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Abstract

The hybrid/ electric vehicle (H/EV) market is very dependent on battery models. Battery
models inform cell and battery pack design, critical in online battery management systems
and can be used as predictive tools to maximise the lifetime of a battery pack. Battery
models require parameterization, through experimentation. Temperature affects every
aspect of a battery’s operation and must therefore be closely controlled throughout all
battery experiments. Today, the private-sector prefers climate chambers for experimental
thermal control. However, evidence suggests that climate chambers are unable to
adequately control the surface temperature of a battery under test. In this study, laboratory
apparatus is introduced that controls the temperature of any exposed surface of a battery
through conduction. Pulse discharge tests, temperature step change tests and driving cycle
tests are used to compare the performance of this conductive temperature control apparatus
(CTCA) against a climate chamber across a range of scenarios. The CTCA outperforms the
climate chamber in all tests. In CTCA testing, the rate of heat removal from the cell is
increased by two orders of magnitude. The CTCA eliminates error due to cell surface
temperature rise, which is inherent to climate chamber testing due to insufficient heat
removal rates from a cell under test. The CTCA can reduce the time taken to conduct
entropic parameterization of a cell by almost 10 days, a 70% reduction in the presented
case. Presently, the H/EV industry’s reliance on climate chambers is impacting the accuracy
of all battery models. The industry must move away from the flawed concept of convective

cooling during battery parameterization.
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Introduction

The hybrid/ electric vehicle (H/EV) market is expected to triple in the next decade [1].
Research must drive innovation and advancement across the H/EV industry, to match the
anticipated demand for alternative powertrains in the automotive sector. Lithium-ion cells
represent the most promising solution for the energy source in H/EVs with all major
automotive companies investing in an imminent lithium-ion future [2], [3]. Policy incentives
have been introduced in countries around the world, aiming to accelerate the global shift

towards transport electrification [4]-[6].

Battery Modelling

Numerical battery models are used to evaluate a battery’s behaviour in a variety of
conditions, for example as operating temperature and power demand are varied. Each
variance of the conditions is referred to as a ‘usage-case’, whilst the ‘battery’ that is being
modelled may refer to a single lithium-ion cell or an entire battery pack. Battery models, in
their various forms, are central to the design and operation of every battery pack that exists
in the H/EV industry today. Usage-cases are imposed on the battery model, and the outputs
from the model are used to approximate the anticipated behaviour of the battery. The
anticipated behaviour is used to inform the designer about performance, longevity and the

operating conditions that will optimise lifetime operation.

There are two main types of battery models: physics-based models and electrical equivalent
circuit models (ECMs) [7], [8]. ECMs simulate a battery’s behaviour by modelling resistors,

capacitors and voltage sources in a circuit and can range in complexity [8]. ECMs are less



computationally demanding than physics-based models. In the H/EV industry, this allows the
model to run in real-time, often embedded in a microprocessor within the ECU [7], [9]. As a

result, ECMs are the most common type of battery model used in the industry today.

Thermal models are often coupled with ECMs. Thermal models describe heat generation
and heat transfer that occurs within a model domain. The model domain may be a localised
site in a single cell, or an entire battery pack [10], [11]. They are an essential component of
battery modelling because temperature affects every aspect of a cell and pack operation
[12]-{15]. Thermal models are employed and coupled with ECMs when steady temperature
conditions cannot be assumed. This is true for all high-rate applications because of
significant heat generation rates, as found across the H/EV industry [16]-[18]. The impact of
temperature dependent operation is most evident at low temperatures, where magnitude of

heat generation is greater because cell resistance is higher [12], [19].

Battery models are employed throughout the lifecycle of a battery pack [11]. In the pre-
prototype phase of battery pack design, battery models are used to predict and compare the
expected performance of cells and packs in operation [20]. Battery models are also used to
inform the design of a battery pack’s thermal management system (TMS), providing heat
rate inputs into CFD solvers [21]. Onboard battery management systems (BMSs) are used to
ensure safe and optimal operation of a battery pack over its lifetime. BMSs require low
computational, simple battery models in order to approximate the battery’s performance in
real-time [22], [23]. Increasingly, the H/EV industry is implementing digital twin technology,
where the operation of a battery pack on the road is mimicked through computation in real-
time [24], [25]. The ‘digital twin’ assesses the performance variation of a battery pack from
beginning-of-life to end-of-life, and is used as a tool to extend lifetime [26], [27]. Battery
models are central to all digital twin technology. Without accurate simulation of battery pack

performance, the data produced by the digital twin is flawed.



