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Electro-Thermal modelling of LFP Prismatic cell with SOC estimation model
SHRISHA BALKUR
Department of Energy and Environment
Chalmers University of Technology

Abstract
The battery is an electrochemical device and having a model which predicts the
electrical and thermal behaviour of the cell is beneficial for the development of bat-
tery systems, especially for load analysis and battery management systems. In this
thesis, the electro-thermal model of the LFP prismatic cell is developed. The cell is
characterized for both electrical and thermal properties by tests which can be done
with simple and easily available equipment in a standard battery laboratory, mak-
ing it a cost-effective method. By taking the current and the ambient temperature
as inputs, the model can predict the surface temperature of the cell and the open-
circuit voltage, and the state of charge (SOC) is determined using coulomb counting.

First, to have an electrical model, An Equivalent Electric Circuit Model (EECM) is
developed. The electrical parameters of the circuit model are extracted from pulse
discharge and charge tests, the extracted parameters are further optimized using
the parameter estimation method. All these parameters are dependant on both the
SOC and the temperature. A 3-D look-up table for all these parameters is made,
capturing a wide range of SOC and temperature. The RMS error between the ex-
periment and the model is found to be as low as 1.29 mV.

Next, a new methodology to determine both the specific heat capacity and the
thermal resistance of the cell without using a calorimeter is proposed. A second-
order lumped parameter thermal model is used to find these two thermal proper-
ties. The values of specific heat capacity of the cell is found to be 1035.67 JK−1kg−1

and through plane thermal resistance from the core to the surface of the cell is
0.79 K W−1. The setup for the experiment is simple, and a single experiment is
sufficient to get both the parameters. Both the Joule heating and the heat gener-
ation due to change in entropy is considered for the heat generation losses in the
cell. Finally, to estimate the surface temperature of the cell, a first-order lumped
parameter thermal model is used.

The surface temperature and the open-circuit voltage of the model show good agree-
ment with that of the experiment when validated with NEDC and WLTC drive
cycles. State of Charge estimation model is developed using the Extended Kalman
filter(EKF) and the Unscented Kalman filter(UKF) to demonstrate the model’s ap-
plication in the battery management system.

Keywords: Battery model, LFP, EECM/ECM, parameter estimation, Lumped Pa-
rameter model, specific heat capacity, thermal resistance, Entropic coefficient, SOC
estimation model, Drive cycle.
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1
Introduction

In recent decades the focus has been to reduce theCO2 emissions to the atmosphere
and to reduce global warming. Around 30% of the total EU'sCO2 emission is from
transportation, and road transport alone contributes with 72% of it [1]. Lorries,
buses, and coaches contribute with around 6% of the emissions [2] and the regula-
tions setting CO2 emission standards for heavy-duty vehicles came into force on 14
August 2019 [3]. By 2050, the EU has the goal to reduce emissions from transporta-
tion by 60% compared to 1990 [4]. Hence, adaptation of the battery electric vehicle
(BEV) and the plug-in hybrid vehicle (PHEV) are on the rise [5] and is a popular
choice for automotive industry and consumers.

1.1 Background

Conventionally, a lead-acid battery is used for starting, lighting and ignition in ve-
hicles, this could soon be replaced in the future by Li-ion technologies [6]. In recent
decades vast improvement in battery technology has led to the Li-ion battery tech-
nology in traction applications because of its higher energy density, low self-discharge
and longer life span [7, 8, 9].

Battery, electric control, power electronic inverters, and electric motors are the
major sub-systems of an electric power train [10]. Hence, the need for a battery
model for simulation purposes serves as an important tool for the development of
battery-powered systems [11] to optimise the design at the system level, for load
analysis, for better algorithm development for estimating State of charge(SOC),
State of Health(SOH) and temperature for better thermal management.

1.2 Previous work

In [12, 13], mathematical models based on chemical reactions are considered to be
poor in practical application as they are more complex with many parameters [10].
The data-driven approaches such as the Neural network-based model [14, 15] can
model high non-linearities of Li-ion batteries with a large set of training data and is
computationally costly [10]. The equivalent circuit-based models [16, 17, 18, 19, 20]
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1. Introduction

are used widely in online applications as they do not consider the chemical compo-
sition of the battery and work with simple electrical components which are compu-
tationally less costly compared to the two methods mentioned before [10].

