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Current Distribution Measurements in Parallel-Connected
Lithium-Ion Cylindrical Cells under Non-Uniform
Temperature Conditions

M. P. Klein*'* and J. W. Park**»*
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Understanding internal state non-uniformity that occurs across the electrodes in large-format Lithium-ion batteries, and among
parallel-connected cells, is a critical part of the cell and battery module design process. Two separate groups of parallel-connected
18650 cells were tested using LiFePO4/Cg (LFP), and LiNiMnCo00O,/C¢ (NMC) chemistries. Pulse and full-capacity discharges were
performed at various States of Charge (SOC), C-rates, average temperatures, and levels of temperature non-uniformity. Current non-
uniformity for the pulse testing was always lower for the LFP group compared to the NMC group. The hottest cell in the LFP group
produced up to 40% more current than average, while this was up to 80% for NMC. Conversely, under charge depleting conditions
the NMC group experienced less current non-uniformity, and in certain cases provided a nearly uniform current distribution in the
presence of non-uniform temperature. The results indicate that higher temperature sensitivity in the impedance of a cell will cause
larger current non-uniformity under pulse conditions. However, due to the presence of non-uniform SOC for charge depleting, the
Open Circuit Voltage (OCV) versus SOC gradient plays a significant role in dictating the current distribution behavior, where steeper
OCVs provide a corrective action that minimizes the effect of the non-uniform impedance.
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Understanding the evolution of non-uniform current and tempera-
ture that occurs either across the electrodes in Lithium-ion cells and/or
among sets of interconnected cells is a critical part of the cell and
module design process for Lithium-ion battery packs.! The issues of
non-uniform current and temperature cause a two-way coupled prob-
lem. For example, non-uniform current density can cause non-uniform
heating, and therefore non-uniform temperature.* Additionally, non-
uniform temperature causes non-uniform electrochemical impedance
across the electrodes of individual cells and/or across cells in a mod-
ule which will generate non-uniform current density and therefore
non-uniform heating.>”’

Several studies, particularly at high charge/discharge rates (i.e.,
above 1C), show single cell temperature differences greater than
20°C.3*89 As a result battery thermal management systems (BTMS)
must be incorporated into large scale battery packs, particularly in
automotive applications where high C-rates are common. Tradition-
ally, the BTMS is designed in such a way that thermal non-uniformity
is kept below 5°C throughout the cell, module, and pack.* In order
to optimize the BTMS to ensure efficient packaging, thermal perfor-
mance, and proper electrochemical performance, a thermally-coupled
spatially-resolved electrochemical model must be used to under-
stand the coupled effects between the BTMS and the electrochemical
performance.

In recent years much progress has been accomplished to model
the inhomogeneous behavior of large-format cells. Generally, these
can be classified as either True Multidimensional Models (TMM)
or Distributed Models (DM). The distinct difference being that the
TMM treats the electrolyte transport in the electrode in multiple di-
mensions to include spatial effects.'®!> In contrast, the DM connects
a set of 0D>!62! or 1D"?2-%7 electrochemical sub-models electrically
in parallel through the resistance-network which models the current
collectors. Interestingly, few recent works have been conducted to
provide experimental validation of the internal current distributions
within a cell during operation, and even fewer have explicitly studied
the effects caused by non-uniform temperatures.?—°

Under uniform thermal conditions the current distributions within
a cell have been measured by Zhang et al. on a specially designed
pouch cell, which used a segmented cathode with shunts on each
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segment.’®? Additionally, Osswald et al. developed a method for
modifying commercial cylindrical cells to measure the electrical po-
tential across the electrode length for spatial model validation.>