Battery Model Parameterization

The parameterization method is a key component to any battery model. Parameterization
defines the use of experimental data to calibrate the battery model. For example, the
resistance and capacitance of every resistor and capacitor in an ECM must be determined.
Accurate parameterization is very important. An inaccurately parameterised model will
incorrectly approximate the performance of the battery which it is designed to represent [12],
[28]. Cell manufacturers rarely publicise a given cell’s composition of assembly. As a result,
experimental parameterization is often the only method available for the designers of battery

models.

Electrochemical Impedance Spectroscopy (EIS) has historically been the most common
method for ECM parameterization [12], [29], [30]. However, EIS requires specialist testing
equipment which renders the technique inaccessible to many, particularly in the private-
sector. Pulse discharge (PD) testing provides an alternative model parameterization
technique which can be carried out on any cell cycler [16]. A PD test involves a repetition of
constant current discharge ‘pulses’ followed by extended relaxation periods, from 100%
SOC to 0% SOC. The key to PD parameterization is the relaxation of the measured voltage.
Following each current pulse, the measured voltage will return to the cell’'s open-circuit
voltage (OCV). The rate and nature of this relaxation is used to approximate electrochemical
properties of the cell. As a battery’s electrochemical properties vary significantly with

temperature, PD discharges must be conducted across a wide range of temperatures.

Zhao et al. introduced the following experimental procedure, repeating the PD at 10°C,
20°C, 30°C and 40°C [16], [31]. Figure 1 shows the current input and the voltage response

from the defined PD procedure.

1. 100% - 90% SOC discharge, in 1% ASOC increments at 1C discharge rate, 2-hour

rest following each pulse



2. 90% — 20% SOC discharge, in 5% ASOC increments at 1C discharge rate, 2-hour
rest following each pulse
3. 20% - 0% SOC discharge, in 2% ASOC increments at 1C discharge rate, 2-hour rest

following each pulse

The rest times in this procedure are substantial, 2 hours long, because the cell must be
given sufficient time to relax between each pulse [32]: the nature of this relaxation is required
for ECM parametrisation. Measured cell voltage is itself dependent on cell temperature, and

therefore temperature during relaxation is also an important consideration.

Thermal models typically need a heat generation input. Heat generation of a cell can be split
in two: irreversible and reversible [19], [33]. Approximation of reversible, entropic, heat

generation requires experimentation [34]. The entropy change as a function of SOC change
is required across a wide range of temperatures [17]. This is found by evaluating the change
relative to the cell OCV, as a result of SOC and temperature variation. Zhao et al. introduced

the following experimental procedure to measure entropy change [16], [31].

1. Cellinitially at rest, at 100% SOC
2. Cell temperature set to 15°C
3. 4% ASOC constant current discharge at C/20
4. 4-hour rest
5. 5°C temperature rise of cell boundary conditions
6. 4-hour rest
a. Return to step 5 until 40°C has been reached

b. Return to step 2 until 0% SOC has been reached

The rest times in this procedure are significant because the measured cell voltage must be
given an extended period to reach OCV. This rest time is heavily affected by the speed at

which the change to cell temperature (step 3a) can be imposed.



A coupled electro-thermal model must be validated against experimentation. In validation,
the same driving cycle is run in the model and in an experimentation. The World Light Test
Procedure Class 3 cycle is a commonly used driving cycle in the H/EV industry [35].
Selected measurable parameters, such as cell voltage and temperature, are recorded from
the simulation and the experiment. The results are compared and the model’s performance
and capability is based upon how well they correspond. The thermal boundary conditions for
such experiments are very important, isothermal conditions are typically preferred [16], [29],

[30], [36].

Temperature in Battery Model Parameterization

Temperature and temperature gradients affect every aspect of lithium-ion cell operation, and
this has a considerable effect on cell parameterization. Troxler et al. parameterised an ECM
using EIS data across a wide temperature range; the fitted cell series resistance values
increase by approximately 750% as the temperature is reduced from 55 °C to -5°C [13].
Therefore, temperature must be controlled throughout parameterization and validation

experiments to mitigate the effects of such temperature dependent performance variation.

