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ABSTRACT 

 

CELL BALANCING FOR ELECTRIC VEHICLE APPLICATION 

 

Kuan Teik Hua 

 

Green energy is becoming more and more important worldwide as 

environment pollution worsen. On transportation sector, the electric vehicle is 

currently considered the best choice to address the environment pollution 

issue. The electric vehicle is powered by renewable green energy is using a 

rechargeable battery cell to operate. To efficiently operate and provide 

sufficient torque to the electric vehicle, the battery cell needs to condition so 

that it could run and accelerate smoothly. This paper reviews the commonly 

available storage system, different types of rechargeable battery, the different 

terminology used in battery specification and its health conditions. As cell 

balancing is an important part of battery control system, therefore, different 

types of cell balancing method together with its challenges will also be 

discussed. 

 

In order for the electric vehicle to have a reliable and consistent 

performance, the output voltage to power the electric vehicle needs to 

maintain at a fixed voltage. It should not be affected by the fluctuation voltage 

of the individual battery cell. This is accomplished by using a buck-boost 

converter. Therefore the operation of buck-boost converter is being discussed 

in detail. The report also presented a conceptual design of the electric vehicle. 
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A downscale experiment to test the conceptual design is being carried out. The 

test parameter will be: 

• Output voltage maintains when battery voltage fluctuates 

• Battery could be recharged with AC supply inlet via an AC to 

DC converter 

• Battery health diagnostic.  

 

The downscale experiment shows that the regulation is 99.06% when is 

powered by AC inlet (using AC to Dc converter) with 10A load current and 

99.54% when is powered by batteries at 48V output. 

 

Charging and discharging of the battery is very time-consuming. To speed 

up the design testing, normally battery simulation will be used. Battery 

simulation using Simscape is also included in the discussion. The report ends 

with a recommendation for the future improvement. 
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CHAPTER 1 

 
 

INTRODUCTION 
 

 

1.1 Introduction 

 

Environmental concern on pollution and the continuous depletion of fossil 

fuel reserves has triggered significant interest in green energy worldwide. 

Various research work on the use of green energy has been carrying out 

and it becoming more and more important worldwide. For transportation 

segment, an electric vehicle which is using green energy is considered the 

best choice to address the environment pollution issue.  

 

An electric vehicle is an automobile that is powered by electric motors, 

using electrical energy generally stored in rechargeable batteries. Electric 

motors provide the vehicle instant torque to move around and smooth 

acceleration. Usually, a number battery cells together with the regulator 

and controller are needed so that the power to the electric motor can be 

regulated and controlled for the smooth running of the vehicle. The use of 

regulator and controller also prolong the lifetime of the battery and 

recharge the batteries. The regulator is to provide cell balancing and 

regulate the output voltage to the electric motor to achieve reliable 

performance. Cell balancing also is known as redistribution. It is referred 

to the method that maximizes the capacity of a battery pack with multiple 

cells connected together in series to make all of its energy available for use 

and to increase the battery usable lifetime. 



 

Major functional components for an electric vehicle can be simplified 

to the following: an electric motor, a motor controller, a traction battery 

with  a battery management system, a plug-in inlet charger, a wiring 

system, a regenerative braking system, a vehicle body and a frame (Hu, 

2011).  

 

1.2 Objectives  

 

The objective of this project is to assemble and design a system that could 

provide the features stated from (i) to (iv) and is able to evaluate its 

performance. The evaluation can be done by downscale design. 

 

Depict a control system of the electric vehicle with the following 

components:  

i. AC inlet for charging the battery 

ii. AC to DC converter to convert the AC inlet to 

DC supply 

iii. Rechargeable batteries pack 

iv. Controller to regulate the output voltage and 

provide battery diagnostic signal. 

 

1.3 Problem Statement 

 

For electric vehicle application, the prime source of energy is coming from the 

battery cell. Therefore it is important to have a constant and reliable voltage 
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supply when the state-of-charge (SOC) of the battery is changed during 

charging and discharging. The challenge will be as follows: 

 

• How to maintain the terminal voltage at the electric motor? 

To obtain 144Vdc supply we need to connect twelve pieces of 12Vdc 

batteries in series. When the battery is new, the output voltage of a fully 

charged battery can be as high as 13.5Vdc (data obtain from Trojan 27 

AGM data sheet per Appendix 2). Twelve pieces of this battery will have 

162Vdc. This voltage will need to bring down to 144Vdc. On the hand, 

due to discharge and aging, a 12Vdc battery might not be able to provide 

12Vdc output. In this case, the total twelve pieces of this battery might not 

be able to supply 144Vdc. This voltage will need to bring up to 144Vdc.  

 In practice, not all battery will be having the same voltage level. 

Therefore an individual buck-boost converter is needed for every battery 

unit to bring the voltage level to consistently 12Vdc. In other words, when 

any of the series connected battery voltage go below or above 12Vdc the 

system will self-adjust to maintain a constant 12V dc. 

 

• Detect the state-of-health (SOH) of the individual battery. 

The battery is the prime energy source of the electric vehicle system. 

When any of the battery cells malfunction the circuit should be able to 

isolate it and bypass the respective battery cell.  

 

• Charging and discharging time. 
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Charging and discharging of a battery is taking a long time and it is time-

consuming to set up the test. Therefore to determine the electrical system 

capacity design of the EV could be very costly due to the required long 

and repetitive testing. Battery modeling and simulation could be applied to 

reduce the physical testing requirement for component selection (Jackey, 

2007). To design battery management system (BMS), a battery can be 

modeled using Simscape with parameter include battery characterization, 

specific battery algorithm, estimation on state-of-charge (SOC) and state-

of-health (SOH),  optimization on system-level with real-time simulation. 

 

 

.  
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CHAPTER 2 

 

LITERATURE REVIEW  

 

2.1 Types of Energy Storage 

 

There are many ways to store energy which primarily depends on the source 

of energy. They are:  

 

2.1.1 Chemical Energy Storage in the form of potential energy. Gasses 

such as hydrogen, oxy-hydrogen (a mixture of oxygen and hydrogen), 

liquid nitrogen and hydrogen peroxide are the medium used to store 

chemical energy which when ignited can be used for refrigeration and 

cooling or to generate electricity 

 

2.1.2 Electrochemical Energy Storage which involves the conversion of  

chemical energy into electricity such as a battery ( a device that 

converts stored chemical energy into electricity) and fuel cell ( a 

device which converts chemical energy into electricity through a 

chemical reaction with feature a cathode, anode and an electrolyte). 

There are two basic types of batteries namely rechargeable (can be 

used multiple times) and non-rechargeable (only used one time). 

 

2.1.3 Electrical Energy Storage which used capacitor and supercapacitor 

(or superconducting magnetic energy) to store electric charges. The 
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capacitor is used as temporary backup power, while supercapacitor is 

used to backup power for larger engines including electric vehicles. 

Sometimes people also use supercapacitor as a battery bank to power 

low energy requirement device such as portable media players. 

 

Superconducting magnetic energy storage (SMES) can be used to 

stores electrical energy from the grid within its magnetic field created 

by the current flowing in the coil. 

 

2.1.4 Thermal Energy Storage has used the stored thermal energy for 

cooling or heating up buildings due to temperature different between 

the building and the energy in the stored object. 

 

• Hot water storage tank. Commonly provided by wood furnaces and 

solar thermal collectors. The water tank is used to stores hot water 

for bathing, washing and space heating applications.  

 

• Storage heater. Turn on the electric heater to generate heat during 

low tariff period. Store the heat using heat retention material such 

as ceramic or clay bricks. Use or release the heat during high tariff 

period to save cost. 

 

 

• Steam accumulator uses a steel tank that contains steam under 

pressure. Accepting steam when the supply is greater than demand 

and to release it when demand exceeds the supply. 
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2.1.5 Mechanical Energy Storage is a method that store energy produced 

by motion such as a hydraulic accumulator and flywheel energy 

storage. 

 

• Hydraulic accumulator or compressed gas accumulator. It is a storage 

reservoir which stores non-compressible fluid (usually nitrogen) under 

pressure. 

 

• Flywheel energy storage is a method that stores energy through a 

flywheel. It is used to store grid energy and energy that is generated by 

wind farms. 

 

Out of the five types of energy storage described in section 2.1.1 to 2.1.5, 

electrochemical energy storage is most commonly used for the electric 

vehicle. Therefore the current project shall concentrate on electrochemical 

energy storage cell mainly rechargeable battery. 

 

2.2 Battery 

 

A device that could produce electricity from chemical reactions is known as a 

battery. Batteries could come with different chemicals in it. Figure 2.1 shows a 

common rechargeable battery available in the market (Kularatna, 2011). The 

choice of rechargeable battery technology limited to the weight, size, cycle 

lifespan, energy density, power density, operating temperature range and the 

cost. 
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Figure 2.1: Common rechargeable batteries available in the market (Kularatna, 

2011) 

 

 

A battery is consist of three main components: the anode made of lead 

dioxide and the cathode made of sponge lead; and the electrolyte, which 

separates these terminals. The electrolyte is a chemical medium that allows the 

flow of electrical charge between the cathode and anode (MIT School of 

engineering, 2012). When a device is connected to a battery chemical 

reactions occur on the electrodes that create a flow of electrical energy to the 

device.  For energy storage purpose, especially for electric vehicle application, 

the rechargeable energy generated by green energy sources that are 

rechargeable such as solar and wind energy will be considered as relevant. 

  

2.2.1 Lead-Acid Batteries 

 

The oldest type of battery technology which is rechargeable was invented 

during 1859 by the French physicist Gaston Planté is the lead-acid battery 

(Oberhofer and Meisen, 2012). Lead-acid battery concept is already over 150 

years old but it is still known for its cost-effectiveness today. There are two 
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types of lead acid batteries namely Starting-Lighting-Ignition type (SLI – use 

it as a starter battery for the car) and Deep Cycle (use it in marine, golf carts, 

and wheelchairs). 

 

Working Concept 

A 12V lead-acid battery will have six two-volt cells connected in series. Each 

cell delivering 2 volts and each component cells is composed of several 

positive and negative electrodes made of spongy pure lead and lead oxide. The 

electrodes connected in parallel are immersed into diluted sulfuric acid 

electrolyte as shown in Figure 2.2. The dilution is 20 to 40%. When 

discharged, both the anode and the cathode react chemically that produce 

electricity. The chemical reaction also converts the electrolyte into lead sulfate 

that produces electrical energy. This process can be reversed by charging the 

battery with electricity. The cycle lifespan and the ability to withstand the 

deep discharges level depending a lot on the type of battery. Starting-lighting-

ignition batteries (SLI) are designed to deliver quick bursts of energy used in 

starting engines. It has a greater plate count. They are not designed and cannot 

handle more than 50% of deeply discharged because they have thinner lead 

plates with somewhat different material composition. Frequent discharged to 

more than 50% will reduce their cycle life dramatically and may cause 

permanent damage. 
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Table 2.1: Cycle performance of starter and deep-cycle batteries (Buchmann, 

2011) 

 

 

Deep cycle batteries with thicker plates hence it is heavier and bulkier. 

