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Abstract 

Batteries account for 50% of the overall cost of solar home systems(SHS).  The battery packs 
degrade over time and when they reach 70% state of health (SOH), the whole SHS is 
discarded. In the predominantly rural off-grid context, battery replacements are expensive 
and impractical. The customers are often dozens of km away from any sales point. 
Furthermore, recycling schemes are often limited in the developing world, meaning that old 
batteries are sometimes discarded in unsafe ways. As the market grows, the environmental 
impact of this will only get larger. Solaris Offgrid, a premier name in the Solar Offgrid 
industry, is innovating two solutions designed to tackle this issue; a smart multi-battery pack 
manager and an easy to recycle battery pack design with cell by cell management. The current 
study is based on a lossless cell balancing design, wherein the charge and discharge cycles of 
each cell in the string are monitored and to efficiently avoid overcharge and over-discharge. 
Implementing this strategy reduces the degradation of these batteries which extends the 
battery life of  SHS. A sensitivity analysis is performed to analyze the environmental benefit 
gained by implementing lossless cell balancing. The thesis provides a literature study on the 
different battery terminologies, types of batteries used in SHS and, various cell-balancing 
techniques used today.  This is followed by the design of a lossless cell balancing technique 
with minimal losses.  

 

Keywords: Batteries, second life cells, active cell balancing, lossless cell balancing, off-grid 
solar, solar home systems 
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Sammanfattning  

Batterierna står för 50 % av den totala kostnaden för solcellsanläggningar (SHS).  
Batteripaketen försämras med tiden och när de når 70 % av sitt hälsotillstånd kasseras hela 
solcellssystemet. På den övervägande landsbygden utanför elnätet är det dyrt och opraktiskt 
att byta ut batterierna. Kunderna befinner sig ofta tiotals kilometer från varje 
försäljningsställe. Dessutom är återvinningssystemen ofta begränsade i utvecklingsländerna, 
vilket innebär att gamla batterier ibland kasseras på ett osäkert sätt. I takt med att marknaden 
växer kommer miljöeffekterna av detta att bli allt större. Solaris Offgrid, som är ett ledande 
företag inom industrin för solcellsanläggningar, utvecklar två lösningar för att lösa detta 
problem: en smart batteripackförvaltare för flera batterier och en lätt återvinningsbar 
batteripackkonstruktion med cellvis hantering. Den aktuella studien bygger på en “förlustfri” 
cellbalanseringskonstruktion, där laddnings- och urladdningscyklerna för varje cell i strängen 
övervakas och effektivt undviker överladdning och överladdning. Genom att tillämpa denna 
strategi minskas degraderingen av dessa batterier, vilket förlänger batteritiden för SHS. En 
känslighetsanalys utförs för att analysera den miljöfördel som uppnås genom att införa 
förlustfri cellbalansering. Avhandlingen innehåller en litteraturstudie om olika 
batteriterminologier, typer av batterier som används i SHS och olika tekniker för 
cellbalansering som används idag.  Detta följs av utformningen av en teknik för förlustfri 
cellbalansering med minimala förluster. 

Nyckelord: Batterier, second life cells, aktiv cellbalansering, förlustfri cellbalansering, solceller 
utanför nätet, solcellssystem för hemmabruk. 
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1 Introduction 

In today’s world, climate change is the largest threat to life forms on earth. There have been 
many visible changes in our ecosystem, namely the melting of glaciers, reduced ice on rivers, 
early de-freezing of lakes, a shift in the pattern of flowering of trees, and acidification of 
oceans. Scientists believe that the global average temperature will continue to increase in the 
coming decades. As per the latest reports, an increase of 1.5 to 3 degrees Celsius is expected 
(Jackson, 2020). Accumulation of greenhouse gasses (GHG) is considered one of the main 
reasons behind global warming. In 2018 alone energy-related CO2 emissions increased by 
1.7% owing mainly to increased energy demand. It reached a historical record of 33.1 Gt CO2 
(IEA, 2019). The ongoing covid crisis has affected all walks of life, including the power sector. 
The pandemic has driven down fossil fuel consumption; a drop of 4% in primary energy 
demand is observed and the CO2 emissions have been reduced by 5.8%. This drastic reduction 
in emissions is considered the largest since World War 2. However, it is important to note that 
the reduction in global emissions is temporary and with the recovery of economic activity, a 
rebound effect of CO2 emissions is expected (IEA, 2021).  
 
Batteries together with renewable energy technologies are considered the “Holy Grail” when 
it comes to diminishing GHG emissions. Batteries counter the main disadvantages of 
renewable energy resources. It’s a well-known fact that renewable energy resources are 
intermittent and to make them more reliable and dispatchable, storage of the generated 
energy is of utmost importance today. To explain this with an example, consider a solar 
photovoltaic panel, when the batteries are connected to this system, they can store the excess 
energy produced during the day and send it back to the grid during the night (Climate 
Central, 2019). Batteries also play a crucial role in off-grid solar technologies; they provide 
access to energy systems for communities without access to electricity. Back in 2017, off-grid 
solar technologies provided energy access to 73 million households. During the current 
COVID-19 pandemic these off-grid technologies are powering phones, radios, and televisions 
which are very much essential to convey important government announcements and 
preventive measures.  (Global Leap, 2019). 
   
The increased reliance on battery storage gives rise to increased battery waste. There are 
numerous ways to reduce the generation of E-waste/ battery waste, these include (Global 
Leap, 2019), 
 

• Extend product and/or component lifespan  
• Enhance product repairability and recyclability 
• Facilitate more efficient refurbishment, reuse, or repurposing 
• Reduce rare metal and hazardous material composition.  

 
In recent years, there has been a rise in demand for solar home systems (SHS) especially for 
products over 11Wp solar. This system not just caters to the lighting demand but covers all 
the basic residential needs (Koen et al., 2019). Solaris Offgrid is an established name in the 
offgird solar sector. They have markets in rural Africa and Tanzania. Their Pay-As-You-Go 
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compatible products aid the rural masses to afford the SHS. Batteries are the first components 
to fail in SHS as per records of Solaris Offgrid Tanzania’s office. Replacing battery packs in 
the rural SHS setting is both expensive and impractical, leading to higher costs for end-users 
as well as a high risk of environmental damage from improperly discarded batteries. The 
battery storage components represent the highest costs within the systems (in terms of LCOE) 
and prohibit wide-scale solutions with sufficient power capacity. 
 
The solution is a smart battery management system that would allow for multiple batteries of 
different ages and types to be connected to the SHS. This technology also allows for the 
balancing of unbalanced cells in a smart way, which paves way for reduced overall cost of the 
battery packs. This solution can also be extended to use second life cells in the battery packs 
which would reduce the cost of the system.  
  



-3- 
 

2 Research Purpose 

The main purpose of this research is to investigate the different methodologies available for 
cell balancing and discuss the advantages and disadvantages of the most widely used 
methods. Based on the literature review a hardware model is built to achieve lossless cell 
balancing. Finally, show that software configurable batteries are the most suited for solar 
home systems (SHS) and how well the second life cells can be used in SHS. 
 

2.1 Research Question 

How to optimize battery pack assembly to reduce costs of SHS using loss-less1 cell balancing? 

In the process of answering the above main research question, answers can also be found for 
questions such as:  
 

1. How to efficiently utilize second life cells for Solar home systems? 
2. What is the margin of reduction in cost due to the incorporation of second life cells? 
3. What is the impact of Depth of Discharge on e-waste generation? 

 

2.2 Method of attack 

For the current study, it is difficult to just follow one research method. It was decided to follow 
a mix of model-based and experimental approaches. Implementing experiments in the study 
makes the development phase shorter. 
 
The methodology is divided into six stages. This method is adopted because the thesis 
involves designing a hardware circuit for real-life applications. In the intermediate steps, the 
circuit is simulated on SPICE simulators as it is an easy and more efficient solution than 
experimenting with actual components. To achieve the goals of the thesis, the following 
procedure is followed 
 

1. Literature study: An extensive literature review is conducted to study the background 
of the problem and the existing solution to the discussed problem. All the required 
basic paraments are discussed elaborately. A study on the existing battery types is 
performed and this motivates choosing lithium-based batteries for the present system. 
The importance and need for cell balancing are also investigated.  
 

2. Current situation: After knowing the background of the situation, the historical and 
present cell balancing techniques are reviewed extensively. The previous works 
related to improving the efficiency of cell balancing are studied.  
 

 
1 The term loss less implies a system with minimal lossless and often tend to be neglected, this is further explained in 
Chapter 3.5 
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3. Design: The design circuit is simulated using Spice software tools such as LtSpice or 
Cadence Pspice. The design is tested virtually for efficient cell balancing. The software 
package from Cadence is preferred for its ease of use. 
 

4. Prototyping: Obtaining positive results from simulations, the prototype is built on a 
rapid prototyping board, and verified for results by simulation results. A 
multipurpose microcontroller is used to trigger the circuit.   
 

5. Circuit board design: After verifying the prototype, the printed circuit board is 
designed using Fusion 360 electrical CAD.  

 
6. Future work: Finally, a techno-economic analysis is performed and future work for the 

design is discussed.  
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3 Literature Review 

In this section, a comprehensive literature study is performed. The basic parameters of batteries, types 
of batteries that are well suited for solar home systems (SHS) are discussed, followed by discussion on 
the existing cell balancing techniques in the SHS industry.   
 

3.1 Important parameters of a battery 

In this subsection, the important parameters of batteries are discussed.  
 

3.1.1 Energy density and Specific energy 
Energy density is defined as the quantity of energy that a battery can hold, per cubic meter of 
its volume. It is measured in watt-hour per cubic meter (Wh/m3). This parameter is of high 
importance when space is limited. When the batteries’ energy density is high, we can store 
more energy in less space (Cellerite, 2020). Like energy density, specific energy defines the 
energy that a battery can hold per unit mass. It is measured in watt-hour per mass (Wh/kg) 
 

3.1.2 Storage capacity 
Storage capacity or battery capacity is the amount of charge stored by the battery. It depends 
on the mass of active material contained in the battery. This parameter gives the maximum 
available amount of energy that can be taken out from the battery. Storage capacity depends 
on various external factors such as temperature, charge and discharge cycles, depth of 
discharge, etc. 
The unit of measure is ‘Ampere Hour’ (Ah) (Honsberg and Bowden, 2019).  
 

3.1.3 Specific power 
Specific power sometimes referred to as gravimetric density is the available power per unit 
mass. This parameter decides the weight of the battery to achieve the required power. It is 
measured in Watts per Kilogram (W/kg) (MIT Electric Vehicle Team, 2008).  
 

3.1.4 Cell voltage 
Cell voltage is the potential difference between the anode and cathode of a cell. The higher 
the potential difference, the higher will be the voltage. The SI unit of measurement is Volts (V) 
(Cao et al., 2019). 
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3.1.5 Open circuit voltage  
Open circuit voltage (OCV) can be defined as the voltage across the terminals of the battery. 
Open circuit voltage is usually measured after subjecting the battery to a ‘rest time’. The rest 
time depends on the selected battery chemistry, it can vary between 5 minutes to 1 hour, and 
during this time the battery recovers to its equilibrium state. The Unit of measurement for 
OCV is Volts (V) (Somakettarin and Funaki, 2017).  
 

3.1.6 C-Rate 
C-rate measures the rate at which a battery is capable of discharging. Higher the C-
rate/discharge rate implies higher power. The unit of measurement is ‘C’. 1C represents that 
it takes 1 hour to charge, 2C means 30 mins is enough for the battery to recharge completely, 
similarly, 10C means the battery needs only 6 mins to recharge, with a C-rate of 100C the 
battery can be recharged in just 6 seconds. 
In high discharge current applications such as Formula E, we can see batteries with 30C to 
50C. To quote an example, let’s consider a mobile phone. They have a discharge rate of 0.2C 
and the battery capacity is 5000mAh (Climate Central, 2019). 
 