Temperature control is complicated because of electrochemical heat generation, which
occurs in every lithium-ion cell. In the H/EV industry, PD parameterization is often conducted
at a rate of 1C, whilst driving cycles will regularly demand power in excess of 1C. At these
rates, heat generation is significant [31], [37]-[40]. Perfect temperature control of a lithium-
ion cell is not possible because active cooling can only be applied onto the external surfaces
of the cell. Therefore, the build-up of temperature gradients within a cell are inevitable, as
the heat generated inconsistently and nonuniformly within its volume is conducted to the
cooled surface(s). In most applications of parameterization, optimal thermal control would be
achieved through entirely uniform temperature across the entire exposed surface of the cell.
Advanced modelling techniques have been explored and developed to quantify the
temperature gradients within the volume of the cell [41], [42]. Such methods complement

experimental data which aims to achieve isothermal conditions on a cell surface.
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Climate chambers are the most common thermal control systems for cell parameterization
[29], [30], [43]. They are widely used across academia and the private-sector. Forced
convection, generated through fans in the climate chamber, is used to cool exposed cell
surfaces. Chamber temperature is controlled by circulating the contained air through a heat
exchanger, set to a desired temperature by the operator. Climate chamber popularity is easy
to understand. For low hazard testing, climate chambers are inexpensive and a single
climate chamber can be used for a whole range of cell parameterization tests. They are able
to accommodate a wide variety of cells, from small coin cells up to large prismatic cells.
Climate chambers allow easy access for the experimentalist with minimal additional

apparatus required for safe and repeatably lithium-ion cell testing.

Climate chambers have a very significant drawback: they are unable to effectively control the
temperature of a cell during testing when significant cell heat generation is expected. Ardani
et al. [12] tested climate chamber performance through routine experiments: a 2C discharge
of a 5Ah Kokam pouch cell for 12 minutes, with temperature varied between 5°C and 45°C.
Table 1 summarises the key findings. The temperature of the cell surface rose 5.7°C over
the course of the test conducted at 5°C. Ardani proposed to solve the convective cooling
limitations by using conductive cooling [12]. Table 1 displays further results from the same
set of study, this time with small cooling blocks mounted to the cell surface to induce
conductive cooling. The temperature deviation from the desired reduces by approximately

75% for each test.

The impact of the different cooling methods on the cell parameterization procedure is also
published [12]. Datasets from complete cell parameterization procedures, using either a
climate chamber or conduction apparatus for temperature control, were used to
parameterise a battery model [34]. The resulting models’ performances differed
considerably. For example, the sub-ambient diffusion coefficient of the cathode, was
estimated through the model to be around four times larger when the climate chamber data

was used, compared to the conduction apparatus. The cathode charge transfer coefficient



was estimated to be around 50% larger when convection cooling data was used. The fitted
parameters are highly dependent on the temperature at which they were determined in the
parameterization experiments. The evidence reaffirms that good temperature control is

essential for good battery model parameterization in the H/EV industry.

Objectives

In this paper, we introduce conductive thermal control apparatus (CTCA). The CTCA has
been designed to overcome the limitations that have been introduced with existing
temperature control techniques. We will analyse the thermal control performance of the
CTCA for a range of experiments devised to replicate typical cell parameterization that would
be observed in academia and the private sector. All results will be directly compared to

equivalent sets of data recorded through testing in an industry-standard climate chamber.
Experiments

Cell

The cell used in testing is anonymous for confidentiality reasons. The cell is designed for
automotive applications and has a 56Ah capacity. It is a pouch cell with both tabs located at
one end of the pouch. The electrode-stack has a total length of 240mm and a total width of
200mm. The electrode-stack is contained by a pouch material, typical across the battery
industry, made from polymer-laminated aluminium foil. The cell model has a LiMnNiCoO:
(NMC) cathode and graphite anode, chemistry typical within the lithium-ion battery industry.
Two cells were used in testing, one in the CTCA (Cell CTCA) and the other in the climate
chamber (Cell CC). Both cells completed 10 cycles across their voltage range before testing
begun. A C/40 discharge was conducted at 25°C on each cell to ensure accessible capacity
in each was equal. Their capacities deviated by 0.3%, 55.37 Ah in the climate chamber and

55.19 Ah in the CTCA.



Conductive Thermal Control Apparatus

The CTCA is a temperature control apparatus that employs conductive cooling to achieve
highly accurate temperature control during lithium-ion cell testing. A high-level schematic of
the CTCA is shown in Figure 2. The CTCA consists of a Cell Test Area, a Heat Removal

System and a Control System.

