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ABSTRACT

Batteries are important energy storage devices and are used in different applica-

tions. The purpose of this thesis is to study behavior and characteristics of batter-

ies when used in system-level design process. In addition, the use of hardware-in-

loop (HIL) simulation of batteries for power system applications is studied. The

thesis also aims to investigate the ability of HIL in alleviating the need for extensive

and detailed modeling of battery storage systems and to improve the accuracy of

the simulation of systems where they are used. The major problem of using battery

models is that they are greatly affected by external factors such as temperature

and history of the charge/discharge regimes. An HIL scheme eliminates the need

for mathematical modeling of batteries by interfacing them directly to the simula-

tor, where charging and discharging regimes, state of charge estimation methods

and efficiency can be investigated.
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1. INTRODUCTION

Batteries are used in a wide spectrum of applications and power levels ranging

from fraction of a watt to megawatts [1, 2]. Batteries are either a primary source

of energy, or are used with another source of energy, for example with a diesel or

interenal combustion engine in a hybrid vehicle. They can also be used as backup

power supply, which means they rarely provide energy, e.g. back up energy storage

in power systems. Their application can be mobile, such as in a cell phone, or

stationary such as in a wind farm to level the generated power.

A battery is a device that supplies electrical power through chemical reactions

and is found in a variety of chemistries such as lead acid, nickel-metal hydride or

lithium ion. Regardless the specific chemistry used in a battery or its application,

in system-level design it is important to understand how to use them properly.

Batteries should be protected against factors like low state-of-charge (SoC), over-

current and over-temperature. Usually battery management systems (BMS) are

used to protect batteries. It is necessary to have an understanding of the capacity

and ratings of a battery and how it reacts and how its characteristics degrades

over time. Battery energy storage systems (BESS) are composed of many battery
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packs each of which composed of battery cells. They have many applications in

power systems, which will be discussed in detail in next chapters.

The scope of this thesis is to study important parameters of a battery with

which a system level design can be done. In particular the research aims to develop

a hardware-in-loop simulation setup to investigate how a real battery acts in a

power system case study in comparison to battery models and to measure its

efficiency. A type 1 wind farm has been chosen as the case study. In a type

1 wind farm, induction generators are used and are connected to the grid. In

this type of wind farm capacitor banks are used to provide the required reactive

power for induction generators [3, 4] . This type of wind farm is commonly used.

Other types of wind farms are discussed in [5]. Generally the speed of wind should

be considered as a non-deterministic factor in a wind farm. In most studies a

probability function is used to describe the behavior of wind speed. Weibull and

Raylieh probability distribution functions are commonly used in this context [6].

As speed of wind changes the produced power in a wind farm changes. These

power variations are mainly caused by the effects of turbulence, wind shear and

tower shadow and control system in a power system [3].

BESS are used in order to level the produced active power in a wind farm.

Depending on the type of the generator or the structure of the wind farm, BESS

might be connected to a DC-DC converter and/or to a voltage source converter

(VSC). DC-DC converters are usually used to increase the voltage level of the
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battery packs and VSCs are used to connect batteries to an AC power source.

In recent studies BESS are connected to static synchronous compensator (STAT-

COM) devices to level active and reactive power at the same time [7,8]. STATCOM

increases power quality of the grid:(voltage variation is directly related to active

and reactive power variations); by controlling the exported active and reactive

power from the wind farm voltage variations decrease [7]. A common STATCOM

consists of a voltage source converter and a DC source, which is a DC capacitor.

A STATCOM is not able to provide continues active power compensation unless

a battery energy storage (BES) is connected in parallel to its DC capacitor [8].

The use of a battery in this case study is to level energy generation in the wind

farm. For example when the wind speed is low the power produced will be less and

the BES should provide the rest of the energy and when the wind speed is high, the

wind power generated will be high and the extra energy should charge the BES.

Different charging strategies can be chosen for batteries, e.g. constant current-

constant voltage (CCCV) or pulsed charging. In most BESS applications, in which

charging time is uncertain the CCCV method is used. It provide possibility of

maximum energy harvesting during charging time. The uncertainty of renewable

energy sources is a major drawback of wind power generation technology especially

for isolated power systems. Using BESS in renewable energy systems will lead to

higher customer satisfaction and social acceptability of renewable based technology.

