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Measurement of the Temperature Influence on the Current
Distribution in Lithium-lon Batteries

Sabine Paarmann,* Lisa Cloos, Jakob Technau, and Thomas Wetzel

Herein, a comprehensive experimental studies on the interdependence of
temperature and current distribution in lithium-ion batteries is presented.
Initially, a method for measuring the current distribution on a single cell is
presented and verified by comparison with measurements on a parallel circuit.
The presented method is straightforward and robust. It provides accurate
quantitative and reproducible results. They are consistent with literature and
show a higher current with increasing temperature. This temperature depen-
dency is more pronounced at lower temperatures. Furthermore, it offers the
opportunity to determine the influence of the temperature on the current dis-
tribution more precisely. Finally, this publication correlates the normalized
current with temperature quantitatively using an Arrhenius-like approach

according to | ~ exp(—1).

1. Introduction

Lithium-ion batteries are widely used for energy storage in vari-
ous applications ranging from mobile phones to electric vehicles.
Especially for the latter, the requirements for battery perfor-
mance and durability are particularly high, even in addition to
demanding operating and ambient conditions.”! Therefore,
scientific research focuses on improving the energy and power
density as well as the lifetime of batteries. Along with numerous
other factors, the temperature has a significant impact on the elec-
trochemical processes within the cell and consequently on the
overall cell performance and aging behavior.”™ According to
the Law of Arrhenius,” reaction rates increase exponentially with
increasing temperature. This behavior can be expressed by the
exponential function® according to Equation (1), in which R is
the internal cell resistance, A the pre-exponential factor, E, the acti-
vation energy, Ry, the molar gas constant, and T the temperature.
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In addition, the diffusion coefficients in
the active materials and in the electrolyte
increase with higher temperatures”® and
thus the internal resistance of the cell
decreases. As the mentioned cell properties
themselves affect the heat generation
inside the cell during operation,”®'% there
is a strong interaction between electrical
cell behavior and the internal cell tempera-
ture. Temperature inhomogeneities inside
a battery can be measured with an instru-
mented cell with in situ measurement tech-
niques during operation.''~"*! They can be
induced by the inhomogeneous inner heat
transfer paths and the anisotropic proper-
ties, caused by the layered structure of the electrode stacks,***!
with their typical combination of materials with high and low
heat conductivity.'® Furthermore, external conditions, such as
the cooling system, can cause temperature inhomogeneities
on the surface and within the cell.'”'® Due to the aforemen-
tioned strong interaction of temperature, resistance and current,
an inhomogeneous internal temperature distribution leads to an
inhomogeneous current distribution.™ This direct relationship
between temperature and current distribution is critical for cell
behavior and aging.?**!

Although there are clear reasons to attempt determining
distributions of current and temperature within the cell, e.g.,
to better understand their interdependencies and effects on
cell behavior, both are difficult to measure. There are approaches
to measure the current distribution®®*) and potential
differences®**” in-situ with multi-tab cells. The results show
a dependence on the open circuit voltage (OCV) and an increase
in inhomogeneity with C-rate and temperature.?>?*! However,
such in situ measurements are not possible without affecting
the cell."*'%! In general, a cell is a parallel connection of individ-
ual electrode sheets. Therefore, a parallel connection of several
cells was proposed as an alternative to investigate the current dis-
tribution.'”) In a parallel connection of multiple cells, the overall
current is divided among the individual cells.

Regarding temperature, there are both simulativel®®?*! and
experimental®’ 2% investigations on its influence on the current
distribution in parallel connected cells. The studies differ in
terms of cell chemistry, number of cells, temperature differen-
ces, and temperature level, however, they achieve similar conclu-
sions. As the temperature influences the resistance, different cell
temperatures in a parallel connection lead to an inhomogeneous
current distribution. The warmest cell has the highest current
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before charge compensation takes place. The higher the temper-
ature difference, the higher is the inhomogeneity, especially at
lower temperatures,”’**! which is attributed to the Arrhenius
relation of the resistance.”” The warmer cell, which is initially
discharged with a higher current, reaches a lower state of charge
(SOC) earlier. The difference between the voltage and the OCV
increases,*” which leads later on during the discharge to a
decreased current through the warmer cell and therefore to an
increasing current in the coldest cell.””! Thus, the current distri-
bution is also influenced by the shape of the OCV-versus-
SOC-function and the changes in its gradient, which affect
the profiles of the individual cell currents.[?®?*132! In addition,
after terminating charge or discharge processes, charge compen-
sation between the cells takes place,[3 334 5o that the differences in
the OCV as a function of the SOC are neutralized.® Furthermore,
the C-rate has an influence on the individual cell currents.?*¢