It can survive a number of discharge cycles. Deep cycle batteries can provide 

greater long-term energy delivery. Therefore it is advisable to have a deep 

cycle discharge protection when designing a controller for electric vehicle 

application. Table 2.1 shows cycle performance starter and deep-cycle 

batteries.  

 

 

Figure 2.2: Construction of lead-acid battery (Oberhofer and Meisen, 2012) 
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Pros:  

+ Simple and easy to produce and therefore low cost 

+ It is more than 150 years mature technology with a lot of available field 

testing data 

+ Can provide high bursts of current make it highly suitable to use as car 

starter; hence it has high surge-to-weight-ratio 

+ Can be recyclable easily 

 

Cons: 

- Can be heavy, occupy space and bulky 

- Short lifespan 

- Environmental concerns: lead can be very toxic when exposure to human 

or animal can cause severe damage 

- Acidly and chemical reaction can be corrosion 

 

2.2.2 Lithium-Ion Batteries 

 

Working Principle 

Lithium, in theory, is the lightest metal, therefore, it has the highest potential 

as it has very reactive behavior in nature. This  makes them a very good and 

suitable compound for used in batteries (Oberhofer and Meisen, 2012). Just 

like all other batteries, the lead-acid and majority of other batteries, the 

Lithium-Ion battery does also use chemical reactions to produce electricity. 

Although all of them are called lithium-ion batteries but they have a lot of 

variation due to different chemical compounds used. Their construction looks 
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like a capacitor which has three different layers curled up to minimize the 

space. The first layer which is made of a lithium compound is the anode; the 

second one which is generally made of graphite is cathode. The third layer is 

the separator which made of various compounds with different characteristics, 

different benefits, and flaws. It separates anode and cathode but must allow 

lithium-ion to pass through. All these three layers are dip into organic solvent 

known as an electrolyte which acts as a medium for the ions to interact. The 

ions is moving between the anode and the cathode. 

 

During the charging mode or charging process as shown in Figure 2.3, 

the lithium ions will move through the microporous separator than into spaces 

between the graphite (though not compounded) and accepting an electron from 

the external power source. 
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Figure 2.3: Charging of a lithium-ion battery (Brain, 2006) 

 

 

 

During the discharging mode or discharging process as shown in 

Figure 2.4, the lithium atoms which located between the graphite is releasing 

its electrons that flow through the external circuit to the anode producing a 

current. The lithium ions are now moving back to the anode. This process will 

release electrons. Lithium is a very reactive compound which can easily catch 

fire. Due to this behavior, therefore, safety precautions need to take into 

account when designing a circuit that uses a lithium battery. The precautions 

include onboard control chips that could manage the temperature and to 

prevent the cell from a complete discharge. 
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Figure 2.4: Discharging of a lithium-ion battery (Brain, 2006) 

 

 

2.2.3 Other Batteries in Development 

 

 
 

Other batteries which are in development stage: 

 

 

• Redox-Flow Battery: A type of rechargeable flow battery that 

employs vanadium ions in different oxidation states to store chemical 

potential energy. This system is using the refillable fluid as 

electrolytes. Different types of exchangeable fluid are available. If the 

battery is discharged, to charge it back simply replaces the fully 

charged fluid.  

 

• Sodium Battery: Sodium-ion batteries are a type of rechargeable 

metal-ion battery that uses sodium ions as charge carriers which 
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already operational in some countries like Japan. Sodium battery 

required to operate at high temperatures around the range of 350° 

C/623° K in order to get the sodium liquid. This makes the system very 

expensive and difficult to operate. Liquid sodium could reacts easily 

with the water in the atmosphere, this also make it more dangerous to 

use. There is a record that at least three fires incident occurred since 

Nippon Tokusyu Tōgyō Kabushiki-gaisha Co. LTD (NGK) and the 

Tokyo Electric Power Co. LTD (TEPCO) shipped out sodium batteries 

in 2002, a major setback on sodium battery development (Oberhofer 

and Meisen, 2012).  

 

• Zinc-air Battery: To use the energy produced by zinc-air cells, it 

required atmospheric oxygen absorbed into the electrolyte via a gas-

permeable, liquid-tight membrane. Presently no reliable data because 

no field tests have been done to support the technology, therefore, it 

remains as a theoretical idea with a very high potential. Therefore it is 

worthwhile to explore the application. 

 

2.2.4 Battery Used For Project Experiment 

 

Figure 2.5 provides characteristics of commonly used rechargeable batteries 

(Buchmann, 2010) in the market. However, the lead-acid battery is chosen for 

the testing and evaluation on this project/experiment as it provides the 

following advantages. 
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Advantages 

• Low cost in terms of cost per watt hours and it is easily available off 

the shelf.  

• It is a more than 150 years old technology. Therefore it is mature, 

reliable and well-understood technology. 

• It has low self-discharged. The self-discharge rate is one of the lowest 

in rechargeable battery systems. 

• Low maintenance requirements: no memory, no electrolyte to fill (seal 

type) 

• Capable of providing high discharge rates. 
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Figure 2.5: Characteristics of commonly used rechargeable batteries 

(Buchmann, 2010) 

 

 

2.2.5 State-of-Charge (SOC) 

 

The SOC is defined as battery available capacity in term of percentage of its 

maximum available capacity and often is being called “fuel gauge”.  
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2.2.6. State-of-Health (SOH) 

 

The State-of-Health (SOH) is an indication or the “measurement” of the point 

which the battery has been reached in the life cycle (remains before it must be 

replaced) of its condition compare to a new battery. It also an indication of its 

ability to deliver the specified performance compared with a new battery by 

taking into consideration on factors such as charge acceptance, internal 

resistance, voltage and self-discharge. Knowledge of the SOH will also help 

the plant engineer to anticipate problems to make fault diagnosis or to plan 

replacement. This is essentially a monitoring function tracking the long-term 

changes in the battery. 

 

SOH for EV applications means the ability to achieve the range when 

called upon to do so is most important; hence the SOH is based on a 

comparison of current capacity with capacity when new. Battery 

manufacturers do not state the SOH in their product because they only supply 

new batteries. The SOH only applicable to battery once they are in used or 

after they have started their aging process either on the shelf or once they have 

entered service. 

 

2.2.7 Common Battery Definitions 

 

Voltage 

Normally, batteries are printed with nominal voltage but when a measurement 

is taken, the open circuit voltage (OCV) on a fully charged battery is about 5 
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to 7 % higher than the nominal voltage. Chemical medium and the number of 

cells which connected in series will determine the OCV. On the other hand, 

the closed circuit voltage (CCV) is the operating voltage. It is advisable to 

always check the correct nominal voltage rating before using it. 

 

Capacity 

Capacity is the specific energy in ampere-hours (Ah). This is a health indicator 

of a battery. An ampere-hour is the amount of discharge current or energy that 

a battery can deliver with respect to time. Using a higher Ah rated than 

specified value, the battery will have a longer runtime while a lower Ah than 

specify will have a shorter runtime. Higher Ah rating will take a longer time to 

fully charge. Lower Ah rating will take a shorter time to fully charge the 

battery. The recommended practice on Ah is that not to deviate more than to 

exceed 25 percent from its original value. European standard typically the 

German DIN (Deutsches Institut für Normung) standard and IEC 

(International Electrochemical Commission) standard use Ah in the battery 

specification; Reserve Capacity (RC) is used by Society of Automotive 

Engineers (SAE) in North America to indicate the discharging time or runtime 

in minutes at a steady 25A discharge current. No precise formula to convert 

RC to Ah but the most common factor used is RC divided by 2 plus 16 or 

simply dividing RC by 1.9. 

 

Cold Cranking Amps (CCA) 

Starter batteries or SLI (starter-light-ignition) are normally printed with CCA 

rating at 18°C (0°F). This indicates at 18°C (0°F) how much current in ampere 
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that the battery can provide. CCA provide measurements that assure the 

battery has sufficient power to crank or start the engine when is cold. 

 

Specific Energy / Energy Density 

Specific energy or gravimetric energy density specifies the battery capacity in 

weight (Wh/kg) (Buchmann, 2016). Energy density, or volumetric energy 

density, provides volume in liters (Wh/l) information (Buchmann, 2016). 

Products that required long runtimes at moderate load are optimized for high 

specific energy (Buchmann, 2016). 

 

Specific Power 

Specific power or gravimetric power density provides loading capability 

information. Batteries that are used for power tools are made for high specific 

power, they come with reduced specific energy (capacity).  

 

C-rates 

The C-rate tell us how fast is a battery is being charged or discharged. At 1C, 

the battery is being charged and discharged at a current that are the same with 

the specify Ah rating. At 0.5C, the charging or discharging current is half, 

therefore, the time is doubled. At 0.1C the charging and discharging current is 

one-tenth and therefore the time is 10-fold.  

 

Charge and discharge rates of a battery are defined by C-rates. If the 

battery discharge at 1C means a fully charged battery with 1Ah rated could 

provide 1A current for 1 hour (also known as a one-hour discharge). The same 
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battery discharge at 0.5C means it could provide 500mA current for 2 hours 

(two-hour discharge). If it is 2C means can provide 2A for 30 minutes (30-

minute discharge) and so on. There is good quality and high-performance 

batteries can have C-rate more than 1C with moderate stress. Table 2.2 

illustrates typical times at various C-rates. 

 

 

Table 2.2: C-rate and service times when charging and discharging batteries 

(Buchmann, 2016). 

 

 

Watts and Volt-Amps (VA) 

Watt is the real power; VA is the apparent power that is due to a reactive load. 

For pure resistive load, Watt will be the same as VA; reactive load can cause a 

phase shift between the voltage and current known as power factor (PF). A 

purely resistive load will have power factor equal to 1. The reactive load will 

have power factor less than 1. An example of the reactive load will be 

induction motor and fluorescent lamps.  Electrical wiring and circuit are rated 

as VA. 
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2.3 Cell Balancing 

 

Cell balancing is a method of saving weaker cells by adjusting an appropriate 

amount of charging and discharging on the cells in each battery unit. Cell 

balancing is necessary for extending battery life. Common multiple battery 

cell pack is configured in series and parallel or their combination. This 

configuration provides necessary voltage and current requirement to power the 

load depending on the application but they may not be as efficient as they 

could be. The issue limits the battery pack capacity to the capacity of the 

weakest cell. 

 

Battery systems that have a series connection are required to equip 

with cell balancing circuits to prevent individual cells from over-voltage or 

under-voltage, which can lead to performance degradation, shorter life, or in 

some cases even hazards. 

 

2.3.1 Cause of Cell Imbalance 

 

As discussed in the previous section, cell balancing is important to extend the 

battery lifetime, prevent the battery from overcharge or over discharge, obtain 

optimum performance, etc. The cause of cell imbalance will be discussed here. 

Cell imbalance comes from 2 sources namely internal and external.  

 

Internal source:  

• Manufacturing batch variation 
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• Variations in battery internal impedance 

• Differences in self-discharge rate 

• Chemical Efficiency Variations 

 

External source: 

• Poor cell capacity matching between cells in a series connection and 

Multi-rank pack protection ICs draining unequally from the different 

series ranks in the pack. 

