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Abstract—The performance of a Lithium-ion cell is strongly
dependent on cell operating temperature. However, the measured
temperature is often obtained from thermocouples attached to
the surface of the cell. These measurements may not be
representative of the internal temperature of the cell especially
for lower ambient temperatures and high C-rates. A novel
method utilizing differential voltage to predict the internal
temperature of a 40 Ah Lithium-ion pouch cell is proposed. The
difference between internal and measured external temperatures
depends upon the C-rate and ambient temperature. For a
continuous-rate discharge, the difference, between surface and
measured temperatures, rises at beginning of discharge before
peaking in the middle region and reducing towards the end-of-
discharge. The outcome of this study could positively support
control strategies within a battery management system (BMS).

Keywords—Lithium-ion Cell; Differential Voltage; Effective
Resistance; Low Ambient Temperature; High C-rate

L.

In the midst of growing concerns for the environment and
commitment of governments towards reducing emissions,
electric vehicles (EVs) are gaining prominence as a potential
solution [1]. An important factor in their success is the energy
storage system (ESS) being used [2]. An ideal ESS should
have high energy and power density, excellent lifetime, and
must be reliable for a range of operating conditions (drive-
cycles, temperatures, etc.) [3]. Among commercially available
battery chemistries, Lithium-ion batteries have the highest
volumetric and gravimetric energy/power densities [4], and
hence have become the top choice for battery-electric vehicles
(BEVs).

BEVs based on Lithium-ion batteries show significant loss in
driving-range and power-performance at subzero temperatures
[5] and particularly at higher C-rates [6]. Reduced
performance is attributed to low conductivity of electrolyte,
decline in solid-state Lithium diffusivity, high polarization of
the graphite anode, and sluggish charge transfer kinetics [7,8].
In their study of 2.2 Ah 18650 Li-ion cells, Ji et al. state that
electrochemical performance of cells is strongly dependent on
the cell operating temperature [8]. However, as cell operating
temperature is usually measured via thermocouples attached to
the surface of the cell, it may not be representative of
electrochemical processes happening inside the cell [9].
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Differential voltage (DV) measurements are used to infer
stoichiometric alignment of electrodes at equilibrium or close-
to-equilibrium conditions to detect capacity-fading [10].
Higher currents are avoided to prevent charge transfer
phenomena [11]. As DV represents voltage change per unit
capacity discharged (dV/dQ) [12,13]; it indicates cumulative
effect of operating conditions [1] (ambient temperature, C-
rate, SOC, impedance and self-heating) on the cell.

This paper aims to use the DV technique to predict the
‘effective resistance’ of the cell for different continuous
discharge currents at ambient temperatures between -20 and
25 °C, and thus, its internal temperature. Deviation between
the internal and measured cell surface temperature is shown to
vary directly with discharge current and declining ambient
temperature [14,15]. These predictions may help improve
control strategies within a battery management system (BMS)
by improving accuracy of cell temperature estimation.

II.  RESEARCH METHDOLOGY

A. Experimental Details

To explore cell behavior, a Lithium-ion cell pouch cell
(weighing 0.97 kg) with a NMC cathode was tested. The cell
was nominally rated at 3.7 V and 40 Ah capacity. A k-type
thermocouple was attached on to the geometric-centre of the
main surface of the pouch cell. The cell was placed in a
Votsch thermal chamber and was cycled using a Bitrode cell-
cycler. The cell was tested at four different ambient
temperatures: -20, -10, 0 and 25 °C. Charging is only carried
out at 25 °C. The cell is charged at 0.5C (20 A) until the
voltage reaches 4.2 V. The charge-current is reduced to 0.05C
with voltage held at 4.2 V. The discharge-currents used were
0.1C, 0.2C, 0.5C, 1C, 2C, 5C and 8C. The parameters
measured directly were cell voltage (V), capacity (Ah), power
(W), discharged energy (Wh) and cell surface (measured)
temperature (°C). The cut-off voltage for this cell was 2.7 V.