Apart from temperature, even slight deviations among cell
parameters, such as in the internal resistance®” and capacity!®®
cause an imbalanced distribution of the current. According to
Wang et al.,*® electrolyte diffusion polarization has the strongest
contribution to an inhomogeneous current distribution in a mod-
ule. In the long term, cell-to-cell variations in the current may
induce inhomogeneous degradation,” which can be intensified
by thermal inhomogeneities.*® Baumann et al*” discussed
different indications concerning the development of cell-to-cell
variations over the number of cycles and conclude that aging leads
to a divergence of the state of health of the cells. Shi et al.*!! con-
firmed that an inhomogeneous current distribution has an
influence on the rate of capacity fade. Cavalheiro et al.l**! showed
that an inhomogeneous temperature distribution leads to acceler-
ated aging, such as capacity decrease and resistance increase, in
their experimental setup of five cells in parallel.

In addition to the uneven aging behavior or other parameter
variations among the cells in a parallel configuration, the test
setup and the interconnection itself pose a further challenge.**!
Fill et al.**! investigated the influence of the test bench and contact
resistances on the current distribution. Unequal wiring and contact-
ing of the cells has an influence on the current distribution.>**+*¢!

When using a parallel connection to measure the temperature
dependency of the current, the presented problems always arise.
Therefore, this work presents a) a method to measure the temper-
ature dependency of the current distribution while avoiding the
disadvantages of both the measurements on the parallel connection
and the in situ measurements on a single cell and b) a quantitative
correlation for the temperature dependency of the current distribu-
tion. For this purpose, a commercial cell is exposed to a previously
recorded voltage curve at different externally imposed homoge-
neous temperatures and the resulting current under these condi-
tions is measured. The results are compared with those from a
parallel connection of three cells, in which both the influence of
temperature difference and temperature level are considered.
Subsequently, the findings are evaluated and discussed regarding
the temperature dependency of the current distribution.

2. Experimental Section
For the comparability of both experimental methods, specifically

the measurements on the parallel connection and those on the
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single cell, cells of the same cell type and from the same produc-
tion batch were used. The cell specifications are shown in
Table 1. The measurements were performed using two cell test
devices, a BaSyTec CTS for the single cell tests and a BaSyTec
XCTS, which can provide higher currents, for the parallel con-
nection tests.

Well-defined thermal, electrical, and mechanical boundary
conditions were applied with carefully designed cell holders.
They ensured a precise temperature control at the surface and
tabs of the cell, reliable, low resistance electrical contact as well
as a constant mechanical pressure on the cells.?” The cell hold-
ers comprised two temperature control plates, made of alumi-
num. These plates were equipped with internal channels for a
heat transport fluid, that was temperature controlled by thermo-
stats. The setups were carefully thermally insulated to exclude
environmental influences. In addition to this direct control of
thermal boundary conditions, the parallel connection setup with
three cells at different temperatures was kept at a constant ambi-
ent temperature of 23 °C by placing it in a climate chamber.
This temperature was chosen because current measurement
devices are potentially influenced by temperature fluctuations
and the power meter has an optimum operating temperature
of 23 °C. The single cell setup was placed in a thermally insulated
safety box. In both cases, the temperature was varied within the
range of 0 to 50°C.

Before starting the experiments, the cells were postformed
with 30 charge/discharge cycles with C/5 and the OCV and
impedance spectra were measured at a temperature of 25 °C.
Figure 1 shows (a) impedance spectra at 50% SOC and (b)
the OCV of these cells. While the OCV curves were almost
identical, there were slight deviations in the impedance. The cells
had the same history and were from the same manufacturing
batch, so these deviations might be due to manufacturing
uncertainties.*”!

2.1. Parallel Connection

The test rig with three cells electrically connected in parallel, is
shown in Figure 2a, whereas Figure 2b shows the electrical wir-
ing. The different coloring indicates the temperatures; the star
symbols mark the temperature measuring points. The picture
was taken during mounting and before any thermal insulation
was attached. Each cell had an individual cell holder (1-3) that

Table 1. Specifications of the investigated Li-ion cell SLPB 8043140H5
from Kokam Co., Ltd.

Nominal capacity (data sheet) 3.2Ah
Capacity measured at nominal conditions 3.0 Ah
Nominal voltage 3.7V
Voltage range Upmin—Umax 2.7-4.2V
Anode material Graphite
Cathode material NCA/LCO
Cell attributes Pouch cell

High-power cell
Opposing tabs
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Figure 1. a) Impedance spectra at 50% SOC and b) the OCV of the four
cells used for the measurements.

was supplied separately by thermostats with a fluid flow at a con-
stant temperature through different colored hoses. In cell holder
(3), the cell was already mounted and clamped between the
temperature control plates. At the upper plate, spring screws
for constant mechanical pressure are visible. The other two hold-
ers are still vacant, with the upper plates lifted. In the lower
plates, notches for surface temperature measurement with ther-
mocouples are visible. Further thermocouples were located in the
fluid supply lines to the plates. The total current of the parallel
connection was specified via the cell test device, whereas the cur-
rent, voltage, and charge throughput of the individual cells were
measured by a separate power meter from Yokogawa Denki K.K
(model WT333E) (4). At the node (5), the current was split
between the cells. During the assembly, exactly the same and
shortest possible wiring was used for all cells to avoid any influ-
ence of the setup. The electrical contacting was realized via a cop-
per strip where the tabs were pressed and the cables brazed onto
to reduce contact resistances. The testing procedure was
performed automatically via a LabVIEW control running on a
PC, connected via USB or ethernet to the cell test and measure-
ment devices and the thermostats.

