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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-e [edtive 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 1.29mV.

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 JKtkg~*
and through plane thermal resistance from the core to the surface of the cell is
0.79KW™t, The setup for the experiment is simple, and a single experiment is
su [cieht 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 coe Lcieht, SOC
estimation model, Drive cycle.
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Introduction

In recent decades the focus has been to reduce th®, emissions to the atmosphere
and to reduce global warming. Around 30% of the total EU'€ O, 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 CO, 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 |-
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 ¢ 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 lIters [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.

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.

In the thermal model, irreversible and reversible thermal e ects are taken into
account by the model. Radiation e ects are ignored.
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A rst-order lumped parameter model is used to do thermal modelling. A new
methodology is proposed to nd the specic heat capacityC,, and thermal
resistanceRqe. A look-up table of entropy coe ecientsﬂ—#J is found using poten-
tiometric test [29].

In the SOC estimation model, Extended Kalman Iter and Unscented Kalman
Itering techniques would be investigated to model.

~

1.5 Outline

This report is structured in the following chapters:

" Theory : Relevant theoretical background for the case setup and analysis used
in the work will be presented.

Methods : This chapter focuses to explain the experimental setup, relevant steps
and methodologies implemented to model the battery.

Results : Focuses on the results of the tests and the post processes mentioned in
case setup.

Discussion : A brief discussion on the model and its uncertainties, and also to
discuss the sustainability aspects.

Conclusions : A nal commentary on the model and future work will be pro-
posed.
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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 afedox 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. Theedox 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 admp hour or Ah 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 t8§OC. The
terminal voltage of the cell decreases non-linearly as tf®0C 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 diers fromOCV. During the
discharging of the cell, due taedox reactions, the cell converts the chemical energy
to electrical energy. Simultaneously, the cell voltage decreases belO@V. 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].

" 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 [40].

Concentration polarization or overpotentialis 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
[40]. lonic conductivity is also a function of temperature. As the temperature
increases, ionic conductivity increases and losses due to conductivity decreases.
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Resistive losseds 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 hysteresiy/.

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 df0 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.



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-lon 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 ,04), NMC (LiNi ¢.8C0p:15Al0.0502), NCA (LiNi ¢:33M0:33C0:330,),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]FP 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 of0:1V [40].

2.1.4 Dierent 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 usPduch 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 at10 Cto 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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2.2.1 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= Qi + Qrev (2.1)

e . du
Q=1j(V OCV)j+IT = (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 RO 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 bot&OC 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



2. Theory

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 |, is dependant on the voltage across the positiie and negative

N terminal of the cell Vpy .

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) | - Current(A)

T - Temperature K) V - Voltage(V)
mC, - Heat capacitydK 1) C - Capacitor(F)
R; - Thermal resistanceK 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 materials, 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 materid\, 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 materiaC 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 masxd).
The product of the material's mass and speci ¢ heat capacities gives the heat capac-
ities (JK 1) for the three materialsC,; Cz and Cc respectively. The temperature
at the core of the respective materials is represented ag; Tg and Tc.

11



2. Theory

Figure 2.5: illustration for thermal modelling

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

L

Reconduction = NeorgA (2.3)
con
1

Rconvection = NeongA (2.4)
con

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. Ry, Rg and R¢ are the thermal resistance due
to the conduction heat transfer coe cient and Ry, 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 byC, at To and the part of it ows through R, 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 o€, Cg and C¢ are minimal and can
be ignored. All the heat generated is transferred to the ambient. In this manner, the

12



2. Theory

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 Yeurve and the model curveynoeger 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 thyeaxis

of the graph is the dependant variable. The linear regression is valid when the
linear relationship betweerx andy 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,

X0 2
J = [Yeurve (X)) Ymodel (X)] (2.5)

x=1

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. Then'experimentally
observed data pointqX1;y1); (X2;¥2); 5 (Xm; Ym) are dependant on then model pa-
rameters. It gives the model function ay = f (x; ) where, is the collection of
the model parameters. Thus the objective function to be minimized is given as,

X0 2
J = Veurve (X)) Ymodet (X; )] (2.6)

x=1
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 inputa and the outputsy of the system with the help of an
observer [49]. For this application, the Kalman Iter is widely used.

