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Abstract: Li ion batteries are emerging as the mainstream source for propulsion in the
automotive industry. Subjecting a battery to extreme conditions of charging and discharg-
ing can negatively impact its performance and reduce its cycle life. Assessing a battery’s
electrical and thermal behaviour is critical in the later stages of developing battery man-
agement systems (BMSs). The present study aims at the thermal modelling of a 3.3 Ah
cylindrical 26650 lithium iron phosphate cell using ANSYS 2024 R1 software. The modelling
phase involves iterating two geometries of the cell design to evaluate the cell’s surface
temperature. The multi-scale multi-domain solution method, coupled with the equivalent
circuit model (ECM) solver, is used to determine the temperature characteristics of the cell.
Area-weighted average values of the temperature are obtained using a homogeneous and
isotropic assembly. A differential equation is implemented to estimate the temperature due
to the electrochemical reactions and potential differences. During the discharge tests, the
cell is subjected to a load current emulating the Worldwide Harmonised Light Vehicles Test
Procedure (WLTP). The results from the finite element model indicate strikingly similar
trends in temperature variations to the ones obtained from the experimental tests.

Keywords: lithium iron phosphate cell (LFP); temperature estimation; ANSYS; multi-scale
multi-domain (MSMD); equivalent circuit model; identification; automotive drive cycle

1. Introduction

Over the past few decades, extensive research has been carried out to explore the
applications of lithium ion batteries, which have been used in numerous applications [1,2].
As an example, combined with electric motors, Li ion batteries have been proven to be a
reliable alternative for internal combustion engines (ICEs) as a source of electrical energy
storage and delivery in vehicle propulsion systems. Considering the innate properties
of the Li ion batteries such as high power and energy densities and extended cycle life,
they are expected to play a critical role in the quest for alternate electric power sources.
Numerous chemical compositions have been experimentally tested for Li ion cells to
improve their performance measures such as specific power, specific energy, safety, cost,
and life span [2,3].

Li ion cells are currently being extensively used in the development of automotive
batteries due to their capacity to store higher energy and their ability to quickly charge
and discharge [4]. As concluded in [5-7], the performance of the Li ion batteries is greatly
dependent on the operating temperature of the cell. The study further demonstrates that
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the output power and the capacity of the cells are significantly reduced when the operating
temperature crosses 50 °C. At temperatures beyond the maximum permissible window,
decomposition of the solid electrolyte interface is observed. This results in the absence of
protection between the electrode and electrolyte, leading to the release of oxygen and other
gases, which can cause thermal runaway [8]. An LFP cell undergoes phase change under
various stages of lithiation [9], thus not emitting oxygen at higher temperatures. On the
opposite end of the spectrum, when the operating temperature is below the minimum level
of the allowable temperature, the deposition of metallic lithium is observed on the anode.
The formation of such structures is called lithium plating [10], which causes a drop in the
performance of the cell, finally leading to cell ageing. In another study [11], it was observed
that a drop in the ambient temperature and an increase in the C rate led to a reduction in
the available state of charge (SoC). These conditions put forward the need for analysing the
thermal behaviour of the Li ion cells, as it helps in estimating the rise in the temperature
when the cell is subjected to different operating conditions.

In addition to the electrochemical cell models, although very accurate, include com-
plexities. Therefore, other modelling approaches such as equivalent circuit models (ECMs)
are introduced, consisting of electrical circuit elements [12]. That approach is extensively
implemented using resistors and capacitors to determine the voltage dynamics of both
Li ion and voltage-regulated lead acid batteries [13,14]. A first-order equivalent electrical
circuit model, employing a single RC model, was implemented in [8] in developing an
electrical model of a 26650 LFP cell.

In the present study, ANSYS 2024 R1 Fluent is used as a finite element solver. The
software expects the cell parameters as the inputs to be used in a second-order equivalent
circuit model consisting of OCV, ohmic resistance, and two RC circuits. Those electrical
parameters are found for the LFP cell based on experimental tests, and they are inserted
into the ANSYS software. Then, a thermal analysis of the cell is carried out using the battery
model available. In this study, a lumped electrochemical thermal model is used to carry out
the analysis and determine the thermal characteristics of the LFP cell. Most of the thermal
model’s parameters are extracted from the literature and then inserted into the software.
Finally, the proposed model is validated against the temperature data collected during the
experimental tests.

The novelties of this study can be summarised as follows:

e A couple of new LFP cell electrothermal models are developed and simulated using
ANSYS.

e A real automotive duty cycle is used for the validation of the proposed cell thermal
model under a dynamic load profile.

e  The solve design optimisation technique for ECM parameter identification is validated
using experimental data, and its usability in cell temperature estimation is tested.