A type 1 wind farm will be implemented in the PSCAD/EMTDC simulation
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environment and then in the RSCAD environment for real-time simulation. This

implementation includes required power electronics, which are needed for connect-

ing BESS to the grid. Appropriate controllers are designed to control the system.

To compare a real battery with models, a Shepherd model and a Thevenin model

of batteries will be developed for lead-acid and lithiom-ion chemistries.

1.1 Problem Definition

Battery characteristics change by time because of various chemical reactions that

happen inside them. This phenomenon is called aging, which becomes more severe

as the battery undergoes more of its charge/discharge cycles. It starts gradually

and depending on temperature, discharge rate and depth of discharge (DoD) in the

cycles, might happen before or after 3000 cycles. Some research have been done

to investigate how aging happens and how to model it [9–11]. In [12] the proposed

model tries to adapt its parameters according to aging to remain accurate although

validation of these models are not always possible. In some studies accelerated

aging is considered to validate test results. In [13] high temperature is used to

facilitate accelerated aging condition. Aging will affect cell voltage. It increases

cell internal resistance and decreases cell capacity. These changes will make models

less accurate especially if the duration of simulation is long.

Change of characteristics of batteries is also a problem at the time of sizing bat-

tery energy storage (BES) for a system. Over time the capacity and the efficiency
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of battery cells decrease. This might prevent the BES to provide the system with

the required energy. On the other hand over-sizing the BES increases the capital

cost of the system. Therefore while using battery models one should consider the

fact that in real implementation some battery characteristics will change, which

are not considered in the models.

In addition, used batteries are difficult to model. Used batteries might be

utilized in applications other than their orginal one; e.g. a hybrid electric vehicle

(HEV) battery pack might no longer be appropriate to be used in a vehicle as

it has lost its capacity and efficiency but is still good to be used in a stationary

application in power systems; For example as a backup energy supplier or in a

wind farm to level the generated energy.

As battery characteristics change by time, simulation results would be different

from the real case. In addition, efficiency of a battery is not considered in most of

battery models.

1.2 Research Methodology

To solve the problem of inaccuracy of battery models it is suggested to use hardware-

in-loop (HIL) as the closest alternative to real field experience. HIL simulation has

been used for controller assessment for many years especially in vehicle, aerospace

and power industries. This methodology provides exhaustive testing opportunity

and prevents costly and damaging failures. It can enable more tests to be per-
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Fig. 1.1: Schematic of Hardware In the Loop Simulation.

formed than on real systems.

In HIL simulation one part of the closed loop simulation is replaced by a real

device, which is the subsystem under test. The HIL simulation consists of a device

under test, a real-time simulator and an interface. This will provide the opportu-

nity for testing the device under field conditions. This real part should commu-

nicate with the simulation through an interface. For this purpose, sampling time

should be chosen small enough to take into account the smallest time constant

of the tested subsystem. In Fig. 1.1 a schematic diagram of an HIL Simulation

is shown. Subsystem 2 has physical existence and is under test. The interface

module is used to provide communication for the two subsystems.

This type of simulation stands in between software simulation and hardware

prototyping of a system. Software simulation is certainly less expensive but the

accuracy of simulation depends on the accuracy of the used models. In models,
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some parameters might be non stationary and vary with time. Thus model un-

certainty is difficult to take into account. Moreover undesirable factors such as

electromagnetic disturbances are difficult to be considered in software simulations.

On the other hand results from a hardware prototype are more reliable, but it is

more expensive to develop. In some cases it might be impossible to do various

types of tests on a prototype system, for example in systems including a hydrogen

reservoir, as it is explosive. Software simulation is a preliminary step before im-

plementing HIL simulation to define and tune control algorithm. HIL simulation

is used for validation of tests of the real time system before implementation of the

actual process.

HIL simulation is currently being used in many fields, e.g. vehicle component

evaluation, robotics, power electronics and automation systems [14–16]. In some

cases there is a need for an emulation device to impose same condition as the tested

subsystem should be experiencing in the field. In Fig. 1.2 a schematic diagram of

an HIL simulation with an actuator is shown. As it is shown, in addition to the

subsystem under test, an actuator controller is communicating with the interface.

The actuator device emulates effect of simulation on the subsystem being tested.

The interface is used to transmit information from/to actuator and subsystem2.