Fleckenstein et al. developed a test system with three 18650 LFP
cells connected in parallel, each with varying degrees of thermal in-
sulation, to understand the effect that non-uniform temperature plays
in enabling the development of non-uniform State of Charge (SOC).
Yang et al. studied non-uniform SOC buildup between two 18650
LFP cells connected in parallel, where each cell was held at a differ-
ent fixed temperature.?’ Troxler et al. studied the impedance effects
of a NMC pouch cell while placing various temperature gradients
through the thickness of the pouch cell.® Finally, we previously stud-
ied the effects of non-uniform temperatures for a 10Ah NMC pouch
cell similar to Troxler’s study.” The non-uniform temperature effect
was characterized using DC pulse testing and a two hour long US06
dynamic power schedule. For the DC pulse results we agreed with
Troxler (performance improvement with increased gradient), but we
observed continual buildup of average cell resistance (performance
reduction) for the US06 charge depleting test.

We have constructed a new system that can measure the current
distribution among five 18650 size cylindrical cells electrically con-
nected in parallel. Additionally, a linear temperature profile may be
controlled across the five cells, to study the effect that varying de-
grees of thermal non-uniformity have on the current distribution under
various electrical loading conditions. It is the purpose of this study
to provide experimental data to continue to build our understand-
ing of the performance effects caused by non-uniform temperature,
and to further advance the validation of spatially-resolved thermal-
electrochemical models. The specific ability to measure the current
distribution among parallel-connected cells is the key novelty to this
study over our previous study, as this now allows for the direct mea-
surement of the amount of non-uniform utilization that results from
an applied non-uniform temperature. Additionally, we have studied
how this effect differs between the LiFePO,/C¢ and LiNiMnCo,/Cg
cell chemistries.

Separate cell groups using five LiFePO,/C¢ 18650 cells, and the
other with LiNiMnCo,/Cg 18650 cells were evaluated. Total tempera-
ture differences of 0, 5, 10, and 20° were applied at average cell group
temperatures of 15, 25, and 35°C. The cell groups were tested at 20,
50, and 80% SOC and C/5, C/2, 1C, and 2C-rates for 10sec constant-
current pulses. Finally, full capacity constant-current discharges were
also performed at rates of C/5, C/2, and 1C.
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Background

The key physics in a Li-ion batteries that affect the impedance re-
sponse are: i) ohmic losses from current collector and tab conductivity,
electrolyte conductivity, and, film and contact resistances, ii) charge
transfer kinetics, and iii) mass transfer losses due to the ionic diffusiv-
ity in the electrolyte and solid phases. The ohmic sources will appear
at frequencies faster than 1 kHz, the charge transfer kinetics typically
faster than 0.25-10 Hz, the electrolyte mass transfer losses are slower
than 0.2 Hz, and finally the solid phase diffusion loss responses are
typically much slower than 0.1 Hz.

Andre et al. provide a review of typical impedance spectra and time
constants for Li-ion cells.>! The charge transfer kinetics response time
occurs on the order of 1-10 Hz for LiFePO, and LiC¢, depending on
temperature,’>~3* while for LiNiMnCoO), this is usually slower, and on
the order of 0.5-1 Hz.>-*" Additionally, the charge transfer kinetics
is well documented to follow an exponential Arrhenius temperature
sensitivity.?>-® For sub-10sec pulses, at the SOC range studied here in
our pulse testing (i.e., 20, 50, 80% SOC), the kinetics is the primary
contributor to SOC sensitivity in the cell impedance. The exchange
current density coefficient for the Butler-Volmer kinetics equation
provides this SOC sensitivity.*® The solid-phase Li-ion diffusivity can
also provide SOC sensitivity to Li-ion cell impedance, however, this
is not generally significantly observable for the short-time pulses.*
Moreover, the charge transfer kinetics does contribute a rate sensi-
tivity to the impedance of the cell, which reduces with increasing
polarization, as defined by the Butler-Volmer equation.

The electrolyte ionic conductivity and diffusivity are temperature
sensitive, and Valoen and Reimers have provided a thorough charac-
terization of these parameters for a representative Li-ion electrolyte
composed of EC/ PC/ DMC and LiPFg salt.*’ Over the temperature
range tested in our work (278-318K), a linear temperature sensitivity
was fit to Valoen’s data with an R? value of no less than 0.998 for the
conductivity and diffusivity at concentrations of 1 and 1.7 mol/L. It is
assumed here that the electrolyte temperature sensitivity is linear.