2. Cell Specifications and Experimental Tests
2.1. Lithium Iron Phosphate (LFP) Cell Specifications

The construction of the Li ion cells is classified into three categories, namely cylindrical,
prismatic, and pouch cells [15]. The nomenclature of a cylindrical cell is performed in a way
that represents the dimensions of the cell. For example, an 18650 cell represents a cell with
an 18 mm outer diameter and a total height of 65 mm. The current study is focused on a
26650 cylindrical Li ion cell as obtained from RS Pro. The cell has an outer diameter of 26.2
£ 0.01 mm and a height of 65.6 & 0.4 mm [16]. Lithium (L) iron (Fe) phosphate (P) (LFP) is
the material of the cathode in the cell, with graphite being the anode. Table 1 highlights the
key performance specifications of the cell. These values are critical to understanding the
operating conditions of the cell. They also enable the battery manufacturers to compare the
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capabilities of different Li ion cells based on their chemical compositions and extract their
peak performances.

Table 1. LFP cell specifications [16].

Specification Value
Voltage (nominal) 32V
Capacity 3300 mAh
Maximum cut-off voltage 3.65£0.05V
Minimum cut-off voltage 25V

Maximum continuous
discharge current
Pulse discharge current 15A,10s
Charging: 0-55 °C
Discharging: 20-60 °C
Weight of the cell 86g

9.6 A

Operating temperature

2.2. Cell Testing

The LFP cell was tested under the Worldwide Harmonised Light Vehicles Test Proce-
dure (WLTP). The WLTP cycle was introduced in 2017 to replace the New European Driving
Cycle (NEDC) [17]. It became mandatory to test all the internal combustion engine vehicles
on that cycle in Europe since then. In the case of EVs, the cycle is used to determine the
range of the vehicle. The key advantage of this cycle is its dynamic nature to simulate highly
realistic driving conditions. In the experiments of this study, the corresponding WLTP
current profile is obtained based on the simulation models presented in [18,19]. In [18,19],
a full-vehicle powertrain model was simulated to determine the power demand from the
battery. Using these data, the current and voltage requirements were calculated, which has
been a common approach in the literature. The profile was scaled for a single LFP cell. The
WLTP cycle is used as an example here because it is very well known by the automotive
community. The key objective of this study was to estimate the temperature variations
on the surface of the cell subjected to a duty cycle. Hence, other drive cycles or pulse
tests could also be used to validate the models. In the current study, a fully charged cell is
discharged by the WLTP current profile, continuing until the minimum cut-off voltage of
the cell is reached.

Figure 1 indicates a schematic layout of the test setup and Figure 2 shows the battery
test rig in detail, which consists of several components. The central component of the test
rig is a PC, which is equipped with MATLAB/Simulink 2019a software and communication
cables to communicate with the power supply and the thermo-couple data logger. The PC
sends charge/discharge commands to the power supply, which then applies the required
load current to the battery. The power supply is manufactured by Kepco company. The
model which is used in this study is 50 A-20 V. The battery is located inside a thermal
chamber to control the ambient temperature during the tests. To monitor the performance of
the battery during the test, the power supply measures the battery voltage and current every
second. This information is sent back to the PC for recording and monitoring purposes. In
addition to measuring the battery voltage and current, the temperature signal is collected
during the tests through two thermocouples of the same type attached on the surface of
the cell. Two thermocouples were used to avoid any errors due to accuracy. The measured
temperature from both thermocouples was the same. Hence, a single reading was extracted
for data analysis.
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Figure 1. Schematic layout of the test setup.
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Figure 2. Experimental test setup used for LFP cell testing.

Figure 3 represents the WLTP load current profile applied to the LFP cell during an
example discharge test, with negative current values representing the discharge mode, the
cell’s terminal voltage, and its surface temperature measurements. In that test, the WLTP
discharge profile is started from 100% SoC, and it is repeated until the cell is fully depleted.

As seen in Figure 3, the peak discharge current of the WLTP test on the LFP cell is 15 A.
According to the cell’s specification sheet, the maximum continuous discharge current is
9.6 A, and the maximum pulse discharge current is 15 A for 10 s. However, in the WLTP
profile, the peak discharge current of 15 A is applied only for a second, and the duty cycle is
developed in such a way that continuous high discharge current is avoided. After each test,
the cell goes to either the relaxation mode or is charged for the next cycle. The charging rate
is 0.5 C (for 3.3 Ah, 1 C rate would indicate that the cell would charge/discharge completely
in 1 h), and it continues until the cell’s voltage reaches 3.65 V, showing it is fully charged.

