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ABSTRACT 

The objective of this thesis is to build a battery management system for hybrid 

electric vehicles to increase the lifecycle of the batteries. An intelligent battery 

management system is needed because the battery chargers presently in use are 

shortening the life of entire sets of batteries. This new battery management system will 

recharge the batteries connected in series individually, and monitor each individual 

battery while the entire set is being charged. This will enable the battery management 

system to recharge the batteries fully and to determine if any of the batteries is not 

accepting charge. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

Electric cars have been around since the start of the automobile. But in the early 

race for dominance, the internal combustion engine (ICE) quickly won out as the best 

power system for cars. Although the electric powertrain was superior in many respects, as 

a source of energy, the battery was no match for the high-energy content, ease of 

handling, and cheap and abundant supplies of petroleum fuel. Now, nearly a century after 

the electric vehicle (EV) was forced into near oblivion, it seems that EVs may actually 

become the ultimate winner. As easily-recoverable petroleum deposits dwindle, 

automobile populations soar, and cities become choked with combustion by-products, the 

ICE is increasingly becoming the victim of its own success [1]. 

Most researchers agree that a switch to EVs would reduce the total primary 

energy consumed for personal transportation. Considering only the vehicle itself, EVs are 

far more energy efficient than conventional vehicles (CVs). An EV operates at roughly 

46% efficiency, where as a CV operates at about 18% efficiency. In other words, 

approximately 46% of the electric energy taken from the wall plug to charge the batteries 

is delivered to the drive wheels as useful work. In contrast, only about 18% of the energy 

dispensed into the fiiel tank as liquid fuel ends up at the drive wheels of a CV. 

Due to the variables and the significant differences between electric and 

conventionally powered vehicles, precise energy use comparisons are difficult to achieve, 

and conclusions are often open to debate. Comparisons may not fully account for the 
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differences in engineering and performance between baseline EVs and CVs. For 

example, EVs may be better engineered or more poorly engineered than their gasoline-

fueled counterparts. And studies often include an indirect energy penalty for EVs in the 

form of greater vehicle mass. Looking to the future, however, improved batteries and 

hybrid systems will likely reduce the mass disadvantage that exists today with EVs. 

An EV produces zero vehicular emissions. However, emissions are produced at 

the generation site when the source fuel is converted into electrical power. The emission 

of electric cars therefore depends on the emissions profile of regional generating plants. 

In one study of six driving cycles in four U.S. cities, EVs reduced HC and CO emissions 

by approximately 97%, regardless of the regional source fuels mix. In comparison to 

large generating plants, conventional cars produce large amounts of HC and CO 

emissions. 

The environmental benefits of a hybrid-electric vehicle (HEV) depend on the 

design of the hybrid power system. Designs using a combustion engine for onboard 

electrical generation and an operating schedule that is heavily biased toward the engine 

produce the greatest amount of harmful emissions. But even in this worst-case scenario, 

emission levels are lower than those of a typical CV. This is due to the fact that a hybrid 

vehicle ICE is either switched off, and therefore producing zero emissions, or it is 

operating at predetermine output where it produces the fewest emissions and achieves the 

best fuel economy per unit of output. With fuel cell hybrids, vehicular emissions are 

virtually eliminated. 

Electrical vehicles are divided into two general categories: battery-electric 

vehicles and hybrid-electric vehicles, which represent the design orientation of the 



vehicles' power system. Battery-electric vehicles, or BEVs, are vehicles that use 

secondary batteries as their only source of energy. A hybrid-electric vehicle, or HEV, 

combines an electrical energy storage system with an onboard means of generating 

electricity, normally through the consumption of some type of fuel. Each type of EV has 

its own operating characteristics and preferred design practices, as well as advantages and 

disadvantages. 

A primary advantage with EVs of either category is the inherent bi-directionality 

of their energy loop. An EV powertrain can convert energy into vehicle motion, just like 

a conventional vehicle, and it can also reverse direction and convert vehicle motion back 

into energy through regenerative braking. In contrast, CVs cannot reverse the direction of 

the onboard energy flow and convert vehicle motion back into fuel. 

Other advantages center on the superiority of the EVs electro-mechanical 

powertrain. In comparison to the internal combustion engine, an electric motor is 

relatively simple and a far more efficient machine. Moving parts consists primarily of the 

armature (dc motor) or rotor (ac motor) and bearings. Motoring efficiency is typical on 

the order of 70% to 85%. In addition, electric motor torque characteristics are much more 

suited to the torque demand curve of a vehicle. A vehicle needs high torque at low speeds 

for acceleration, then demands less torque as cruising speed is approached. An electric 

motor can develop maximum torque at low rpm, with torque declining with speed, mostly 

in step with a vehicle's natural demand. In contrast, an ICE develops very little torque at 

low rpm, and must accelerate through nearly three-quarters of its rpm band before it can 

deliver maximum torque. A multi-ratio transmission is therefore necessary in order to 

correctly match ICE output characteristics to the vehicle demand curve. Due to the more 



favorable output curve of the electric motor, an EV drive train usually does not require 

more than two gear ratios, and often needs only one. Moreover, a reverse gear is 

unnecessary because the rotational direction of the motor itself can be reversed, simply 

by reversing the electrical input polarity. These advantages lead to a far less complex and 

more efficient powertrain, at least on a mechanical level. 

The main disadvantage of BEVs is limited energy storage due to the limitations of 

the secondary battery, and HEVs tend to be plagued by increased mass and costs due to 

the increased complexity of the power system. 

EVs are predominately battery-electric vehicles that utilize rechargeable batteries 

as a source of electrical energy. A BEVs batteries do not store electrical energy in the 

same sense that a fuel tank stores liquid fliel. Instead, they are essentially self-contained 

electrochemical reactors in which the by-products are retained within the battery housing. 

During recharge, these by-products are reconstituted into their original state where they 

are ready for another electrochemical reaction cycle. 

Secondary batteries are limited in their capacity to produce electrical energy by 

the accumulation of by-products, and by the limited quantity of reactants they can 

contain. And because the recharge cycle does not flilly reverse the changes that take place 

during discharge, waste products accumulate, the reacting components degrade, and the 

battery's ability to produce electrical energy steadily declines until it is no longer 

serviceable. In comparison, a tank of gasoline contains roughly one hundred times more 

energy than an equal mass of lead acid batteries. Moreover, the part of the IC-engine's 

reactants are taken from the air, by-products are continuously discharged, rather than 

retained and reconstituted, and the storage and conversion system is largely unaffected by 



the process. The task of designing a BEV that will match the CVs specific energy profile 

is enormously challenging because of the inherent limitations of its electrochemical 

energy system. 

Lead acid technology is the oldest and most cost efficient form of secondary 

battery. The majority of today's electric vehicles run on this type of battery, since more 

energy efficient forms of batteries are still being researched. This type of battery used in 

electric vehicles is only a larger version of the type of battery already in modern 

automobiles. Lead acid battery pack (10 to 25 12V batteries) only provides a range of 

about 80 miles for an EV, frequently followed by an eight hour recharge. Another 

disadvantage is that the lead-acid battery only has a lifetime of 25,000-30,000 miles 

before needing to be replaced [2]. 

The most promising near-term replacement for lead acid battery appears to be the 

nickel/metal hydride battery. Specific energy of a nickel/metal hydride battery is about 

double that of a lead acid battery. If EVs 1,000-lb propulsion battery pack were replaced 

with an equal mass of nickel/metal hydride batteries, range would increase from 70 miles 

in the city and 90 mile on the highway to roughly 140 and 180 miles, respectively. 

Looking farther into the future, the lithium couple offers the potential of vehicle range in 

the order of 200 miles city and 300 miles highway. However, lithium based traction 

batteries are still in the experimental stages and much remains unknovm about their 

ultimate performance, manufacturing costs, and service life, and consequently, their 

viability as an EV propulsion battery. 



1.2 Problem with Battery Pack 

One way to improve air quality in urban areas is to replace conventional IC-

engine vehicles with electric vehicles powered by rechargeable batteries. However, the 

success of such a replacement depends greatly on the development of advanced batteries 

for EV use. Requirements for EV batteries include: (1) a high specific energy for a 

driving range comparable to that of a conventional IC-engine powered vehicle; (2) a high 

specific power for accelerating and hill-climbing capabilities; and (3) a long cycle life to 

assure an acceptable cost. The performance of an EV is mainly controlled by the 

performance of its battery system; hence, the evaluation of battery performance becomes 

essential in the development of EVs. 

One of the most important factors associated with long, series strings of batteries 

used to power EVs, is the service life of the battery. It has a great influence on electric 

vehicle economy. The cost of replacement of a complete battery pack can be in the range 

of $1,500 every two to three years [2]. The problem is with the variations in capacity 

between the modules that make up the battery pack. This is most common with lead acid 

batteries. Due to manufacturing inconsistencies and operational variations, these modules 

have different performance characteristics. During extreme charge and discharge cycles 

these differences can result in reduced lifetime and poor performance. This can occur 

because the individual modules can be charged and discharged beyond their operating 

range while the battery pack, acting as a single unit, is within its operating range. 

Operating battery modules beyond their operating range (i.e., excessive charge and deep 

discharge) normally leads to electrode damage, deterioration and shortened life. 



Furthermore, many EV designs typically cycle the batteries between 20% to 80% 

states of charge. This type of "short cycling" (equivalent to a systematic undercharge) 

leads to premature loss of capacity. This is due to the fact that it is critically important 

that batteries be fully charged, at least periodically. In most EV designs, since the 

batteries are never fully charged, the inevitable result is early failure [3]. 

1.3 Battery Management 

Although great improvements have been made in EV technology, they still fall 

short in many areas as far as consumer acceptance is concerned. One of the major factors 

is the degradation and failure of the batteries in relatively short time spans. This problem 

will continue to be a major obstacle in public acceptance. 

Battery management involves the monitoring of a battery or a set of batteries to 

work out their state of charge at a point in time. This can then be extended to actually 

control the rate of charge of a battery or pack or even batteries in a pack on an individual 

basis. There are different methods in monitoring battery packs. The pack can be 

monitored as a whole or each battery can be monitored individually. Each method has its 

own merits. Battery management from a pack point of view is cheap as it requires 

significantly fewer components and is less complex in terms of communication and 

calculation. However, it does not offer the ability to show what the state of an individual 

battery is in the pack. Being able to see the state of individual batteries allows better fault 

diagnosis and can also be extended to control charge and discharge of individual batteries 

in the pack. This method does however increase the cost of the system and, due to 

calculation and communication needs, makes it more complex. Proper charging and 



discharging of a battery can significantly lengthen its life and also produce more efficient 

use of the battery. A battery pack is only as good as its weakest cell. Being able to 

individually control the charging and discharging of a battery means that the batteries can 

all be kept in similar state of charge and extra stress is not placed on a weak battery. 

Thus the general objective of this study is to develop a better battery management 

system to assure a maximum lifetime of the battery pack. This battery management 

system involves the close monitoring of the individual battery modules of the battery 

pack to assure appropriate charging and discharging conditions. During charging, the 

system will prevent overcharging. During discharge, when the vehicle is driven, the 

battery management system prevents the module from over-discharging. 