Based on typical Li-ion impedance behavior the measured short-
time pulse current distribution response is primarily controlled by the
ohmic, charge transfer kinetics, and electrolyte diffusivity phenomena.
As a result we have studied the SOC, rate, and average temperature
sensitivity to varying degrees of temperature non-uniformity. More-
over, any dependence on rate and SOC for short-time pulse testing will
most likely be caused by the effects of charge transfer kinetics. The
rate and SOC sensitivity to temperature non-uniformity will depend
on how significant the charge transfer resistance varies with temper-
ature and how large it is relative to the total resistance of the cell.
Finally, full charge depleting discharges should then allow for sepa-
rately studying the effects caused by the development of non-uniform
SOC among parallel-connected cells.

A conceptual model consisting of a parallel connected set of equiv-
alent circuit models (ECM) is used to aid in explaining the experi-
mental observations, and this is presented in Figure 1. We do not use
this conceptual model for explicit numerical analysis here, rather for
illustrating two key physical effects that were observed in this study.
A general model of three cells connected in parallel is illustrated in
Figure 1a. Each cell is modeled as an impedance block in series with
a voltage source. The impedance block consists of a resistor, R,, in
series with a parallel connected resistor and capacitor, R., and Cy;.
Generally, several serially connected RC groups are needed to accu-
rately match the impedance response of the charge transfer kinetics
and diffusion mechanisms, however, one RC group is depicted here
for simplicity. The voltage source, U,,, models the full cell equilib-
rium voltage. The impedance block is generally temperature, rate and
SOC dependent. The equilibrium voltage source is modeled here as a
function of SOC only. We have purposefully ignored the equilibrium
voltage temperature sensitivity, though that is commonly understood
to exist for Li-ion battery electrodes.*'*> For low C-rate cases the en-
tropic effect may be important to account for. Our future model-based
studies aim to include this effect in the analysis, but it is not included
in this work.
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Figure 1. a) General circuit model representation of parallel connected cells.
b) Modified representation of the general case in (a), which represents the
non-uniformity of equilibrium potential among parallel cells as an additional
overpotential.

Figure 1a is rearranged in Figure 1b. This form of the model treats
the amount of non-uniform U,, as an additional overpotential. This
effective overpotential, AU,,, is defined in Equation 1, where U, ;
is the jth cell in the parallel connected set, and U, 4., is the average
equilibrium voltage of the cell group, which is the equilibrium voltage
based on the average SOC of the cell group. The development of AU,
occurs when a non-uniform impedance exists among the cells when
current is passed through the cell group, which in the case here is
caused by non-uniform temperature. Non-uniform impedance is also
be caused by potential gradients along the current collectors, and this
effect has been studied recently.?830:46-4

Al]eq,_/' = Ueq.j - Ueq,avg [1]

A simplified case where AU,, is zero can occur, and in this case
the impedance block is the only contributor to non-uniform current.
This models the behavior observed in our pulse results, and also the
behavior observed in portions of our charge depleting discharge where
the slope of U,, versus SOC is effectively zero, and thus non-uniform
SOC cannot cause non-uniform U,,.
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Figure 2. (a) Cylindrical cell fixture. (b) Exploded view of cylindrical cell fixture. (c) Schematic of the full test system. (d) Image of the actual cell/thermal fixture,

shunts, and thermoelectric elements.

Methods

Cell specifications.—Five 2.2 Ah NMC and five 1.4 Ah LFP 18650
cells were used for the separate NMC and LFP cell group studies,
respectively. All of the cells were nominally rated to provide maximum
continuous discharge rates of 3C. For each chemistry ten cells were
pulse tested at the same SOC and five cells that were within a 2%
resistance tolerance were selected as the final cells for a cell group,
and this ensured nominally uniform utilization.

