 

by the server which generates the codes and is transferred and verified as part of the unlock code. 

The Box ID itself is not transferred in the code but is used to generate the checksum, in this way if 

the code is used on a box with the incorrect box id then verification of the checksum will fail. The 

checksum is also generated from a shared secret field which is programmed on the server and in 

the microcontroller firmware but not transferred as part of the unlock code. 

 

FIGURE 55  – BINARY STRUCTURE OF THE UNLOCK CODE.  THIS IS SENT TO THE CUSTOMER AS A 10  DIGIT DECIMAL 

NUMBER  

The unlock days field tells the box how long the customer has paid for. It is a coded value between 

two days and 8 weeks. The full unlock code will be generated and issued when the customer has 

paid the full cost of the system. At this point the payment system will be disabled and the customer 

can use their box without purchasing unlock codes. 

 

FIGURE 56  -  THE CODED VALUES FOR THE UNLOCK DAYS FIELD IN THE UNLOCK CODES 

The unlock code structure is the same as the structure used in the 2012 prototypes3 however due 

to a change in hardware the low level drivers needed to implement these algorithms need to be re-

written. The two largest changes are switching from an off-chip real-time clock to one incorporated 

into the STM32F0 microcontroller. A second change is from using internal EEPROM to internal 

Flash for non-volatile data storage. 

                                                                 
3 A separate e.quinox project is currently working to improve the security of the unlock codes. 
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REAL T IME CLOCK  
A real time clock (RTC) is used in this design to monitor the elapsed time since payment. The 

STM32F0 series microcontrollers incorporate a RTC as a peripheral. The clock source for the RTC is 

coded to be an external 32.768 kHz crystal with two 12.5 pF load capacitors shown in Figure 57. 

The 32.768 kHz is pre-scaled down to 1Hz by the microcontroller and drives the RTC.  

A second battery (in addition to the main storage battery) is used to back-up the RTC in case of 

power failure or during times when the microcontroller is in sleep or standby mode. The RTC will 

continue to increment and the time will not be lost. This backup battery is soldered directly to the 

PCB to prevent any accidental or deliberate tampering which may occur by the customer. The back-

up battery is expected to last 10 years, far exceeded the expected payback time for the product 

during which the RTC is required. 

 

FIGURE 57  -  SCHEMATIC SEGMENT SHOWING RTC  CRYSTAL AND BACK-UP BATTERY CONNECTED TO THE STM32F0  

MICROCONTROLLER . 

 

NON-VOLATILE MEMORY  
The product must store a range of variables such as the ID of the box and the number of times it 

has been unlocked. These values must be retained even when power is removed from the PCB. For 

this reason SRAM cannot be used, two options for storing these values are an External EEPROM IC 

or partitioning the Microcontrollers flash memory and using one partition for an Emulated 

EEPROM and the other for code space. 

Flash Memory is on-chip and is much faster to read than off-chip EEPROM but may take longer to 

write to as a whole flash page must be erased and re-written for every write. As this non-volatile 

memory will only be written to when a new unlock code is entered the extra time required for a 

write is not significant (38).  

A Flash memory write can be interrupted by a Microcontroller reset or a power supply failure. To 

prevent corruption of the stored variables two Flash pages are written to separately, if one 

becomes corrupted the other is used to restore it; this may lose the last data item to be written but 

will recover all other data.  
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DESIGN FOR ASSEMBLY  

As discussed in the introduction to this report, the secondary aim of the project is to design the 

izuba.box to reduce manufacturing time and increase durability. The product should be suitable for 

other organisations to have produced by our partner suppliers without expert electronics or 

manufacturing knowledge. The only exception to this is the rear wooden case which we will have 

manufactured by potential customers in Rwanda under the guidance of a local carpenter. If this 

cannot be replicated by another organisation then the work to replace this with a factory produced 

metal casing would be minimal. E.quinox feels that local production of part of the casing is 

advantageous as it allows training of the locals in how to use and maintain these products and also 

serves as marketing. 

CASING  
The casing of the unit was influenced by local tastes in the target deployment area, Rwanda. The 

rear of the casing is made from locally sourced wood and assembled by a local workforce. The 

layout of the casing was designed4 to be as small as possible to reduce cost in both materials and 

transportation. The size of these units are limited by the size of the battery and all electronics are 

designed to be smaller than the largest face of the battery. 

 

FIGURE 58  -  EXPLODED V IEW OF FULL IZUBA.BOX DESIGN 

FACEPLATE  
To prevent issues with poor tolerances and changeability of wood the faceplate is manufactured in 

the UK from Aluminium. Aluminium was chosen for its anti-rusting properties and wide and cheap 

availability.  The faceplate with be sourced from a UK company, Lincoln Binns who will stamp sheet 

aluminium with the required holes. 

