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ABSTRACT 

Hybrid electric vehicles (HEVs) and electric vehicles (EVs) are the most viable 

solutions to the undesirable high petroleum consumption by the present form of internal 

combustion engine driven vehicles. The varying requisites of HEVs and EVs have 

resulted in the advancement of battery technology in the area of chemical compositions 

such as electrode and electrolyte in addition to its electrical combination, control and 

protection schemes. The maximum utilization and protection of the battery is a challenge 

that needs to be tackled to improve its efficiency and reliability. 

A comprehensive study of the present battery technology has been performed in 

this thesis. The research is focused on battery modeling and its applications taking the 

complete electric drive train into consideration. Novel models and research perspectives 

have been proposed and analyzed. The scopes of increasing the accuracy of the present 

day battery management system have also been discussed. 
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NOMENCLATURE 

Generally 

given below. 

v^, vqs 

L'm 

l^s, I-*,-

Rs, Rr 

(Us. (Hr 

Tm 

Te 

h 

if 

H 

vter 

hat 

R\n 

symbols have been defined locally. The list of principle symbols is 

d- and q-axis rotor flux respectively 

d- and q-axis stator flux respectively 

d- and q-axis stator current respectively 

d- and q-axis rotor current respectively 

d- and q-axis rotor voltage respectively 

d- and q-axis stator voltage respectively 

Mutual inductance 

Stator and rotor inductance respectively 

Stator and rotor leakage inductance respectively 

Stator and rotor resistance 

Synchronous speed and rotor speed respectively 

Mechanical load torque 

Electromagnetic torque 

Torque producing current 

Field producing current 

Combined inertia of rotor and load 

Battery internal voltage 

Battery terminal voltage 

Battery current 

Battery internal resistance 

Battery capacitance 

Capacitor voltage 

xv 



1 INTRODUCTION 

1.1 Background 

The apprehension of the economic and environmental impact of fossil fuel combustion 

has accelerated the popularization of alternative renewable sources of energy. The 

transportation sector which is one of the highest consumers of fossil fuel and largest 

contributor of greenhouse gas emissions; due to the rapid increase in population, 

advancement in technologies, urbanization and industrial development is increasing at a 

rate much more than anticipated. The petroleum consumption by transportation sector has 

increased froml6 million barrels per day in 1971 to 37 million barrels in 2002. According 

to an estimate by the International Energy Annual, the global oil demand will spike up to 

121 million barrels per day by 2030, 54 percent of which will be consumed by 

transportation alone [1], The worldwide petroleum consumption, according to the 

research conducted by US Energy Information Administration, is shown in Fig. 1.1. This 

increased and inefficient use of fossil fuels by on-road transportation has led to the 

development of alternative fuel vehicles. Alternative fuel vehicles refer to the class of 

vehicles that are partially or solely powered by sources of energy other than fossil fuels 

such as bio-fuels, electricity or hydrogen. The target of all such vehicles is to minimize 

vehicle emission, increase sustainability and reduce strain on the environment. 

Battery electric vehicle (BEV) is one such form of alternative transportation that has 

Worldwide Petroleum Consumption 
1 0 0 T • • •• • . 

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2007 2010 

Year 

Fig. 1.1: Worldwide petroleum consumption. 
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the potential to become the most commercially successful technology amongst the 

numerous technologies proposed by researchers across the globe. BEVs use electric 

energy, stored in the form of chemical energy, to drive the vehicle, or share a 

considerable amount of power demand with the conventional internal combustion engine 

[2]-[4]. Depending upon the degree of power shared, the BEVs are classified into Hybrid 

Electric Vehicles (HEVs), which partly rely on the internal combustion engine, and 

Electric Vehicles (EVs) that are completely void of any form petroleum consumption [4]. 

Fig. 1.2 depict that the induction of these alterative vehicles and popularization of 

renewable energy will limit the steady rise in global temperature, preventing the dreadful 

ecological imbalance. However, past experiences with BEVs have often been poor and 

there are still a number of technological challenges in the area of battery technology that 

need to be addressed before a reasonable level of market success can be achieved. 

Currently, most of the batteries available in the market have serious constraints in 

delivering the desired driving performance, driving range and safety at a low initial cost. 

Therefore, the main objective of the proposed research is to analyze the performance of 

the batteries and push the envelope of the present battery technologies beyond what the 

automotive OEMs and suppliers are currently developing. The proposed research will 

address the inherent obstacles of batteries, which can result in significant improvements, 

facilitating the production of implementable solutions in the areas of efficiency, 

performance, and component volume and weight. 

Global Warming 

Fig. 1.2: Effect of technology on global warming. 
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The battery forms a very crucial component of the BEV drivetrain [3]. It provides the 

desired electric power to the traction motor in accordance with the driver's requirement. 

The battery properties widely vary with the chemistry as shown in Fig. 1.3. The battery 

should be capable of storing sufficient energy, offer high energy efficiency, high current 

discharge, good charge acceptance from regenerative braking, high cycle time and 

calendar life and abuse tolerant capability [3], [4]. It should also meet the necessary 

temperature and safety requisites. Although many different types of energy storage 

technologies are under development, batteries are currently used as the main source of 

electric power in all BEVs. The three main battery chemistries that find application in the 

automotive industry are: 

• Lead-Acid Battery 

• Nickel Metal Hydride Battery 

• Lithium-ion Battery 

The battery selection is primarily dependent upon its degree of dependence on the 

traction motors that drive the vehicle. For HEVs, where the power demand is shared 

between the motor and conventional internal combustion engine , the battery is sized by 

the peak power demand during vehicle acceleration [5]. Thus, the weight and volume of 

the battery for an HEV is determined primarily by its required pulse power density. In 

most cases, the corresponding energy density of an HEV battery is designed for a given 

power demand which is lower than EV batteries. For EVs, there has to be an optimum 

1000 

1W 1000 

Power Density 
10,000 

Fig. 1.3: Ragone plot. 



compromise between the energy and power density in order to deliver the desired driving 

performance without sacrificing the driving range. 

1.2 Research Objectives 

Battery technology is one of most important areas of research pertaining to the 

reliability and commercial popularity of this alternative form of transportation. Since, the 

invention of rechargeable energy storage, the research had been limited to the field of 

electrochemistry. Its application in the conventional internal combustion vehicles had 

been concentrated to the initial cranking of engine and lighting. But, with the introduction 

of BEVs, the power demands from battery have increased significantly leading to 

complexity and constraints relating to the overall battery and vehicular performance. 

Thus these wide scopes of usage have resulted in an increased research on the electrical 

aspect of battery operation. 

This research is focused on analyzing the battery operation and illustrating its 

characteristics, considering the variation in terms of chemical composition and power 

demands. The specific areas discussed in this thesis that contribute in the improvement of 

the overall battery performance are: 

• Battery Modeling 

• Battery Management System 

• Energy Source Optimization 

1.3 Thesis Outline 

This thesis is organized as follows: 

Chapter 2: This chapter discusses the present battery technology used in automotive 

applications. The different battery chemistries and the significance of their 

properties in relation to the application have been demonstrated. This chapter 

would give an understanding of the battery selection procedure for BEVs. 

Chapter 3: This chapter is based on battery modeling, which is the representation of 

battery operation and illustration of its characteristics. Although, this chapter 

will illustrate the different conventional modeling methods, the focus will be 

on electric circuit models due to its wide applicability and degree of 
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accuracy. The novel electric model done as a part of the Master's Thesis is 

presented in this section. The advantages of the proposed model have also 

been demonstrated. 

Chapter 4: This chapter is focused on the battery management system (BMS) that is 

responsible for battery safety by protecting the individual cells from surges, 

ensuring a better and improved performance in addition to a longer cycle and 

calendar life. The different battery management parameters that can enhance 

its performance have also been discussed. 

Chapter 5: This chapter deals the cycle and calendar life enhancement of battery by 

protecting it against the undesired transients it experiences during normal 

vehicular operation. The vehicular power demand has been distributed 

between ultracapacitor and battery during the transient period. The obtained 

results have also been thoroughly discussed. 

Chapter 6: The research findings of this detailed analysis have been presented in this 

section. The implications of this research have been discussed and the scopes 

of future improvements have been duly proposed. 
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2 ENERGY STORAGE IN AUTOMOTIVE APPLICATIONS 

The rechargeable energy storage forms a very crucial component of the electric drive 

train. The hybrid and electric vehicles have different energy storage requisites in 

accordance to their drivetrain configuration. The required energy storage for hybrid 

vehicles is generally much smaller than that of electric vehicles. For hybrid vehicles, 

which are mostly intended for urban use, the energy storage systems have high power 

density as they are equipped with an internal combustion engine to substantiate the 

energy requirements [3]. The HEV energy storage is also subjected to more rigorous 

cycling as compared to EVs. Moreover, the energy storage unit for HEVs should be small 

and light weighted in order to maximize the efficiency by optimizing vehicular mass. In 

mild hybrids, the storage unit is primarily used to assist the prime mover during sudden 

acceleration and hill climbing, while absorbing the brake energy by regenerative braking 

[3]-[5]. The full hybrids, in addition to the mild hybrid characteristics, have excess 

energy to drive the vehicle on complete electric mode for a very limited time before 

converting into the engine assist mode. Electric vehicles on the other hand, are 

completely dependent on the rechargeable energy storage as their sole energy producing 

unit. Thus the power density and the energy density become equally important requisites 

of the storage unit. In addition to these specific features, the energy storage units of both 

HEVs and EVs should be capable of offering high energy efficiency, high current 

discharge, along with good charge acceptance from regenerative braking, and must meet 

the peak power demands of the vehicle. The storage unit must also meet appropriate 

cycle and calendar life requirements, exhibit abuse tolerance to ensure safety and provide 

a cost effective solution for market acceptability. 

Battery is one such form of rechargeable storage unit that converts the electrochemical 

energy into usable electrical energy. In automotive application, batteries are the most 

commercially accepted reliable and mature technology as compared to its counterparts 

such as fuels cell and ultracapacitors [6], [7]. The recent advances in battery technology 

have fueled a surge in battery applications over a wide spectrum. With the increase in 

their operational diversity, the complexity and criticality have resulted in a vast scope of 

multidisciplinary research ranging from electrochemical design to electrical protection 

and thermal management. In this chapter, the battery operation and its important 
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parameters that are considered for automotive applicability are analyzed and discussed in 

detail. In addition, the different battery chemistries that find application in the present 

automotive industry have also been presented in this section. 

2.1 Battery Technology 

The battery is a collection of electro-chemical cells converting chemical energy 

directly into electrical energy via isothermal process having a fixed supply of reactants. It 

is broadly classified into 'primary' (that cannot be recharged due to irreversible chemical 

reactions) and 'secondary' (type rechargeable batteries) [6]. HEVs and EVs employ the 

latter; and several options, particularly lead-acid, nickel-metal hydride (NiMH) and 

lithium-ion (Li-ion) batteries, have been under consideration for this application. The 

detailed analysis of our research will be concentrated to the rechargeable battery 

technologies. 

