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Sammanfattning 
Syftet med detta projekt har varit att utveckla en solpanel och elektroniken till en portabel 

solcellsdriven lampa. Huvuddelarna i systemet är en solpanel, en ljuskälla, ett batteri och ett 

USB-uttag för att användaren ska kunna ladda t.ex. en mobiltelefon. Målet har varit att leverera 

produktionsunderlag för en färdig slutprodukt. 

 

En solcell är en halvledare som direkt omvandlar solljusets energi till elektrisk energi i form av 

likström. Den spänning och ström som alstras av en solcell är beroende av ljusinstrålningen, 

temperaturen, cellens effektivitet och belastning. Solcellen har en punkt, som beror av dessa 

parametrar, vid vilken den maximala effekten erhålls. Eftersom solceller har en mycket låg 

utspänning (cirka 0,5 V) är de vanligen seriekopplade för att anpassas till laddningselektroniken.  

 

För att utnyttja så mycket energi som möjligt från solcellerna krävs någon form av reglering. 

Den effektivaste men också den mest komplicerade lösningen, är den med en så kallad 

”maximum power-point tracker”. I detta projekt har en enklare metod använts som bara 

kontrollerar spänningen över solpanelen. För en viss celltemperatur är spänningen vid den 

maximala effekten ungefär densamma oavsett instrålning.  

 

Batteriet som används i projektet är ett encelligt Litiumpolymer-batteri. Avsaknaden av 

minneseffekt är en mycket viktig egenskap i denna applikation eftersom batteriet laddas så snart 

det finns tillgång till solljus.  

 

Ljuskällan i produkten är en 1 W Power LED. För att se till att ljusutbytet inte varierar regleras 

strömmen genom lysdioden. Genom att kunna variera strömmen erhålles två olika 

ljusintensiteter. Med fulladdat batteri kan lysdioden vara tänd med fullt ljus nästan 10 timmar 

och vid halvljus ca 22 timmar. 

 

Resultatet av projektet är förutom produktionsunderlag en testserie bestående av kretskort och 

solpanel. 
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Abstract 
The aim of this project has been to develop a solar panel and the electronics for a portable solar 

powered lamp. The system mainly consists of a solar panel, a light source, a battery and an USB 

outlet for the user to be able to charge e.g. a mobile phone. The goal has been to deliver 

production material for a final product. 

 

A solar cell is a semiconductor device that directly transforms the energy in sunlight to electric 

energy in form of direct current. The voltage and current generated by a solar cell are dependent 

of the irradiance, temperature, cell efficiency and work load. The solar cell has a point, 

depending on these parameters, at which maximum power is generated, called the maximum 

power point. 

  

To harvest as much energy as possible from the solar cells some sort of control is needed. A 

technique called maximum power-point tracking is the most effective but also the most 

complicated solution. In this project a more simple method was used that only controls the 

voltage across the solar panel. For a specific cell temperature, the voltage at the maximum power 

point is roughly the same regardless of irradiance. 

 

The battery used in this project is a single cell Lithium-Polymer battery. The lack of memory 

effect is a very important feature since the battery will be charged as soon as there is sunlight 

available. 

 

The light source in this product is a 1 W Power LED. To make sure that the light exchange 

doesn’t vary the current through the LED is controlled. By having two different values of the 

current, two different light intensities are achieved. 

 

A solar panel and a printed circuit board with components has been manufactured and tested. On 

a fully charged battery the LED could be turned on at full light nearly 10 hours and at half light 

22 hours. 
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1. Introduction 

1.1 Background 
The market of products that uses solar power as an energy source is very popular and steadily 

increasing. The solar cells are used in all kind of applications. A big part of this market is that of the off-

grid portable electrical devices. That is the products that use solar cells to generate energy.  

On the Swedish market there are many different solutions of solar powered products. Common 

products are the light sources (that use solar power to recharge the batteries) and the portable chargers 

using solar cells. Many of these products target a market where low price is the main goal. In 2009 there 

was not a single combined solar powered light source/charger hat targeted quality and roughness as the 

main goal. 

HiNation AB is newly established company with the goal of supplying a high quality solar powered lamp 

with the motto “The world’s best solar lamp”. The user target is the outdoor people, like hikers and 

sailors. The common factor is the absence of the power grid. In a second phase other off-grid markets, 

like Africa, are potential costumers.  

In 2009 a pre-study was carried out by external consultants. The pre-study examined and described the 

technical conditions for a product with the qualities describe above. A function prototype was also built. 

1.2 Objective 
The aim with these master theses (2 x 30 hp) and the resulting report is to productize a robust and 

efficient solar powered lamp for HiNation AB. The result should contain a small trial series for testing 

and the product data for the making of a first series.  

All components and solutions are going to be selected and evaluated with the criteria of robustness and 

high quality. The cost of the product should be kept as low as possible fulfilling the criteria above. 

1.3 Scope 
The initial scope covered the small trial series and production data for the complete product. That 

included the electronics, solar panel and all the hardware. The hardware design was supplied by an 

industry design company prior to the start of the master thesis. 

In the initial phase of the project the scope was changed. The design of the product was discarded and a 

substantial rework of the design began. At the same time the electronics was estimated to require more 

time than initially planned in order to be competitive. Because of these factors the scope of the master 

thesis was reduced. 

The final scope was limited to only include the electronics and the solar panel. The remaining hardware 

is designed by an external prototype manufacturer. 
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Some initial conditions were derived from the pre-study by HiNation: 

 The device shall have a rechargeable battery to store energy from the Solar panel 

 The light source shall be a 1W Power LED (corresponds to the light of a 25 W light bulb) 

 Mono-crystalline silicon solar cells are preferably used 

 Other devices like mobile phones and Mp3 players shall be able to be charged from the device 
via a USB outlet 

 

The full list of requirements can be viewed in Appendix 1.  

1.4 Problems 
From the requirements the three most important parts can be identified: Solar panel, battery and light 

source. The solution of the light source is straight forward using a Power LED and the necessary driver 

technology. 

The most demanding areas are: 

 The solar panel and the control needed to get the most energy out of the solar cells.  

 The battery, its protection and the control needed to charge the battery. 
 

Before the work is initiated, there are vital questions to be answered. The questions first raised were: 

 How is the power extracted from the solar cells? 

 How should the charge control be designed to gain the highest efficiency out of the solar cells? 

 How are the solar cells protected from the surroundings? 

 What kind of battery should be used? 

 How is the battery charged? 

 How is the battery protected from electrical misuse? 
 

1.5 Methodology  
Before the actual design was initiated a theoretical foundation was needed. To gain the knowledge 

necessary, theoretical studies aimed to cover the most crucial areas and answer the questions in section 

1.4 Problems were performed in the initial part of the project. The studies, named Rechargeable 

Batteries (Simon Wretblad) and Solar Cells (David Melin), can be viewed in chapter 2. Theoretical study. 

After the theoretical studies the project was executed using a working process similar to the V-model. 

The use of the full V-model was too heavy and time consuming for this project, hence a simplified model 

was used. The process can be viewed in Figure 1. 
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Figure 1. The V project model 

This model fitted this project since the product designed is modular. As in most projects constant testing 

against the requirements was needed so that the resulting product was the product wanted. 

Considering all requirements [Appendix 1] the different modules needed in this project are identified. A 

schematic over the system design is shown in Figure 2.  

 

Figure 2. Schematic of the project 

The parts within the dashed rectangle are invisible to the user. The areas outside the rectangle must 

fulfil more than the functional requirements. The parts that make up the user interface must also be 

evaluated with respect to more subjective properties like feel and appearance. 
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2. Theoretical study 

2.1 Solar cells 
The aim of this study is to help choose appropriate solar cells for the product. It will also discuss how 

solar cells are to be used to harvest as much solar energy as possible.  

2.1.1 Definitions 

 Solar cell – “A semiconductor device that converts the energy of sunlight into electric energy” 

[7] 

 Solar panel – “A group of connected solar cells” *8+. In this report, solar panel is usually referred 

to be an encapsulated group of connected solar cells.- 

 Open circuit voltage (VOC) – Voltage across a solar cell with infinite load resistance (zero current) 

 Short circuit current (ISC) – Current through solar cell when short circuited (zero load resistance) 

2.1.2 Solar cells 

Solar cells are devices that use solar radiation to directly generate electric energy [8] in the form of 

direct current. The cell is usually built up by a semiconducting material, often silicon, which is modified 

by adding controlled amounts of other materials called impurities. These impurities could either be a 

material from group V in the periodic table, such as phosphorus, giving n-type silicon or a material from 

group III, for example aluminum, giving p-type silicon. When bringing p- and n-type silicon together, a so 

called p-n junction is formed and the p-n junction is the essential part of a solar cell. When the photons 

in the solar radiation hit the junction, electrons of the valence band are excited to the conduction band 

on one side of the junction and leave a similar state of holes on the other side. This is called the 

photovoltaic effect and the current generated is led via metal contacts through the load. 

The basic structure of a solar cell is shown in Figure 3. The base layer is n-type silicon and the emitter 

layer is p-type silicon. The antireflection coating is necessary since the silicon itself is shiny and reflects 

30-40 % of the incoming light [8]. With one layer of antireflection coating the reflection may be 

decreased to below 20 %. Using two or three layers may enhance the antireflection properties so that 

only 5 % of the light is reflected. The emitter is connected to the front metal contact and the base is 

connected to the back metal contact and these contacts are then connected to the load. 
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Figure 3. Basic solar cell 

2.1.3 Electric characteristics 

An equivalent circuit of a solar cell is show in Figure 4 as well as the electrical symbol for a solar cell. The 

circuit consists of a current generator in parallel with a diode and two resistors. Ideally, the series 

resistance Rs would be zero and the shunt resistance Rsh would be infinite.  

 

Figure 4. Electrical symbol (left) and equivalent circuit (right) for solar cell 

The electric performance of a solar cell when connected to a load resistor is represented in an IV curve. 

The IV curve is a graph where the current through the load resistor is plotted as a function of the voltage 

across it. A typical IV graph for a solar cell is shown in Figure 5. As seen in the graph in Figure 5, with 

increasing irradiance the power generated in the solar cell increases. Worth noticing is that VOC does not 

change significantly depending on irradiance, while ISC increases with increasing irradiance.  

 

Figure 5. Typical IV-curve for solar cell with two different irradiations 
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When constructing solar cells, it is desired to maximize the fill factor (FF). FF represents the 

“squareness” of the IV curve and is calculated as 

SCOC

m

IV

P
FF ,     (Eq. 1) 

where Pm is the peak power generated at any point of the IV curve. Introducing the curve of the 

generated power from the solar cell in the same graph, see Figure 6, shows that the power maximum is 

located in the bend of the IV curve. The point of maximum power is located at roughly the same voltage 

regardless of irradiance. To get the most out of solar cells the load should be controlled so that the solar 

cell always works at its maximum power point. This could be done with an advanced method called 

MPPT, maximum power-point tracker.  

 

Figure 6. IV and Power graph 

 2.1.4 Maximum Power-Point Tracker (MPPT) 

In big photovoltaic systems, it is essential to make the solar cells operate at the maximum power-point 

since large amounts of potential energy would be lost otherwise [4]. Therefore, many methods with 

varying complexity, sensors needed, cost and convergence speed have been developed through the 

years. The task of MPPTs is to find the point where the solar cell or panel should operate to obtain the 

highest output power at any given irradiance and temperature. One technique, commonly referred to as 

Hill Climbing, is based on climbing upwards the power graph. The algorithm takes one step at a time and 

observes the result. If a step (in any direction) increases the output power, the next step is taken in the 

same direction. When a step decreases output power, next step will be taken in the other direction. 

Other well known, more advanced MPPT techniques include Fuzzy Logic Control and Neural Network 

which are described in [4]. 

2.1.5 STC 

When testing solar cells to calculate efficiency or form the IV curve, standardized conditions called STC 

(Standard test conditions) are used. These conditions are irradiance of 1000 W/m2, spectrum AM1.5G 
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and cell temperature of 25 degrees Celsius [8]. The air mass number (AM) implies the amount of 

atmospheric air masses between the cell and the sun. When in space, the condition is AM0 and at the 

surface of the earth when sun is at zenith complies with AM1. AM1.5 corresponds to when the sun is in 

a 45 degree angle from zenith. The added G in AM1.5G implies that it is the global spectrum, also 

including the scattered light and not only the direct light. At AM1.5G, the actual total irradiance energy 

from the sun is 962 W/m2, but the standard test condition is set to 1000 W/m2. The solar cell should be 

directed towards the source of the light when testing. 

2.1.6 Temperature 

High temperature has a bad influence on solar cells. For example one monocrystalline solar cell has a 

maximum power of 0.95 W at STC. The temperature coefficient for this cell is -11.4 mW/ :C, meaning 

that for every degree above 25 :C the peak power decreases with 11.4 mW. So with a cell temperature 

of 50 :C, the power of this cell is only 0.67 W with the same irradiance, a decrease of 30 %. This is a big 

problem since the cells are heated by the sun. A rule of thumb says that the cell temperature is 

approximately 20 :C higher than the ambient temperature when being in direct sunlight.  