                                                                 
4 The layout of the faceplate was designed by myself but the CAD drawing and manufacture was 
kindly completed by Matthew Wood, Civil Engineer and e.quinox member, Imperial College. 
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FIGURE 59  -  INNER BOX DIMENSIONS WITH PCB,  BOX,  SCREEN AND KEYPAD LOCATIONS  

PCB 
The PCB is designed to be produced by industrial pick and place machines which allows any 

organisation that use these designs to have the product manufactured by a third party. Component 

choices were made to ease this process, surface mount components are used wherever possible 

and non-standard parts were minimised. A simple, low density, two layer PCB design was produced 

which removes the need for expensive PCB manufacturing processes. All surface mount 

components have been kept on a single side of the PCB ensuring only a single pass through a pick 

and place machine is required and gluing is not needed, as shown in Figure 60. Passive component 

values have been agglomerated into as few values as possible which minimised the BOM. All of 

these techniques should aid in reducing the per unit assembly cost.  
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FIGURE 60  – COMPARISON OF THE STEP REQUIRED FOR THREE D IFFERENT SOLDERING TECHNIQUES.  THE NUMBER OF 

STEPS REQUIRED IS A GOOD INDICATION OF THE RELATIVE COST (39). 

One side of the PCB feature most of the electronic components in the design. The rear of the PCB is 

used for connectors which must be accesable from the faceplate, for example the USB sockets, DC 

Sockets and Power Switch. This results in an extremely simple to assemble final product but 

requires very careful component selection as all connectors must be of the correct height to mount 

flush with the faceplate. The device which determined the gap between the PCB and faceplate was 

the USB Socket as this is only available in one height. DC Sockets had to be compatible with the 

2.5mm DC Jacks used on the LED Light’s used by equinox and also needed to match the height of 

the USB Socket. These had to be sourced from a specialist connectors company in the UK. 

The LCD must fit behind the faceplate and be directly soldered to the PCB. This component was 

sourced from a specialist LCD supplier based in China. There is enough space between the LCD 

screen and the faceplate for a protective clear plastic window which will protect the screen and 

prevent moisture and dirt entering the casing. 

The switch was a difficult component to source as the switch must be matched with an appropriate 

cap to increase the radius of the switch presented to the user. Matching the cap, switch and 

dimensions required proved difficult but compatible devices were sourced from UK based 

suppliers. The switch cap is not physically attached to the PCB, rather it I mounted in the faceplate 

and held in place by the switch once the PCB is attached to the faceplate. 
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FIGURE 61  – 3D MODELS OF PCB  AND COMPONENTS WERE USED TO CHECK SIZE AND TO PRODUCE DESIGN 

RENDERINGS FOR PROMOTION OF THE FINAL PRODUCT.  NOTE, NOT ALL ELECTRONIC COMPONENTS ARE SHOWN IN 

THIS IMAGE FOR CLARITY. 

E.quinox will be testing the automated assembly of these PCB for the products which will be 

distributed in summer 2013.  

 PCB  LAYO UT  

The PCB layout was determined predominantly by the design of the faceplate as the mounting 

holes and connectors must match. The   input conditioning and measurement was placed as close 

as possible to the input connectors to reduce noise on the measurements. The charge controller 

DC-DC converter was also placed as close to the battery and PV panel connectors as possible to 

reduce the length of the power traces. The 5V DC-DC convertor was placed next to the USB outputs 

and the microcontroller was placed in the centre as it communicates with all sub-blocks of the 

system. 

 

   e.quinox  

    izuba.box  
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FIGURE 62  -  PCB  LAYOUT BACK  

 

FIGURE 63  -  PCB  LAYOUT FRONT  
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FUTURE WORK 
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LONG TERM BATTERY L IFETIME ANALYSIS  
The implemented charge controller was unable to go through long-term lifetime tests due to time 

constraints in this project. However, 100 units will be deployed in North Rwanda in summer 2013. 

Some of these units will be fitted with data-logging capabilities which will allow detailed analysis of 

battery lifetime in real use scenarios over a long time frame.   

Due to time constraints a full data-logging system was not implemented, instead a serial port is 

broken out on the PCB which can be attached to third-party SD card logging systems such as the 

SDLogger (40). The serial port prints information such as battery and PV panel voltage and current, 

system state and temperature and can be used to plot data such as in Figure 47. These logging 

devices will only be fitted to a selection of these trial unit deployed in order to reduce cost. 