2.1.1 Understanding battery operation 

The battery is an electrochemical device that converts chemical energy into electrical 

energy by means of electrochemical oxidation-reduction. Although, a battery is used to 

term a collection of individual electrolytic cells, a single cell unit is also referred to as 

battery. An electrolytic cell as shown in Fig. 2.1 is composed of a positive and negative 

electrode, called the cathode and anode respectively, immersed in an electrolyte that 

serves as a medium to permit ionic conduction between the electrodes. In addition, the 

cell has non-reactive components such as separators, collectors and container. Chemical 

oxidation and reduction take place at the electrodes releasing electrons. The maximum 

energy that is delivered by the chemicals is dependent on the change in free energy of the 

electrochemical couple [6]. 

During discharge, the active material is oxidized at the anode, giving up electrons to 

the external circuit as shown in Fig. 2.1. These electrons return via cathode where 

reduction takes place. When the cell is recharged, the electrons return via anode 

reconstituting the active materials. The voltage generation in the cell is due to oxidation 

that results in the displacement of charge. The theoretical voltage and capacity of the cell 

are functions of the anode and cathode materials. 
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2.1.2 Battery selection parameters 

The battery selection for any specific application is dictated by the consideration of 

performance, reliability and cost. The basic parameters that are used to determine the 

performance of a battery are given below [6]: 

A. Energy and Power 

• Coulombic capacity: It is expressed in ampere-hours and is the total quantity of 

electric charge involved in the electrochemical reaction. It can be calculated from 

the equivalent weight of the reactants. 

• Thermodynamic voltage: The standard potential of a cell is determined by the type 

of active materials and can be calculated from oxidation and reduction potentials 

of the reactants. It is also dependent on concentration and temperature. 

• Theoretical energy: This is the capacity per unit weight expressed in Whfkg. The 

theoretical specific energy is the maximum energy that can be generated per unit 

total mass of the cell reactant and depends on the electrode materials. The actual 

specific energy, however, is only a fraction of the theoretical energy. This is 

mainly due to the additional weight and volume of inactive components. The 

theoretical energy of a cell is determined by 

Watthour (Wh) = VxCap (AHr) (2.1) 

where Cap is the capacity of the cell. 

The battery does not discharge at the theoretical voltage due to internal losses and 

cannot completely deliver the theoretical ampere-hours. The specific energy can 

be expressed in volumetric terms (Wh/L), where "Z" is the volume. 

• Specific power: This is the maximum power per unit weight that the cell (or 

battery) can produce in a short time period and is expressed in W/kg. It mainly 

depends on the internal resistance of the cell. 

B. Energy Efficiency 

The energy and power losses during battery discharge appear in the form of voltage 

loss. The efficiency at a given operating point during discharge is therefore defined as the 

ratio of the cell operating voltage to the theoretical thermodynamic voltage. 

• Columbic inefficiency: This arises from the electric current wasted in non

productive side reactions such as corrosion of battery components. 
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• Voltaic inefficiency: The voltage required to charge a rechargeable battery is 

always greater than the discharge voltage. This difference is a measure of the 

voltaic inefficiency. 

C. Life of the battery 

• Cycle life: This is defined as the number of complete charge/discharge cycles a 

battery can perform before its capacity falls below 80% of its initial rated 

capacity. 

• Calendar life. This is the elapsed time before a battery becomes entirely unusable. 

In addition to these criteria, the battery selection is also dependent on the range of 

ambient temperature over which it is expected to perform satisfactorily. 

2.1.3 Battery performance factors 

The parameters listed above are used to adjudicate the performance of the battery and 

select the most appropriate combination in accordance with a specific application. These 

parameters are influenced by many factors, thus varying the battery performance [6]. The 

interaction of these factors results in a much greater effect than anticipated. Furthermore, 

for every cell or battery, the performance will differ between manufacturers along with 

variation in the production lot. The extent of this variability is also dependent on the 

manufacturing process control precision, application and level of battery usage. The 

major performance affecting factors are listed below: 

• Current drain of discharge: The battery performance is related to the rate of 

discharge current. With the increase in the current, the ohmic losses and 

polarization effect increase, thus reducing the discharge voltage and service life of 

the battery. 

• Mode of discharge: The battery can be subjected to three modes of discharge 

namely the constant current, the constant load and the constant load mode. These 

variations in discharge have significant effect on the battery performance. Thus, 

the mode of discharge is applied after performing appropriate tests for a specific 

application. 

• Battery temperature: The battery temperature during discharge has pronounced 

effect on its capacity and voltage characteristics. At lower temperatures, the 
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battery capacity decreases, the internal resistance increases, resulting in more 

losses and less efficiency. At higher temperatures, the resistance decreases, 

resulting in higher discharge voltage. But, after the optimum operating 

temperature of the battery, the chemical activity increases to an extent where it is 

rapid enough to cause a net loss in capacity. 

• Type of discharge: The battery can be subjected to continuous or intermittent type 

of discharge. The types of discharge result in certain physical and chemical 

changes in the battery that are reflected in its performance. When a battery stands 

idle, after undergoing a deep discharge, the voltage will rise after a rest period, 

giving a saw tooth shaped discharge and enhancing the service life. 

• Duty cycles: The variation in discharge current during a single duty cycle results 

in a significant variation in battery performance. Moreover, with the number of 

duty cycles, there results in permanent change in the chemical and physical 

property of the battery. These changes also affect the battery performance. 

• Charging mode: Similar to the discharging procedure, the different charging 

modes such as constant current, constant current constant voltage, constant 

voltages affect the battery performance. 

• Battery age and storage design: The physical and chemical properties change 

with the age and storage conditions of the battery. The self-discharge of the 

battery that varies with battery chemistry is generally low at lower temperatures. 

Some batteries tend to develop a passive film on the electrodes during prolonged 

storage, protecting the battery and increasing the service life. 

• Effect of battery design: The performance of a multi-cell battery is much 

dependent on the efficient cell design. The accuracy level of thermal and cell 

management brings a substantial variation on the batter performance, life, safety 

and reliability. 

Thus developing a battery technology with an acceptable combination of power, 

energy and life cycle for HEV and EV application continues to pose a constant challenge. 

Lead-acid batteries have been used in automotive applications since its day of existence. 

The present day HEV is equipped with a lead-acid battery to initiate the engine cranking 

in addition to a larger advanced battery pack. Lead-acid batteries due to their low 
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performance, do not find much use as the HEV or EV battery pack. NiMH batteries have 

been used in almost all commercial hybrids to date since they offer fairly good energy 

and power densities, long cycle life and abuse tolerance capability; however their cell 

efficiency is quite low with very high self discharge. Their life reduces with high depth-

of-discharge cycling and heat production becomes a concern at high temperatures. 

Lithium ion batteries, on the other hand, although still in the developmental stage, are 

now seen as the long term solution for automotive application. But concerns of high cost, 

low cycle life and thermal runaways have to be addressed before they can be used in 

commercial hybrids. 

2.2 Battery Technology in Automotive Applications 

2.2.1 Lead-acid batteries 

The automotive systems have been using lead-acid chemistry for the standard starting-

lighting-ignition for decades. The basic constructional feature of a lead acid battery as 

presented in the encyclopedia of alternative energy and sustainable living is shown in Fig. 

2.3. The typical lead acid battery has a cell potential of 2.1 V, gravimetric energy of 35-

50 Wh/kg and volumetric energy of 100 Wh/L. The basic reaction of the lead acid 

batteries is: 

Pb + P b 0 2 + H 2 S 0 4 = 2PbS04 + 2 H 2 0 (2.2) 

The most important constraint of the lead acid battery is its need for regular 

maintenance. This occurs when the battery is stored for a long period of time. Recent 

developments have diminished this backlog to an extent where they now can be used for 

low power HEVs and EVs. A major reason for the shortened life in lead acid batteries is 

sulphation. The electrolyte had been immobilized by using absorbent glass mat of highly 

porous microfiber construction and gelled electrolyte [6]. 
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Fig. 2.3: Lead-acid battery. 

Fig. 2.4: Lead-acid battery used in ZENN electric vehicle. 
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Fig. 2.4 shows the use of advanced lead acid battery in electric vehicle operating a 

traction motor of 5 kW. The most noticeable feature of lead acid battery is its extremely 

low internal resistance, resulting in lower voltage drop for a specific current. They are the 

cheapest rechargeable batteries available in the market. The low specific energy prevents 

it from application in long range applications. The lead acid batteries are limited to 

around 700 cycles. The shorter life of the road vehicles is the result of greater battery 

load. 

2.2.2 Nickel Metal Hydride batteries 

Nickel metal hydride batteries have dominated the automotive application since 

1990's due to their overall performance and best available combination of energy and 

power densities, thermal performance and cycle life. They do not need maintenance, 

require simple and inexpensive charging and electronic control and are made of 

environmentally acceptable recyclable materials. The basic NiMH reaction is: 

M(H) + 2NiO(OH) = M + 2Ni(OH)2 (2.3) 

The capacity of NiMH cell is relatively high but its cell potential is 1.35 V. The 

gravimetric energy density is about 95 Wh/kg and volumetric energy is about 350 Wh/L. 

NiMH batteries can have a cylindrical or prismatic construction. Fig. 2.5 shows a 

cylindrical NiMH battery. The low cost cylindrical construction can be manufactured 

faster and is used in application requiring less than 10 AHr. Cylindrical batteries typically 

have a low to moderate discharge rate providing high discharge demand for vehicular 

traction. Cylindrical batteries are only developed in metal casing such that the casing 

itself serves as the negative terminal and is electrically connected to the metal hydride 

electrode. Prismatic construction is used for application requiring higher than 20 AHr, 

whereas both cylindrical and prismatic configurations can be used for 10 AHr to 20 AHr 

range. Prismatic batteries consist of electrode stacks of alternating positive and negative 

electrode with immediate separators. HEV prismatic NiMH batteries are expected to 

deliver specific power of 500 W/kg or higher, for which the thickness of the electrode is 

kept small. Unlike cylindrical construction, prismatic design has both a positive and 

negative terminal at the top cover plate. Both metal and plastic cell cases are common in 

prismatic batteries used for vehicular applications. The concerns for NiMH are the low 
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specific power and energy as compared to lithium batteries. Due to the low cell potential, 

the number of cells increases, resulting in higher weight of the vehicle. Charge 

acceptance of NiMH is also a concern for the hybrid propulsion systems in addition to its 

high self-discharge. These batteries have serious limitations at cold temperatures, thus 

needing precise climate control system. Table 2.1 shows the summary of specifications of 

various batteries used in vehicles. However, Panasonic, the battery supplier for leading 

hybrid manufacturers such as Toyota, now offers metal case prismatic NiMH batteries for 

HEVs with specific power up to 1300 W/kg and specific energy of 46 Wh/kg. The 

Toyota Prius is equipped 

Safety vent 
Seal 

Steel case plate 

Positive plate 
Separator 
Negative plate 

Fig. 2.5: NiMH Cylindrical battery construction. 

TABLE 2.1 

SUMMARY OF BATTERY SYSTEMS FOR AUTOMOTIVE APPLICATION 

Battery Type Specific Peak Specific Efficiency Cycle Life Self Cost 

Energy Power Discharge 

(Wh/kg) (W/kg) (%) (%per48h) (Cdn$/kWh) 

Lead acid 

Nickel-cadmium 

Nickel-zinc 

NiMH 

Lithium-iron 

sulfide 

Lithium-ion 

35-50 

50-60 

55-75 

70-95 

100-130 

80-130 

150-400 

80-150 

170-260 

200-300 

150-250 

200-300 

>80 

75 

65 

70 

80 

>95 

500-1000 

800 

300 

750-1200+ 

1000+ 

1000+ 

0.6 

1 

1.6 

6 

n/a 

0.7 

144-180 

300-420 

120-360 

240-420 

130 

240 
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with a 201.6 V battery pack of prismatic NiMH. Each module consisting of six 1.2 V 

cells connected in series, having a capacity of 6.5 AHr. The specific power by 

Panasonic's NiMH module under varying operating temperatures can be seen in Fig. 