• Non-uniform thermal stress created thermal difference across the pack 

causing individual cell discharge at a different rate. Thermal heat cause 

self-discharge doubles for each 10º C rise  

• Impedance variations between batteries 

• Non-uniform electrical loading of pack 

 

2.3.2 Battery Management System (BMS) 

 

Battery management systems (BMSs) are part of the important battery control 

system in electric vehicles with the aim to protect the battery system from 

damage, to predict and increase batteries lifespan, and to maintain the battery 

system in an accurate and reliable operational condition (Daowd et al., 2014). 

The BMS performs the following tasks: 

• Measuring and monitoring the system voltage, current and temperature 

(VIT) 

• Measuring and monitoring the state-of-charge (SOC) and state-of- 

health (SOH) of the cell 
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• Predict the battery remaining useful life (RUL) 

• Perform thermal management by protecting the cells from overheating 

• Controlling and monitor the charge/discharge profile 

• Acquired data for monitoring and storing historical data 

• Cell balancing.  

 

Cell imbalance can affect the battery life. It will cause the individual cell 

voltages drift apart over time. The capacity of the battery will also decrease 

more quickly during operation and could fail prematurely. The cell imbalance 

could come from internal and external factors. The internal factors will be the 

manufacturing batches variation in charge storage volume, variations in 

internal impedance and differences in self-discharge rate for an individual cell. 

External factors are mainly due to multi-rank pack protection integrated 

circuits (ICs) cause by poor cell capacity matching, which drains charge 

unequally from the different series ranks in the pack. On the other hand, 

thermal difference across the pack could also create different self-discharge 

rates of the cells. Figure 2.6 shows passive and active cell balancing 

topologies (Daowd et al., 2014).  

 

The active cell balancing methods remove charge from higher energy cell(s) 

and deliver it to lower energy cell(s). This makes active cell balancing more 

efficient compared to the passive balancing method. Different topologies are 

used for different purposes according to the active element used for storing the 

energy such as using a capacitor, inductive component for controlling the 
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switches or converters. Figure 2.6 give an overview of different passive and 

active cell balancing topologies. 

 

 

 

Figure 2.6: Passive and active cell balancing topologies (Daowd et al., 2014) 

 

 

2.3.3 Passive Cell Balancing Circuit 

 

 

Passive cell balancing methods is using shunting resistors to bypass charge 

current and dissipate energy for high voltage cells to achieve cell balance. The 

shunt resistor could be either in fixed mode as shown in Figure 2.7 (a) or in 

switched mode as shown in Figure 2.7 (b). 
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Figure 2.7: Shunting resistor a) fixed resistor and b) control shunting resistor 

(Daowd et al., 2011) 

 

Passive cell balancing circuit shown in Figure 2.7 (a) supports 

balancing in battery charge only and achieves a balance of cell voltages by 

dissipating energy in the resistors for cells until the charge matches those of 

the lower cells in the battery pack or matches a charge reference (Lee et al., 

2011). The fixed shunt resistor is bypassing the current continuously for all the 

cells with the cells voltage limited by the resistor. This is a simple low-cost 

method but it dissipates energy continuously for all cells. 

 

Another method is the switched shunt resistor (see Figure 2.7-b). It 

removes the energy from the higher cell(s) by using switches/relays. It can 

work either in continuous mode to control all relays with a common on/off 

signal or in detecting mode to monitor the cell voltages. Therefore, this 

method is much proficient compared to fix resistor method but it needs for 

thermal management as more heat will be dissipated from the cell(s) which 

has higher energy. It will also shorten the battery run time. 
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2.3.4 Active Cell Balancing Circuit 

 

Shuttling active cell balancing method utilizes external energy storage devices 

(normally capacitors) to shuttle the energy among cells to achieve cell 

balancing. There are two shuttling topologies (Cao et al., 2008); Switched 

Capacitor Topology and Single Switched Capacitor Topology. For Switched 

Capacitor, it requires n-1 capacitors to balance n cells whereas Single 

Switched Capacitor only needs 1 capacitor to balance n cells (Cao et al., 

2008). The Single Switched Capacitor is a variation of the Switched Capacitor 

(Cao et al., 2008). Shuttling balancing method used external energy storage 

devices (usually a capacitor) to shuttle the energy between adjacent cells (Cao 

et al., 2008). 

 

Switched Capacitor 

Figure 2.8 shows active switched capacitors shunt balancing circuit. For this 

design, for n cells balancing 2n switches and n-1 capacitors will be required. 

The control strategies for this design is simple as they only have are two 

states.  

 

For example: 

In one of the state, C1 is paralleled with B1 and C1 will be charged or 

discharged to obtain the same voltage as B1. Then after this process, the 

system will turn to the other state. In this state, C1 is paralleled with B2. The 

same thing will happen in this state as the previous state. After repeat cycling 
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process, B1 and B2 will be balanced. The same thing will happen to C2 and so 

on. So finally, all battery cells can be balanced. 

 

 

Figure 2.8: Switched Capacitors (Cao et al., 2008) 

 

The advantage of the switched capacitor design is that it is simple which does 

not need intelligent control and it can work for both recharging and 

discharging operation. 

 

Single Switched Capacitor 

Figure 2.9 shows a Single Switched Capacitor design which is a variation of 

the Switched Capacitors. This method uses only one capacitor to shuttle the 

energy. If simple control strategy is used, that is to switch the capacitor to 

parallel with each cell regularly. The speed of balancing is only 1/n of 

regularly switched capacitor method where n is the number of cells (Cao et al., 

2008). However, for this design, more advanced control strategies can be used 
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to switch between the highest and the lowest voltage cell, which is called the 

cell to cell method. The balancing speed will be much higher too. For this 

design, n switches and one capacitor are needed to balance n cells. 

 

 

Figure 2.9:  Single Switched Capacitor (Cao et al., 2008) 

 

2.4 DC to DC Converter 

 

An electric vehicle generally required a supply voltage in the region of 144 to 

500V DC. This voltage is more than a single battery can provide. For example, 

if the EV motors and its control circuitry required a voltage of 144V DC to run 

then it will require a battery bank to operate rather than one single battery. 

When all the cells in the battery bank are new and fully charged it might 

provide more than 144V DC. As the charge is used up, the voltage will drop 

below 144V DC. This will significantly affect the performance of the electric 
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vehicle. Any system powered by a battery, at some point in time, the battery 

will discharge to a voltage that is not sufficient to power the circuit being 

powered. Therefore the output voltage of a battery or battery bank needs to be 

conditioned for electric vehicle application. 

 

For consistent performance, when the input voltage to the EV is above 

144V DC, buck converter will be used to bring down the voltage to 144V DC. 

When the voltage falls below 144V DC a boost converter will be required to 

bring up the voltage to 144V DC.  

 

For EV which required much higher voltage, it will not be practical by 

just adding more battery pack. Even if more battery bank were used, the 

weight and space taken up would be too large to be practical. The answer to 

this problem is to use fewer batteries with a buck-boost converter to bring up 

DC voltage to the suitable and useful level.  

 

Buck, boost, and buck-boost converter are DC to DC converter which 

could be used to condition the voltage to a suitable level for EV application. 

Using these converters, the lifespan of the battery can be longer as well. 

 

2.4.1 The Buck Converter 

 

The buck converter is a DC to DC converter circuitry where its DC output 

voltage is lower than the DC input voltage. The DC input voltage can be taken 

from rectified AC source or from any DC source including battery.  Figure 
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2.10 shows the rectified AC input source where Figure 2.11 shows DC input 

source. 

 

 
Figure 2.10: Buck converter with rectified AC input source (Switched mode 

power supplies, 2007) 

 

 

 

 

 
 

Figure 2.11: Buck converter with DC input source (Switched mode power 

supplies, 2007) 

 

 

Generally, a buck converter will have an inductor to store energy 

during the switching transistor on stage and release energy when switching 

transistor in off stage. This will ensure continuous current flow to the load 

DC Input 

Vin 
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during transistor off stage. It is known as Continuous Current or Conduction 

Mode, CCM. The Buck Converter also has a capacitor at the output stage and 

it should be large enough to maintain a constant output voltage. In other 

words, the inductor will determine the CCM and the capacitor will determine 

the output voltage ripple. Ripple can be reduced by increasing switching 

frequency, increasing inductor size or increasing capacitor size. 

 

The switching transistor is turning on and off between the input and 

output continuously at high frequency as shown in Figure 2.10 and Figure 

2.11. To be in a continuous conduction mode (CCM), the circuit used the 

energy stored by the inductor L previously (during the on periods) to supply to 

the load during the off periods continuously. This type of circuit operation 

sometimes is also known as a Flywheel Circuit.  

 

The switching transistor could be Bipolar Junction Transistor (BJT) or 

Metal–Oxide–Semiconductor Field-Effect Transistor (MOSFET). The choice 

of the transistor is determined by the current, voltage, switching speed and 

cost considerations. MOSFET will have higher efficiency and can operate at 

higher frequency. 

 

 

 

2.4.1.1 AC or DC Input Source 

 

 

 
The buck converter is a DC to DC converter where the DC input voltage 

source can be coming from rectified AC power or from any DC source such as 

a battery. For electric vehicle application, the battery will be used as the DC 
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input source where the AC source is used to power on the charger to charge 

the battery. 

 

Battery voltage applied to the buck converter is transferred to a 

regulated DC power supply in a much more efficient way via a chopper circuit 

driven by a high-frequency pulse width modulator.  

 

 

2.4.1.2 Buck Converter Operation 

 

 

 
A buck converter circuit consists of a switching transistor, diode D1, inductor 

L1 and capacitor C1 (known as flywheel circuit) as shown in Figure 2.10. 

When the switching transistor is on (refer to Figure 2.12), current is flowing 

through the load via the inductor L1. By the characteristic of any inductor, it 

will oppose sudden changes in current flow and also acts as a storage device to 

store energy. This will prevent the switching transistor output from increasing 

immediately to its peak value while charging (stored energy) ups the inductor. 

This stored energy will be used later on to discharge back into the circuitry as 

a back e.m.f. and current to the load. 

 

Transistor Switch ‘on’ Period 

In Figure 2.12, when the switching transistor is on, current will flow to the 

load. Initially, the current flow to the load and it will also charge up the 

inductor L1 and capacitor C1 gradually during the ‘on’ period. Energy will 

store in inductor L1 during this on period. During this on period, there will be 

a large positive voltage applied to the cathode of the diode D1 which the diode 
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will be reverse biased and therefore the diode is off so no current flow through 

the diode. 

 

 

 
Figure 2.12: Switching transistor at on stage. 

 

 

 

Transistor Switch ‘off’ Period 

When the transistor is off as shown in Figure 2.13, the energy stored in the 

inductor as magnetic field around L1 is released back into the circuit. The 

voltage across the inductor is now in reverse polarity to the voltage across L1 

during the ‘on’ period. This stored energy (come from collapsing magnetic 

field at the inductor) will release as current to keep current flowing (CCM) to 

the load.  
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Figure 2.13: Switching transistor at off stage 

 

The voltage (back emf) created from L1 due to the stored energy 

during on stage is now discharged causing the current to flow to the load via 

diode D1 as the diode D1 is now forward biased. Once the inductor L1 begin 

discharging its stored energy, the load voltage will start falling. At this point 

of time, the stored charge in C1 will take over as the main source, supplying 

the current to the load. It will keep the current flowing to the load until the 

next ‘on’ period begins. The overall effect due to the smoothing capacitor is to 

maintain the voltage to the load with a small ripple. 