The CTCA removes heat from the cell test area using high levels of turbulence in the coolant
fluid flow, which is recirculated through a cooling coil. The cooling coil removes heat from the
coolant fluid through a refrigeration cycle, which may provide up to 3.5 kW of cooling. A
control system drives the refrigeration cycle, which is used to maintain the temperature of
the coolant fluid at a prescribed temperature; typically 1°C below the cell temperature
setpoint. A dielectric silicon oil (Dow Syltherm HF) is used as the coolant fluid in this testing,
although any dielectric coolant may be used. The coolant fluid is driven around the CTCA

and through the Cell Test Area using two propellers immersed in the fluid.

A schematic of the cell test area is shown in Figure 3 and the arrangement of cooling
modules on the top surface of the tested cell is shown in Figure 4; the arrangement is
identical for the bottom surface. An image of the pouch cell under test, setup within the cell
test area, is shown in Figure 5. The tabs are connected to the cell cycler through copper

clamps. Cooling modules, mounted on the copper clamps, enable tab temperature control.

Each copper cooling module contains a Peltier element and a N-type thermocouple. Each
cooling module is 100 mm x 80 mm, with a thickness of 5 mm. As such, the six cooling
modules entirely cover a single surface of the cell. The thermocouple is located at the centre
point of the cooling module surface, 1Tmm from the surface of the cell (annotated in Figure 3
and Figure 4). The cooling modules are able to withstand a maximum pressure of 0.3 MPa,
such that compression may be placed onto the test cell during experimentation. Therefore,
six cooling modules are required to cover each surface of the test cell, and a further cooling

module is required for each tab. Each Peltier element is able to deliver 100 W of heat



removal when a 0°C temperature gradient exists across it, generating 250 W of waste heat.
The control system, which aims to set the temperature of the cell surface to a prescribed
temperature, uses the thermocouple as feedback into the PID control software. The heat
from the cell is rejected through the outer surface of each copper cooling module and into
the coolant fluid contained within the heat removal system. Each cooling module is held on

the cell’s surface by a frame constructed around the cell test area.

Apparatus

A KB53 BINDER climate chamber was used in all tests; its performance capabilities are
typical of the many different climate chambers used across the battery industry. The KB53
was new at the start of this investigation and is the latest generation produced by BINDER
(as of 1t August 2020). The specification sheet states the chamber is operational between -
10 °C and 100 °C and is able to achieve +0.1 °C temperature stability at 37 °C. The internal
volume of the chamber is 53 L (width: 0.4 m, height: 0.4 m, depth: 0.33 m) [44]. In all tests,
the cell was positioned without confinement on a wire rack in the centre of the chamber’s
volume. Cables to the cell cycler exited the climate chamber through a sealed gland at the
centre of the top face of the climate chamber. The climate chamber fan speed was set to

100% in all tests.

A Maccor cell cycler was used for each climate chamber test and a Chroma cell cycler was
used for each CTCA test. Cell surface temperature was recorded at 12 sites on the cell
surface, to match the locations of the temperature recording in the CTCA cooling modules.
K-type thermocouples were used for all climate chamber tests, and temperature was logged
through Pico TC-08 hardware and Picolog 6 software. N-type thermocouples were used for

all CTCA tests, and temperature was logged through the CTCA hardware and software.

Methods

Three different sets of experiments were devised to assess the functionality of the CTCA

against the industry-standard control apparatus, the climate chamber. In each set of

10



experiments, identical tests were conducted using the CTCA and the climate chamber. The
aim in each test was to maintain uniform temperature conditions across the surfaces of the
cell. In all tests, the average of all cell surface mounted thermocouples was taken and used

to represent cell surface temperature.

In all tests, the cell was uncompressed. This was done because any externally applied
compression would require additional apparatus within the climate chamber test setup, and
as such affect the properties of the thermal system by adding thermal inertia. In the climate
chamber, the cell was therefore entirely unconfined. In the CTCA, the cooling plates were
compressed onto the cell surfaces, but with minimal force. Further to this, the external
mounts for each cooling plate (Figure 5) allowed a small amount of movement along the axis
normal to the plane of the cell surface. As such, expansion and contraction of the cell during

cycling would not lead to varying compression of the test cell.

The tab clamps used in the climate chamber setup were manufactured from brass, whilst
those used in the CTCA were copper. In the climate chamber, the voltage-sense cable was
connected to the tabs through the clamps, whilst in the CTCA, the access allowed the
voltage-sense to be connected directly onto the tabs. Further, different cell cyclers were
used for the respective tests. During preliminary testing, it was found the change to
measured cell voltage, from OCV and instances where current was being passed into or out
of the cell, varied to a degree between the climate chamber tests and the CTCA. This
variation is contributed to by the contact resistance, from clamp to tab, in the climate
chamber setup causing a voltage drop when current was being passed through the interface.
The impact of the different voltage sense-response (whilst charged was being passed) from
each cell cycler may also contribute to the variation. For this reason, the voltage response
analysis in this investigation (during pulse discharge testing) will focus solely on the periods

where no current is being passed into and out of the cell.
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Pulse discharge testing was conducted to assess the CTCA’s ability to maintain isothermal
temperature conditions during PD cell parameterization. Isothermal temperature conditions

are essential for reliable cell characterisation. Table 2 shows the test matrix.