The power rating of the emulation device should be greater than power rating

of the subsystem under test. Recently in development of HIL simulation for high

power applications, reduced-scale power systems are used to validate results at
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Fig. 1.2: Schematic of Hardware In the Loop Simulation with an actuator.

first. In this case the tested part will be replaced by an equivalent subsystem with

reduced power ratings. In [17,18] a reduced scale HIL has been developed and real

batteries have been used. In order to compensate for this replacement a power

adaptation block is required. This power adaptation block involves a linear power

amplification. This block amplifies effect of reduced-scaled subsystem, which is

under test [19].

In Fig. 1.3 a schematic diagram of a reduced-scale HIL simulation is shown. The

power amplifier scales down/up the emulated effect of simulation on the subsystem

being tested. The interface is used to transmit information from/to actuator and

subsystem 2. In order to alleviate differences between the power rating of subsys-

tems it is also suggested to use per-unit values instead of absolute values [17]. In

this case all of the power rating will be considered as per-unit.

In this thesis to study a battery energy storage system in a type 1 wind farm, a
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Fig. 1.3: Schematic of Reduced-Scale Hardware In the Loop Simulation.

reduced-scale HIL simulation setup is used. Real-Time Digital Simulator(RTDS)

is used as real-time simulation environment. It is composed of specially designed

hardware and software. RTDS hardware includes digital signal processors and

advanced parallel processing techniques. RTDS software is composed of accurate

power system component models, which are used to represent complex systems.

Digital and analog I/Os are used as interfaces and an amplifier is used as the

actuator.

1.3 Thesis Organization

This thesis continues in Chapter 2 with an introduction to battery energy stor-

age systems. It follows with the discussion about important battery parameters

and models and different application of BES in power systems. Chapter 3 in-
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troduces a widely used power electronic circuit to interface batteries to the grid.

This chapter also describes controllers that are used. Chapter 3 also describes

how DC-DC converters and voltage source converters (VSC) operate. Chapter 4

describes the case study and the setup used and discusses the results of simula-

tion in PSCAD/EMTDC environment and in HIL simulation. Chapter 5 presents

concluding remarks and contributions made in this research. Moreover the related

subjects that can extend this research are proposed in this chapter.



2. BATTERY ENERGY STORAGE

Battery energy storage systems are used in applications where high-power-rating

energy storage is required, e.g. in a hybrid electric vehicle (HEV) or in power

system applications. In order to provide high power rating it is often required

to have many battery packs in series and/or in parallel. Each battery pack is

composed of individual battery cells. The series connection of cells yields a higher

total battery voltage at the same capacity. The parallel connection yields a higher

total battery capacity at the same voltage. Voltage level and capacity of a pack

are defined by designer and vary in different applications [20].

Packs are equipped with cooling systems to prevent over-temperature of bat-

tery cells. In most practical systems packs are either water-cooled or air-cooled.

Air or water is circulated in the pack to cool the battery cells. Cell temperature

might increase as a result of chemical reactions inside them. Increase in temper-

ature changes battery characteristics and in extreme cases might cause explosion

of the battery pack. Thus temperature of each cell must be monitored constantly.

Temperature sensor is used to monitor battery surface temperature and send in-

formation to battery management systems.
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Usually battery management systems (BMS) are used to protect cells from

undesirable operating conditions. They protect cells from over-temperature and

over-current. In case of over-temperature or over-current the BMS usually dis-

connects the battery pack from the system through a main contactor although

it constantly communicates with the main system to prevent this situation. By

decreasing the pack current the temperture drops. A decrease in battery current

slows down chemical reactions. Consequently the temperture decreases [21].

Data is constantly transferred between BMS and main control system. It in-

cludes cell voltages and temperatures, state-of-charge (SoC) and state-of-health

(SoH) of battery cells. It also sends out battery current. It is common to use

Controller Area Network (CAN) protocol for this purpose of communication. The

CAN protocol is specially designed to tolerate noise and disturbances [22]. High

frequency switching noise in power electronic devices is one of the motivations for

the usage of this communication protocol in battery packs.

BMS usually controls contactors and the cooling system within a battery pack,

e.g. when temperature rises the BMS locally decides to turn air-cooled cooling

system on or when an over-current situation happens the BMS locally decides to

open contactors to prevent any damage to the batteries.