 

VOUT = VIN x [On time of switching waveform (tON) / periodic time of 

switching waveform (T)] 

or: 

VOUT = VIN × D 

 
 

 

35 



 

If the circuit has a 50% duty cycle D, the output VOUT from the buck 

Converter circuit will be VIN x (0.5/1) or half of VIN. However, if the duty 

cycle is varied, the output voltage can be any value between approximately 0V 

and VIN.  

 

 

2.4.1.3 Buck Converter Basics Summary (Admin, 2015):  
 

 

 

 

1. The buck converter is a step-down converter (VOUT < VIN). The output 

voltage is controlled by adjusting the duty cycle.  

2. It can operate in two modes: CCM or DCM. The minimum value of the 

inductor is determined by the CCM/DCM boundary, ripple voltage, or 

ac losses in the inductor and the filter capacitor. 

3. The peak-to-peak value of the inductor ripple current iL is independent 

of the dc load current for CCM (Admin, 2015). 

4. The peak-to-peak values of the current through the filter capacitor iC is 

relatively low and is equal to the peak-to-peak inductor ripple current 

iL (Admin, 2015). 

5. If the smoothing capacitor is high enough, the output ripple voltage is 

determined only by the Equivalent Series Resistance (ESR) of the 

smoothing capacitor and is independent of the capacitance of the filter 

capacitor (Admin, 2015). 

6. The disadvantage of the buck converter is pulsating input current. This 

can be improved by using an LC filter placed at the converter input to 

get a non-pulsating input current waveform. 
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7. The corner frequency of the output filter, fO = 1/(2πLC), is independent 

of the load resistance (Admin, 2015).  

8. The size of the inductor will determine whether it operates in 

Continuous conduction mode (CCM) or Discontinuous conduction 

mode (DCM). DCM is mostly used in low power converter circuits 

only.  

9. Continuous conduction mode (CCM) means the current through 

inductor never goes to zero that is inductor is not fully discharged 

before the start of the switching cycle. 

10. Discontinuous conduction mode (DCM) means the current through 

inductor must go to zero that is inductor is discharged completely at 

the end of switching cycle. 

 

 

2.4.2 Boost Converter 

 

 
 

A boost converter is a DC to DC converter that provides output voltage higher 

than the input voltage. Sometimes it is also known as a step-up converter. The 

boost converter is used for the purpose where the available DC supply voltage 

is not sufficient to drive the circuit; boost converter is used to bring up the 

voltage to the acceptable level. For example, if the motors for EV application 

require a much higher voltages (could be in the region of 144 to 500 volt DC) 

than could be supplied by a single battery alone or even if a battery bank were 

used, it will not be practical as the weight and size taken up too big space. The 

solution to the mentioned scenario is to use fewer batteries working together 

with boost converter to bring up the DC voltage to the required level. On the 
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other hand, all batteries being big or small will discharge at a different rate 

which causes the output voltage varies. At some point of time, the battery 

output voltage will not be sufficient to power the circuitry being supplied, it 

will require a boost converter to bring the voltage to a suitable level. Using a 

boost converter for this application will also extend the lifespan of the battery.  

 

The DC input to a boost converter can be taken from batteries, rectified 

AC power, solar panels, fuel cells, dynamos or DC generators but the majority 

of the application are for battery powered applications where they have a 

space limitation. Without boost converter, to achieve a higher voltage, more 

batteries will be required, more batteries mean more space. This is true, 

especially for electric vehicle application.  

 

The boost converter is different from the buck converter. Output 

voltage of a boost converter is equal to, or greater than its input voltage. 

However, it is important to remember that, due power conservation, for a 

given power rating [Power (P) = Voltage (V) x Current (I)], if the output 

voltage is increased, the available output current must decrease. 

 

Figure 2.14 shows the basic circuit of a boost converter. The switching 

transistor could be Bipolar Junction Transistor (BJT) or Metal–Oxide–

Semiconductor Field-Effect Transistor (MOSFET). The choice of the 

transistor is determined by the current, voltage, switching speed and cost 

considerations. MOSFET will have higher efficiency and can operate at higher 

frequency. The other components will be the same as those used in the buck 
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converter as shown in Figure 2.12 (page 34), except that their positions have 

been rearranged. 

 

 
 

Figure 2.14:  Basic Boost Converter Circuit 

 

 

 

2.4.2.1 Boost Converter Operation 

 

Figure 2.15 illustrates how the boost converter circuit operation. When the 

switching transistor is conducting, the right-hand side of inductor L1 will tie to 

the negative supply terminals. A current will flows through inductor L1. This 

current will charge up the inductor, which stores energy in its magnetic field. 

There is no current flowing in the remainder of the circuit as the combination 

of diode D1, capacitor C1 and the load represent much higher impedance than 

the path directly through the heavily conducting MOSFET. 
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Figure 2.15: Boost Converter Operation when switching transistor at ON stage 

 

 

 

Figure 2.16 shows the current path when the switching transistor is off. 

When the MOSFET is off, the inductor L1 trying to maintain the current by 

releasing its energy which produces a voltage (back e.m.f.). Take note that the 

polarity is now opposite to the voltage across L1 during previous on period. 

As a resultant, the two voltages will be added up namely the supply voltage 

VIN and the back e.m.f. (VL) across L1 because they are in series with each 

other. Series means the voltage across the load will be the addition of these 

two voltages. 
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Figure 2.16: Current path with switching transistor at OFF stage 

 

 

 

This higher voltage (VIN +VL) with diode D1 is forward bias is applied 

to the load (no current path through the MOSFET as it is off). The resulting 

current through diode D1 charges up C1 to VIN +VL minus the small forward 

voltage drop across D1. This is also the voltage supply to the load. 

 

 
Figure 2.17: Current path with switching transistor at ON stage 
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Figure 2.17 shows the circuit operation when the switching transistor is 

turning on. Whenever the transistor conducts, diode D1 is in revise bias mode, 

due to the charge on capacitor C1 (more positive). Hence, Diode D1 is turned 

off so the output of the circuit is isolated from the input; at this point of time, 

the load is supported by capacitor C1. Capacitor C1 continuously supplied 

with VIN +VL from its stored energy. Part of the stored energy or charge at 

capacitor C1 will be discharged through the load during this period but it will 

be recharged each time the switching transistor is switched off. This will 

maintain a constant output voltage across the load. 

 

The DC output voltage VOUT can be obtained by using the formula: 

 

VOUT  = VIN / (1-D)  

 

D = tON / (tON + tOFF) 
 

 

Example: 

Switching period = 5μs 

Input voltage = 10V  

Duty Cycle D = 50% 

VOUT = 10 / (1- 0.5) = 10/0.5 = 20V (minus output diode voltage drop) 

 

By controlling the duty cycle the output voltage will change. In order words, if 

the duty cycle D adjusted from 0.5 to 0.99 than the output voltage will be: 

VOUT = 10 / (1- 0.99) = 10/0.01 = 1,000V 
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2.4.2.2 Boost Converter IC - 2014 Market Analysis and Overview (Friebe, 

2016) 

 

 

 
The boost converter is a very popular application for the industry, therefore, 

ready IC is easily available in the market. The comprehensive market survey 

was carried out by DCDCselector.com. Their market analysis is presented in 

Figure 2.18 to Figure 2.20. 

 

 Figure 2.18 shows the manufacturer name (Y- axis) and the number of boost 

converter product (X – axis). Figure 2.19 shows market overview on DC to 

DC boost converter IC on the number of available products per maximum 

output voltage and Figure 2.20 shows the number of available products per 

output current segment. 
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Figure 2.18: Market overview on DC to DC boost converter IC products per 

manufacturer (2014) (Friebe, 2016). 

 

 

 

Figure 2.19: Market overview on DC to DC boost converter IC - Number of 

available products per maximum output voltage (Friebe, 2016). 

 

44 



 

 

Figure 2.20: Number of available products per output current segment 

 

From the survey, it is observed that there are many IC manufacturers 

producing boost converter IC. This also implies that there are many industrial 

applications which need the boost converter IC. However, very few 

manufacturers produce the converter with output voltage above 90V and 

above 9A output current. Hence they are not suitable for EV application. Most 

of the EV needs at least 144V output.  

 

2.4.3 Buck-Boost Converters 

 

A Buck-Boost converter is a DC to DC converter that combines the principles 

of the buck converter and the boost converter in a single circuit to provide a 

regulated DC output from either an AC or a DC input. There are many 

applications on buck-boost converter, especially battery-powered circuitry. 

Battery powered circuitry will have high voltage fluctuation. A 12V battery 

when is fully charged the terminal voltage can be as high as 13.5V. In this 
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case, a buck converter will bring down and regulate the voltage is required. 

However, as the charge diminishes the input voltage falls below the level 

required by the circuit. In this case, a boost converter to bring up and regulate 

the voltage level is required. By combining these two converters it becomes 

buck-boost converter which can cope with a wide range of input voltages both 

higher and lower and yet still able to maintain and regulate at fix voltage 

required by the circuit.  

 

 

 

Figure 2.21: Buck and Boost Converters Combined 

 

Beside the common components used in the buck-boost converter 

circuits, a control unit are added to the converter to sense the input voltages to 

determine whether the converter should operate as a buck or boost converter 

(see Figure 2.21). The operation of the buck-boost converter can be explained 

using Figure 2.22 to 2.25. 
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2.4.3.1 Operate as a Buck Converter 

 

• To operate as a buck converter: Transistor Tr2 is off. The 

output voltage is control by switching transistor Tr1. Transistor 

Tr1 is switching on and off at a high-frequency. The switching 

is controlled by the PWM control unit. 

 

 

Figure 2.22: Operate as a Buck Converter during Tr1 ‘on’ Period 

 

Figure 2.22: shows that the circuit operates as Buck Converter. When 

it operate as buck converter transistor Tr2 is off. Now the switching transistor 

Tr1 is turning on and off at a high-frequency wave driven by the PWM control 

unit. When the transistor of Tr1 is turn on, diode D2 is turned on as it is 

forward biased causing current flows to the load at the same time charging up 

the capacitor C via inductor L. Inductor L will store its energy as a magnetic 

field. 
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Figure 2.23: Operate as a Buck Converter during Tr1 ‘off’ Period 

 

Figure 2.23 shows the direction of current flow when the circuits 

operate as a buck converter and when transistor Tr1 is off. Inductor L1 will 

provide the current to the load as its magnetic field is collapsing generating the 

back e.m.f. The collapsed magnetic field reverses the polarity of the voltage 

across L causing diode D1 and D2 to turn on. As it is forward bias and 

complete circuit path current flows through D2 to the load and return to 

inductor L1 via D1. 

 

Discharge from inductor L will cause the current to decrease but the 

charges accumulated in capacitor C during the on period of Tr1 will also add 

up to support the load. This action will maintain the output voltage Vout 

constant with a small ripple. 