State space form

The system can be described in the state space form. The system havmmputs
and g outputs can be represented in the form,

x(k +1) = Ax(K)+ Bu(k) + Nvi(K) 2.7)

y(k) = Cx(k) + Du(k) + v,(k) (2.8)

where,

x(Kk) 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 theinputs having dimensionsp 1

C is the output matrix  having the dimensionsy 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 theneasure-
ment equation .

It is common to have noise in the sensors and it is assumed that the process nuise
(r 1) and measurement nois@, are "white noise ', following the Gaussian distri-
bution having zero mean and varianceB 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 representedRasand R, respectively. Its
cross-spectrum noise betweeR;(n 1) and Ry(q 1) is given asRj,. Hence the
noise covariance matrix is given as,

" #
R: R
R = 2.9
R':IL'2 R2 ( )
The state equation for the estimated states is given as,
xtk +1) = Ax(k) + Bu(k) + K [y(k) Ic:x’(k) . Du(k)] (2.10)

#k)

and, the main goal of the observer is to correct the estimated stategk + 1) of
the next time instant, such that the error between the actual outputy(k) and the

estimated outputﬂk) is minimised, by nding the correct value of the Kalman gain
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2. Theory

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 lIter callecEx-
tended Kalman Filter (EKF ) and itis mainly used for partly non-linear systems.
Another non-linear based Kalman Iter used in this thesis id2Jnscented Kalman

Iter (UKF), which uses the unscented transform to select the sigma points around
the mean of the Gaussian random variable (GRVY, and gives the weights to these
sigma points to determine the correct values of the states by minimising the error
between the measured outpuy(k) and the estimated outputﬂk) [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 motorsF; is the traction
force needed for the propulsion of the vehicleF; experiences resistance, mainly
due to losses from aerodynamic frictiofr,, rolling friction F, and gradientFg [52].
Other disturbancesF4, such as breaking will be ignored in all further analysis.

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

dv
mveha =k (FatF + Fg) (2.11)

where, the tractive power is given as
Pt = FtV (212)

F, 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 forceF, is simpli ed and is dependant on the frontal area of
the vehicle, air density , co-e cient of drag cy, and relative speed of the vehicle.

It is given as

1
Fa= 5 C gAr 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 vehicla,.n, acceleration due to gravityg, and
the coe cient of rolling friction ¢,. The coe cient of rolling friction ¢ is dependant
on vehicle speed and tyre pressurec, is proportional to 1=" 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.F; is calculated as

Fr = ¢Myeng (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 massen, 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 = mygsin( ) (2.15)
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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 Specication 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¥10V to
3:30V). 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 20Ah
Nominal voltage 32V
Maximum voltage 38V
Minimum voltage 2.6V
Operating voltage 2:8V to 3.65V
Maximum discharge current 60A (3C)
Maximum charging current 20A(1C)

Operating temperature (charging) 0tod5 C
Operating temperature (discharging) -25 t&®b5 C
Dimensions (WxLxH) 71 mmx 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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3. Case setup

direction a brown cardboard cut in the shape of the cell is xed at the other end of
the jig.

Power cables are connected to the terminals, voltage sensors are connected to the
terminals via “crocodile clips'and a temperature sensor is xed on the surface of
the cell with the help of Kapton tape. All these wires are part of a harness which
is connected to the PEC battery testet. Two K-type thermocouples are used for
sensing temperature. One sensor is connected to the positive terminal for sensing
terminal temperature and another one for sensing the ambient temperature. It is
integrated externally using THC modules which communicate with the PEC battery
testing equipment using CAN communication protocol. The sequence for the test
Is programmed, and all the measurement from the sensors are recorded. In order
to prevent over-discharging and overcharging of the cell, voltage limit,, = 2.8V
and Vi,ax = 3:8V are given in the program.

Figure 3.1: Test setup placed at room temperature

LPEC is a company which manufactures HIL based battery testers.

18



3. Case setup

3.3 Equivalent Electrical Circuit Modelling (EECM)

In this section, the test procedure and the methods required for modelling are ex-
plained. The overview of the steps needed to parameterize for EECM is shown
in gure 3.2. In further subsections, all the mentioned steps in the owchart are
explained in detalil.

Figure 3.2: Flowchart for modelling EECM.
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3. Case setup

3.3.1 Pulse discharge - charge test

In this test, discharge and charge current pulses with de ned width and magnitude
are applied to the cell at constant ambient temperature conditions. The main aim
of this test is to nd the values of Em, Ry, Ry, and Cy (in gure 2.4) for the EECM
with respect to SOC. Later, 3-D Look-up tables for all the circuit parameters are
made with respect to temperature and SOC.