In this experiment, the input is assumed to be the current signal, whereas the outputs
are the cell’s terminal voltage and its surface temperature, which are also shown in Figure 3.
The terminal voltage is measured across the terminals of the cell, and the temperature
signal is obtained via thermocouples placed on the cell casing’s surface. All three signals
are recorded at a rate of 1 Hz.
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Figure 3. LFP cell’s (a) current, (b) voltage, and (c) temperature measurements during a WLTP
discharge test.

Looking at the terminal voltage data, they instantly change in response to the changes
in the current signal, which is a common behaviour observed in batteries. During the
discharge tests, the cell is operated between the maximum and the minimum cut-off
voltages, which are 3.65 V and 2.5 V, respectively. As the cell is charged, the voltage steadily
increases from 2.5 V to 3.65 V.

From Figure 3, it can also be observed that the surface temperature of the cell fluctuates
significantly as the cell is being discharged based on the WLTP profile. The trend of the
temperature change highly correlates with the current signal, though with a time lag.

3. Modelling of the LFP Cell

Computer-Aided Three-Dimension Interactive Application (CATIA) Version 5 was
used for the 3D modelling of the LFP cell. The 3D model was later imported into ANSYS to
perform thermal and electrical analysis. Regarding the ANSYS simulation platform, we
decided to use it simply because it is a famous software for finite element analysis, and there
are several studies in the literature in which the same software is used. The diameter and
height of the cell are obtained 26.2 mm and 65.6 mm, respectively, from the cell specification
sheet [16]. However, the dimensions of the positive and the negative tabs were not specified.
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Hence, these components are modelled as simple hollow cylinders for the simplicity of the
model. As the cell is considered a single homogenous body in ANSYS [20], the intricate
details of modelling the spirally wound jelly roll of a cylindrical cell are not needed. Using
the battery model in ANSYS, a cell-level study can also be seamlessly expanded to module
and pack-level models. In a similar study in the literature [21], a thermal analysis was
conducted on an 18650 cylindrical lithium—cobalt oxide cell by considering a simplified
circular structure instead of the entire jelly roll structure, which led to a simplified model.
Using a similar approach as in [21], also in the present study, two iterations of the LFP
cell design are proposed, and their corresponding results are discussed. The cell’s active
zone comprises the jelly roll inserted in the casing. It is labelled as the active zone, as
it is the section of the cell where the electrochemical reactions occur during the cell’s
operation conditions, leading to heat generation. In the ANSYS solver, a homogenous
structure is considered for the active zone; therefore, it was modelled as a single solid
component. Finally, the accuracy of each CAD model is determined by comparing the
simulated temperature with the reference temperature obtained from the test data.

3.1. LFP Cell 3D Modelling—Iteration 1

In the first iteration, the components of the cell are modelled as simple solid cylinders
stacked upon each other to understand the propagation of the heat within the cell. The
active zone is designed with a diameter of 26.2 mm, and the tabs are then assembled on
it. Clearances are considered at the top and bottom of the active zone for the positive and
negative tabs. The height of the cell from the extreme ends of the terminals is 65.6 mm.
Considering 5 mm and 2 mm as the heights of the positive and negative tabs, respectively,
the active zone is modelled with a height of 58.6 mm. According to the literature, the tabs
could be modelled as either a solid or a hollow cylinder. Therefore, in the first iteration,
solid cylindrical sections are defined to design the tabs. Figure 4 shows the cross-section and
front view of the cell wall in Iteration 1. In addition, the top, front, and cross-section views
of the positive and negative tabs in Iteration 1 are illustrated in Figures 5 and 6, respectively.

(a) (b) (c)

Figure 4. (a) Cross-section, (b) 3D front view, and (c) 2D front view of the cell wall in Iteration 1.
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(a) (c)
Figure 6. (a) Top, (b) cross-section, and (c) front views of the negative tab in Iteration 1.

3.2. LFP Cell 3D Modelling—TIteration 2

The second iteration involves building a more realistic model of the cell by taking
the available dimensions into consideration, inspired by the cross-section of the actual
cell. Against Iteration 1, in which solid cylindrical sections are defined, hollow cylindrical
clearance with a common diameter of 20 mm is considered for the tabs in this iteration.
Assuming a total height and clearance of 1 mm and 0.5 mm for the positive and the negative
tabs, respectively, the active zone has been designed with a height of 64.1 mm. The outer
diameter of the cell is set to 26.2 mm, according to the cell’s specification sheet. The hollow
cylindrical structure is used for both tabs. An external diameter of 19.7 mm is considered
with a clearance of 0.3 mm to avoid interfacing issues in ANSYS. The tabs are modelled
with a wall thickness of 0.85 mm. The thicknesses of the positive and negative tabs are
0.85 mm and 0.5 mm, respectively. Finally, the height of the positive and negative tabs are
0.5 mm and 1 mm, respectively. Clearances have been considered to address the safety
components such as a positive thermal coefficient (PTC), a gasket, and a gas release vent.
However, another study [21] suggested that these components do not significantly impact
the thermal investigation of the cell, considering the size of the cell.