As previously discussed, even small differences in the cell
characteristics have an effect on the current distribution, so
the cell selection is important.*”*¥ Therefore, the three most
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identical cells according to the previous formation were selected
for the parallel circuit. The cells were randomly assigned to the
cell holders without consideration of the future temperature
level. Table 2 presents the test matrix for the temperatures at
which the experiments were performed. The influence of the
temperature level was observed by varying the mean temperature
Ty of the parallel connection with a temperature difference of
25 K. For the mean temperature Ty of 25°C, the influence of
the maximum temperature differences AT was studied, which
was varied from 0 to 50 K. This determines the temperatures
for the cells, which are noted in columns 3-5.

As the focus of this study is on the influence of temperature, a
fixed C-rate of C/2 was applied. This corresponds to a current of
4.5 A for the parallel connection of three single cells. During the
experiments, the measured temperature at the electrode stack

Tamblent

(1) )

Cell test
@ device

b
=]

Figure 2. a) Test setup for a parallel connection with three cell holders
(1-3) with individual temperature control plates, the power meter (4)
to measure the cell currents originating from the node (5) where the
current is splitted. b) Schematic illustration of the electrical wiring with
colored highlighting of the different temperatures and star symbols mark-
ing the temperature measuring points.

Ty T2
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Table 2. Test matrix for the experiments on the parallel connection
including the mean temperature, the maximum temperature difference,
and the temperatures of the individual cells.

Mean Temperature =~ Temperature ~ Temperature  Temperature
temperature difference Cell 1 [°C] Cell 2 [°C] Cell 3 [°C]
Tv [°C] AT [K]
25 0 25 25 25

10 30 25 20

20 35 25 15

25 37.5 25 12.5

30 40 25 10

40 45 25 5

50 50 25 0
12.5 25 25 12.5 0
375 25 50 375 25

deviated by a maximum of 2% from the set temperature. The
largest deviations of 2 K from the set point temperature occurred
at low temperatures at the cathode tab, as both the heat genera-
tion by the current and the parasitic heat transfer from the envi-
ronment are at their maximum in this case. The core
temperature of the cell is impossible to quantify in this setup,
but it is known from previous experiments, that heat generation
at low C-rates is low for this cell.

The testing procedure followed the flow chart in Figure 3a.
First of all, the parallel connection was fully charged via a
constant current—constant voltage charge protocol with a cut-off
current of C/20 and at a temperature of 25 °C. At the same tem-
perature, the cell was fully discharged with C/2. The results for
the current distribution of this discharge are used later on in
Section 3.1 as a reference discharge. Based on a complete
discharge starting again at SOC of 100%, the discharge behavior
is analyzed.

www.entechnol.de

2.2. Individual Cell

To measure the current as a function of temperature on an indi-
vidual cell, any current control within the setup must be avoided.
This is being realized in the present experiments by first mea-
suring a discharge curve at a constant current on the postformed
cells. Subsequently, this voltage curve was used to control the
voltage with the “Table” command in the BaSyTec software.
A data table which contains voltage values for each point in time
of the previously recorded discharge is used as load profile.
During each discharge, a different temperature was applied onto
the cell. The test procedure for the individual cell is likewise
shown in Figure 3b. The boxes shaded in gray indicate the steps
that are performed only once and which serve to record the
voltage curve. The voltage curves were recorded with a constant
current of C/2 (1.5 A) starting from 100% SOC and at different
temperatures T which have been kept constant at 12.5, 25, and
37.5°C, respectively. The recorded voltage curves are shown in
Figure 4. Whenever we mention the “recorded voltage” in this
publication, these voltage curves are referred to.

Each current measurement started with a constant current
(CC)—constant voltage (CV) charging procedure with a cut-off
current of C/20 and at a temperature of 25 °C as indicated by
the first white box in Figure 3b. Then the temperature was first
stabilized at the desired value before the battery was (dis-)charged
with a current of C/20 to the voltage Usgy,, at which the target
voltage curve starts. This procedure was necessary, as the
OCV changes with temperature. As a result, high current peaks
at the beginning of the measurement were avoided. This also
means the SOC is not exactly the same at the beginning of each
measurement. Therefore, the initial condition corresponds to
that of the single cells in the parallel connection, when the
temperature is individually controlled.