2.1.7 Different types  

Most commercial solar cells are made from silicon, for terrestrial applications these cells account for 

85 % of all solar cell usage [9]. Silicon is widely accessible being one of the most common materials in 

the world, but the need for extremely pure silicon increases the cost significantly [8]. The silicon cells 

can be divided into different groups regarding crystal quality. These types, in order of descending grain 

size, are monocrystalline, multi- or polycrystalline and amorphous cells. A monocrystalline cell is made 

from one large single crystal and has the highest efficiency. Because of the manufacturing process, these 

cells are initially circular. By cutting the cells with four cuts, the shape is changed to a square with 

rounded corners. Polycrystalline cells are cheaper than monocrystalline, but has a lower efficiency of 

around 17 % compared to 20 % of the monocrystalline cells [9]. They are made from multiple crystals 

with grain size ranging from 1 µm to 1 mm. Amorphous cells are mostly made from hydrogenated silicon 

applied to a carrying material. This means that these cells can be made very thin and somewhat flexible. 

The efficiency however is significantly lower than the crystalline cells. 

If higher efficiency is needed, solar cells made from GaAs can be used [9]. GaAs is a combination of 

Gallium, group III in the periodic table and Arsenide from group V and is therefore called an 

III-V material. These cells have a higher efficiency, particular for the spectrum in space, than silicon 

based solar cells can achieve. Efficiencies of up to 25 % have been reached under terrestrial conditions. 

To increase this number even more, cells made from different materials could be stacked on top of each 

other, forming so called multijunction solar cells. 

Another group of solar cell is the thin film cells. These can be made from a couple of different materials, 

for example amorphous silicon, cadmium telluride and copper indium diselenide (CuInSe2). The 

advantage, besides the reduced thickness, of thin film cells is that they can be made very cheap in 

comparison with other cells. On the other hand, the efficiency is lower compared to crystalline silicon 

cells. Another disadvantage of CuInSe2 is the lack of indium; it could not support mass production.  
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2.1.8 Cutting solar cells 

The open circuit voltage of a solar cell is constant, regardless of the size of the cell, while the current is 

proportional to the surface area. Therefore, it is possible to cut the solar cells and connect them in series 

to increase the voltage and lower the current without changing the effect. Since the voltage of solar cells 

usually has a low voltage of around 0.5 volt, cells need to be connected in series to get an appropriate 

voltage level.  

2.1.9 Hot spots 

It is not desired to force current through a solar cell since it would result in a so called hot spot [1]. 

Therefore, when connecting several solar cells in series, it is important that these cells generate the 

same current. The solar panel can only give as much current as the weakest cell. If one cell is 

significantly smaller than the others or if it is covered, this cell will produce less current than the others 

which mean that the current from the solar panel will be at this level. The effect produced by the other 

solar cells will be dissipated in the weaker cell heating this cell at some spot of the cell. A hot spot could 

lead to cell breakdown making the solar panel less effective or non functional.  

2.1.10 Solar panel sandwich 

A solar panel is usually built as a sandwich containing the solar cells, a back sheet, protection glass and 

two layers of EVA-polymer (ethyl vinyl acetate). These layers as viewed in Figure 7, is laminated together 

during a process of heat, pressure and vacuum. During this process, the EVA-polymer melts and air is 

pressed out giving a solid panel that is water and air proof. Using this method, a technical lifetime of at 

least 25 years is realistic [2]. With time, the encapsulation may start yellowing, giving the panel a slight 

yellow appearance decreasing the effect of the panel. This is mostly seen in countries with higher 

ambient temperature. 

 

Figure 7. Solar panel sandwich before lamination process 

After the lamination process, the solar panel is completely solid without any air in contact with the solar 

cells, see Figure 8. This protects the cells and increases their life time.  

 

Figure 8. Solar panel sandwich after lamination process 
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Another reason to encapsulate the cells with EVA is to get optical guidance for the light. As shown in  

Figure 9, a light beam entering the solar panel from an angle will refract towards the cells. However, if 

there would to be air between the protection glass and the cells, the beam would refract again to the 

same angle as before entering solar panel. A smaller angle of incidence is desired since the solar cell 

then can utilize more energy in the beam [3]. 

 
Figure 9. Light beam entering solar panel and refracting 

2.2 Rechargeable batteries 
The aim of this study is do determine which type of battery is best suited for using in a portable solar 

powered device.  

Initially, a broader presentation of the different types of rechargeable batteries will be conducted, 

where the pros and cons of each type will be discussed. Thereafter a closer look into some battery types 

will be presented. 

2.2.1 What is a battery 

A battery can be described as “A product that is able to store energy and release it in form of electricity” 

[19]. The battery cell essentially consists of three active components; the two electrodes (anode and 

cathode), see Figure 10 , and the electrolyte [19]. 

   

Figure 10. Simplified scheme of a battery cell when discharged (left) and charged (right)  

The naming of the electrodes can be a bit confusing since there is a common misconception that the 

anode polarity always is positive. Whether the anode is positive (the point from which positive current 

would flow) or not depends on if the device consumes or provides power.  The American Heritage® 

Science Dictionary defines anode: “The negative electrode of a voltaic cell, such as a battery. The anode 

gets its negative charge from the chemical reaction that happens inside the battery…” (left in Figure 10) 

and “The positive electrode in an electrolytic cell, toward which negatively charged particles are 

attracted…” (right in Figure 10). The anode is therefore the negative electrode (the electrons moves out 

from the anode) when discharging the battery and the positive electrode when charging the battery. 
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When discharging the battery the electrons will move from the anode through the external load. Inside 

the battery positive charged ions will move from the anode through the electrolyte to the cathode [19]. 

The electrolyte is a substance containing free ions that behaves as an electrically conductive medium 

[22]. 

2.2.2 Battery families 

The most common and commercially available rechargeable batteries can roughly be sorted in to one of 

the following “families”: 

 Lead acid  – the most common type of battery used in cars. 

 Nickel Cadmium – very frequently used in consumer electronics in the 1990’s. 

 Nickel-metal hydride  – a more eco-friendly type of Nickel battery  

 Lithium Ion – a battery with very high energy density   
 

The lead acid battery is not relevant for this application since it, apart from containing lead, can’t be 

made in the required size. The Nickel Cadmium battery will also be excluded due to the containment of 

Cadmium. The two remaining types are to be considered for the application. 

2.2.3 General facts 

NiMH 

The Nickel-metal hydride (from here on referred to as NiMH) has almost identical structure with the 

Nickel Cadmium battery where the cathode is usually made of Nickel hydroxide. The anode is instead of 

cadmium made of a metal hydride, therefore the name. [19].  

The research of the NiMH started in the 1970s, although it was not until the 1980s that the hydride 

alloys became stable enough to be used in a commercial battery. The modern NiMH offers up to 40% 

higher energy density compared the Nickel Cadmium [11]. The environment impact from these batteries 

is considered low, especially when recycled. [11]. 

Lithium ion 

The Lithium ion (Li-ion) battery derives from the Lithium battery. Problems with the instability of the 

Lithium metal, especially during charging, led to the shift from Lithium metal to Lithium ions [11]. The Li-

ion battery is a relatively new technology, the first commercialized Li-ion battery was released in 1991. 

The use of Li-ion based batteries are constantly growing and they are now becoming the most 

commonly used batteries for consumer electronics like mobile phones and mp3 players. One of the 

biggest advantages with the Li-ion battery is the high energy density that can be more than twice that of 

a NiMH battery [20].   

Manufacturers are constantly finding new and better chemical combinations [11]. There are today, 

because of the fast development, many different kinds of batteries that all builds upon the Li-ion 

technology. Two of these types will be presented later on. The most common chemical combinations 

today are a cathode of a lithium cobalt dioxide (LiCoO2), an anode of a graphite compound [19]. The 
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electrolyte is made of Lithium salts in an organic solvent. These compounds are all considered to have a 

low toxicity so the batteries are said to be environmentally friendly [11]. 

2.2.4 Charging 

The charging procedure of NiMH and Li-ion can be the difference between a long and healthy battery 

life and real danger. It is therefore very important to devote much attention to the charging procedure. 

The current that is put in or taken out from a battery when charged/discharged is measured in C-rate 

(also called CA-rate). The C-rate is related to the capacity of the battery. For example: If a battery has 

the capacity of 1000 mAh, 1C represents 1000 mA and 0.5C represents 500 mA. This means that a 

battery discharged at 1C should last twice as long as the same battery discharged at 2C [11]. Due to the 

internal resistance of the battery the total amount, of power that can be retrieved, often gets higher if 

the battery is discharged at a lower C-rate [11]. 

NiMH 

The standard charge procedure of a NiMH battery is a constant current charge at 0.1C. The time from 

discharged to fully charged will take 14-16 hours. It is possible to charge the batteries in rates up to 1C. 

In such rates the monitoring of the charging process becomes vital [19]. The NiMH battery is not capable 

of receiving overcharge. If charging is continued after the battery is full the battery can be destroyed 

[11].  

The detection of full charge can be a very complex process. The three methods used to detect full state 

of charge are [19], [11]:  

 Peak voltage detection – When the preset top voltage has been reached. 

 Rate of temperature increase – When fully charged the temperature in the battery starts to 
increase more rapidly than when the battery is accepting charge. 

 Negative ∆V – When fully charged, the voltage of the battery dips, see Figure 11. The ∆V is in the 
region of 5-10 mV [19].  
 

 

Figure 11. Typical charge characteristics of a NiMH battery cell [17] 
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To top of the charge and to gain a bit more capacity some chargers use a timed so called trickle charge. 

The battery is then charged with typical 0.05C [11]. The NiMH battery should not be kept at a low charge 

(trickle charge) for too long [19].  

The maximum voltage of a fully charged NiMH cell is typically 1.4 V. The nominal voltage is 1.2 V [19]. In 

many applications higher voltage is needed to power the electronics. One and the most common way to 

solve this problem is to connect several cells in series. Connecting two cells in series doubles the voltage 

over the battery-pack.  The available current remains the same. If the cells are mounted together and 

bought as a battery pack, or if for some reasons the cells can’t be disconnected and charged individually, 

the charging procedure becomes even more difficult. Even though the cells are of the same type and 

capacity, each cell has individual differences. For example one cell may reach the peak voltage faster 

than the other cells in the pack. This can lead to difficulties with the detection strategies:  

 Peak voltage detection – the cells don’t reach peak voltage at the same time. In worse case the 
peak voltage of the pack could be missed if some cells have passed the peak voltage and receive 
overcharge before the other cells have reached the peak. 

 If one cell reaches full charge the heat developed from that cell can make the charger terminate 
the charge leaving the other cells half full. 

 The negative ∆V can be reaches at different times and hence be impossible to detect. 
 

To increase the capacity, one or more cell can be connected in parallel. This provides higher ampere-

hour (Ah) ratings but the voltage is the same as when using one cell. The alternative to parallel 

connection is to buy a larger cell. Today it’s common that a battery pack can consist of both parallel and 

serial connected cells, this makes a proper charging monitoring very complex. 

The estimated lifetime of a rechargeable battery are often measured in the number of cycles they can 

sustain without losing too much capacity. Some manufacturers define that limit to 80% of the initial 

capacity at 1C rate [21]. One cycle is a discharge and a charge. There is no standard definition of a 

charge/discharge cycle. Some manufacturers are using 70 % discharge as the limit [11]. If the discharge 

doesn’t exceed 70 % it doesn’t count as a whole cycle. Despite of that, it still wears the battery. 

The cycle life of a NiMH battery is about 500 [20], providing the battery is not overcharged or in other 

way abused repeatedly.  

A major disadvantage with the NiMH technique is the effect known as memory effect. If the battery is 

not completely discharged before recharged the battery loses capacity. This is less of a problem on 

NiMH compared to Nickel Cadmium but it still exists [19]. The memory is an effect from crystals building 

up around the electrolytes [11]. The effect can often be reversed if the battery is cycled (charged and 

completely discharged) a few times [19]. To get the most of the NiMH battery it should be completely 

discharged before charging. 

The crystalline formation can also appear if the battery is stored or unused. Therefore cycling is needed 

at least once every third month [11]. Because of the self discharge (the battery loses charge without 
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being used) NiMH battery needs to be trickle charged prior to use when the battery has been unused for 

a while. Lingering slow charges can also cause crystalline formation [11]. 

Charging NiMH should always be done in room temperature. Under 10 :C the battery can’t be fast 

charged and it can’t be charged at all under 0 :C [11]. The charge performance in elevated temperatures 

is also poor. Compared to when charged at room temperature the capacity accepted can be as low as 

70 % in 45 :C and 45 % in 60 :C [11]. 

Li-ion 

The standard charging procedure of a Li-ion cell is to apply constant current until the peak voltage has 

been reached, stage 1 in Figure 12. Thereafter applying constant voltage (topping charge) and terminate 

the charge when the current drops under 3-10% of the charging current [11], [22]. 

 

Figure 12. Different stages when charging Li-ion battery [18]. 

The recommended charging- and cut-off-current differs among various manufacturers. A normal charge 

rate is approximately 0.3C and takes around 6 hours [12]. Some fast charges can have a rate up to 1C 

[11]. The time saved if increasing the charging rate is not significant. If  higher charging rates are used, 

the peak voltage will be reached quicker (stage 1 in Figure 12), but the topping charge (stage 2 in Figure 

12) will be more time-consuming compared to when charging with lower rates [11]. 

The number of cycles of a standard Li-ion battery today is about 500 [20]. New chemistry compounds 

are making that number grow. Manufacturers are claming that a special type of Li-ion battery can have 

as many as 2000 cycles [20]. 