The width of the current pulses are decided based ofC discharge and charge
voltage v/s SOC curves of the cell. If the change in voltage is steep, a smaller pulse
width is chosen (this is observed at high and low SOC levels). If the change in
voltage is almost at (middle SOC levels) a larger pulse width can be chosen to save
time during the test.

All the circuit parameters are dependant on SOC and temperature [53]. The ex-
periment is done at a constant ambient temperature to remove the e ects due to
variations in temperature. The test is repeated at 4 di erent temperatures to con-
sider the e ects of operating temperature. The test is repeated fat0 C, room
temperature, 30 C and 40 C. The same experiment setup as mentioned in gure
3.1 inside a temperature chamber to maintain ambient temperature is used. Volt-
age, current, ambient temperature, the surface temperature of the cell and time are
recorded.

3.3.2 ldentifying the points of load and relaxation

The rst step in the parameterization is to identify the points of load and relaxation
on the voltage measurement for a discharge pulse as shown in gure 3.3 and for a
charge pulse in gure 3.4.

The points in the voltage response when the current goes ta20 A(20 A for the
charging pulse) from0 A or when the current goes from 20 Ato O A are identi ed
as points of load. Alternatively, it marks when the discharging load current (or
charging current) is applied.

When the current goes fromDA to 20 A (20 A for charging pulse) or goes from
20 A(20 A for the charging pulse) toO A, the voltage at these points are iden-
ti ed as points of relaxation. It can also be understood as when the discharging

load current (or charging current) is not applied.
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3. Case setup

Figure 3.3: Points of load and points of relaxation identi ed on voltage curve
needed for parameterization for pulse discharge test

Figure 3.4: Points of load and points of relaxation identi ed on voltage curve
needed for parameterization for pulse charge test

Identifying these points is critical, as it helps in the calculation of all the circuit
parameters needed for the equivalent electrical circuit model.
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3.3.3 Calculation of Em, Rg, Ry and C, for initialisation

After identifying the points of load and relaxation on voltage response, the param-
eters required for the EECM from the voltage response curve (as shown in gures
3.3 and 3.4) can be calculated.

3.3.3.1 Selection of RC pairs

Before the extraction ofR, and C,, it is important to select the number of RC pairs
required for the model. The extraction of these parameters is done on the voltage
response curve during the relaxation period as the SOC is constant when compared
to the period during the discharge load current (or charging current) is applied [38].

During the period of relaxation, the voltage response corresponds to exponentially
rising curve for pulse discharge test or exponentially falling curve for pulse charge
test. A non-linear least square method is used to t the measurement with an
exponential curve using

Ecurve (SOC) = ag X aile ©® 8i=1:2::n (3.1)
i=1
where,n de nes the number of RC pairs needed in the model to best t the exper-
imental curve. a; is the steady-state voltage at the end of relaxation perioda(i)
Is the maximum polarization voltage, (i) is the time constants of the exponential
curve [38]. Similarly, for an exponentially falling curve the equation used to t the
measurement is given by,

N .
Ecne(SOC)= ag+ a(i)e ©® 8i=1;2::n (3.2)

i=1

3.3.3.2 Calculation of Rp, Em, Ry, and C,

All EECM parameters are dependent on the SOC. Circuit parameters are found by
the following methods:

Series resistanc®, can be calculated by the instantaneous voltage drop (or rise)
seen when the discharge load current (or charging current) is applied or removed
as shown in the voltage response curve. It is calculated using Ohm's law,

Ro(SOC) = “\J/ (3.3)

Em(SOQC) is the voltage at the end of relaxation, hence
Em(SOC) = a: (3.4)
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After nding the time constants ,, resistance in the RC pairs is given by,

a(i)
I [1 e Toa = ()]

Ryx=i(SOC) = 8i=1;2:n (3.5)

where, | is current magnitude having a value oROA. Tyaq is the time taken in
seconds for the constant discharge current load [38].