This battery management system can be applied to many applications and offers a 

lot of benefits in extending the life of batteries and diagnosing faults in battery packs. 

Although, this system is specifically designed for hybrid electric vehicles, it can be easily 

ported to other applications with different battery types and energy requirements. 

1.4 Overview of the Thesis 

This thesis documents and details the work done to design, construct, and operate 

a battery management system for a HEV. The second chapter of the thesis discusses lead-

acid batteries, batteries that are used in the HEV. It describes the chemistry, 

characteristics, life expectancy, and charging methods of lead acid batteries. In the third 

chapter, an approach for the battery management system is discussed. The fourth chapter 

discusses the implementation of the system. This includes the system setup, dc-dc 

converters and microprocessor system. The fifth chapter describes experiments. This 
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chapter gives experimental results obtained so far. The sixth chapter gives the 

conclusions and suggestions for further research to be done in this field. Several 

modifications can be done for further improvement in the monitoring of the individual 

battery modules in the battery pack. 



CHAPTER II 

LEAD-ACID BATTERY 

2.1 Introduction 

While there are various choices for a rechargeable system, lead-acid batteries are 

still the workhorses. Lead-acid batteries are usually more economical and have a high 

tolerance for abuse. Lead-acid batteries have been around for many years, and is the 

battery of choice based upon economics, availability and reliability [4]. Since the 

batteries, which would be used in the hybrid electric vehicle (HEV), are lead-acid 

batteries, they will be the focus of this study. 

2.2 Chemistry 

A lead-acid battery is composed of alternating plates of lead and lead oxide. 

These plates are in diluted sulfiiric acid. When discharged, the lead plate and acid 

interact, producing lead sulfate and some free electrons. These electrons run through an 

external wire to the other plates, where they react with the lead oxide and sulfuric acid to 

create lead sulfate. The electrons running through the outside wire are what allow the 

vehicle to run. After this process, what are left are plates of lead sulfate immersed in 

water. Running a current backwards through the battery restores the chemical reaction to 

its previous state. The basic "double sulfate" reaction applies to the overall reaction. 

Pb02 + Pb + 2H2SO4 = 2PbS04 + 2H2O 

The reaction at the positive electrode is 

Pb02 + 3H^ + HSO4" + 2e = 2H2O + PbS04 
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And at the negative electrode, 

Pb + HS04' = PbS04 + Ĥ  + 2e 

When the cell is recharged, finely divided particles of PbS04 are 

electrochemically converted to sponge lead at the negative electrode and Pb02 at the 

positive electrode by the charging source driving current through the battery. As the cell 

approaches complete recharge, when the majority of the PbS04 has been converted to Pb 

and Pb02, the overcharge reactions begin. For the typical lead-acid cell, the result of 

these reactions is the production of hydrogen and oxygen gas and subsequent loss of 

water. 

A unique aspect of the sealed battery is that the majority of the oxygen generated 

within the cell on overcharge (up to the C/3 rate, C is the ampere-hour capacity of the 

battery) is recombined within the cell. The pure lead-tin grids used in the construction 

minimize the evolution of hydrogen on overcharge. Most of the hydrogen generated 

within the cell is released to the atmosphere through a vent or through the inner plastic 

container of the cell. 

Oxygen will react with lead at the negative plate in the presence of H2SO4 as 

quickly as it can diffuse to the lead surface. 

Pb + HS04' + H^ + I/2O2 = PbS04 + H2O 

2.3 Performance Characteristics 

2.3.1 Voltage 

The nominal voltage of the lead-acid cell is 2.0 V, and it is typically discharged to 

1.75 V per cell under load. The open-circuit vohage of the cell depends on the state of 
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charge as plotted in Figure 2.1, based on a C/10 discharge rate. The open-circuit voltage 

can be used, therefore, to approximate the state of charge. The curve is accurate to v^thin 

20% if the cell has not been charged or discharged within 24 h; it is accurate within 5% if 

the cell has not been used for 5 days. The measurement of the open-circuit voltage (OCV) 

to determine the state of charge is based on the relationship between the electromotive 

force and the concentration of the sulfuric acid in the battery [6]. 
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Figure 2.1 Open-Circuit Voltage versus State ofCharge 

2.3.2 Discharge Characteristics 

The discharge parameters of concern are battery voltage and capacity. The values 

of these two discharge parameters are functions of a number of application-related 

factors. The general shape of the discharge curve, voltage as a function of capacity, is 

shown in Figure 2.2. The discharge voltage of the battery typically remains relatively 

constant until most of its capacity is discharged. It then drops off rather sharply. The area 
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of relatively constant voltage is called the voltage plateau. The flatness and the length of 

this plateau relative to the length of the discharge are major features of these lead-acid 

batteries. The point at where the voltage leaves the plateau and begins to decline rapidly 

is often identified as the knee of the curve [5]. 

-OPEN CIRCUIT 
VOLTAGE TT- MIDPOINT VOLTAGE 

S04« 

DISCHARGED CAPACITY 
10O<Vti 

Figure 2.2 Nominal Discharge Performance 

2.3.3 Effect of Discharge Rate and Temperature 

The rate at which current is drawn from a battery affects the amount of energy, 

which can be obtained. At low discharge rates, the actual capacity of a battery is greater 

than at high discharge rates. This relationship is shown in Figure 2.3. Lead-acid batteries 

maintain adequate performance in cold environments and may produce actual capacities 

higher than their standard capacity when used in hot environments [6]. 
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Figure 2.3 Effect of Temperature and Discharge Rate on Capacity 

2.3.4 High-Rate Pulse Discharge 

The lead-acid battery is effective in applications that require a high-rate pulse 

discharge, such as in engine starting. Figure 2.4 presents typical curves representing the 

voltage delivered as a function of discharged capacity for pulsed and constant discharges 

at the same rate. 
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Figure 2.4 Typical Pulsed Discharge Curve 
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It is apparent from Figure 2.4 that the capacity of the lead-acid battery is 

increased greatly when a pulse discharge is used. This is true because of the phenomenon 

known as "concentration polarization." As a discharge current is drawn from the battery, 

the sulfuric acid in the electrolyte reacts with the active materials in the electrodes. This 

reaction reduces the concentration of the acid at the electrode-electrolyte interfaces. 

Consequently, the battery voltage drops. During the rest period, the acid in the bulk of the 

solution diffuses into the electrode pores to replace the acid, which has been used up. The 

battery voltage then increases as acid equilibrium is established. Since during the pulse 

discharge the acid is allowed to equilibrate between pulses, it is not depleted as quickly 

and the total battery capacity is increased [5]. 

2.3.5 Discharge Level 

As with all rechargeable batteries, discharging the lead-acid battery beyond the 

point at which 100% of the capacity has been removed can shorten the life of the battery 

or impair its ability to accept a charge. 

The voltage point at which 100% of the usable capacity of the battery has been 

removed is a function of the discharge rate as shown in the upper curve of Figure 2.5. 

The lower curve shows the minimum voltage level to which the battery may be 

discharged with no effect on recharging capability. For optimum life and charge 

capability, the cell should be disconnected from the load at the voltages within the gray 

area between the two curves [6]. 
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Figure 2.5 Acceptable Voltage Discharge Levels 

Under these "overdischarge" conditions, the sulfuric acid electrolyte can be 

depleted of the sulfate ion and become essentially water, which can create several 

problems. A lack of sulfate ions as charge conductors will cause the cell impedance to 

appear high and little charge current to flow. Longer charge time or alteration of charge 

voltage may be required before normal charging may resume. 

Another potential problem is solubility of lead sulfate in water. In a severe deep 

discharge condition, the lead sulfate present at the plate surfaces can go into solution in 

the water electrolyte. Upon recharge, the water and sulfate ion in the lead sulfate convert 

to sulfuric acid, leaving a precipitate of lead metal in the separator. This lead metal can 

result in dendritic shorts between the plates and resultant cell failure. 
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2.4 Life Characteristics 

Life may be defined in various ways. However, for the purposes of expressing the 

life expectancy of a battery, two types of life expectancies are defined - float life and 

cycle life [3]. Under normal operating conditions, the battery's capacity will remain at or 

near its stabilized value for most of its useful life. Batteries will then begin to suffer some 

capacity degradation due to their age and the duty to which they have been subjected. 

This permanent loss usually increases slowly with age until the capacity drops below 

80% of its rated capacity, which is often defined as the useful battery life [5]. 

^oa-f-

ENDOF 
USEFUL LIFE 

UFE IN CYCLES OR YEARS 

Figure 2.6 Typical Battery Capacity During its Life 

2.4.1 Float Life Expectancy 

For float life applications, where the battery is essentially kept connected across a 

battery charger, which continuously replenishes the battery's standing losses, the life 
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expectancy is established in terms of months or years. The float life of a battery that 

discharges at faster rate is lower than the battery that discharges at slower rate. 

The natural failure mode of a sealed-lead-acid battery is positive grid corrosion. 

As the battery ages, the grid corrodes and the available cross-section for current flow 

reduces correspondingly. A greater grid cross-sectional area is required to support a 

battery with a fast discharge rate. At the end of the float life of a battery with fast 

discharging rate, the available grid cross-sectional area is not adequate to support the fast 

current rate; however, the grid is still able to support the much lower ampere flow at a 

slower rate. 

2.4.2 Cycle Life Expectancy 

An alternative method of expressing the expected useful life of a battery is to state 

the number of cycles that can be obtained. A cyclic application is basically an application 

where the discharge and charge times are of about the same order. In cycle-life situations, 

calendar life does not have the same significance as in float-life applications. 

2.4.3 Factors Affecting Battery Life 

The factors affecting the life of a battery are somewhat different for float service 

and cycle service applications. 

2.4.3.1 Factors Affecting Float Life 

In float applications, the battery is essentially being continuously overcharged in 

order to ensure that the battery, at all times, remains fully charged. Since the normal 
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failure mode of a battery is grid corrosion, and the magnitude of the charge current 

critically influences the corrosion rate, minimizing the overcharge current while 

maintaining enough current to offset standing losses, will tend to maximize the battery 

float life. 

2.4.3.1.1 Charge CurrentA^oltage. An efficient method of restricting the charge 

current to the minimum level is to utilize the constant voltage (CV) method to charge and 

allow the battery to determine for itself the amount of current it draws at any point in the 

charge cycle. In other words, no current limit is necessary under CV charging. However, 

the constant voltage setting should be adjusted such that the overcharge current flowing 

into the battery is just above the self-discharge rate. 

2.4.3.1.2 Battery Temperature. The grid-corrosion rate in a battery is intimately 

linked to the battery's ambient temperature. If the temperature of the battery is higher 

than the normal operating temperature, then the corrosion rate will increase and the 

failure of the battery occurs sooner. This accelerated corrosion at higher temperatures 

occurs irrespective of the charge current flowing into the battery. 