In [21, 22, 23], the thermal model is coupled with an electrochemical model of the
battery. Three dimension based thermal models are developed to investigate the
abuse conditions [24], and to predict heat generation during charging and discharg-
ing of the cell for better thermal management [25], etc. Many methodologies propose
to estimate the internal temperature of the cell using various forms of Kalman �l-
tering techniques [26, 27], but in all of them, the thermal properties of the cell such
as speci�c heat capacity and thermal resistance of the cell need to be determined.
They are not usually available from manufacturer. In [28], a method is proposed
which does not require deconstruction of the cell or expensive calorie-meters to de-
termine speci�c heat capacity, instead it can be determined with the help of most
commonly available lab equipment. Determination of the entropic coe�cient of the
battery with a simple experimental setup, and the method has been proposed by [29].

A direct measurement technique of estimating SOC by measuring terminal volt-
age, impedance and impedance spectroscopy method is proposed by [30, 31]. The
coulomb counting method [32] is a form of bookkeeping method, which is one of the
simple methods to estimate SOC, but it is found to accumulate small errors as it is
dependant on initial SOC. There are many methodologies for indirect measurement
for SOC estimation such as the neural network method [33], support vector method
[34], fuzzy logic [35] and various forms of Kalman �lters [36, 37].

1.3 Purpose

The goal of this thesis is to develop the high �delity cell model of the LFP prismatic
cell which incorporates the electrical and thermal behaviour of the cell. In order to
achieve this, equivalent electrical circuit model and thermal model is to be developed
and need to be validated with the drive cycle. One application of the model is also
to be demonstrated.

1.4 Scope

As discussed in earlier sections, the Matlab-Simulink environment would be used for
the modeling of the cell.

ˆ The parameters for the Equivalent electrical circuit model (EECM) are found
according to [38] and later optimized further according to [39]. The parameters
are extracted for both charging and discharging circuit models from pulse charge
and discharge test. The electrical model is designed to estimate the terminal
voltage of the cell from10� C to 40� C.

ˆ In the thermal model, irreversible and reversible thermal e�ects are taken into
account by the model. Radiation e�ects are ignored.

2



1. Introduction

ˆ A �rst-order lumped parameter model is used to do thermal modelling. A new
methodology is proposed to �nd the speci�c heat capacityCpcell and thermal
resistanceRcell . A look-up table of entropy coe�ecientsdU

dT is found using poten-
tiometric test [29].

ˆ In the SOC estimation model, Extended Kalman �lter and Unscented Kalman
�ltering techniques would be investigated to model.

1.5 Outline

This report is structured in the following chapters:
ˆ Theory : Relevant theoretical background for the case setup and analysis used

in the work will be presented.
ˆ Methods : This chapter focuses to explain the experimental setup, relevant steps

and methodologies implemented to model the battery.
ˆ Results : Focuses on the results of the tests and the post processes mentioned in

case setup.
ˆ Discussion : A brief discussion on the model and its uncertainties, and also to

discuss the sustainability aspects.
ˆ Conclusions : A �nal commentary on the model and future work will be pro-

posed.
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2
Theory

In this chapter, the theoretical concepts used in this thesis will be discussed. This
section will help in understanding the further chapters. It will also discuss the
common terminologies which will be used in further chapters.

2.1 Basics of Lithium-ion cell

The electrochemical cell is the smallest unit of the battery. The materials inside the
cell in�uence all the performance characteristics of the cell. But, some general prin-
ciples govern all the cells irrespective of its materials used [40]. The electrochemical
cell is a rechargeable cell, that is it can convert chemical energy to electrical energy
and vice versa. The cell's components consist of anode, cathode, separator, elec-
trolyte, current collectors and the casing for the cell. In general, the anode is the
negative electrode and cathode is the positive electrode [40].