Figure 7 shows the cross-section and front view of the cell wall in Iteration 2. In
addition, the top, front, and cross-section views of the positive and negative tabs in Iteration
2 are illustrated in Figures 8 and 9, respectively.
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Figure 8. (a) Top, (b) cross-section, and (c) front views of the positive tab in Iteration 2.

(@) ()

Figure 9. (a) Top, (b) cross-section, and (c) front views of the negative tab in Iteration 2.

3.3. Cell Assembly

For each of the two iterations mentioned above, the active zone, the positive tab, and
the negative tab are assembled. The tabs are assembled to the active zone using assembly
constraints. The constraints are defined to align the individual components with each other
with respect to axis, distance, and inclination. Coincidence constraint is used to ensure
that all three components are on the same plane. An offset constraint is used to define the
distance between each of the two surfaces. In a cell, the surface of the tabs and the active
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zone are in contact with each other. Thus, an offset of 0 mm is considered. Figures 10 and 11
indicate the external dimensions and cross-section structure of the cell for Iteration 1 and
Iteration 2, respectively.

| : | |
126.2
R U

(a) (b) (c)

Figure 10. (a) Top, (b) front, and (c) cross-section views of cell assembly in Iteration 1.

(a) (b) ()

Figure 11. (a) Top, (b) front, and (c) cross-section views of cell assembly in Iteration 2.

4. Finite Element Analysis (FEA) of the LFP Cell Model
4.1. ANSYS Fluent

The ANSYS Fluent software package consists of four solution methods to simulate the
thermal behaviour of a system. Furthermore, the software has four sub-models to evaluate
the electrochemical behaviour of the cell [20]. The methods of thermal behaviour analysis
are (1) the conjugate heat transport (CHT) coupling method, (2) the functional mock-up
unit (FMU)-CHT coupling method, (3) the circuit network solution method, and (4) the
multi-scale multi-domain (MSMD) solution method. Methods 1 and 2 are not suitable for
this application, since the electrochemical characteristics of the LFP cell are not determined
using ANSYS Fluent. On the other hand, in the circuit network solution method, the heat
generation is assumed to be constant throughout the cell,; however, this assumption cannot
be valid in battery cells, as the generated heat may not be uniform. Regarding the last option,
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the key advantage of the MSMD method is that it can deal with multiple domains, which are
the particle domain, electrode domain, and cell domain, making it suitable for multi-physics
study [22]. As a result of this, the MSMD method can solve the temperature distribution
equations within a cell. Therefore, the MSMD method is selected in this study, with the only
downside being a higher computational cost, as additional equations need to be solved.

To simulate the electric behaviour of the cell, ANSYS offers four sub-models [20],
namely (1) the Newman, Tiedeman, Gu, and Kim (NTGK) model; (2) the equivalent circuit
model (ECM), (3) the Newman pseudo-2D (P2D) model, and (4) the user-defined model.
Amongst the available options, the ECM sounds to be ideal for our simulation condition
with frequent changes in the current signal. In fact, the NTKG model is only efficient
under uniform electric load conditions. On the other hand, the P2D model is accurate, as it
solves numerous equations; however, it needs more computational resources, which are
not necessarily available in this application. Regarding the fourth option, a user-defined
model just adds more complexity to the model. Therefore, an ECM would be the ideal
solution by considering its versatility not only for being able to deal with both individual
cells and battery packs but also its ability to solve numerous cell chemistries. By default,
ANSYS uses a second-order ECM consisting of two RC circuits using a study [23].

In summary, the MSMD solution method, coupled with the ECM, is implemented in
this study. In the following sections, further details of the FEA model of the LFP cell in
ANSYS are explained.

4.2. Meshing

ANSYS workbench meshing is used to discretise the design iterations into smaller
elements. Generally, in FEA, the size and the type of the applied mesh can significantly
influence the accuracy of the solution. As the total length of the cell is 65.6 mm, the meshing
process is iterated by starting off with a coarser minimum mesh size of 1 mm to a finer
mesh size of 0.5 mm. The mesh error metrics are then used to find the optimal mesh size.
The magnitude of the metrics directly influences the accuracy of the model solved in the
fluent solver. The ANSYS workbench meshing technique is chosen over the fluent meshing
technique since the latter results in generating disconnected continuous surfaces, which the
MSMD model cannot resolve. Tetrahedral and hexahedral elements are generated using
the workbench meshing method. The modelled cell assembly is redefined into groups
using the named selections, including (1) the active zone, (2) positive tab, (3) positive tab
wall, (4) negative tab, and (5) negative tab wall. The defined selections are then used to
apply boundary conditions specific to each zone during the analysis setup. Among the
available mesh error metrics, the minimum orthogonality, the maximum skewness, and
the maximum aspect ratio are considered to ensure that the generated mesh is structured,
which is critical for an accurate FEA. Table 2 [24] lists the acceptable ranges of the error
metrics for the meshing. The element size in the design iterations is iterated to obtain the
optimal values.