The Li-ion battery completely lacks the memory effect. There is no gain in battery life by completely 

discharging the battery before charge. Actually it is better to recharge the battery more often [11]. 

The major disadvantage of the Li-ion cell is the safety issues. The Li-ion battery is designed to work 

safely within its normal voltage of operation. The maximum voltage for one cell is 4.20 V with a nominal 

voltage of 3.7 V [14, 11]. The battery is very sensitive to overcharge. The typical tolerance is about 
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0.05 V [11]. Charging the cell at higher voltage may cause the cell to become unstable. If charged above 

4.30 V, metallic lithium plates on the anode and the cathode releases oxygen. This could lead to a 

ventilation of the cell with a burning flame [11]. Because of this the Li-ion battery should always be 

connected to a protection circuit that termites the current into the battery before the voltage reaches 

4.30 V. The time in which the battery is kept at 4.20 V should be limited to get the longest battery life. 

[11]. 

Serial/parallel connected Li-ion cells are common today [11]. This demands an advanced protection 

circuit since all cells must be monitored individually. 

Li-ion batteries works best when charged at room temperature [11]. Although there are Li-ion types of 

batteries on the market that can endure low or elevated temperatures the standard Li-ion must be 

handled with care. When charging the battery, temperature should not exceed 45 :C [12]. If charged at 

higher temperatures the life span of the battery will be drastically shortened. At which temperature the 

charging destroys the battery varies between different manufacturers. If the temperature of the cell 

were to rise above 130 :C the cell can get unstable with flaming gases being vented from the cell. Even 

though Li-ion batteries can be used down to -20 :C they should never be charged under 0 :C. The 

battery may appear to receive charge as normal but under 0 :C irreversible plating of metallic Lithium 

can occur on the anode. This could lead to emission of flaming gases if the battery is subjected to impact 

or fast charging [11]. 

2.2.5 Discharging 

NiMH 

The discharge characteristics of a NiMH battery can be viewed in Figure 13.  

 

Figure 13. Typical discharge characteristics of a NiMH battery cell [17] 

The voltage quickly drops to the nominal voltage of 1.2 V and stays steady until the end of the discharge 

where there is a drastic fall in the cell voltage. The cut of voltage of a NiMH cell is typically 1.0 V [11]. 

Discharging below the cut of voltage should be avoided since it shortens the battery life [11]. Too much 
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discharge can easily be done if a battery pack is not properly monitored, since one weaker cell can be 

completely discharge before the voltage of the pack has gone under the critical level. 

The fact that the voltage is kept almost constant can be desirable for the electronics connected to the 

battery.  The same fact however, causes a major challenge in designing a gauge used to approximate the 

energy left in the battery, here referred to as a (battery) fuel gauge. The gauge has to be intelligent [11], 

it has to keep track of the energy that is put in or taken out from the battery. Those kinds of gauges are 

often very costly. 

NiMH batteries are not adapted to usage in elevated ambient temperatures. Already when used 

frequently at 30 :C the cycle life is reduced by 20 %. When cycled in 45 :C the cycle life can be reduced 

to 50% compared to when used in room temperature [11]. 

The NiMH battery suffers from large self discharge. The first 24 hours it loses 10% and thereafter 1.5% 

each day [19]. 

Li-ion 

The discharge characteristics of the Li-ion cell are more of a constant gradient than that of the NiMH cell 

see Figure 14. 

 

Figure 14. Typical discharge characteristics of a Li-ion battery cell [18] 

The peak voltage of a Li-ion cell is 4.2 V and the nominal voltage is 3.7 V [12]. The cut of voltage is at 

3.0 V. If the battery is discharged below 2.5 V, it can become unusable [11]. To make sure that the 

battery is not discharged below 3.0 V the Li-ion battery cell must be connected to a protection circuit 

that cut the current path at 3.0 V. If there is an electrical short between the electrodes of the Li-ion cell 

the temperature will rise and flaming gases can emerge from the cell. In case of an electrical short the 

protection circuit should cut the current path. Most protection circuits limit the current to 1-2C [11]. Just 

like when charging, each cell must have its individual protection if used in a battery pack. 
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Because the voltage of the Li-ion cell keeps dropping along the discharge it is possible to use the open 

circuit voltage to estimate the state of charge. This method is not accurate because the voltage of the 

battery cell depends on many different variables for example the temperature and the age of the 

battery. For more accurate estimations more advance electronics is needed. 

The rate of which the Li-ion cell is charged and discharged affects the lifetime of the battery [11]. Lower 

rates of charge/discharge prolong the life time, see Figure 15. 

 

Figure 15. Li-ion life cycles at different charge/discharge rates [11] 

The ambient temperature range in which the Li-ion battery can be discharged is a bit wider than that of 

charging. It is typically in the range of -20 :C to 60 :C. Discharging the battery at low temperature does 

not harm it although the capacity may be lower do to increased impedance in the battery. Discharging at 

elevated temperatures shortens the battery life and it is not recommended to discharge Li-ion batteries 

over 60 :C since it can permanently damage the cell. 

The self discharge rate is considered to be very low, less than half that of nickel-based batteries [11], 

typically 5-10 % per month. Included in this is often the built in protection circuit of the battery. 

As mentioned in Section 2.2.4 the Li-ion cell should not be kept at 4.2 V longer than necessary. The 

battery should not be kept discharged either. When stored, the manufacturers recommend a 50 % - 

60 % state of charge [12]. 

2.2.6 Different types of Li-ion batteries 

Today there is a lot of research in the field of Li-ion batteries. New technologies and improvements of 

the existing techniques are constantly being presented. Most of the research is made to improve the 

compositions of the anodes, cathode and the electrolyte. Two types of Li-ion techniques are going to be 

more thoroughly presented below. 

Lithium-ion polymer 

The lithium-ion polymer battery, often called Li-poly or LiPO (here referred to as LiPO), is a technology 

derived from the Li-ion batteries. The LiPO batteries started appearing in consumer electronics around 
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1996 [23]. In conformity with the Li-ion design the most common anode and cathode is graphite and 

LiCoO2 (Cobalt LiPO) respectively.  

The difference is within the electrolyte design. In the original Li-ion battery cell the electrolyte, made of 

Lithium salt, is contained in an organic solvent [23] which is held in the porous separator that separates 

the two electrodes from each other [11]. The original LiPO design from 1970s uses a dry solid polymer 

electrolyte. This polymer allows ions to be exchanged and at the same time prevent the conduction of 

electricity [11]. The dry polymer suffers from poor conductivity which leads to low currents from the 

battery. The solution to this problem is to make a “hybrid” of the Li-ion design and the solid polymer by 

adding a gelled polymer electrolyte. Most of the commercially available LiPO batteries are of this type 

[24]. 

A major difference from the Li-ion is the casing. Li-ion batteries uses metal casing that presses the 

electrodes and separator together. In LiPO, the separator and the electrodes are laminated onto each 

other with polymer electrolyte acting as “glue” [23].  This permits the using of a much lighter and more 

flexible laminated Aluminium foil as package [24]. The batteries can therefore be made as thin as a few 

millimetres [11] and the physical size of the battery is up to the buyer. 

The LiPO has improved safety due to less sensitivity to physical abuse and less chance of electrolyte 

leakage [11]. The flexible foil also permits some swelling during charge of the battery [11], which eases 

the pressure inside the battery. When using this kind of battery one should keep in mind that allowance 

must be made for some expansion. 

The voltage of maximum 4.2 V, nominal 3.7 V and minimum 3.2 V is equal to the Li-ion described earlier. 

The same thing goes for charging, discharging and temperature characteristics. The LiPO battery is 

almost as sensitive to over charge/over discharge as the Li-ion battery. The LiPO must just like the 

standard Li-ion always have a protection circuit to prevent over charge, over discharge and short circuit. 

The cycle life is the same as for the Li-ion [20], about 500. 

Lithium Iron Phosphate 

The Lithium Iron Phosphate is a type of Li-ion battery that is forecasted to be the most common type of 

rechargeable battery [26]. The battery is actually a type of LiPO [26] with the difference that the cathode 

material is LiFePO4 (Lithium Iron Phosphate) instead of LiCoO2 [25]. The battery is often referred to as 

LiFePO4.  

The LiFePO4 was developed as a cathode material in 1997 [25]. Because of the high concentration of 

Iron the battery is considered environmentally friendly and inexpensive compared to other battery 

compositions [25]. The latter cannot be verified until the cells are more widely accepted. In 2009 the 

LiFePO4 batteries were significantly more expensive than the corresponding Cobalt LiPO battery.  

The Fe-P-O bound is stronger than the Co-O bound which makes the LiFePO4 safer. Even though it is 

damaged by high temperatures it won’t become unstable until it reaches temperature above 800 :C 

[25]. Also, it doesn’t show the tendency to vent flaming gases when overcharged [25]. 
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Although more stable, the battery cell still need a protection circuit to prevent it from being 

overcharged, over discharged and electrically shortened, just like the other Lithium based batteries. 

The major disadvantage compared to the LiPO using cobalt is the lower energy density, 120 Wh/kg 

compared to 200 Wh/kg [20]. This makes the battery bigger and heavier than the Cobalt type. Progress 

is being made to increase the energy density. 

The voltage range of the LiFePO4 battery cell differs from that of the Cobalt Li-ion/LiPO. The maximum 

voltage is typically 3.8 V, the nominal voltage 3.2 V and the cut off voltage is 2.5 V. The battery allow 

much higher current rates, with discharge currents up to 16C [13] and the cycle life can be as high as 

2000 [20].  

The remaining charging and discharging characteristics are the same as for the other types of Lithium 

batteries.  
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3. Development 

3.1 Solar panel construction 

3.1.1 Requirements 

The solar panel was to be circular and have a nominal power of 2.5 – 3 W at STC (see Section 2.1.5). 

Because of the electronics, the panel needed to have an output voltage of at least 1.8 V and at most 4.2 

V. The lower limit was set because most electronics handling large currents does not work below 1.8 V. 

The upper limit was set as a safety precaution to not risk overcharging battery.  

3.1.2 Choice of solar cells 

Because of the desired quality of the product, monocrystalline solar cells were chosen since these have 

the highest efficiency of silicon cells. If polycrystalline cells would have been used, the power generated 

by the solar panel would decrease by approximately 15 %. The manufacturer was chosen partly because 

contact had already been established with HiNation and partly because their high efficiency of up to 20 

%. One of their cells, here referred to as TYPEAB, see Figure 16 is the edge piece of a 125 x 125 mm solar 

cell and it was decided to use this since the surface area of the product was very small and solar cells 

needed to be connected in series to increase the voltage. Choosing a full size solar cell (125 x 125  mm) 

means that it would have been needed to be cut more times. Another advantage of this cell that was 

taken into consideration was that it has both contacts on backside, making the top side which users of 

the product will see uniform without any wires visible. 

 

Figure 16. Top side of TYPEAB monocrystalline solar cell 

3.1.3 Performance of cells 

The TYPEAB cell was tested and an IV curve for the cell was made using a set-up as in Figure 17. By 

alternating the resistance in potentiometer R1 from zero to infinite the whole IV curve could be shaped. 

A construction lamp of 300 or 500 W was used for the irradiance on solar cell when sunlight was 

unavailable. The construction lamp was not optimal since it needed to be placed very close to the solar 

cell (30-40 cm) hence heating the cell very much. By placing a fan to cool the solar cell a somewhat 

steady temperature could be held.  
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Figure 17. Circuit for making an IV curve of solar cell 

The most important reason to have a good IV curve of the solar cell is to find the point of maximum 

power. Several tests were done in sunlight and with the construction lamp to vary the irradiance. The 

sunlight proved to generate significantly more power than the lamp which can be seen in Figure 18. It 

shows the IV curve for three different irradiances from 300 W lamp, 500 W lamp and sunlight 

respectively. At these three tests the cell temperature was approximately 40 :C. Since the irradiance 

from the lamp and the sun varies significantly it is not possible to draw any conclusion of how much 

better or worse sunlight is than the light from a lamp.  

 

Figure 18. IV curve of TYPEAB solar cell under sunlight, 300 W and 500 W construction lamps 

To find out where the maximum power point is located the power along the IV curve was plotted and 

the graph is shown in Figure 19. The test shows that the maximum power point is located at roughly the 

same voltage regardless of irradiance, in this case at 0.4 V. In advanced applications a MPPT is used to 

produce as much energy as possible but in simpler applications easier control systems could be done 

with help of the observation described above. If the charge is controlled so that the voltage across the 

solar panel is held at the voltage of the maximum power-point the most of the available energy is used.  
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Figure 19. Power graph for TYPEAB cell with three different irradiances 

The temperature of the solar cell has a significant consequence on the cell´s performance. Figure 20 

shows the IV and power curve of two different tests in different temperatures. One test was done in 

sunlight (40 :C) and the other with the construction lamp (70 :C) and therefore the irradiance is not 

exactly the same and comparison in efficiency should be done carefully. The graph shows however that 

the voltage drops while the current is fairly constant. This means that the generated power will be less if 

the cell is warmer and the point of maximum power moves towards lower voltage levels.  