The electrochemical oxidation and reduction known asRedox reactions are the
chemical reactions that take place during the charging and discharging of the cell.
The electrodes for rechargeable cells are of insertion type. Theredox reactions
take place both at the surface of the electrode and at the bulk of the electrode. The
main task of the electrolyte is to conduct the lithium ions and not electrons. The
conductivity must be fast and should not limit the redox reactions. Theseparator
is placed between two electrodes to avoid unintentional short circuit of the cell. Its
main purpose is to give a high ionic conductivity in the electrolyte in its pores and
provide good insulation properties. Mechanical stability, strength, chemical stabil-
ity, wetting of electrolyte and porosity are also the desired properties of the separator
[40]. During the charging or discharging process, the electrons are transferred in an
external circuit which is what an user is mainly interested in. For this purpose,
current collectors in the form of foils or grids are used for both the electrodes.
These current collectors display high electrical conductivity and should not take
part in redox reactions taking place inside the cell. These are usually Copper or
Aluminium. The current collectors provide mechanical strength and act as a heat
sink to remove the heat generated inside the cell [40]. The electrochemical cell is
placed in acasing to provide further mechanical strength and to avoid evaporation
of the electrolyte.

It is important to note that in a typical battery pack several individual cells are
arranged either in series, parallel or in the combination of both. The cells are said

5



2. Theory

to be connected in series if the positive terminal of one cell is connected to the
negative terminal of another cell. If the positive terminal of the cell is connected
to the positive terminal of the second cell, and the negative terminal of the cell is
connected to the negative terminal of the second cell, then it is said to be in parallel
connection. The individual battery cells, therefore, will be referred to as cell from
here on wards. In this thesis all the analysis is done on the cell and not the battery
level.

2.1.1 State of Charge ( SOC)

It is the representation for the present capacity of the battery with respect to its
maximum capacity [41]. It shows how much capacity of the battery that is remain-
ing, it is generally shown in percentage. Many cell parameters and behaviours are
dependent onSOC. The cell capacity is expressed asAmp � hour or A h units. The
e�ects of the temperature, ageing and discharge current rates on the capacity of the
battery will not be considered in this thesis.

2.1.2 Open circuit voltage( OCV)

It is the di�erence in potential between the two terminals when no load is connected.
There is a non-linear relationship of open-circuit voltage with respect toSOC. The
terminal voltage of the cell decreases non-linearly as theSOC decreases. It is also
a�ected by the load, temperature and ageing. Since the cell investigated in this
thesis is new, thus the e�ect of ageing is not considered.

Cell voltage under load

The terminal voltage of the cell under operation di�ers fromOCV. During the
discharging of the cell, due toredox reactions, the cell converts the chemical energy
to electrical energy. Simultaneously, the cell voltage decreases belowOCV. This
is due to the losses in the cell. There are various types of polarisation or overpo-
tential inside the cell when current �ows through it. It is generally classi�ed as the
activation overpotential, concentration overpotential and ohmic losses[40].
ˆ Activation polarization or over-potential is referred to the extra energy required

by the reactant species to start the chemical reaction to overcome the barrier
potential at the electrode and solution interface. It is the overpotential required
for the charge-transfer reactions at both cathode and anode [42], and loss due to
the charge transfer is given as� ct [40].

ˆ Concentration polarization or overpotential is due to the di�erence in the con-
centration of charged species between the electrode surface and the bulk of the
electrolyte. It is mainly due to ionic conductivity and mass transport properties
of the electrolyte. The losses due to concentration polarization is given as� c

[40]. Ionic conductivity is also a function of temperature. As the temperature
increases, ionic conductivity increases and losses due to conductivity decreases.

6
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ˆ Resistive lossesis the sum of various resistances due to the current collector,
electrode, separator, ionic resistance of the electrolyte, the interface of current
collector/electrode, electrode/electrolyte, electrolyte/separator. The losses due
to these ohmic resistances are dependant on the applied current.

The variation of cell voltage with respect to current can be shown as in �gure 2.1.
The above e�ects can be captured by an Equivalent Electrical Circuit Model(EECM),
and it is explained in section 2.3.

Figure 2.1: Voltage of the cell with respect to the current [40]

Hysteresis

During the charging and discharging operations of the cell, all electrochemical pro-
cesses are delayed and have di�erent time scales. This is due to the external load
current and is observed as the voltage di�erence or voltage hysteresis� V .

E�ect of di�erent current rates on the cell voltage

C-rate is related to the value of discharge current in its normalised form against its
battery capacity [41]. For example, if the cell is having a capacity of10 A h, then the
value of 1C-rate is10 A. This value of the discharge current can discharge the cell
completely in one hour. At higher C-rate, the cell reaches the cut-o� voltage faster
and the capacity utilisation of the cell decreases, as shown in �gure 2.2. At higher
C-rates, ohmic losses are higher and thus the terminal voltage of the cell decreases
much faster. This is also one of the main reasons for the increase in temperature of
the cell, which will be discussed in further sections.