2.6(a). The specific power of the module increases at higher temperature due to increase 

in chemical activity and the battery can deliver up to 1500 W/kg at 40°C. The cycle life 

of the battery, shown in Fig 2.6(b), is close to 9,000 pulse cycles after which the battery's 

capacity reduces to 80% of its initial capacity. 
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Fig. 2.6: Performance characteristics of Panasonic NiMH module, (a) Specific power for varying 
operating temperature, (b) Change in internal resistance over the cycle life. 
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2.2.3 Lithium-ion batteries 

Lithium-ion batteries are the current promising alternative to the NiMH batteries due 

to their relatively higher specific power and energy density, low self-discharge, reduced 

volume and light weight [6], [7]. Their efficiency and single cell voltages are higher than 

any other battery technology available on the market. With a cell potential of 3.7 V to 4.1 

V, they are undoubtly the market leaders in terms of deliverables. Lithium ion batteries 

use lithiated transition metal oxides as the cathode and graphite as anode. The lithium ion 

chemical reactions are: 

LiMnCV) <=> Lii_xMn204 + xLi+ + xe_ (2.4) 

C + xLi+ + xe_ <=> Li^-C (2.5) 

L i M n 2 0 4 + C « L i x C + Lii_xMn204 (2.6) 

Lithium batteries only allow the passage of lithium ions across the separator, filling 

into the pores of the anode lattice. These batteries have a nearly reciprocal charge-

discharge characteristic. 

Many manufacturers including SAFT, Panasonic, EnerDel Inc. and Sony are involved 

in extensive research to develop commercially viable high performance lithium-ion 

batteries for hybrid vehicles with higher calendar life and reduced cost. A123 Systems 

have developed lithium-ion batteries for HEVs that exhibit drastic reduction in 

Fig. 2.7: Lithium ion battery pack used in Tesla electric vehicle. 
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impedance change even after 250,000 pulse cycles. The battery pack used in Telsa 

electric vehicle is shown in Fig. 2.7. Li-ion batteries tend to heat when overcharged 

which may cause failure with shortened life or melting of the battery. 

This property of lithium ion is termed as thermal runaway. Lithium-ion batteries need 

to be made tolerant to such electrical abuse before they can be used commercially in 

vehicular applications. The proper thermal management of these batteries is reflected in 

the high cost of the battery pack. General Motors is targeting a 100 L, 16 kWh Li-ion 

battery for its upcoming plug-in series hybrid Chevy Volt while BMW is launching Li-

ion powered 7-series hybrid. The development of high performance batteries will play a 

crucial role in the effective usage of the electric drivetrain in a hybrid traction system. 

This will, in turn, translate into a drastic reduction in fuel consumption due to the 

removal or minimized operation of the IC engine. Thus, the primary consideration while 

designing an electric drivetrain configuration, developing its supervisory control unit and 

improving the performance of battery packs is to maximize the utilization of the electric 

motor in the vehicle. The endeavor in the advancement of these technologies is to replace 

the gasoline powered mechanical propulsion with electric propulsion where electric 

motor is the only source of traction. Moreover, the increase in battery life, safety, 

reliability and charging easiness at low initial cost will render market success. 

2.3 Ultracapacitors 

In addition to the batteries, the scopes of ultracapacitors are also being looked into by 

researchers and automotive engineers due to its high power density and prolonged life. 

An ultracapacitor discharges in seconds delivering very high instantaneous power. Its 

high charge acceptance capability also makes it highly suitable for the regenerative 

operation of traction motors, a special feature of the electric drivetrain [4]-[6]. The 

Nissan Condor capacitor hybrid truck relies on a 583 Wh, 346 V ultra-capacitor modules. 

According to the current developments and research trends, ultracapacitors are also being 

used in conjunction with batteries to improve the battery performance and overall 

drivetrain efficiency. Unlike normal capacitors, which offers capacitance by winding 

great lengths of metal foil plates separated by dielectric film, ultracapacitors achieve 

charge separation in the order of ion dimensions (-10A) [6]. 
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The energy stored in capacitors is: 

Energystored = y~y.CxV (2.7) 

where C is the capacitance and V is the voltage. 

However, the constraints of high price and low specific energy have to be met in order to 

attain commercial stability. 

2.4 Comparative Study of the Energy to Power Densities of 

Rechargeable Energy Storage Systems 

The energy to power densities comparative study is the most important consideration 

for battery selection. These trends have been characterized in the laboratory and derived 

from constant power test data. The energy density is represented by JE and the power 

density is represented by yp [5]. The terms k\ is achieved from the high power rate 

discharge test and &2 from the slope derived from high minus low power rate test data. 

The relation is given by: 

• Lithium ion battery 

y £ =75-0 .025 7 / J (2.9) 

Nickel metal hydride battery 

7^=50-0.0357^ (2.10) 

• Lead acid battery 

7 £ = 5 0 - 0 . 2 Y / ) (2.11) 

• Ultracapacitor system 

7 ^ = 3 - 0 . 0 0 1 2 7 ^ (2.12) 

These equations are reflected in the Ragone plot shown in Fig. 1.3. It is evident from 

the equations that the energy density and power density of lithium batteries are much 

superior as compared to the other chemistries making it a forerunner in the automotive 

industry. 
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2.5 Summary 

This section discusses the different battery parameters that are taken into consideration 

for determining its characteristics. It also analyses the factors that determine the battery 

performance with respect to the battery parameters. This chapter provides substantial 

information on the present energy storage developments occurring in the automotive 

industry and justifies its future trends and requirements. 
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3 DEVELOPMENT OF BATTERY MODELS FOR 

ILLUSTRATION OF ITS CHARACTERISTICS 

As discussed in the previous section, battery is an electrochemical device that stores 

electrical energy in the form of chemical energy. The rate of consumption and behavioral 

characteristics of this energy varies unpredictably in accordance with the drivers need. 

Thus, the reliability of HEV/EV, which is highly dependent on the accurate knowledge of 

the battery's usable state-of-charge, becomes questionable, hindering its commercial 

popularity. Battery modeling is thus essential for the analysis of battery's dynamic 

behavior and predicting its state-of-charge for a given driving schedule [9]. The correct 

modeling of the battery will determine and describe its operational efficiency. Moreover, 

it will also increase its cycle time and calendar life, leading to higher economic pay back 

and increased consumer satisfaction. 

3.1 Battery Model Classification 

The battery is a very critical part of the electric drive train. It can ideally be 

represented as a simple voltage source with zero internal resistance. However, in reality, 

the battery internal parameters such as conductivity, resistance, rate of reactivity, active 

material decomposition etc affect its real-time characteristics. These internal parameters 

change along the charge-discharge cycle. Temperature, ageing, level of charge and 

discharge affect these internal parameters. The different battery chemical compositions 

also render variations in the internal parameters leading to a considerable dissimilarity in 

their charge-discharge characteristics. This charge-discharge characteristic of a battery 

can broadly be represented and explained by electrochemical models, mathematical 

models and electric circuit models [9], [10]. The mathematical models are capable of 

predicting the efficiency and capacity of a battery but their accuracy is questionable [10]-

[13]. Thus, this modeling method is least preferred. Electrochemical models are 

complicated and time consuming although they explain the basic physical characteristics 

of the battery [10]. There are many steady-state and impulse electro analytical techniques 

that determine the electrochemical parameters and assist in improving the battery 
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Fig. 3.1: Cyclic voltarametry. 

performance. Cyclic voltammetry is one of the most preferred electro analytical 

techniques as shown in Fig. 3.1. This method in spite of some ingenuity is able to identify 

reversible couples, transfer coefficient of an electrode process and provide tool to analyze 

complex electrochemical systems. The initial potential sweep is represented by [6]: 

E = Et-vt (3.1) 

where E\ = initial potential 

/=time 

v= rate of potential change 

The reverse sweep is given by: 

E = Ef+Vt (3.2) 

where v'= v 

The peak current shown in Fig. 3.1 is given by: 

0A4ll[Fl(A^Co4Dv 

'RT 
lP = (3.3) 

where / _ = peak current 

F= Faradays constant 
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A„= electrode area 

R= gas constant 

T= absolute temperature 

D= diffusion coefficient 

C- concentration 

Chronopotenitometry is another process that involves the study of voltage transients at 

electrodes upon which is imposed a constant current. It is also termed as galvanostatic 

voltammetry. Unlike the above mentioned methods, electrochemical impedance 

spectroscopy is a more direct method for studying the electrode process. It measures the 

change in the electrical impedance of the electrode. Polarography is one of the most old 

and widely employed methods [6]. The expression derived using this methodology is 

given below: 

Im = 607njDC%66667t°A6661 (3.4) 

where Im = mean diffusion current 

n = number of electrons involved in the overall electrode process 

D = diffusion coefficient of eletroactive species 

C = concentration of eletroactive species in nmol/L 

m= mercury flow rate, mg/sec 

td= mercury drop time,sec 

It can be evident from the above process that the electrochemical models render 

detailed information of the battery operation illustrating its characteristics. But the high 

time makes it unsuitable for real time application. Moreover, it analyses the battery 

operation as a single entity with no scope of test across the other electrical drivetrain 

components. Unlike mathematical models, electric circuit models are more accurate and 

can also explain the V-I characteristics in relation to the internal parameters .Thus 

electric representation is necessary in order to substantiate the electrochemical changes in 

batteries, increase their life span and facilitate the designing of efficient battery 

management systems and electric drive trains. 
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3.2 Electric Circuit Model Classification 

The electric circuit representation of a battery is composed of the basic electrical 

elements such as resistance and capacitance. These electrical elements are arranged in an 

order that illustrates the losses occurring in the battery, reflected by the terminal voltage, 

and matches the obtained charge-discharge characteristics. Literature depicts the proposal 

of various electric models that consider certain real-time operating constraints into 

account while explaining the battery characteristics [10]-[15]. The different basic electric 

circuit models have been discussed in the following section. The battery voltage to 

current relationship is shown in Fig. 3.2. 

At real time operation, the voltage of the battery is measured on loaded condition. 

Thus, it is obviously lower than the open circuit voltage due to the presence of internal 

losses. These losses are broadly classified as 

• Polarization losses: The losses that take place at the electrodes. During battery 

operation, there is a shift in potential of an electrode away from the reversible 

value termed as electrode over potential [6]. This electrode over-potential is 

composed of active and concentration over potential. These over potentials result 

in voltage drop at the electrode. Batteries use depolarization substances like 

manganese di-oxide to minimize these losses. 

Current 

Fig. 3.2: Voltage-current behavior of electrochemical cells. 

24 



• Ohmic (resistive) losses: the losses due to the current flowing, recorded mainly in 

the current collectors, electrolyte and active masses. 