 

Figure 20. The effect of high cell temperature 

3.1.4 Design 

The TYPEAB solar cell has open circuit voltage VOC = 0.66 V and peak power Pm = 0.95 W (STC) at 0.55 V 

according to manufacturer. I order to meet the requirements; three cells were needed to get the 

necessary power. If these three cells were to be connected in series, the panel would only reach 1.65 V 
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at maximum power point and therefore not meet the requirements. In order to increase the voltage, 

each cell was cut into two pieces. Voc of the panel is then just under 4 V. It would be possible to increase 

the voltage above the battery voltage and use a buck converter instead of the boost but this would be 

unpractical in this situation since it would require many cells connected in series. Cutting one TYPEAB 

gives two smaller cells called Type A and B, see Figure 21 which also shows where to cut the cell to get 

to the same surface area of both cells. 

 

Figure 21. Where to cut TYPEAB cell and definition of Type A and B cells 

3.1.5 How to cut 

To avoid hot spots when connecting solar cells in series, it is important to cut the cells so that the 

surface areas of all cells are equal. The cells were cut using a multi-tool with a diamond cutting wheel. A 

rig was built to make sure that the cut was made at the right place. By attaching the multi-tool to a 

linear motion guide, a straight cut could be done easily and repeatedly. The solar cell was placed in 

holder that was built to hold the cell at the correct distance and angle to give two pieces with the same 

surface area. One problem was that the cutting resulted in a lot of silicon dust blown onto the solar cells 

so that the cells needed to be cleaned after cutting.  

The cut was made lengthwise since the back connectors of the cells are designed lengthwise and 

therefore are not destroyed if cut this way. A cut in the perpendicular direction would cut the 

connectors into very many small connectors instead of only two. In Figure 22 the back side of a cut solar 

cell is shown and the two connectors could be seen. 

 

Figure 22. Back connections of solar cell (type B) 

An alternative cutting method was also tried. Instead of the diamond cutting wheel, a laser cutter was 

used. However, the laser cutter used in this project was used to cut cardboard and MDF wooden boards 

and therefore too weak to cut through the cell. A more powerful laser cutter could be effective for 
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cutting solar cells. The advantages over diamond cutting are that the cut can be made more exact, 

thinner (thus removing less material), cutting several solar cells at the same time and not making solar 

cells as filthy as diamond cutting does. Figure 23 shows a close up picture of the edge where a solar cell 

has been cut and it can be seen that the cut is not perfect making it possible to see which side has been 

cut. Laser cutting would probably reduce this problem. It is however important to make sure that the 

electric performance is not reduced in the laser cutting process due to the heat that could melt the two 

sides of the solar cell together.  

 

Figure 23. Cut edge of solar cell 

3.1.6 Connection 

The six solar cells (made from three TYPEAB) were connected in series to achieve the desired voltage. 

Because of the requirements on an attractive appearance, four Type A and two Type B cells were used 

making one type of panel and four Type B and two Type A cells were used to make another type. The 

second version was made to not discard the left over Type B cells, but it is more complex to solder and it 

is bigger. Figure 24 shows the wiring connections to be soldered on bottom side for the two panel 

versions. 

 

Figure 24. Soldering connections (on bottom side) for the two different panel versions 

The wire used to soldering solar cells together to make a panel was so called tabbing wire. It is thin, flat 

and softened copper which is tinned for easy soldering and commonly used in solar cell applications. The 

tabbing wire was soldered at designated points, called soldering pads. 
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3.1.7 Solar panel 

The silicon solar cells are very fragile and hard to mount onto a surface. To protect the cells and keep 

them in place a capsulation is needed. Two common ways of protecting the solar cells are “framing” 

(left in Figure 25) and the laminated sandwich (right in Figure 25). Some solar panel manufacturers use 

Epoxy to encapsulate the solar cells. 

   

Figure 25. Solar panel using metal frame (left) and laminated solar panel sandwich (right) 

The method here referred to as framing is done like when framing a poster. The solar cells are placed 

(and sometimes glued) to a rigid back panel sheet. The cells are covered with a transparent sheet 

(plastic or glass) which is held in place together with the backsheet using a metal frame. The air inside 

the panel lowers the optical properties of the panel, see Section 2.1.10. Hence, this method is 

ineffective and most commonly used by hobbyist and low price panel makers. 

The typical way of encapsulating solar cells, the laminated sandwich, is described in Section 2.1.10. This 

method, which is recommended by most solar cell manufacturers, is used in this project.  

Encapsulation with epoxy is done by simply covering the solar cells in epoxy glue. The shorter expected 

life time and the higher price compared to the laminated sandwich are big disadvantages. These panels 

are however not as fragile as framed or laminated panels with glass as front protection. 

EVA 

The EVA (Ethylene-vinyl acetate) is an elastic polymer used in solar panel manufacturing because of its 

good clarity and barrier to water. During the laminating process the EVA melts and when cooled it acts 

as glue, holding the sandwich together. Hence, no outside force is needed to hold the panel together. 

Protection glass 

The purpose of the protection glass described in Section 2.1.10 is to protect the solar cells from damage 

due to physical abuse and the stress from the elements. This is especially crucial since this product is to 

be used in the outback.  

At the same time the protection sheet should be as strong and hard-wearing as possible, it must also 

affect the sunlight as little possible. All materials absorb solar energy. This is a preferable behaviour 

when it comes to solar cells but a disadvantage of the protection sheet. The more energy absorbed in 

the protection sheet, the smaller is the amount of energy reaching the solar cells. Hence, the optical 
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(and mechanical) qualities of the protection sheet are important. The front protection is usually made of 

a glass or plastic sheet. 

The energy content in the solar radiation is not limited to the visible wavelengths. Figure 26 shows the 

energy content distributed over the wavelength spectrum [29]. Ideal for solar panel application is 

transmittance over a wide spectrum. 

 

Figure 26. The solar energy content distributed over the wavelength spectrum [29] 

Glass 

Glass is a very commonly used front protection for solar cells since it is widely available and offers good 

optical properties. Standard clear glass (used in for example in windows) transmit 80-87% of the total 

sun energy, a typical transmittance diagram is shown in Figure 27 [29]. 

 

Figure 27. Transmittance for standard clear glass [29] 

To increase the light transmittance the iron content can be lowered and thereby getting something 

called white glass. The iron absorbs energy and it is what gives the glass its green tone [30]. The white 

glass is, due to its higher transmittance, a superior choice in solar cell applications. The transmittance 

curve for the white glass is shown in Figure 28. 
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Figure 28. Transmittance for white glass [29] 

To further increase the transmittance the glass can be coated with an antireflection layer. 

A disadvantage with the glass is the fact that it is fragile. To make the glass tougher it must be hardened. 

After the hardening process the glass cannot be further processed, all cutting must be done prior to 

hardening. Glass is also relatively heavy. 

Plastic 

The plastics most commonly used as an alternative to glass are PMMA (polymethyl methacrylate) and 

PC (polycarbonate). PMMA is also known as acrylic, acrylic glass or Plexiglas®. PC is sold under names as 

Makrolon® and Lexan®. These plastic are popular due to their high resistance to impact damage. The 

PMMA is in general a bit more brittle than PC. The density of PMMA and PC of approximately 1.2 g/cm3 

[14] [15] is only half that of glass. 

Although the plastics have the advantage of being more resistant to impact force they have much 

poorer scratch resistance than hardened glass. Scratches will make the light transmittance deteriorate. 

Both PC and PMMA are offering scratch resistant coating that will make the plastic more resistance to 

damage. Hardened glass still offers much higher scratch resistance. 

A big difference between plastic and glass is the ability to transmit fluids. Different from glass, the plastic 

allow small amounts of moisture to travel through the material. This is not desirable in solar panels since 

solar cells are sensitive to moisture. The amounts of moisture transmitted are nevertheless not 

substantial. As long as the device is not put under water this should not be of any significant importance. 

Plastic have the disadvantage of ageing, meaning if exposed to sunlight for a longer period of time the 

light transmittance decrease and can be seen as a yellowing of the material. Special coatings are 

available to prevent this behaviour. This can be a disadvantage when used in solar panels since the aging 

protection often means blocking the UV light. At the same time the energy losses from excluding the UV 

can be compensated by the preserved transmittance over time in the other regions of the spectra. 



27 

 

In the laminating process of the solar panel (Section 2.1.10) temperatures up to 150 :C is used. This is a 

major disadvantage if using the PMMA since the softening temperature is around 100 :C [15]. PC has 

better thermal properties with a softening point of approximately 150 :C [14]. This won’t cause any 

problem if the PC is not kept at 150 :C for too long during laminating process. 

The optical properties are almost comparable to those of glass. The transmittance in the visible area is 

equal. In the IR area the transmittance is slightly lower when looking beyond 1000 nm. The important 

parts of the spectrum (see Figure 26) still have high transmittance. The transmittance for PMMA and PC 

are shown in Figure 29 and Figure 30. 

 

Figure 29. Transmittance for PMMA [16] 

 

Figure 30. Transmittance for Polycarbonate [14] 

Like glass there are different types of PC and PMMA for different purposes, for example extra clarity and 

anti reflection.  

Summary 

The main advantages with hardened glass are the great resistance to scratching and the fact that no 

moisture can be transmitted through the material making it ideal for use in stationed photovoltaic 

systems.  
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Disadvantages are that glass is heavy and can’t be made thin. If exposed to physical impact or dropped 

the glass will shatter, leaving the solar panel unusable. This is unacceptable if used in a portable device 

that may be dropped as well as physically abused.  

A manufacturing disadvantage is that the glass must be cut prior to hardening. This makes, as well as 

cutting other shapes than rectangle, the glass very expensive. 

The PMMA and PC are very hard to break even though easily scratched. Scratches will not leave the 

solar panel unusable but only lowering the efficiency. The PMMA and PC can be bought in big sheets 

and easily be cut even in its final state. A disadvantage when using plastic is that the sheet may bend 

during the lamination process. 

In this application the PC is more preferable than PMMA since the softening temperature of PMMA is 

too low when laminating.  

In the panel for this product a 3 mm PC with scratch resistant coating is used as front protection sheet. 

Backsheet 

The purpose of the backsheet (see Section 2.1.10) is to prevent moisture and pollution getting inside the 

solar panel from behind. The backsheet could be a solid rigid sheet of metallic, plastic or some fibre 

material, or it could be a film or a composite material. Regardless of the material preferred, the EVA 

must easily stick to the backsheet in the laminating process.  

The use of a metallic or other conducting material is not preferable since the backsheet may come in 

contact with the wiring from the back of the solar cells and thereby cause an electrical short.  

Even though a flexible film offers less stability than a rigid sheet there are advantages in using the film 

except for the obvious size and weight advantages. The flexibility of the film makes it adapt to the 

irregularities caused by the wiring and solder points on the back of the cells, hence reduce the risk of air 

pockets forming inside the EVA layer during lamination.  

The strength, durability and good ageing properties are vital when choosing backsheet. Although some 

flexibility is preferable you also want the backsheet to add stability to the sandwich construction. 

Summary 

This panel is to be used in a portable device and therefore it is important with low weight and thickness.  

In this panel a TPT laminate is used as backsheet. TPT is a laminate composite with a three layer 

structure using Tedlar®/PET/Tedlar®. Tedlar® is a polyvinyl fluoride film developed for using as 

photovoltaic backsheets. It acts as a moisture barrier and is electrical insulating and sticks to the EVA 

when the EVA film is heated up. To get stability a stiffer polyester (PET) film is added between two layers 

of Tedlar®.  
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3.2 Solar charge control 
To control the battery charge from solar panel four different methods were examined, listed below in 

order of complexity. 

 Direct charge: Designing the solar panel so that the output voltage is above the battery’s voltage 
and charge directly from solar panel without any electronics 

 Direct boost charge: Using a boost converter to increase the voltage from solar panel to battery 
voltage 

 Voltage detector controlled boost charge: Using a boost just as in direct boost charge, but with 
the help of a voltage detector turn charge on/off depending on voltage across solar panel 

 Microprocessor controlled boost charge: Using a microprocessor to PWM-control the charge 
through a field effect transistor (MOSFET). Voltage from solar panel is raised in the same way as 
before using a boost converter.  

 

3.2.1 Direct charge 

The advantage of a direct charge is that no electronics, except a diode, is needed so it can be made very 

cheap. In the design of the solar panel it is very important to adjust the output voltage since this voltage 

will be at the same level as the battery. Since the top voltage of the battery is 4.2 V, the top output 

voltage from the solar panel must be above this level to be able to fully charge the battery. In this 

project it was decided to use three solar cells (TYPEAB) that was cut into an appropriate number of cells. 

The open circuit voltage (VOC) of these cells are 0.66 V and since every solar cell needs to be cut so that 

every piece has equal surface area, each cell would need to be cut in three to raise the voltage above 

4.2 V when connecting in series. This would mean nine solar cells connected in series giving VOC at 

almost 6 V and the maximum power point at almost 5 V (at STC) which is well above the operating range 

(3-4.2 V) used to charge the battery. In Figure 31 an IV curve at 40 :C is shown and the region in which 

the solar panel would be working is marked. It would never be at the maximum power point. Therefore 

this method is not taking advantage of the full potential of the solar cells and a lot of energy will be lost.  