However, since higher temperatures give rise to increased currents at a given 

voltage setting, the net result of an elevated battery ambient temperature is to intensify 

the negative effects on the battery. This negative impact may be lessened to some extent 

by compensating the float charge voltage for higher temperatures. 
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Figure 2.7 Projected Float Life Behavior 

2.4.3.1.3 Battery Discharge Parameters. The depth of discharge (DOD) of each 

battery cycle will exert considerable influence on the battery's life expectancy. The 

expected calendar life of a battery is determined largely by its service profile. 

2.4.3.2 Factors Affecting Cycle Life 

2.4.3.2.1 Depth of Discharge (DODV The DOD is an important variable affecting 

the battery's cycle-life expectancy. The effect of DOD on cycle life is a nonlinear 

relationship, so the shallower the DOD, the higher the number of available cycles. 

The number of cycles obtained from a battery can be significantly increased 

simply by over-sizing the battery, if the increased size and weight can be tolerated, 

thereby lowering the depth of discharge in each cycle. 
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Over a large range of DOD (about 25% to 100%), the number of cycles a battery 

can deliver is approximately proportional to the DOD. However, as the discharge 

becomes shallower and shallower, the linearity fails. 
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Figure 2.8 Nominal Discharge Performance 

2.4.3.2.2 Cycle Time. The time allowed for a recharge between discharges is 

critical to the battery's life expectancy. Generally speaking, the longer the time allowed 

for a recharge, the longer the battery's life expectancy. 

A battery is fully recharged when between 105 to 110% of the ampere-hours 

discharged are put back in the recharge. If the time allowed for a recharge is less, then the 

current magnitude for a given ampere-hour must be increased. An increase in the charge 

current can be accomplished only if the charge voltage is also increased. This, in turn, 

leads to a higher level of overcharge, which speeds up the battery's aging process. 

Thus, the longer the recharge time, the lower the overcharge rate, and the better it 

is for the battery 

21 



2.4.3.2.3 Charging Parameters. In contrast to float applications where more than 

adequate time is allowed for a 100% recharge, in cyclic applications a major concern is 

whether the batteries are being fully recharged in the time allowed between discharges. If 

the recharge time is insufficient, the battery will remain in a state of perpetual 

undercharge, which in turn will lead to premature battery failure. 

Generally speaking, the recommended charge voltage for cyclic applications is 

higher than that for float-service applications. This is done because in cyclic applications, 

the time available for a full (100%) recharge is much less than, that in float applications. 

To compensate for this shorter recharge time, the charging voltage and thereby the 

charging current, in cyclic applications is raised so that more ampere-hours can be 

supplied to the battery in the given time. 
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2.5 Charging 

Charging the battery is a matter of replacing the energy depleted during discharge. 

Charging may be accomplished by various methods, but the objective — to drive current 

through the battery in the direction opposite that of discharge ~ remains the same. 

Because this process is somewhat inefficient, it is necessary to return more than 100% of 

the energy removed during discharge. The amount of energy necessary for recharge 

depends upon how deeply the battery was discharged, the method of recharge, the 

recharge time, and the temperature. The overcharge required, in the lead-acid battery is 

associated with generation of gases and corrosion of the positive-grid materials. 

Constant-voltage charging is conventionally used for lead-acid batteries; however 

constant-current, taper current and variations thereof may also be used. Each method has 

its advantages and disadvantages. 

To obtain maximum life from a lead-acid battery, its charging scheme must be 

optimized. Based on the application, charging parameters vary. While there are several 

effective methods to recharge a lead-acid battery, a full recharge must put in about 5% to 

10% more capacity (ampere-hours) than what was taken out. Thus, for every ampere-

hour discharged, one must return between 1.05 and 1.10Ah. 

In a cyclic application, undercharging is typically more likely than overcharging, 

and therefore the battery is likely to fail prematurely. This fact makes proper charging of 

a cyclic battery a critical issue. It is seen that batteries in cyclic applications fail due to 

undercharge in less than 30 cycles. This is a disastrous result, considering that it can be 

expected at least 500 cycles to 80% depth of discharge (DOD) from a properly charged 

battery [3]. 
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In all the charging methods, it is preferable to have a temperature compensated 

charger and the coefficient of the temperature compensation should be about +/-

18mV/battery/°C variation from 25°C. The charge voltage must be reduced for ambient 

temperatures in excess of 25°C and increased for temperatures lower than 25°C. 

2.5.1 Constant Vohase rCV) Charging 

Constant voltage (CV) charging is one of the most effective methods of 

recharging a lead-acid battery. CV charging means simply that the charger voltage is held 

uniform regardless of battery's state of charge. The charge current varies depending on 

the difference between the input vohage and the battery vohage. Figure 2.10 shows the 

recharge time at various charge voltages for a cell discharged at 100% of capacity. Lead-

acid batteries of 12V may be charged at 14.7V to 15V per battery, with the highest 

possible current limit, in about sixteen hours from a fully discharged (100% DOD) 

condition at 25°C. 

If the DOD is less than 100%, the time required to complete the charge will be 

correspondingly less. For example, if the batteries were only 50% discharged, they may 

be charged in 8 to 10 hours using CV of 15 V per battery, with a minimum current limit of 

0.33C. It is recommended to have a minimum current limit in the IC to 2C range to 

achieve a full charge in 16 hours from a 100% DOD condition when using a single level 

CV charge. 

This high charge vohage must not be applied to the battery any longer than is 

necessary to complete the charge. This may be achieved by using a simple timer to either 
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shut off the charger or reduce the charge vohage to about 13.65V per battery, at 25°C, 

after the charging process is complete. 
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Figure 2.10 Charge Vohage versus Time on Charge 

2.5.2 Constant Current (CO Charging 

Constant current (CC) charging is another efficient method of charging the lead-

acid batteries. CC charging of a battery is accomplished by the application of a non-

varying constant current source. This charge method is especially effective when several 

batteries are charged in series, since it tends to eliminate any charge imbalance in a 

battery. While this method typically completes the charging process in a shorter time 
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period, greater care must be taken to control the charging. Unlike the CV method where 

the battery itself regulates the charge current at any point in the charge cycle, the CC 

method continues to inject a set current regardless of the battery's state of charge. This is 

why it is necessary to exercise greater care when implementing a CC charge regime. In 

addhion, the maximum charge current in a CC scheme must not exceed 0.2C amperes. 

This is in sharp contrast to a CV charge where one can use as high a current limit as one 

can have because the battery self-regulates the charge current. 

The CC charge termination may be triggered either by the elapsed time (timer) or 

by sensing the cell voltage. To use a timer to determine the point at which charging is 

complete, complete knowledge of the ampere-hours taken out of the battery in the 

previous discharge cycle is required. Multiplying the ampere-hours taken out by about 

1.05 to 1.10 (5% to 10% overcharge factor), gives the number of ampere-hours that must 

be replaced to charge the battery. Finally, one divides ampere-hours replaced by the 

charge current gives the time required to complete the charge. 

This requires more sophisticated circuitry for successfiil implementation. A 

simpler approach is to monitor the battery voltage as it gets charged. This voltage hits a 

peak when 100% of previous discharged capacity has been returned. However, it is a 

mistake to terminate the charge at this point ~ the battery still needs an additional 5% to 

10% for a full recharge. 
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Figure 2.11 Constant Current Charge at C/15 Rate 

2.5.3 Combination CV/CC Charging 

In many instances, a combination of CC and CV charging is employed. This 

allows a significant reduction in the charge time and does not increase the chance of 

damaging the battery permanently. T5^ically, the charger starts out as a CC charger 

(sometimes referred to as the bulk charge mode), replacing a large portion of the 

discharged capacity relatively rapidly because the battery has a high charge acceptance 

efficiency when it is in a low state of charge. 

The charger continues in the CC mode until the battery vohage reaches its peak. 

In most chargers, this peak is sensed when the battery vohage stops rising. This serves as 

a signal to trigger the charger to sv^tch to a CV mode. The charger now needs to obey the 

Ampere-hour (Ah) rule and put in about 10% of previously discharged capacity. 
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In the CV mode, the charger applies a constant 2.45 to 2.50 vpc (14.7V to 15V 

per battery), and the charge current drops gradually. While it is almost impossible to 

predict the end of charge current (EOCC) with reasonable accuracy, a good indicator of 

charge completion may be found in observing the magnitude of the charge current. If 

three successive hourly readings of the charge current are substantially the same, it may 

be inferred that the battery pack is fully charged. Typically, the EOCC will be in the 

O.OOlCto 0.002C ampere range at 25°C. 

2.5.4 Fast Charge Algorithm 

Some lead-acid batteries using a special lUI (CC/CV/CC) algorithm have yielded 

excellent cycle life, while dramatically reducing the charge time from 16 hours to only 6 

to 8 hours for batteries that have been 80% to 100% discharged. In this method, charging 

is initially conducted with constant current (CC) until gassing vohage is reached (first I-

part). Then the vohage is kept constant (U-part) and the current decreases as the batteries' 

state of charge increases. As soon as the current has dropped to the allowed end-of-

charge current, the final charging phase (second I-part) is activated. Upon reaching the 

fully charged state, the battery is disconnected. 
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Figure 2.12 Graphical representation of fast charge algorithm 

Figure 2.12 illustrates lUI fast charge profile for 12V lead-acid batteries. Region 

A is a constant current mode, and continues until the battery terminal voltage reaches 

between 14.7V and 15.0V (Figure 2.12 uses a 14.7V peak). The time to reach this peak, 

Tl, is noted and becomes the starting point for triggering the subsequent trip points on 

the charge cycle. 

Region B commences as soon as the vohage peaks at 14.7V, at which point the 

charger switches to a constant vohage (CV) mode at 14.7, and h continues in this mode 

until rime (T1+1.5T1), or 2.5T1 hours. As an example, if rime Tl in region A is 1 hour, 

then the corresponding rime for region B is 2.5 hours. 

At the end of 2.5T1 hours, the charger switches to a CC mode (Region C in 

Figure 2.12), with the current limited to 0.05C. In addition to the limitation on the charge 

current, two other constraints must be designed into the charger. First, the battery vohage 

must not be allowed to exceed 15.6V, and second, the CC charge must be terminated 
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after no more than 1 hour. The length of time that the battery sees this CC charge is 

ideally 0.5T1, but no more than 1 hour. In other words, (T3-T2) = 0.5T1<=1. 

In practice, the battery vohage in Region C will rise to the 15.6V ceiling in less 

than 1 hour; however, charging must continue in CV mode at 15.6V per battery. At the 

end of time T3 from the commencement of charging, the charger is shut off or switched 

to float. 

In some instances, it may be necessary to set a float vohage in order to provide an 

extended (over the weekend, for example) slow charge. If this is the case, there should be 

an hour rest after the CC mode before the charger switches into the float mode. This rest 

period is depicted as Region D in the charge profile. It is recommended that the 

temperature compensated float charge (Region E) be set at 13.62 V at 25°C. 

While this is clearly a more complex charger design, having a charger that 

accommodates Region E is very important in applications where the battery is frequently 

undercharged, such as hybrid electric vehicles (HEV). In these cases, Region D serves to 

provide a slow, long overcharge that neutralizes the negative effects of any prior 

undercharge. 