When the battery is being charged, the BMS protects it from overcharging to

ensure a long cycle life of the battery. When calculated SoC of a battery increases

more than 100 percent or decreases less than 0-10 percent cycle life of a battery
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decreases. The cycle life represents the number of cycles the battery can be charged

and discharged before it is considered to be at the end of its life. A battery’s end

of life is when the capacity drops below a certain level, which is usually 80 percent

of its nominal capacity. When a battery reaches its end of life, it still stores energy

and is useful. The end of life term indicates that a battery might be no longer

useful to be used in a system due to design criteria. For example in a system that

requires 300kW of power, a BESS which can provide 240kW will not be meeting

system requirements.

Depth of discharge (DoD) is also an important factor in capacity life of a

battery. DoD is a measurement of the percentage of charge of a battery used in

each cycle. For example if in each charge and discharge cycle of a battery, the SoC

decreases from 80 percent to 40 percent and then charges back to 80 percent then

DoD is equal to 40 percent. The DoD has an important effect on the cycle life of

a battery. The smaller the DoD, the longer the cycle life [11].

Fig. 2.1 shows a sample battery pack. Each pack is connected to the next pack

through contactors. These contactors let the system work without one specific

pack. For example when a battery pack needs maintenance or repair and needs

to be out of service, the rest of the system operates normally by bypassing that

specific pack. Voltage of each cell and current of each pack will be monitored by

the BMS. Fuses are also used to protect the pack from over-current. This is a

physical protection in addition to the BMS system, which protects battery cells.
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Fig. 2.1: A sample battery pack with multiple series batteries and fuse and contactors .

Grounding is also an important issue in the BESS. The chassis of battery

packs are usually grounded. Especially in HEVs, the chassis of battery packs are

connected to the chassis of the vehicle while positive and negative poles are isolated

from the chassis. This provides safe operating conditions for operators. A floating

chassis or connecting chassis to either poles is hazardous. For example in case

the positive pole is connected to the chassis, if operator who is touching chassis

contacts negative pole a short circuit situation happens through the operator’s

body.

BMS is also responsible of cell balancing. Differences between individual cells

inside the battery pack cause an imbalance in the SoC of battery cells. Although

cells inside a battery pack are in series and are supposed to have the same charge,

that might not happen in reality. Manufacturing differences cause such difference.

Cell balancing tries to level battery cell voltage in a pack either by charging cells
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that have lower voltage or by discharging cells that have higher voltage. The former

is called active cell balancing and the latter is passive cell balancing. In active cell

balancing charge is sometimes transferred from cells with higher voltage to cells

with lower voltage. Fig. 2.2 shows active and passive cell balancing methods. In

comparison with passive cell balancing, active cell balancing is more efficient and

is a faster balancing method [23]. Resistors are used to discharge extra cell charges

in passive cell balancing. These resistors are usually mounted on the BMS board.

BMS also measures state of charge (SoC) and state of health (SoH) of a battery

[24]. Methods to measure SoH and SoC of a BMS are discussed in this chapter.

Sophistication of the BMS depends on its functionality. For example some of the

BMSs only measure SoC and have no more functionality. In general, the higher

the level of functionality of BMS, the better care will be taken of the battery.

BMS is composed of digital processors, I/O units and communication modules.

I/O units are used to acquire data regarding voltage, temperature and current of

each cell. Communication units are used to send SoC and SoH status to the

main control system. The main control system is the unit, which organizes whole

system if BESS is considered as a sub-system. For example in a HEV, the main

control system controls the operation of internal combustion engine, batteries and

electric motors. BMSs are provided with IP five or higher. The IP Code rates the

protection degree against solid objects, dust and water in casings [25]. This high

IP let BMS work in harsh environments.
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Fig. 2.2: Shows passive cell balancing on right and active cell balancing on the left .

2.1 Battery Characteristics and Specifications

Batteries are electrochemical devices that convert chemical energy into electrical

energy by electrochemical oxidation and reduction reactions. These reactions hap-

pen at electrodes. A cell consists of an anode and a cathode. In the former,

oxidation takes place during discharge while in the latter reduction happens. This

means that the anode supplies electrons to the external circuit during charging.

Electrolyte is the medium that provides ionic conductivity between positive and

negative electrodes of a cell. Depending on the type of electrodes and electrolyte

in the battery, the type and characteristics of battery change [26,27].