The resultant voltage during charge and discharge is given by: 

V,=V-n IR 

Vcd=Vr+n +n +IR 

3.5) 

(3.6) 

where Vj and Vcj are charging and discharging voltage, Vr is the potential between the 

electrodes and / and R represents the battery current and internal resistance respectively. 

3.2.1 Ideal Model 

According to the ideal electric circuit representation of a battery as shown in Fig. 

3.3(a), it is a simple voltage source with zero resistance. Here, Vin, which signifies the 

theoretical generated voltage, is received across the terminals. The Vin vs V,er graph 

corresponding to this model, shown in Fig. 3.3 (b), is highly unrealistic. Thus, this model 

is discarded for any practical application. 

+ 

(a) 

(b) 

Fig. 3.3: (a) Ideal electric circuit model (b) Battery terminal voltage (Vter) as a function of internal 

generated voltage (Vin). 

25 



The theoretical voltage is the difference between the potentials of the positive and 

negative electrodes. This is also termed as the standard cell voltage. It can be obvious 

from Fig. 3.2 that the internal parameters of the cell that result in the real time 

characteristics are absent. Here the theoretical voltage is proportional to the terminal 

voltage with no internal drop and losses. 

3.2.2 Linear Model 

In the linear model, as shown in Fig. 3.4, an internal resistance is added to the circuit 

in order to justify the real-time characteristics [12]. The resistance represents the total 

internal losses that take place in a battery. This resistance, which is assumed to be fixed, 

is independent of the level of charge and temperature. The green dotted line shown in 

Fig. 3.5 represents the Vin vs Vter characteristics of the linear model. The red line is 

considered as a reference, representing the ideal battery operation. We can conclude from 

the graph that due to the fixed internal resistance, the Vin vs Vter variation is linear but 

there is a constant variation between the two voltages, substantiating the losses occurring 

in the battery. It is represented as: 

a 

-WW\A-
Rin + 

4 

ha 

Fig. 3.4: Linear electric circuit model. 

s 

Vtt 

Fig. 3.5: Battery terminal voltage {Vtei) as a function of internal voltage (f',„) for a linear model. 
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Yter = vin-RinxIbat (3-7) 

This model is a simple representation of the real battery operational characteristics. It 

is unable to predict any transient occurring in the battery [10], [12]. This model fails to 

consider many important real-time constraints as discussed in Chapter 2 that have ample 

influence on the battery performance and its charge-discharge characteristics. 

3.2.3 Thevenin Model 

The Thevenin model shown in Fig. 3.6 has an overvoltage protection incorporated in 

addition to the linear model. The Thevenin model is applicable for a fixed state-of-charge 

and constant open circuit voltage [10], [12]. Unlike linear models, it can predict the 

transient responses. The Thevenin model consists of an ideal no-load battery voltage 

(Yin), internal resistance (/?,„), capacitance (C,h) and overvoltage resistance {Rth)- Cth 

represents the capacitance of the parallel plates and Rth represents the non-linear 

resistance contributed by the contact resistance of plate to electrolyte. An increase in the 

number of parallel RC networks can increase the accuracy of the predicted battery 

response. However, as the SOC and time-constant are dependent on cycle number and 

temperature, prediction errors for estimating run time and SOC tend to be high. Thus the 

main disadvantage of the Thevenin battery model is that all the elements are assumed to 

be constant although in reality all the values are functions of battery conditions. 

Rth 

I—\MW—i 

+ 

Rin 

VW\AA-
Cth 

^~ 

ha 

Fig. 3.6: Thevenin electric circuit model. 
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3.2.4 Impedance model 

The impedance-based model shown in Fig. 3.7, employ the method of electrochemical 

impedance spectroscopy to obtain ac-equivalent impedance model in the frequency 

domain [6], [10]. It then uses a complicated equivalent network (Zac) to fit the impedance 

spectra. The fitting process is difficult, complex, and non-intuitive. In addition, 

impedance-based models only work for a fixed SOC and temperature setting, and 

therefore they cannot predict dc response or battery runtime. 

3.2.5 Run time based model 

The runtime model as shown in Fig. 3.8 is one of the most practical models that have 

been improvised by researchers for predicting the runtime of the battery under real time 

conditions [12]-[15]. Runtime-based models use a complex circuit network to simulate 

battery runtime and dc voltage response for a constant discharge current. 
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Fig. 3.7: Impedance model. 
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Fig. 3.8: Runtime based model. 
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3.3 Novel Battery Model Development 

The models discussed in the previous section have been developed by taking certain 

battery chemistry into account, matching their charge-discharge characteristics. The 

proposed model is based on the positive attributes of these basic conventional electric 

circuit models. 

3.3.1 Research Objective 

As mentioned in Chapter 2, the automotive industry uses a variety of battery 

chemistries for HEV/EV applications. Each chemical composition has its own unique 

properties that are reflected in their respective charge-discharge characteristics. 

Furthermore, the electric circuit models discussed in the previous section varies with the 

real-time constraints that have been taken into consideration. These deviations have lead 

to the proposition of numerous models, increasing the complexity and ambiguity in terms 

of reliability and effectiveness. In order to address this concern, the proposed model is 

developed on the basis of the research objectives mentioned below: 

• Development of an electric circuit model that is applicable for different 

chemistries with minor modifications 

• Scope of simplification of the model in order to apply it in conjunction with other 

electric drive train components 

• Charge-discharge characteristics illustration under real-time operating conditions 

3.3.2 Proposed Model 

The proposed model as shown in Fig. 3.9 is focused on illustrating the terminal 

voltage and V-I characteristics of the battery. The battery model takes into consideration 

the open-circuit voltage, the current and the cycle number for a steady charge-discharge 

cycle. The runtime model of the battery is shown in Fig. 3.9 (a) and the model to analyze 

its charge-discharge characteristics is shown in Fig. 3.9 (b). The voltage drop across the 

battery is explained with the help of internal resistances. The effect of heat, generated due 

to the in-vehicle and external attributes, on the internal resistance has been neglected. Vin 

is a current controlled voltage source used to represent the battery voltage variation with 

the charge and discharge current. Rsj is used to characterize the losses that occur in a 
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battery stored for a long time. Although the effect of Rscj is negligible when the battery is 

connected across the load, it differs widely with the chemical compositions of the battery. 

The self discharges for NiMH batteries are 15%, while the lithium ion batteries have rates 

as low as 3% under room temperature. 

The capacitor Ccap represents the charge of the battery. It charges and discharges with the 

charge and discharge current thus representing the instantaneous state of charge Voc. haM 

the current flowing through the circuit during charge or discharge of the battery. The 

amount of charge stored in the capacitor is a function of hat- The resistance Rser in series 

with the parallel RC networks (R\, C\ and R2, Ci) as shown in Fig. 3.9(b) has been 

incorporated from the Thevenin electric circuit model. This RC network is used to predict 

the battery response to transient loads for a fixed SOC. Increase in the number of RC 

networks would increase the accuracy of the transient response but for ease of calculation 

only two RC networks have been considered [10]. Rc and Rj are the charging and 

discharging resistances respectively while Rco and Rd0 are overcharge and over discharge 

resistances. The considerations of the charge-discharge resistance and the overcharge, 

over discharge resistance have been discussed in [10]. The diodes ensure that the 

resistances corresponding to the charging and discharging of the battery act separately. 

Voc is a voltage controlled voltage source that signifies the state-of-charge of the battery. 

(a) 
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Fig. 3.9: Proposed model. (a)Run-time determination (b) V-I characteristics determination. 

3.3.3 Capacitive representation and illustration of the proposed model 

The discharging capacity of the battery is represented by the capacitor Ccap- The model 

to illustrate the V-1 characteristics as shown in Fig. 3.9 (b) is further improved as shown 

in Fig 3.10. This time-constant for the battery is derived from the charge-discharge 

characteristics. The permissible operating range of the battery varies with the chemistry, 

battery management system design and energy management system precision. The 

voltage ratings and capacity of the battery are provided by the manufacturer's data sheet. 

The capacitor has been calculated on the basis of this provided information. 

We know 

1 Ah = 3600 Columbs (3.8) 

Q = CV (3.9) 

where AHr is the charge of the battery, Q is the charge stored in the battery and V 

is the cell voltage, similar to the cell being used in HEV/EV. The value of the resistance 

changes along the charge-discharge cycle, according to the charge present and the current 

flowing through it. The internal resistances are a function of the state-of-charge for the 

given proposed model. The state of charge is calculated by 

SOC = Q-\i{f)dt 
0 

(3.10) 

31 



The initial voltage across the capacitor is that of the battery at full charge. The capacitor 

charges or discharges according to the direction of battery current. 

The proposed model thus can be used to accurately validate batteries of different 

chemistries of different ratings by modifying the time constant, and the value of the 

capacitance. It can similarly be used to model the working of an ultracapacitor. The 

electric circuit models are developed to justify the charge-discharge characteristics of a 

battery. A generic discharge graph of a battery is shown in Fig. 3.11. The significance of 

the electrical components considered for the proposed model is justified in this figure. 

The curve has been separated into seven zones each identifying a certain stage. Zones 1 

and 5 represent the linear drop of the voltage represented by Rser and Rjc & Rc. The zones 

2 and 4 are the transients, which have been represented by the two RC components. Zone 

3 is the steady stage, which forms the most optimum operating region of NiMH and li-ion 

batteries. It is the normal HEV operating region. Moreover, zone 6, represents the 

capacity of the battery which is represented in the electric circuit as Ccap. 

O 

Rc+Rco 

n/WWH<h n/WWh 
R, 

h-wwv^H 

Rd+Rdo 

Ibat 

c, 

R2 

n/WWS 

c2 

Fig. 3.10: Capacitive representation of the battery model. 
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3.3.4 Methodology 

The proposed model has been simulated in a Matlab/Simulink environment as shown 

in Fig.3.12. The assumptions for this model are: 

1. The self discharge resistance is negligible at loaded operation. 

2. The internal resistance varies along the charge-discharge cycle. 

3. No Peukert effect. 

4. The charging and the discharging characteristics are assumed to be identical. 

The model is initially simulated against a DC machine that works both as a generator and 

motor depending upon the power demand and state-of-charge of the battery. The battery 

terminal voltage is operated in an optimum region within the full charge voltage and 

permissible discharge voltage for real time operation of the vehicle. It has been assumed 

that initially the battery is completely charged. The battery is discharged by providing 

power to an external load (similar to the operation used in [8], in order to validate the 

model under similar conditions, with some more precise improvements as per recent 

developments) until it maximum discharge. The battery is never completely discharged 

under real operating conditions, but in order to analyze the voltage drop across the 

complete state-of-charge range, it is pushed to its limits. The generated current provides 

power for both the external load and the battery. The changing of the DC machine from 

the generator and motor modes need to be precise in order to prevent overcharging or 

over-discharging of the battery. 

Depth-of-discharge 

Fig. 3.11: Battery model illustration. 
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The internal generated cell voltage is always constant, but the terminal voltage varies 

with the varying resistance at different state-of-charge. The terminal voltage is also 

dependent upon the direction of the current. The rate of charge acceptance by 

regenerative braking is neglected while validating the proposed model. The capacitive 

nature of the battery also has a dependence on the machine parameters which needs to be 

precisely optimized in order to improve the overall efficiency. 

The proposed model is then validated against an absorbed glass Mat VRLA industrial 

battery block, EV31A-A, shown in Fig. 3.14, manufactured by Discover Energy Corp. 