𝐶 − 𝑟𝑎𝑡𝑒 = 𝐼!	. 𝑁 [1] 
 
Where C-rate is the discharge rate, Ib is the battery average current, and N is the number of 
continuous discharges. 
 
The discharge current can be found from the above formula 0.2𝐶 ∗ 5𝐴ℎ = 1𝐴. We can infer 
that the battery is discharging at a rate of 1,000 mAh and can supply power at this rate for 5 
hours. 
 

3.1.7 State of Health 
The state of health (SOH) is perhaps one of the important specifications of the battery. It can 
be defined as the ratio of the batteries’ present capacity to the nominal capacity (Chen et al., 
2013). The value of SOH is usually hidden from the user. When the battery SOH goes below 
80% it becomes unreliable.  

𝑆𝑂𝐻	 = 	
𝑞
𝑞"

 [2] 

 
Where q is the present capacity, qn is the nominal capacity 
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3.1.8 State of Charge  
This parameter is also very important when it comes to the battery management systems and 
can very well be compared to a fuel indicator; it shows the available charge in the battery with 
the nominal capacity (Azis, Joelianto, and Widyotriatmo, 2019). State of charge (SOC) is 
expressed as a percentage, 100% SOC implies the battery is completely charged and 0% SOC 
implies the battery is completely discharged.   
The state of charge of the battery can be found out by several methods, important among them 
are as follows,  
 
Open circuit voltage method 

In the case of a lead-acid battery, a linear relationship is observed between the open-circuit 
voltage and the state of charge. Care should be taken to allow the battery to reach equilibrium 
before measuring the voltage and it takes roughly about 2 hours for the lead-acid battery to 
reach equilibrium (Chiasson and Vairamohan, 2005) 
 
Terminal voltage method 

The internal impedance of the battery varies during charging and discharging, due to this 
variation there is a change in the terminal voltage of the battery. The State of charge of the 
battery varies linearly with the Electromotive force (EMF) of the battery and the terminal 
voltage. Using this method gives rise to a lot of errors because the terminal voltage is 
temperature-dependent and there is a sudden drop in the terminal voltage of the battery at 
discharge (Anbuky and Pascoe, 2000). 
 
Coulomb Counting Method 

In this method, the discharge current is measured and integrated over time t to estimate the 
State of charge (Azis, Joelianto, and Widyotriatmo, 2019). 
 

𝑆𝑂𝐶(𝑡) 	= 	𝑆𝑂𝐶(𝑡 − 1) 	+	
𝐼(𝑡)
𝑄"

𝛥𝑡 [3] 

 
Where SOC(t) is the state of charge at time t, SOC(t-1) is the previously estimated state of 
charge, i.e., at time t-1, I(t) is the discharge current at time t, 𝛥t is the time interval, Qn is the 
nominal capacity of the battery. 
 
It is to be noted that results from Coulomb counting are largely dependent on the initial 
battery SOC and this method depends on factors such as temperature, discharge current, and 
battery life cycle. 
 
BP Neural network 

Back propagation (BP) neural network when applied for estimating the state of charge is 
known to yield good and reliable results. The BP neural network uses the recent voltage, 
current, and temperature readings to predict the current state of charge (Linda et al., 2009). 
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Kalman Filter method 

This is a mathematical approach of using the battery model to know the state of charge of the 
battery. Here the time-varying “State” of the dynamic system is used to estimate the values 
(Plett, 2004). As the Kalman filter uses real-time data for its estimations, this method is 
expensive and difficult to implement (Chang, 2013).  
 

3.1.9 Depth of Discharge  
Depth of discharge defines the capacity of the battery discharged compared to its nominal 
value. Depth of discharge (DOD) is usually indicated in percentage. It is analogous to the state 
of charge, when the DOD is 100% it means that the battery has a SOC of 0%, and conversely 
when the DOD is 0% the SOC will be 100% (Thoubboron, 2019). Sometimes the DOD can be 
higher than 100%, this is because sometimes the battery capacity will be higher than the 
nominal capacity. To find the DOD of the battery we simply multiply the discharge current 
with time and divide it by the battery nominal capacity. 
 

𝐷𝑂𝐷	 =
	𝐼# 	 ∗ 𝑡
𝐴ℎ

 [4] 

 
Where DOD is the depth of discharge, Id is the discharge current, t is the time of discharge, 
Ah is the nominal capacity of the battery. 
  

3.1.10 Cycle Life  
The life cycle of the battery is the number of charge and discharge cycles the battery can 
undergo before losing its storage capacity2 (Ding et al., 2015). The major factors affecting cycle 
life are the number of completed cycles and time ‘t’. The cycle life of the battery decides the 
economics of the system. If the battery has a lower number of charge and discharge cycles, 
then it must be replaced earlier which in turn increases the cost of the system. 
 
DOD has an impact on the cycle life. A partial discharge reduces battery degradation, and it 
leads to extended cycle life (Battery University, 2010). The following table gives a relation 
between DOD and cycle life before the battery capacity drops to 70% for a Li-ion cell:  
 
 
 
 
 
 
 

 
2 As per the industry standard, the battery is said to have lost its storage capacity with its storage capacity is dropped to 
70% 
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Table 3-1: Relation between DOD and discharge cycles (Battery University, 2010) 

Depth of discharge Discharge cycles 

100% 600 

80% 900 

60% 1,500 

40% 3,000 

20% 9,000 

10% 15,000 
 

3.1.11 Self-discharge 
Energy is stored in the battery through chemical reactions. These reactions continue to 
propagate slowly even when there's no load connected to them. This process of losing charge 
is called self-discharge. Self-discharge takes place when either or both electrodes are out of 
thermal stability3 because this oxidation takes place at the electrodes (Trócoli et al., 2021).  
 
Self-discharge cannot be avoided altogether but it can be considerably reduced. Maintaining 
the batteries in the specified temperature range reduces the self-discharge and the 
temperature range depends on the type of battery. The ideal operating range of batteries is 
between 10 - 25 degrees Celsius.  
 

3.1.12 Round Trip efficiency 
Round Trip efficiency is defined as the ratio of energy retrieved from the battery to the energy 
input. A certain amount of energy is lost during conversions because of the battery chemistry 
and its internal resistance. The higher the round-trip efficiency, the lower will be the losses 
and the system will be efficient (Trócoli et al., 2021). 
 
 
 
 
 
 
 
 

 
3 Thermal stability can be defined as ability of the material to resist the action of heat (Jones et al., 2009). At higher 
temperatures, the chemical bonds of the polymer structure are easily broken, and this leads to significant changes in the 
material properties. 
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3.2 Types of batteries  

Energy storage is highly beneficial when there is a need to balance the supply and demand of 
electricity. This becomes highly important because of the intermittent nature of renewable 
energy resources. It's very well known that the sun won't shine all day long and the wind 
won't blow continuously. It's always wise to generate electricity and store them using storage 
technologies and use them when required. The chosen storage mechanism should have rapid 
response, long cycle life, high efficiency, and must cost less (Fan et al., 2020). Battery storage 
is a promising storage technology, unlike other technologies such as pumped hydro, 
compressed air, flywheel. Batteries have fast response, they are modular, flexible to install, 
and have high investment benefits. 
 
There are numerous storage technologies available, but when it comes to solar home systems, 
lead-acid, nickel-cadmium, nickel-metal hydride, and lithium-ion batteries are preferred. 
 

3.2.1 Lead-Acid Batteries  
As the name suggests, in this type of battery lead (Pb) and an acid (Usually H2SO4) are the 
main components. Here Lead oxide (PbO2) is the negative electrode, metallic lead (Pb) is the 
positive electrode and hydrochloric acid (H2SO4) is the electrolyte (Reddy and Linden, 2011). 
The whole setup is housed in a thermoplastic case. The nominal cell voltage is around 2.04 V. 
Lead-acid batteries have a round trip efficiency of 75-80% and their energy density usually 
varies between 20-50 Wh/Kg. These batteries are relatively cheaper, and they last for around 
500 -1000 cycles. A distinct feature of these batteries is that almost 97% of the components can 
be recycled (Fan et al., 2020). The chemical reaction is as follows, 
 

PbO2 + Pb + 2H2SO4 = 2PbSO4 + 2H2O 

 
Lead-acid batteries can be further divided into many categories based on their composition. 
Two main subcategories are,  

● Flooded type- which requires constant refilling of distilled water at regular intervals.  
● Sealed/maintenance-free batteries- which don't need any topping up. 
 

3.2.2 Nickel-cadmium (Ni-Cd) 
Ni-Cd batteries are made up of nickel hydroxide, cadmium hydroxide as the positive 
electrode and negative electrode respectively. Here an alkaline electrolyte is used, and they 
also have a separator. The whole assembly is placed in plastic or metal containers. To avoid 
the risk of corrosion, plastic (polypropylene or polystyrene) containers are preferred. The 
chemical reaction is as follows, 
 

2Ni(OH)2 + Cd(OH)2 = 2NiOOH + Cd + H2O 
 
The cell voltage is around 1.29 V. Ni-Cd batteries have their energy density varying between 
50-75 Wh/kg and long cycle life of 2000 to 2500 cycles before they start losing their capacity. 
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These are expensive when compared to lead-acid batteries, but they have higher temperature 
tolerance and low maintenance. These batteries find their applications mainly in power tools 
and recently they were even used in Electric vehicles in Peugeot 106 electric batteries 
manufactured by SAFT (Carswell, 2019). 
 
The major disadvantage of Ni-Cd batteries is, they suffer from memory effects, and it is also 
worth noting that cadmium being a heavy metal, is expensive and this shoots up the 
manufacturing cost (Fan et al., 2020). 
 

3.2.3 Nickel metal (Ni-MH) 
Ni-MH batteries are made of a metal hydride as anode and nickel hydroxide as cathodes. Like 
Ni-Cd batteries, alkaline electrodes are used here again. Usually, Potassium hydroxide (KOH) 
or a combination of KOH with other earth metals are used. A separator made of synthetic 
material is used to insulate the anode and cathode.  
 
Ni-MH batteries provide a cell voltage of 1.35 V, and they have low internal resistance, largely 
owing to the porous structure of both anode and cathode (Fan et al., 2020). 
 

MH + NiOOH = M + Ni(OH)2 
 
Ni-MH has an energy density, typically varying between 40 to 110 Wh/kg. These batteries 
support a wide temperature range, and they are low on maintenance. Unlike other batteries, 
they support a deep discharge cycle and no memory effect. This distinct property makes them 
suitable for uninterrupted power supply systems for telecommunications and in Ev’s/ PHEV 
(Swaminathan, 2006). These batteries are relatively expensive compared to lead-acid batteries, 
apart from that they have a long cycle and shelf life, and they are environment friendly as 
they don’t have any heavy metal or toxic materials in them. 
 