Chemical reactions and characteristics of batteries are not the interest of this

study, instead discovering information which are required to use batteries is the

target, e.g. charge/discharge curves, methods to estimate SoC, restrictions on

charge/discharge rates, energy to volume or energy to weight ratios, measurement

methods of internal resistance or efficiency. With this information a battery can

be used in system level design.
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Fig. 2.3: Discharge curve of LPF26650P Lithium-Ion battery .

In this study high capacity LPF26650P K2 energy lithium ion battery (2.6Ah)

and PC625 Odyssey Lead-acid battery (18Ah) are used. Battery manufacturers

provide discharge curve of batteries. Fig. 2.3 shows voltage versus discharge time

of a lithium ion battery for different discharge rates. To obtain these curves, the

fully charged battery is discharged at different discharge rates. Discharge current

is kept constant during discharge period. It is obvious that when the discharge rate

is higher the battery voltage drops faster. The same thing happens when charging

the battery. Battery voltage increases faster when the battery is charged with a
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Fig. 2.4: Charge curve of LPF26650P Lithium-Ion battery.

higher current. Fig. 2.4 shows voltage versus charging time for different charge

rates. Charging process is stopped when the terminal voltage reaches upper limit

voltage indicated in the battery manual (14.5v in this case). When a battery is

charged or discharged with higher current its capacity decreases this phenomenon

is described by Peukert equation [28], as follows.

Ipct = constant (2.1)

In the Peukert equation I is the discharge current, t is the maximum discharge
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time and pc is the Peukert coefficient(usually between 1 and 2). In lithium-ion

batteries the Peukert coefficient is close to 1. In lead-acid batteries the Peuk-

ert coefficient is larger than in lithium-ion batteries. This means that discharge

time decreases more significantly than li-ion battery when discharge current in-

creases. Most battery manufacturers specify the capacity of their batteries for

certain discharge time, e.g. C(20)=50Ah means that if it is discharged in 20 hours

the capacity would be 50Ah. If it is discharged within a shorter time then the

capacity could be calculated with Peukert equation. Fig. 2.5 shows that the avail-

able capacity of a battery decreases by increasing its discharge rate. This loss in

capacity is temporary. After enough rest time full capacity will be available for

use [28].

Energy density and specific energy are important factors in choosing battery

type in different applications. Energy density and specific energy are expressed in

Watt-hours per litre (Wh/l) and Watt-hours per kilograms (Wh/Kg). Fig. 2.6 and

Fig. 2.7 depict energy density and specific energy in different battery types. In

mobile applications such as hybrid electric vehicles batteries with high energy den-

sity and specific energy should be used. Lithium ion, lithium polymer and lithium

phosphate batteries are presently the battery types with highest energy density

in the market. These batteries are more efficient than most of the other types of

batteries. On the other hand in standalone applications such as in uninterruptible

power supply (UPS), batteries with low energy density can be also used. Lead acid
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Fig. 2.5: Discharge curve of LPF26650P Lithium-Ion battery Versus capacity.

batteries have the lowest energy density among commonly used batteries in the

market. Lead acid batteries are popular and have been used widely. They have

previously dominated market because of ease in usage, maintenance and manufac-

turing. However low energy to weight ratio and energy to volume ratio of these

types of batteries have reduced their popularity in mobile applications.
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Fig. 2.6: Comparison of energy density in different battery types [1].

Fig. 2.7: Comparison of specific energy in different battery types [1].
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2.1.1 State of Charge (SoC) and State of Health (SoH)

One of the most important parameters that is required for safe operation of a bat-

tery is the SoC. The SoC helps battery management and enables batteries to be

safely charged and discharged. Precise SoC estimation prevents unpredicted sys-

tem interruption and prevents battery from being over-charged or over-discharged,

which may cause damage to its internal structure. In most applications, it is pref-

ered to keep the SoC of the battery between 30 to 70 percent. This will increase

battery life cycle time.

The SoC is defined as present capacity of battery expressed in terms of its rated

capacity. Equation (2.2) shows a more accurate definition of SoC. It indicates that

only releasable charge in the battery should be considered in the definition of SoC.

In order to consider releasable charge, efficiency term should be used. Efficiency

is defined and discussed in this chapter. By using the efficiency term η, equation

(2.3) can be used as a replacement of equation (2.2).