The current measurements for investigating the temperature
influence were then carried out by specifying each of the deter-
mined voltage curves at constant homogeneous temperatures in

(b) individual cell

Test procedure for measuring the current distribution on the
(a) parallel connection
~
CC-CV charge to Upax
Ty, =T, =Ty =25°
J
g l Y
CC discharge to Uy, Current
Ty=T,=T;=25°C Linorm
% "
r l k.
CC-CV charge to Upayx
T1=T,=T3=25°C
- J
CC discharge to Ui, ,  Current v , Current
T;Ty T, Iinorm Iif::;m

Voltage recording

CC-CV charge to Upax
T =25°C

l

CC discharge (C/2) to Upin
i

: " l >
\ CC-CV charge to Uyax
\ T=25°C

|

( 3\
CC (dis-)charge (C/20) to Uggart
T

N J
\\\ l
\ ( N
\ V discharge to Upin Current
T I'l‘,norm

-

Figure 3. Flow chart with the testing procedure for a) the parallel connection and b) the individual cell. The boxes shaded in gray indicate steps that are
only performed once; the orange boxes indicate the results for the current distribution.
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Figure 4. Recorded voltage curves of the future voltage specifications
resulting from different temperatures and a constant current of C/2.

Table 3. Test matrix for the experiments on the individual cell including
the temperature during the voltage recording and the temperatures that
were applied to the individual cells during the current measurements while
the voltage was controlled.

Temperature during 12.5 25 375
voltage recording [°C]

0 125 25 0 5 10
375 50 30 35 375

125 15 25 0 125 25
40 45 50 - 375 50

Temperatures during
current measurement [°C]

the range of 0 to 50 °C. Table 3 presents in the first line the three
temperatures at which the voltage was recorded and in the sec-
ond line the temperatures for which these voltages where applied
to the cell, respectively.

3. Results and Discussion

In the following, the results of the current distribution in the
parallel connection and the individual cell are presented and
discussed. These findings are then compared to each other
and a quantitative correlation between current distribution
and temperature is derived.

3.1. Parallel Connection

The current distribution is expressed by the normalized current
I; norm for each cell i. It is defined according to Equation (2) as the
cell current I; divided by the average current of the cells within
the parallel connection which is one-third of the total constant
current, in this case 1.5A. For an ideal current distribution
among the three cells, the normalized current of each cell would
be 1. The normalized current is plotted against the SOC of the
parallel connection.
3.

Ii,norm = 371 (2)
i=1"1
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In the following, first the influence of temperature is
described before the differences in the current curves of the three
cells are discussed. The temperature effect on the current
distribution between the cells is presented and discussed in
the following using the examples of 5, 25, and 45 °C as cell tem-
peratures. This represents a mean temperature Ty; of 25 °Cand a
maximum temperature difference AT of 40 K. Overall, the curves
shown in Figure 5b have the same shape compared to the uni-
form temperature at 25 °C in Figure 5a. But as expected, the cur-
rent curves differ to a greater extent. At the end of discharge,
when the voltage curve becomes steeper, the differences are
more prominent. There the deviations in the SOC, which have
built up during the course of the discharge are increasingly com-
pensated. The following statements are with regard to the plateau
phase, as it ensures the best basis for comparison. The tempera-
ture level affects the position relative to the y-axis. The lower tem-
perature of 5 °C reduces the current of cell 3 (blue) significantly,
whereas the current of cell 1 (orange) increases due to the higher
temperature of 45 °C. Compared to cell 2 (green) at 25 °C, it still
has a lower current which is unexpected in comparison to the
results from Yang et al*”** and Klein and Park.*’ But it can
be attributed to the different cell characteristics. It is noteworthy,

@ cell 1, 25 °C
141 |——cell2,25°C
——ocell 3,25 °C
g \
084/
06-
1.0 08 06 0.4 02 0.0
< 50C/-
(b) -cell 1,45 °C
1.4 1 cell 2, 25 °C
——ocell 3,5°C
1.2
<
£ 1.0
08
06-
1.0 08 06 0.4 02 0.0

<+— SOC/ -

Figure 5. Normalized current against the SOC of the parallel connection
at a mean temperature of 25 °C for a) a uniform temperature of 25 °C and
b) a maximum temperature difference of 40 K.
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however, that first cell 2, which has the mean temperature of
25°C, is also exposed to a higher current compared with the
homogeneous case and second that despite the same tempera-
ture difference, the current decrease from cell 3 at 5 °C is larger
than the current increase from cell 1 at 45 °C. This means that a
symmetrical temperature distribution does not necessarily lead
to a symmetrical current distribution, which was also seen by
Klein and Park.” In their case, the effect differed for different
cell chemistries. The LFP cells were much more symmetrical
compared with NMC cells, which was attributed to a more linear
temperature dependency.