3.2.4 Lithium-ion (Li-Ion) 
Lithium-ion batteries were first commercially available in the early 1970s. Lithium metal is 
unstable and henceforth the earlier attempts on lithium-based batteries failed. Then the focus 
was shifted to lithium-ion batteries and by the 1990s rechargeable lithium-ion batteries were 
made available. Today, this technology is considered one of the most promising storage 
technologies (Mahadevan et al., 2012). These batteries work by Li+ moving between the 2 
electrodes. Like the other batteries, we find a positive electrode, negative electrode, and 
lithium conducting electrolyte between these electrodes. The usual choice for positive 
electrodes includes Lithium cobalt oxide (LiCoO2), Lithium manganese oxide (LiMn2O4), and 
lithium iron phosphate (LiFePO4) layered on an aluminum collector. Graphite layered on 
copper forms the negative electrode (Fan et al., 2020). Lithium-based electrolytes can either be 
liquid or solid. Liquid electrolytes are lithium salts dissolved in organic compounds. The 
common choices for lithium salts are, ‘Lithium hexafluorophosphate’ (LiPF6), ‘Lithium 
tetrafluoroborate’ (LiBF4), Lithium bis-oxalate borate (LiBOB). The solid electrolyte is that 
which conducts the lithium ions while still being in a solid-state of matter.  
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Li-Ion batteries have lower internal resistance and thereby the I2R losses or heat losses are 
reduced. They have a low self-discharge rate, high efficiency, wider operating temperature, 
and long cycle life. The downside is their energy density, 240 Wh/kg (Fan et al., 2020). They 
can be fabricated in shapes as per the user requirements, the most common types include 
cylindrical, prismatic, and pouch designs. All these properties make it an ideal choice for EV’s 
and many storage applications in today's world.  
 

3.2.5 Lithium Iron Phosphate (LiFePo4)/LFP 
In LFP batteries the cathode material is made of phosphate, these batteries come with many 
benefits such as low inter resistance, higher current rating, and good cycle life. They also have 
good thermal stability which increases their safety index. 
 
LFP batteries are used to replace lead-acid batteries, they have a nominal cell voltage of 3.2V 
and with just 4 LFP cells connected in series 12V can be achieved whereas to achieve a similar 
voltage with lead-acid batteries we would require about 6 cells delivering around 2V each. 
LFP has the advantage of tolerating higher topping charges (Battery University, 2019). Of 
Course, there are few trade-offs with LFP, they include strict intolerance to moisture and a 
higher self-discharge rate compared to other Lithium-based technologies. 
 
The technical aspects of LFP include a nominal cell voltage of 3.2V and an operating cell 
voltage of 2.5V to 3.65V. They have a specific energy of 90 to 120Wh/Kg which is a bit low, 
but it has high specific power, the cycle life of 2000 cycles, the higher thermal runaway of 
about 270℃ hence it is considered a very safe battery (Battery University, 2019). 
 
One of the major disadvantages of Lithium-based batteries gives rise to the main reason 
behind this thesis. When the lithium batteries are overcharged or over-discharged causes 
permanent damage to the cell, henceforth a battery pack always needs to be protected by 
special protection circuitry. The SOC and temperature must always be monitored by the 
protection circuitry (Battery University, 2019). 
 

3.2.6 Second life for retired cells  
Electric vehicle (EV) sales have been gaining momentum in recent years. What most of them 
don’t discuss is the end of life of these batteries. Experts estimate that by 2030, global EV 
battery capacity ready to retire will hit 100-200 gigawatt-hours. Batteries are often regarded 
as hazardous waste due to their chemical composition. There has been an increase in social 
concerns about the disposal of these batteries. EV’s are challenging environments for the 
batteries, they must undergo extreme operating temperatures and frequent charge-discharge 
cycles (Zhu et al., 2021). As per the current standards, a battery pack is labeled unfit for EV 
when it reaches 80% SOH. These retired batteries can be reused in other stationary 
applications (for example 100 to 300 cycles per year), where they are given a second life as 
batteries(Engel, Hertzke and Siccardo, 2019)..  
 



-13- 
 

The cost of second-life batteries is falling with the fall in prices for new batteries. Various 
reports point out that these batteries can be 30% to 70% less expensive than the new ones for 
the same applications (Engel, Hertzke and Siccardo, 2019). 
 

3.3 Cell Balancing  

When we talk about battery packs, it’s not just one huge cell. It is more of a combination of 
many individual cells which are connected in various series and parallel configurations. The 
required voltage decides the number of cells in series and current requirements decide the 
cells/ strings in a parallel configuration. 
 
Ideally, all the cells manufactured from the same manufacturer from the same machine must 
have identical properties. However, that's not the case, there are variations in the cells 
originating from the manufacturing process. These variations can also be caused by the charge 
and discharge cycles of the cell and operating temperature (Hemavathi, 2020). The variations 
cause an imbalance in the cells during charge and discharge and lead to issues such as, 
 

● Undercharging- occurs when one or more cells in the string are charged below their 
maximum capacity. This reduces the overall capacity of the battery pack. 
 

● Overcharging- occurs when the cells are charged above their capacity. It’s a dangerous 
situation and sometimes there can be a thermal runaway and an explosion. 
 

● Under discharging - occurs when one or more cells in the battery pack reach their 
lower threshold while the other cells still have considerable capacity left in them. The 
battery management system misjudges the situation and assumes the pack to be 
completely discharged.  
 

● Over discharging- Occurs when the cell is discharged below its lower threshold. They 
can permanently damage the electrodes of the call and sometimes even a short circuit 
might occur. 

 
To avoid the above-mentioned conditions, it is necessary to implement cell balancing 
mechanisms that can equalize the charge contained in the cells. 
 

3.4 Types of Cell balancing  

There are many cell balancing techniques, the choice of these techniques depends on the 
application, cost, and speed of equalization (Hemavathi, 2020). The 2 main subdivisions of cell 
balancing are 

- Passive cell balancing 
- Active cell balancing 

 



-14- 
 

3.4.1 Passive cell balancing 
Passive cell balancing is a technique in which resistors are used to level the cell voltages. A 
cell with higher SOC is connected to a resistor and the resistor is used to dissipate the excess 
power contained in the cell. All the cells will be equalized to the voltage of the lowest cell 
voltage. 
 
Passive cell balancing can be further divided into 2 methods: The fixed shunt resistor method 
and the Switching shunt resistor method which are described below. 
 
Fixed shunt resistor method  

In this method cell balance is achieved by connecting the cell in parallel with a fixed resistor. 
As the shunt resistance is fixed, all the cells are equally charged. This method is preferred for 
nickel and lead-acid batteries. This is the simplest of the methods and because of fewer 
components, it is the least expensive method among all the others (Hemavathi, 2020). 
A resistor is a heat dissipating device and using this as a sink causes energy loss. Using this 
method leads to a lot of losses in form of heat. 
 
A typical fixed shunt resistor circuit is illustrated in Figure 3-1. Here, V1, V2, …, Vn are the 
cells connected in series, and R1, R2...Rn are the shunt resistors. Consider a case where cell V1 
has a terminal voltage of 4.1V and all the remaining cells have a terminal voltage of 3.6V. The 
cell V1 must be discharged through resistor R1 until its terminal voltage equalizes with the 
remaining cells.  

 
Figure 3-1: Fixed shunt resistor method (Hemavathi, 2020) 
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Switching shunt resistor method  

Here the choice of the shunt resistor is selected based on the SOC of the induvial cell. Along 
with the resistors, there is also a dedicated semiconductor switch for each cell, voltage sensing 
circuit, and main controller. The voltage sensing circuit senses the terminal voltage of each 
cell and based on these readings; the controller decides which switch to turn on/ turn off. 
 
This technique is more reliable than fixed shunt resistances, but still, there’s the problem of 
energy loss (Hemavathi, 2020). This technique is usually employed for Li-ion batteries. 
 
A typical fixed shunt resistor circuit is illustrated in Figure 3-2. Here, V1, V2, …, Vn are the 
cells. The semiconductor switches Q1, Q2...., Qn connected in series with resistors R1, R2...., Rn. 
The resistor and switch setup are connected in parallel to the cell. Consider a scenario where 
cell V1 has a terminal voltage of 4.1V and all the remaining cells V2, V3…., Vn have 3.6V. Cell 
V1 will be discharged through resistor R1. To activate this discharge path, the controller sends 
a gate trigger pulse to the semiconductor switch Q1. In Figure 3-2, the red color indicates the 
discharge path, and the green color indicates the gate trigger pulse given to the semiconductor 
switch. 

 
Figure 3-2: Switching shunt resistor (Hemavathi, 2020) 

 

3.4.2 Active cell balancing 
In this technique storage elements and power electronics converters are used to transfer 
energy from cells with a higher charge to cells with a lower charge. These are called non-
dissipative methods because there is no or very small loss of energy taking place during 
balancing. Importantly these techniques can be used during both charging and discharging of 
battery packs. Most of these circuits have many semiconductor switches and complex 
controllers which increase the cost of the system. 
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We can divide the active cell balancing techniques, based on the components used, into 
Capacitor based, Inductors based, power convertors-based, and transformers-based cell 
balancing. 
 
Capacitor based active balancing 

Capacitors are used as intermediate energy storage components. The cell with a higher charge 
is first connected in parallel to the capacitor and then the capacitor is connected to the cell 
with a lower charge thereby equalizing the charge.  
 
 

Single capacitor  

A single capacitor is used as an energy shuttling component. The control algorithm detects 
the cell with high SOC, and the capacitor is connected in parallel with this cell. The capacitor 
gets charged and then the algorithm detects the cell with the least SOC. Then the capacitor is 
disconnected from the high SOC cell and connected to the cell with low SOC, thereby 
achieving the required SOC equalizing (Carter, Fan, and Cao, 2020). 
 
The main advantage of this topology is that any cell in the string can be connected to any other 
cell in the string, the number of components is also less. This method can be used during both 
charging and discharging (Carter, Fan, and Cao, 2020). However, the equalizing speed is low 
because it's possible to only equalize one cell at a time, and there can be many unbalanced 
cells in a string. Figure 3-3and Figure 3-4 explain how the charge equalization takes place. 
Initially, the cell with higher SOC is connected in parallel with capacitor ‘C’, this is done by 
triggering switch S1, S7, S10, S2 respectively. Now the capacitor is connected in parallel with cell 
V1. In Figure 3-4, the discharging of the capacitor is shown, now cell V3 is connected in parallel 
with capacitor ‘C’. The switches, S3, S7, S10, S4 are triggered thereby charging the cell V3. 
 
 
 

 
Figure 3-3: Single capacitor method- capacitor charging (Carter, Fan, and Cao, 2020) 
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Figure 3-4: Single capacitor method- Capacitor discharging (Carter, Fan, and Cao, 2020) 

 
Several capacitors-based circuit 

With the “Several capacitor-based switching” method a capacitor is connected in between 
every adjacent cell. Like the single capacitor method, the capacitor is charged and discharged 
by connecting the cells in parallel with the cells. This topology has n-1 capacitors and 2n 
semiconductor switches for n cells. While balancing the adjacent cells, the circuit's behavior is 
the same as a single capacitor, but when balancing the 1st cell and the last cell of the string, 
the energy must be shuttled many times before the cells are balanced, this is one of the major 
disadvantages of this technique.  
 
Advantages include a simple control algorithm, equalizing both during charging and 
discharging, and less complex circuitry compared to the single capacitor technique (Pascual 
and Krein, 1997). Balancing speed is one of the concerns and as the string length increases, the 
circuit gets complicated (Ye et al., 2017). Figure 3-5 shows cell balancing using several 
capacitors method. Cells V1, V3, V4 have a terminal voltage of 4.1V, cell V2 has a lower voltage 
of 3.6V. To balance the string, cell V1 is connected in parallel with capacitor C1 by triggering 
switches S1 and S3 (Indicated in red). Next, all the switches are turned off thereby C1 is now 
isolated. The next step is to connect C1 in parallel to cell V2. By triggering the switches S2 and 
S4, C1 connects in parallel with V2 thereby equalizing the charge. In this example, cell 
equalizing was done for 2 adjacent cells, however, if cell V4 was in imbalance, then the energy 
had to be shuttled 3 times before string equalization.   
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Figure 3-5: Several capacitors method (Carter, Fan, and Cao, 2020) 

 
Double tiered switched capacitor 

In this topology, another tier of capacitors is added. By implementing this extra tier of 
capacitors, the disadvantage of several capacitor-based circuit is overcome. It is easier to 
balance long strings of cells. The additional string of capacitors is usually connected to non-
adjacent cells, hence equalizing can be achieved in a lower number of shuttles (Carter, Fan, 
and Cao, 2020).  
 