Table 2. Mesh metrics and their range.

Mesh Metric Optimal Value Acceptable Value Poor Elements
Orthogonality 1 1—0.15 <0.15
Skewness 0 0—0.85 >0.85
Aspect Ratio 1 1—1000 >1000

4.2.1. LFP Cell Meshing—Iteration 1

In the first iteration, cell meshing is carried out upon defining the grouped selections
mentioned previously. Additionally, face meshing is also defined on the surfaces of the
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positive and negative tabs to ensure that the mesh is fine at the operating regions. The
mesh size varies from 1 mm to 0.5 mm, and each case is analysed. It was observed that
all the mesh size iterations satisfy the metrics. However, upon conducting the analysis,
it was observed that for the coarser mesh sizes, i.e., 1 mm and 0.9 mm, the mesh metrics
in Table 2 were not satisfied, as the solver failed to solve the heat generation equations
that resulted in inaccurate temperatures. Starting from 0.8 mm and reducing further, the
estimated temperatures are close to the reference values, which are obtained from the test
data. The mesh size of 0.7 mm is found to be the optimal size by considering the accuracy
of the results and the computational efficiency. Figure 12 illustrates the LFP cell model
meshing in Iteration 1.

0.000 0.025 0.050(m)
L SE— SSS—
0.013 0.038

Figure 12. LFP cell model meshing—TIteration 1.

4.2.2. LFP Cell Model Meshing—Iteration 2

A similar strategy is adopted for the second iteration of the LFP cell model meshing,
as explained in the previous section. The big difference here is that the second cell model
is used as described in Section 3. Again, the mesh metrics are observed to be complying
with the measures presented in Table 2. Figure 13 illustrates the LFP cell model meshing in
Iteration 2.

0.000 0.025 0.050(m)
L EE——  SS—

0.013 0.038

Figure 13. LFP cell model meshing—TIteration 2.
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4.3. Background of the Solution Method

Both the cell modelling iterations are set up with the same conditions in the battery
model. To simulate the thermal and electrical behaviours of the cell, an electrochemical
model coupled with a lumped thermal model is used by the solver. As stated earlier in
Section 4.1, four solution methods are provided by ANSYS Fluent to resolve this simulation
case study. The MSMD solution method was selected in this study because of the reasons
discussed in Section 4.1. The thermal and electrical differential equations used in the MSMD
method are provided in the ANSYS software’s guide as follows [20]:

d0pT

Cpx =~ =V x (kVT) = 0|V +0-|Vo-* + A + Gehort T Dabuse (D)
Vx(04Vey) = - (jEch *]:short) @)

V X (0-V9-) = jeeh ~ Jshort &)

Jren = 1% ((ff;“vgl) )

Abch = Jech X [Vocv —V- (T X g)} )

The parameter ¢, . is set to zero for normal operating conditions. In the absence
of an internal short-circuit, jshort and qg, ., are equivalent to zero. Equations (4) and (5)
are used by the solver to determine jg, and qgy,. In both modelling iterations, the same
theoretical equations are used. The cell used in these experiments was a relatively newer cell
with a shorter cycle life, and the same model parameters were used for model development.
Hence, upon testing, the capacity of the cell was the same as highlighted by the cell
manufacturer, Qnominal = Qref = 3.3 Ah.

4.4. Electrical Parameters

The electrical circuit model is a very common model for batteries in the literature.
The other reason we selected that model was its availability in the ANSYS software. Here,
the LFP cell is tested, and then the model is parameterised in ANSYS. The default ECM
used in ANSYS Fluent is a second-order model with two RC networks, as shown in
Figure 14. The model’s parameters include the open circuit voltage (Vocy), the ohmic
resistance (Rs), and the two RC parallel circuits’ parameters Ry, Ry, Cy, and C; [25]. The
parameter R; is the charge transfer resistance, and the parameter C; is the electrochemical
double-layer capacitance. Together, Ry and C; describe the rapid dynamics of the battery,
depicting the surface effects on the electrodes and reaction kinetics. On the other hand, R
and C; encapsulate the effect of the diffusion processes on the electrolyte and the active
material [23]. The time constants of the two RC networks are determined by the product
of the resistance value with its corresponding capacitance value. It is used to signify the
internal dynamics of the cell during rapid dynamics and slow diffusion processes [23,26].