 

Figure 31. IV and power graph with solar panel working area marked when using direct charge method 
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3.2.2 Direct boost charge 

This method uses a boost converter to boost the voltage from the solar panel to the maximum voltage 

of the battery (4.2 V). Compared to the direct charge method this requires more electronics but on the 

other hand the solar panel design is not as important. The risk with this method though, is that the 

current would rise very quickly making the solar panel work at low voltages since it is only the charging 

resistance of the battery that is inhibiting the current. Far away from the maximum point in the IV curve 

the output power is significantly less than at maximum point, see Figure 32. When the voltage drops too 

much (below 2 V) most boost converters stops working. If it is an advanced converter it shuts down 

meaning that the charge is stopped and the voltage across the solar panel raise again. When the boost 

converter starts up again the same thing would happen and the cycle would be repeated. With a system 

adjusted so that the maximum power point is at the shut down voltage of the boost this charge method 

might work but it would not be a fully controlled charge and the boost converter would always work at 

its minimum input voltage and not being able to deliver as much current as if the input voltage would be 

higher.  

 

Figure 32. IV and power graph with solar panel working area marked when using direct boost charge 

3.2.3 Voltage detector controlled boost charge 

This method uses a boost converter as in the direct boost charge but it turns the charge off at a specific 

voltage across the solar panel, see Figure 33 for circuit schematics. The voltage sensing is done using a 

voltage detector circuit which gives a low output signal if input voltage is below the internally preset 

voltage level. The output from the voltage detector controls a MOSFET (n-channel) to turn charge off 

when the voltage across solar panel is to low and turn it on when it is above the maximum power-point 

again. This gives an on-off control very close to the maximum power-point. It is however very hard to 

change the voltage level to control since it is decided by the electronic hardware.  
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Figure 33. Schematics for voltage detector controlled charge 

3.2.4 Microprocessor controlled boost charge 

The most advanced charge method investigated in this project was the method that uses a 

microprocessor to control the charge and make the solar panel work at its maximum power-point. The 

set-up is very similar to the voltage detector method with the difference that the voltage detector is 

replaced by a microcontroller. The microcontroller reads the voltage across the solar panel and the 

software calculates a PWM signal that controls the MOSFET to turn the charge on and off. In this case a 

p-channel MOSFET could be used. Unlike the other methods this one requires software but it is the most 

flexible and has the biggest potential since the software could be made very advanced and a MPPT 

algorithm could be implemented as the next step.  

3.2.5 Choice of charging method 

Only the last three methods were tested since the direct charge method was ruled out because of the 

expected bad performance and the extra number of cuts in the solar cells needed to be done. Easy set-

ups using a breadboard for the three remaining methods were done to choose which method to use in 

the project. The direct boost charge proved to be the least effective which correlates well with the 

theory and the voltage detector controlled charge increased the charging power as well as the 

microcontroller method. Comparing the voltage detector and microcontroller methods at this early 

staged was based on five criteria listed below. 

 Charge power when tested – Both methods proved to increase the charge power but only a 
little bit and fairly the same compared to the direct boost charge method.  

 Potential of improvements – The voltage detector method could not be improved that much 
during this project since the control was only hardware dependent. The software of the 
microcontroller however could be trimmed to improve the charge.  

 Potential for future – The microcontroller could be used for a more advanced MPPT algorithm 
and future functions could be implemented, for instance a thermometer. The voltage detector 
solution could not be used for other functions or easily be changed. 

 Flexibility – Changing the software of the microcontroller solution is easy and if a better 
algorithm is found it can be implemented without redoing the circuit board.  

 Cost – A microcontroller is more expensive than a voltage detector, but the difference is less 
than 5 SEK. 

 Power consumption – this criterion is another advantage for the voltage detector (up to 1 µA) 
since the microprocessor consumes more power (up to 1 mA). If the microcontroller could be 
disconnected from battery when no solar energy is available this loss would be acceptable.  
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The microcontroller method was chosen, mainly because of the potential of improving the charging 

control. The only two criteria that spoke for the voltage detector was cost and power consumption, but 

the extra cost was considered to be worth better charging and the higher power consumption is 

compensated with better charging.  

3.2.6 Hardware 

The choice of microcontroller was based on previous experiences. One ADC channel is used to read the 

voltage across the solar panel and one PWM output is used to control a p-channel field effect transistor 

(P-MOSFET). The microcontroller’s supply voltage is the output voltage from the boost circuit, thus not 

being powered by the battery. Because of the body diode in the P-MOSFET an extra diode was 

connected between the P-MOSFET and the battery to make sure no power from the battery will be 

consumed by the charging electronics. When the solar panel is not in use, neither is the electronics 

connected to it. 

An internal reference of 1.1 V is used when reading the solar panel voltage since the supply voltage for 

the microcontroller is not constant. The voltage across the solar panel is read via a voltage divider to 

adjust it to the internal reference. 

The boost converter increases the voltage from the solar panel to the upper limit of the battery (4.2 V). 

It was set to this level as a safety precaution to not risk overcharging the battery. When charging the 

boost output voltage will drop to the battery voltage and as the boost try to increase the voltage the 

battery is charged. The boost converter used was chosen because of its very high efficiency of up to 

96 % according to the manufacturer.  

3.2.7 Software 

Two different control algorithms were considered for the software controlling the solar charge. The first 

was written as a simple PI-regulator which has three steps, see Figure 34. First, the voltage across the 

solar panel is read, it is then compared to the desired voltage and based on this difference and the old 

duty cycle of the PWM signal a new duty cycle is calculated. These steps are repeated as long as the 

microcontroller has supply power. 

 

Figure 34. Solar charge control flowchart 

The control formula that calculates the new duty cycle D of the PWM signal is described in Eq.2. 

)( desiredreadold ADADPDD     (Eq.2) 

The difference between the read (ADread) and the desired (ADdesired) voltage is multiplied with a constant 

P which adjusts the speed and resolution of the regulator and the result is added to the current duty 

cycle Dold. Different values of P were tested to trim the software so that the charge was improved.  
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The other algorithm was a simplified version of Hill Climbing maximum power-point tracker which was 

discussed in Section 2.1.4. The algorithm always increases or decreases the duty cycle of the PWM-signal 

with the same step length. If the voltage across the solar panel is higher than the desired voltage, the 

duty cycle is changed so that the control MOSFET conducts more, hence increasing load and lower 

voltage across solar panel. If the voltage then is lower than the desired voltage the load should be 

decreased. The hill climbing algorithm is very simple to implement, see Figure 35 for flowchart. 

 

Figure 35. Hill climbing charge algorithm 

3.3 Light source 
The light source of the product is a powerful Light Emitting Diode (Power LED) since these have a high 

luminous flux-to-power ratio. An alternative to using a Power LED was to use several small and less 

bright 5 mm LEDs. To give the desired intensity and wide viewing angle, the Power LED solution was 

judged to be more appropriate. One problem with white Power LEDs is to get a high exchange of light 

without it being a blue and cold light. This has led the development for warm white Power LEDs which 

give a more pleasant and warm light. 

3.3.1 Choice of Power LED 

Three different Power LEDs was bought and tested. The external consultants who did the pre-study 

before the start of this project recommended the Power LED that was used in their prototype. However, 

the light from this LED was a bit cold and therefore the warm white version of the same LED was tested 

as well. Both these power LEDs are mounted on a star carrier, see the right hand side of Figure 36, to 

help with heat dissipating. The third Power LED tested, left side of Figure 36, was chosen because it was 

much cheaper and easier to mount on a PCB since it is reflow soldering compatible. All three LEDs are 1 

W Power LEDs and the forward voltage drop is typically 3.2-3.5 V. 

       

Figure 36. Power LEDs tested 
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During testing the white LED mounted on star carrier gave a strong light with a tendency to be too cold. 

The warm white LED gave a much warmer and pleasant light, but not nearly as bright as the white LED. 

The third LED was somewhere in-between but closer to the stronger LED. The third LED was chosen to 

be used in the product because of its strong light without being cold and blue, the price and the benefits 

of easy mounting. The disadvantage of this choice was that more considerations to heat dissipation 

needed to be taken than if a LED with star carrier had been used. 

3.3.2 Control of Power LED 

The forward voltage drop of the Power LED can vary between 3 and 4 V depending on individual and 

working conditions. Since the voltage of the battery varies between 3 and 4.2 V, the control circuitry 

need to be able to both boost (increase) and buck (decrease) the voltage. To maintain a consistent light, 

the current through the LED needs to be controlled. The maximum continuous current for this LED is 

350 mA according to the manufacturer. This current will give the brightest continuous light possible. It 

was also desired to be able to use the product with a less bright light giving a longer battery time. 

The control of the LED was achieved using a Buck-Boost converter, as a LED driver. It has an enable pin 

used for turning LED on and off and it switches between buck and boost mode automatically solving the 

problem with the varying voltages of both battery and LED. This integrated circuit controls the output 

voltage so that the voltage on the feedback pin is 500 mV. The conventional connection for using these 

types of circuits is a voltage divider between output voltage and ground with the feedback in the middle, 

see left circuit in Figure 37. By replacing the first resistor (R1) with the Power LED, the circuit to the right 

in Figure 37, a current control of the Power LED was obtained. The current through R2 will lead to a 

voltage drop across R2 and this voltage is fed back to the converter. The resistance of R2 was calculated 

using Ohm’s law with the feedback voltage of the converter and the desired current. In the voltage 

feedback control R1 and R2 is in the range of hundreds of kΩ while in the current control R2 is in the 

range of 1 Ω. 

 

Figure 37. Feedback control (voltage left, current right) of Buck-Boost converter 

To achieve two different brightness of light a field effect transistor (MOSFET) of n-type was used, see 

Figure 38. Assuming that R2 and R3 are equal and that the on-resistance in the MOSFET is negligible, it is 

possible to switch between full and half light by opening or closing the MOSFET. When full light intensity 

is wanted, the MOSFET shortens between ground and after R2. To reduce the brightness of the Power 
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LED, the MOSFET is controlled so that the current is forced through both R2 and R3. This gives a smaller 

current but still the same voltage drop. 

 

Figure 38. Feedback control with possibility for different light intensities 

This method of current sensing gives a power loss in R2 (and R3) and it is therefore wanted to minimize 

the value of the resistances. The value of the resistance is as earlier explained dependent of the 

feedback voltage of the Buck-Boost converter and the current wanted through the Power LED. Finding a 

Buck-Boost converter with as low feedback voltage as possible is therefore crucial. Another way to lower 

the power losses is to use smaller resistances and amplify the signal back to the feedback pin of the 

converter. 

3.4 Battery  

3.4.1 Dimensioning 

Voltage 

The lower voltage limit of the electronics is 1.8 V. If NiMH cells are to be used, at least two batteries 

have to be connected in series giving a nominal voltage of 2.4 V. The more the LED driver has to boost 

the voltage from the battery, the lower the efficiency. Hence, even though it would be possible to use 

two cells, a battery pack of three NiMH cells should be used giving a nominal voltage of 3.6 V. The 

nominal voltages of the standard Cobalt Li-ion, Cobalt LiPO and LiFePO4 are acceptable.  

Capacity 

According to the requirements in Appendix 1 the battery time when using the device with full light 

should be at least 10 h.  

The Power LED used in this device (see Section 3.3), has an average voltage drop of VLED=3.5 V, and the 

current through the Power LED when at full light (approximately 1 W) is I=0.350 A. Thus, the power 

needed, P is: 

W225.1IVP LED     (Eq. 3) 
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The total amount of energy, W, needed to achieve T=10 h battery time is: 

Wh25.12TPW      (Eq. 4) 

The capacity of a battery is often specified in mAh. To convert W to a number in mAh, W has to be 

divided with the nominal voltage VN of the battery. The capacity C for the four types of batteries NiMH 

(VN,Ni = 3.6 V) , Cobalt Li-ion and Cobalt LiPO (VN,Li = 3.7 V), LiFePO4 (VN,Fe = 3.2 V) is: 

mAh3400Ah40.3
,NiN

Ni
V

W
C    (Eq. 5) 

mAh3310Ah31.3
,LiN

Li
V

W
C    (Eq. 6) 

mAh3830Ah83.3
,FeN

Fe
V

W
C    (Eq. 7) 

The capacities above are calculated with 100% efficiency of the LED driver. The actual capacity needed 

must include the energy loss in the LED driver. The LED driver data sheet specify the efficiency of the 

LED driver (Vout=3.5 V, Vin=3.7 V, Iout=0.350 A) to approximately 90%. That gives the total capacity Ctot 

needed: 

mAh3780
9.0

,
Ni

Nitot

C
C     (Eq. 8) 

mAh3680
9.0

,
Li

Litot

C
C     (Eq. 9) 

mAh4240
9.0

,
Fe

Fetot

C
C     (Eq. 10) 

The data from the datasheets is often a best case scenario. The Ctot should be considered to be an 

absolute minimum capacity. Additional losses compared to the theoretical values (for example losses 

due to circuit resistance and battery efficiency) always exist. The battery capacity given by the battery 

manufacturer is also under optimal conditions. The power consumed by the rest of the IC’s will also 

contribute to a higher needed capacity. Despite this, the values in equations 8, 9 and 10 gives an 

estimation to be used when dimensioning the battery. 
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3.4.2 Selecting battery 

The main criteria to be studied are: 

 Recharge ability  – the battery must be able to be recharged easily.  

 Capacity  – the amount of energy that can be stored in the battery. 

 Size/ Weight – the battery have to be portable and as light as possible. 

 Price – the battery cannot be too expensive. 

 Environmental impact – the battery is to be used in an environmental friendly   
 product, hence it must have as little impact on the   
 environment as possible. 

First selection 

The first choice stands between the two different battery technologies NiMH and Li-ion (including LiPO 

and LiFePO4). 