7



2. Theory

Figure 2.2: E�ect on cell voltage and capacity due to di�erent C-rates [40]

2.1.3 Materials of Lithium-ion cell

The lithium ions during the charging of the cell are extracted from the positive elec-
trode(or cathode) and inserted to the negative electrode(or anode) via the organic
solvents called the electrolyte. The electrons �ow from cathode to anode through
the external circuit. During the discharging of the cell, the reverse of the same
process is followed. The performance of the lithium-ion cells is dependant on the
material properties and how well it can extract and insert lithium ions [40].

Positive electrode

In a Li-Ion cell, for better cycling of Li ions, the positive electrode must have
Lithium. The material chosen should be chemically stable and non-toxic. There
are few positive electrode materials which satisfy these criteria example: LMO
(LiMn 2O4), NMC ( LiNi 0:8Co0:15Al 0:05O2), NCA ( LiNi 0:33M 0:33C0:33O2),and LFP
(LiFePO4). All these electrode materials have porous structures. Depending on
the performance needs, these electrodes must be chosen. None of the di�erent cath-
ode materials exhibits all the desired requirements. According to [43],LFP score
high on cost, speci�c power, safety, performance and lifespan. This is the cathode
chemistry used in this thesis.

Negative electrode

The two types of mainly used active materials used for negative electrodes are metal-
lic lithium and insertion type. Graphite is the most widely used negative electrode
and it is an insertion type. It is mainly used due to its ability to extract and insert
lithium ions and it has a lower potential of0:1 V [40].

2.1.4 Di�erent types of cell formats

In automotive applications, the cell design used are mainly of three formats and
they are cylindrical, prismatic and pouch, as shown in �gure 2.3. The diameter of
the cyclindrical cells indicates the capacity of the cell. The larger the diameter

8



2. Theory

the higher is the capacity of the cell. It has a metallic casing with a jelly roll inside.
A jelly roll is having di�erent layers consisting of cathode, anode, separator and
electrolyte. A Prismatic cell also has a metallic casing generally made up of alu-
minium, produced in either of the two ways. It either has wound or stacked layers
inside the casing. Z-folded layered arrangement can also be used.Pouch cells are
also referred to as co�ee bag cells [40] because of its �exible and soft casing. The
polymer laminated aluminium foil is used for the packaging.

Figure 2.3: Di�erent formats of the cell

There are both advantages and limitations of using di�erent cell designs. Cylindrical
cells are easy to construct, provides good safety and robustness but need good cooling
options as its core heats up higher compared to its shell. Due to the construction of
the prismatic cell, it o�ers good safety, robustness, ease in manufacturing battery
packs and also easier thermal management solutions. Pouch cell o�ers higher energy
density since its weight is reduced due to the absence of a metallic casing. But needs
better thermal management when compared to the other two cell designs [40].

2.2 Temperature e�ects on the cell

The temperature is an important factor which a�ects the performance of the bat-
tery. Temperature a�ects both the capacity and internal resistance of the cell. The
initiation of dendrite formation increases when the cell is charged at� 10� C to 0 � C
[44]. Dendrites formed at the anode can pierce or block the separator and this might
lead to the internal short circuit of the cell. The conductivity of the electrolyte is
lower at low temperature and thus increases the internal resistance. This causes the
cell to reach the cut o� voltage faster and thus reducing the capacity. At higher
temperatures, the rate of chemical reactions and side reactions increases. Very high
temperature causes the decomposition of the materials and exhibits the abuse con-
ditions [40]. Therefore, for better performance of the cell, the temperature should
be neither very low nor very high. Thus, it is preferable to keep the operating
temperature at 20� C - 40� C [40].
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2. Theory

2.2.1 Heat generation inside the cell

The electrochemical reactions and joule heating are the main reasons for heat gen-
eration inside the cell. Total heat generation can be written as the sum of both
irreversible and reversible heat generation. Where irreversible heat generation is
due to joule heating and it is an exothermic reaction. Reversible heat generation
can be both the exothermic or endothermic reaction. It is due to change in entropic
coe�cient and the direction of the current. A simpli�ed form for the heat generation
is given by [45] and it is given as,