The lUI algorithm described above is necessary when inrush current (or current 

limit) is between 0.4C and IC amperes. If, however, the current limit is greater than IC, 

the one-hour charged defined by Region B can be eliminated. 
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CHAPTER m 

APPROACH FOR BATTERY MANAGEMENT 

3.1 Introduction 

In many hybrid electric vehicles (HEV), the batteries are cycled between 20% to 

80% state of charge [3]. This causes the battery capacity to decrease since the batteries 

are undercharged. This leads to the early failure of the batteries. To avoid this situation, h 

is necessary to use an off-board charger periodically that would be able to recharge the 

batteries fully. Full recharge can be obtained by 5% to 10% overcharging of the batteries. 

This overcharging is necessary to recover from the deep discharges. To meet these 

requirements it is necessary to monitor and control the charging of the batteries closely. 

For this, it is necessary to have a better battery management system. This chapter 

discusses an approach to battery management to monitor and control the batteries used in 

hybrid electric vehicles (HEV). Its objective would be to maximize the life of the 

batteries. The general block diagram of the battery management system is shovm in 

Figure 3.1 [7]. 
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Figure 3.1 Block Diagram of Battery Management System 

3.2 Batteries in HEV 

Batteries are used in hybrid electric vehicle (HEV) whether the drive system is in 

a series or parallel configuration. Actually, the idea of a HEV evolved from the inherent 

limitations of the storage battery. As first conceived, a hybrid vehicle employed an 

onboard means of generating electricity in order to augment the limited energy available 

from the battery. When approached as a system, a hybrid power system is no longer a 

simple battery-electric system. Instead it is an integrated, self-adapting, propulsion 

system that may ultimately utilize batteries as an energy reservoir for load leveling, rather 

than in their traditional role of supplying total vehicle motive power [1]. 

In the series configuration, onboard power generator ehher charges the battery or 

supplies power directly to the drive system. The motor drive system operates primarily on 
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an onboard power generator and draws power from the batteries only for peak 

requirements, such as acceleration. The onboard power generator works m parallel with 

the battery pack to run the motor drive system as shown in Figure 3.2. 

Onboard 
Power Generator 

Voltage 
Regulator 

Battery Pack 

Figure 3.2 Block Diagram of Power System in HEV 

A voltage regulator is required to condhion the vohage output from the onboard 

power generator. It provides a constant voltage output independent of the large voltage 

swing of the power generator. Any excess power from the power generator can be used to 

charge the batteries. 

The output vohage from the onboard power generator may not be sufficient to run 

the motor system of the HEV, thus the voltage from the generator may need to be 

converted, using a dc-dc converter. Similarly, a number of batteries should be connected 

in series to meet the voltage requirement of the motor system. The battery pack needs to 

be connected in parallel with the dc-dc converter to run the motor system. The output of 
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the dc-dc converter should have the vohage equivalent to the float vohage of the 

batteries. A block diagram of the battery pack, dc-dc converter and the motor system is 

shown in Figure 3.3. 
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Figure 3.3 Power System in HEV 

3.3 Approach and Requirements 

In most HEV and EV applications, a single charger is used for the entire battery 

pack and the pack is monitored as a single unit. This method of battery management is 

cheap and less complex as it requires fewer components. However, since it does not have 

the ability to monitor each battery in the pack, it cannot control the charging of individual 

batteries. This kind of charging does not assure that the individual batteries are fully 

charged. Although the battery pack as a whole is charged fully, some batteries may be 

overcharged and some undercharged. This variation is possible due to the manufacturing 

inconsistencies in the batteries. The same resuh can occur when the battery pack is made 
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to discharge. These variations in charge and discharge cycle can resuh in the reduced 

cycle life and poor performance. 

When the batteries in the pack are momtored individually, the faulty batteries can 

be determined. This prevents other good batteries from becoming bad. One fauhy battery 

can deteriorate the performance of the pack significantly. By replacing the faulty batteries 

with the good ones in the pack, the performance can be improved. The momtoring can be 

extended to control charge and discharge of individual batteries in the pack. With 

controlled charging, all the batteries in the pack can be charged fully. As individual 

batteries can be charged and monhored separately, it is possible that each battery is 

charged fully. The charging time for different batteries can vary since they are controlled 

separately and it depends upon the battery's state of charge (SOC). Monitoring during the 

discharge of the batteries can prevent them from over discharging. If the batteries are 

discharged beyond the point at which 100% of the capacity has been removed, the life of 

the battery shortens or the battery loses the capability of being charged. Although this 

method is costlier than the previous one, due to the requirement of more components and 

complexity, the battery life can be lengthen significantly and can produce more efficient 

use of the battery. 

To meet the requirement of the battery management system mentioned above it is 

necessary that each battery have a separate charger, monitoring and control system [13]. 

Each battery needs to have an input signal going to the controller for monitoring and an 

output signal from the controller to control the charger. A block diagram of a battery 

management system for this method is shown in Figure 3.4. The detail of the battery 

management system is discussed in the following paragraphs. 
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Figure 3.4 Block Diagram of a Battery Management System 

3.3.1 Charger 

A dc-dc converter can be used as a charger for a battery. Each dc-dc converter can 

be connected to each battery from the battery pack. This is possible due to number of 

advances that have allowed dc-dc converters to be considerably reduced in size and 

weight. The input to each of the converters can be supplied from the charging port. The 

charging port should have the power that is equivalent to the power from the onboard 

power generator of HEV. This helps the dc-dc converters to be used either as a power 

converter for driving the motor system or as a charger during the off-board charging of 

the batteries. These converters need to down convert the vohage from the charging port 

to a charging voltage required for the batteries. The connection of the dc-dc converters 

and batteries are shown in Figure 3.5. 
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Figure 3.5 DC-DC Converters/Batteries Connection 

The dc-dc converter should be integrated in such a way that it could be used both 

as a charger to charge the battery when the vehicle is not miming and as a driving power 

source when the vehicle is running. During the driving of the vehicle, the input should be 

from the onboard power generator. The output voltage from the dc-dc converter should 

be the usual float vohage for the individual batteries that will maintain the batteries in an 

average state of full charge. The sum of the output vohage from the converters should be 

enough to drive the motor system. 

3.3.2 Isolation Circuh 

For monitoring of the batteries, the vohage and current of the batteries should be 

measured. The monhoring can be performed by the microprocessor. For this, the 

measured outputs from the batteries should be connected to the input port of the 
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processor. The processor analyzes the vohage and current of the battery to determine the 

status of the batteries and to control the charging. Isolation circuits are required between 

the processor port and the batteries connected in series. The purpose of the isolation 

circuit is to convert the voltages of batteries to the common ground of the 

microprocessor. The connection of an isolation circuit to the battery and microprocessor 

is shown in Figure 3.6. 
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Figure 3.6 Isolation between Batteries and Processor 

3.3.3 Switching Circuit 

To control the charging of the batteries, a switching circuh is required. There 

should be one swhching circuh for each dc-dc converter, to control the charging 

separately. The swhching circuh should be connected to the output ports of the processor. 
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The function of the switching circuit is to turn on or off the dc-dc converter and to trim 

up or down the output vohage of the converter. The control signal from the processor 

activates the swhching circuh. When the battery is to be charged, the control signal 

should be sent to the trimming circuh switch to trim up the vohage. This trimmed up 

vohage would be the charging vohage to the battery, otherwise h would be in the floating 

vohage. When the battery is fully charged, another control signal from the processor 

should be sent to activate the swhch to turn off the dc-dc converter. This control signal 

prevents the battery from being overcharged. The coimection between processor and the 

switching circuit is shown in Figure 3.7. 
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Figure 3.7 DC-DC Converters/Swhching Circuits Connection 
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3.3.4 Microprocessor System 

A microprocessor-based system can be used to monhor and control the battery 

charging. The processor should control the dc-dc converters to follow the charging cycle 

indicated for each individual battery. The processor should monitor the current flowing in 

the battery while charging. The charge completion can be found by observing the 

magnitude of the charge current. Typically, the end of charge current (EOCC) is in the 

0.00IC to 0.002C (C is the battery capacity in ampere-hour) ampere range at 25 °C. 

When the processor detects EOCC, the processor should send a control signal to the 

swhching circuh to turn off the dc-dc converter. The charging current should be 

constantly monitored during charging of the batteries, by the processor. Since there are 

individual switching circuits and current sensing devices for each battery and dc-dc 

converter, the charging can be controlled individually. 

In addition, the processor should be able to monitor the individual battery 

voltages and should set an alarm when the battery is not charging correctly. This would 

help to detect faulty batteries. The voltage of the batteries should be monitored while the 

vehicle is running. The status of the batteries should be able to be displayed. When the 

battery vohage drops below the end of discharge vohage (EODV), the battery 

identification number of that particular battery should be displayed and the alarm should 

be sent to notify the driver. The alarm should act like a fuel indicator in the internal 

combustion engine (ICE) vehicle. This would help to prevent the batteries from being 

useless with over-discharge. 

Whh the approach mentioned above, the batteries can be prevented from over

charging and over-discharging. Whh periodic extended charging (off-board charging), 

40 



the batteries can be fully charged. This is made possible, by monitoring the individual 

batteries closely and controlling the charging of those batteries individually. Thus, with 

this battery management system, the performance and the life of the batteries used in the 

HEV can be improved. 
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CHAPTER IV 

SYSTEM IMPLEMENTATION 

4.1 Introduction 

In this chapter the implementation of battery management discussed in the 

previous chapter is explained. The major components involved in the system are 

discussed. One of the major components the dc-dc converter which plays an important 

role in the hardware implementation of the system is discussed. These dc-dc converters, 

besides driving the motor when running the vehicle, perform as a charger to charge the 

batteries periodically. This chapter explains the dc-dc converter that is implemented in 

the system along with the general overview of the configuration of the power system in 

the Texas Tech's HEV. Also some power components involved in the HEV is discussed. 

The implementation of the monhoring and control for the battery management is also 

explained in this chapter. 

4.2 Configuration Setup in HEV 

The Texas Tech's HEV, where the battery management system is implemented, 

uses Proton Exchange Membrane (PEM) hydrogen fuel cell. The vehicle operates 

primarily on fuel cell power and draws power from the batteries only for peak 

requirements, such as acceleration. The fliel cell power system works in parallel whh a 

battery pack. The system includes a 140kW dual AC induction motor drive system. The 

fuel cell has a vohage range of approximately 60 to 110 volts with a maximum power of 

about 20kW. This output vohage is not sufficient to run the motors, which operate in a 
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vohage range of 250V - 350V. In order to fulfill this vohage requirement for the motors, 

26 lead acid batteries, with a nominal voltage of 12V, are connected in series. A block 

diagram of how the fuel cell, dc-dc converters and batteries are connected is given in 

Figure 4.1. 