Recharge ability 

Since the battery is to be charged using solar energy the current delivered can’t be guaranteed to be 

kept constant. Depending on the irradiance the power from the solar panel will vary.  Changing weather 

could lead to only partial charging of the battery. This will be an issue with the NiMH battery. Lingering 

charges at cloudy days could lead to crystallisation (see Section 2.2.4). Another problem using NiMH is 

that they must be discharged before charging to prevent crystallisation. When it is sunny you must be 

able to charge the product without first emptying the battery.  

Irregular charges don’t harm the Li-ion battery since there is no memory effect. The battery is always 

ready for charge and many small charges are better for battery life than a few big ones (see 

Section 2.2.4).  

The standard charging approach is not possible because the power supply is not constant. This fact 

makes it very hard to determine if the current decrease showed in stage 2 of the Li-ion charge cycle 

(Section 2.2.4) is due to fully charged battery or decreased power supply from the solar panel. The 

battery will hence be charged with 4.2 V (if using Li-ion) until the internal resistance of the battery 

makes the current into the battery decay. 

The charging using 4.2 V will give the same result as standard charge. The difference is that this 

approach will lead to longer charging times compared to the standard charge. Using maximum 4.2 V 

when charging make it impossible to overcharge the battery. Even in case of electronic failure the solar 

panel won’t be able to supply the voltage necessary to overcharge the battery (Section 3.1.4) 

To get the most power out of the sun panel the device should be placed in direct sunlight. This can easily 

lead to elevated temperatures which again is a disadvantage for NiMH battery which loses a 

substantially amount of capacity in high temperatures (Section 2.2.4). This is also a disadvantage of the 

Li-ion which shouldn’t be charged in temperatures above 45 :C. Both batteries are not to be charged 

under 0 :C. 
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Capacity 

The capacity needed 3.7-4.2 Ah (Section 3.4.1) is widely available for both types, as individual cells and 

as battery packs [27] [28]. The Li-ion cell has a nominal voltage of 3.7 V and can therefore be used as a 

single cell. Using Li-ion batteries also gives the ability to estimate the remaining battery time by 

measuring the open circuit voltage.  

The fact that NiMH batteries have a large self-discharge rate (Section 2.2.5) makes it unsuitable since 

the charging can come sparse.  

Size/Weight 

Because of the higher energy density of the Li-ion compared to NiMH [20], the Li-ion battery with the 

same capacity as the NiMH battery can be made smaller and lighter. The NiMH and the standard Li-ion 

batteries are often made in cylindrical standard sizes with steel cases [27] [28]. With the capacity 

needed, the diameter of the cells can reach up to 18 mm [27]. Newer technologies of the Lithium 

battery (for example LiPO) permit other shapes of the cell. 

Price 

Generally the NiMH is cheaper than the corresponding Li-ion battery. The Li-ion battery and especially 

the Cobalt LiPO type is becoming the most frequently used battery in consumer electronics, hence the 

price constantly drops. Still, today the NiMH is cheaper to purchase. A disadvantage with Li-ion is the 

cost of the protection circuit that must be included. Depending of the number of cells in the pack the 

circuits can be very costly. 

Environmental impact 

Both NiMH and Li-ion are considered to be environmentally adapted [11], [19]. There is no content of 

toxic metals even though Nickel can be referred to as “semi-toxic” *11+. The electrolyte in the batteries 

is considered hazardous but new technologies are developed to change that fact, for example LiPO. 

Summary: NiMH VS. Li-ion 

The only thing that is considered to be more beneficial with the NiMH battery is the pricing and the 

safety. If used properly with the protection circuits necessary the Li-ion battery should not cause any 

safety hazards. All other arguments point towards the Li-ion battery, especially the charging 

characteristics. The price difference is not big enough to be a reason alone to choose NiMH in favour of 

Li-ion. 

Selecting Li-ion type 

Compared to the standard Li-ion cell, the LiPO battery cell has only advantages. The polymer technique 

makes it more resistant to physical abuse and less dangerous if overcharged (Section 2.2.6). The LiPO is 

often made in a prismatic and more space efficient shape. Since there is no need for the metal casing 

the batteries can be made in many different sizes with thicknesses down to a few millimetres [11]. The 

absence of the metallic casing also makes the battery lighter. The differences in price are negligible 

[27],[28]. 
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The LiFePO4 has both advantages and disadvantages compare to the Cobalt LiPO. An obvious difference 

is the physical size. Because of the slightly lower energy density (Section 2.2.6) the physical size is bigger. 

For two cells with approximately the same capacity the weight is of the LiFePO4 is 20-30% higher than 

the Cobalt LiPO [11]. Progress is being made in increasing the energy density of LiFePO4 [25].  

The voltage of the LiFePO4 cell is lower than that of the Cobalt LiPO (Section 2.2.6). This means that the 

electronics have to work at lower voltages. 

The main advantage with the LiFePO4 is the safety. The battery doesn’t burst into flames when heavily 

overcharged and the thermal properties are improved (Section 2.2.6). The LiFePO4 still needs a 

protection circuit. 

Because the LiFePO4 has not yet caught on to the big markets the purchase price is higher than that of 

the LiPO. The cost per cycle however can be lower since the cycle life is much higher, up to 2000 cycles 

[20].  

Summary  

Since the product to be made is a portable device, size and weight of the battery is important. This 

suggests the Cobalt LiPO to be the best fit. The common use of the Cobalt LiPO cells also makes the 

protection ICs more common.  

Since the device also is an outdoor solar powered product the safer LiFePO4 is the first choice. The 

battery often sets the lifetime of an electronic product, hence with longer cycle life, the LiFePO4 has yet 

an advantage.  

To summarize: The ideal battery for this type of product would be the LiFePO4. If the weight, size or 

price is considered too high, the runner up would be the LiPO battery cell. 

Final choice 

The low price and the inclusion of a tested protection circuit made the choice to be a LiPO (Cobalt) cell 

instead of a LiFePO4. The built-in protection circuit also eliminates further battery related work, testing 

and costs. The protection circuit protects the battery from all kind of over charge/over discharge and 

over current. The battery cell used is a 3900 mAh LiPO battery (Figure 39) with included protection 

circuit.  

 

Figure 39. 3900 mAh LiPO battery cell complete with protection circuit 
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3.4.3 Protection circuit 

As described in earlier sections (Section 2.2.4 and 2.2.5), when using Li-ion cells a protection circuit must 

be connected to the battery. The circuit must monitor the voltage over the battery and cut the current 

path if the voltage exceeds the preset boundaries. A protection against over current must also be 

included. Some protection circuits also include temperature monitoring. 

The wide use of Li-ion type batteries today also makes protection circuits for the standard Li-ion/LiPO 

available. Sometimes the battery manufacturer supply the protection circuit already fitted to the 

battery.  

The protection circuits can be bought in all levels of completion, from the discrete semiconductor 

components to the complete PCB ready for mounting to the battery. The latter, if not supplied by the 

battery manufacturer, is very expensive and not an option to use for products in bigger series.  

Most protection circuits consist of two discrete MOSFET switches and a control IC (integrated circuit) see 

Figure 40 [6]. The two MOSFETs are placed back to back and are either two p-channel devices used on 

the high side, or two n-channel MOSFETs used on the low side. 

 

Figure 40. Standard back-to-back MOSFET protection circuit design using either p- or n-channel MOSFETs [6] 

To minimize physical size and parasitic current and to gain higher efficiency there are also solutions with 

all the circuitry in one and the same IC [5]. The parasitic current is the current that is used to power the 

protection circuit itself and it must be kept at a minimum since the protection circuit will use power 

from the battery even under the lower threshold. 

The control IC must be adapted to the battery to which it is going to be fitted. The voltage and current 

boundaries must be wide enough to allow proper battery operation and narrow enough to offer proper 

protection. The IC is widely available for both Li-ion and LiPO packs. For the single cell, however, the 

supply is much thinner since much consumer electronics uses multiple cells to gain higher voltage. The 

controller ICs for LiFePO4 are also difficult to find since there is a difference in voltage and lower 

commercial usage than that of the LiPO cell. 
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If LiPO or LiFePO4 single cells are to be used a specially adapted protection circuit could be designed. A 

schematic for such a circuit is shown in Figure 41. 

 

Figure 41. Suggestion for a simple protection circuit 

Operation 

The over and under voltage protection is acquired via two MOSFETs operated by two individual voltage 

detectors. The voltage detectors monitor the voltage between the two input pins. They have a built in 

voltage reference and needs no separate power supply.  

The reason why a p-type and an n-type MOSFET are used is because of the characteristics of the voltage 

detectors which pull down the output to GND when the voltage sinks under the voltage threshold. If 

MOSFETs of the same type are to be used an inverter would have to be added to one of the voltage 

detectors. This is not preferable since the parasitic current would increase. 

The High Voltage Detector (Figure 41) operates a P-MOSFET and cuts the current path from the solar 

panel to the battery if the battery voltage exceeds the preset maximum. This prevents the battery from 

overcharging. The non-conducting P-MOSFET doesn’t prevent the load from taking power from the 

battery. When the voltage lowers the High Voltage detector again opens the circuit to allow charging. 

The Low Voltage Detector (Figure 41) operates an N-MOSFET and cuts the current path from the battery 

if the battery voltage drops under a specified threshold. This prevents the load from discharging the 

battery further. Even though the N-MOSFET is non-conducting, charging is still possible. When the 

battery voltage has reached above the minimum threshold the N-MOSFET is opened again. The parasitic 

current from the protection circuit is extra crucial when the battery has reached its lower threshold, 

since the protection circuit then is using power from the battery below allowed voltage. More efficient 

circuits shut down the upper voltage monitoring when the battery has reach the lower threshold thus 

lowering the parasitic current [5]. In the design in Figure 41 that desirable behaviour is not possible. 

The circuitry in Figure 41 is not complete. For example the needed capacitors and the over current 

protection must be added. Current protection is done using an available current protection IC. 
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Considerations when designing a protection circuit 

When loads are connected to the battery, especially big capacitive loads, the voltage of the battery may 

have a temporary drop see Figure 42. 

 

Figure 42. Voltage dip due to current peak [5] 

This kind of momentary voltage drop may cause the protection circuit to cut the current path due to 

over discharge. To prevent this undesirable behaviour in circuits like the one describe earlier, where the 

voltage is constantly monitored, an RC low pass filter may be added. A capacitor across the battery may 

also be added to compensate the voltage drop. The same thing goes for the over current protection. 

More expensive circuits sample the voltage (and current) and don’t cut the current until several 

consecutive samples indicate under voltage (or over current) [5]. 

Another problem that may cause problems is the induced voltage that may appear when the MOSFETs 

interrupt the current. These voltage spikes may cause the circuitry to break down. Even if not harmful, 

the protection circuit may be fooled by the higher voltage and reopen the under voltage protection. One 

solution to this problem is to use MOSFETs with longer turn off time [5]. A capacitor connected to the 

battery may also lower the voltage peak. If voltage detectors like the ones in Figure 41 are being used, 

there is a special type of voltage detectors that have a buffer before the output is changed. Such a 

buffer prevents the circuit to reopen due to induced voltage. 

Discontinuation 

The design of the protection circuit was initiated simultaneously as the search for the best fitted battery 

and battery supplier. Once the battery selection was settled, and since this battery is delivered with a 

protection circuit already mounted, the work with the protection circuit in Figure 41 was discontinued 

and never finished.  
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3.5 User interface 

3.5.1 Physical requirements 

The user interface should consist of one button, an indicator that gives the user an estimation of the 

remaining power in the battery (fuel gauge) and an indicator that tells the user when the device is 

charging the battery from the solar panel. A USB outlet allowing the user to charge other electronic 

devices should be implemented. The device should also have a micro USB to charge the battery not 

using the solar panel. 

3.5.2 Functional requirements 

 Using the button the user should be able to: 
o Switch the Power LED to full light 
o Switch  the Power LED to half light 
o Switch the Power LED off 
o Activate the battery fuel gauge 

 When the Power LED is lit and the charging state of the battery is getting low the device should 
make the user aware of the capacity shortage by flashing the Power LED.  

 If the Power LED is turned on and turns off due to low battery voltage the Power LED should not 
turn on again when the battery is charged until the user pushes the button. 

3.5.3 LEDs and Button control 

Microcontroller 

Several functions, all controlled by one button, exclude the use of a button that simply switches the 

power on and off. The button used is an ordinary self retracting pushbutton. Logic must be used to keep 

track of the number of times the button has been pushed.  

The solution with the lowest cost and most flexibility is the use of a microcontroller (µC) that gets the 

input from the button. The µC used is an 8-bit microcontroller. The software on the µC is written in C 

using the program AVR Studio 4. The µC was programmed using a STK500 development board.  

Button 

The button is connected to one of the input pins of the µC. The µC monitors the level on the input pin 

and also keeps track of the number of times the button is pushed. Since the button doesn’t actually 

breaks the µC power the µC is always running (even when the Power LED is switched off) until the 

battery is completely discharged (3.0 V). It is therefore critical to keep the power consumption of the µC 

as low as possible. When the processing power of the µC is not needed the µC is put in sleep mode. 

Pressing the button will reactivate the µC.  

Power LED 

The Power LED is controlled by logic signals to the enable pin of the Power LED driver (Section 3.3.2). 