This battery has an extended temperature range of -40 °C to 60 °C and is used in electric 

vehicles. The battery supplies power to a constant load of 110 A. The load current 

represents the 7 hp induction motor present in the electric drivetrain of the ZENN electric 

vehicle that houses the battery pack. When the battery terminal voltage drops below a 

pre-determined permissible level, the 7 hp, 210 V induction machine connected across it 

instigates the charging. The battery pack parameters are shown in Table 3.1. The 

parameters of the induction machine connected to the battery are given in Table 3.2. The 

capacitive representation of the battery has been modified according to the battery 

parameters. The proposed model is also tested against the lithium batteries considering 

their thermal effects in order to justify its validity. 

TABLE 3.1 

EV31A-A BATTERY PARAMETERS 

Parameters 

Rated Voltage 

Internal Resistance @ 20°C 

Selfdischarge@20°C 

Optimum Operating Temperature 

Short Circuit Current 

Minutes of Discharge @ 75 A 

End Point Cell Voltage 

Temperature Compensation 

Value 

12 Volts 

3.9 mOhms at full charge 

<3% of capacity per month 

-20°Cto60°C 

3100 Amps 

60 minutes 

1.65 Volts 

-30 mV/°C for cyclic use 
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TABLE 3.2 

INDUCTION MACHINE PARAMETERS USED FOR MODEL VALIDATION 

Parameters 

Rated Power 

Rated Speed 

Rated Voltage 

Mechanical Torque 

Stator Resistance 

Stator Inductance 

Rotor Resistance 

Rotor Inductance 

Mutual Inductance 

Total Inertia 

Value 

5,222 W 

4,000 rpm 

210V 

20N.m 

0.435 Q 

2.2 mH 

0.816 Q 

2mH 

69.31 mH 

0.089 kg.m2 

3 HP - 209 V 
SO Hi - 1725 rpm 

Fig. 3.12: Detailed view of the Matlab/Simulink model. 
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Fig.3.14: EV31A-A battery used in ZENN vehicle. 

3.4 Results 

3.4.1 Simulation results for NiMH battery 

The results are obtained by simulating the proposed model to analyze a 6.5AHrr 

NiMH battery. The battery is initially allowed to discharge completely under a constant 

load, i.e. the state-of-charge is allowed to be reduced to zero by inhibiting the generator 

operation. It is performed for the analysis of the change in internal resistance across the 

complete SOC range. It is observed that a steady gain in the battery internal resistance 

takes place along with the discharge. The terminal voltage with respect to the internal 

resistance is shown in Fig. 3.15. 

Fig. 3.16 shows the variation in internal resistance till the discharge capacity reaches 

85% of its rated value. The rate of increase of the internal resistance accelerates after 

attaining a 15% degree of discharge. This rate of increase is dependent on the rate of 

charge and discharge. In Fig. 3.17, the variation of the terminal voltage with repsect to 

the battery current is shown. Here, the terminal voltage is allowed to operate within a 

calculated range with a certain degree of overdischarging. This is due to the reaction time 
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Fig. 3.15; Battery terminal voltage (Vter) as a function of internal resistance. 
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Fig.3.16: Internal resistance drop as a function of SOC. 
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between the motor to generator transition.The generator pick-up time that is required to 

produce enough power to meet the load demand and to charge the battery is dependent on 

the external applied torque and machine parameters. It should be noted that Ibai becomes 

zero when Vter reaches 1.12 V as the DC machine shifts from motor mode to the 

generator mode. The internal resistance variation that is reulting the loss is shown in Fig. 

3.18. 

3.4.2 Simulation results for Lead-acid battery 

The maximum permissible discharge voltage of the 400 V battery, in accordance with 

the end point cell voltage of 1.65 V, is limited to 330 V. According to the manufacturer's 

data sheet, the battery will be completely drained off in a time span of 40 minutes when 

connected across a constant load of 100 A. In order to precisely analyse the variation in 

resistance, the voltage drop has been limited to a range of 6 V. Fig. 3.19 shows the 

charge-discharge pattern of the battery, which is almost linear. The capacity of the battery 

has been reduced considerably in order to attain the requisite voltage drop for the analysis 

of the internal resistance. The voltage loss is analogous to the lead acid battery discharge 

curve Fig. 3.20. The difference in the rate of voltage drop is justified on the account of 

different machine parameters. 
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Fig.3.I9: Charge-discharge of the lead-acid battery. 
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Fig.3.20: Battery discharge curve. 

3.4.3 Simulation results for Lithium ion battery 

The simulation has been limited to a region of optimum operation of 201.6 V and 198 

V for a constant voltage DC machine. The initial loss across the resistance is in 

accordance with the temperature and charge-discharge cycle. 

The variation of the overall internal resistance with time is shown in Fig. 3.21. This 

overall resistance is a result of the combined effect of the individual cell resistance (Rc, 

Rco and Rj, Rdo) and the battery pack resistance. It has been observed that the resistance 

decreases due to the proliferation of the cell reaction with the increasing temperature. The 

variation of temperature along the charge-discharge cycle is shown in Fig. 3.22. It is the 

overall battery pack temperature as incorporated by the combination of negative 

temperature and positive temperature coefficient thermostats. The control algorithm takes 

into account the cumulative effect of the increase in temperature and rate of cell 

reactions. The result shows an increase in the rate of temperature along with the time of 

operation. 
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Due to this decreasing resistance, the voltage drop, as shown in Fig. 3.24, is reducing 

with time and temperature signifying an increase in battery performance. The initial 

sudden increase in voltage drop is a result of the cell reaction initiation. It should be 

noted that the simulations had been initiated for battery operation at room temperature i. 

e. 25 °C. 

The temperature gradient increases with the charge-discharge cycle as shown in Fig. 

3.25. As the safe operating range of Li-ion batteries are limited to 45°C, the rate of cell 

reactions decreases with further increase in temperature. With no effective cooling, the 

temperature increases linearly with time after attaining 45°C as shown in Fig. 3.24. The 

battery pack, which has been modeled with a positive temperature coefficient of 

resistance, now limits its performance and safety. It can be inferred that the positive 

affect of cell reactions on the overall performance is limited to 45°C. The ageing effect, 

signifying the irreversible change in the active material composition of the battery and 

leading to a decrease in the internal voltage can be justified. Ageing is more prominent 

with the increase in number of charge-discharge cycles. This phenomenon is also 

aggravated by the rapid rise in temperature. The model thus can predict the life-time of 

the battery for a given operating temperature range. 

3.5 Summary 

The proposed model can analyze the variation in the internal resistance of the battery 

which accounts for the terminal voltage pertaining to the real time operation of the 

electric drivetrain. The proposed model can be also used for different battery ratings and 

chemistries used in the HEVs/EVs with minor modifications, according to their 

respective charge-discharge characteristics. The capacitive representation of the battery 

renders a better understanding of the battery operation. The variation of internal 

resistance in accordance with the state-of-charge and discharge rate of the battery has 

been verified. The variation in load also affects the internal resistance. It has been 

observed that the internal resistance increases almost proportionally at lower SOCs, thus 

allowing for a faster discharge. It is hence recommended to maintain an optimum range 

of SOC depending upon the load connected across the battery, in order to prevent abuse. 

Temperature has immense effect on the internal resistance of the battery which in turn 
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accounts for its performance. The proposed model incorporates this temperature 

dependency and illustrates the battery performance based on the derived results. The 

terminal voltage has been justified with the variation in resistance of the cell and battery 

pack with time, number of charge-discharge cycles and temperature gradient. The 

discrepancy between the obtained overall resistance across the battery pack and 

accumulation of individual cell resistance is justified by the proposed model. The 

efficient operating range of the Li-ion cells which is limited to 45° C is explained with the 

help of the proposed model. The cell reaction acts as the determining factor for the 

overall internal resistance. After 45° C, the internal cell resistance increases drastically, 

resulting in rapid increase of temperature. In absence of proper protection, this thermal 

abuse can result in thermal runaway, leading to self destruction. Thus the BMS, which is 

essential for proper monitoring and protection of the battery, will be discussed in the 

forthcoming chapter. 

3.6 Research Significance 

The proposed research provides an improved understanding of the battery 

characteristics. It is also designed for application with variable battery chemistries with 

minor modification. The model can be successfully used illustrate the lead acid, NiMH 

and Lithium-ion battery properties shown in Fig. 3.20. The model is flexible in order to 

simulate the different battery characteristics, explaining their individual characteristics. 

The model simplification facilitates an improved and easy application of the battery 

models discussed in Chapter 4. The broaden scopes of application helps in better 

understanding of the battery operation and the electric drivetrain. 
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4 APPLICATION OF BATTERY MODELING IN ELECTRIC 

DRIVETRAIN 

As discussed, HEVs/EVs are the most efficient solutions to meet this emerging fuel 

crisis. It has two power sources, namely the internal combustion engine (ICE) and battery 

that meets the drivers varying demand. Moreover, regenerative braking used to charge the 

onboard battery system also reduces the loss of brake power in the form of heat. These 

developments lead to a cheap and low emitting means of transportation. The electric 

propulsion system requires energy storage systems having turn around efficiency of about 

90% [3]-[5]. In cases where this efficiency is less than 90%, hybridization would be 

completely wasted. The main challenges in this path of development are battery and 

battery management system (BMS) [16]. The overall efficiency of battery and battery 

management system accounts for the success of the vehicle. Thus the increase in charge 

retention, utilization and life of the battery would boost the reliability of the HEV/EV. 

The distribution of the required power demand among the two power sources is 

dependent on the capacity of the battery and the power rating of the traction motor 

attached to the transmission. The effective reduction in the size of ICE, which in turn 

accounts for the amount of fuel consumed, is thus dependent on the capacity of the 

battery. The battery and motor thus forms a very critical part of the HEV/EV drivetrain 

[17]. 

HEVs/EVs have been using variety of traction motors such as DC motor, induction 

motor (IM) and permanent magnet synchronous motor (PMSM) [18]. In recent times, the 

commercial feasibility of switched reluctance motor (SRM) in HEV/EV application is 

also being tested [19]-[22]. All the above mentioned motors are selected on the basis of 

their efficiency in accordance with the vehicular payload and degree of hybridization. 

The battery performance, which is a crucial factor in determining the reliability of 

HEV/EV, is subjected to an unpredictable power demand variation at every instant [23]. 

The battery discharges by providing the necessary power to the motor which in turn 

charges it by the means of regenerative braking. This charging-discharging rate is 

dependent on the motor type and its power rating. These characteristics are also 

dependent on many factors such as chemical composition of the active materials, the 

operating temperature and the number of charge-discharge cycles. In order to prevent 
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damage and maintain an optimum performance, the HEV battery has to have a very 

prdcise battery management system. Thus, the analysis of minor variations is essential to 

determine the control parameters of the battery management system (BMS) [23]-[30]. 

Battery modeling plays an important role in the determination of these battery 
i 

parameters. The model can be connected across the conventional motor models in order 

to anticipate and analyze the variation it will be subjected to, leading to a considerable 

rise in BMS accuracy and battery performance enhancement in terms of cycle life, 

calendar life and efficiency. 