This topology takes less (almost half of the time) time compared to several capacitor-based 
circuits. Applications of this system can be seen in high-power applications, electric vehicles, 
and hybrid vehicles (Hemavathi, 2020). As there are no power dissipating components, the 
thermal loss is low but there must be complex control circuitry because of the added row of 
capacitors and semiconductor switches. 
 
In Figure 3-6 the working of the double-tiered switched capacitor is explained. There is an 
additional column of capacitors connected between non-adjacent cells, this reduces the energy 
shuttling time by 50% compared to switched capacitor method. In the figure below, energy is 
being transferred to cell V4. This is done by charging the capacitor Cn+1. Connecting the 
switches Q2 and Q4 in position 1 charges the capacitor (Indicated in Red). To discharge the 
capacitor switches Q2 and Q4 are connected to position 2. The difference between a switched 
capacitor and a double-tiered capacitor can be noted here. Due to the presence of an additional 
tier, energy is shuttled only once else, it was supposed to be shuttled twice.  
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Figure 3-6: Double tired switched capacitor method (Hemavathi, 2020) 

 

Inductor based active balancing 

With the “Inductor-based active balancing” method, inductors are used as intermediate 
energy storage components. The cell with a higher charge is first connected in parallel to the 
inductor and then the inductor is connected to the cell with a lower charge thereby equalizing 
the charge.  
 
 
Single switched inductor  

An inductor is used as an energy shuttling medium. This topology is very similar to a single 
switched capacitor (Carter, Fan, and Cao, 2020). As there is only one inductor, the overall 
circuit is small and inexpensive. This topology still suffers from a higher time for equalization 
when the cell strings are long. 
 
Figure 3-7 explains the working of a single switched inductor. The inductor is first charged 
using a higher SOC cell and discharged through a lower SOC cell. In Figure 3-7, cell V1 is at a 
higher SOC, it is connected to the inductor by switching Q1, Q2, Qa to position 1 and Qb to 
position 2 (indicated in red). Cell V2 is at lower SOC, and the inductor has to be discharged to 
V2, this can be achieved by switching Q2, Q3, Qa to position 2 and Qb to position 1.  
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Figure 3-7: Single switched inductor method (Hemavathi, 2020) 

 
Buck-boost inductor based  

Works like a single switched inductor but instead of one inductor, we have an individual 
inductor connected to each cell. The cell with higher SOC is connected to the inductor and the 
inductor starts charging. Next, the cell with lower SOC is connected to the same inductor and 
this causes the inductor to discharge to the cell with lower SOC. 
 
Cell equalizing can be achieved during both charging and discharging. Inductors are costlier 
and have a larger circuit footprint compared to capacitors but provide faster balancing 
(Carter, Fan, and Cao, 2020). The circuit becomes complicated with longer cell strings, but the 
two-tier approach can be applied here as well thus achieving faster balancing between cells 
that are far apart in the string. 
 
Buck-boost inductor-based circuit is shown in Figure 3-8, as mentioned earlier, each cell has 
a dedicated inductor. Consider an example where V1 has high SOC and V2 has low SOC. 
Energy must be shuttled from V1 to V2. The inductor L1 is first connected in series with V1 by 
switching Q1. Next, the same inductor L1 is connected in series with V2 by switching Q2, 
thereby achieving cell equalization. 
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Figure 3-8: Buck-boost inductor method (Carter, Fan, and Cao, 2020) 

 
Transformer based active balancing 

Transformer-based circuits use one or many transformers to transfer energy from high SOC 
cells to low SOC cells. Transformers are quick but they are expensive and bulky. 
 

Multiple transformers  

As the name suggests, there are multiple transformers in this circuit. Each cell has its 
transformer. The connection to the transformer is controlled by semiconductor switches. To 
achieve balance, a cell with higher SOC is switched with the primary of the transformer 
(Carter, Fan, and Cao, 2020). The energy is stored magnetically here. We call this “cell to pack” 
transfer because the energy from the high SOC cell is redistributed to all the other cells in the 
whole pack. 
 
This system is quick but at the same time due to the dedicated transformers, the circuit has a 
large footprint and is expensive. 
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Figure 3-9: Multiple transformers method (Carter, Fan, and Cao, 2020) 

 
Multiple transformers scheme is shown in Figure 3-9, each cell has its dedicated transformer 
and control switch. The primary and secondary transformers have opposite dot conventions 
to ensure energy shuttling. Let us assume a case where cell V1 has higher SOC than all the 
other cells in the string. The excess charge in V1 must be redistributed to all the remaining cells 
(As mentioned earlier, a multiple transformer scheme is a cell to pack energy equalization). 
V1 is first connected to the primary winding of transformer P1 by triggering switch Q1. P1 is 
magnetically coupled to the secondary winding of transformer S1. The winding S1 is connected 
to a common positive and negative rail, to which other secondary windings are connected. By 
triggering switches Q2, Q3, Q4, Q5, Q6, the excess charge of V1 is distributed to V2, V3, V4, and 
V5 respectively. All the secondary windings S2, S3, S4, S5 are connected in parallel hence the 
voltage developed across the windings will remain the same.  
 
Single switched transformers 

This circuit is very similar to the previously explained multiple transformers. Instead of a 
dedicated transformer, here there would be a common transformer for the whole string. It 
works on the same grounds as a single switched capacitor and single switched inductor 
circuits (Carter, Fan, and Cao, 2020). This circuit is very well suited for smaller battery packs. 
There is a need for many semiconductor switches to connect and disconnect the cell with the 
common transformer (Hemavathi, 2020). It's relatively costly because of the large transformer. 
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Figure 3-10: Single switched transformer method (Hemavathi, 2020) 

The single switched transformer is shown in Figure 3-10. To understand the circuit, let us 
consider a case of the pack to cell equalization. V1, V2…Vn-1 and Vn are the cells in the string. 
S1, Qa, Qb, Q1, Q2 … Qn-1 and Qn are the control switches. T represents transformer. Pack to cell 
equalization implies that the whole string is used to equalize the cell with lower SOC. In 
Figure 3-10, cell V2 has lower SOC compared to all the other cells. To balance the cell, we 
trigger switches Q1, Qn+1, and S1 which makes all the cells connected to the primary of the 
transformer. All switches are now turned off.  By triggering Q2, Q3, Qa2, and Qb1, the secondary 
transformer gets connected to cell V2 and thereby equalizing the charge. 
 
Multi Secondary windings transformer 

As the name indicates, here there are multiple secondary windings dedicated to each cell, but 
all the cells share a single common primary winding. A considerable reduction in windings is 
achieved but the single primary winding must be custom-built, and it becomes highly 
complex and expensive for long strings (Carter, Fan, and Cao, 2020).  
 

 
Figure 3-11: Multiple secondary windings method (Carter, Fan, and Cao, 2020) 

 
Multi secondary winding transforms scheme can be used to achieve “cell to pack” or “pack to 
cell” cell equalization. Figure 3-11explains a “cell to pack” scenario where V1 has higher SOC 
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compared to V2, V3, V4, and V5. Cell V1 charges secondary winding S1 when Q1 is triggered. By 
triggering Q6 on, the energy is transferred to the whole pack.   
   

3.5 Lossless cell balancing  

Cell equalizing/ balancing is implemented to reduce the stress cells and especially to 
overcome the excessive stress applied on weaker cells. When excessive stress is applied to 
weak cells, it causes some irreversible chemical reactions which might lead to premature 
failure of the cell (Electropedia, 2000).  By introducing rest periods between the charge and 
discharge cycles, (Lawson, 2012), (Chiasserini and Rao, 1999) show that there would be 
increased stability and capacity of the cell. It is important to be noted that the aforementioned 
results were based on alkaline and lead-acid batteries respectively, however, the same 
principles are acceptable even for lithium-ion cells. 
 
A switching matrix allows control to each cell individually and this opens an avenue for 
software-controlled batteries. Using the switching matrix, the hardware can be programmed 
to sequentially operate the cells. With the addition of a sensor, the hardware can be made to 
operate based on the SOC of each cell. The methods described before can be applied only 
when the battery is either fully charged or discharged and the process is also very slow, 
whereas this equalization method is faster and can be applied even during the charging and 
discharging cycles (Lawson, 2012). Another important aspect of this method is the accurate 
SOC estimation due to the rest period of the cells.  
 

 
Figure 3-12: Lossless cell balancing without bypass (Lawson, 2012) 

 
Figure 3-13: Lossless cell balancing with bypass (Lawson, 2012) 

 
The schematic of the lossless cell balancing (LCB) technique is shown in Figure 3-12 and 
Figure 3-13. Here V1, V2, V3, V4, V5 are the cells connected in series. Each cell is separated by a 
switch Q. Each cell is provided with a bypass path controlled by a switch again. Under normal 
operation, all the cells are connected in series by turning on switches Q1, Q4, Q6, Q8, Q10 and 
none of the bypass paths are activated hence switches Q2, Q3, Q5, Q7, Q9, Q11 are turned off. 
Now let us consider a discharging scenario where cell V3 has lower SOC than all other cells. 
To prevent further damage to V3, it must cut off the other cells in the string. V3 can be isolated 
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by turning off switch Q6 and by turning on switch Q5 and Q7 a bypass path is provided thereby 
ensuring still ensuring power to the load without V3.  Similar operations can be performed 
during charging as well. 
 
Implementing lossless cell balancing (LCB) is beneficial in many ways. Cells in the battery 
string are non-identical, by using lossless cell balancing the stress on the cells can be equalized. 
Thereby avoiding overstress on the weaker cells (Lawson, 2012). Traditional cell balancing 
techniques can only be used when the battery is either fully charged or when the battery is 
nearly discharged also the traditional methods are also quite slow when it comes to cell 
equalization speeds. LCB method is a dynamic method and can be used at any SOC. 
Measuring the accurate SOC is always a challenge. Research suggests that accurate SOC 
measuring techniques require a certain rest time before measuring the SOC, the cell voltage 
measured at the termination of the rest period provides more accurate SOC (Lawson, 2012). 
Ample rest periods can be provided to each cell using LCB. Apart from the mainstream 
advantages, there are many secondary advantages of LCB. We can achieve Variable output 
voltage and variable current output by switching on and off cells as per requirement and by 
interrupting the current in high frequency (Similar to PWM) respectively (Lawson, 2012). LCB 
method has an additional standby cell connected in the battery string, this leads to an 
increased available capacity. Lawson suggests 1 redundant cell for every 7 cells, this increases 
the capacity by 14.3% (Lawson, 2012). The redundant cell can also be switched ON, in case the 
load demands an increased power for a limited time, and it increases the reliability of the 
Battery Pack. 
 
Considering the various advantages of the LCB technique motivates to be used for cell 
balancing in solar home systems (SHS).  
 
The term lossless is used due to the low resistance (milli and micro) of active electronic 
components. The methods discussed between 3.1 and 3.4 make use of passive electronic 
components such as resistors, capacitors, inductors, and transformers, which contribute to 
losses. The frequent charging and discharging of these passive electronic components increase 
the losses of the system. On the other hand, lossless cell balancing uses active electronic 
components such as MOSFETS which contribute towards very menial losses.  