The normalized current curves of the three cells for a dis-
charge are significantly different even at a uniform temperature
as shown in Figure 5a for a temperature of 25 °C. Similar results
are obtained at lower and higher uniform temperatures. In gen-
eral, the characteristics of the individual current curves and their
distribution agree well with observations made by the other
authors mentioned earlier and can be explained by differences
in resistance and capacity of the individual cells. These imped-
ance and capacity variations which are not high but still visible in
Figure 1 can explain the current difference.***”! Another chal-
lenge concerning the reproducibility is the sensitivity of the sys-
tem. The results obtained appeared susceptible to irregularities
such as longer downtimes and operation at cold temperatures
such as 0 and 5 °C. This results in voltage and current fluctua-
tions during the discharge. Voltage fluctuations are also seen by

(@)
cell 1,45 °C
141 cell 2, 25 °C
——cell 3,5°C

121
N 7
£€ 109,

0l8 -/_/—/_

064

1.0 08 06 04 02 0.0
~<— 50C/-
(b) =
cell1,37.5°C

141 | —cell2, 25°C
T — cell3, 125°C
N
E
52

10 08 06 04 02 00
<—s0C/-
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Lv et al.** and deviating results can be attributed to this. This is
possibly aggravated by the previously outlined aging in parallel
connections. These differences are significant because their
influence is of the same order of magnitude as the temperature
influence, which can be derived from the deviations of the
normalized current from 1 in Figure 5.

The strong impact of the cell properties on the current distri-
bution impedes a clear evaluation of the temperature effects.
Therefore, a reference or baseline case in which all cells have
a temperature of 25 °C is introduced.

In the ideal case, if the cells were perfectly equal, the normal-
ized current would be 1 for every cell at a uniform temperature.
As shown earlier, the temperature difference shifts the currents
compared to a uniform temperature. To extract this temperature
influence, the difference between the ideal and real current
distribution at a homogeneous temperature must be ground off.
At 65 % SOC, the deviation from the ideal case in which the nor-
malized current equals 1 is evaluated for each cell and, with the
assumption that the temperature influence on the current distri-
bution is independent of the SOC, the individual normalized cur-
rent curves are shifted entirely in y-direction. The SOC of 65%
was selected because it lies within the operating window of
hybrid vehicles!! and because of its position on the plateau where
the current distribution is stable and not as susceptible to exter-
nal factors. The corrected normalized current is calculated using
Equation (3). Figure 6a shows the effects of the correction when

C
© cell 1, 25 °C
141 cell 2, 12,5 °C
——cell 3,0°C
124
G
55 1.0
e~
0.8
06
1.0 08 06 04 0.2 0.0
<—s0c/-
d
(d) cell 1,50 °C
149 | —cell2,37.5°C
—cell 3,25 °C
12
££ 1.0-\,_
R e
0.8
06
1.0 08 06 04 02 0.0
~<— 50C/-

Figure 6. Normalized current against the SOC of the parallel connection at a mean temperature of 25 °C and a maximum temperature difference of
a) 40 K and b) 25 K as well as the normalized current at a mean temperature of ¢) 12.5°C and d) 37.5 °C both with a maximum temperature difference

of 25 K.
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compared with Figure 5b. The blue curve (cell 3) with its plateau
at about 1 in the reference case (Figure 5a) is not affected by the
correction. In contrast, the orange curve of cell 1, which was
below 1 in the reference case, is shifted upward while the green
curve of cell 2 is shifted downward. Even then, the curves for cell
2 and cell 3 are very close to each other.

corr Ii,norm (3)

bmorm ™ Ii,norm(soc = 65%, Ti =25 OC)

The results for the temperature difference of 40 K are shown
in Figure 6a and directly compared with the temperature differ-
ence of 25 K, Figure 6b. The results reveal a broader distribution
of current when the maximum temperature difference is
increased while keeping the mean temperature constant. This
is consistent with the results of other authors on parallel connec-
tions of lithium-ion batteries.””-*! In addition to the temperature
difference, the temperature level has a decisive impact. This
influence is shown in Figure 6b—d based on the current distri-
bution at a maximum temperature difference of 25 K and mean
temperatures of 25, 12.5, and 37.5 °C, respectively. As the mean
temperature decreases, the current distribution diverges, which
is also as expected.’®?*! At the mean temperature of 12.5 °C, the
current of the coldest cell (0°C) is significantly lower than the
current of the other two cells, nevertheless, their difference is
also greater than at higher temperatures.

The evaluation of the current distribution by depicting the
normalized current during the whole discharge process is well
established in the literature. To compare a multitude of results
with each other, the current distribution is evaluated at 65%
SOC. Figure 7 shows this current for the different experiments
as a function of the maximum temperature difference.
The experiments were repeated several times and the mean value
and standard deviation were calculated for each temperature.
The mean values are plotted in the diagram and the error bars
depict the standard deviation.