4.1 HEV/EV Battery 

4.1,1 HEV/EV Battery Pack 

The HEV battery pack shown in Fig. 4.1 consists of cells that are arranged in small 

groups termed as modules. These modules are then grouped together to form the battery 

pack. Fig. 4.2 represents a schematic diagram of a generalized battery pack composed of 

m modules having n cells in each module. Battery management system controls these 

cells to attain maximum efficiency. 

The capacity (AHr) of the battery pack remain constant as the cells are connected in 

series. The voltage adds up according to the number of cells. The number of cells is 

normally determined by: 

CNJtxI^.bat 

AHr 

Where CN is the number of cells, Rt is the runtime, laVg_batls the average battery current 

and AHr is the battery capacity 

The open-circuit voltage across the terminals of the battery pack shown in Fig. 4.1 

would be the summation of all the cell voltages and can be expressed as: 

Vjj = mxnx E (4.2) 

where E is the open-circuit voltage across each cell and n is the number of cells in each 

module in the battery pack. For example, Toyota Prius Generation III uses prismatic 

NiMH modules from Panasonic each of which consists of six 1.2 V cells connected in 

series. Each of these modules has a nominal voltage of 7.2 V and capacity of 6.5 AHr. 
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The Prius III battery pack consists of 28 such modules connected in series resulting in a 

nominal voltage of 201.6 V. 

In reality, there are significant internal losses during the real-time operation of HEV 

battery pack. Along with the charge-discharge cycle, the pack construction (i.e. the 

arrangement of cells along with the insulation and ventilation) and manufacturing 

dissimilarities have considerable impact on the cell internal parameters such as self-

discharge resistance, polarization resistance and charging-discharging resistance. 

The overall internal resistance of the battery pack is more than the accumulation of 

individual cell resistances. The study of this variation is necessary for accurate terminal 

voltage justification and state-of-charge prediction. The terminal voltage of the battery 

pack is dependent on the interaction between the cell and battery pack construction. This 

interdependent phenomenon is explained with the help of the proposed model. 

4.1.2 HEV/EV Battery Management System 

Battery management system is the control and optimization of the function of cells and 

battery pack, protecting it from electrical and thermal abuse when subjected to an 

unpredictable varying load and driving conditions. Its control strategy is based on the 

information fed to it by the sensors as shown in Fig. 4.3 and the power demand from the 

energy management controller [27]-[34]. 

The important features of the BMS are as follow: 

a) SOC maintenance in accordance with the energy management system algorithm. 

b) Individual cell voltage and temperature. 

c) Cell balancing, and over-charge and over-discharge protection. 

d) State-of-Health (SOH) monitoring. 

e) Battery packs temperature monitoring. 

f) Internal fault analysis. 

Fig. 4.3 is the block diagram of the basic operation of a BMS consisting of an array of 

n cells. The output of cell voltage, temperature and current sensor namely the CVS, CTS 

and CCS are fed to battery management controller for its optimum performance and 

protection. The resistance R across each cell is used for resistive cell balancing. The 

precise determination of this voltage, temperature and current would in turn render an 
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Fig. 4.1: Mitsubishi HEV battery pack. 

Fig. 4.2: Schematic representation of the battery pack. 

accurate battery management system, with efficient cell balancing. The developed battery 

models can be used for these parameters detection justifying the need of battery models 

and its applicability. 

4.2 Traction Motors in HEV/EV 

In case of HEV series architecture, motor is the only power sink, directly connected to 

the transmission. For parallel and complex architectures, the power is shared between the 

ICE and the motor. Thus, the motor performance is a major issue while determining the 

efficiency of the vehicle. HEV traction motor ideally needs to have a high torque density 
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CVS- Cell Voltage Sensor 

CTS- Cell Temperature Sensor 

CCS- Cell Current Sensor 

PVS- Pack Voltage Sensor 

PTS- Pack Temperature Sensor 

Fig. 4.3: Schematic representation of the battery management system. 

and power density to render efficient start ups, hill climbing and high-speed operation 

respectively. The unpredictable frequent start-stops, sudden accelerations and 

decelerations in HEV also require the efficient operation of the motor over wide speed 

and torque ranges [3]-[5]. The most popular motors that are in use for HEV application 

are the DC motor, induction motor (IM) and permanent magnet AC synchronous motor 

[18] . The choice of the electric motor is dependent on factors such as driver 

expectations, vehicular constraints and available energy sources. Thus, acceleration, 

speed, braking, type of the vehicle, HEV architecture, payload, battery capacity, 

generator and ICE ratings are considered during this selection procedure. 
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Fig. 4.4: HEWEV traction motor requisites. 

The main features that are essential from the HEV traction motor are: a) high power 

density b) very wide speed range c) high efficiency over the stipulated wide speed range 

for a fixed torque d) efficient regenerative braking capability e) optimized cost, size, and 

weight in accordance to the power capability f) robustness [18], [32]. 

Fig. 4.4 shows the desired operating condition of the HEV traction motor. It it can be 

inferred that the vehicular power demand stabilizes with constant power. A constant 

torque is maintained below the base speed by setting both the armature and field current 

to their rated values. In order to increase the speed further, the torque is decreased by 

weakening the flux at constant armature current. 

4.2.1 Direct Current Motor 

DC motors are used in a wide range of applications. Its torque-speed characteristics, 

especially at low speed suits the HEV traction requirements. Among the different types of 

motors commercially available, DC motor in spite of its poor controllability is used for 

traction purposes mainly due to its high starting torque. PSA Peugeot uses DC motor in 

its electric drivetrain as shown in Fig. 4.5 .Although DC motors have simple control 

mechanism, they are currently being replaced by the commutatorless induction motors or 

permanent magnet motors due to its low specific power density, low efficiency, large 

size, high maintenance cost and need for commutation [18]. 
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Pig. 4.5: DC traction motor. 

4.2.2 Induction motor 

Induction motor as shown in Fig. 4.6 is a mature technology, popular for its robust 

construction, low maintenance cost, light weight, small volume, and reliable operation 

.Among the two types of induction motor: 1) wound rotor and 2) squirrel-cage; the latter 

is used in the vehicular drivetrain . The operational characteristic of IM is shown in Fig. 

4.7. During the constant torque range, the vehicle overcomes the inertia of rest with the 

rotor accelerating from zero to base speed. In case of the constant power, the base speed 

further increases to maximum speed. At this instant the electromagnetic torque becomes 

inversely proportional to the speed. It can attain an efficiency of 90% approximately 

when operating at its full load condition. The main disadvantages of IMs that are posing 

threat to its popularity are the low-inverter usage factor and low efficiency. The 

efficiency during light load can be as low as 20-30% [35]-[37]. 

Fig. 4.6: Induction motor used in HEV/EV. 
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Fig. 4.7: Induction motor operation characteristics. 

Fig. 4.8: Permanent magnet synchronous motor used in HEV/EV. 
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Fig. 4.9: Permanent magnet synchronous motor operation characteristics. 
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4.2.3 Permanent magnet synchronous motor 

Currently, permanent magnet synchronous motors as shown in Fig. 4.8 are being used 

commercially in hybrid vehicles like Toyota Prius and Honda Insight. This is mainly due 

their higher power density and efficiency as compared to the induction motors. Absence 

of rotor windings gives PMSMs an edge over induction motors in terms of efficiency. In 

addition, these motors also have much lower weight and volume with efficient heat 

dissipations. The high power density, fast torque response and comparatively lighter 

weight, makes them the primary choice of leading automakers for most hybrid cars 

available commercially today [38], [39]. 

Unlike other motors, PMSMs are capable of producing three times over its base speed. 

The absence of field windings makes the flux weakening capability of PMSMs rather 

constrained, limiting their speed ranges in the constant power region. The torque-speed 

characteristic of PMSMs is shown in Fig. 4.9. The basic configurations of PMSM 

commercially available are surface mounted and inset. The major disadvantages of 

PMSMs are its high material cost and lack of mechanical strength to withstand large 

torques [18], [38], [39]. 

4.3 Regenerative Braking 

The braking performance is one of the key features that determine the safety of the 

vehicle. In urban driving a significant amount of energy is lost during driving due to 

frequent braking, resulting in high fuel consumption. The integration of an electric 

drivetrain in an HEV/EV that enables the vehicle to recapture this energy during braking 

is one of its most significant characteristics. The electric motor serves as a generator 

during braking to convert kinetic energy of the vehicle into electrical energy that can be 

stored in the battery through a bidirectional converter. Braking energy in a typical urban 

driving pattern may reach up to 25% of the total traction energy [40]. Thus, the effective 

recovery of this energy and its conversion to electrical power by the motor has a 

significant impact on the fuel economy of automobiles. 

Regenerative braking adds complexity to the design of braking system in the vehicle. 

The main concern is to distribute the total braking forces between regenerative brake and 

mechanical brake with maximum possible recovery of kinetic energy. At the same time. 
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the braking forces have to distributed between the front and rear axles to ensure steady 

braking. The electric drivetrain consisting of a battery powered electric motor drive is, 

thus, primarily responsible in improving fuel efficiency of HEVs/EVs as compared to 

conventional vehicles by allowing the engine to run in its optimum efficiency region and 

recovering part of the braking energy. The primary objective in the development of the 

electric drivetrain of HEV is to select the drivetrain topology and design, size and control 

its drivetrain components to maximize the utilization of electric motor in the vehicle 

while sustaining sufficient reserves of electrical energy and maintaining the vehicle 

performance. 

4.4 Application of Battery Modeling in Battery Management System 

4.4.1 Battery Pack Modeling 

There is a high probability of manufacturing variation between cells within the battery 

pack. This variation leads to a difference in charge and discharge characteristics of each 

cell. Temperature difference is a major consequence of this charge-discharge cycle 

variation that cumulates with time which is also influenced by ageing, number of 

continuous charge-discharge cycles, load demand, type of discharge and the external 

temperature. 

This has a great impact on the state-of-health of the battery and in turn its 

performance. The proposed model takes into account individual cell operation along with 

^r 

rVMHH<h 
— W 

Ibat 

V,e 

1 

Fig. 4.10: Battery pack model. 
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their integration, representing the battery pack. The battery pack model is shown in Fig. 

4.10. Vbm is the internal generated voltage of the cell. The capacitor Ccap and resistance 

Rpack represent the capacity and the pack internal resistance respectively. Rt\ and Ra 

denote resistances with positive and negative temperature coefficient respectively. i?/and 

C/are filter resistance and capacitance to the incoming disturbances. 

The model has been designed for Li-ion battery used in HEVs and EVs. It can also be 

applicable for NiMH batteries with minor modifications. It is a capacitive representation 

of the battery, connected across a traction motor whose applied torque determines the 

direction of the current. Rser is the overall battery pack resistance. 

4.4.2 Electric Drivetrain Modeling 

DC Motor drivetrain 

The HEV/EV electric drive train using a DC motor is shown in Fig. 4.11. The electric 

circuit model of the battery is connected across the DC machine which operates both as a 

motor and generator depending upon the battery terminal voltage. The battery is directly 

connected across the machine, as represented by the equivalent circuit shown in Figs.4.12 

and 4.13 for both shunt and series configuration respectively. 

Fig. 4.11: Electric drivetrain using DC motor. 
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Fig. 4.12: Electric drivetrain model using DC shunt motor. 
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Fig. 4.13: Electric drivetrain model using DC series motor. 