SoC =
Qreleasable

Qrated

(2.2)

SoC = η

(∫
I(t) dt

)
Qrated

(2.3)

It is obvious that accumulation of current represents electric charge. By integrat-

ing charging and discharging current of the battery and multiplying by efficiency,
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releasable charge will be available. Charging current should be considered posi-

tive as it increases charge level of battery. This tracking of SoC is called coulomb

counting method. The coulomb counting method is widely used to estimate SoC

in different battery types. One of the drawbacks of this method is accumulation

of errors that piles up during operation time. Sensing elements such as Hall Effect

sensors, which are used to measure current, might have some drifts. This error is

accumulated during operation time. To compensate this error, voltage of batteries

should be continuously monitored. When a battery is depleted its voltage drops.

When voltage becomes less than a specific voltage the SoC can be assumed as zero.

This value is usually mentioned in battery manuals. This method calibrates the

coulomb counting estimation method [29].

Another common method of estimating the SoC is by measuring the open cir-

cuit voltage (OCV) of batteries. This method can be used for all type of batteries.

The OCV should be measured after adequate rest time. This rest time varies for

different type of batteries. For a lithium ion battery it can be measured almost

immediately after disconnection of the load. In lead acid batteries a 5-minute rest

time is essential. Fig. 2.8 shows OCV versus SoC for PC625 Odyssey lead-acid

battery. Only OCV after a rest time is useful to estimate SoC.

As presented in Fig. 2.8 the OCV after rest time is linear and is a function of

SoC. The OCV immediately after charging or immediately after discharging cannot

be used to estimate the SOC. The OCV immediately after charging is more and
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Fig. 2.8: Rested and Unrested OCV of PC625 Odyssey Lead-acid battery Versus SoC.
Presented equation shows linear relation between OCV and SoC.

the OCV immediately after discharging is less than rested OCV. Rest time might

vary for different type of batteries. During rest time chemistry of battery reaches

equilibrium after disconnection from external circuit. Fig. 2.9 shows OCV versus

SoC for different rest time after charge and discharge. OCV points after charge

and after discharge get closer as time passes. For PC625 Odyssey lead-acid battery

a 30 minute rest time is required to report the OCV in order to calculate SoC.

This method has less popularity in comparison to the coulomb counting method

as batteries require a rest time before taking measurements. Batteries should be

disconnected from load before measurement, which restricts usage of this method

for SoC estimation. In addition, in some type of batteries such as lithium batteries,

which have a horizontal linear section in their discharge curve, distinction between

OCV might be difficult. For example the OCV of two point in discharge curve of
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Fig. 2.9: Rested OCV of PC625 Odyssey Lead-acid battery with different rest time
Versus SoC.

lithium batteries with 40 and 50 percent of SoC might be 0.1 Volts in difference.

As this 0.1 volt might be comparable to accuracy of voltmeter, this might increase

error in OCV method.

Maximum capacity of a battery might decrease during operation time. In

that case maximum SoC of a battery would be less than one. For example an

18Ah battery might be only able to take 16Ah of charge. Any furthur attempt to

increase battery charge would increase battery terminal voltage and is destructive

to battery structure. A healthy battery is able to take its rated charge. In order

to have an indication of the health state of a battery, the SoH is defined as in

equation 2.4. QMax is maximum charge a battery is able to store. QRated is rated

capacity of battery.
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SoH =
QMax

QRated

(2.4)

2.1.2 Efficiency

Efficiency is important in calculating the coulomb counting method, which was

discussed in the SoC section earlier. A wrong efficiency figure causes large errors

in SoC estimation over time. Efficiency changes by change in the SoC and/or

charge and discharge rate. It is generally mentioned that battery charge efficiency

is high at low SoC and decreases near full charge [30, 31]. Effciency of a battery

also depends on the type of battery. No battery chemistry can obtain 100 percent

energy efficiency, for the simple reason that there will always be energy dissipated

as heat through internal impedances. In [29] efficiency of lithium-ion battery is

reported around 99 percent for different discharge rates. In [30, 31] efficiency of

lead-acid batteries is reported 30-90 percent depending on the operating condition.

It also depends on the SoH of battery. Efficiency drops by increasing the number

of the cycles a battery is used.