 

2.4.3.2 Operate as a Boost Converter 

 

• To operate as boost converter: Transistor Tr1 is on. The output 

voltage now is controlled by the switching transistor Tr2. Tr2 is 
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turning on and off by the high-frequency square wave 

controlled by the control unit as shown in Figure 2.24. 

 

 

Figure 2.24: Operate as a Boost Converter during Tr2 ‘on’ Period 

 

In Boost Converter mode, transistor Tr1 is continuously turned on. The high-

frequency pulse width modulated square wave is applied to the Tr2 gate to 

control the output voltage. When transistor Tr2 is turned on or conducting, the 

input current flows via the inductor L and Tr2 than back to the supply negative 

terminal charging up the magnetic field of inductor L. Under this is situation, 

diode D2 cannot conduct due to its anode is being held at ground potential by 

the heavily conducting Tr2. 

 

For the duration of the on cycle, the external load is being powered 

totally by the charge stored on the capacitor C, built up from previous cycles. 

The gradual discharge of C during the on period (and its subsequent 

recharging) contributed for the amount of high-frequency ripple on the output 

voltage. The output voltage at this stage is approximately VS + VL. 
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Transistor Tr2 Off Stage 

At the beginning of the off period of Tr2, inductor L is charged and energy is 

stored. The capacitor C is partially discharged. The inductor L now produces a 

voltage (back e.m.f.) where its value depends on the rate of change of current 

as Tr2 switches off and on and the value of inductance of  the coil possesses; 

hence the back e.m.f depending on the design of the circuit can be vary over a 

wide range of voltage as shown in Figure 2.25. 

 

Take note that at this moment the polarity of the voltage across 

inductor L is reversed. Therefore this voltage (VL) is added to the input 

voltage VS giving an output voltage that is at least equal or greater than the 

input voltage. Diode D2 at this moment is forward biased so that the circuit 

current could supplies to the load, and at the same time recharging the 

capacitor to VS + VL ready for the next on period of Tr2. 

 

 

Figure 2.25: Operate as a Boost Converter during Tr2 ‘off’ Period 

 

Therefore, for buck-boost converter the output voltage could be higher than 

the input voltage. 
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2.4.3.3 Buck-Boost Converter IC - 2014 market analysis and overview 

(Friebe, 2016) 

 

 

 
DCDCselector.com has conducted a comprehensive market survey on Buck-

Boost Converter IC for 2014. Here are some of the findings: 

 

• Out of 97 buck-boost converter IC surveyed all feature internal 

switch with MOSFET technology and have a dedicated buck-

boost topology. 

 

• North America region is using the term as a buck-boost 

regulator (or step-up-down regulator) where another region is 

using it as converter.  

 

• Looking into the Google index, the term buck-boost converter 

is about 10 times more searched than a buck-boost regulator. 

 

 

DCDCselector.com also found that the DC/DC buck-boost converter segment 

is the smallest from all available Selectors at their parametric search. The 

majority of converters are optimized for single Li-Ion battery applications. 

Internal high-side and low-side switch, low external component count, internal 

diode and single inductor operation result in a compact circuit and very small 

total solution size. Figure 2.26 to 2.28 provide some marketing overview on 

the survey. 
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Figure 2.26: Market overview DC/DC Buck-Boost-Converter-IC on products 

per manufacturer 

 

 

 

Figure 2.27: Market overview DC/DC Buck-Boost-Converter-IC on number 

of available products per output current 
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Figure 2.28: Market overview DC/DC Buck-Boost-Converter-IC on number 

of available products per input voltage segment 

 

 

From the finding, for EV application it will be difficult to use a standard IC to 

design buck-boost converter as EV required higher voltage and current than 

the standard IC can handle. 

.  
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CHAPTER 3 

 

LEAD-ACID BATTERY MODELLING AND SIMULATION  

 

3.1 Why battery simulation is important? 

 

Battery modeling and simulation included in this report is to provide the basic 

understanding of modeling and simulation of a battery. Modeling and 

simulation are an important part of the EV control design cycle. Since the 

selected battery for this project is the lead-acid type, therefore, the discussion 

is focus on the lead-acid type of battery.  

 

EV circuitry is all about battery selection and how to condition the 

battery to achieve longer lifespan through cell balancing, detecting of battery 

failure than bypass it so that the EV can still continue functioning, maintaining 

and regulating the output voltage to the motor for optimum performance under 

voltage fluctuation from battery cells and so on. All the factors are involved in 

the understanding on the characteristic battery. To design a good EV control 

system, the designer will require understanding the behavior of the battery 

intended to use. Moreover, all design before putting into production will 

require extensive testing under various field conditions. To speed up the 

process battery modeling and simulation will play its part.  
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3.2 Evaluation on Lead Acid Battery Modelling and Simulation using 

Simscape. 

 

Charging and discharging a battery is taking a long time and it is very time-

consuming to set up the test. In many cases, the designer cannot afford to 

spend this time. To speed up the test on the design of a battery powered 

system and to study the behavior of that system before it being built, modeled 

battery will be used. The available simulation method by Simscape (Simscape 

is building on Matlab platform) could provide drive cycle simulation accuracy 

of battery voltage within 3.2%, and simulation speed of up to10,000 times 

real-time on a typical PC (Jackey, 2007).  This section will be the review on 

battery model and simulation based on the standard library provided by 

Simscape and the validation done by Robyn A. Jackey, The MathWorks, Inc. 

(A Simple, Effective Lead-Acid Battery Modeling Process for Electrical 

System Component Selection, Robyn A. Jackey, The MathWorks, Inc.). 

 

Battery simulation and controls are an important component for Electric 

Vehicle. Battery modeling has become an indispensable tool for the design of 

battery-powered systems. Their usage includes battery characterization, state-

of-charge (SOC) and state-of-health (SOH) estimation, algorithm 

development, system-level optimization, and real-time simulation for battery 

management system design. 

 

Battery models based on equivalent circuits are preferred for system-level 

development and controls applications due to their relative simplicity. The 
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simplest electric model consists of an ideal voltage source in series with an 

internal resistance and parallel RC circuits as shown in Figure 3.1. 

 

 

 
Figure 3.1: Simple Battery Equivalent Circuit 

 

 

 

A more detail battery equivalent circuit is shown in Figure 3.2. The 

structure of the battery circuitry is a simple nonlinear equivalent circuit, which 

don’t really model directly how the lead-acid internal chemistry work; the 

equivalent circuitry empirically approximated the behavior looking at the 

battery terminals (Jackey, 2007). Their structure consisted of two main parts: 

the main branch which approximated the battery dynamics under most 

conditions, and a parasitic branch which accounted for the battery behavior at 

the end of a charge (Jackey, 2007). 
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Figure 3.2: More Detail Battery Equivalent Circuit (Jackey, 2007) 

 

According to Robyn A. Jackey (2007), the MathWorks, Inc., the lead-acid 

battery can be modeled as per Figure 3.2 with the equations described by 

equation (1) to (11). This simulation method could provide drive cycle 

simulation accuracy of battery voltage within 3.2%, and simulation speed of 

up to10,000 times real-time on a typical PC (Jackey, 2007). The modeling and 

simulation are already available in the library of Simscape under the Matlab 

platform. Explanation in this section is the summary on the battery simulation 

by Simscape under Matlab platform. 

 

3.2.1 Main Branch Voltage 

 

An internal voltage source also known as emf, or an open-circuit voltage of 

one cell is given by the equation (1). The value, when the battery is fully 

charged it is assumed to be constant but the value will vary with temperature 

and its state-of-charge (SOC). 
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R0 is a resistance seen at the battery terminals, and it is assumed constant at all 

temperatures, and varied with the State-of-Charge. 

 

 
 

 

R1 is a resistance in the main branch of the battery. Its resistance varied with 

the depth of charge, a measure of the battery’s charge adjusted for the 

discharge current. The resistance increased exponentially as the battery 

became exhausted during a discharge. 

 

 
 

 

C1 is a capacitance (time delay) in the main branch. The time constant 

modeled a voltage delay when battery current changed. 
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R2 is the main branch resistance where the resistance increased exponentially 

as the battery state-of-charge increased. The resistance also varied with the 

current flowing through the main branch. The resistance primarily affected the 

battery during charging. The resistance became relatively insignificant for 

discharge currents. 

 

 
 

 

 

3.2.2 Parasitic Branch Current 

 

 
 

IP is a parasitic loss current which occurred when the battery was being 

charged. It is dependent on the temperature of the electrolyte and its voltage at 

the parasitic branch. This current was very small under most of the conditions, 

except during charging at high SOC. The unit of the constant Gpo is seconds 

where its magnitude is in the order of 10
-12

 seconds. This value is very small. 
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3.2.3 Extracted Charge  

 

Qe tracked the amount of charge extracted from the battery. The charge 

extracted from the battery was a simple integration of the current flowing into 

or out of the main branch. The initial value of extracted charge was necessary 

for simulation purposes. 

 

 
 

 

 

3.2.4 Total Capacity 

 

C(I,θ) is the measurement of the capacity of the battery based on discharging 

current and the temperature of the electrolyte. The capacity only depends on 

the current for discharge. During charging, the discharge current is assumed to 
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be zero for the total capacity calculation purposes. Vehicle batteries are tested 

with a wide ambient temperature range. Test data from the laboratory shows 

that the battery capacity starts to diminish at temperatures above 60°C across 

the entire test current ranges. Parameter Kt from the look-up table (LUT) is 

empirically used to model the effect of temperature dependence of battery 

capacity. 

 

 
 

 

3.2.5 State-of-Charge and Depth of Charge 

 

State-of-Charge (SOC) and Depth of Charge (DOC) are calculated as a ratio of 

available charge to the battery’s total capacity. SOC is a measurement of the 

ratio of charge remaining in the battery where the depth of charge is a 

measurement of the ratio of usable charge remaining, given the average 

discharge current. Larger discharge currents will cause the battery’s charge to 

expire more prematurely, therefore DOC was always less than or equal to 

SOC. 
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3.2.6 Estimate of Average Current 

 

The battery average current Iavg can be estimated to be as follows: 

 
 

 

3.2.7 Electrolyte Temperature 

 

The “Thermal Model” modeling block is used to track the battery’s electrolyte 

temperature. Equation (11) is used to model the estimated change in 

electrolyte temperature which can cause by internal resistance losses or 

ambient temperature. The thermal model is usually a first order differential 

equation, with parameters for both thermal resistance and capacitance. 
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Figure 3.3 shows an example on how the lead-acid battery being modeled 

using Simscape standard library. This example simulates the battery initially is 

discharged at a constant current of 10A. The battery is then recharged at a 

constant 10A back to the initial state-of-charge. A simple thermal model is 

used to model battery temperature. It is assumed that cooling is primarily via 

convection and that heating is primarily from battery internal resistance, R2. A 

standard 12V lead-acid battery can be modeled by connecting six copies of the 

2V battery cell block in series. The result of the simulation is shown in Figure 

3.4. 

 

 
Figure 3.3: Lead-Acid Battery modeling using Simscape  
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Figure 3.4: Results of the simulated lead-acid charging and discharging 

(adopted from library of Simscape, part of Matlab) 

 

 

 

3.2.8 Summary of the Evaluation 

 

Using Simscape lead-acid battery modeling and simulation with 

parameterizing tools can achieve accuracy within 3.2% compared to 

measurement in vehicle drive cycle. The simulation speed is at approximately 

10,000 times real-time. 