Since, time constant , = Ry C,, the value of the capacitance in the RC pairs is
given by
(i)

X=i

Cyx=i(SOC) = R 8i=1;2::n (3.6)

After calculating the values of all the parameters, a look-up table is made with
respect to the corresponding SOC breakpoints. These look-up tables will be used in
the EECM model and by using a parameter estimation technique, the values of the
parameters would be further optimized to minimize the error between measurement
and the simulation by using nonlinear least square methods. To achieve this Matlab
parameter optimization toolbox[54] is used.

3.3.4 EECM model - Simulink

The model is made in the Simulink environment. The model takes magnitude of
current | as an input and has terminal voltagev and SOC as outputs.

3.3.4.1 Coulomb counting model

The model uses Coulomb counting or current integration method to calculate the
SOC. Given by the formula,

2t )]

SOC = SOGiital o Capacity

(3.7)

where,SOGCiia = 1 for a pulse discharge test when the cell is charged 190 %50OC
before starting the test and O for the pulse charge test when the cell is discharged
completely to 0 %SOC before the start of the test. TheSOC value ranges from 0
to 1. Capacity is the discharge capacity or charging capacity of the cell iAs. The
Coulomb counting model in simulink as shown in gure 3.5 is used for the pulse
discharge test and gure 3.6 for the pulse charge test.
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Figure 3.5: Coulomb counting model when applying for discharge pulse in
Simulink

Figure 3.6: Coulomb counting model when applying for charging pulse in
Simulink

The Coulomb counting model is based on (3.7). The initial capacity of the cell
is entered in the integrator block in the Coulomb counting model. The discharge
capacity in Ah of the cell is given as initial capacity in gure 3.5 and) Ah as initial
capacity in gure 3.6. In (3.7), the ° °sign is used when discharge pulses are used
and a% %sign is used when a charging pulse is used.

3.3.4.2 RC pairs model - Simulink

As seen from the equivalent electrical circuit model from gure 2.4, there is a voltage
drop across the RC paitVgc and the discharge or charging current ows through
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it. Hence, from Kircho 's current law we can write the following equation for the
rst RC pair,

VRric dVg,c,

| = RG g 2RG 3.8
R gt (3.8)
N VA

Vkrei — dt 3.9
RCi 0 Ci RiCi ( )
8i = 1;2;::;;n, wheren is the number of RC pairs in the model. This can be

modelled in Simulink as shown in gure 3.7. From (3.6XC; is calculated.

Figure 3.7: Modelling of the rst RC pair in Simulink with look-up tables of R;
and C;

The value of R; and C; is chosen from the look-up table with respect to its corre-
sponding SOC breakpoints. These models can be scaled-up based on the selection
of number of RC pairs.

3.3.4.3 Circuit model - simulink

The nal circuit model includes the Coulomb counting method for calculation of
SOC, which will give inputs to all the look-up tables ofRg; Rx; Cx and Em in the
model, making it possible to choose the correct values based on SOC. By computing
the following equation,

x
V(SOC) = Em(SOC) IRo(SOC) Vr,c,(SOC) 8i=1;2:;n (3.10)
i=1
the terminal voltage for the cell can be determined for the corresponding SOC of
the cell. In (3.10), a® %is used for modelling for the pulse discharge test and this is
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represented by the simulink model as shown in gure 3.8. For modelling the pulse
charge test a% °sign is used instead.

Figure 3.8: Equivalent electrical circuit model with coulomb counting for
calculation of SOC. In this model 3 RC pairs are used.

3.3.5 Parameter estimation

Figure 3.9 shows the procedure for parameter estimation. It is an optimisation
algorithm that compares measured with simulated data. It minimises the sum of
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squared error using the non-linear least square methods by varying the value of the
parameters of interest.

Figure 3.9: Parameter estimation procedure [39].

In this case, the measured voltage is compared with the simulated voltage. The pa-
rameter estimation algorithm minimises the sum of the squared error between them
by varying the parametersEm, Rq, Ry and , using the non-linear least square
methods [39] [54].

This step is repeated in a sequence as mentioned in gure 3.2. Parameter esti-
mation performance is dependant on its initial values. Convergence to the nal
solution depends on how near the initial values are near to the nal values. Calcu-
lated values ofEm, Rg, Ry and  after curve tting is used as initial values during
the rst step of parameter estimation. Only two parameters are varied at a time
and in the nal step of parameter estimation all four circuit parameters are varied
to get the best t. For all the parameters minimum and maximum values are given
as an input, so that the value of these parameters stay within their physical limits.
To perform the parameter estimation, parameter estimation toolbox [54] available
in Simulink is used.
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3.4 Thermal modelling

The electrical circuit parameters of the EECM model are dependant on the tem-
perature of the cell. Accurate estimation of the temperature of the cell is vital for
the model's accuracy. In this section, a novel method for determining the thermal
properties of the cell is explained.