The full/half light is controlled by the MOSFET connected to one of the output pins. 
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Pressing the button once wakes the µC up and turns the Power LED on at half light. Pressing the button 

again gives full light. The third time the button is pressed the Power LED is turned off.  Each time the 

button is pushed the µC returns to sleep after changing the output pins. 

Battery fuel gauge 

The fuel gauge should be as intuitive as possible, therefore preferable remind people of other fuel 

gauges. The gauge in this device consists of four small LEDs (gauge LEDs). All four LEDs turned on 

indicate a fully charged battery. Discharged battery leaves all gauge LEDs turned off. All LEDs are 

connected to an individual output pin on the µC which controls the LEDs by changing the logic levels on 

the pin to high or low.  

To save battery power, the gauge is only activated when the user wants an estimation of the remaining 

power. Pushing the button and holding it pressed for a few seconds activates the fuel gauge. If the 

button is pressed long enough to activate the fuel gauge the state of the Power LED is unaffected. 

As mentioned in Section 2.2.5 the voltage of the Li-ion (LiPO) battery decreases during the discharge. 

This can be used as an indication of energy left. This technique however, is not accurate. The voltage 

depends on several factors e.g. battery age, ambient temperature and discharge rate. The market offers 

many different kinds of smart battery fuel gauge ICs that monitors the energy in and out from the 

battery. A more accurate estimation is calculated and often sent to other IC’s via serial communication. 

Since the accuracy of the gauge in this device is not crucial, an estimation based on the battery voltage is 

satisfactory. 

The µC have a 10 bit AD (analog to digital) converter. The same µC used to handle the button logic can 

consequently be used to read the battery voltage and present the result via the gauge LEDs. This cuts 

the costs considerably since the separate battery gauges are expensive compared to the µC.  

The µC will operate with the battery voltage that varies between 3.0 and 4.2 V. The µC must have a 

constant reference voltage to compare the measured voltage with. Voltage references can be bought 

and added to the circuitry. Here, no external reference is needed since the µC has the feature of a built 

in 1.1 V reference. The only external parts needed are those of a voltage divider between the battery 

and the µC. For the best resolution the voltage divider should be dimensioned so that 4.2 V across the 

battery matches 1.1 V on the µC measuring pin. 

When the button is pressed and held (activating the gauge function), the µC reads the voltage of the 

battery and displays the result via the gauge LEDs. The gauge LEDs are on as long as the user keeps the 

button pushed. When the button is released the gauge LEDs is turned off. 

For the gauge to be intuitive, the gauge LEDs should each represent an equal period of battery time. The 

voltage drop during discharge is not linear (Section 2.2.5). Hence dividing the voltage range in equal 

steps with a gauge LED representing each part would be misleading. Another thing that has to be taken 

to consideration is that the rate at which the battery is discharged is increasing as the voltage drops. 
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This is due to the Power LED is using a constant power. This leads to increased current when the voltage 

decreases.  

Four different levels of the fuel gauge were used. The use of the µC makes the placement of the levels 

optionally. The levels can easily be changed after the µC is mounted on PCB by simply changing the 

software. To make the gauge LEDs represent equal amount of time, the battery is discharged using the 

Power LED. The voltage is constantly measured and plotted against the time vector. This plot, created 

from three different batteries can be seen in Figure 43. 

 

Figure 43. Discharge curves from three different batteries 

By dividing the time axel into equal parts the respective voltage level can be acquired. These voltage 

levels are set in the software.  

3.5.4 Additional logic 

The visual warning of low energy by flashing the Power LED require the µC to constantly monitor the 

battery voltage and not just when the user presses the button. A continuous AD conversion is very 

energy consuming and would not allow the µC to be put in sleep mode. To lower the power 

consumption and still monitor the voltage a timer on the µC is used. When reached a preset number of 

seconds, the timer awakes the µC which then sample the voltage once. If the voltage is below the preset 

threshold the Power LED is flashed, otherwise the µC goes back to sleep. The timer is only active when 

the Power LED is on and the flash warning never appears more than once every time the Power LED is 

turned on.  

For the timer to be able to awake the µC, a lighter kind of sleep mode must be used called idle mode. 

When the Power LED is turned off and the timer is not needed the µC is using a more energy saving 

sleep mode called power down mode. Only the button can awake the µC from this mode. 

If the battery is completely discharged, with the Power LED turned on, the µC is reset. When restarted, 

the pins of the µC are in their initial state meaning the Power LED is turned off. This prevents 

unintentional reactivated Power LED when the battery is recharged. 
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3.5.5 Charging indicator 

To indicate that the devise is charging the battery a single LED is used (charging LED). To avoid 

misconception that the charging LED is part of the fuel gauge the charging LED is of different color than 

of the fuel gauge. 

The charging indicator is powered by the solar charge boost and will therefore only light up when the 

solar panel are producing power and thereby charging the battery.  

3.5.6 External charge outlet 

The product features a possibility to charge for example a mobile phone via a USB outlet. The choice of 

USB A outlet was done since most mobile phones and MP3-players supports the USB standard for 

charging. According to the USB standard [10] 5 V (± 0.25 V) should be provided and at least 500 mA 

should possible be consumed by the charger. To identify the charger as a dedicated charger the D+ and 

D- USB lines are short circuited through a resistance less than 200 Ω and otherwise left floating. A 

simplified picture of a USB A standard receptacle that was mounted on the PCB is shown in Figure 44.  

 

Figure 44. Simplified picture of USB A receptacle 

The pins as numbered in Figure 44 and their connections are: 

1. + 5 V   – connected to the output of a boost circuit 
2. D-    – connected to D+ via a 150 Ω  resistor  
3. D+   – connected to D- via a 150 Ω  resistor 
4. GND   – connected to ground plane on PCB 

 
To achieve the 5 V a boost circuit was used to increase the battery voltage. The choice of boost 

converter was based on cost, efficiency and that it could handle the voltages and currents. Compared to 

the boost converter used in the solar cell charge, this converter is less efficient but significantly cheaper.  

3.5.7 Charge of battery 

It is possible to use a USB-charger to charge the built in battery without sunlight. The reason why this 

feature was implemented was partly so that the product could be used as an energy depot and partly so 

that it could be demonstrated in a store not having access to sunlight. Because many mobile phones will 

use a Micro-USB connector for charging in the near future, this connector was also used on the HiLight 

product so that a normal mobile phone charger could be used. The electronics handling the charge uses 

a Constant current/Constant voltage method. The battery is charged with a constant current (in this 

case 450 mA) until the voltage reaches 4.2 V at which point the charging switches to constant voltage 
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mode. The charger keeps 4.2 V across the battery as the current declines when the state of charge of 

the battery rises. 

3.6 Power consumption 
The power consumption of the electronics can be divided into to two different areas. The first area, 

marked A in Figure 45, includes the components that gets the power from the solar panel. These 

components are shut down when the irradiance ceases. The area marked B in Figure 45 includes 

components that use power from the battery regardless of the solar panel power.  

 

Figure 45. Different areas of power source 

3.6.1 Active power consumption 

The ICs included in the solar charge control module are the solar charge control µC and solar charge 

voltage converter. The specified supply current for the µC is 1.2mA, according to datasheet, which is 

active all the time it is supplied with current, no sleep modes are used. The current used by the 

electronics is negligible compared to the power charging the battery under beneficial circumstances (>1 

W).  

The components that use power from the battery are: The Power LED, LED driver, button µC, and the 

5 V voltage regulator (and the external devices connected to the USB outlet). The gauge LEDs are only lit 

a fraction of the time and is therefore disregarded. The current used to power the ICs is also negligible 

compared to that used by the Power LED. 

The Power LED has an average voltage drop of 3.5 V and the current through the Power LED, when at 

full light (approximately 1 W), is 330 mA. The current is kept a bit below 350 mA since 350 mA is the 
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maximum current tolerated by the Power LED. This also makes the lighting power of the Power LED 

closer to 1 W. The current from the battery to the Power LED is going to differ from 330 mA because the 

voltage difference between the battery and the Power LED. The efficiency of the LED driver also affects 

the power needed. 

3.6.2 Quiescent power consumption 

When the Power LED is turned off, the battery is not physically disconnected from the electronics; hence 

the IC components are always using a small current. 

The datasheets of the LED driver and the 5V voltage regulator specifies the typical shut down and 

quiescent current to 0.1 µA and 80 µA respectively. The 5 V voltage regulator is always enabled (the use 

of the USB outlet is always available) in difference to the LED driver that is disabled when not in use.  

To minimize the current used by the battery powered µC, it is put in sleep mode when no executing is 

needed (for example when the button is not pushed). The active mode is only used when the button is 

held in and the short amount of time used to change the status of the I/O pins. Two different sleep 

modes are used, Idle and Power-down, see Section 3.5. 

The typical power consumptions of the µC acquired from the data sheet: 

 Active (4MHz): 1.6 mA 

 Power-down: 0.15 µA  
 

The idle mode power consumption depends on the features used on the µC. The Idle current is higher 

than in Power down mode but lower than in active mode. 

3.7 PCB design 

3.7.1 Module testing 

The majority of the workload of this project is focused on the module requirements and testing, i.e. the 

lower part of the V-process, highlighted in Figure 46.  

 

Figure 46. The parts of the process concentrated to module level 
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After the module requirements are established the next step is to find a supplier and the components 

fulfilling the requirements. Each module often consists of several components (e.g. ICs, resistors, 

capacitances).  

Due to the fact that the resulting product shall be ready for production, not just a prototype, the 

selection of components has to be very thorough. Factors like availability, price and environmental 

impact (e.g. RoHS compliance) has to be considered. The amounts needed in this project were too small 

to allow direct dealing with the manufacturers, hence all components have been ordered from Farnell 

and Mouser. Much time during this project has been spent on hunting satisfying components.  

To keep the size of the product as small as possible, exclusively surface mounted devices (SMD) have 

been used when possible. This makes the prototyping using bread boards and similar techniques hard. 

Printed circuit boards (PCB) have therefore been used. 

Having the components decided, electric schematic and PCB layout design for the test modules was 

created using Eagle 5 by CadSoft.  

The limited economical resources made the outsourcing of the module test PCB manufacturing 

impossible. The PCBs were etched at KTH, and the components were soldered by hand. 

The different modules or parts of modules (a few showed in Figure 47) tested individually were: 

 Boost converter of Solar Charge control 

 Microprocessor and field effect transistor of Solar Charge  

 Microprocessor controlling Button logic, Fuel Gauge Logic and the Power LED on/off control 

 Power LED driver (for voltage and current control) and Power LED. 

 Boost converter for external charge (Voltage Control) 

 5 V Charge control 

 

Figure 47. Power LED driver (left) and Solar Charge Boost circuit (right) test boards 

As expected, the unsatisfactory module test result sometimes required stepping back to the module 

requirements. 
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After satisfactory results of each module were achieved, the modules were started to be integrated. 

Some integrating testing was performed using the small module test boards connected together. To 

achieve a more realistic integrating a system test PCBA (printed circuit board assembly) was made. 

3.7.2 Test PCBA 

A test board was made with all components soldered on by hand and is shown in Figure 48. This gave an 

opportunity to test the complete system. The layout design of the test PCBA was not to be used in the 

final product. Therefore, the placement of the components was not crucial. To make the testing more 

flexible the Power LED, charge indicator LED, gauge LEDs and button was placed on separate boards, 

connected with wires to the test PCBA.  

 

Figure 48. Test board of complete system 

3.7.3 Prototype PCBA 

After the test board had been analyzed with satisfactory results (LED control, Charge control and 5 V 

output), 15 prototype boards with components mounted were ordered from a Swedish prototype 

manufacturer. All production files needed for the PCBA making was made using Eagle 5. All components 

were ordered from Farnell and Mouser and sent to the manufacturer. One of these PCBAs is shown in 

Figure 49. Apart from testing the electronics, the prototype PCBA was made to make sure that 

operational production files could be generated from the PCB layout editor used. 

 

Figure 49. Prototype PCBA 
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3.7.4 Final PCBA 

All finishing performance tests have been done using the prototype boards. However, to make the PCBA 

fit inside the real product the PCBA has been redesigned. The main difference between the prototype 

board and the final version is the shape.  The final board is not rectangular but rather a complex shape, 

see Figure 50. Another difference is that the Power LED, gauge and charge indicator LEDs and button 

now are mounted on the PCBA. This makes the manufacturing of the product much more efficient. The 

Power LED is mounted on the bottom side because of the placement of the PCBA in the product. For 

effective heat dissipation from the Power LED large copper surfaces was used together with thermal 

vias. The battery gauge and charging indicator LEDs are side view LEDs mounted on the edge of the 

PCBA as well as the push button.  

 

Figure 50. Final design of PCBA 

3.7.5 Implemented electrical improvement 

One major electrical improvement was also done for the final PCBA.  

Power line diode 

The diode in solar charge electronics to prevent the battery from supplying the charge control processor 

connected to the boost output in Figure 51, resulted in a rather big loss when charging from solar panel. 

This was because of the forward voltage drop in the diode which was measured to be approximately 400 

mV. When charging with 1 A this gives a 400 mW charging loss in the diode. The corresponding power 

loss in the field effect transistor (MOSFET) was measured to be 80 mW. The total loss between the boost 

and the battery was therefore almost 500 mW. 