According to the literature [27], the second-order ECM is an ideal electrical battery
model when considering a trade-off between accuracy and computational resources. The
cell’s state of charge is determined using the Coulomb counting method. The cell parame-
ters are estimated as a function of SoC using the following equations [20]:

V= Vocv(SOC) -V -V, — (RS(SOC) X I(t)) (6)
av, 1 1
dt ~ R (8000 (500) VT G sec) ) @)
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dt _RZ(SOC)CQ(SOC)VZ - CZ(SOC)I(t) ®)
d(SoC)  I(t) ©)
dt 3600 x Q.
L Vi Vo
: I
Gy 1 Gy
ANN— H @
b i ) 1(t)
— : ? v(t)

Figure 14. The 2nd-order ECM used in ANSYS.

4.5. System Identification

As explained in Section 4.4, ANSYS expects the user to provide second-order ECM
data to resolve the electrical and thermal characteristics of the cell. Using the procedure
discussed in [27], a discharge pulse test is conducted in the current study to obtain the
ECM parameters of the cell from test data. The pulse test was also conducted at 20 °C,
the same temperature as the WLTP test. The solve design optimisation (SDO) technique is
utilised in the current study. The SDO technique is adapted by Mathworks in estimating
the ECM data for a cell utilising the PulseSequence object defined in MATLAB libraries [28].
The advantage of this technique is that it can be expanded from one RC to up to five RC
networks. However, considering the model required in ANSYS and based on the literature,
a two-RC model is chosen here as a proper trade-off between accuracy and complexity. In
this optimisation technique, the pulse discharge profile is split into individual pulses by
considering the current threshold, as shown in Figure 15, where a positive value means
discharge load current being applied to the cell and a zero value indicates relaxation mode.

Current (A)

w
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Figure 15. Pulse segmentation based on the current signal.

The ECM parameters are then calculated by applying a series of numerical optimi-
sation iterations utilised by the SDO technique. After running the optimisation code,
the mean residual voltage between the test data and the simulated data was obtained as
4.54 mV, demonstrating a good level of accuracy. The LFP cell parameter values of Vocy,
Rs, Ry, Ry, Cyq, and C; are illustrated in Figure 16 with respect to the cell’s SoC.

Using the ECM parameters obtained, the cell’s terminal voltage was obtained using the
two-RC model in Simulink [29]. The mean difference in terminal voltage upon comparing
the simulated data with the test data is 3 mV. Figure 17 compares the simulated data against
the experimental measurement during an example pulse discharge test.
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4.6. Material Properties

As discussed earlier, the active zone of the model encompasses the electrodes and the
separator. However, because the entire battery is considered a homogenous unit in ANSYS,
the individual components are not resolved. In fact, all the layers of the cell are not necessary
to perform the simulation [20], Therefore, the lumped approach is utilised to define the
properties of the active material. These values can vary from manufacturer to manufacturer,
despite having the same composition and overall specifications. In the present study, the
LFP cell’s material properties are extracted from the experiments conducted in [30], in
which a 2.6 Ah 26650 LFP cell has been tested. The thermal parameters of the cell’s active
zone are presented in Table 3.

Table 3. Thermal parameters of the active zone [30].

Parameter Representation Value
Density 0 2047 kg x m~3
Specific heat coefficient Cp 1109.2] x kg=! x K1
Thermal conductivity k 0.610 W x m~! x K1
Heat transfer coefficient h 58.6 W x m~2 x K1

The user-defined scalar (UDS) values of electrical conductivity defined for the positive
and negative potential, namely UDS-0 and UDS-1, are extracted from ANSYS tutorials
with the values of 1.19 x 10° S/m and 9.83 x 10° S/m [20], respectively. Upon specifying
the positive and negative tabs as the passive components, the material properties are then
defined. The positive tab is generally made of aluminium, whereas the negative tab is
made of copper [31]. Their respective thermal properties are defined using the material
database available in ANSYS Fluent. Similarly to the active zone, the value of the electrical
conductivity is taken from the ANSYS tutorial. However, a constant value of 1 x 107 S/m
is defined for both tabs. The thermal properties of the positive and the negative tabs are
presented in Tables 4 and 5, respectively.

Table 4. Thermal properties of the positive tab.

Parameter Symbol Value
Density 14 2719 kg x m~3
Specific heat coefficient Cp 871] x kg=! x K1
Thermal conductivity k 2024 W x m~! x K1

Table 5. Thermal properties of the negative tab.

Parameter Symbol Value
Density 0 8978 kg x m~3
Specific heat coefficient Cp 381] x kg~ x K~!
Thermal conductivity k 3876 W x m~! x K~!