Figure 7 shows the normalized current for a mean tempera-
ture of 25 °C over the maximum temperature difference between
the warm and cold cell. The temperature distribution was sym-
metrical, so cell 2 was always at the mean temperature of 25 °C.

cell 1
o cell2
T1-2‘ o cell3
: : i
£E 1.0 ¢ % ¢

08 b

10 20 30 40 50
ATIK —>

Figure 7. Normalized cell current for different maximum temperature dif-
ferences with a mean temperature of 25°C.
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According to this, a temperature difference below 30 K has hardly
any effect on the current distribution. With increasing tempera-
ture difference, the differences in current increase. This is espe-
cially true for the current of the coldest cell which declines
rapidly, while the currents of the warmest cell and the cell at
25°C do not differ that strongly.

It can be concluded that the temperature influence on the
current distribution is not linear. First, this can be seen in the
unsymmetrical current distribution at high symmetrical temper-
ature differences in Figure 7. Second, the current differences
increase with lower average temperature but the same tempera-
ture differences as shown in Figure 6.

3.2. Individual Cell

The evaluation of the current in the individual cell experiments is

likewise realized via the normalized current calculated by

Equation (4). The reference value in this case is the current that

was applied to record the voltage curve, which is C/2 (1.5 A).
I It

=T _ 4
Ionst 1.5A 4)

I Tnorm

In the following diagrams, the normalized current for differ-
ent temperatures is plotted over the SOC. Overall, it is apparent
that the results in Figure 8 are extremely similar to those of the
parallel connection. After a short initial phase, a plateau is
reached during which the current curves are fairly constant
and parallel to each other. Toward the end of the discharge, a
wavy pattern develops and the order is reversed. This can be
attributed to the shape of the OCV and the difference that accu-
mulates between cell voltage and OCV during the discharge,”
which is larger for low temperatures. The temperature depen-
dence of the normalized current is analog to the results of the
parallel connection, but is revealed more clearly. When specify-
ing the voltage from a discharge at 25°C, the cell exhibits a
significantly lower current for lower temperatures than for
higher temperatures. At a temperature of 0 °C (purple), the cell
draws the lowest current, whereas the current is highest at
50°C (pink). The current curves at all in-between temperatures
are perfectly in order of the temperature up to the end of the
plateau phase. Furthermore, the distance between the curves
indicates the influence of the temperature level. During the pla-
teau, the largest distances between 0°C/5°C and 5 °C/10°C are
observed. This means that at a lower temperature level, the same
temperature difference has a higher impact on the current. This
indicates a higher temperature dependence at low temperatures.
At higher temperatures, the differences in current decrease until
the curves can hardly be distinguished above 35 °C. This behav-
ior is identical when other voltage curves are specified as in
Figure 8a—c and is consistent with the results of the parallel
connection.

Comparing the shape of the current curve at different voltage
specifications, none of the normalized current values in the
plateau phase for the voltage recorded at 37.5°C is found to
be greater than 1. The plateau phase lasts longer up to lower
SOC and the wavelike shape is much less pronounced than
with the voltage specification measured at a temperature of
12.5°C. In addition, the cell current at 0°C is slightly lower
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Figure 8. Normalized current of the individual cell plotted against the SOC

of the discharge during the voltage recording and at the temperature of
a) 12.5°C, b) 25°C, and c) 37.5°C, respectively.

in the plateau for the voltage specification at low temperatures,
but rises considerably steeper at the very end of the discharge.
This means that the cell voltage is far from the OCV, as the tem-
perature affects the voltage and the overvoltage significantly. The
temperature during voltage recording therefore has an influence
on the current distribution to the extent that the current curves
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measured at similar temperatures are closer to 1, as voltage,
temperature, and current are related and the cell is close to a bal-
anced state.

Furthermore, the normalized current at the temperature at
which the respective voltage curve was measured, results in a
virtually constant value of 1. In addition to the qualitatively good
results, these cross-check measurements qualify this approach
for measuring an equivalent current distribution on an individ-
ual cell. Compared to a parallel connection or an in situ measure-
ment, this method has the advantage of a much simpler
experimental setup, which is less susceptible to nonsystematic
effects. Present measurement data are scarcely influenced by
previous experiments and, most importantly, the results for
the current distribution are not influenced by cell-to-cell
variations, as the current is always measured on the same cell.
In addition, for parallel circuit measurements, the temperature
difference to the other cells in the circuit must always be consid-
ered and thus one cell or temperature level cannot be evaluated
independently of the others. In contrast, the results of an indi-
vidual cell can be clearly related to one temperature.