Combining data from these devices and customer feedback will allow a future e.quinox team to 

analyse the success of this project and properly analyse the suitability of this charge control 

algorithm. 

In future versions of the product the on board microcontroller should be programmed to interact 

directly with a SD card. Minimal extra hardware would be required which will reduce the cost of 

the data-logging system which may, in future allow all units to log data. 

SYSTEM S IZ ING  
The product discussed in this report is an izuba.box home, which has a 12V 7Ah battery matched 

with a 7WP PV Panel. e.quinox also has an izuba.box pro range which has a 26 Ah Battery, 35WP PV 

Panel and more outputs including an AC output. The charge controller designed in this project was 

designed to work with panels up to 35 WP ensuring it is suitable for the pro unit. Little work is 

needed to convert the home design to a pro, mostly the work is simply added more output ports. 

30 izuba.box pro units will be trialled in summer 2013. 

The final product in the izuba.box range is the izuba.box mini. At this stage it is still a concept but 

plans to use a 1WP PV Panel, 6V 1Ahr Ni-MH batteries and replace the expensive LCD with simpler 

LEDs. The charge controller hardware is suitable for this product but the software will need to be 

modified to suit Ni-MH batteries. The design and launch of the izuba.box mini will occur during 

2014. This miniaturisation allows for an even cheaper price with a shorter pay-back period. This 

concept was derived from feedback from NGOs who currently distribute solar lanterns who felt 

that a two year payback period required too much financing and commitment. 

 

FIGURE 64  -  OTHER IZUBA.BOX MODELS.  THE SMALLER IZUBA.BOX MINI ON THE LEFT  AND THE BUSINESS CUSTOMER 

FOCUSED IZUBA.BOX PRO ON THE RIGHT.  THE HOOKS ON THE PRO UNIT ARE DESIGNED TO HOLD A DC-AC  INVERTER. 
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CONCLUSION 
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This report has outlined the motivation behind the development of the izuba.box. This product 

alone cannot solve the massive and complex electrification problem but it does facilitate a 

financially viable business model which can be used to target the bottom-of-the pyramid 

customers. The monthly cost of the payment plan is designed to be less than customers were 

spending on low quality energy solution, so whilst this product may seem expensive at £62 it saves 

the end consumer money without the need for large up-front payments.  

The most innovative part of the developed izuba.box is the intelligent charge controller which 

maximises battery lifetime. Research showed that Interrupted Charge Control (ICC) was the best 

candidate for optimising battery lifetime without compromising on the usability of the system. 

Research showed that the use of ICC could extend battery lifetime by 300-400% (41). This was 

combined with a maximum power point tracking algorithm called Perturb and Observe. The 

combination of these two technologies and intelligent temperature and charging current 

compensation is an innovative solution which should make the batteries used in solar systems last 

much longer. This firstly reduces system cost and has secondary benefits such as reducing the 

environmental impact of these products.  

Full lifetime tests of the system were not possible during the timeframe of the project and 

temperature tests proved inconclusive. Future work is required to analyse the performance of the 

implemented battery lifetime optimisations. This has been facilitated by implementing optional 

data-logging support into the charge controller which can be used to analyse lifetime in real world 

applications. 

The charge controller was integrated with a solar home system known as the izuba.box. The 

integration allowed the sharing of key system components such as the microcontroller and power 

supplies. The resulting system has greater intelligence and lower cost when compared with a 

system of discrete modules.  

e.quinox aims to run a trial of 100 izuba.box units during the summer of 2013 and if successful, 

promote the concept and technical designs to larger organisations The izuba.box electronics and 

casing faceplate are open-source and designed to be suitable for machine assembly so that it can 

be easily duplicated by these larger organisations to begin to tackle the electrification problem.  

e.quinox has already received contact from several organisations who are interested in the project 

and who are considering trialling the system for themselves. 

Work on this project will now be taken forward by non-graduating e.quinox members with aims to 

fix any issues that arise from the trial and analyse the real use performance of the battery lifetime 

optimisations. They also aim to use the developed system in a smaller, more affordable solar home 

system and well as a larger system aimed for small businesses. These are branded the izuba.box 

mini and izuba.box pro respectively.  

Overall, this project has met its aims of producing a product which builds upon the successes of the 

2012 prototype izuba.box and improves on its shortfalls It has resulted in a professional product 

that can be promoted to the wider development community as proof that a pay-as-you-go business 

model for rural electrification can help to target the bottom of the pyramid consumers. 
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SOFTWARE DESIGNS 

Full software listings are not included here but are downloadable at: 

https://github.com/equinoxorg/standalone_v2/tree/master/Software 

https://github.com/equinoxorg/standalone_v2/tree/master/Software
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