System specifications.—Battery voltage/current data
acquisition/control.—An Arbin BT2000 battery test station was used
to apply the electrical test conditions. The Arbin system measured
the total voltage and current of the cell group. The individual cell
currents were measured using nominally 1.5 mS2 shunt resistors.
The uncertainty of the shunt resistance was calculated to 1%. The
shunt resistor voltage was measured at a rate of 20 Hz for each shunt
using a National Instruments 9205 voltage measurement module.
The voltage measurement uncertainty was 0.024 mV. The shunt
resistor and voltage measurement uncertainties resulted in current
measurement uncertainties of 5.80, 2.49, 1.52, 1.15% for the C/5,
C/2, 1C, and 2C-rate tests on the LFP cell group. The uncertainties
for the NMC current measurements were 3.77, 1.77, 1.24, and 1.06%
for the same respective C-rates.

The five shunts for a given cell group were selected to provide
no greater difference in resistance than £0.5% relative to the shunt
group average resistance. The total resistance of the electrical inter-
connection from the positive busbar to the negative busbar, excluding
the cell, was measured to be 3.4 m<2 for the NMC cells, and 8.4 mQ2
for the LFP cells. The LFP cells had spot-welded tabs, which con-
tributed slightly more impedance than the soldered joints used on the
NMC cells. The additional 3.4 mS2 resistance for the NMC cell group
represents at most 8.3% of the NMC cell 10 sec pulse DC-resistance
measured at 45°C and 50% SOC. For the LFP cell group the relative
resistance contribution was at most a 10.5% contribution relative to
the 10 sec pulse DC-resistance measured at 45°C and 50% SOC. The
shunt resistors provided a method to measure the current distribution
without significantly affecting the true cell group current distribution
when under load.

Temperature data acquisition/control.—Each grouping of five
cylindrical cells was clamped between two Aluminum blocks with
slots machined to capture the cells. Thermal Interface Material was
placed between the cells and the Aluminum blocks. Seven thermo-
couples were attached to the surface of the cells, and their locations
are illustrated by the red dots in Figure 2c. Type K thermocouples
were connected to a National Instruments 9213 module and a sam-
pling period of five seconds was used. The thermocouples have an

uncertainty of +1°C. The clamped cell group was placed between
two thermoelectric temperature control plates (TEC). The TECs were
used to control the temperature difference and average temperature
across a cell group. The TECs used were the CP-110 model produced
by TE-Technology. Each TEC provided continuous fixture edge tem-
perature control during testing. An Oven Industries SR7-001 temper-
ature controller was used to control the temperature of each TEC. A
24VDC/350W Mean Well power supply provided the DC input power
for each of the temperature controllers. A schematic of the system may
be seen in Figure 2c and an image of the cell group in the thermal
fixture is provided in Figure 2d.

Our system was designed to set a linear temperature profile across
the cell group to enable the control of the average temperature and the
temperature difference across the cell group. Equation 2 defines the
temperature profile, where T;. ; defines the kth thermocouple in a cell
group. The individual thermocouples T;. o/ T;. and T;. s/ T;. ¢ mea-
sured the left/right edge temperatures of cells 1 and 5, respectively,
to enable the measurement of the amount of thermal non-uniformity
within a single cell during testing. The single cell temperature differ-
ence never exceeded 2°C. Cells 2, 3, and 4 had thermocouples ;.3 4
placed at the center of the cell surface. The cell group average temper-
ature, T,,,, and temperature difference, AT, are defined in Equations
5 and 6, respectively. Our testing approach evaluated the changes in
electrochemical performance caused by varying degrees of AT at
different 7;,,, C-rates, and State of Charge (SOC).