3.3. Comparison and Quantification of the Temperature
Dependency

In this section, the temperature dependency of the normalized
current measured on the individual cell is compared with the one
in the parallel connection. In a second step, this dependency is
quantified and described mathematically.

To explicitly illustrate the temperature dependency, the
normalized current is plotted in Figure 9 over the temperature.
The green markers in (a) are the same data of the parallel con-
nection as in Figure 7. The normalized current was evaluated at
an SOC of 65% of the parallel connection for an average temper-
ature of 25 °C. The inclination at low temperatures is steeper and
flattens out with increasing temperature. The blue and orange
markers represent the data for mean temperatures of 12.5 and
37.5 °C, respectively. In comparison, a higher mean temperature
shifts the normalized current downward on the y-axis, whereas
the lower mean temperature shifts the curve upward. The gradi-
ent of the normalized current corresponds to the one at the mean
temperature of 25 °C in the respective temperature range. From
previous experiments, it is known that the internal self-heating is
relatively low for these cells at 25 °C and a C-rate of C/2, but it
cannot be quantified with the results presented here. In the low
temperature range, the internal resistance is higher and there-
fore the effect of internal self-heating is more relevant.
This means that the curve for the temperature dependency would
be even steeper at low temperatures without the effect of
self-heating.

For the individual cell, the normalized current depends on the
temperature at which the voltage profile was recorded. This
dependence is evaluated in Figure 9b. Therefore, the normalized
current was evaluated again at 65% SOC. In the case of the indi-
vidual cell, the 65% SOC was defined based at the point in time
when it was reached in the discharge during voltage recording.
This is necessary because the V-discharge does not start at 100%
SOC as indicated in Figure 3. This means that the current is
evaluated at the same point in time regarding the voltage
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Figure 9. Normalized current of a) the parallel connection for different
mean temperatures and of b) the individual cell for different temperature
during voltage recording plotted against the temperature of the cell(s)
during the discharge.

specification, but when measuring the current, the cell has a dif-
ferent SOC at different temperatures at this point. This way, it is
comparable to the values obtained from the parallel connection.
The normalized current was then plotted for all experiments as a
function of the respective temperature. The markers in Figure 9
are of the same color for the test series in which the same voltage
curve was applied at different temperatures. The advantage here
is that the temperature during voltage recording is independent
of the temperature at which it is specified for the current mea-
surement. Therefore, the measurements can be easily extended
to the whole temperature range. Consistently and in accordance
with the measurement on the parallel connection, the incline of
all plots is steeper at low temperatures, then flattens out with
increasing temperature. A temperature increase above 35 °C only
has a minor effect on the magnitude of the normalized current.
Apart from these similarities, the curves have a different position
relative to the y-axis. The lower the temperature level during the
voltage recording, the higher the current during the discharge
with voltage control for the same temperature. For instance,
the normalized current at 37.5°C has a value of 1.156 when a
voltage is specified that was recorded at 12.5 °C (blue). Itis higher
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by 0.196 than the normalized current when a voltage is specified
that was recorded at 37.5 °C (orange). Overall, the temperature
dependency is similar to the one in the parallel connection.
The results of both methods indicate the same dependencies
of the normalized current on the temperature. Where the current
is permitted as a degree of freedom by predefining the voltage
curve, it adjusts according to the temperature. Thus, the current
of a single cell shows the same temperature dependence as the
one in a parallel connection. Purely qualitatively speaking,
the normalized current increases with rising temperature, but
this dependency diminishes at high temperatures.

Based on the previously introduced diagrams that depict the
current versus temperature, a quantitative evaluation is now
proposed. According to Ohm’s law, the current is reciprocally
proportional to the internal cell resistance. Simultaneously,
the temperature dependence of the internal cell resistance
follows an exponential function of the inverse temperature
R~ exp(}). Combining these two dependencies, the current
distribution follows an Arrhenius-type function, as represented
in Equation (5), where a, b, and ¢ are constant coefficients.
They are fitted with a nonlinear least-square solver to the mea-
surement data for each measurement sequence. The Kelvin tem-
perature is commonly used for Arrhenius approaches; therefore,
this is chosen for the following evaluation as well.

I:a-exp(—TliC) (5)

In Figure 10, the measured values for the normalized current
are given as markers over the temperature. The markers for the
parallel connection are circles and those for the individual cell are
filled. The lines represent the respective fits (dashed for the
parallel connection) and are in good accordance with the mea-
surement results, which is confirmed by the values for the coef-
ficient of determination R? in Table 4. The table also includes the
coefficients a, b, and ¢ of Equation (5) that themselves exhibit a
trend in their temperature dependency.