Temperature step change testing was conducted to assess the CTCA’s ability to induce
step change temperature conditions across the surfaces of the test cell. This type of
boundary condition is essential for entropy change parameterization. Table 3 shows the test

matrix.

Driving cycle testing was conducted to assess the CTCA’s ability to maintain isothermal
conditions during driving cycle loading on the test cells. The Worldwide Harmonised Light
Vehicle Test Procedure, class 3 (WLTP) was used for all tests [35], [45], [46]. The driving
cycle experienced by individual cells was determined with reference to vehicle speed and
generated using a ‘backwards-facing’ approach using quasi-static representations of vehicle
aerodynamic and mechanical resistances, together with an efficiency-based powertrain
model incorporating a simple regenerative braking law. The velocity profile was taken from
the Driving Cycle blockset (MATLAB Simulink) [47], and this was coupled to a bespoke
Simulink model. The vehicle was modelled as small compact ‘C segment’ car weighing
1600 kg including payload and the power demands were scaled assuming 192 cells in a
pack. Parameters were tuned to give a similar energy consumption to a known (pre-WLTP
era) test case for a popular production vehicle [48]. For ease, uniform distribution of load
across every cell in the pack was assumed. The power-rated load on a single 56 Ah cell is

shown in Figure 6. The tests were conducted at 5 °C and 25 °C.

Results and Discussion

Pulse Discharge Testing

Pulse discharge testing allowed for direct comparison between 30 sets of climate chamber
and CTCA data. Figure 7 compares the temperature rise and the voltage response following
P2 (90% - 85% SOC pulse discharge) at 25°C. Noticeable temperature rise, above the

12



desired temperature, occurs on the surface of the cell in the climate chamber test, but not in
the CTCA test. This deviation from the desired temperature is termed ATise. However, it is
difficult to observe the effect of this temperature disparity through the voltage response
alone. Therefore, the voltage derivative (dV/dl) is plotted in Figure 8, in order to assess the
rate of voltage change during the settling period. It is evident that the cell voltage settling
time is slightly longer in the CTCA test. This is in line with expectations: the temperature rise
in the climate chamber test will reduce the cell impedance and consequently increase the
rate of a return to equilibrium. In order to quantify the rate of return to equilibrium, for both
cell voltage and cell surface temperature, threshold limits have been set for each. The cell is

considered in equilibrium when dV/dt < 10 V.s" and the AT/se < 0.25°C.

Test P2 at 25°C was repeated, including fully repeating the procedure to setup the
apparatus for the respective tests, to evaluate the systematic error of the climate chamber
and the CTCA. Results are also plotted in Figure 7 and Figure 8. In the climate chamber
tests, the dV/dt settling time reduces by 4.4% and the temperature rise settling time reduces
by 6.2%. In the CTCA tests, the dV/dlt settling time is increased by 2.4% and the temperature
rise limit was not breached in either test. These results highlight consistency of experiment in

both setups, and suggest a slightly reduced level of systematic error in the CTCA setup.

The temperature data from each climate chamber P2 test is shown in Figure 9. The problem
of temperature rise is exaggerated at low temperatures, both in terms of maximum
temperature rise reached, AT/ ise max, and the time to settle. This is to be expected, since heat
generation from the cell would be greater at low temperatures. The same trends are
observed in all pulse discharge tests conducted. The results from these tests are included in

Appendix A, A1and A 2.

Figure 10 represents the dV/dt settling time for each P2 test. In the 25°C, 35°C and 45°C tests,
the dV/dt settling times in the CTCA tests deviate from the climate chamber tests by an
average of 3.3%. However, with the pulse discharges at lower temperatures, the deviation

noticeably increased; 11.5%, 19.8% and 22.4% at 15°C, 5°C and -5°C respectively. This
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illustrates how, in the low temperature tests, the effect of temperature rise above the desired
test temperature is exaggerated. In consequence, the cell voltage settles faster in the climate
chamber since the cell temperature is higher than the desired set temperature. This extra heat
reduces the cell impedance and increases the rate of return to the electrochemical equilibrium
state of the cell. These observations are not unique to P2 tests. At 5°C, a 4.5% deviation is
found in the P3 tests and a 15.4% difference is found in the P4 tests. When smaller pulse
discharges such as P1 and P5 are studied, the temperature rise is dramatically reduced,
leading to trivial differences between climate chamber and CTCA data. The dV/dt settling

times for all tests conducted may be found in Appendix B, A 3 and A 4.