3.6 MOSFET  

Metal oxide semiconductor field-effect transistor (MOSFET) is a voltage-controlled active 
electronic device, where the voltage decides the electric conductivity of the device. MOSFET’s 
can change their electrical conductivity based on the applied voltage on the gate terminal, this 
makes it an attractive choice to be used for amplifying electronic signals or for switching 
electronic signals (Electronics for you, 2019). MOSFET needs continuous application of VGS to 
remain in ON state, there is no flow of gate current except during the transitions from ON to 
OFF state or vice versa. They have high switching speeds and hence their switching losses are 
very low (Mohan, Robbins and Undeland, 2007). 
 
 MOSFETS are broadly classified into 2 types, they are  
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• Depletion type- MOSFETS where a gate-source voltage (VGS) is required to turn the 
MOSFET OFF, its operation is like a “Normally closed” switch.  

• Enhancement type- MOSFETS where a VGS is required to turn ON the device, its 
operation is like a “Normally Open” switch.  

 
MOSFET can further be divided into p-channel and n-channel based on the polarity of gate 
voltage which drives the MOSFET which is shown in Figure 3-14.  

• p-channel MOSFET is constructed with a heavily doped p+ source and drain, the 
substrate is n-type. We need a negative gate voltage (i.e. VGS  =  0 or VGS  <  0) to drive 
p-channel MOSFET.  

• n-channel MOSFET is constructed with a heavily doped n+ source and drain, the 
substrate is p-type. We need a positive gate voltage (i.e. VGS  >  0) to drive n-channel 
MOSFET. 

 
Figure 3-14: Representation of n-channel and p-channel MOSFET (Mohan, Robbins and Undeland, 2007) 

 
There are 2 types of losses relevant for the current design, “Conduction losses” and “switching 
losses”  
Conduction losses are directly proportional to “ON Resistance” of the MOSFET. ON 
resistance is defined as the resistance value between the drain terminal and source terminal 
of a MOSFET during operation. In the current design, the selected MOSFET has a maximum 
ON resistance of 0.3W and this results in low conduction losses (Mohan, Robbins and 
Undeland, 2007). Lower ON resistance leads to low conduction losses.  
 

𝑃$%" =	𝑅#&(%")	.		𝐼%)*+ [5] 

 
Where Pcon represents conduction losses, Rds(on) represents resistance during the conduction 
state and Iout is the current flowing through MOSFET. 
 
Switching losses is a function of current and switching frequency. Lower the switching 
frequency, lower will be the switching frequency. In the current design, we use low switching 
frequencies to operate the MOSFET (Mohan, Robbins and Undeland, 2007). 

𝑃&, 	= 𝑉-"	. 𝐼%)*	. 𝐹&,	.
(𝑡. + 𝑡/)

2
 [6] 
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Where Psw represents switching losses, Vin represents the voltage across MOSFET, Iout is the 
current flowing through MOSFET, Fsw is the switching frequency while tr and tf are rise time 
and fall time of MOSFET respectively. 
 
The current design uses MOSFET with low ON resistance and low switching frequency and 
therefore the system is called lossless balancing technique. 
 

3.7 Voltage divider  

The voltage divider is a simple circuit that changes the voltage level of the signal. Voltage 
dividers are used to change a higher voltage to a lower voltage (Modarres et al., 2017). A 
simple voltage divider is shown in Figure 3-15.  

 
Figure 3-15: Voltage divider 

 
The voltage divider equation is given by, 

𝑉%)* 	= 	
𝑅2

𝑅1 + 𝑅2
	. 𝑉-" [7] 

 
Where Vin represents input voltage, Vout represents output voltage, and R1, R2 are the 
Resistances respectively. 
 
The scaling down of voltage is based on the ratio of the resistances R1 and R2. 
 

Summarizing Literature Review and its various subsections, numerous definitions and 
concepts related to batteries and cell balancing techniques were explained. Among the 
available battery types, Li-ion batteries are preferred choice for a wide range of applications 
mainly owing to their lower internal resistance which results in reduced I2R losses or heat 
losses. They have a low self-discharge rate, high efficiency, wider operating temperature, and 
long cycle life. They can be fabricated in shapes as per the user requirements, the most 
common types include cylindrical, prismatic, and pouch designs. All these properties make it 
an ideal choice for EV’s and many storage applications in today's world. SOH defines the 
current capacity to nominal capacity and SOC shows the available charge in the battery, SOC 
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can be compared to fuel indicator. Cell balancing is used to avoid excessive stress on the 
induvial cell of the battery string. Among the various cell balancing techniques, active cell 
balancing is the focus of the current study. The presence of MOSFET makes the technique 
most suited for SHS. The key take-away for the next chapters would be implementing lossless 
cell balancing technique using MOSFET’s and voltage dividers.   
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4 Design  

In this section, the design of LCB is elaborated. The design is based on Lossless cell balancing. In the 
first sub-section, MOSFET switches are discussed, followed by a voltage detection circuit to detect the 
terminal voltage of each cell. 

 

4.1 Power MOSFET  

In the current design, we use p-channel power MOSFET to isolate the cell and to activate a 
bidirectional bypass path. To use a p-channel MOSFET as a switch, we must connect the 
source terminal of the MOSFET to +ve voltage and the drain is connected to load. To trigger 
the p MOSFET to ON state, the gate should be applied with a voltage lower than the difference 
between source voltage and VTH. If the gate voltage is higher than the difference, then 
conduction stops and MOSFET is in an OFF state.  
 

 
Figure 4-1:p channel MOSFET as a switch from Pspice simulations 

 
A p-channel MOSFET switch is shown in Figure 4-1. The source terminal of the MOSFET is 
connected to the +ve terminal of the battery and the drain is connected to the load. The gate 
terminal is grounded, which is equivalent to supplying 0V at the gate of MOSFET. As per the 
datasheet of IRF 9530, VTH is -2V. Based on the description mentioned, we have source voltage 
as 4.2V and VTH being -2V, the MOSFET should turn ON for 0V.  
 
A resistor is connected between the gate and the source of the MOSFET. This is called the pull-
up resistor. The pull-up resistor is used to prevent accidental switching of the MOSFET. When 
the MOSFET gate terminal is not connected to either ground or any +ve voltage, there is a 
possibility for the gate terminal to “float” and this would result in improper switching of the 
MOSFET. By connecting a pull-up resistor, we can ensure that the gate terminal stays at a 
voltage level higher than VTH thereby keeping the MOSFET in an OFF state. When the gate 
terminal is grounded, a very small current flows through the pull-up resistor and it does not 
create any short circuit.  
 
In the current design, we use IRF9530 power MOSFET, with 1k ohm pull-up resistance. This 
MOSFET can support a drain current of 14A and a low ON-state resistance of 0.20 ohm.   
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4.2 Bi-Directional MOSFET switch  

MOSFET’S support unidirectional flow. They can be made bi-directional switches by 
connecting them back-to-back. The main properties of the MOSFET switch include bi-
directional current flow when in ON state and bi-directional voltage blocking when in OFF 
state.  

 
Figure 4-2:p channel MOSFET as a bi-directional switch (Panguloori, 2017) 

 
Figure 4-2 shows 2 P-channel MOSFET connected in a common source configuration. The 
body diodes assist in making this configuration two-way. The source of MOSFET 1 and 2 are 
connected back-to-back, gate terminals of both the MOSFETS are triggered using the same 
gate signal. There is a capacitor connected between the source and gate to control the inrush 
currents. Using this configuration, power flow from either A to B or B to A can be achieved. 
 

4.3 Gate driver MOSFET  

It is a good design practice to provide electrical separation between different functional blocks 
in the circuit. By avoiding direct conduction paths between functional blocks, we can have 
different ground potentials. It is more of a safety precaution to suppress the propagation of 
faults in one block of the circuit to the other block. Providing isolation is a mandatory 
requirement to get safety certifications. another application of using gate driving MOSFET is 
that it provides noise immunity and avoids the misbehaving of the circuit. 
 
In the current design, isolation is provided between the cell switching circuit and the control 
circuit. In case of any faults in the power MOSFET, the fault is not propagated to the 
microprocessor (MP).  
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Figure 4-3:n channel MOSFET driving p channel MOSFET from Pspice simulations 

 
Figure 4-3 shows an n-channel signal MOSFET (Q2) being used to drive power MOSFET (Q1). 
The gate of Q2 is connected to the MP, the drain is connected to the gate of Q1 through a current 
limiting resistor and the source is grounded. When a trigger pulse is applied to the gate of Q2, 
the MOSFET turns ON and connects the gate of Q1 to the ground thereby turning ON the 
power MOSFET Q1.  
 

4.4 Cell Voltage detection  

The system needs to detect cell voltage and decide when to turn ON or turn OFF cell to protect 
it from overcharge or over-discharge. The detected cell voltage is the input for the MP and 
based on the algorithm, MP decides to turn OFF the cell and activated the relevant cell bypass 
path. 
 
The detected voltage cannot be directly given to the MP as it can only detect a maximum 
voltage of 3.3V. Therefore, we must first reduce the voltage level and then pass it to the MP. 
The firmware further gives back the real voltage in the system using a conversion table.  
 
Detecting the cell voltage can be achieved in various methods. During the design phase, three 
methods were investigated and further explained below.  
 

4.4.1  Voltage divider method   
The voltage divider method is the simplest, it is based on the voltage divider circuit previously 
discussed in Voltage divider. In the current design, we use Samsung INR18650-25R lithium-
ion cells, which have a maximum voltage of 4.2 Volts, and it must reduce to a lower voltage 
level so that the MP can read the voltage. We make use of the voltage divider formula from 
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Voltage divider to come up with a suitable resistor ratio for each cell. For the 1st cell, the line 
voltage would be 4.2V. Using resistors 800 W and 2,000 W in the voltage divider circuit, we 
end with 3V and this can now be safely given as input to MP.  
 

 
Figure 4-4:Voltage divider circuit from Pspice simulations 

 
Figure 4-4 shows a voltage divider connected to a single cell system. Two voltage markers are 
displayed in the figure, when Q1 is turned ON, the circuit is complete, and the applied voltage 
is now developed across the load RL. By using a voltage divider, we have reduced 4.2V to 3V.  
 
The number of voltage dividers required is equal to the number of cells in the string, i.e., if we 
have 10 cells in the string, then we need 10 voltage divider circuits.  
The conclusion of studying this alternative is: The voltage divider circuit is simple but cannot 
be used in the current design because of its fixed resistors ratio. Consider a case where one 
cell in the string is turned off because of its low SOC, then the voltage dividers will not give 
the correct voltage readings because it was calibrated for a certain voltage range only.  
 

4.4.2  Dedicated battery protector 
The next possibility investigated was to implement dedicated battery protection such as the 
Texas Instrument bq77PL900 module. This battery protector can be implemented in a string 
with a maximum of 10 cells. It offers a wide range of features such as charge and discharge 
protection, induvial cell balancing, and cell monitoring. It has 2 modes of operations, stand-
alone and host control mode. Under stand-alone mode, it takes all the decisions without the 
main MP intervention, whereas on the host control mode, the module simply performs the 
task of voltage detection and protection, and all the decisions are taken by the host MP. 
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Figure 4-5: bq77PL900 schematic diagram 

 
Figure 4-5 shows the schematic diagram representation of bq77PL900. The decision was taken 
to avoid bq77PL900 due to cost considerations of the overall project. Moreover, the third 
design alternative does the same task of overvoltage and under-voltage protection, cell 
monitoring at a fraction of the cost.  
 

4.4.3  Operational amplifier-based voltage divider  
In this method, an operational amplifier (Op-Amp) is used in differential mode. We can use 
the Op-Amp to give the difference of 2 voltages by connecting different voltage signals at 
inverting and non-inverting terminals Op-Amp. 