First, the results for the single cell are compared with regard to
the temperature during the voltage recording. The coefficient a
decreases with increasing temperature during voltage recording.
This mainly affects the limit value to which the function
converges. It is clearly visible in the diagram that this value is
indeed lower at higher temperatures. Thereby, the already
discussed dependency of the current distribution on the temper-
ature at which the voltage was recorded is evident again. With a
higher temperature during voltage recording, less overvoltages
arise. This results in a flatter voltage curve and accordingly in
a lower normalized current. The largest deviations arise for
the parallel connection, which is apparent both in the graphical
representation and in R%. When comparing the data of the
parallel connection at an average temperature of 25 °C with those
of the single cell, where the voltage was recorded at 25°C,
discrepancies have to be noticed. The normalized current for
the individual cell is slightly lower over the entire temperature
range. This can be explained by the fact that lower temperatures
have a strong effect on the normalized current and that the mean
value of the evaluated data points at 65% SOC is with 0.94 clearly
below 1. In contrast, when measuring on the parallel connection,
the normalized currents at different temperatures are not
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Figure 10. Normalized current of the parallel connection at a mean tem-
perature of 25 °C and of the individual cell for different temperatures dur-
ing voltage recording plotted against the temperature of the cell(s) during

the discharge. The dashed lines are the fits of the exponential function for
the respective data.

Table 4. Coefficients for the exponential fits for the different measurement
series and its coefficient of determination R”. The right-hand side column
gives the mean value of the normalized current.

al[] b[K  c[K RY Tnom [H
Individual cell T=125°C 1.308 6.975 258.6 0.9922 1.047
T=25°C 1.106 478 261.7 0.9921 0.940
T=375°C 1.048 4.009 262.2 0.9976 0.899
Parallel connection Ty=12.5°C - - - - 1.002
Tw=25°C 1.274 10.47 252.2 0.9089 0.987
Tw=375°C - - - - 0.999

independent on each other. The total current must be divided
among the cells at any time. Thus the closing condition applies,
according to which the mean value of the normalized current
Tnorm must be 1. The numbers for the mean values of the
normalized current are listed in Table 4, both for the parallel
connection for which they are very close to 1 and for the
measurements on the individual cell. The results suggest that
the temperature influence is revealed more clearly with the
measurements on the individual cell, as they are independent
on each other.

A further effect of this phenomenon is, that for the parallel
connection, the curvature of the exponential function is less pro-
nounced. This can be seen in the coefficient b in the exponent.
The smaller this parameter is, the stronger is the curvature of the
exponential function. For the measurements at the single cell,
coefficient b increases with decreasing temperature during the
voltage recording and is greatest for the parallel connection.
The opposite applies to the coefficient ¢, which increases with
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increasing temperature and has the lowest value for the parallel
connection. Coefficient ¢ is necessary for the fitting and shifts
the curve on the x-axis, which makes it relevant for the use of
the Kelvin temperature scale. A quantitative conclusion for the
parallel connection about the dependency of the normalized
current of the mean temperature using a fit is not feasible
because the temperature range is too limited to adapt a reason-
able function.

All in all, it can be concluded that a relatively simple function
quantifies the temperature dependency of the normalized
current distribution. However, it must be mentioned that an
extrapolation to low temperatures below —10 °C is not applicable.

4, Conclusion

This work presents a new method to determine the current dis-
tribution as a function of temperature, using measurements on a
single cell. The procedure leads to a significant improvement in
terms of reproducibility and is simpler to handle than a parallel
connection, which has been proposed so far in literature. The
effect of temperature on the current distribution can be deter-
mined independently of the influence of the electrical connec-
tion, different cell parameters due to, e.g., manufacture and
other stochastic effects. In addition, a correction method is pre-
sented, which takes these influences into account, when measur-
ing parallel connected cells, so that the temperature influence
can be isolated. With both options, a distinct temperature depen-
dency could be shown, that is in line with former literature find-
ings. Qualitative observations show that the current increases
with increasing temperature, especially at low temperatures,
while the temperature dependency is less pronounced at a higher
temperature level. A quantitative evaluation reveals that an
Arrhenius-type function can be found, that consistently corre-
lates to all experiments in this publication, using temperature
dependent coefficients.

For a transfer of the results to a cell discharged under an inho-
mogeneous temperature condition, the results derived from the
parallel connection method might be more suitable, as the clos-
ing condition for the normalized current applies in both cases.
On the other hand, the results suggest that due to the strong
interactions of the cell currents in the parallel connection, the
temperature of one cell also affects the behavior of the others
and thus no plain and absolute temperature dependency of
the current can be determined. This is possible with the experi-
ments on the individual cell. Therefore, the results can very well
be implemented into a coupled electrical-thermal simulation,
where the electrical model considers effects of SOC and current
distribution.

The approach to measure an equivalent current distribution
on individual cells might be extended to study the influence
of differing cell parameters. In this case, various cells with given
parameters could be analyzed with the same voltage curve and
the measured current could be correlated directly with these cell
parameters without the influence of the interconnection.
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