The effect of the climate chamber error is not limited to just settling times. There is also a
clear deviation in the shape of the dV/dt data, particularly at lower temperatures. Figure 11
shows the 5°C, P4 test datasets. The shape of the dV/dt data from the climate chamber is
changed because of the cell is not at the desired temperature during the voltage settling
period. The data suggests that the dV/df response in the climate chamber is affected by the
temperature settling response. The cell’s electrochemistry returns to near equilibrium before
the temperature of the climate chamber cell is able to return to equilibrium, because of the
less effective climate chamber cooling. As a result, the cell temperature change, even when

at electrochemical equilibrium, is driving a continual change to cell voltage.

During pulse discharge testing, unwanted change to the cell surface temperature affects the
voltage response of the cell. The problem is fundamentally caused by a climate chamber’s
inability to remove heat from a test cell at the required rate, and therefore the problem is
exaggerated at low temperatures, where heat generation is greater. The effect of dV/dit
relaxation deviation occurs because the cell impedance is affected by cell temperature, and
once again this is most evident at low temperature. The climate chamber cell, across all
tests, returns to equilibrium faster than the CTCA cell and the shape of the dV/dt relaxation
is altered by the undesirable and uncontrollable AT/ ise. Such climate chamber data is used

commonly to parameterise battery models across the H/EV industry, where the cell
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temperature is assumed to be constant throughout the cell voltage relaxation. This is
incorrect and leads to parameterization error which is carried forward into the application of
the battery model. As an example, many battery management algorithms make use of
equivalent circuit network models with parameters representing, for example, voltages or
resistances. When tests are done ‘out of pack’ with poor temperature regulation, the models
obtained can differ significantly from the behaviours exhibited with good temperature

regulation.

Temperature Step Change Testing

The temperature step change tests were conducted to see how effective the CTCA is at
inducing a controlled step change in temperature upon the test cell’s outer surfaces. Figure
12 shows the response when a step temperature change, from 25°C to 30°C, is
implemented. A log scale had to be used on the time axis to refine the resolution of the
CTCA response curve. The same temperature settling threshold as with the PD tests, AT <
0.25°C, is used here. In the climate chamber test, it takes the cell 75 minutes to reach this
threshold. In the CTCA tests the settling time is reduced to 1.3 minutes. Across all tests with
a 5°C step change, the CTCA response time is reduced by an average of 98%, compared to
the climate chamber (1.6 minutes, compared to 84 minutes). In the 25°C temperature
change tests, the climate chamber took 132 minutes to rise to 40°C and 140 minutes to fall
to 15°C. In the CTCA, the step temperature rise took just 3.0 minutes and the temperature
fall took 3.9 minutes, a reduction of 98% and 97%, respectively. All data relating to

temperature step change testing is shown in the Appendix C, A5 and A 6.

Figure 12 also shows the rate of cell surface temperature rise. In the climate chamber, a
maximum rate of 0.0022 °C.s™ is achieved. In the CTCA, the maximum rate is 0.176°C.s™,

two orders of magnitude greater.

The onset of temperature rise occurs faster in the CTCA test. This highlights that the climate

chamber system is limited by the response time of its control system. Using heaters to
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change the temperature of the air used for convection cooling then moving the warmer air
over the surface of the cell, is ultimately a slow method to induce temperature change in the
cell. The CTCA, which directly cools the cell surface through conduction in copper plates, is

able to effectively tackle this limitation.

The cell OCV may only be measured when the cell is held at the desired temperature for a
prolonged period of time, in order for a thermal equilibrium state to be reached throughout
the body of the cell. The test procedure to parameterise the entropy change in a lithium-ion
cell, introduced by Zhao et al. [16], [31], can be optimised with the captured data.
Conservatively, it is assumed in the following that the cell surface temperature must sit
inside the threshold of AT < 0.25°C for 30 minutes, to ensure the entire volume of the cell
has reached a sufficient state of thermal equilibrium. Table 4 summarises the procedure, in
terms of time taken, with the original rest period of four hours, and for the required rest
periods lengths when the test is optimised in the climate chamber and the CTCA. The
superior performance of the CTCA dramatically reduces the time to reach the desired
temperature for measurement. Across the entire experimental procedure, a time saving of

9.6 days is predicted when the CTCA is used instead of the climate chamber.