There are two commonly used definitions for efficiency in literature [27]. Energy

efficiency is defined as the ratio of the available energy stored in a battery to the

total energy used to charge the battery. In equation (2.5) IDischarge represents

discharge current, ICharge represents charge current and Vb shows battery voltage.

This has the concept of energy loss embedded in it. In some references equation
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(2.5) is replaced by equation (2.6). R ∗ I2 represents energy loss in the battery. R

is the value of the internal resistance of battery. Although this is a good estimation

for energy efficiency, it does not include the effect of temperature or the SoC in it.

ηenergy =

(∫
Vb(t) ∗ IDischarge(t) dt

)(∫
Vb(t) ∗ ICharge(t) dt

) (2.5)

ηenergy =

(∫
Vb(t) ∗ IDischarge(t) dt

)(∫
Vb(t) ∗ IDischarge(t) dt

)
+R ∗ I2

(2.6)

Coulomb efficiency is determined as the ratio of the electric charge that is

discharged to the electric charge that should be charged to return battery to the

same SOC. The experiment to determine coulomb efficiency is simple. Using a

specific rate, the battery is first discharged to 10.5 V (for PC625 Odyssey lead-

acid battery); this is the place where SoC indicator is reset to zero percent. It

is then charged to a specific SoC, e.g. 50 percent. Equation (2.3) can be used

to trace the SoC assuming η equals 1. This assumption will result in an error in

the SoC calculation. Then the battery will be discharged until its voltage reaches

10.5V meaning the actual SoC is zero. The calculated SoC will not be zero as a

consequence of wrong η. For example if the SoC indicator shows 10 percent at

the end of the experiment, coulomb efficiency of this battery in that test condition

would be 80 percent. Fig. 2.10 shows efficiency calculation method. This 80

percent should be used in charge the region. η for discharge region is considered
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Fig. 2.10: Method to calculate efficiency.

as unity.

2.2 Battery Models

Testing batteries can be tedious, requiring many days and hours to complete sim-

ple tests. This is due mainly to the fact that batteries are electrochemical systems

and in most tests a rest time is necessary before acquiring data. Simulation envi-

ronments use battery models to analyze systems in short period of time. However,

all models of batteries are unreliable at some level. The performance of a battery

depends on quantities such as temperature and voltage. It also depends on pa-

rameters such as age, manufacturing tolerances and the way the battery has been

used in the past. These variations in battery performance might not be considered
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in battery models.

There have been several types of battery models [32, 33]. Electrochemical and

empirical models are two main types of models that are used for modeling batteries.

Empirical models are less accurate than electrochemical models but are widely

used in simulation softwares. In order to extract required data from a battery

cell, different methods are used. Electrochemical impedance spectroscopy(EIS) is

commonly used to model battery cells. The EIS method uses the application of

many sinusoidal waves that cover a wide range of frequencies. This method allows

measurement of cell characteristics [33–38]. In EIS an ac current is imposed on

an electrochemical cell and the potential across cell is measured. The experiment

will be done for different frequencies and results can be presented using equivalent

circuit elements [39, 40].

Thevenin model or ideal model, Randle model, and Shepherd model are com-

mon models studied in this thesis. These models are presented using equivalant

circuit elements.

2.2.1 Thevenin Model

Thevenin model or ideal model is the simplest model used in this context. It is

composed of a voltage source and a resistor. Fig. 2.11 shows an ideal battery model.

The voltage source represents the OCV of a battery. The resistor resembles the

internal resistor of a battery. The value of voltage source and the resistor depend
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Fig. 2.11: Thevenin or ideal battery model.

on battery cell. In order to use this model the resistor value must be measured [41].

Although this battery model is simple to use it is not accurate. The value of

the open circuit voltage of a battery depends on temperture and also the SoC.

The value of the resistor also depends on the SoC, the SoH and the temperture

of a battery. Assuming fixed value for the OCV and the resistor makes the model

inaccurate.

Internal resistance of a battery changes by change in temperture and SoC of a

battery [42]. Fig. 2.12 shows measured internal resistance of PC625 Odyssey lead-

acid battery versus SoC. Internal resistance is higher when battery is depleted and

decreases as state of charge of battery increases. To measure internal resistance

of a battery a specific current will be imposed to charge the battery. Due to

internal resistance of a battery, terminal voltage of battery increases. Difference

of voltage level of battery over injected current results in internal resistance of

battery. For example in Fig. 2.13 charging current is five Amperes and increase in
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Fig. 2.12: Internal resistance vs state of charge.

battery terminal voltage is 1.5V. This yields 0.3 Ω as the internal resistance.