4.7. Boundary Conditions

Defining the boundary conditions to the model is critical in any FEA. These conditions
are implemented to specify the interaction between the model and its environment. Upon
defining correct boundary conditions, the equations of the model are resolved to produce
results that depict the realistic behaviour of the system. To analyse the heat generation
through the surface of the cell, the conductive thermal properties of the surfaces are defined
at the walls of the cell as well as the positive and the negative tabs. Under the convection
thermal condition, the heat transfer coefficient and free stream temperature are defined.
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The values presented in Table 6 are implemented at the walls of the cell as well as the
tabs. Despite having the same composition, the value of the heat transfer coefficient (h)
varies based on the cell manufacturer and the overall capacity. The value of 58.6 for the
heat transfer coefficient is extracted from the experiments conducted in [30]. To validate
the value of the heat transfer coefficient used in this paper, a sensitivity analysis was
conducted by iterating the value by +/—20%. Upon comparing the models” outputs and
the experimental data, 58.6 resulted in minimal errors.

Table 6. Boundary conditions.

Parameters Value
Heat transfer coefficient (h) 586 W x m~2 x K1
Free stream temperature 20°C

Finally, the setup of the FEA model is concluded by eliminating the convergence
criteria to ensure that the automatic convergence is avoided by the solver. Approximately
18 iterations per timestep is found to be optimal by considering the accuracy of the heat
captured and the computational time taken.

5. Results and Discussion

As mentioned earlier, battery thermal management is quite critical in almost all
applications of batteries. Heat generation in the cells should be analysed to predict the
temperature changes in the cell under different operating conditions. In this study, a
thermal analysis of a 26650 LFP cell was carried out, subjected to the WLTP discharge test.
As explained in previous sections, two iterations of cell modelling are performed based
on solid and hollow tab design concepts. The battery model available in ANSYS Fluent
was used to simulate the thermal behaviour of the cell under the test conditions. The
cell temperature is usually not equivalently distributed over the cell’s surface; therefore,
the area-weighted average method was used. This section is aimed at summarising the
simulation results obtained from the models built in ANSYS. MATLAB software is also
used for post-processing of the results where the simulated data are compared against
the collected test data. The average error and the maximum error criteria are calculated
to quantify the accuracy of the models. The cell’s surface temperature is estimated using
Equation (1). The abusive and short-circuit heat generation rates are ignored because the
operating temperature of the tests was well within the ideal operating range. Therefore, the
heat generation rate is assumed to be a function of electrical conductivity, phase potential,
and heat generated due to electrochemical reactions.

5.1. Cell Temperature Estimation—Iteration 1

The analysis is initiated from the first discharge test having an initial SoC of 100%. Five
tests are conducted for each iteration model for the sake of validation. Figure 18 illustrates
the LFP cell’s surface temperature obtained during the first discharge test from the first
model built in ANSYS and the test data. As seen in Figure 18, during the discharge phase,
the temperature fluctuates a lot because the current is withdrawn from the cell based on
the WLTP drive cycle. Simulation results are compared against the experimental data to
evaluate the accuracy of the model in Iteration 1. According to Figure 18, it is concluded
that the simulated and the experimental temperature signals have a very similar trend,
though there are some differences as well. The mean value of the error at each time step is
obtained using MATLAB to determine the accuracy of the model. During Test 1, an absolute
mean error of 0.08 °C is obtained for the model in Iteration 1. Furthermore, the maximum
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error is obtained to be 1.09 °C. The mean error, maximum error, and peak temperature
during all five discharge tests are listed in Table 7.
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Figure 18. LFP cell temperature estimation validation against experimental data in Iteration 1.

Table 7. Error measurements for the cell model in Iteration 1.

Discharge Test Absolute Mean Maximum Error Peak Temperature
Error (°C) O (W®)
1 0.08 1.09 25.46
2 0.22 1.26 27.03
3 0.06 2.51 25.58
4 0.26 1.34 26.42
5 0.04 3.14 26.27

5.2. Cell Temperature Estimation—Iteration 2

A similar temperature simulation is performed in this section; however, the model
developed in Iteration 2 is used. The cell model in Iteration 2 was designed based on the
available dimensions and the cross-section of the cell as discussed in Section 3. The cell
tabs are modelled as simple hollow cylinders, as suggested in [21]. Figure 19 illustrates the
LFP cell’s surface temperature obtained from the second model built in ANSYS and the
test data. Again, several fluctuations are observed because of the WLTP discharge profile.
A peak temperature of 26.79 °C is observed amongst all five tests, and the final relaxation
temperature is recorded at 21.4 °C. Simulation results are compared against the experimen-
tal data to evaluate the accuracy of the model in Iteration 2. According to Figure 19, there
is again a good match between the simulated and experimental temperature values with
an absolute mean error value of 0.36 °C. Comparing the results from Iterations 1 and 2,
although the mean error has increased by 0.28 °C in the second iteration, considering a
more realistic cell model proved to be the iteration with potential for further research. The
error values and the peak temperature of the cell during all discharge tests in Iteration 2
are mentioned in Table 8.
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Figure 19. LFP cell temperature estimation validation against experimental data in Iteration 2.