_Q = _Qirr + _Qrev (2.1)

_Q = I j(V � OCV)j + IT
dU
dT

(2.2)

2.3 Equivalent circuit model

The equivalent circuit-based models are given in [16, 17, 18, 19, 20]. Conventionally,
a simple Thevenin based model with a DC voltage source and a resistor in series to
represent the internal resistance of the cell is used for quick calculations. It is called
a R0 model. This model is simple and cannot represent the dynamic characteristics
such as di�erent overpotentials due to charge transfer and di�usion of the cell. For
this purpose, the multiple RC links in series are used, as shown in �gure 2.4. The
number of RC links are selected based on how good the circuit can represent the
dynamic behaviour of the cell and it is explained in section 3.3.3.1. All the circuit
elements are dependant on bothSOC and the temperatureT of the cell.

Figure 2.4: Equivalent electrical circuit model of the cell [19][20]. The parasitic
branch is ignored for the modelling.

10
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The parasitic branch of the EECM is ignored in this thesis as it is often ignored while
modelling Li � ion cells as they are considered to have low self-discharge and high
Coulombic e�ciency [39] and this e�ect is mainly observed in lead acid batteries.
The parasitic branches were conventionally modelled to represent the parasitic reac-
tions which draw current that does not participate in reversible reactions [19]. The
parasitic current I p is dependant on the voltage across the positiveP and negative
N terminal of the cell VP N .

2.4 Lumped parameter model

A lumped parameter network is a simpli�ed representation to describe the heat
transfer in an electrical system using simple circuit elements. Simple analogies for
the thermal and electrical elements exist as shown in table 2.1 and it is given in
many heat transfer textbooks. In [46], the procedure to build an electrical network
to build thermal system is presented.

Table 2.1: Analogy between thermal and electrical quantities.

Thermal parameter Electrical parameter
_Q - Rate of heat(W) I - Current(A)

T - Temperature (K) V - Voltage(V)
mCp - Heat capacity(J K � 1) C - Capacitor(F)
Rt - Thermal resistance(K W � 1) R - Resistor(
 )

An example, shown in �gure 2.5 is used to illustrate the method to build the circuit.
In this example, a heating element heats three materialsA, B and C. A perfect
insulator insulates the sides of the three materials. Two assumptions are made.
That no heat escapes from the insulation to the ambient, and heat �ows in only one
direction. Heat generation distribution is assumed to be uniform.

Heat transfers from one side of the materialA, it �ows through to material B and C.
Initially, a fraction of the heat is stored temporarily due to the mass of the material
and a fraction of heat escapes from materialC to the ambient, this is identi�ed
as the transient region . After a long time, all the heat is transferred either by
conduction or convection out to the air and is identi�ed as thesteady-state region .

Each of the material have di�erent thermal properties and has its own mass (kg).
The product of the material's mass and speci�c heat capacities gives the heat capac-
ities (J K � 1) for the three materialsCA ; CB and CC respectively. The temperature
at the core of the respective materials is represented asTA ; TB and TC .

11
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Figure 2.5: illustration for thermal modelling

The rate of heat supplied to the materialA is represented asP. The radiation
phenomenon is not considered in this thesis. The heat transfer coe�cient due to the
conduction and convection are given ashcond and hconv. The thermal resistance due
to conduction and convection is given as,

Rconduction =
L

hcondA
(2.3)

Rconvection =
1

hcondA
(2.4)

where,L and A are the thickness and cross-sectional area of the material. The elec-
trical circuit representing the heat transfer by using the circuit elements as described
in table 2.1 is given in �gure 2.6. RA , RB and RC are the thermal resistance due
to the conduction heat transfer coe�cient and Rair is due to the convection heat
transfer coe�cient.

Figure 2.6: Thermal circuit model for �gure 2.5.

The heat rate �ow P is represented as the current source. During the transient
region the heat is partly stored byCA at TA and the part of it �ows through RA to
the material B . Similar temporary heat storage and heat transfer occurs at material
B and C before transferring heat to the ambient which is modelled as the DC voltage
source. At steady state operations the e�ect ofCA , CB and CC are minimal and can
be ignored. All the heat generated is transferred to the ambient. In this manner, the
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electrical circuit can be made for representing heat transfer. This type of thermal
circuit modelling is called Cauer model. In this thesis, the lumped parameter model
is used to estimate the surface temperature of the cell.