The mechanical torque externally applied is maintained at 12 N.m. The terminal 

battery voltage range is limited to a small region of 239 V in order to measure the 

transition time in continuous mode; as discrete mode simulation results in loss of precise 

information. The detail of the DC motor is shown in Table 4.1. 

The equations that determine the battery SOC corresponding to the DC motor 

performance is given below: 

SOC[Ihal, Temperature, Cycle] = SOC0 + } lhatdt *- ' 

Vler = Vm [SOC, Temperature] ± lbat x R. (4.4) 
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Vter=Ea±IbalxRmac (4.5) 

where Rmach the total internal resistance of the DC machine 

The electromagnetic torque developed is given by: 

Te=KaxIbatxOd (4.6) 

where Ka is the design constant and Orf is the flux 

The power delivered is given by: 

Pe=Eax lbat (4.7) 

Induction Motor drivetrain 

Similarly, the d-q induction motor machine equations have been used in the simulation. 

The d- and q-axis stator voltage equations of the induction motor in the synchronous 

frame are given in (4.8) and (4.9). 

' * T dt 
v* = * , / * - ^ 1*, .+-^- (4-8) 

dt (4.9) 

And the d- and q-axis components of rotor voltage are: 

Vdr=Rridr-^s-^Mqr + 
(4.10) 

cNf 
Vqr = fyqr + (<», - «>r )Vdr + ~±~ 

dt (4.11) 

The mechanical equation representing rotor speed and electromagnetic torque are given 

as: 

d(£>r 

dt 

T = 
e 

1 

2H 

2 2 ' 

(Te-

n \ qs 

-T 
m 

ldr ' 

:) 

" 'dsiqr ) 

(4.12) 

(4.13) 

The details of squirrel cage induction machine used are shown in Table 4.2. The 

mechanical torque is fixed to 12 N.m at rated speed. The battery voltage is fixed to 400 V 
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TABLE 4.1 

3.7 KW DC MACHINE PARAMETERS 

Parameters 

Rated Power 

Rated Speed 

Rated Voltage 

Mechanical Torque 

Armature Resistance 

Armature Inductance 

Field Resistance 

Field Inductance 

Total Inertia 

Value 

3,730 W 

1,750 rpm 

240V DC 

12N.m 

2.5i a 

0.028 H 

281.3 Q 

156 H 

0.002953 kg.m2 

TABLE 4.2 

2.5 KW INDUCTION MACHINE PARAMETERS 

Parameters 

Rated Power 

Rated Speed 

Rated Voltage 

Mechanical Torque 

Stator Resistance 

Stator Inductance 

Rotor Resistance 

Rotor Inductance 

Mutual Inductance 

Total Inertia 

Value 

2,238 W 

1,725 rpm 

209 V 

12N.m 

0.435 G. 

2.2 mH 

0.816 O 

2mH 

69.31 mH 

0.089 kg.m2 

Fig. 4.14: Electric drivetrain using induction motor. 
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and the range of operation is limited to 399 V in order to increase the precision of 

transition time analysis. 

4.4.3 Methodology of Battery Modeling Application 

The variation in performance and characteristics of different traction motors affect the 

battery performance. The block diagram for the analysis of charge-discharge 

characteristic of the battery is shown in Fig. 4.14. The battery represents the electric 

circuit model shown in Fig. 3.9. The motor represents the vehicular load. The BMS 

represents the battery management system that controls the selection of the operating 

mode, depending upon the state-of-charge of the battery. The different modes of 

operation considered for the simulation are the motor mode and the generator mode. In 

motor mode, which occurs between 80% and 95% state-of-charge, the battery is 

supplying power to the motor, which is directly connected to the transmission. It is 

assumed that the battery has the capacity to meet the motor's full power demand. In 

generator mode, as represented by Gen Mode in Fig. 4.15 either the motor that behaves 

like a generator during regenerative braking or the generator connected to the ICE, 

charges the battery once its state-of-charge goes below 80%. 

The internal resistance of the battery is considered constant along the charge-discharge 

cycles. The initial state-of-charge of the battery is assumed to be 100%, and the effect of 

temperature on the internal resistance is neglected. 

• 

\ r out 

f Batter^ 

Fig. 4. 15: Modeling control scheme. 

If80%<SOC<95% Motor Mode 

t&D*a$>M 

If80%>SOC Gen Mode 
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The influence of different starting characteristics and efficient operating regions of every 

motor as reflected in the corresponding battery discharge curves is analyzed in addition to 

the variation in transition time of the motor to generator mode interchange. 

4.4.4 Result and Analysis of Battery Modeling Application 

The mechanical torque externally applied is maintained at 12 N.m. Fig. 4.17 shows the 

change in DC electromagnetic torque. Fig 4.18 depicts the corresponding battery charge-

discharge. The extent of this decrease is dependent on the property of the DC machine. It 

is after 0.07 seconds that the armature current effectively starts the charging of battery, 

although the rated charge is achieved after 0.3 seconds as shown in Fig. 4.19. It shows 

that the effective charging of the battery initiates when the battery voltage reaches 

238.993 V as shown in Fig. 4.20. The starting electromagnetic toque for IM is higher as 

shown in Fig. 4.21, thus meeting the HEV traction requisites. The higher initial torque 

results in increased voltage loss as shown in Fig. 4.22. The voltage drop for 12 N.m 

torque is less than that of DC machine, indicating higher efficiency. Figs. 4.23 and 4.24 

correlate the charging and discharging profile of the battery. It takes 0.12 seconds to 

initiate the effective charging of battery. 

Generator mode 

f-2 

I 

Motor mode 

10 
Time (sec) 

15 20 

Fig. 4. 17: Electromagnetic torque analysis of DC motor. 
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Fig. 4. 18: Battery charge-discharge across DC motor. 
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Fig. 4. 19: Result of torque on the battery charge-discharge current. 
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Fig. 4. 20: Location of BMS voltage parameter for DC motor. 
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Fig. 4. 21: Electromagnetic torque of induction motor. 
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Fig. 4. 22: Battery charge-discharge characteristics across induction motor. 
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Fig. 4. 23: Induction motor speed variation for motor and generator mode. 
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Fig. 4. 24: Motor-generator transition mode analysis for induction motor. 

4.5 Summary 

This research has a twofold motivation. It is the real-time implementation of the 

battery electric circuit model which tests the performance of other electrical equipment 

connected across it. The starting characteristics and operation of every motor is different 

which has a considerable effect on the battery performance. The simulations infer that the 

battery continues to remain in its state of charge or discharge even after introducing 

change in the operating mode. For battery chemistries like Li-ion, which are extremely 

sensitive to overcharge and over-discharge, this simulation will render accurate limiting 

values for BMS operation, increasing its sensitivity and precision. The study is performed 

on the two most mature and widely used motor technologies. During HEV or EV 

operation, regenerative braking is an essential phenomenon that conserves a considerable 

amount of energy. This phenomenon lasts for a fraction of second and the efficiency of 

the motor accounts for the amount of energy saved. This analysis of battery charge-

discharge variation with respect to the traction motor determines the efficiency of the 

motor-generator transition. The lower transition time indicates higher conservation of 

energy, accounting for a higher fuel efficiency of the vehicle. 

BMS Voltage Parameter 
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4.6 Research Significance 

As mentioned, this chapter focuses on analyzing the application of battery modeling 

for the improvement of battery performance and efficiency. It can be applied to find the 

precise battery management parameters. For conventional vehicles, braking results in the 

loss of 40% of the developed power. Thus, a considerable improvement in fuel efficiency 

can be attained by efficient regenerative braking. The battery models which had been 

limited to state-of-charge determination can be widely applied for electric drivetrain 

simulation and component analysis. The design of electric drivetrain components can also 

be optimized by the developed models. This simulation and modeling can be used by the 

present automotive industry to developing efficient electric drivetrains. 
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5 TRANSIENT PROTECTION OF BATTERY BY USING 

MULTIPLE SOURCES 

The automotive sector is currently focused on developing electric vehicles that 

completely replace the internal combustion engine with a series of high charge sustaining 

batteries as the sole power source. The battery has an optimum energy and power density 

and experiences transients when subjected to varying drivers need. These undesirable 

stresses have a considerable affect on its performance and life. This leads to the initiation 

of research on the design and implementation of ultracapacitors in conjunction with 

batteries, distributing the vehicular power demand. Unlike batteries, ultracapacitors have 

very high power density, low energy density and the ability to undergo over a million 

duty cycles [5], [41], [42]. 

Moreover, it has a very high rate of charge acceptance making it ideal for short 

transition high loads and regenerative braking [43]-[45]. Thus, the optimal distribution of 

vehicular power demand between the battery and ultra-capacitor can prevent the 

undesired current surges, prolonging the life and enhancing its performance. It is a 

twofold research, initiated by the precise location of transients followed by the power 

distribution scheme and control. The determination of transient is an important criterion 

that accounts for the drivetrain efficiency. Wavelet based analysis have gained popularity 

due to its accurate transients tracking ability [46]-[50]. This paper presents an optimal 

power distribution between the battery and super-capacitor using discrete wavelet 

transformation theory. The super-capacitor provides power during sudden transients, thus 

protecting the battery. 

5.1 Wavelet Theory 

A wavelet is a mathematical function used to divide a given function or continuous-

time signal into different scale components, assigning a frequency range to each scale 

component. Wavelets not only dissect signals into their component frequencies but also 

vary the scale at which the component frequencies are analyzed. Therefore wavelets, as 

component pieces used to analyze a signal, are limited in space [46], [47]. 

A wavelet transform (WT) is the representation of a function by wavelets. The 

wavelets are scaled and translated copies (known as "daughter wavelets") of a finite-
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length or fast-decaying oscillating waveform (known as the "mother wavelet") [43], [44]. 

It can be broadly classified into continuous and discrete wavelets. 

5.1.1 Continuous Wavelet Transform 

The continuous wavelets, represented on a frequency band of the form [f, 2/] for all 

positive frequencies [f>0] are scaled by factor 1. The subspace is generally obtained by 

shifting the mother wavelet. The subspace of scale ' a ' or frequency band [Ma, 21a] is 

generated by the functions: 

1 t-b 

V a ) 
(5.1) 

where 'a' is the scale factor, '6 ' denotes the shift factor and ^a,b(t) is defined as the 
mother wavelet. 