 
Figure 4-6: Op-Amp as a differential amplifier from Pspice simulations 
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Figure 4-6 shows a differential amplifier circuit, V1 and V2 are the voltage signals applied at 
inverting and non-inverting terminals respectively. Vout is the output of the differential 
amplifier. Vout is given by the formula 
 

𝑉%)* = −𝑉0 A
𝑅/
𝑅1
B + 𝑉+ A

𝑅2
𝑅! + 𝑅2

B ∗ A
𝑅1 + 𝑅/
𝑅1

B [8] 

 
Where V1 and V2 are the input voltages, Vout is the output voltage while Ra, Rb, Re, and Rf are 
the resistances 
 
If, 𝑅1 = 𝑅! = 𝑅2 = 𝑅/ = 𝑅 ,we get the final equation. 

𝑉%)* = 𝑉+ − 𝑉0 [9] 

 

 
Figure 4-7: Op-Amp based cell voltage detection from Pspice simulations 
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This arrangement is the design alternative that has been implemented in the lossless cell 
balancing system. Figure 4-7 shows how the differential amplifier can be used to detect the 
cell voltage. In addition to Op-Amp in 19a, there is an addition of a voltage divider circuit 
which reduces the voltage. 
 
This setup is simple, cost-effective, and efficient and henceforth it will be used for each cell in 
the string to detect the cell voltage. It must be noted that all the resistance connected to the 
Op-Amp must be balanced. The voltage divider has been calibrated such that, 4.2Vdc at the 
cell terminal would give 3Vdc at the voltage divider, similarly 2.1vdc at the cell terminals 
would give 1.5Vdc at the voltage divider.  
 
Op-Amp based semiconductor chips such as LM358 with dual Op-Amp package cost € 0.4 
and single package chip such as INA199 cost € 0.8. This is much cheaper compared to using a 
dedicated battery protector (bq77PL900) which costs € 84. 
 

4.4.4  Multiplexer and voltage divider 
With several cells, it is convenient to use a multiplexer to use a single voltage divider and to 
save the input ports of the controller. In this case, we use an 8:2 multiplexer to choose the cell 
which must be monitored at a specific control step. A multiplexer (MUX) is an analog device 
that connects multiple inputs to a single output based on the state of a 3-bit binary address. 
Bu using 8:2 MUX, we can select the 2 output lines among the 8 input lines. On the output 
side of MUX, we can use a voltage divider to reduce the voltage level and make it accessible 
for the MP.   
 

 
Figure 4-8: 8:2 MUX with a voltage divider from Pspice simulations 

 
4 Cost of the components taken from electronic component search engine Mouser 
https://www.mouser.se/ProductDetail/Texas-Instruments/BQ77PL900DL?qs=Lv5%252BaqTFJEMz2SnyxasAsw%3D%3D 
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Figure 4-8 shows a representation of the 8:2 multiplexer system with an Op-Amp-based 
differential amplifier connected at the output of MUX. Pins I0 to I7 are the 8 inputs to MUX, 
Z, and Ż.  Ē is the enable pin, the devise stats working when pin 7 is grounded. THE 8 input 
pins are connected to appropriate tapping points in the cell string. By using the binary address 
at S0, S1, and S2, 2 lines can be selected among 8 input lines which are then connected to Op-
Amp based voltage divider to reduce the voltage level.  
 
This method is disregarded because of the complexity of programming of the 3-bit binary 
state variables.  It was decided to use the method described in Operational amplifier-based 
voltage divider in the current design considering the cost and ease of augmenting the voltage 
detection circuit.  
 
 
Summarizing Design, we use p-channel power MOSFET to isolate the cell and to activate a 
bidirectional bypass path. To use a p-channel MOSFET as a switch, we must connect the 
source terminal of the MOSFET to +ve voltage and the drain is connected to load. To trigger 
the p MOSFET to ON state, the gate should be applied with a voltage lower than the difference 
between source voltage and VTH. MOSFET is a unidirectional switch, it can be made to operate 
in bi-directional mode by connecting it back-to-back and simultaneously triggering both the 
gate terminal. The design uses two power MOSFET’s connected in a common source 
configuration. An additional gate driver MOSFET must be connected to ensure isolation 
between power MOSFET and microcontroller. Voltage detection of the cell is achieved by 
using Op-Amp in differential mode and a voltage divider connected at the output of Op-Amp. 
The voltage divider is used so that the microcontroller ADC pin can read cell voltage.  
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5 Results  

In this section, results obtained from implementing the previously discussed design are elaborated.  
 
The design was studied in a simulation Cadence OrCAD capture CIS Pspice circuit simulation 
package and was used on windows 8.1 pro–operating system running with 8GB ram and Intel 
i5 processor. The simulation environment was set with default values and pre-installed 
libraries. A blank project was set up, and the circuit was constructed. In the current design, 
Samsung INR1865025R Li-ion cells were used. These cells have a nominal voltage of 3.6Vdc 
and a maximum voltage of 4.2Vdc. 
 
The design is divided into two stages, stage 1 deals with lossless cell balancing, and in stage 
2, the existing LCB circuit was augmented with a voltage detection circuit. The terminal 
voltage of the cell needs to be reduced as any voltage above 3.3Vdc can damage the MC. Using 
Op-Amp as a differential amplifier and a voltage divider at the output of Op-Amp, the voltage 
level was successfully reduced to a voltage less than 3Vdc. In the end, the circuit was fully 
operational and could operate with autonomy. After the 1st stage, the prototype and PCB 
design is also shown.  
 

5.1 Stage 1 – Lossless cell balancing  

 
The LCB is implemented for a 5-cell system, for the sake of simplicity and proof of concept. In 
this design, the 1st cell V1 is kept always connected to the load and henceforth, no by-pass path 
is provided for cell V1.  
 

5.1.1 Case 1- All cells ON  
Initially, all the cells will be connected to the load. Bypass paths are provided for cells, V2, V3, 
V4, and V5. The series connection is controlled by p MOSFET’s Q1, Q2, Q3, and Q4. These p 
MOSFETS are in turn controlled by n-MOSFETS Q5, Q6, Q7, and Q8. The load resistance R212 is 
connected to complete the circuit. 
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Figure 5-1: LCB under normal operation (no bypass) 

 
Figure 5-1 shows the normal operation of the string. Here all the cells, V1, V2, V3, V4, and V5 

are connected in series and none of the bypass paths are activated. All the cells are considered 
to have the same SOC and have a terminal voltage of 4.2Vdc. Henceforth, when all the cells 
are connected in series, the voltage developed across the load resistor is 21Vdc (4.2 X 5 = 21). 
In the figure, the voltage bias marker has been enabled to show the voltage and the green 
dotted line shows the current path. A voltage probe has been connected to the same line and 
we obtain the waveform presented in Figure 5-2. The output is expected to be constant 
voltage, and this can be verified from the waveform. 
 
Each square on the y-axis denotes 1V. The voltage across the load resistor is shown as a green 
color line which is 21V. 
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Figure 5-2:Output waveform for no cell bypass case 

 
 

5.1.2 Case 2- One cell Bypass  
In this case, the bypass has been enabled to avoid over-discharging of cell V3. All the other 
cells have a terminal voltage of 4.2Vdc whereas V3 has a terminal voltage of 2.2Vdc. The gate 
terminal of Q6 has been connected to 0V thereby Q2 is turned off. The bypass path has been 
activated by connecting the gate of Q16 and Q17 to 5Vdc. Due to the bypass of cell V3, now only 
4 cells are connected in series with 4.2Vdc each. Therefore, the voltage across the load resistor 
is 16.8Vdc (4.2 X 4= 16.8). 
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Figure 5-3: LCB with bypass 

 
Figure 5-3 shows lossless cell balancing with V3 bypass. The current path is represented by a 
green dotted line. The voltage on the bypass line is 8.4Vdc because 2 cells with 4.2Vdc are 
connected in series before the bypass path. Running simulation resulted in 16.8Vdc across the 
load resistor. Green, red, and blue voltage probes are connected at load resistor, bypass path, 
and n-channel MOSFET to know their respective voltages.  

 
Figure 5-4:Output waveform for one cell bypass 
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Figure 5-4 shows the output waveform for one cell bypass. Each square on the y-axis denotes 
1V. The voltage across the load resistor is shown as a green color line. Red line represents the 
voltage in the bypass line and, blue line shows the voltage at gate driver MOSFET (n-channel).  
 
Green line - In this case, 4 cells have 4.2V and one cell has 2.2 V. the cell with lower SOC is 
bypassed, henceforth there are 4 cells connected in series. We can observe 4.2V * 4 = 16.8V. 
 
Red line- There are 2 cells in series before the bypass path and, both cells have 4.2V. we can 
observe 4.2V * 2 = 8.4V. 
 
Blue line- 0V is supplied to the gate terminal of n-channel MOSFET which switches off the 
power MOSFET.  
 
 

5.1.3 PCB design 
The simulation results obtained from Case 1- All cells ON and Case 2- One cell Bypass led to 
the development of PCB with hardware components. Fusion 360 Electronics design software 
was used to design the PCB. The software was used on Mac OS running with 8GB ram and 
dual-core Intel i5 processor. Software default parameters and pre-installed electronics 
libraries were used in the PCB design.  

 
Figure 5-5: 3D model of PCB 

 
Figure 5-5 shows the 3D model of the designed PCB. The large black components are p-
channel MOSFET’s, and the smaller black components are n-channel MOSFET’s. On the top 
left corner, there is a pin header where the load can be connected, and similar pins are used 
to connect Li-ion cells. It is to be noted that the designed PCB is used for testing purposes and 
is not the final product. 
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5.2 Stage 2 – Lossless cell balancing with voltage detection 

LCB is the first step in the implantation. After knowing how to bypass the cells, in this section, 
the results from the voltage detection circuit are discussed. The voltage detection is achieved 
by using Op-Amp as a differential amplifier and a voltage divider is connected at the output 
of Op-Amp. As discussed previously, the voltage divider is required to reduce the voltage 
level to match the voltage compatibility of the microprocessor.  
 

 
Figure 5-6: LCB with voltage detection 

 
Figure 5-6 shows the LCB circuit with voltage detection. Cells V1, V2, V4, and V5 are at 4.2Vdc, 
and cell V3 is at 2.2Vdc. Cell V3 is cut-off by connecting the gate terminal of Q6 to 0V and 
thereby Q2 is turned off. The bypass path has been activated by connecting the gate of Q16 and 
Q17 to 5Vdc. The current path is indicated by a green dotted line. 
 
Voltage divider’s 1,2,4, and 5 show 3Vdc, and cell V3 which has low SOC will result in 1.54Vdc 
across the voltage divider. This is the expected result as the cell V3 was at lower SOC and 
therefore results in a lower voltage at the voltage divider. The voltage conversion table is 
given in Appendix 1. 
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Figure 5-7:Output waveform for one cell bypass with voltage detection 

 
The waveform for Stage 2 – Lossless cell balancing with voltage detection is shown in Figure 
5-7. Each square on the y-axis denotes 1V. The voltage across the load resistor is shown as a 
green color line. The voltage across the voltage divider is represented by orange, dark blue, 
yellow, light blue, and pink lines. 
 
Green line - In this case, 4 cells have 4.2V and one cell has 2.2 V. the cell with lower SOC is 
bypassed, henceforth there are 4 cells connected in series. We can observe 4.2V * 4 = 16.8V. 
 
Orange, dark, light blue, pink lines- 3V is developed across the voltage divider. From the 
voltage conversion table in A1, 4.2V at the cell terminal corresponds to 3V across the voltage 
divider. In the graph, all the lines are coinciding and represented as a light blue line. 
 