60Vdc 

Charging 
Port 

Regen. (AC) 

250V-350V 

Fuel Cell 

60-llOVdc 

DC-DC 
Converter 26 

13.8Vdc 

Battery Pack 
Batteries 26 

3 Phase AC Regen. (DC) 

Micro
processor 

J 

Figure 4.1 Fuel Cell driven HEV Power System 

4.2. IPEM Fuel Cell 

The PEM fuel cell is an electrochemical device, which operates at efficiencies 

above 50%, at low temperature and vsdthout requiring complex control systems. A PEM 

fuel cell produces direct current electricity by the electrochemical reaction of hydrogen 

and oxygen. The PEM fuel cell used in this HEV is from Energy Partners. It has 110 cells 

stacked in series and the output vohage ranges between 60 to 110 volts. The maximum 
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stack current is 300 amps. The operating vohage out of the fuel cell stack while the 

vehicle is running is expected to be around 70 vohs. 

4.2.2 Motor Controllers and Motors 

This HEV is driven by two 90 horsepower (hp) three phase (3(t)) ahemating 

current (AC) induction motors electrically connected in parallel. The motors are vector-

controlled for maximum torque at all speeds elevating the need for any type of 

transmission in the vehicle. Solectria Corp. is the source for the motors and the 

controllers. 

The motor controllers (UMOC 440) require an input vohage in the range of 200 to 

350 volts and can output 70 kilowatts of power. They can operate at the speed of up to 

12,000 revolutions per minute (RPM), at a maximum current of 210 amps. The motors 

have a maximum rotational speed of 7,400 RPM. The motors can produce 67 kilowatts of 

mechanical power. The motors can operate at frequencies of up to 250 Hertz. 

The motor controller system was built for automotive applications. The system 

possesses the capability of generating power when driven. When the vehicle is 

decelerating the motors generate power and recharge the battery system by converting the 

momentum of the vehicle back to electrical power. This is termed as regenerative braking 

because this regeneration slows down the vehicle considerably. 

4.2.3 Charging Port 

The charging port is used when the batteries are to be off-board charged 

periodically. The charging port is supplied with the power from the regulator that is 
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equivalent to that of the fiiel cell. That means h should be able to supply vohage of 60 to 

110 volts. This configuration provides the dc-dc converter to work both for driving the 

vehicle and charging the batteries. 

4.2.4 Batterv Pack 

Battery selection is critical to the performance of any HEV. The search for a 

battery which satisfies the space, weight and power demands for HEV was met with 

success by the selection of an advanced lead-acid battery made by Hawker Energy 

Products. Although there are several manufacturers of advanced lead-acid batteries, the 

Genesis series of battery from Hawker are noted for their excellent power and energy 

density, very low internal resistance, and ability to retain a substantial portion of their 

capacity under high current draw applications. 

The batteries used in this HEV are 12 vohs, 13 Ah capachy valve regulated sealed 

lead acid (VRLA) batteries. The dimension and the weight of each battery are 6.9" x 3.3" 

X 5.1" and 10.8 lbs, respectively. The size and the weight of this battery are suhable to 

accommodate 26 of them under the hood of the vehicle. Since the energy from the battery 

pack is used during acceleration or up hill climbing of the vehicle, 13 Ah capacity of the 

battery is enough for the HEV. 

Because of a low internal resistance, the vohage profile of the Genesis batteries 

under discharge is relatively flat (Figure 4.2), enabling the vohage to stay at a higher 

level during discharge. 
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Figure 4.2 Discharge Characteristics of 13 Ah 

The other advantage of having very low internal resistance is that it allows high 

current to be pumped back into the battery pack during regenerative breaking. These 

batteries are suited for HEV due to their extraordinary short duration, high-rate discharge 

capability. This helps greatly in providing brief bursts or pulses of very high magnitudes 

to accelerate the HEV without causing the battery voltage to drop too low (Figure 4.3). 
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Figure 4.3 Genesis High Rate Discharge 
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When applied properly, these batteries are capable of delivering up to 500 cycles 

at 80% depth of discharge (DOD) at the three-to-five hour discharge rate. Since they are 

classified as nonspillable, they may be installed in any orientation whhout sacrificing any 

performance attributes, and there is minimal risk of battery acid hazard should the 

batteries become damaged in an accident. 

4.2.5 DC-DC Converter 

A dc-dc converter is a device that accepts a dc input vohage and produces a dc 

output vohage. Typically the output produced is at different vohage level than the input. 

There are 26 dc-dc converters used for down converting the voltage from the fuel cell. 

The outputs of these dc-dc converters are connected in series to meet the voltage 

requirement of the motor system. During the driving of the vehicle, these dc-dc 

converters convert fuel cell voltage of 60-100 volts to 13.8 volts. When 26 of them are 

connected in series the total voltage would be26xl3 .8 = 358.8 volts, which is sufficient 

to drive the motor system. The dc-dc converters are set to provide about 50 amps in the 

constant current mode up to 13.8 volts. This output voltage 13.8 volts from the dc-dc 

converter also acts as a floating voltage to the battery. These dc-dc converters are 

connected individually to the batteries connected in series. 

These dc-dc converters are used as chargers as well. Batteries in the battery pack 

are charged periodically when the vehicle is not running. During charging of the batteries 

these dc-dc converters down convert the vohage from the charging port (60 to 110 vohs) 

to 14.7- 15 volts. 
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4.2.5.1 Theory of Operation 

An ideal power supply would be characterized by supplying a smooth and 

constant output vohage regardless of variation in line vohage, load current or ambient 

temperature. Tradhionally, linear power supplies have been used. However, advances in 

the semiconductor technology have led to swhching power supplies, which are smaller 

and much more efficient compared to linear power supplies. Increased switching speeds, 

higher vohage and current ratings, and a relatively lower cost of these devices are the 

factors that have contributed to the emergence of switching power supplies [8]. 

Figure 4.4 shows a switching supply with electrical isolation in a simplified 

block-diagram form. The dc-dc converter block in the figure converts the input dc voltage 

from one level to another dc level. This is accomplished by high frequency switching, 

which produces high frequency ac across the isolation transformer. The secondary output 

of the transformer is rectified and filtered to produce the output voltage. The output of the 

dc supply is regulated by means of a feedback control that employs a pulse width 

modulation (PWM) controller, where the control voltage is compared with a saw-tooth 

waveform at the switching waveform at the swhching frequency. 
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Figure 4.4 Schematic of a switch-mode dc power supply 

4.2.5.2 Pulse Width Modulation 

In dc-dc converters, the average dc output voltage must be controlled to equal a 

desired level, though the input voltage and the output load may fluctuate. In a dc-dc 

converter with a given input vohage, the average output vohage is controlled by, 

controlling the switch on and off duration. One of the methods for controlling the output 

voltage employs switching at a constant frequency, and adjusting the on-duration of the 

switch to control the average output vohage. In this method, called Pulse Width 

Modulation (PWM), the swhch duty ratio, which is defined as the ratio of the on-duration 

to the switching time period, is varied. 

In the PWM swhching at a constant switching frequency, the swhch control 

signal, which controls the state (on or off) of the switch, is generated by comparing a 

signal level control vohage with a repethive waveform as shovsm in Figure 4.5. The 

control vohage signal generally is obtained by amplifying the error, or the difference 

between the actual output vohage and its desired value. The frequency of the repethive 
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waveform whh a constant peak, which is shown to be a saw-tooth, establishes the 

swhching frequency. When the amplified error signal, which varies very slowly whh time 

relative to the swhching frequency, is greater than the saw-tooth waveform, the switch 

control signal becomes high, causing the swhch to turn on. Otherwise, the swhch is off. 

(Figure 4.6) 
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4.3 DC-DC Converters Used 

The dc-dc converter for this system should be able to convert the vohage from 60-

110 vohs to either floating vohage of 13.8 vohs or charging vohage of 14.7-15 vohs. For 

this reason there should be a capability of changing the output voltage in the dc-dc 

converter. This can be achieved by modifying some parameters in the feedback circuit. 

There are 26 batteries in the HEV and each battery will have a converter of hs own. At 

normal operating condhion, the fuel cell generates 300 amps at 60 vohs. So each 

converter must be capable of handling 60 vohs and 300/26 = 11.54 amps at normal 

conditions, i.e., 60V*11.54A= 690 watts of power. 

4.3.1 Initial Design 

The dc-dc converter, used initially for the HEV power system was designed by 

Flat Transformer Technology Company. It consists of a control board, and flat 

transformers that operates in a half bridge topology. The block diagram of this dc-dc 

converter with the feed back circuit is shown in Figure 4.7. 
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Figure 4.7 DC-DC Converter Block Diagram 
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4.3.1.1 Control Board 

The control board, as shown in Figure 4.8, has Micro Linear ML4825 pulse width 

modulation (PWM) controller IC and an International Rectifier IR 2110 IGBT driver on 

h. The PWM controller drives the IGBT driver, which in turn drives the IGBTs. The 

IGBTs swhch the dc level into an ac signal, which is then passed through the flat 

transformers. On the other side of the transformers, the ac signal is full wave rectified and 

fihered to get the output vohage. 

U *MMi 'J: 

o—*-* \\i\^-»-
•Tout ^ Bit t t fV ••^0' 

Figure 4.8 Schematic Diagram of the DC-DC Converter 

On this schematic, Ul is the ML4825, U2 is the IR2110, Zl and Z2 are the 

IGBTs, and the connection at the "primary" is the winding to the flat transformer. The 

swhching of the DC vohage is performed by the two IGBTs, which are produced by 

Harris Semiconductor. They are capable of handling up to 33 amps. For current limhing, 

there is a current sensor at TXl. The sensor gives an ac vohage, which is rectified and 

then divided. If the vohage at pin 9 of the ML4825 (the current limh pin) exceeds 1 voh. 
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the ML4825 will set its output to zero, shutting dovm the control board. The IGBTs will 

be off, and the input current will drop. Once the current is under 15 amps, the vohage at 

pin 9 of the ML4825 will be less than one and the ML4825 will continue with hs normal 

operation. 

4.3.1.2 Flat Transformer 

The transformers used in the converter are not conventional transformers. They 

are flat transformers (Figure 4.9) produced by the Flat Transformer Technology 

Company that use multiple cores to reduce weight, size and necessary windings. The flat 

transformers have a fixed winding ratio, so the way in which they are configured dictates 

how they perform. The only variables are the number of flat transformer modules and the 

number of windings in their "primary" side. The flat transformers have to be connected in 

such a way that they provide the correct vohage for the batteries, and be able to handle 

the power through them. To do this, four flat transformers were used as shown in Figure 

4.10. In this configuration, it is able to handle the power up to 800 watts. 

Figure 4.9 Flat Transformers 
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Figure 4.10 Flat Transformer Configuration 

4.3.1.3 Feedback Chcuit 

The control board needs to regulate the input voltage so that the output vohage 

does not exceed 15 volts. The ML4825 has some internal comparators that regulate the 

duty cycle of the PWM. The feedback network connects the output to the input so the 

input can regulate the output. If the feed back vohage exceeds the reference vohage, the 

PWM controller would modify the AC signal. This feedback circuit is as shovm in Figure 

4.11 and h regulates the output to 15 vohs. With the potentiometer on the feedback 

circuit, it is possible to adjust the output vohage of the converter. 