 

Battery simulations can optimize the electrical system design of EV on 

their components used and their selection. For example, the electric drives, the 

battery charger etc. under completely new operating conditions.  
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CHAPTER 4 

 

METHODOLOGY 

 

4.1 Conceptual System Design Overview and Functional Block 

Description 

 

The EV is an automobile run by an electric motor where the motor gets its 

energy from the rechargeable batteries which control by the IPC controller. 

The IPC controller regulates the amount of power (both motor load current 

and output voltage to the motor) from the energy stored in the rechargeable 

batteries based on the driver’s desire. The rechargeable batteries could be 

recharged by regular household AC inlet via an AC to DC converter which 

also known as battery charger. 

 

Figure 4.1 shows a conceptual system design overview and functional 

block description of an electric vehicle. It also lists down provisional 

specification on the various blocks. The specification will require to fine tune 

with the experimental results. 
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Figure 4.1: Conceptual System Design Overview and Functional Block 

Description 

 

 

 

 

4.2 Specification and Functional Block Description 

 

4.2.1 AC inlet 

 

There is available IEC standard on charging Electric Vehicle (EV). Please 

refer to appendix 3 for detail.  

 

The following data is adopted from appendix 3.   

 

Level 1: Home charging, max. 2.4 KW. For 23kWh EV example Ford Focus 

vehicles, this means 10 hours charging from empty to full 

 

AC to DC Converter 

1 

2 

IPC Controller 

3 

4 

5 

AC Inlet 
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Level 2: Fast AC charging, either 7KW (32A single phase) or 21 KW (three 

phase). If 7 KW is used it takes 3 hours charging from empty to full 

 

Level 3: Fast DC charging, up to 50 KW, which means 20min. charging from 

empty to 80% full (for DC charging, the last 20% take a very long time, so DC 

charging is usually measured up to 80%). 

 

For this project only AC inlet will be discussed as an AC to DC Converter has 

been included in the design concept. See also the input current requirement 

calculation for AC inlet to the AC to DC converter portion.  

 

 

4.2.2 AC to DC Converter 

 
 

 

This is basically a DC power supply with AC input as shown in Figure 4.2. 

 

 

 

     
 

Figure 4.2: AC to DC converter (DC Power supply) 
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Based on the 20A load: 

 
Figure 4.3 provide the understanding of the input current requirement for the 

IPC. 

 

 

 

Current required by the Intelligent Power Controller (IPC): 
 

Maximum input current = Maximum load (20A) + Maximum internal current 

consumption (Maximum charging current + Maximum operating current = 

4.3A) 

 

 

                       Figure 4.3: Input Current to the IPC 

 

 

AC to DC Converter Rating Calculation: 

 

Minimum rated output current required to provide by the AC to DC converter 

= Load Current (20A) + Maximum Internal current consumption of the IPC 

(4.3A) x 6 (for output of 144Vdc, 6 unit of IPC is required) = 45.8A 
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Take the minimum rate current as 50A (with some safety factor) 

 

Output power = 24V x 50A = 1,200.00 W 

If the efficiency of the AC to DC Converter is 94% and with 30% safety 

margin then the input current =   
����

�.��
×

�

���
× 1.3 = 6.91 A 

 

Hence, a home 3 pins plug power supply with 240Vac 13A is good enough for 

AC inlet 

 

4.2.3 Battery 

 

89 Ah for 20 hours rated battery as shown in Figure 4.4 is used. Detail 

specification please refer to appendix 2 

 

  
Figure 4.4: Lead-Acid Battery cell 

 

 

4.2.4 Intelligent Power Controller, IPC 

 

The application of Intelligent Power Controller (IPC) as shown in Figure 4.5 is 

to maintain or regulated the output voltage when it is in Battery Mode. Battery 

voltage fluctuations during discharge within the specify range (Minimum 9V 
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is required) will not affect the output voltage (below 9V will trigger the deep-

discharge protection). 

 

 
Figure 4.5: Intelligent Power Controller 
 

 

The output voltage when in battery mode can be set to four different output 

values namely 22.5V, 24V, 25V or 26V. With a center tap installed, two 12V-

batteries connected in series will be charged by two independent battery 

chargers. The battery is charged and monitor individually. This feature makes 

matching batteries unnecessary and allows for precise battery charging, testing 

and optimized usage of the battery capacity to achieve the longest battery 

service life. 

 

The IPC come with various batteries diagnostic functions that make 

sure it operates reliability. A temperature controlled charging with PT1000 

temperature sensor is included to extend the life of the batteries. A “replace 

battery contact” is provided when the battery fails the test battery signal. For 

safety and maintenance purpose, an inhibit input signal is included which 

prevents the battery to power the load.  Table 4.1 provides data on the 

performance of the IPC. To charge the battery, the IPC required to power by a 

24Vdc power supply. 
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Table 4.1: Performance on Intelligent Power Controller, IPC 

Efficiency Typically  99% Battery is fully charged. Full external load is 

connected (20A) / load is drawing 20A. External 

24Vdc power supply with minimum 20A capacity is 

connected. Output is maintained at 24Vdc. 

        

Power 

losses 

Typically  1.9W Battery is fully charged. No external load is 

connected. External 24Vdc power supply with 

minimum 20A capacity is connected. Output is 

maintained at 24Vdc. 

        

  Typically  4.8W External 24Vdc Power supply with minimum 20A 

capacity is connected. No external load is 

connected. The intelligence converter is charging up 

the battery where the battery is rated < 10Ah. 

Output is maintained at 24Vdc.  

        

  Typically  6.8W External 24Vdc Power supply with minimum 20A 

capacity is connected. No external load is 

connected. The intelligence converter is charging up 

the battery where the battery is rated > 10Ah. 

Output is maintained at 24Vdc.  

        

  Typically  4.6W Battery is fully charged. Full external load is 

connected (20A) / load is drawing 20A. External 

24Vdc power supply with minimum 20A capacity is 

connected. Output is maintained at 24Vdc. 

        

  Typically  4.2W External 24Vdc Power Supply is not connected. No 

external load is connected. Output is maintained 

24Vdc.  

        

  Typically  7.6W External 24Vdc Power Supply is not connected. 

External load is drawing 10A. The load is powered 

by battery where the output is maintained 24Vdc by 

the intelligence converter 

        

  Typically  21.3W External 24Vdc Power Supply is not connected. 

External load is drawing 20A. The load is powered 

by battery where the output is maintained 24Vdc by 

the intelligence converter 

 

 

SOC is determined simply by voltage measurement with PT1000 

temperature sensor providing the temperature data. In the absent of PT1000, a 

battery temperature of 40°C is assumed. 
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Functional Description on Intelligent Power Controller (IPC) 

 

 
Figure 4.6 shows the functional block of IPC.  

 

 
 

 

Figure 4.6: Functional block of IPC 

 

Power Supply 

240V AC inlet is required to power the AC to DC (DC power supply) 

converter as shown is Figure 4.7. Please refer to section 4.2 on DC power 

supply rating calculation. 

                                          
                                          

                      
 

Figure 4.7: AC to DC converter (DC Power supply) 
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Back Feeding Protection 

 

 

 
The output of IPC1 (refer to Figure 4.16 page 80) is connected to the input of 

IPC2 (refer to Figure 4.16 page 80) via a back-fed protection (MOSFET) as 

shown in Figure 4.9. In the battery charging mode, the output voltage follows 

the input voltage minus a small voltage loss across the MOSFET. In battery 

operation mode, the output voltage is maintained at a constant voltage, which 

can be selected from one of four voltages namely 22.5V, 24V, 25V, and 26V. 

 

Figure 4.8 is providing the relationship between input and output voltage and 

Figure 4.9 shows how the input-output voltage being measured and back fed 

protection by MOSFET 

 

 
Figure 4.8: Relationship between input and output voltage 
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Figure 4.9: Input to output voltage loss measurement setup and back fed 

protection by MOSFET 

 

 

Battery Charging Block 

 
The IPC is using a constant current / constant voltage (CC-CV) charging 

method. There are two built in individual battery charger. For individual 

battery charging by individual charge center-tap connection need to be 

installed. When the center tap is not wired, both batteries will be charged with 

one common charging voltage. The center tap connection is detected 

automatically by the IPC. When the charging reaches 85%, respective green 

“Ready” LED flashing and it is will be permanently on. At charging, the IPC 

will consume additional current from the input (maximum = 4.3A) as the 

description in section 4.2.2. 
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Temperature Sensor 

 

 

 

  
Figure 4.10: PT1000 temperature sensor 

 

 

 

When the PT1000 temperature sensor (Figure 4.10) is installed, the IPC will 

automatically detect the present of the sensor and the end-of-charge-voltage 

compensation is activated. If the PT1000 temperature sensor is not present, the 

end-of-charge-voltage will be fixed to a value by assuming the battery 

temperature of 40°C. 

 

Battery Size 

Battery size can be select. Figure 4.11 shows the selection specification 

 

 

 
 

Figure 4.11: Battery size selection specification 

 

Battery Diagnostic and Heath Status 

The IPC is equipped with various diagnostic and health status with contact 

output for controlling and remote monitoring purposes. 
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Ready Contact 

This contact is normally opened contact, will turn on if both batteries are 

charged above 85% and the input voltage is sufficient, no wiring failure is 

detected, plus the inhibit contact is not active. 

 

On-Load Contact 

This contact is closed (normally open contact) when the IPC is powered by a 

battery and no inlet source. 

 

Replace Battery Relay Contact 

This contact (normally opened contact) is activated when the individual 

battery failed the quality tests. It can be reset by turning on and off of the inlet 

source. When the battery failed, battery status green LED is off. In this 

situation, it is advisable to replace the battery as soon as possible.  

 

Battery Inhibit Input 

The inhibit input (refer to Figure 4.12) disables the current supply to the load. 

When AC inlet is connected and turns on, a permanent signal is required but if 

it is in battery mode a minimum 250ms pulse width is required to stop the 

current supply to the load. 
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Figure 4.12: Inhibit input 

 

4.2.5 Electric Motor 

 

Sample Specification on DC Electric Motor supply by Advance D.C. Motors, 

Inc (Model: FB1-4001; Voltage range: 144Vdc) is provided by Figure 4.14. 

For wiring diagram please refer to appendix 4.  

 

For the experiment, heater will be used as the load to replace electric motor. 

This heater (Figure 4.13) will be connected in series, parallel or combination 

to have different load current. The heater is used to simulate the motor (load).  