Table 8. Error measurements for the cell model in Iteration 2.

Discharge Test Absolute Mean Maximum Error Peak Temperature
Error (°C) (@) O
1 0.36 1.24 24.90
2 0.48 1.50 26.33
3 0.33 1.96 25.02
4 0.51 2.00 25.77
5 0.32 2.54 25.67

6. Conclusions

A 26650 LFP cell was modelled and simulated in ANSYS Fluent for thermal analysis
and temperature estimation. Two iterations of the cell model were developed and simulated
according to an automotive drive cycle. Against Iteration 1, in which solid cylindrical
sections were defined, in the second iteration, a hollow cylindrical clearance was considered
for the tabs that made it more realistic. After trying several configurations, a mesh size of
0.7 mm was found to be the optimal size to generate tetrahedral and hexahedral elements
to provide a discretised structure to the solver. The thermal and electrochemical parameters
of the models were obtained from the literature as well as experimental test data. It was
observed that the material properties and the heat convective coefficient affect the cell’s
heat generation significantly. Using the values obtained from the literature, both models
resulted in a similar trend in temperature with respect to the test data. Average absolute
error values of 0.13 °C and 0.40 °C were obtained for temperature estimation using the first
and second iteration models, respectively. The mean error of less than 0.5 °C indicates a
good match between the simulation and the test data. Such temperature estimation models
could be used in the development of battery management systems (BMSs), ensuring that
the battery cells are operating in safe conditions. Although the results were for an LFP cell,
it is expected that the same methodology will be applied to other cell types as well.

Regarding the limitations of this study, one of the key challenges was to obtain the
geometrical and effective cell parameters. A tear-down analysis could result in a more
accurate model. However, considering the resources available, the parameters needed were
used from the literature.
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Nomenclature

Symbols Description

A Ampere

Ah Ampere-hour

°C Degree Celsius

C Polarisation capacitance (F)

C, Diffusion capacitance (F)

h Heat transfer coefficient (W x m~2 x K~1)

I Current (A)

jEch Volumetric current transfer rate due to electrochemical reactions (A x m™3)
jshort Current transfer rate due to battery internal short-circuit (A x m3)
JQpch Electrochemical reaction heat(W x m—3)

Qshort Heat generation rate due to battery internal short-circuit (W x m~3)
JQabuse Heat generation due to thermal runaway reactions under thermal abuse conditions(W x m™
QNominal Battery total electric capacity (Ah)

Qref Reference capacity (Ah)—capacity of the battery used in tests

Ry Polarisation resistance ((2)

R, Diffusion resistance ()

Rg Ohmic resistance ()

\% Volt

%A Voltage across first resistor—capacitor network (V)

\%) Voltage across second resistor—capacitor network (V)

Vocv Open circuit voltage (V)

Vol Active zone’s volume (m?)

G Specific heat coefficient (J x kg=! x K1)

T Temperature (K)

k Thermal conductivity (W x m1 x K1)

U Equilibrium voltage (V)

Greek letters

o Effective electrical conductivity of the electrodes (S x m1)

) Phase potential of the electrodes (V x m™1)

1Y Density (kg x m~3)

Acronyms

2D Two-Dimensional

3D Three-Dimensional

ANSYS Analysis System
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BMS Battery Management System

CAD Computer-Aided Design

CATIA Computer-Aided Three-Dimension Interactive Application

CHT Conjugate Heat Transport

C-rate Current Charge/Discharge Rate

ECM Equivalent Circuit Model

EV Electric Vehicle

FEA Finite Element Analysis

FMU Functional Mock-up Unit

HPPC Hybrid Power Pulse Characterisation

ICE Internal Combustion Engine

LFP Lithium Iron Phosphate

MATLAB MATrix LABoratory

MSMD Multi-Scale Multi-Domain

NEDC New European Driving Cycle

NTGK Newman, Tiedeman, Gu, and Kim

ocv Open Circuit Voltage

P2D Pseudo-Two-Dimensional

PC Personal Computer

PTC Positive Thermal Coefficient

RC Resistor-Capacitor

SDO Solve Design Optimisation

SoC State of Charge

UDS User-Defined Scalar

WLTP Worldwide Harmonised Light Vehicles Test Procedure
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