2.5 Curve �tting

This section is there to explain the main principle behind curve �tting and it is done
with the help of Matlab Curve �tting toolbox [47]. The curve �tting involves �nd-
ing the curve or a line which best �ts the observed experimental data. Linear and
non-linear least-square �tting is used in this thesis to �t the experimental curve. In
both of these methods, the sum of the squares of the error between the experimental
curve ycurve and the model curveymodel is minimised to �nd the best �t by �nding
the optimal value of the parameters.

2.5.1 Linear least square method

The data in the x axis is considered to be the independent variable and they axis
of the graph is the dependant variable. The linear regression is valid when the
linear relationship betweenx and y is present. This method is non-recursive, simple
and the result returns the slope and the intercept. The slope and intercept are the
parameters of interest [48]. The objective function to be minimised is given as,

J =
mX

x=1

[ycurve (x) � ymodel (x)]2 (2.5)

Since the errors are squared, linear regression is prone to the outliers in the data
which are far away from the regressed line and are not statistically optimal.

2.5.2 Non-linear least square methods

This method is applicable for obtaining the non-linear models. Them̀'experimentally
observed data points(x1; y1); (x2; y2); :::; (xm ; ym ) are dependant on then model pa-
rameters. It gives the model function asy = f (x; � ) where, � is the collection of
the model parameters. Thus the objective function to be minimized is given as,

J =
mX

x=1

[ycurve (x) � ymodel (x; � )]2 (2.6)

This method is recursive, unlike in the linear least square method. The optimal
value of the model parameters cannot be found in a single step [48]. It needs the
initial values, the solver updates the initial values of all the parameters such that it
gives the best �t. Lower and upper bounds are speci�ed for all the parameters that
the physical meaning of the parameters remains intact. By using robust-nonlinear
regression, the e�ect of the outliers can be minimised [48].
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2.6 Observer based estimation models

In any system, not all quantities are measurable or observable. This needs to be
achieved indirectly, and in the control system, the unknown states can be estimated
based on the observed inputsu and the outputs y of the system with the help of an
observer [49]. For this application, the Kalman �lter is widely used.

State space form

The system can be described in the state space form. The system havingp inputs
and q outputs can be represented in the form,

x(k + 1) = Ax(k) + Bu(k) + Nv1(k) (2.7)

y(k) = Cx(k) + Du(k) + v2(k) (2.8)

where,
x(k) is the state vector having the dimensionsn � 1
A is the system matrix having the dimensionsn � n
B is the input matrix having the dimensionsn � p
u(k) are the inputs having dimensionsp � 1
C is the output matrix having the dimensionsq � n and,
N is the disturbance matrix having the dimensionsn � r
D is the feed forward matrix having the dimensionsq � p. It is normally a zero
matrix if the system does not have a direct feedback and whereas, (2.7) is called
as thestate equation or process equation , and (2.8) is called as themeasure-
ment equation .

It is common to have noise in the sensors and it is assumed that the process noisev1

(r � 1) and measurement noisev2 are `white noise ', following the Gaussian distri-
bution having zero mean and variancesP and Q respectively. This noise propagates
through the system and it is considered as the inputs to the system. The intensities
of process and measurement noise are represented asR1 and R2 respectively. Its
cross-spectrum noise betweenR1(n � 1) and R2(q � 1) is given asR12. Hence the
noise covariance matrix is given as,

R =

"
R1 R12

RT
12 R2

#

(2.9)

The state equation for the estimated statesbx is given as,

\x(k + 1) = A ^x(k) + Bu(k) + K [y(k) � C dx(k) � Du(k)
| {z }

dy(k)

] (2.10)

and, the main goal of the observer is to correct the estimated statesx(k + 1) of
the next time instant, such that the error between the actual outputy(k) and the
estimated output dy(k) is minimised, by �nding the correct value of the Kalman gain
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K . This can be implemented to the real-time systems and it is a recursive process.

In this algorithm, there are two main steps. In the �rst step, the predicted val-
ues of the states along with their uncertainties are computed, using the present
input, and this step is called asprediction step . In the next step, the measured
output of the next time instant is considered to correct the predicted state variables
with the calculated gainK . The higher weights are biased to the estimated variables
with higher certainty and this is called asupdate step .