5.1.2 Discrete wavelet transform 

The continuous wavelets are converted into discrete domain for real-time 

implementation. One such system is the affine system for real parameters a>l, b>0. The 

corresponding discrete subset of the half-plane consists all the points (cT, namb) with 

integers m,n G l Here, TL represents a set of integer numbers. The corresponding mother 

wavelet is given as: 

Vmn(t) = a-™2V{a-»>t-nb) (5.2) 

A sufficient condition for the reconstruction of any signal x of finite energy is given by: 

x(t)=li:(x^m,n)i'mn(t) (5.3) 

I P Order FIR 

>t r_ 

Wavelet 
Decomposition 

T3 
O 

-C 
IS1 
<U 

-C 

t-

<u 
-* t) 
«t 

1— 

>t r 

Digitization 

J V 

I T Order FIR 

Block 
Normalization 

J V 
Wavelet 

Decomposition 

r" 

T
hr

es
ho

ld
 

T
ra

ck
er

 

^ 

> 

Digitization 

> 

* • 

Threshold 
Tracker 

Fig. 5.1: Transient detection using wavelet decomposition. 
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Fig. 5.2: //-level asymmetric filter bank analysis. 

where m, n El. and Wm<n is the discrete mother wavelet respectively. The discrete wavelet 

transform (DWT) is defined as: 

t-n2m 

DWT(m,n) = 2 w 2 S S 4 " ) V -
2m (5.4) 

5.2 Ultracapacitor and Battery Combination 

The high power density and charge acceptance capability of the ultracapacitor can be 

used as an energy delivery and recovery device (as shown in Fig. 5.3) in order to 

maximize the battery and overall efficiency. The most common architectures for the 

capacitor and battery combination are: (a) parallel battery and capacitor and (b) capacitor 

with independent power processor [5]. 
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Fig. 5.3: Vehicular power distribution with time. 
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5.3 Methodology 

5.3.1 Transient detection using wavelet decomposition 

This methodology implements two level of wavelet decomposition in order to extract 

transient in formation. Wavelet analysis is efficient in tracking transients occurring in any 

signal or data, hat signal is passed through an 11th order low pass filter in order to localize 

transients of specific frequency. Current study implemented 10 kHz stop band and 8 kHz 

cutoff frequency. The filter output is passed through the transient tracker to produce a 

control signal for Power Optimization Unit. Filtered signal is decomposed with a Wavelet 

Decomposition Block which consists of a filter-bank. 

A filter-bank is an array of band-pass filters that separates the input signal into several 

components, each one carrying a single frequency sub-band of the original signal. It also 

is desirable to design the filter bank in such a way that sub-bands can be recombined to 

recover the original signal. The first process is called analysis, while the second is called 

synthesis. The output of analysis is referred to as a sub-band signal with as many sub-

bands as there are filters in the filter bank. The filter-bank serves to isolate different 

frequency components in a signal. Using filter-bank, an input signal (discrete) x[n] is 

decomposed as 

yhlgA
kh^A"Vs[2k-n\ (5.5) 

where yhigh[k] is the output of the high-pass filter at a given level after sub-sampling by 2. 

There are mainly two ways to implement this array of filters. One is called asymmetric 

and the other is symmetric. 

Both ideas can be used to decompose (analyze) and reconstruct (synthesize) the 

original signal. The asymmetric structure decomposes only the low-frequency output 

from each level, while the symmetric structure decomposes the high- and low-frequency 

sub-bands output from each level [45]. Daubechies wavelets are widely used in solving a 

broad range of problems. In general, the Daubechies wavelets are chosen to have the 

highest number A of vanishing moments, (this does not imply the best smoothness) for 

given support width N=2A, and among the 2^"' possible solutions the one is chosen 

whose scaling filter has external phase [44] . Db 6 mother wavelet was used for this 

study. Level 1 filter was used and high frequency details were utilized for the analysis. 
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Table 5.1 shows high frequency finite impulse response filter coefficients. High 

frequency details were checked for a specified threshold which produces digital high 

once detected and digital low otherwise. Digital normalized signal is obtained from the 

high frequency details to isolate the dominant details in order to analyze signal. The 

normalized signal produced from the Normalization Block is passed through another 

Wavelet Decomposition Block to identify the high frequency details from the normalized 

signal. High frequency details were then passed through a Threshold Tracker to identify 

transient zone. A digital output is produced to provide signal to the Power Optimization 

Unit 

5.3.2 Control Scheme for Source Optimization 

The transient detection is followed by source optimization method. The optimization 

unit provides digitized information to the power control unit as shown in Fig. 5.5. This 

power control unit then distributes the vehicular power demand between the battery and 

super-capacitor in accordance with their individual state-of charge and operating 

condition. The battery maintains a constant discharge rate as long as the super-capacitor 

has sufficient charge to meet the transient power demand. 
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Fig. 5.5: Energy storage control architecture. 
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The initial state of charge of battery and super-capacitor is assumed to be 100%. The 

power distribution modes are: 

1. Battery-Capacitor mode 

This mode persists when the super-capacitor is fully charged and a transient is traced. 

The battery has constant discharge, thus protected against sudden current surges. It also 

extends the battery cycle time and in turn the life span. During regenerative braking, the 

ultracapacitors is charged first due to its high charge acceptance rate. This maximizes the 

brake energy utilization factor, enhancing the vehicular performance. 

2. Battery mode 

This mode takes place when a steady state is attained or the super-capacitor has no charge 

to meet the required vehicular power demand. The battery mode is initiated when the 

transient detector traces stability for 250 consecutive samples. 

5.4 Results 

The simulation conducted on Matlab/Simulink model is represented in Fig. 5.6 and the 

control flowchart in Fig. 5.7. The high pass finite impulse response filter coefficients as 

used in the simulation is mentioned in Table 5.1. The induction motor parameters 

considered in the simulation are given in Table 5.2. 

TABLE 5.1 

HIGH PASS FIR COEFFICIENTS 

Order 

hO 

hi 

h2 

h3 

h4 

h5 

h6 

h7 

h8 

h9 

hlO 

hll 

Coefficients 

-0.1115407434 

0.4946238904 

-0.7511339080 

0.3152503517 

0.2262646940 

-0.1297668676 

-0.0975016056 

0.0275228655 

0.0315820393 

0.0005538422 

-0.0047772575 

-0.0010773011 
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The battery has a nominal voltage of 400V while the individual super-capacitor rating is 

fixed at 2700uP, 100V. A super-capacitor bank, consisting of 20 similar rated capacitors, 

is considered to power the transient loads. 

TABLE 5.2 

INDUCTION MOTOR PARAMETERS 

Parameters 

Rated Power 

Rated Speed 

Rated Voltage 

Mechanical Torque 

Stator Resistance 

Stator Inductance 

Rotor Resistance 

Rotor Inductance 

Mutual Inductance 

Total Inertia 

Value 

2,238 W 

1,725 rpm 

209 V 

12N.m 

0.435 £1 

2.2 mH 

0.816 n 

2mH 

69.31 mH 

0.089 kg.m2 

5.4.1 Transient Detection Using Wavelet Decomposition 

The load current profile is shown in Fig. 5.8 which is fed for transient analysis to the 

Wavelet Decomposition Block. Fig. 5.9 shows high frequency details from the Wavelet 

Decomposition Block. It can be observed that there exists a considerable amount of 

transients, due to the use of pulse width modulation to run the induction motor. In order 

Time (sec) 

Fig. 5.8: Load current profile. 
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to extract useful information the signal has to be normalized based on dominant 

transients. The threshold is specified and a digital signal is obtained by through the 

Normalization Block, Fig. 5.10 shows the resulting normalized transient details. The 

resultant signal is passed through another wavelet decomposition block to extract high 

frequency details as shown in Fig. 5.11. The signal is passed through a transient tracker to 

generate a digital signal for the Power Optimization Unit. Fig. 5.12 shows the digital 

control signal from the Transient Detection Unit. 
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Fig. 5.12: Transient detector output. 

5.4.2 Power Optimization 

The electromagnetic torque production of induction motor is shown in Fig. 5.13. The 

current profile is in complete accordance with the torque produced. It is assumed that the 

IM is operated at constant torque. As the capacitor is assumed to be fully charged, it starts 

providing the excess current in order to meet the transient. This is battery and capacitor 

mode. At 0.55 sec, the torque tends to stabilize along with the current to a limit which the 

battery can withstand without any external stress. The capacitor current profile as shown 

in Fig. 5.14, corresponds to the transient detectors output. The super-capacitor discharge 

is shown in Fig. 5.15. The ultracapacitor has a very low energy density, thus discharging 
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in 0.55 sec, leading to the battery mode. The charge retention of super-capacitor can be 

extended by operating the battery at a high discharge rate. The discharge rate of the 

battery is fixed according to the stable operating region. 

100r 

Time (sec) 

Fig. 5.13: Initial transients of the torque output of IM. 

1.5 

Time (sec) 
1.5 

Fig. 5.14: Ultracapacitor current variation in accordance with the torque production. 
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Fig. 5.15: Ultracapacitor voltage profile. 

5.5 Summary 

The ultra capacitor is used only to meet the initial transient of the motor. The 

application has been limited to launch mode, while the battery is used in the both launch 

and electric range operation. The capacitor is discharged within the initial 0.5 sec 

supplying the extra power during the launch and acceleration mode. In parallel battery-

capacitor mode, the ultracapacitors are delivering the peak power as the battery cannot 

respond as quickly as the capacitor. 

5.6 Research Significance 

The commercial popularity of electric vehicle is directly dependent on the driving 

range, charging easiness and operational cost. Unlike a single battery, the usage of 

multiple sources can enhance the performance and lower the operational cost. The cost to 

performance ratio makes the ultracapacitor appropriate as the power supplementing 

device of battery. The use of wavelet transient detection method increases the power 

distribution accuracy and overall drivetrain efficiency. This application of wavelet theory 

in the field of vehicular technology has been a unique approach to render improved 

control mechanism. The power distribution scheme protects the battery from transients, 

extends the drive range, and the cycle and life time of the battery. 

> 60 

^r 
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6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

The rapid depletion of fossil fuels due to the increasing petroleum demand by on-road 

transportation has led to the search for alternative means of transport. The concerns over 

global warming and economic instability have alarmed the governments, resulting in an 

increased demand for electrification of the conventional vehicular drive train. Hybrid 

electric vehicles and electric vehicles that offer a suitable solution as an environment-

friendly and sustainable transportation have been thus successfully launched 

commercially by many of the leading automakers. The major constraint that is posing a 

hindrance to its commercial popularity in terms of cost and performance is the battery. 

This thesis analyses the battery operation in complete accordance with the present 

technological advancements and vehicular requisites from an electrical standpoint. The 

research findings that have great significance in determining and analyzing the 

performance of batteries are summarized below: 

• The battery is a crucial component of the electric drivetrain that determines the 

overall vehicular efficiency and fuel reduction. Thus, the battery operation needs 

to be illustrated accurately in order to optimize and maximize the efficiency. 

Modeling of the battery is the best solution for this characteristics analysis. 

• The electric circuit model proposed takes into consideration the important 

temperature criterion. It can be successfully applied to analyze the characteristics 

of different battery chemistries used in the electric drivetrain. 

• The electric circuit models developed for battery operations illustration can be 

used effectively to determine the battery optimization parameters. It can used to 

complete the modeling of the electric drivetrain composed of traction motors and 

power electronic devices. 

• The variation in drivetrain components brings a change in the drivetrain 

performance and the battery optimization parameters. The simulation conducted 

with different traction motors justified the importance of considering the assisting 

components while designing the battery management system. 

81 



• The battery and ultra capacitor parallel mode operation using the wavelet transient 

detection had been a novel application in the area of vehicular technology. The 

initial transients and extra power demand for launch and acceleration of the 

vehicle was met by the ultracapacitors, thus protecting the battery from any 

undesired stress. 

6.2 Future Work 

There are still a lot of challenges in the area of battery technology that needs to be 

addressed in order to achieve commercial success. The work presented in this thesis can 

be further progressed as follows: 

• The battery models in addition to the electric drivetrain components can be used 

to determine the loss occurring across every electrical component. 

• Mathematical modeling of the electric drivetrain on the basis of the electric 

models. 

• The battery model can be applied across permanent magnet synchronous motors 

to validate its performance. 

• The battery ultracapacitor combination can be used to improve regenerative 

braking efficiency and improve the drivetrain components performance. 
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