3.4.1 Thermal characterisation

Thermal properties such as speci ¢ heat capacitydK kg ') and thermal resistance
(KW 1) are important parameters irrespective of the thermal model employed. Usu-
ally, these two values are not provided by the manufacturer in the data-sheet. A new
methodology is proposed in this thesis to determine both the thermal properties of
the cell by doing one single experiment and extracting the parameters of interest.

3.4.1.1 Experimental setup

The parameters of interest are extracted using a second-order thermal model. A
test is done, where the heating element is sandwiched between the cells. Insulation
material with known speci ¢ heat capacity is used to cover the setup from all sides
as shown in gure 3.10.

Figure 3.10: Exploded view of the setup
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In principle, any insulation material with known speci ¢ heat capacity can be used
for the setup and in this thesis work, polyethylene foam having a volumetric mass
density, = 29:5kgm 2 and thickness ofl0 mm s used. For polymer's density in
the range of16:7 to 695 kgm 2, the speci ¢ heat capacity of the insulation material
according to [55] is24507 JK kg !. This value of the specic heat capacity of
insulation material is considered and used in further calculations. The insulation
material covers the two cells from all sides. Kapton insulated exible heaters are
used as the heating element. It is thin and is useful in this particular application.
It is shown in gure 3.11.

Figure 3.11: Kapton insulated exible heater.

Figure 3.12: Top view of the setup and temperature sensors placement.

Four K-type temperature sensors are used in the setup as shown in gure 3.12.
Sensors are placed at theenter in between the cells, one on theurface between
the cell and the insulation material, one between two layers fansulation tem-
perature sensor and nally, one to measure the ambient temperature. The whole
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setup is placed inside a thermally insulated box to avoid uctuations in the external
temperature variations on the test.

3.4.1.2 Thermal model used for characterisation

The thermal circuit for the setup shown in gure 3.12 is shown in gure 3.13. Two
main assumptions of this model are as follows:

The heating element and the wire of the temperature sensor have some nite

thickness. It is small, and it creates a very small air-gap between the two cells.

This air-gap is ignored in the thermal circuit. It simpli es the model and makes

it symmetric. Hence, it is assumed that the distribution of the rate of change

of heat generated is equal in both the direction of the Kapton insulated exible

Eeater. Therefore,Q = P = PTW where Py, (W) is the power supplied to the
eater.

Two layers of the insulation material are considered as a single unii,syation IS
heat capacity K 1) of the insulation material. It is the product of speci ¢ heat
capacity of the insulation material and the mass of both the layers put together.
Rinsuation 1S the thermal resistance across the single layer. Ideally the tempera-
ture sensor is to be placed in the middle of the insulation layer, but adding it in
the middle of the single layer is tricky. This assumption simpli es the problem.

In this thermal model, heat is generated by to the exible heater, and heat is trans-

ferred through the cell and to the other side of the cell to its surface, where there is
No mass or speci ¢ heat capacity. Heat is then transferred from the cell surface to
the ambient through the insulation. Mass and speci ¢ heat capacities of the cell and
the insulation are lumped together to a point at the centre of their respective bodies.

There are two nodes in the thermal circuit. Teentre ; Tsurface ; Tinsulaion @NA Tambient
are measurable quantities.T;, is the core temperature inside the cell and is not
measured.R¢e is the thermal resistance of the cell from its core to the surface and
Rair is the thermal resistance of the air.Cg is the heat capacity of the cell.C.g,
and R are the two unknown quantities to be found.
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Figure 3.13: Thermal circuit model.

The rate of heat generatiorP in (W) is constant with respect to time and transferred
to a point corresponding toC.e in (JK 1) and the change of internal temperature of
the cell Tj, (K) with respect to time t in (s). The heat loss ows away from this point
to the surface of the cell. This is dependent on the heat transfer coe cient of the
cell, heey in (Wm 1K 1) and temperature di erence between internal temperature
and the surface temperature. The area of the celle in (m?) and thickness of the
cell Leey in (m) remains constant through out the test andL ¢ =hceAcen remains
constant. This is referred to the thermal resistance of the ceRqe; [28].