Yellow line- 1.57V is developed across the voltage divider, this is because of the lower SOC of 
the cell. From the voltage conversion table in A1, 2.2V at the cell terminal corresponds to 1.57V 
across the voltage divider.  
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6 Sensitivity analysis 

This section talks about sensitivity analysis that is performed to assess the effect of capping the DOD 
using the LCB technique. In the second subsection cost benefits obtained due to using second life cells 
are also shown.  
 

6.1 Environmental impact 

 

After obtaining and analyzing the result from chapter 5, a sensitivity analysis is performed 
using 2 key parameters of the cell, which are DOD and cycle life. In this section, the study is 
made to analyze how the variation in depth of discharge would affect the life of the battery 
pack and in turn impact Battery waste. As per internal reports by Solaris Offgid, a typical big 
SHS unit with a battery weighs around 4kgs and the average life of SHS without LCB is 2 
years (without battery management and LCB). In 2019 about 1.2 million SHS were sold (Koen 
et al., 2019) 

  

Depth of discharge defines the capacity of the battery discharged compared to its nominal 
value. Depth of discharge (DOD) is usually indicated in percentage. It is analogous to the state 
of charge, when the DOD is 100% it means that the battery has a SOC of 0%, and conversely 
when the DOD is 0% the SOC will be 100% (Thoubboron, 2019). The life cycle of the battery is 
the number of charge and discharge cycles the battery can undergo before losing its storage 
capacity (Ding et al., 2015). DOD has an impact on the cycle life. A partial discharge reduces 
battery degradation, and it leads to extended cycle life (Battery University, 2010). 

Table 6-1: Environmental Impact of Batteries 

Case number Depth of discharge Discharge cycles Life of SHS E-waste in 6 years 

1 100% 600 ~1.5 years ~21,164 tons 

2 80% 900 ~2.5 years ~12,698 tons 

3 60% 1,500 ~4 years ~7936 tons 

4 40% 3,000 ~8 years ~3968 tons 

 

From the above table we can see that by decreasing DOD by 20%, an improvement in charge-
discharge cycles is observed. By reducing DOD from 80% to 60%, SHS life goes up by 1.5 years 
and approximately 4.7 tons of e-waste can be avoided. By lowering the DOD to 40%, SHS life 
can be extended to 8 years which would result in only 4 tons of E-waste. 

6.2 Cost analysis 

The battery pack cost determines the cost of SHS. The data provided by Solaris Offgrid says 
that the battery price is approximately 50% of the overall cost of SHS. At present, the cost of a 
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brand new SHS is USD 69 out of which the battery pack (~ 160 Ah) is USD 40. The cost of the 
SHS can be brought down by incorporating second-life cells with lossless cell balancing. The 
second life cells are available at approximately 50% of the cost of new cells.  

At the time of writing of this report, the brand-new Li-ion cells used in SHS costs USD 5, the 
second life cells cost USD 2.5, and each battery pack has 8 cells. 

The below table explains the changes in the overall cost of SHS when the second life cells are 
used in the battery pack.  

Table 6-2: Costs analysis 

Costs / Percentage 0% 25% 50% 75% 100% 

Cost of the battery 
pack (USD) 

40 35 30 25 20 

Cost of SHS (USD) 69 64 59 54 49 

 

Each column in the above table represents the percentage of second life cells in the SHS. In the 
first column, 0-second life cells are considered and in the last column, all the cells are second 
life cells.  
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7 Discussion 

The main aim of this thesis was to investigate the lossless cell balancing (LCB) technique to 
efficiently balance the cells in the string and explore the benefit of optimizing the battery pack 
with second life cells. This would reduce the cost of battery replacement and battery waste. 
As seen from the sensitivity analysis, reducing DOD would result in increased charge-
discharge cycles and impact battery waste generation.  
 
There are many methods used in the automotive industry for cell-balancing which make use 
of energy shuttling devices such as capacitors, inductors and, transformers. Constant 
charging-discharging of passive electronic components would add up the losses of the system 
and hence not suitable in case of SHS. LCB on the other hand uses active electronic 
components which are less lossy and contribute to negligible losses on the system level. 
Implementing the LCB, the cells are protected from overcharging and over-discharging at the 
string level. This would increase the life of cells in SHS and open an avenue to use cells of 
different ages. LCB also ensures ample rest time for the cells, when excessive stress is applied 
to weak cells, it causes some irreversible chemical reactions which might lead to premature 
failure of the cell. Introducing rest periods between the charge-discharge cycles would 
increase the stability and capacity of the cell.  
 
During the course of the thesis, the LCB circuit was developed and simulated in a software 
environment using Cadence Pspice software. The current design was based on Samsung 
INR1865025R Li-ion cells with a nominal voltage of 3.6Vdc and a maximum voltage of 4.2Vdc. 
The simulation results show the output voltage to be a content DC voltage across the load. 
The current design is limited to bypassing only one cell in the string, in order to bypass more 
than one cell more semiconductor switches need to be added to avoid short-circuit. 
Assumptions were made during the study, they were made based on software compatibility 
and availability of resources. The effect of temperature is not considered in the current study 
and the internal resistance of the cells is considered to be zero. Under normal conditions, all 
the cells are connected in series and a closed circuit is formed. When a cell’s voltage goes 
below or the lower set voltage or above the higher set voltage, the MP disconnects that 
particular cell and activates the required bypass path. When the cell is disconnected from the 
load it gets ample rest time and is protected from over-discharge or over-charging. The bypass 
path ensures that the circuit is complete and voltage is seen developing across the load. Three 
different cases were verified using the simulation and a constant output voltage was observed 
across the load.  
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8 Conclusion and Future work 

8.1 Conclusion  

The results presented in the study provide an insight towards the advantages of using the 
LCB method in SHS. The boom in EVs in recent years points towards accelerated e-waste 
generation. The cells from EV’s can be repurposed in other stationary applications.  
 
Battery packs are combinations of many individual cells that are connected in various series 
and parallel configurations. The required voltage decides the number of cells in series and 
current requirements decide the cells/ strings in a parallel configuration. The manufactured 
cells are non-identical, there are variations in the cells originating from the manufacturing 
process. These variations can also be caused by the charge and discharge cycles of the cell and 
operating temperature (Hemavathi, 2020). The variations cause an imbalance in the cells 
during charge and discharge and lead to issues in the battery pack. 
 
Implementing the LCB technique in SHS leads to extended battery life which is a win-win for 
Solaris Offgrid customers and the environment. For the customers, it means less expenditure 
on changing batteries for their SHS and by using second life cells considerable cost-benefit is 
also seen. On the other hand for the environment, there would be reduced battery waste as 
the second life cells would get repurposed hence avoid ending up in landfills. 

8.2 Future work   

The next step in the project would be to design a switch and bypass for the 1st cell in the string. 
As explained in section 4.1 p-channel MOSFET cannot be used for isolating 1st cell because 
for the MOSFET to operate source terminal should be connected to a higher voltage than the 
drain terminal. The PCB must be designed to house the cells onboard to avoid connection 
issues and increase the ruggedness of the product. In the current PCB design cells are 
connected to it externally, which adds to cells being detached from the board. The circuit must 
be expanded to house 10 cells in the string. The idea is to have 8 cells connected to load at any 
given time and 2 extra cells to replace the cells when they are over-charged or over-
discharged. Another important step would be to implement temperature sensors for each cell 
in the string to accurately measure the SOC after providing ample rest time for each cell.  
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9 Appendix 

A. 1. Voltage conversion table 
 
Voltage conversion table is constructed using the formula discussed in the voltage divider 
section. Applying the below-mentioned formula for cell voltages in 0.2V intervals we can find 
the voltage obtained across the voltage divider. 
 

𝑉%)* 	= 	
𝑅2

𝑅1 + 𝑅2
	. 𝑉-"  

 

cell voltage 
(Vin) 

Resistance 
R1(W) 

Resistance 
R2(W) 

Output at 
voltage divider 

(Vout) 
4.2 1000 2500 3 

4 1000 2500 2.857142857 

3.8 1000 2500 2.714285714 

3.6 1000 2500 2.571428571 

3.4 1000 2500 2.428571429 

3.2 1000 2500 2.285714286 

3 1000 2500 2.142857143 

2.8 1000 2500 2 

2.6 1000 2500 1.857142857 

2.4 1000 2500 1.714285714 

2.2 1000 2500 1.571428571 

2 1000 2500 1.428571429 

1.8 1000 2500 1.285714286 

1.6 1000 2500 1.142857143 

1.4 1000 2500 1 

1.2 1000 2500 0.8571428571 

1 1000 2500 0.7142857143 

0.8 1000 2500 0.5714285714 

0.6 1000 2500 0.4285714286 

0.4 1000 2500 0.2857142857 

0.2 1000 2500 0.1428571429 

0 1000 2500 0 
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A. 2. Calculations 
The calculations for sensitivity analysis are shown here. 
 
A. 2.1 Environmental impact 
The literature points out that there were 1.2 million SHS sold in 2019 and each SHS including 
the battery pack weighs around 4Kgs.  
4 * 1,200,000 = 4,800,000 kgs 
Converting Kgs to Ton’s we get 5291 tons of e-waste.  
 
Case 1 – 600 discharge cycles  

600 cycles / 365 days ~ 1.5 years  (assuming 1 charge and discharge cycle each day) 
In 6 years the customer would buy SHS 4 times  
Hence he would generate 4 * 5291 ~ 21,164 tons of e-waste.  
 
Case 2 – 900 discharge cycles  

900 cycles / 365 days ~ 2.5 years  (assuming 1 charge and discharge cycle each day) 
In 6 years the customer would buy SHS 2.4 times  
Hence he would generate 2.4 * 5291 ~ 12,698 tons of e-waste.  
 
Case 3 – 1,500 discharge cycles  

1500 cycles / 365 days ~ 4 years  (assuming 1 charge and discharge cycle each day) 
In 6 years the customer would buy SHS 1.5 times  
Hence he would generate 1.5 * 5291 ~ 7936 tons of e-waste.  
 
Case 4 – 600 discharge cycles  

3,000 cycles / 365 days ~ 8 years  (assuming 1 charge and discharge cycle each day) 
In 6 years the customer would buy SHS 0.75 times  
Hence he would generate 0.75 * 5291 ~ 3968 tons of e-waste.  
 

A. 2.2 Cost analysis  
As per the company data, a new SHS costs USD 69, out of which USD 40 is the battery cost 
and USD 29 is other manufacturing and fixed costs. Each SHS has 8 rechargeable Li-ion cells 
which cater to load demand. 
Each new Li-ion cell costs USD 5 and the second life cell costs USD 2.5. 
 
Cost of SHS with 0% second life cells  

Battery cost: (8 * 5) + (0 * 2.5) = USD 40 
Fixed cost: USD 29 
Total coat: USD 69 
 
Cost of SHS with 25% second life cells  

Battery cost: (6 * 5) + (2 * 2.5) = USD 35 
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Fixed cost: USD 29 
Total coat: USD 64 
 
Cost of SHS with 50% second life cells  

Battery cost: (4 * 5) + (4 * 2.5) = USD 30 
Fixed cost: USD 29 
Total coat: USD 59 
 
Cost of SHS with 75% second life cells  

Battery cost: (2 * 5) + (6 * 2.5) = USD 25 
Fixed cost: USD 29 
Total coat: USD 54 
 
Cost of SHS with 100% second life cells  

Battery cost: (0 * 5) + (8 * 2.5) = USD 20 
Fixed cost: USD 29 
Total coat: USD 49 
 
 
 
 

  



-51- 
 

10 Bibliography 

Anbuky, A.H. and Pascoe, P.E. (2000). VRLA battery state-of-charge estimation in 
telecommunication power systems. IEEE Transactions on Industrial Electronics, [online] 47(3), 
pp.565–573. Available at: https://ieeexplore.ieee.org/document/847897 [Accessed 9 Apr. 2021]. 
 