The Kalman �lter is applicable for the linear systems, where the output and the
inputs have a linear relationship. Unfortunately, the behaviour of the cell is non-
linear. One of the simpler ways to solve this is to linearise the non-linearity with the
help of �rst-order Taylor series. This is the extension of the Kalman �lter calledEx-
tended Kalman Filter (EKF ) and it is mainly used for partly non-linear systems.
Another non-linear based Kalman �lter used in this thesis isUnscented Kalman
�lter (UKF ), which uses the unscented transform to select the sigma points around
the mean of the Gaussian random variable (GRV)x, and gives the weights to these
sigma points to determine the correct values of the states by minimising the error
between the measured outputy(k) and the estimated output dy(k) [50][51].

2.7 Vehicle mechanics

A Battery Electric Vehicle (BEV) is powered by batteries. Electrical energy is con-
verted to mechanical energy by electric motors. Power electronic converters convert
DC from batteries to 3 phase AC to give as input to the motors.Ft is the traction
force needed for the propulsion of the vehicle.Ft experiences resistance, mainly
due to losses from aerodynamic frictionFa, rolling friction Fr and gradient Fg [52].
Other disturbancesFd, such as breaking will be ignored in all further analysis.

The longitudinal dynamics of the vehicle, of massmveh, moving with the velocity of
v as shown in �gure 2.7 is represented as

mveh
dv
dt

= Ft � (Fa + Fr + Fg) (2.11)

where, the tractive power is given as

Pt = Ftv (2.12)

Fa is caused by friction due to the viscous air surrounding the vehicle. It is the
air resistance force experienced by the vehicle due to its geometry and speed. The
aerodynamic frictional forceFa is simpli�ed and is dependant on the frontal area of
the vehicle, air density� , co-e�cient of drag cd, and relative speed of the vehiclev.
It is given as

Fa =
1
2

�c dA f v2 (2.13)
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Figure 2.7: Equivalent electrical circuit model of the cell [52]

Rolling friction is the resistive force acting against the motion of the wheel. It
mainly depends on the mass of the vehiclemveh, acceleration due to gravityg, and
the coe�cient of rolling friction cr . The coe�cient of rolling friction cr is dependant
on vehicle speed and tyre pressure.cr is proportional to 1=

p
p; where p is the

pressure of the tyre. The operating speed of the vehicle and e�ects due to tyre
pressure will be ignored for simpli�cation.Fr is calculated as

Fr = cr mvehg (2.14)

In order to maintain the same speed of the vehicle on the �at road as compared
to inclination or declination, the requirement of tractive force would be di�erent.
Vehicle experiences the resistance due to its massmveh, acceleration due to gravity
g, and angle of inclination or declination� . This frictional force is called frictional
force due to gradient and is given as,

Fg = mvgsin(� ) (2.15)
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3
Case setup

In this chapter, experiment setup, implementation and methods used in equivalent
circuit modelling, thermal modelling, and state of charge estimation are presented.

3.1 Speci�cation of LFP-cell

The cell selected for this project is a LFP prismatic cell purchased from GWL
POWER. The cell is rated to provide high current continuous discharge up to 3C
and 1C maximum continuous charging current. It has a �at voltage area (3:10 V to
3:30 V). The speci�cation of the cell, important for the model, is mentioned in table
3.1.

Table 3.1: Speci�cation of the cell ZG-LFP020AH

Parameter Value
Nominal capacity 20 A h
Nominal voltage 3:2 V
Maximum voltage 3:8 V
Minimum voltage 2:6 V
Operating voltage 2:8 V to 3:65 V
Maximum discharge current 60 A (3C)
Maximum charging current 20 A(1C)
Operating temperature (charging) 0 to45� C
Operating temperature (discharging) -25 to55� C
Dimensions (WxLxH) 71 mm x 178 mmx28 mm

3.2 Experimental setup

In all the tests, 4 physical quantities are measured and recorded, these are voltage,
current, temperature and time. Depending on the experiment, the cell is charged or
discharged in a sequence.

For these tests, a jig is manufactured using a 3D printer using PLA as the ma-
terial as show in �gure 3.1. The jig has a base and a separator to create separation
between the two tabs of the cell to avoid unintentional short circuit between the
terminals. The cell is placed in the jig, and to avoid movement of the cell in lateral
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