4.3.1.4 Isolation Circuh 

The outputs of the converters, which are connected to the batteries, need to be 

isolated from the control board. To provide this isolation, a Texas Instrument's TPS5904 

is used. The TPS5904 is an opto-isolator with a programmable vohage reference. The 

voltage reference helps to keep the BJT in the output of the opto-isolator operating in the 
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linear range. Since the input and the output of the TPS5904 are optically isolated from 

each other, h can be used to safely feed back the output. The feedback circuh and the 

internal structure of the TPS5904 are shown in Figure 4.11. 
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Figure 4.11 Feedback Circuh 

4.3.2 Present Design 

It became necessary to select another type of dc-dc converter, since the previous 

one was not reliable when the current drawn was more than 20 amps and the design for 

trimming circuit is complex. The dc-dc converter used later in the HEV is from the Vicor 

Corporation. Vicor's Mega Module (Part Number VI-N4P-CM), as shovm in Figure 4.12, 

offers a total of 600 watts output. This module has an in-buih protection mechanism, i.e., 

when the load is higher than hs capacity h shuts off automatically and has a provision of 

trimming up or dovm the output vohage. Each module incorporates three component-

level Vicor dc-dc converters in a chassis-mount package. The external dimensions of the 

Mega Module are 4.9" x 7.3" x 0.62" and they are well packaged as shown in Figure 

4.12. There is a provision to mount the heat sink at the base plate of the module. 
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Figure 4.12 Mega Module DC-DC Converter 

4.3.2.1 Control Circuh 

This dc-dc converter uses zero-current-sv^tching technology which can operate at 

frequencies in excess of 1 MHz, with efficiencies greater than 80% and power densities 

ten or more times those of conventional converters. 
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Figure 4.13 Schematic Diagram of DC-DC Converter 

In Figure 4.13, when the MOSFET switch is turned on, the energy from the input 

source is transferred to an LC "tank" circuh, composed of inherent transfer leakage 
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inductance of TXl and a capachive element, C2, in the secondary. Simuhaneously, an 

approximately half-sinusoidal current flows through the swhch, resuhing in swhch turn-

on at zero current and turn-off when current returns to zero. Resonance, or bidirectional 

energy flow, cannot occur because diode Dl will only permh unidirectional energy 

transfer. A low-pass fiher (L2, Co) following the capachor produces a low ripple dc 

output. The logic control in the module controls the swhching of MOSFET to protect 

from over vohage and over temperature. The feedback circuh regulates the output 

vohage. The output is isolated from the input so there is no output interaction problems. 

4.3.2.2 Trimming Circuit 

The dc-dc converter is designed to provide nominal output vohage of 13.8 volts. 

This voltage is the float vohage required to the batteries during the driving of the vehicle. 

The output voltage of this dc-dc converter can be trimmed up or down by selecting the 

proper resistance in the trimming circuit (Figure 4.14). Since the voltage requhed to 

charge the batteries is 14.7 volts, the output vohage is trimmed up as shown in the 

calculation below. By connecting the calculated resistance Ru between TRIM and 

+SENSE, the output voltage of the dc-dc converter can be regulated to 14.7 volts. 
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Figure 4.14 Trimming Circuh 

Nominal Vohage: 13.8V 

Trim up Voltage: 14.7V 

Trim up by: (14.7 - 13.8)/13.8 = 65% 

Vt = 2.5+ 6.5% = 2.6625 V 

IR5 = (2.6625-2.5)/10k= 16.25uA 

VRu = 14.7- 2.6625 = 12.038V 

Ru = 12.038/16.25U = 738 k Q 

4.3.2.3 Switching Circuh 

The application of the dc-dc converters is not only to recharge the batteries, but 

also to provide power to drive the vehicle. During the charging of the batteries, the 

required output vohage from the dc-dc converters has to be 14.7 vohs and during driving 
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of the vehicle, 13.8 vohs. The switching between these voltages is performed by the 

swhching circuh as shovm in Figure 4.15. When the switch is turned on the output 

vohage is trimmed up, i.e., the output vohage from the dc-dc converter becomes 14.7 

volts. 

+12 V - — r 

I k 

Ond Cntr1 

1K 

OndCntr2 

L J ^ . -
3 i 

MCTOOOIOT 

'Gjt*- ln 

-Vin 

S+ 

L 
738K 

Figure 4.15 Switching Circuh Diagram 

With the control signal from the microprocessor, the output vohage of the dc-dc 

converter can be switched depending upon the application. In the swhching chcuit, there 

is a provision to turn the module on or off. When Gate In is floating the module is turned 

on. When the Gate In is pulled low (<0.65 vohs @ 6mA, referenced to -Vin), the module 

is turned off. During charging of the batteries, the control signal from the microprocessor 

turns the module off, once it detects the battery has been fully charged. 

The connection of the dc-dc converters, size of the wires used, and the fuses 

applied are shown in Figure 4.16. 
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Figure 4.16 DC-DC Converter Connection 

4.4 Controller Svstem 

The controller system for the battery management is a microprocessor-based 

system that monitors and controls the battery charging. The objective of the controller is 

to monitor the individual battery vohage and current to control the charging of the 

batteries. A block diagram of the microprocessor connected with the battery and dc-dc 

converter is shown in Figure 4.17. 
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Figure 4.17 Battery Monitoring and Control Block Diagram 

The voltage and the current in the batteries are monitored constantly by the 

processor. After analyzing the voltage and current, it sends control signals to respective 

destinations. When charging the batteries, if the current reaches the end of charging 

current (EOCC), it sends the control signal to the switching circuit to turn off the dc-dc 

converter. If the battery is not charging properly then it sends the signal to set the alarm. 

When monhoring the batteries, if any of the battery vohages drop below the end of 

discharge vohage (EODV), then the signals are sent to set the alarm and to liquid crystal 

display (LCD) to display the battery's identification number. The connection of batteries 

and dc-dc converters to the processor is shovm in Figure 4.18. The muhiplexers and oaal 

latches are used to accommodate inputs and outputs, since there are more signals than the 

ports available. 
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Figure 4.18 Connection of Batteries/Converters to the Processor 

4.4.1 Hardware Implementation 

4.4.1.1 Microprocessor 

The controller is based upon the Motorola MC68HC11 micro controller. This 

device is one of the pioneers for control applications in automotive systems and still in 

use today in many systems. This 8-bit micro controller is incorporated into the system 
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using a product evaluation board to allow for system development and to provide some of 

the necessary circuitry. The input and output signals of the micro controller are 

condhioned to interface with different systems on the vehicle through a custom designed 

interface board. 

4.4.1.2 Isolation Circuh 

Isolation circuit between the batteries and the processor is necessary to monitor 

individual batteries. The IS0255 chip is used for isolarion. The IS0255 is a precision 

three-port isolated instrumentation amplifier. It has a power supply range of 11 to 18 

volts. This device has the input protection to withstand up to +/- 40 volts. The amplifier is 

configured as shown in Figure 4.19. Vin represents the voltage being read and Vout is the 

output voltage going towards the processor ports. The gain for the amplifier is set using 

the equation G= 1 + (50K / Rg), provided in the data sheet. To set the gain at 1, the 

resistor Rg is calculated to be 1.6 MQ. The gain is set to 1 so that there is no 

amplification, because the goal is to use the amplifier as a buffer. Since the micro 

controller can handle a vohage range of 0 -5 vohs, the output vohage from the circuh has 

to go through the vohage divider to scale h down. 
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Figure 4.19 IS0255 Circuh Diagram 

4.4.1.3 Vohage Divider 

The vohage of the battery varies from 10 to 15 vohs depending in the battery's 

state of charge (SOC). The vohage has to be divided because the processor only reads 

values between 0 and 5 vohs Thus the vohage from the battery is divided to an analog 

vohage of 0 to 5 vohs using the circuhs shown in Figure 4.20. LM 747 operational 

amplifier is used to buffer the input to output. 
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Figure 4.20 Battery Vohage divider Circuh 

4.4.1.4 Multiplexer 

For vohage monhoring, outputs from 8 batteries are connected to one muhiplexer. 

For monitoring 26 batteries, 4 multiplexers are required. These multiplexers are 

connected to Port E of the processor. Port E is the analog to dighal converter port. The 

multiplexer used is MPC508A. It is an 8-channel single-ended analog muhiplexer. These 

multiplexers have input over voltage protection. They are fabricated with dielectrically 

isolated CMOS technology. During monitoring of the batteries, all eight channels from 

each multiplexer are read by the processor. 

4.4.1.5 Octal Latches 

To send the control signals from the processors to the switching circuits, octal 

latches are connected between the port C and the swhching circuhs. The octal latch 

74AC373 from Fairchild Semiconductor is used for this purpose. It contains eight D-type 

latches. The flip-flop appears transparent to the data when the latch enable (LE) is high. 
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The enable is connected to 4 ports of Port B to control 4 octal latches. The selection of 

particular swhching circuh is determined by this enable signal. All swhching circuhs for 

26 dc-dc converters are connected to these 4 octal latches, which are commonly 

connected to the port C as shown in Figure 4.18. 

4.4.2 Software Implementation 

4.4.2.1 Voltage Monhoring 

During the vohage monhoring, when the battery terminal vohage drops below 

11.58 vohs, the processor displays the battery's identification number on the liquid 

crystal display (LCD) to indicate the bad battery. An alarm is also set when the bad 

battery is detected, so that the user gets notification of the battery problem. The flow 

chart of the battery monitoring program is shown in Figure 4.21 and 4.22. 

The terminal voltage from the battery is read from the Port E of the processor and 

is loaded in the accumulator A. It then compares the battery terminal voltage with the end 

of discharge voltage (EODV), which is 11.58 volts in this case. If the battery terminal 

voltage is lower than EODV, it sends a signal to set the alarm and to the LCD to display 

the battery identification number. In the LCD, the battery identification number of those 

batteries that have terminal vohages less than 11.58 vohs are displayed. The terminal 

vohage of all the batteries are read and compared sequentially from 1 to 26. 
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4.4.2.2 Current Monitoring 

The current flowing from the dc-dc converters to the batteries are monitored while 

charging of the batteries. The current flow is monitored by means of a current shunt. 

When the current flowing into the battery reaches 0.013 amps during the constant voltage 

charging, the processor sends a control signal to the switching circuit to turn off the dc-dc 

converter. This prevents the battery being fiirther charged. Currents of all the batteries are 

monhored while they are being charged. It is not necessary that all the batteries be frilly 

charged at the same time. Due to the manufacturing inconsistencies and operational 

variations different batteries charges frilly at different times. Thus it is necessary that the 

last control signal be sent to turn off the dc-dc converter to confirm that the battery pack 

is fiiUy charged. 

4.4.2.3 Energy Measurement 

In order to measure the energy of the batteries, both the vohage and the current of 

the batteries are monhored. The power is calculated by muhiplying these two values. 