 

 
Figure 4.13: Heater is used to       

 simulate the load 

 

 

Every piece of heater is 10 Ohms. By connecting the heater in parallel and 

series, we can get 2.5A load, 5A load, 7.5A, 10A …20A and so on. 
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Figure 4.14: Typical FBI Type 9” Motor Performance 

 

 

 

Further technical information can be obtained from:  

 

http://www.evmotors.com.au/products/download/index.html 
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4.3 Conceptual 
 

 

The conceptual system desi

 

 

 

 

 

 

 

Legend 
= Ammeter

 

1: AC inlet 

2: AC to DC converter 

3: Battery 

4: IPC 

5: DC Motor 

 

Figure 

 

 

 

4.4 Downscale Experiment and Test Bench 

 

 

 
The conceptual system design is downscale

purposes. The downsca

setup are shown 

 

 

 

1 2 

AC 

Inlet 

AC / DC 

Converter 

 

Conceptual Hardware Design 

The conceptual system design hardware is shown in Figure 4.15

= Ammeter 

2: AC to DC converter  

Figure 4.15: Conceptual hardware design of the EV

Downscale Experiment and Test Bench  

The conceptual system design is downscale for testing and evaluation 

purposes. The downscales design is shown in Figure 4.16 

setup are shown from Figure 4.17 to 4.19 

…

… 

X 5 

3 4 

IPC IPC 
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design of the EV 

for testing and evaluation 

 and the test bench 
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Figure 4.17: Experimental test bench (Top: Without battery disconnect switch; 

AC 

Inlet 

 

 

Figure 4.16: Downscale design 

 

 

 

: Experimental test bench (Top: Without battery disconnect switch; 

Bottom: With battery disconnect switch)

IPC 1 IPC 2 
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: Experimental test bench (Top: Without battery disconnect switch; 

Bottom: With battery disconnect switch) 



 

 

 
Figure 4.18: Zoom in view on the test setup (Top: IPC Controller; Bottom: 

Battery) 
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Figure 4.19: Zoom in view on the load used 
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4.5 Experiment

 

4.5.1 Experiment #1

input voltage against output voltage

 

Objective: To evaluate the output 

changes 

 

The experiment is 

to Figure 4.6 on page 72

 

 

 

 

 

 

Procedures: 
 

 

a. AC inlet is 240V AC. AC to DC converter 

supply. 

b. Two units of IPC 

c. Each IPC required 2 twelve volt DC 

AC 

Inlet 

AC/DC 

Converter 

(DC Power 

Supply 

 

Experiments 

Experiment #1: Validate downscale design on the changes of inlet 

input voltage against output voltage (voltage to the load)

Objective: To evaluate the output voltage with respect to inlet voltage 

The experiment is set up as per Figure 4.20. Detail wiring connection can refer 

to Figure 4.6 on page 72 and Figure 4.20. 

 

Figure 4.20: Experiment hook up diagram

 

AC inlet is 240V AC. AC to DC converter is a 24V DC 20A DC power 

 

Two units of IPC labeled as IPC 1 and IPC 2 is required

Each IPC required 2 twelve volt DC batteries. Total 4 units of batteries

IPC 1 IPC 2 
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the changes of inlet 

(voltage to the load) 

with respect to inlet voltage 

onnection can refer 

 

: Experiment hook up diagram 

24V DC 20A DC power 

as IPC 1 and IPC 2 is required 

batteries. Total 4 units of batteries 



 

d. Each IPC required 1 sensor board come with PT1000 sensor 

e. Center tap connection on IPC is required. 

f. Use heater as a load. Start with the load current of 2.5A.  

g. Increase the DC power supply voltage from 25.5V to 28V DC in steps 

of 0.5V 

h. Take the following voltage measurement Vin, V1, V2, Vb11, Vb12, 

Vb21 and Vb22 with respect to the load current. Record the 

measurement. Evaluate and comment their behavior. Plot the curve and 

evaluate their relationship. 

 

Vin: Output voltage from the DC power supply also is the (input 

voltage to the IPC). Refer to Figure 4.20 

 

V1 and V2: Output voltage from the IPC. V1 is measurement taken 

from IPC1 and V2 is from IPC2. Refer to Figure 4.20 

 

Vb11, Vb12, Vb21 and Vb22: Terminal voltage from the battery. 

Vb11 is from IPC1 battery 1; Vb12 is from IPC1 battery 2; Vb21 is 

from IPC2 battery 1; Vb22 is from IPC2 battery 2; refer to Figure 4.20 

and 4.21 

 

i. Increase the load current to 5A than repeat (g) to (h). Next, increase the 

load current to 7.5A and 10A 

j. Load current is measured by ammeter as shown in Figure 4.20. 
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Heaters shown in Figure 4.21 will be used as a load. They are connected in 

series, parallel or combination in order to fulfill the load current required for 

the experiment. 

 

 
Figure 4.21: Heaters used as load 

 

 

Heater used as load.  

 

Measured Value: 
 

H1 = 10.00 Ω 

 

H2 = 9.90 Ω 

 

H3 = 9.90Ω 

 

H4 = 10.20 Ω 

 
 

a. For 2.5A load: Connection H1 and H2 in series. Load = H1 + H2 = 

19.90 Ω 

b. For 5A load: Use only H1. Load = 10.00Ω 

c. For 7.5A load: Use H1, H2 and H3. H1 and H2 connected in series 

than parallel with H3 [(H1 + H2) // H3]. Total load = 6.62 Ω 

d. For 10A load: Use H1 parallel with H2 (H1 // H2). Total load = 4.98Ω 

H1 H2 H3 H4 
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Detail connection on IPC and battery and their measurement points is 

shown in Figure 4.6 on page 72 and Figure 4.20 on page 83. 

 

 

 

 

 

Figure 4.22: IPC connection diagram and measurement points 

 

 

Figure 4.23: Measurement points on batteries 

Vb11 

Vb12 

Vb21 

Vb22 

IPC #1 

IPC #1 

Notation used: 
 

Vb11 is the voltage measured 

across battery 1 at IPC #1 

 

Vb12 is the voltage measured 

across battery 2 at IPC #1 

 

Vb21 is the voltage measured 

across battery 1 at IPC #2 

 

Vb22 is the voltage measured 

across battery 2 at IPC #2 

 

Vin: Input 

voltage to IPC 

V1: Output voltage 

from IPC 
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4.5.2 Experiment #2: Validate downscale design on the changes of battery 

input voltage against output voltage (voltage to the load) with no inlet 

supply. 

 

Objective: To evaluate the output voltage with respect to battery terminal 

voltage changes 

 

Procedures: 

a. Repeat all procedures in experiment #1 except there is no inlet power 

supply required. No supply from the AC to DC converter. The load is 

now powered by a battery pack. 

b. Take the reading every 10 minutes, that is from 0 minutes to 30 

minutes for load current 2.5A, 5A, 7.5A, and 10A. 

c. Take the same reading as described by (h) in experiment #1 

d. Plot the curve, evaluate and comment the results. 
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4.5.3 Experiment #3: Fault simulation 

 

Objective: To evaluate the diagnostic system of the design 

 

Procedures: 

 

a. Short Circuit Test with inlet input 

i. Use the set up for experiment #1. Make sure all power supply is 

turn off.  

ii. Short the two terminal of the load (heater) with a short jumper 

cable 

iii. Turn on the inlet power supply. Take the measurement of the 

load current. Observe the diagnostic LED and comment. 

iv. Remove the jumper cable and see what happen. 

v. Comment the observation 

 

b. Short Circuit Test without inlet input but powered by battery 

vi. Use the set up for experiment #1. Disconnect the inlet supply 

permanently throughout this test and make sure that all 

batteries are also not connected.  

vii. Short the two terminal of the load (heater) with a short jumper 

cable 

viii. Connect (turn on) all 4 batteries so that the load is powered by 

the battery. Take the measurement of the load current. Observe 

the diagnostic LED and comment. 
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ix. Remove the jumper cable and see what happen.  

x. Comment the observation 

 

c. Battery failure test 

i. Use the set up for experiment #1. Disconnect the inlet supply 

permanently throughout this test and make sure that all 

batteries are also not connected 

ii. Replace of the good battery with a failed battery 

iii. Connect (turn on) all 4 batteries (3 good batteries; 1 failed 

battery) so that the load is powered by the battery. Take the 

measurement of the load current. Observe the diagnostic LED, 

“replaced battery contact” and comment 

 

d. Inhibit input test 

i. Use the set up for experiment #1. Disconnect the inlet supply 

permanently throughout this test. Let the load only powered by 

the battery. 

ii. Apply 24Vdc signal to pin 7 and 8 of the IPC. Pin 7 to +24V dc 

and pin 8 to 0V. Pin assignment is given by Figure 4.24 

 

 

Figure 4.24: Inhibit signal pin assignment 
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iii. Record the load current before and after the inhibit input is 

activated. Observe the diagnostic LED. Comment the result and 

observation. 
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CHAPTER 5 

 

RESULTS AND DISCUSSION 

 

5.1 Results from experiment #1 

 

This experiment is carried out with inlet voltage turn on and all 4 batteries are 

connected and online.  Table 5.1, Table 5.2 and Figure 5.1 shows the result of 

experiment #1.  

 

5.1.1 Observation and discussion 

 

5.1.1.1 Load current  

 

From the  Table 5.1, it is observed that the calculated load current is always 

lower than the measured current. For example:  

At the load = 19.9Ω 

I = V / R 

Calculated load current = 2.55A    (50.74V / 19.9Ω) 

Measured load current = 2.62A 

The load used is a heater. Once is heated up the resistance will drop, therefore, 

higher current flow. When it is at room temperature the resistance reading is 

19.9 Ω but when is heated up the reading is about 19.4 Ω. This reading is 

changing as it is depending on its temperature when the measurement is taken.  
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As the input voltage increase (the inlet voltage V1 increase), the load current 

is also increased. The increase is linear as observed by the curve shown in 

Figure 5.1. This is normal as it followed Ohm’s law. 

 

Table 5.1: IPC’s  performance when is powered by inlet supply

 
Legend: 
Vin: Input Voltage   Vout: Voltage at the load 

V1, V2: Output voltage of the IPC 

V1 + V2: Output voltage of the IPC1 + Output voltage of the IPC 2  

Vb11, Vb12, Vb21, Vb22: Battery terminal voltageVoltage  
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5.1.1.2 Battery terminal voltage 

 

It is observed that with inlet supply on, all 4 batteries are being charged up. 

This is recorded in Table 5.1 column labeled as Vb11, Vb12, Vb21, and Vb22. 

For example: 

i. For load = 19.9Ω, the battery 1 at IPC1 (Vb11) is being charged from 

12.42V (when Vin = 28V) to 12.53V (when Vin = 25.5V). Take note that the 

experiment for the 19.9Ω load is started with 28V inlet voltage reduces in 

steps of 0.5V until 25.5V.  

 

ii. For load = 10.00Ω, battery Vb11 is being charged from 12.59V (when Vin 

= 25.5V) to 12.64V (when Vin = 28V). The experiment for 10.00Ω load 

started with inlet 25.5V inlet voltage increase in steps of 0.5V until 28V. 

 

Since all 4 batteries can be charged up within a short of time (see Table 5.1), 

using the examples (i) and (ii), it has charged up by 0.11V and 0.06V 

respectively. We also can conclude that all 4 batteries are healthy. 