Driving Cycle Testing

The driving cycle tests are used to examine the CTCA’s capability to maintain isothermal cell
surface conditions when the rate of heat generation from the cell is significant and changes
rapidly and randomly. The cell surface temperature rise recorded in each of the four tests is
plotted in Figure 13, along with the power output for reference. The CTCA is able to maintain
the desired surface temperature in both tests, whereas temperature rise is apparent in the
climate chamber tests. The isothermal conditions reported from the CTCA test verify that the
CTCA control system has a sufficiently rapid response time to deal with rapid changes to
heat generation from within the cell under test. The performance at 5°C and 25°C highlight

that the control system is not affected by absolute temperature. As with the pulse discharge
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comparisons, the poor performance of the climate chamber is more apparent at low

temperatures, where cell heat generation is greater.

The isothermal conditions achieved by the CTCA are not likely to be achievable in a full-
scale battery pack, using the thermal management systems seen in the H/EV industry today.
However, in achieving an isothermal boundary condition on a single cell, a battery modeller
is able to decouple the effect of absolute temperature change during battery model
parameterization. This is the greatest limitation of the climate chamber, as temperature
fluctuation and achievable cooling rates are insufficient to allow isothermal boundary
conditions to be used in a battery model. Climate chambers are able to simulate single cell
cooling quite effectively but are unable to accurately represent the confinement of cells that

would be expected in a H/EV battery pack.

Conclusions

The conductive thermal control apparatus is introduced as equipment to improve thermal
control during lithium-ion cell experimentation in the H/EV industry. The CTCA cools the
surface of test cells through conduction rather than convection. Conductive cooling is able to
dramatically increase heat removal capability and thermal control. This is critical for the
lithium-ion cell’s of today, which can generate significant heat rates in high cycle-rate

experiments.

The CTCA is able to maintain true isothermal cell surface conditions when a driving cycle,
causing significant heat generation, is implemented onto a test cell. This is achievable from
the rapid response of the control system and its ability to remove sufficient heat from a cell
surface. Climate chamber control systems are unable to respond at the rate required, and
forced convection is unable to achieve the required rates of heat removal. As a result, cell

temperature fluctuation occurs in the climate chamber experiments. The more exaggerated
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failure of the climate chamber’s performance at low temperatures was expected because cell

heat generation was greater.

Temperature rise occurs during climate chamber pulse discharge parameterization, and this
affects the nature of the voltage relaxation following each pulse. This is caused by the cell
impedance dependency on absolute temperature. The CTCA, by maintaining isothermal
conditions on the cell surface through pulse discharge parameterization, is able to reduce

the unknown effect of absolute cell temperature change.

The climate chamber requires an average of 84 minutes to achieve a 5°C temperature
change of the cell surface. The CTCA requires just 1.6 minutes, a 98% saving. As a result,
the CTCA can reduce the time taken to conduct a typical entropy parameterization

procedure by 70%.

The results from the presented study provide strong evidence to suggest that climate
chambers, which are used across the H/EV industry, are unable to effective control
temperature during battery parameterization experiments. Implementation of conduction
cooling during experimentation, for example using the CTCA, will require a more complex
and timely apparatus setup. However, the time savings that may be made during
experimentation and the enhancement to the quality of the data gathered will contribute to
advancement of future battery models in the H/EV industry. Further testing is required on the
CTCA, in order to optimise the parameterization procedures, set out in this study, and fully
understand the impact that the move away from the climate chamber tests has on battery

modelling.
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Appendix A

This appendix contains the temperature rise magnitudes and temperature rise settling times

for each pulse discharge test conducted in the climate chamber.
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A 1: Temperature rise settling time for each climate chamber experiment conducted as part of the pulse
discharge testing
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A 2: Maximum temperature rise for each climate chamber experiment conducted as part of the pulse
discharge testing
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Appendix B

This appendix contains the dV/dt settling time for each experiment conducted as part of the

pulse discharge testing.