Furthermore, the energy of the batteries is calculated by muhiplying the power by the 

corresponding unh of time between the samples. The complete flow chart is shown in 

Figure 4.23. 
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Figure 4.23 Flow Chart to Measure Energy of the Batteries 
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CHAPTER V 

RESULTS 

5.1 The Experiment 

The experiment consists of charging the individual batteries connected in series 

by individual dc-dc converters described in the earlier chapters. The objective of the 

experiment is to evaluate the battery performance by charging the batteries individually 

and charging the battery pack by a single charger. First the dc-dc converters were tested 

over an extended period of time to examine their stability, efficiency and temperature 

variations. Then the batteries were charged individually and in a group to observe the 

characteristics. The battery monitoring program was run to test if the bad batteries could 

be detected. 

5.2 Performance Test of DC-DC Converters 

Inhially, the dc-dc converters designed by Flat Transformer Technology 

Company were tested. The output vohage of the dc-dc converter was regulated by a 

feedback circuh. The feedback chcuh was designed by using a linear opto-isolator, 

TPS5904. The details of this converter and the feedback chcuh are discussed in section 

4.3. The output vohage of the converter was regulated at 15 vohs by adjusting the 

resistance value to 8.5 kHin the feedback circuh. The efficiency of the converter was 

calculated by measuring the input power supplied and the output power generated. 

Efficiency (%) = [Vout x lout / Vin x I J x 100% 

71 



The efficiencies of the dc-dc converter were calculated by connecting different 

resistor loads at the output terminals of the converter. Input voltage, input current, output 

voltage and output current were measured and efficiencies were calculated. In all cases, 

the efficiency of the dc-dc converter was between 65 to 75 percent. 

The vohage and current measurements with a load of 1.25Q and the calculated 

efficiencies of this dc-dc converter are given in Table 5.1. A graph of the data is shown in 

Figure 5.1. The average efficiency of this converter was calculated to be about 73%. 

When the input vohage is more than 70 vohs, the efficiency starts to decrease. This 

decrease in efficiency could be due to the temperature rise in the converter. When the 

temperature is beyond the operating range, the performance of the converter degrades. 
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Table 5.1 Efficiency Calculation of DC-DC Converter 

Input 
\/bltage(V) 

13.7 
18.4 
25.3 
3Z3 
37.2 
43.4 
47.2 
54.2 
58.1 
64.6 
68.5 
71.2 
72.5 
77.7 
822 
87.6 
92 

95.3 
1025 
106.7 

Input 
CunnBrt(>ft) 

0.39 
0.54 
0.75 
0.99 
1.14 
1.34 
1.47 
1.68 
1.83 
202 
219 
23 
241 
255 
267 
255 
244 
235 
2.26 
219 

Output 
Volt^e(\^ 

221 
3.07 
426 
5.56 
6.43 
7.57 
8.27 
9.38 
10.27 
11.1 
128 
13 

14.5 
144 
15.5 
152 
15.2 
15.4 
15.6 
15.3 

OutpU 
Current (/̂  

1.72 
238 
3.4 

4.41 
5.07 
5.97 
6.55 
7.45 
8.1 
8.9 
9.6 

10.07 
9 
9 
10 
10 
10 
10 
10 

9.75 

Irpi 

5.34 
9.94 
18.96 
31.98 
4241 
58.16 
69.38 
91.06 
106.32 
130.49 
150.02 
163.76 
174.73 
198.14 
219.47 
223.38 
224.48 
223.96 
231.65 
233.67 

Average B 

output 
Power (\/\̂  

3.80 
7.31 
14.48 
2452 
3260 
45.19 
54.17 
69.88 
83.19 
98.79 
12288 
130.91 
130.50 
129.60 
155.CX) 
15200 
15200 
154.00 
156.00 
149.18 

fidency 

Efficiency 

71.14 
73.54 
76.33 
76.68 
76.87 
77.71 
78.07 
76.75 
7824 
75.71 
81.91 
79.94 
74.69 
65.41 
70.62 
68.05 
67.71 
68.76 
67.34 
63.84 
73.47 

A 

_, 1 1 1 1 , 1̂  1 r 

\ 

1 \ 1 r 

<>• rP'' oĵ -" t^-" Ĉ b- i§>- KV- <^-

Input Voltage 

>^ 

Figure 5.1 Input Vohage versus Efficiency Characteristics 
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The operation of the converter was tested by actuaUy charging a battery. The 

converter must shut off when the battery is fully charged. The converter is normally shut 

off, by observing the current drawn by the battery using a current sensor. However, in 

this test, an ammeter was connected in series to the converter's output to sense the 

current. The converter was turned off manually when the current dravm by the battery 

was 0.013 amps. The vohage and current for charging of a 12V, 38AH battery from 

Hawker Energy Products using this dc-dc converter is shown in Table 5.2 and the 

charging characteristics is shovm in Figure 5.2. The open circuh vohage (OCV) of the dc-

dc converter was maintained at a constant voltage of 15 volts using the feed back circuit. 

The charging current is observed to be decreasing whh the elapse of time indicating that 

the battery is being charged. The characteristic curve shows the relation between the 

charging vohage and the current. When the battery is fully charged, the current drawn by 

the battery should approach zero. 
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Table 5.2 Constant Vohage Charging of 12V Battery 

T ime 

11:45 
12:00 
12:15 
12:30 
12:45 
1:00 
2:00 
2:20 
2:30 
2:45 
3:00 
3:30 
3:50 
4:04 
4:16 
4:30 
4:50 
5:03 
5:10 
5:30 
5:47 
6:05 

Input 
Vol tage (V) 

71.55 
71.8 

71.81 
71.83 
71.88 
71.8 

72.28 
72.46 
72.38 

73 
73.24 

74 
74.25 
74.4 
74.3 

74.53 
74.87 
74.51 
74.66 
74.93 
75.03 
75.24 

Input 
Current (A) 

1.31 
1.31 
1.35 
1.31 
1.29 
1.25 
1.13 
1.02 
0.93 
0.83 
0.75 
0.55 
0.47 
0.44 
0.4 

0.37 
0.33 
0.32 
0.31 
0.3 

0.29 
0.28 

Output 
Vol tage (V) 

12.85 
12.89 

12.957 
13.009 
13.064 
13.11 
13.4 

13.63 
13.76 
14.05 

14.269 
14.58 
14.67 
14.76 
14.8 

14.833 
14.915 
15.034 
15.07 
15.07 
15.08 
15.08 

Output 
Current (A) 

5.52 
5.4 
5.7 
5.5 

5.42 
5.23 
4.6 

4.06 
3.71 
3.2 

2.82 
2.01 
1.65 
1.5 

1.33 
1.18 

1 
0.94 
0.9 
0.9 
0.9 
0.9 

10 

8 

4 

2 

0 

" liiiiiiiiiiis 

'^^«rv*«v<v^ 

-i -r'^"i"""'r'^^^''^1r•^'x^^''nr^'if^""'r^^ 

N- <>• O' 'V-V \^ \ 
05. n,. ^ . ^ . 65. t j . .^ ..^ ^.^ ^^ ^r^ .!^ ^'"f .^ 

Time r *: Output Voltage (V) | 
-^^ Output Current (A) J 

Figure 5.2 Charging Characteristics of 12V Battery 
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Later the Mega Module of Vicor Corporation was selected as the dc-dc converter. 

This module offers a total of 600 watts and h comes in chassis-mount package. This unh 

offers more power and is more rugged and reliable than the previous dc-dc converter. 

Furthermore, two different output vohages (Floating Vohage and Charging Voltage) are 

available from this module by using a trimming chcuh. The efficiency of this dc-dc 

converter was determined by measuring the input and output power under load. The load 

was designed by connecting twenty 300 watts electric bulbs in parallel. The resistive load 

with these bulbs was 0.250. The load was designed to draw current up to 50 amps, which 

is similar to the requirement of the HEV. The efficiency of this converter was calculated 

as about 88%. The measurement data is given in Table 5.3 and the efficiency curve in 

Figure 5.3. The efficiency of this converter is better than the previous converter and the 

efficiency is observed to be almost constant. The variation in the efficiency is observed to 

be within 1%. 

Table 5.3 Efficiency Calculation of DC-DC Converter 

TiriB 

1:00 
1:10 
120 
1:30 
1:40 
1:50 
200 
210 
220 
230 

Input 
V:ltage(\^ 

7266 
728 
7251 
7263 
726 
7258 
7268 
7278 
7273 
728 

Irput 

ase 
a49 
a s 
a49 
a49 
as 
as 
as 
a49 
a49 

output 
\^tage(\/) 

ia886 
ia82 
ia824 
ia8Z7 
iaaz7 
iaa24 
ia825 
ia825 
ia83 
ia833 

Qjrr&iifi) 
1643 
16S 
1633 
1623 
1633 
1633 
1633 
1623 
1633 
1633 

Irpi 
Fb^er(\/\) 

26867 
254.07 
25379 
25348 
25337 
254.08 
254.38 
254.73 
25383 
254.07 

FbAfir(V\} 
22615 
224.30 
22575 
22579 
22579 
22575 
22576 
224.40 
22584 
22589 

Efficiency 

8620 
8823 
8695 
89106 
8912 
8687 
8675 
8809 
8896 
8691 
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Figure 5.3 Efficiency Graph of DC-DC Converter 

A test was performed to determine the temperature variation of the converter 

while operating. The recommended operating range for this converter is -55 °C to + 

85 °C. During the test, the temperature of the converter was rising very high beyond its 

operating range, when it was operated without using forced air cooling. So the test had to 

be stopped to avoid damage to the converter. The converter was tested again, using the 

forced air cooling. An airflow of 800 LFM (linear feet per minute) was applied with fan 

blowing across the module. The measured temperature, using the fan, is given in Table 

5.4 and a graph is shown in Figure 5.4. With the forced air cooling, the temperature of the 

converter remained at around 34 °C. When applied in the HEV, these dc-dc converters 

will be mounted on a heat sink and the cooling air will be supplied by the vent airflow 

from the movement of the car, instead of fan. 
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Table 5.4 Temperature Variation using Forced Air 

Time 

4:52 
4:55 
4:57 
5:04 
5:10 
5:17 
5:23 

Input 
Voltage (V) 

72.45 
72.4 
72.55 
72.65 
72.67 
72.59 
72.49 

Input 
Cun̂ ent (A) 

3.87 
3.86 
3.85 
3.84 
3.84 
3.85 
3.85 

Output 
Voltage (V) 

14.719 
14.719 
14.719 
14.72 
14.72 
14.72 
14.72 

Output 
Oun̂ ent (A) 

1673 
16.73 
1663 
1653 
1653 
1653 
1653 

Temp 
Celsius 
33.80 
34.00 
34.30 
34.30 
34.40 
34.50 
34.40 

u 
o 

34.60 

34.40 

34.20 -

I 34.00 
a> 

B 33.80 -\ 

33.60 

33.40 
4:52 4:55 4:57 5:04 

Time 

5:10 

J 

5:17 5:23 

Figure 5.4 Temperature Variation using Forced Air 

Next the 12V battery was charged with the dc-dc converter. In this case, a 

trimming circuh was used. The connection of the trimming circuh with the dc-dc 

converter was given in the previous chapter. The output of the dc-dc converter was 

trimmed up to 14.7 vohs to charge the battery. This was made possible by connecting a 

738kn resistor between the +SENSE and TRIM pins of the dc-dc converter. The 
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measured data for charging is given in Table 5.5 and the charging characteristic curve is 

shown in Figure 5.5. 