 

Figure 5.1 shows the relationship on Vin versus load current; relationship on 

Vin versus V1+V2; and relationship on Vin versus Vout 
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Figure 5.1: Relationship between input and output voltages against load 

current  

 

 

5.1.1.3 Relationship on the Vout and V1+V2 

 

From the Table 5.2, labeled as “(V1+V2)-Vout”, it is observed that there is a 

significant voltage drop across the cable. With 2.62A load, the voltage drop is 

0.64V. When the load is increased to 10.95A, the voltage drop is 3.06V. In 

other words, as the load current increase, the voltage drop across the cable also 

increases. This could be explained by Ohm’s law. The different between Vout 

and (V1+V2) is the voltage drop across the interconnection cable 

 

 The cable resistance is 0.26Ω (taking average) which is consider high for a 

short cable. This is a valid reading as resistance does not change a lot with 
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different load current (range from 2.62A to 10.95A) as presented in the last 

column of Table 5.2.  

The cable resistance is further validated by using the length 10 times the 

original length. The voltage drop for 2.6A load is about 6V. This confirmed 

that the voltage drop comes from the cable resistance.  

 

It is also observed that the cable is heated up a little bit (just feel warm). This 

experiment also shows that for EV application, a good quality with a bigger 

core and low resistance cable should be used as the current for the EV is much 

higher than this experiment. 

 

5.1.1.4 Output voltage regulation 

 

From the Table 5.1 and Figure 5.1, it is observed when Vin increase; (V1 + 

V2) also increase. 

 

The lowest value of V1 + V2 (Min) = 50.40V 

The higher value of V1 + V2 (Max) = 55.73V 

Different V1+V2 (Max-Min) = 5.33V 

 

That means, with inlet supply (not powered by battery) the voltage regulation 

is depending on the AC to DC converter, not the IPC. IPC do not provide 

voltage regulation when the IPC controller is powered by inlet supply and in 

charging mode. That means for better control on output voltage regulation, an 

additional buck-boost converter is needed for overall voltage regulation. 
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Table 5.2: Voltage drop across the interconnection cables. 
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5.2 Result from experiment #2 

 

This experiment is carried out with inlet voltage off (without inlet voltage) and 

all 4 batteries are connected and online.  Table 5.3, Table 5.4 and Figure 5.2 to 

5.5 shows the result of experiment #2.  

 

5.2.1 Observation and discussion 

 

5.2.1.1 Load current  

 

From the  Table 5.3, similar to experiment #1,  it is observed that the measured 

load current is always higher than calculated load current due to the same 

reason that is load resistance reduce once being heated up. Lower resistance 

means higher current. 

 

For example:  

At the load = 19.9Ω 

I = V / R 

Calculated load current = 2.40A    (47.66V / 19.9Ω) 

Measured load current = 2.45A 

 

5.2.1.2 Battery terminal voltage 

 

It is observed that without inlet supply (inlet supply is off); the system is 

powered by the 4 batteries. All 4 batteries are discharging and they are able to 
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support the load. The terminal voltage of the individual battery (Vb11, Vb12, 

Vb21, and Vb22) can be found in Table 5.3. It is observed that all 4 batteries 

are discharging slowly.  

 

Discharge rate at 2.45A load for Vb21 (Db21) for 60 minute = 11.51 – 

11.43 = 0.08V 

 

Discharge rate at 9.72A load for Vb21 (Db21) for 60 minute = 11.96 -11.76 

= 0.22V 

 

The higher the load current the more the battery discharged. Battery discharge 

rate for all 4 batteries is recorded in Table 5.4. 

 

 Table 5.3: Measurement is taken when the load is powered by battery 
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Table 5.4: Battery discharge rate 

 

 

5.2.1.3 Relationship between the Vout and V1+V2 

 

From the Table 5.5, similar to the test done in experiment #1, it is observed 

that there is a significant voltage drop across the cable due to the same reason 

(Heat). The different between Vout and (V1+V2) is the voltage drop across 

the interconnection cable. 

 

The maximum voltage drop is 2.46V compare to experiment #1 which is 

3.06V. This is due to lesser load current as the output voltage (V1+V2) is 

regulated to 47.66V (compare to Experiment #1 which is 55.73V).  
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The cable resistance is 0.25Ω (taking average). There is 0.01Ω different 

compare to experiment #1. This also proof that the cable resistance for 

experiment #1 and #2 are valid as the different is very small.  

 

With the same reason, for EV application, a good quality with a bigger core 

and low resistance cable should be used as the current for the EV is much 

higher than these experiments. 

 

Table 5.5: Voltage drop across the interconnection cables when powered by 

battery 
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5.2.1.4 Output voltage regulation 

 

From the Table 5.3 and Figure 5.2 to 5.5, it is observed the output voltage 

(V1+V2) is maintained at 47.66V for the load current range from 2.45A to 

9.45A for 4 hours.  

 

From Table 5.3, the voltage at battery 1 (IPC1) Vb11 is above 12V dc 

throughout the experiment and the voltage at battery 2 (IPC1) Vb12, battery 1 

(IPC2) Vb21 and battery 2 (IPC2) Vb22 is below 12V dc throughout the 

experiment. With this voltage level, the output still maintained at 47.66 volts 

for a total of 4 hours. That means a change of load current does not affect the 

output voltage.  

 

The output voltage for IPC1 (V1) maintains at 23.83V indicate that the buck-

boost converter is functioning. The buck-boost converter is now working as a 

buck converter. 

 

 The output voltage for IPC2 (V2) maintains at 23.83V indicate that the buck-

boost converter is functioning. The buck-boost converter is now working as a 

boost converter. That means change battery voltage does not affect the output 

voltage.  

 

Buck-boost converter inside the IPC can regulate the output voltage in both 

situations that this changing loads current and changing battery voltage. The 
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change is 0.22V or 0.46% reference to 48V dc output with 0.12V drop (back 

feed protection diode) or 99.54% regulation. 

 

.  

Figure 5.2: Output voltage (V1+V2) maintain constant while the batteries are 

discharging (Load = 2.45A) 

 

 

Figure 5.3: Output voltage (V1+V2) maintain constant while the batteries are 

discharging (Load = 4.89A) 
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Figure 5.4: Output voltage (V1+V2) maintain constant while the batteries are 

discharging (Load = 7.26A) 

 

 

 

Figure 5.5: Output voltage (V1+V2) maintain constant while the batteries are 

discharging (Load = 9.45A) 
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5.3 Result from experiment #3 

 

5.3.1 Short circuit or overload test for (a): 

 

 
Figure 5.6: AC inlet power supply (AC to DC Converter) 

 

The overload protection of the AC to Dc converter is activated. A relay 

contact signal is activated to indicate the power supply is overload. When the 

system is powered by inlet power supply (Figure 5.6), the overload protection 

comes from AC to DC converter, not the IPC controller.  

 

5.3.2 Short circuit or overload test for (b): 

 

 

 
Figure 5.7: LED display pattern to indicate system overloaded 
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The overload protection of the IPC is activated. Yellow LED is turn on 

permanently to indicate the power supply is overload. See Figure 5.7. 

 

5.3.3 Battery failure test for (c) 

The test perform by experiment #3 (c) is to determine the health status of the 

battery. It is observed that when a failed battery is connected, the Green LED 

indicating the health of the respective battery will go off and the replace 

battery relay contact is activated. See Figure 5.8 for Battery health status LED 

and “Replace Battery Contact” location. 

 

 

Figure 5.8: Battery health status LED and “Replace Battery Contact” location. 

 

Green LEDs indicating the health 

of the battery.  

One for each battery.  

Battery healthy: On permanently 

Battery not healthy: The LED is 

flashing with a low frequency 

when one battery has failed the 

periodically performed battery 

quality test. The battery that has 

failed is indicated by the green 

LED which is off 

Replace Battery 

Contact is activated 

when the battery 

failed 
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5.3.4 Inhibit input test for (d) 

 

 

 
Figure 5.9: LED flashing at high frequency indicating that the inhibit signal is 

activated 

 

 

 
It is observed that when the inhibit signal is activated; there will be no power 

to the load and the yellow LED is flashing at high frequency as shown in 

Figure 5.9.  

The inhibit input is to disconnect the output of the IPC from the load on 

purpose. It is used to save battery capacity for example when EV is not in use 

for a long period of time no power will be delivered to the motor. This will 

also shorten the recharging time and battery discharge lesser. 
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CHAPTER 6 

 

CONCLUSION AND RECOMMENDATION 

 

Experiment #1 and Experiment #2 

The objective of experiment #1 and #2 is to evaluate the system output voltage 

with respect to source voltage fluctuation. Two sources are used here namely 

inlet and battery. The experiment carries out meet the objective. 

 

With inlet voltage: 

That means in charging mode, the output voltage to the load is regulated by 

AC to DC converter. All batteries are charging up. If this design will be using 

it for EV application it is important to make sure that the AC to DC converter 

has a good voltage regulation. The AC to DC converter used in this 

experiment provides 99.06% regulation at 10A load. 

 

With the load powered by battery: 

When the load is powered by the battery, the IPC managed to regulate the 

output voltage even with individual battery voltages fluctuation (battery cell 

imbalance). The regulation is 99.54% for 48V dc output with 0.12V drop due 

to back feed protection diode. 
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Recommendation: 

If the design will be implemented for EV application, one additional buck-

boost converter is recommended to be added to the design for overall voltage 

regulation.  

During the experiment, it is observed that high voltage drop across the 

interconnection cable. Therefore it is a good engineering practice to keep the 

cable as short as possible. On the other hand a good qualify, low resistance 

cable should be used. 

 

Experiment #3: 

The objective of this experiment is to evaluate the battery cell diagnostic 

function. The diagnostic tested are overload (or short circuit), battery failure 

and inhibit input. All test performed to give a positive result. 

 

Overload (or short circuit): 

Short circuit protection is provided by AC to DC converter when is in 

charging mode. While in battery mode, the short circuit protection is provided 

by the IPC.  

 

Battery failure: 

IPC is able to detect battery failure such battery cannot be charged, taking too 

long than expected to charge up. A battery failure or “replace battery contact” 

will be activated once the IPC detect the failure.  
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Inhibit input test: 

Once this signal is activated, the IPC will cut-off the supply to the load. This 

feature is catering for motor servicing.  

 

Recommendation: 

 

When battery failed, the IPC only provide “replace battery contact output” to 

inform the user to replace the battery. This is good but for EV application an 

indication is not good enough. Besides informing the user one of the batteries 

need to replace, it also needs to bypass the failed battery to continue function.  

 

The present design is using relay output. The response time of relay 

contact is too slow to use it to bypass the failed battery.  To use it for EV 

application, the design required to modify by using the battery “failed signal” 

to indicate battery failure and bypass the failed battery using a high speed and 

high power switch. MOSFET will be able to meet the requirement. 

 

It is worth exploring the application of “Inhibit input signal” in EV 

application. This input can be activated when the EV is in the idle situation 

(example when the EV stops and not moving). It helps to save battery 

capacity.  

 

Charging and discharging of the battery is very time-consuming. To 

speed up the design testing, it is recommendaed to test the design using 

standard simulation software available in the market, for example Matlab 

109 



 

Simscape, before prototype being build. Battery simulations can optimize the 

electrical system design of EV on their components used and their selection.  

. 
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Appendix 1: EUROBAT Guide 
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Appendix 2: Trojan Battery Data Sheet 
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Appendix 3:  Electric Vehicle Charging Standard 
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Appendix 4: Wiring Diagram for ADC Motor (Model FB1-4001 144Vdc) 
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