Value of internal resistance of a battery is also used to measure SoH of a battery.

Internal resistance of a battery increases when battery is aged.

Rint =
∆V

Icharge
(2.7)

2.2.2 Randle’s Model

As shown in Fig. 2.14 Randle’s model has two resistors and a capacitor. The values

of these elements can be defined by using a curve fitting method. In that method,

values of resistances and capacitor are defined in a way that the model and actual

battery have the same discharge curve [43]. Another method to obtain parameters

is by extracting information from an experiment. Fig. 2.15 shows an experiment

to determine values of resistances and the capacitor. When the capacitor is fully
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Fig. 2.13: An experiment to measure internal resistance of battery.
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Fig. 2.14: Randle’s model.

charged charging current passes through R1+R2. This causes a potential difference

of ∆V1 after response has settled. When capacitor is fully discharged, the charging

current passes through R1. This causes a potential difference of ∆V2 short after

charging current is applied. The value of R2 is the difference of two values obtained

above. The value of capacitor is defined using the time constant of the response.

R1 +R2 =
∆V1
Icharge

(2.8)

R1 =
∆V2
Icharge

(2.9)

R2 =
∆V1
Icharge

− ∆V2
Icharge

(2.10)
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Fig. 2.15: An experiment to measure Randle model’s parameters.
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2.2.3 Shepherd Model

Shepherd Model was developed in 1960’s to model a battery [44]. It is composed

of a variable voltage source and a resistor. The value of the resistor should be

measured by doing an experiment on the battery. The value of variable voltage

source is determined by Equation (2.11). The values of A,B and K in Equation

(2.11) are defined in equations (2.12),(2.13),(2.14). V0 is nominal voltage and Q is

battery capacity value in Ah. Values of VExp, QExp, VNom, QNom, VFull are defined

by extracting information from a discharge curve of the battery at 0.2C discharge

rate [45, 46]. Fig. 2.16 and Fig. 2.17 show validated Shepherd model for PC625

Odessey lead-acid and also LPF26650P K2 Energy lithium-ion batteries.

V = V0 −K
Q

Q−
∫
i(t) dt

+ A exp (−B
∫
i(t) dt) (2.11)

A = VFull − VExp (2.12)

B =
3

QExp

(2.13)

K =
(VFull − VNom + A(exp(−BQNom)− 1)).(Q−QNom)

QNom

(2.14)

For this study Thevenin, Randle’s and Shepherd models are considered for high
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capacity LPF26650P K2 Energy lithium ion battery(2.6Ah) and PC625 Odyssey

lead-acid battery(18Ah). Figures (2.16,2.17) show actual and simulated discharge

curves at discharge rate of 0.2C for batteries used in this thesis.

The Thevenin model is easy to implement. It does not need much information

except that in the manual provided by the manufacturer. Randle’s model is more

acurate than the Thevenin model. It considers the dynamics of battery. On the

other hand it uses a constant voltage source, which makes the model somewhat

inaccurate. The OCV changes by change in SoC and it is considered in Shepherd

model. Shepherd model is one of the most common battery models and is used in

many software environments. Figures (2.18,2.19,2.20) compare all three battery

models discussed in this chapter with actual test result. Test begins at SoC of zero

and is charged gradually. Battery is charged for certain time and then a rest time

is provided. Since in rest period no current passes the internal resistance of the

battery, a voltage drop occurs on the battery terminal voltage. This test shows

that Shepherd model follows actual battery as the OCV of this battery model is

not constant. On the other hand Thevenin and Randle’s model are far away from

actual behavior of the battery in some operating regions. When the SoC of the

battery is low the difference between actual and Thevenin model is more and it

reduces when SoC increases.
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Fig. 2.16: Actual and Shepherd model discharge curve for PC625 Odyssey lead-acid
battery.
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Fig. 2.17: Actual and Shepherd model discharge curve for LPF26650P K2 energy
lithium ion battery.
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Fig. 2.18: Comparison of Shepherd model and a real battery in pulsed charging process.
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Fig. 2.19: Comparison of Thevenin model and a real battery in pulsed charging process.