A 3: dV/dt settling time for each climate chamber experiment conducted as part of the pulse discharge

testing

dV/dt settling time [minutes]

P1 P2 P3 P4 P5
Test 100% - 99% | 90% - 85% | 55% - 50% | 25% - 20% | 17% - 15%
temperature SOC SOC SOC SOC SOC
-5°C 29.6 61.0 65.2 n/a n/a
5°C 25.3 441 49.5 44.9 37.5
15°C 23.2 37.2 39.6 36.5 30.6
25°C 20.5 31.8 37.5 31.9 25.3
35°C 18.9 27.6 34.8 28.5 22.9
45°C 18.4 23.6 32.0 25.4 21.5

A 4: dV/dt settling time for each CTCA experiment conducted as part of the pulse discharge testing

dV/dt settling time [minutes]

P1 P2 P3 P4 P5
Test 100% - 99% | 90% - 85% | 55% - 50% | 25% - 20% | 17% - 15%
temperature SOC SOC SOC SOC SOC
-5°C 30.1 74.7 69.9 n/a n/a
5°C 24.9 52.9 51.8 51.8 37.2
15°C 22.1 41.5 42.0 39.3 30.0
25°C 20.7 32.9 35.0 32.5 26.4
35°C 19.3 28.0 36.6 28.7 24.0
45°C 18.2 24.8 32.7 25.9 22.2
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Appendix C
This appendix contains the temperature deviation settling time for each experiment
conducted as part of the temperature step change testing.

A 5: Temperature deviation settling time for each climate chamber experiment conducted as part of the
temperature step change testing

Start temperature [°C] Target temperature [°C] Settling time [minutes]
15 20 104.0
20 25 89.0
25 30 74.8
30 35 81.4
35 40 79.0
40 35 76.5
35 30 87.2
30 25 83.4
25 20 81.9
20 15 84.1
15 40 131.9
40 15 139.8

A 6: Temperature deviation settling time for each CTCA experiment conducted as part of the temperature
step change testing

Start temperature [°C] Target temperature [°C] Settling time [minutes]
15 20 1.3
20 25 1.6
25 30 1.3
30 35 1.7
35 40 1.7
40 35 1.7
35 30 1.5
30 25 1.8
25 20 1.5
20 15 1.2
15 40 3.0
40 15 3.9
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Figure 1: Pulse discharge test results for a 5Ah Kokam pouch cell. Data taken from Ref. [16]
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25°C in the climate chamber and CTCA
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pack)

Tables

Table 1: Selected climate chamber performance results found. Data taken from Ref [12]

Desired Maximum temperature deviation/ °C Reduction of error
Temperature/ °C | Climate chamber | Conduction apparatus | through conduction
45 2.4 0.6 75%

35 2.5 0.7 72%
25 3.7 0.9 76%
15 4.6 1.0 78%
5 5.7 1.2 79%

Table 2: Pulse discharge testing matrix. Y = test conducted in CTCA and in climate chamber. *NB: in the
climate chamber and the CTCA tests, the cell lower voltage cut-off (2.5V) was reached before these pulse
discharges could be completed

Pulse name P1 P2 P3 P4 P5
Soc 100% -99% | 90% -85% | 55%-50% | 25%-20% | 17% - 15%
change:
-5°C Y Y Y Y* Y*
5°C Y Y Y Y Y
15°C Y Y Y Y Y
25°C Y Y Y Y Y
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35°C

45°C

Table 3: Temperature step change testing matrix. Y = test conducted in CTCA and in climate chamber

Start temp [°C]

Finish temp[°C]

1520 | 25 |30 | 35 | 40

15

20

25

30

35

40

Table 4: Entropy test procedure presented by Zhao et al. and optimised to reflect response times of
temperature control system in the present investigation. Data taken from Ref. [16]

Time for step [minutes]
M
Step ode Zhao et al | Climate chamber CZC
p | Temperaturestep | 4non 4500 240 140 3.9
change
3 Discharge (C/20) 4% ASOC 48 48 48
4 Rest OCV record 240 30 30
Temperature step o _ oo
5 change 15°C - 20°C n/a 104 1.3
6 Rest OCV record 240 30 30
Temperature step o _ oEo
5 change 20°C - 25°C n/a 89 1.6
6 Rest OCV record 240 30 30
Temperature step o~ _ano
5 change 25°C -30°C n/a 75 1.3
6 Rest OCV record 240 30 30
Temperature step o _ REo
5 change 30°C - 35°C n/a 81 1.7
6 Rest OCV record 240 30 30
Temperature step o - AN°
5 change 35°C - 40°C n/a 79 1.7
6 Rest OCV record 240 30 30
Return to step 2 until 0% SOC reached (25 loops in total)
Total time [days]: \ 30 13.8 4.2
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