Table 5.5 Data on Constant Vohage Charging of 12V Battery 

Time 

11:37 

11.44 

11:50 

11:55 

12:00 

12:05 

12:10 

12:15 

12:20 

12:25 

12:30 

12:35 

12:40 

12:45 

12:55 

13:00 

13:05 

13:10 

13:15 

13:20 

Input 
Voltage (V) 

74.8 

75.26 

75.98 

77.23 

78.67 

81.16 

83.37 

84.92 

86.16 

86.8 

87.31 

87.73 

87.93 

88.12 

88.65 

88.9 

88.96 

89.21 

89.34 

89.47 

Input 
Current (A) 

7.64 

7.52 

7.01 

6.11 

5.21 

3.74 

2.46 

1.7 

1.15 

0.9 

0.73 

0.61 

0.55 

0.48 

0.4 

0.33 

0.31 

0.28 

0.27 

0.24 

Output 
Voltage (V) 

14.723 

14.742 

14.756 

14.749 

14.744 

14.736 

14.732 

14.727 

14.725 

14.723 

14.723 

14.723 

14.724 

14.724 

14.73 

14.727 

14.726 

14.729 

14.728 

14.725 

Output 
Cun-ent (A) 

34.85 

33.76 

31.39 

28.71 

25.15 

18.71 

12.57 

a6i 
5.74 

4.26 

3.27 

2.67 

2.28 

1.98 

1.49 

1.39 

1.29 

1.19 

1.09 

0.99 
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Figure 5.5 Charging Characteristics Curve of 12V Battery 

5.3 Battery Charging and Discharging 

A test to determine battery performance by charging the batteries individually and 

in a group (connected in series) was carried out. Charging and discharging of the batteries 

were done several times to see the difference in the performance of the batteries those 

were charged individually and in a group. A 12V (13Ah) batteries from Hawker Energy 

Products which would be used in the HEV were used for the testing. Initially, the open 

circuit vohages (OCV) of those batteries were 13.15 vohs. The test procedures employed 

are as follows: 

For charging the batteries in a group, 

1. Twenty-eight batteries were connected in series. These batteries supply the power 

to the motor controller that runs the motor to drive the vehicle. The setup is shown 

in Figure 5.6. 
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2. The batteries were discharged, by running the vehicle on the road. The 

discharging was continued until the battery pack vohage reached about 28 x 11.56 

= 324 vohs. 

3. The batteries were charged, by a commercial battery charger, a Zivan Battery 

Charger. Two chargers were used to recharge the 28 batteries. The Zivan battery 

charger uses lUI (CC/CV/CC) algorithm for charging the batteries. The batteries 

were connected to the chargers as shown in Figure 5.6. The batteries were inhially 

charged with constant current of 7 amps. When the vohage across the battery pack 

(14 batteries) reached 200 vohs, h started to charge as a constant vohage charge. 

After the current went below 1 amp it started to charge in constant current charge 

mode. When the batteries were fiilly charged (very low current flow into the 

battery) the chargers switched off automatically. The same charging procedure 

was applied in the other set of 14 batteries. 

4. The discharging and recharging (steps 2 and 3) of the batteries were repeated 

several times and the battery's open circuit voltages (OCV) were measured. The 

last few readings of the battery vohages are given in Table 5.6. 
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Battery 2 
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Figure 5.6 Test Setup for Group Charging 
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Table 5.6 Open Circuh Vohage (OCV) of Group Charged Batteries 

Battery 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Discharged 
Voltage 
11.75 
11.60 
12.11 
12.16 
12.00 
12.14 
11.78 
11.58 
12.12 
12.07 
12.11 
12.10 
12.11 
12.15 

Chatged 
Voltage 
13.10 
13.00 
13.50 
13.60 
13.50 
13.60 
13.10 
1Z90 
13.50 
13.40 
13.50 
13.56 
13.61 
13.50 

Discharged 
Voltage 
11.61 
11.30 
11.95 
1201 
11.91 
11.99 
11.68 
11.27 
11.97 
11.92 
11.96 
11.96 
11.98 
12.00 

Charged 
Voltage 
13.01 
1288 
13.11 
13.15 
13.12 
13.12 
13.02 
12.88 
13.13 
13.09 
13.12 
13.11 
13.11 
13.13 

Discharged 
Voltage 
12.04 
11.91 
12.23 
12.27 
12.20 
12.26 
12.06 
11.95 
12.24 
12.20 
12.23 
12.23 
12.23 
12.27 

Charged 
Voltage 
13.17 
13.07 
13.40 
13.44 
13.39 
13.43 
13.18 
13.08 
13.41 
13.39 
13.40 
13.40 
13.39 
13.42 

3 4 5 

Charging/Discharging 

Figure 5.7 Vohage Curve of Charging and Discharging of Group Charged 
Batteries 
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For charging the batteries in a group, this setup was selected because of the 

unavailability of the charger to charge the three batteries in series. Still the objective of 

charging the batteries whh a single charger was met using this setup. When a group of 

batteries were charged with a single charger, the charger considered only the total vohage 

and state of charge (SOC) to control the charging. The charger did not know the status of 

the individual batteries. This causes some batteries to be overcharged and some to be 

undercharged, although the battery pack as a whole was charged fully. The variations in 

the vohage of these batteries were observed while charging and discharging those 

batteries. The differences in the vohages were increasing in every cycle of charging and 

discharging. The batteries were discharged below the threshold vohage of 11.58 vohs, 

although the total battery pack voltage was above the threshold voltage. This obviously 

worsened the batteries' performance, since some of the batteries of the battery pack were 

deteriorating the performance. If this procedure were carried on, the bad batteries in the 

battery pack would effect the good batteries and ultimately shortening the life of the 

battery pack. 

For charging the batteries individually, 

1. The test bed was set up as shown in Figure 5.8 for charging the batteries 

individually. The three batteries were connected in series. 

2. A load of 20 bulbs described above was connected across those three batteries for 

discharging. The batteries were fiiUy discharged, i.e., till the end of discharge 

vohage of 11.58 vohs (1.93 vpc). 
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Figure 5.8 Test Setup for Individual Charging 

Each of the batteries was connected to an individual dc-dc converter from Vicor 

Corporation for recharging. The power supplied to the dc-dc converters was 60 

volts dc. The batteries were recharged with constant voltage of 14.7 volts (2.45 

vpc) with a current limit of 45 amps. The end of the charging was determined by 

measuring the current going into the battery. When the charging current reached 

0.013 amps, the dc-dc converter was turned off. 

The discharging and recharging (steps 2 and 3) of the batteries were repeated 

several times and the battery's open circuh vohages (OCV) were measured. The 

readings of the battery vohages are given in Table 5.7 and the graph in Figure 5.9. 
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Table 5.7 Open Circuh Vohage (OCV) of Individual Charged Batteries 

Battery 

1 
2 
3 

Discharged 
Voltage 

12.15 
12.15 
12.13 

Charged 
Voltage 

13.62 
13.64 
13.58 

Discharged 
Voltage 
11.88 
11.92 
11.87 

Charged 
Voltage 
13.61 
13.60 
13.57 

Discharged 
Voltage 
11.58 
11.61 
11.57 

Charged 
Voltage 
13.63 
13.63 
13.61 

14.00 
13.50 
13.00 

S 1250 
> 1200 

11.50 
11.00 
10.50 

". 

<. 

\ / 
H 
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Figure 5.9 Vohage Curve of Charging and Discharging of Individual 
Charged Batteries 

In the individual charging of the batteries, the vohage and the current at each 

battery were monhored closely. The dc-dc converters were turned off independently, 

when the corresponding batteries were charged fully. This made sure that all the batteries 

connected in series were charged almost equally. When the batteries were discharged, the 

uhimate discharged vohage of all the batteries was measured and h was almost in the 
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same range. This showed that all the batteries connected in series discharge in the similar 

manner, if they are charged equally. This obviously increases the batteries' performance. 

If all the batteries are charged and discharged uniformly then the life of the battery pack 

would increase. This avoids failure of the batteries that could arise due to the variations in 

the charging and discharging. 

5.4 Batterv Monitoring Test 

For the battery monhoring, all the terminals of the batteries were connected whh 

the processor. Each battery connected in series in the battery pack was assigned an 

identification number. To test the battery monhoring system some of the batteries whh 

open ch-cuh vohage below 11.58 vohs were replaced in the battery pack. The monitoring 

program was run on the microprocessor. The program monitored all the batteries in the 

battery pack sequentially from 1 to 28. The liquid crystal display (LCD) displayed the 

identification numbers of those batteries that have voltage lower than 11.58 volts. The red 

LED was also lit as an alarm when the bad battery was encountered. With this monitoring 

the batteries can be prevented from over discharging. 
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CHAPTER VI 

CONCLUSIONS AND SUGGESTIONS 

6.1 Conclusions 

This thesis has demonstrated that when the batteries are charged individually, then 

all of the batteries can be charged fully. The battery performance is improved when all 

the batteries are charged to the same level. When those batteries are allowed to discharge, 

they discharge uniformly reaching the threshold vohage almost at the same time. The 

warning from the battery monitoring helps to prevent the batteries from being over 

discharged. When there are not much variation between the batteries in the pack, then 

there is less chance that one battery affecting the others performance. This obviously 

increases the cycle life of the batteries. Thus the procedure used to control the effects of 

individual batteries should optimize the lifetime of the battery pack. 

There are other factors, which affect the cycle life of the batteries. For a longer 

life of the batteries, it is necessary that the batteries be operated within the temperature 

range recommended by the manufacturer. The rapid charging and discharging rate of the 

batteries also affects the battery life. If the batteries are charged at low rate for a longer 

period of time the battery life increases. If a battery is discharged with large peak current 

in order to give an excellent driving performance, hs life may be shortened. Beside these, 

the battery life also depends upon the chemicals and the materials used in the batteries. 

For example, the battery life increases with the increase in the positive plate's thickness. 
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6.2 Suggestions 

The problems faced during these experiments can be used as valuable lessons by 

the next researcher to improve the battery management system. The monitoring and 

control of the batteries will be more useful and effective if microprocessor is used while 

charging or discharging the batteries in the future. The energy measurement of the 

batteries is required to determine the state of charge (SOC) of the batteries. This helps the 

driver to know the battery capacity available while driving. If the lUI algorithm is used 

for battery charging, the batteries can be overcharged by 5 to 10%, which is required for 

deep discharges. For lUI algorithm a proper selection of converter and control circuh is 

requhed. To determine the exact cycle life of the batteries, it is necessary to charge and 

discharge the batteries many times until the batteries' capachy falls below 80%. This 

battery management system which will be applied to fiiel cell powered hybrid vehicle, 

can be used in other types of hybrid electric vehicle (HEV) or electric vehicles (EV). 

Furthermore, this system can be made to work with different kinds of batteries that may 

be used in the future HEV or EV by simple modifications. 
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