B. Internal Temperature Prediction

To calculate ‘internal temperature’ from measured parameters
using differential voltage technique the following steps were
taken (Fig. 1):

1. The change in voltage (AV) was calculated every time-step.
2. The ‘effective resistance’, ‘R’, is a linear function of DV
that is obtained by dividing AV by the discharge-current.
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Fig. 1. Simple Heat-Generation Model

3. The heat generated was calculated as Qgen = I’XR every
time-step.

4. The heat conducted away from the core of the cell to the
surface was calculated as Qcond = (kX AXAT)/(L/2) where ‘k’ is
the through-plane thermal conductivity of the cell; ‘A’ is the
surface area; and ‘L’ is the distance between the core and
surface of the cell.

5. Heat transfer due to the convection at the cell surface was
calculated as Qconv (hxAX(T-Tamp)). Here, ‘h’ is the
convective heat-transfer coefficient and Tamp is the ambient
temperature.

6. From the heat generation equation, AT was calculated every
second: AT = (Qgen-Qcond-Qconv)/(MmxC). Here,t’ is the time-
step (s), ‘m’ is 0.97 kg and the heat capacity is ‘C’. Qcond at
t=0 s is assumed as zero and subsequently Qcong is used for the
previous time-step.

7. The internal temperature was calculated by integrating the
AT at every time-step.

TABLE 1. Cell Parameters for Lithium-ion Pouch Cell

Parameter Value
Thermal conductivity, k 0.48 W/m/°C
Surface Area, A 0.10125 m?
Cell Thickness, L 0.0009 m
Heat Capacity, C 1243 J/°C/kg
Convective Coefficient, h 10 W/m?/°C
III.  RESULTS AND DISCUSSION

In the following sections, results from the continuous
discharged experiments are discussed, in terms of discharged
capacity and discharged energy; and, the internal temperature
of the cell is estimated and is compared to measured cell
temperature. Only results for continuous discharge at 1C, 2C
and 5C are discussed for three ambient temperatures (-10, 0
and 25 °C) as they are representative of the tests as a whole.

A. Effect of C-rates and Ambient Temperature on Discharged
Capacity and Discharged Energy

Experimental results confirm that the energy delivered by the
cell decreases with increasing C-rate and also with declining
ambient temperature (Fig. 3). This is due to faster drop in cell-
voltage due to increased cell impedance. This is due to lower
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ionic conductivity and increased electrolyte resistance [16],
higher polarization in the anode [17], slower charge-transfer
[18] and insufficient solid-phase diffusion of Lithium [19].
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Fig. 2. Cell Voltage Evolution with Discharged Energy at Different Ambient

Temperatures and C-rates

The voltage for 5C discharge at -10 °C increases for a
considerable period over the course of the discharge-cycle
(Fig. 2 & 3). This is due to self-heating related cell
temperature rise. This leads to reduction in electrolyte
resistance due to increase in ionic conductivity and salt
diffusivity [8]. This leads to higher energy discharged from
the cell while compared to an isothermal discharge. However,
for -10 °C ambient temperature, experimental results show that
while discharge capacity for 5C (Fig. 3) is higher than that for
1C (by 3.6 %), the discharged energy (Fig. 2) is lower by 2.9
%. Similarly, the discharged capacity for 5C discharge at 0 °C
is higher than that for 1C discharge (by 1%). But, the
corresponding discharged energy is lower by 5.3%.
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Fig. 3. Cell Voltage Evolution with Discharged Capacity at Various Ambient

Temperatures and C-rates

This suggests that capacity-benefits attributed to self-heating
may be overstated and that most of the capacity gained is used
up to warm up the cell. This is supported by Barai ef al. who
argue that discharged energy is a better indicator of cell
performance than discharged capacity as it takes into account
both discharged capacity and voltage [20].