Since it is considered that there is no mass at the surface, heat generated is not
absorbed at the surface. The heat rate entering this point is equal to the heat rate
owing away. The heat rate that transfers through the insulation is related to the
heat coe cient of the insulation, hisyation I (Wm 2K 1) and temperature di er-
ence of the internal temperature of the cell and internal insulation temperature.
Area of the insulation Ai,suiaion  (M?) and thickness of the insulationL i,syiation  re-
mains constant throughout the test. Hencel insuation =hinsulation Ainsulation femains
constant and is represented as the inverse Bfysyaion i (KW 1). In between node
1and?2,

Tin (t) Tsurface (t) _ Tsurface (t) Tinsulation (t) _ Tin (t) Tinsulation (t) _
= = = Py
RceII Rinsulation Rin

and,
Rin = Rcel + Rinsulation (3.11)
Therefore heat balance equation at nodg is given as,

dTin (8) | Tin () Tinsuiaiion (t)
dt ]
| Ry )
=P
At node 2, the rate of heat transfers from the cell to a point is related t&isuiation

(JK 1) and change in insulation temperature with respect to time. The rate of
heat ows that away from this point to the ambient is related to the heat transfer

P = Ccal

(3.12)
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coe cient hjpsuaton + har and temperature di erence of insulation and ambient
temperatures. Similar to 3.12, heat balance equation at nodeis given as,

Tin (t) Tinsulation (t) _ dTinsuIation (t) + Tinsulation (t) Tambient

= G i 3.13
Rin insulation dt Rout ( )

where,

Rout = Rinsulation + I:zair: (3-14)

Ti» cannot be measured easily as it is the core temperature of the cell. To measure
the internal temperature of the cell, a thermo-couple needs to be placed inside the
cell. To do this, a glove box is required, where the inert atmosphere is maintained.
This is not easily found in a basic laboratory. In order to simplify further calcula-
tions (3.13) is written in terms of Tj, and is replaced in (3.12) to give second-order
di erential equation without Tj,,

dTinsulation (t) 2d2Tinsulation (t)

Tinsuiation (1) = PRout + Tambient 2 at a2 (3.15)
where,
q
= CecellRin Cinsulation Rout (3-16)
2 =X = CeerRin + CeellRout + Cinsulation Rout (3-17)

To solve the second-order di erential equation (3.15) and to nd the nal solution
for Tinsulation (t) following steps as shown in gure (3.14) is implemented. Ambient
temperature is considered to remain constant. The whole setup, before the start of
the test, is kept at the ambient temperature. Hence, the initial conditions used in
Laplace transformations are,

Tinsulation (t = O) = Tambient
dTinsulation (t = O)
dt

=0
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Figure 3.14: Steps followed to nd the nal general solution for Ty syiation (t)-

The nal solution is,

I#
- _t h tp 21 " ih tp z 1
Tinsulation (t) = Tambient *PRout 1 € COosS |u_2_1$In

(3.18)
The above equation represents a second-order over-damped equation wherel is
the damping coe cient and is the time constant of the system [56].
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3.4.1.3 Test

Figure 3.15: Test for nding Cg and Regy.

Using the same experiment set up as shown in gures 3.10 and 3.12, a simple test
is conducted. All the temperature sensor values are recorded during the test. A
speci ed power is supplied to the exible heater through a power supply to heat up
the setup. Before starting the test, the setup must be at the ambient temperature.
The test is continued until the temperature reaches a steady state as shown in gure
3.15.

3.4.1.4 Parameter extraction

Two important sections are identi ed from the test, namely the initial and nal
section as shown in gure 3.15. The steady-state region of the curve is the nal
section and the transient region is the initial section. To identify the initial section,
data between the initial value of the temperature t095% of the nal temperature
value is considered. Data for the last one hour of the steady-state part of the curve
Is the nal section.

All the thermal resistances present in the thermal circuit ( gure 3.13) are calcu-

lated based on the data present in the nal section. At steady state, the change of
Tin and Tinsuation  With respect to time is negligible and is considered to be zero. The
e ect of C.e and Cinsuiation 1S therefore neglected at the steady-state. The modi ed

thermal circuit at the steady-state is shown in gure 3.16.
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