 

Figure 51. Schematics of solar charge power line with diode 
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This was improved for the final electronic design by replacing the diode with another p-channel MOSFET 

connected drain to drain with the first MOSFET, see Figure 52. The body diodes of the transistors are 

conductive in the opposite direction in this connection and therefore no current could be fed backwards 

when processor gives a high signal. By replacing the diode with a transistor the power loss could be 

reduced by 70 %. 

 

Figure 52. Schematics of solar charge power line with two field effect transistors 

For the power line to be not conductive the p-channel transistors need a high signal and therefore a pull 

up resistor was used to raise the voltage when the processor doesn’t have a supply voltage. However, 

the processor proved to be conductive between the output pin and ground when not having a supply 

voltage hence making the transistors conductive. This problem was solved by controlling the gates on 

the p-channel transistors with an n-channel MOSFET, see Figure 53. When the processor loses its supply 

voltage the n-channel transistor gets a low signal on the gate. This cuts off the line between the 

processor and the gates of the p-channel transistors and through the pull up resistor a high signal is 

applied on the gates meaning that the power line is not conductive.  

 

Figure 53. Schematics of solar charge power line with three field effect transistors 
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4. Results and analyses 

4.1 Solar panel 

4.1.1 The laminate 

The result of the laminate is shown in Figure 54. 

 

Figure 54. The solar panel laminate 

During the laminating process there were some problems with the solar cells moving inside the 

laminate. In worst case the solar cells got in contact with each other and caused partial shortage of the 

panel. This can be avoided by using a more accurate production procedure, not doing everything by 

hand. 

The PC protection sheet on some panels was curved when cooling after the lamination. This may be the 

cause of too rapid cooling and the built in tension in the laminate. This is a problem that could be solved 

if the lamination process was adapted to this specific panel. This panel was made using a standard 

program, hence not optimal for PC. Modifications can be for example lower temperatures. 

The optical, moisture and ageing characteristic of the panels is not completely evaluated since the 

equipment and time needed was not available. The resistance to physical abuse is satisfactory. The 

panels were tested by being dropped 1.5 m landing on a hard floor with no damage reported.   

4.1.2 Solar panel testing 

An IV-curve for the laminated solar panel was done and it is shown in Figure 55. Since illumination and 

temperature that has a significant effect on this test are hard parameters to control and keep steady, 

comparing solar panel before and after lamination is difficult.  
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Figure 55. IV curve for laminated solar panel 

Analyzing the power curve, Figure 56, gives the maximum power point location. The curve is compared 

in the plot with two curves calculated from the single cell tests. It is shown that the maximum power-

point is located at approximately 2.5 V for the panel which was expected looking at the modified single 

cell power graph. The tests were done at approximately 45 :C cell temperature which corresponds to 

direct sunlight in 25 :C ambient temperature. 

 

Figure 56. Power graph for laminated solar panel 

4.1.3 Solar charge control 

The solar panel charge control of the prototype board consisted of a boost converter, a microprocessor 

and a MOSFET in series with a diode. A PWM-signal from the processor controls the MOSFET in order to 

limit the charge so that the solar panel voltage is kept at the maximum power-point. Since the voltage at 

the maximum power-point for this panel was 2.5 V the microcontroller was configured to that level. 
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Both algorithms tested (as discussed in Section 3.2.7) proved to control the charging so that the average 

voltage across the solar panel was approximately 2.5 V. The hill climbing method gave a more smooth 

and stable PWM-signal and panel voltage than the PI-regulator and therefore it was decided to use the 

hill climbing algorithm.  

Figure 57 shows a screenshot from a Fluke SCOPEMETER which was used to view the voltage across the 

solar panel when charging battery. In this case the hill climbing software was used. The voltage varies 

from 1.0 to 3.0 V and the average voltage is about the desired 2.5 V. A clear period time can be seen and 

it is the same as the PWM-signal. As seen in Figure 57 the control is far from optimal because of the 

variations. The variations can be reduced by increasing the capacitance across the solar panel which 

slows down the voltage variations so that the control can keep up. 

 

Figure 57. Screenshot of solar panel voltage from Fluke SCOPEMETER 

The software controlled the average solar panel voltage to be approximately 2.5 V regardless of 

irradiance except in the saturated end points of the duty cycle. When the irradiance is very high, the 

duty cycle is saturated and therefore the voltage could not be lowered. At this point, the microcontroller 

has increased the load to maximum meaning that the MOSFET conducts at all time.  

Because of the limited sunlight during the end of this project a completely satisfying test of the charging 

performance from the sun panel could not be performed. Hence no estimated charging time of the 

battery is made. 

4.2 Battery 

4.2.1 Battery capacity 

The capacity for the selected battery is a bit higher that the theoretical need (Section 3.4.2) of 

3680 mAh. This was a deliberate choice since the efficiency of the electronics almost always falls below 

the optimal.  
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The battery time was tested using the prototype boards and full LED light. The result is presented in 

Figure 58. The test was executed with batteries with a >90% state of charge and an ambient 

temperature of 23 :C. 

 

Figure 58. Voltage during discharge using 3900 mAh LiPO cells and full light 

From the data in Figure 58 it can be seen that the battery life is almost exactly 10 hours (5 min 

difference) using a fresh battery. This shows that the battery is well dimensioned. 

The feature of being able to use a weaker light, thus saving battery time, was not an initial requirement 

[Appendix 1]. Due to low extra cost and increased product desirability this feature was added. The half 

light offers sufficient guiding light and more than doubles the battery time, see Figure 59.  

 

Figure 59. Voltage during discharge using 3900 mAh LiPO cells and half light 
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The fact that the battery times exceed 20 hours (battery time is more than doubled compared to the full 

light discharge) is due to the enhanced behaviour of the battery when discharged at a slower rate, see 

Section 2.2.5. 

A battery time test was also executed in -17 :C. The result was 9 hours of full light. The reduction in 

battery time is due to higher chemical resistance in the battery caused by the cold. This is a typically 

behaviour of a LiPO battery. No dysfunctions of the electronics were discovered during the test.  

The maximum battery charge current for the battery used is 1170 mAh. The device must therefore not 

be subjected to sunlight while being charged via the micro USB.  

Other devices with high power consumption should not be connected to the device when the Power LED 

is turned on at full light since the maximum discharge current may be exceeded. Because of the 

unknown characteristic of other devices there is no guarantee that connecting devices to the USB outlet 

won’t cause damage to the product itself, nor to the connected device.  

The user should also be aware of, even though charging is available via USB, the device is not a charger 

specially dedicated to the device charged, and hence connecting other devices is under the 

responsibility of the user.  

The verification of battery cycle life and other long term properties were not possible to be performed 

due to the extensive testing time needed. 

A complete charge from 3.0 V to 4.2 V using the charger connected to micro USB takes approximately 

10h. 

4.2.2 Power consumption 

The current through the Power LED on the prototype PCBs is: 

 Full light:    0.33 mA 

 Half light:     0.175 mA 
 

The current used to power the electronic ICs (LEDs excluded) is presented below (no external 

connection to the USB). The values may differ from battery to battery. Even though it is approximations 

the current difference between the modes should be equal. 

 Full light enabled:    14 mA 

 Half light enabled:    14 mA 

 Light enabled and button pushed:  15 mA 

 Light disabled and button pushed:    2 mA 

 Off (light disabled):    0.3 mA 
 

The big difference in current used by the ICs between enabled light and disabled light is because of the 

different sleeping modes of the µC and the fact that the LED driver is enabled when the light is enabled.  
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Using 0.3 mA in off mode, if fully charged, the device can be stored in approximately 18 moths before 

the battery is completely discharged (3.0 V). To get the most life out of the battery it should be 

recharged before completely discharged (see Section 2.2.5).  

The total amount of current that is taken from the battery using full light is shown in Figure 60. 

 

Figure 60. Current and voltage during discharge 

The current peak is due to the rapid voltage drop at the end of the discharge. The maximum current 

from the battery used by the Power LED and the LED driver is approximately 0.65 A. The current from 

the battery used by the 5 V voltage regulator should at that time not exceed 0.75 A. 

4.3 User interface 
The button on the device is used to control all light functions and battery gauge. First push turns on the 

Power LED half light; second push activates the full light; third push turn the Power LED off.  

When the button is kept pushed for a few seconds the fuel gauge is activated, and an estimation of the 

remaining battery power is displayed via the four gauge LEDs. Enabling the battery gauge does not affect 

the state of the Power LED. 
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5. Conclusion 
To harvest as much energy as possible from solar cells some sort of control is needed. In this project a 

simple control was used that only takes the voltage across the solar panel into consideration. This 

control is very dependent of a very accurate IV-curve of the solar panel and it is optimized for one 

specific cell temperature. Since the cell temperature has significant effect on the voltage at the 

maximum power-point this method has bad performance in extreme heat and coldness. 

Implementation of a temperature sensor and a compensating algorithm could enhance the behavior of 

the solar panel at different temperatures. 

Even though using a static power-point voltage, the behavior of the charging control is considered 

satisfying. During the initial testing the average voltage over the solar panel were kept virtually constant. 

The battery chosen and used in this project is a high performing lithium-polymer battery. The lack of 

memory effect is a crucial property for a solar powered application. In such applications the battery will 

be charged as soon as there is sunlight available. The charging current will vary with the irradiance. A 

lithium-iron-phosphate battery would be better in terms of cycling life and safety.  Because this type is 

relative new, it is not cost effective and both heavier and larger than lithium-polymer.  

The USB outlet that allows the user to charge, for an example a mobile phone, lets the mobile phones 

built in charger consumes power without any limit. Following the USB standard, the device is allowed to 

increase the charging current up to the point where the voltage drops under a specific level. When 

Power LED is turned on and the external charging is used very much power is consumed and limiting the 

current through the USB outlet would be desirable. 

A big challenge was to design a circuitry that was able to operate using voltages down to 1.8 V but still 

be able to sustain currents over 1A. 
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6. Recommendation for future work 
The system is a fully functional system but several improvements as listed below could enhance the 

performance of the product. 

6.1 Solar charge 
The results of the solar charge control shows that the voltage across the solar panel varies significantly, 

thus not utilizing all solar energy available. By adding more capacitance across the solar panel the 

variation would be slowed down and a more steady voltage level could be held, thus improving the 

charging power. 

More advanced software could be implemented on the solar charge control processor. With a true 

maximum power-point tracker the charging could be enhanced and the efficiency would not be as 

dependent of temperature and irradiance as the system is at this point. The problem with a MPPT is that 

the current also needs to be measured. Another solution to the temperature problem would be to add a 

temperature sensor and use the readings from it in the control algorithm. This requires good knowledge 

of the behavior of the solar panel at different temperatures while a MPPT doesn’t. 

The feedback pin on the solar charge boost converter could probably be used to control the charging 

current. By connecting the PWM-signal from the processor via a low-pass filter to the feedback pin the 

field effect transistors used in the power line would not need to open and close. Instead the built in 

control of the boost circuit controls the current. It is not certain that this method would enhance the 

charging power but testing the two methods against each other would be interesting. 

6.2 Power LED driver 
Great power losses appear in the resistances used to measure current through the Power LED. These 

resistances only purpose is to cause a voltage drop to the feedback pin of the LED driver.  It is therefore 

of great interest to use as small resistances as possible to reduce the power loss. By reducing the 

resistance by a factor 10 and amplify the signal to the LED driver with an operational amplifier up to one 

extra hour of full light from a fully charged battery could be expected. 

The possibility of implementing a light dimmer functionality should be investigated. This could probably 

be actualized by controlling the Power LED MOSFET with a PWM signal. 

6.3 Battery 
When the LiFePO4 technology has matured a change to this type of battery is recommended.  The 

enhanced safety features and cycle life makes this type if battery desirable for this application. 

The battery gauge implemented in this product only takes the voltage across the battery into 

consideration. Since the battery voltage drops when used, the battery gauge will show differently 

depending on if the Power LED and external charge is used or not. This problem could be solved by 

measuring the current supplied by the battery to more accurately determine the state of charge of the 

battery.  
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The external charge has no current limit at this point. To make sure that the current limit of the 

components and the battery is not exceeded some sort of current limiting function should be 

implemented for the electronics supplying 5 V to the USB outlet. Disabling the boost circuit when 

external charge is not in use would reduce the power consumption and prolonging the battery time 

when product not used for longer time. A change of boost circuit is also desired since the one used in 

this project has a low efficiency. 
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Appendix 1. Electrical requirements 

 

  

The Lamp shall… Importance 

 5 = most important 

•have a light intensity corresponding to a 25 W light bulb. (1W Power LED) 5 

•have a USB outlet allowing charging other devices 5 

•be robust and sustain rough handling, heat, moisture, drop etcetera. 5 

•have a battery time of 10 hours/charge. (5h/day for 2 days) 5 

•not contain any forbidden or environmentally dangerous substances. 5 

•have a indicator of remaining battery time 5 

•follow regulations like: RoHS, WEEE, EMC CE  5 

•sustain being covered with water, (no pressure added)  4 

•light up a small room (360 degrees) 4 

•have a minimal need for maintenance  4 

•be easy to use, intuitive, and demand minimal user knowledge  4 

•be able to be charged from external power source 4 

•have full/half light 3 

•be fully charged after 10 hours of irradiance 3 

•have a charging indicator 3 

•automatically turn the Power LED off when completely discharged. 3 

•have an estimated lifespan of 10 years. Minimum 3 years for battery.  2 

•have a replaceable battery  2 

•be able to be charged from external solar panels 1 
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