B. Effect of C-rates and Ambient Temperature on Internal
Temperature Prediction using Differential Voltage
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Fig. 4. Effective Resistance versus Discharged Energy at Various Ambient
Temperatures and C-rates

It is seen in Fig. 4 that, effective resistance generally increases
with declining ambient temperature and increasing C-rate.
This suggests that at a point in the discharge cycle, there is a
greater change in voltage with energy delivered. The effective
resistance is higher at lower ambient temperatures, particularly
for higher C-rates, due to lower ionic conductivity, slower
charge-transfer, higher electrolyte resistance and slower solid-
state diffusion. This agrees with [18] where direct-current
resistance is shown to increase with decreasing ambient
temperature and increasing C-rate. Further, effective
resistance is shown to increase towards the end-of-discharge.
It should be noted that, although, there is a great degree of
self-heating for 5C discharge at -10 °C, its, effective resistance
is still the highest. This could be due to lower discharge time
for that particular discharge-current. Thus, effective resistance
which takes into account the operating conditions can be
utilized to predict the internal temperature of the cell.

e — e R S

45

Temperature ("C)
&

w
b

Energy (Wh)

Fig. 5. Comparison between Internal (I) and Measured (M) Temperatures for
Various C-rates at 25 °C Ambient Temperature

It is seen, both measured and internal temperatures increase
during discharge (Fig. 5-7). The temperature rise is higher for
higher C-rates and lower ambient temperatures due to greater
heat generation inside the cell [8,16]. The internal temperature
of the cell also shows a similar trend albeit with a greater
magnitude. In agreement with [14,15], the maximum
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difference (AT) between the internal and measured
temperatures over a discharge cycle is proportional to the
corresponding C-rate.
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Fig. 6. Comparison between Internal (I) and Measured (M) Temperatures for
Various C-rates at 0 °C Ambient Temperature

It is also seen in Fig. 6 & 7, that this difference increases as
the ambient temperature is reduced. For a 50 Ah, NMC pouch
cell, Veth et al. compared the temperature difference across
the cell surface (ATsurface) using PT-100 electrical sensors
for up 6C and, 0 and 25 °C, ambient temperatures [14]. The
maximum ATguface Was 3 °C for 3C discharge at 25 °C and 9
°C for 6C discharge at 0 °C. For a 18650-type cell at 25 °C
and continuous-discharge, the temperature difference between
the jelly and the surface (ATjeiy) was 5.0 °C for 1C, 8 °C for
2C and 18 °C for 5C as observed by Waldmann et al. [15].
The AT obtained in this paper for different operating
conditions is slightly overstated as compared to [14] who only
investigate temperature gradients on the surface, but is more in
agreement with [15] who compared internal and surface
temperatures. This follows that internal temperature estimated
in this paper is representative of the average bulk temperature
of cell while measured temperatures are obtained from
sensor/thermocouple readings on the cell’s surface.
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Fig. 7. Comparison between Internal (I) and Measured (M) Temperatures for
Various C-rates at 25 °C Ambient Temperature

Lastly, it is seen that, the difference between the cell’s internal
and measured temperatures generally increases as discharge
progresses; peaks towards the middle of discharge (Fig. 8) and
reduces towards the end of discharge. The magnitude of this
difference increases with C-rate and ambient temperature.
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Fig. 8. Evolution of Difference between Internal and Measured Cell
Temperatures for every 30 Wh Discharge

IV. CONCLUSIONS

e At lower ambient temperatures, capacity benefits
attributed to self-heating are overstated and may not
translate into improvement in energy available from
the cell.

e Effective resistance of the cell is greater for higher
discharge-current and lower ambient temperature.

e The difference between internal and measured cell
temperatures, increases with increasing discharge-
current and declining ambient temperature.

e Over a discharge-cycle, the difference between
internal and measured cell temperatures, rises at the
beginning of discharge, before peaking in the middle
region and reducing towards the end of discharge.

V. FURTHER WORK

Based on the above results, the thermal conductivity of the cell
for various subzero ambient temperatures and heat-generation
rates can be estimated. The accuracy of the technique
presented can be tested against temperature predicted from a
heat-generation model as part of an equivalent circuit-model
for this particular Lithium-ion pouch cell. Effects of lower
ambient temperatures and higher C-rates can be considered via
magnitude of time-step in the internal temperature prediction.
Finally, the accuracy of this technique can be compared
against data obtained from in situ temperature measurements
of the cell.
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