Azis, N.A., Joelianto, E. and Widyotriatmo, A. (2019). State of Charge (SoC) and State of Health 
(SoH) Estimation of Lithium-Ion Battery Using Dual Extended Kalman Filter Based on 
Polynomial Battery Model. 2019 6th International Conference on Instrumentation, Control, and 
Automation (ICA). 
 
Battery University (2010). BU-808: How to Prolong Lithium-based Batteries. [online] Battery 
University. Available at: https://batteryuniversity.com/article/bu-808-how-to-prolong-lithium-
based-batteries [Accessed 18 Aug. 2021]. 
 
Battery University (2019). Types of Lithium-ion Batteries – Battery University. [online] 
Batteryuniversity.com. Available at: 
https://batteryuniversity.com/learn/article/types_of_lithium_ion [Accessed 29 Apr. 2021]. 
 
Cao, Y., Li, M., Lu, J., Liu, J. and Amine, K. (2019). Bridging the academic and industrial metrics 
for next-generation practical batteries. Nature Nanotechnology, 14(3), pp.200–207. 
 
Carswell, B. (2019). The Fully Electric Peugeot You Didn’t Know Existed. [online] DriveTribe. 
Available at: https://drivetribe.com/p/the-fully-electric-peugeot-you-
Ph2Z9zlBRq6tku7f5AFNTQ?iid=ZT2fCOSDRK66WP7UtSHc3A [Accessed 12 Apr. 2021]. 
 
Carter, J., Fan, Z. and Cao, J. (2020). Cell equalization circuits: A review. Journal of Power 
Sources, 448, p.227489. 
 
Cellerite, T. (2020). Battery Parameters. [online] Cellerite Systems. Available at: 
https://www.cellerite.com/post/battery-parameters [Accessed 6 Apr. 2021]. 
 
Chang, W.-Y. (2013). The State of Charge Estimating Methods for Battery: A Review. [online] 
ISRN Applied Mathematics. Available at: 
https://www.hindawi.com/journals/isrn/2013/953792/ [Accessed 9 Apr. 2021]. 
 
Chen, Z., Mi, C.C., Fu, Y., Xu, J. and Gong, X. (2013). Online battery state of health estimation 
based on Genetic Algorithm for electric and hybrid vehicle applications. Journal of Power 
Sources, 240, pp.184–192. 
 
Chiasserini, C.F. and Rao, R.R. (1999). Download Limit Exceeded. [online] citeseerx.ist.psu.edu. 
Available at: 
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.121.2953&rep=rep1&type=pdf 
[Accessed 30 Apr. 2021]. 
 
Chiasson, J. and Vairamohan, B. (2005). Estimating the state of charge of a battery. IEEE 
Transactions on Control Systems Technology, [online] 13(3), pp.465–470. Available at: 
https://ieeexplore.ieee.org/document/1424024 [Accessed 9 Apr. 2021]. 
 
Climate Central (2019). Page Not Found | Climate Central. [online] www.climatecentral.org. 
Available at: https://www.climatecentral.org/news/climate-central-solutions-brief-battery-
energy-storage%22%22 [Accessed 6 Apr. 2021]. 
 
Ding, Y., Li, Y., Liu, C. and Sun, Z. (2015). Solar Electrical Energy Storage. Solar Energy Storage, 
[online] pp.7–25. Available at: 
https://www.sciencedirect.com/science/article/pii/B9780124095403000025#bb0035 [Accessed 
11 Apr. 2021]. 
 



-52- 
 

Electronics for you (2019). What Is A MOSFET? | Basics, Working Principle & Applications. 
[online] Electronics For You. Available at: https://www.electronicsforu.com/technology-
trends/learn-electronics/mosfet-basics-working-applications. 
 
Electropedia (2000). Battery Life and How To Improve It. [online] Mpoweruk.com. Available at: 
https://www.mpoweruk.com/life.htm [Accessed 30 Apr. 2021]. 
 
Engel, H., Hertzke, P. and Siccardo, G. (2019). Second-life EV batteries: The newest value pool in 
energy storage. [online] McKinsey & Company. Available at: 
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/second-life-
ev-batteries-the-newest-value-pool-in-energy-storage. 
 
Fan, X., Liu, B., Liu, J., Ding, J., Han, X., Deng, Y., Lv, X., Xie, Y., Chen, B., Hu, W., and Zhong, C. 
(2020). Battery Technologies for Grid-Level Large-Scale Electrical Energy Storage. Transactions of 
Tianjin University, 26(2), pp.92–103. 
 
Global Leap (2019). Global LEAP Solar E-Waste Challenge Program Overview and Call for 
Proposals. [online] Available at: https://storage.googleapis.com/leap-assets/Call-for-Proposals-
Second-Round.pdf. 
 
Hemavathi, S. (2020). Overview of Cell Balancing Methods for Li-ion Battery Technology. Energy 
Storage. 
 
Honsberg, C. and Bowden, S. (2019). Battery Capacity | PVEducation. [online] 
www.pveducation.org. Available at: https://www.pveducation.org/pvcdrom/battery-
characteristics/battery-capacity#:~:text=%22Battery%20capacity%22%20is%20a%20measure 
[Accessed 6 Apr. 2021]. 
 
IEA (2021). Global Energy Review: CO2 Emissions in 2020 – Analysis - IEA. [online] IEA. 
Available at: https://www.iea.org/articles/global-energy-review-co2-emissions-in-2020 
[Accessed 6 Apr. 2021]. 
 
IEA. (2019). Emissions – Global Energy & CO2 Status Report 2019 – Analysis. [online] Available 
at: https://www.iea.org/reports/global-energy-co2-status-report-2019/emissions. 
 
Jackson, R. (2020). The Effects of Climate Change. [online] Climate Change: Vital Signs of the 
Planet. Available at: 
https://climate.nasa.gov/effects/#:~:text=Increased%20heat%2C%20drought%20and%20insect 
[Accessed 6 Apr. 2021]. 
 
Jones, R.G., Wilks, E.S., Val Metanomski, W., Kahovec, J., Hess, M. and Stepto, R. (2009). 
Compendium of Polymer Terminology and Nomenclature, IUPAC Recommendations 
2008. Chemistry International -- Newsmagazine for IUPAC, 31(4). 
 
Koen, P., Njagi, I., Hyland, M. and Grant, S. (2019). Global Off-Grid Solar Market Report Semi-
Annual Sales and Impact Data Public Report The Voice of the Off-Grid Solar Energy Industry. 
[online] Available at: 
https://www.gogla.org/sites/default/files/resource_docs/global_off_grid_solar_market_repor
t_h22019.pdf [Accessed 11 Jun. 2021]. 
 
Lam, M. (2020). What is the C-rate that lithium batteries can be discharged? [online] Medium. 
Available at: https://medium.com/battery-lab/what-is-the-c-rate-that-lithium-batteries-can-be-
discharged-1e210d491417 [Accessed 8 Apr. 2021]. 
 
Lawson, B. (2012). Software Configurable Battery. [online] www.mpoweruk.com. Available at: 
https://www.mpoweruk.com/Software_Configurable_Battery.htm [Accessed 30 Apr. 2021]. 
 
Linda, O., William, E.J., Huff, M., Manic, M., Gupta, V., Nance, J., Hess, H., Rufus, F., Thakker, 
A., and Govar, J. (2009). Intelligent neural network implementation for SOCI development of 



-53- 
 

Li/CFx batteries. [online] IEEE Xplore. Available at: 
https://ieeexplore.ieee.org/document/5251344 [Accessed 8 Apr. 2021]. 
 
Mahadevan, R., Chhabra, M., Pasrich, P. and Barnes, F. (2012). Battery Technologies battery 
technologies. Encyclopedia of Sustainability Science and Technology, [online] pp.768–805. 
Available at: https://link.springer.com/referenceworkentry/10.1007%2F978-1-4419-0851-3_874 
[Accessed 13 Apr. 2021]. 
 
MIT Electric Vehicle Team (2008). A Guide to Understand Battery Specifications. 
 
Modarres, M., Girodano, D., Zucca, M. and Crotti, G. (2017). Design and Implementation of a 
Resistive MV Voltage Divider. International Review of Electrical Engineering (IREE), 12(1), p.26. 
 
Mohan, N., Robbins, W.P. and Undeland, T.M. (2007). Power electronics: converters, 
applications, and design. Hoboken, Nj: Wiley, 
Pascual, C. and Krein, P.T. (1997). Switched capacitor system for automatic series battery 
equalization. Proceedings of the 1997 IEEE 12th Applied Power Electronics Conference, 2, 
pp.848–854. 
 
Panguloori, R. (2017). Achieve Bidirectional Control and Protection through Back-to-Back 
Connected eFuse Devices Application Report Achieve Bidirectional Control and Protection 
through Back-to-Back Connected eFuse Devices. [online] Available at: 
https://www.ti.com/lit/an/slva948/slva948.pdf?ts=1644822213247&ref_url=https%253A%252F
%252Fwww.google.es%252F. 
 
Pascual, C. and Krein, P.T. (1997). Switched capacitor system for automatic series battery 
equalisation. Proceedings of the 1997 IEEE 12th Applied Power Electronics Conference, 2, 
pp.848–854. 
 
Plett, G.L. (2004). Extended Kalman filtering for battery management systems of LiPB-based 
HEV battery packs. Journal of Power Sources, 134(2), pp.252–261. 
 
Reddy, T.B. and Linden, D. (2011). Linden’s handbook of batteries. New York: Mcgraw-Hill. 
 
Saminathan, R.K. (2006). GRIN - Lead Acid Battery. Attacking Sulphate Passivation and 
Cyclability Problems. [online] www.grin.com. Available at: 
https://www.grin.com/document/373853 [Accessed 12 Apr. 2021]. 
 
Somakettarin, N. and Funaki, T. (2017). Study on Factors for Accurate Open Circuit Voltage 
Characterizations in Mn-Type Li-Ion Batteries. Batteries, 3(4), p.8. 
 
Thoubboron, K. (2019). DOD Battery: What Does Depth of Discharge Mean? | EnergySage. 
[online] Solar News. Available at: https://news.energysage.com/depth-discharge-dod-mean-
battery-important/ [Accessed 9 Apr. 2021]. 
 
Trócoli, R., Morata, A., Erinmwingbovo, C., La Mantia, F. and Tarancón, A. (2021). Self-discharge 
in Li-ion aqueous batteries: A case study on LiMn2O4. Electrochimica Acta, 373, p.137847. 
 
Ye, Y., Cheng, K.W.E., Fong, Y.C., Xue, X. and Lin, J. (2017). Topology, Modeling, and Design of 
Switched-Capacitor-Based Cell Balancing Systems and Their Balancing Exploration. IEEE 
Transactions on Power Electronics, 32(6), pp.4444–4454. 
 
Zhu, J., Mathews, I., Ren, D., Li, W., Cogswell, D., Xing, B., Sedlatschek, T., Kantareddy, S.N.R., 
Yi, M., Gao, T., Xia, Y., Zhou, Q., Wierzbicki, T. and Bazant, M.Z. (2021). End-of-life or second-
life options for retired electric vehicle batteries. Cell Reports Physical Science, 2(8), p.100537. 
 
 
  



-54- 
 

 
 
 
 

TRITA – ITM-EX 2022:9 

www.kth.se 