T, = [T, Ticn. Tres. Tres T5)) 2]
where,

- 1
I = 3 (th,() + th,l) [3]

- 1
Is = E (th,S + th,G) [4]

1 Neells .

Tove = Tpror i 5
e Nz‘ells ; prokd [ ]
AT = th,ﬁ - Tlc‘() [6]

The actual temperature profile deviation from the desired control
temperature profile for each test condition was quantified for error
analysis. The largest deviations occurred near the end of the full ca-
pacity discharge testing, due to increasing cell impedance at low SOC.
A matrix of the profile errors, which is indexed in time and cell num-
ber, was calculated using Equation 7, where f’p,_, is the temperature
array of the jth cell in a cell group indexed through test time, and
Ty, refers to the desired temperature for that cell for the desired ther-
mal test condition. This matrix of temperature profile errors was then
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Figure 3. Actual measured temperature profiles for each cell in the cell group
(colored lines) compared to the desired constant profiles (black dashed lines)
during the Charge Depleting Non-uniform temperature testing. These profiles
are for the 1C-rate and 15°C average temperature case. All AT conditions are
presented. (a) LFP cell group. (b) NMC cell group.

vectorized and the Root-Mean-Square (RMS) error was calculated,
as well as the maximum error, and these are defined in Equations 8
and 9, respectively. Here, we use the vec() operator to indicate the
vectorization process. This simply indicates the flattening of a matrix
to a vector for the error calculations, as is performed in Equations 8
and 9.

Ep=[(po=Too) . (s = T00)] 7]
RMSE, = [8]
MAXE, = max (VCC(|EP|)) [9]

The worst case RMS temperature profile error, RM SE,, evaluated
for all test cases was calculated to being 0.9°C. The maximum profile
deviation, MAX E,, was measured at 1.7°C, which occurred near the
end of the discharges where internal cell heating increased. Therefore,
the desired thermal conditions that were applied here remained quite
constant, however, the observed deviations may slightly affect the
measured current distributions, particularly near the end of discharge
for the full charge depleting testing results.

Figure 3 presents the measured temperature profiles for the Charge
Depleting Non-uniform temperature testing at the 1C-rate and 15°C
average temperature case. This is only for a single test case for each
cell group, but this is presented as an example of what the actual
temperature profile evolution was during testing. The Charge Deplet-
ing data is shown as the temperature profiles did deviate from the
controlled condition due to cell heating that occurred over the extend
test. The presented subset was the case where the largest temperature
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profile error was recorded. In subplot (a) the LFP cell group data is
presented, and (b) is for the NMC cell group. The line colors repre-
sent the cell position in the group, where the blue line is the coldest
cell (Cell 1), and the red line is the hottest cell (Cell 5) within the
group. The dashed black lines represent the intended control temper-
ature profiles for each cell within the group. The difference between
the desired profile and the actual temperature profile was calculated
for all measurements as described above using Equation 7. Hence, as
detailed in the previous paragraph the error in the desired temperature
profile remained within a maximum deviation of 1.7°C, and the RMS
error was 0.9°C. These values for the error refer specifically to the
15°C average temperature, 20°C AT, and 1C-rate case. The cases at
either higher average temperatures, lower AT, or lower C-rate expe-
rienced lower temperature profile control error, as in those cases the
cells generated less heat, and the thermal control system maintained
more ideal conditions.

Testing approach.—Baseline cell characterization.—The Open
Circuit Voltage (O CV) versus SOC curve was generated by averaging
C/60 constant-current discharge and charge voltage profiles for both
the LFP and NMC cell groups, respectively. Discharging was cutoff
at 2.8/2.8 V and charging was cutoff at 3.65/4.2 V for the LFP/NMC
cell groups. The OCYV test was performed at a uniform temperature
of 35°C, and this slightly elevated temperature was used to aid in
reducing the cell overpotential.

Following the OCV test the DC resistance (DCR) versus SOC and
temperature of the cell group was evaluated under uniform tempera-
ture. A 10 sec constant-current C/5 pulses were performed throughout
the full SOC window, and at temperatures of 5, 10, 20, 30, and 50°C.
The DCR is defined in Equation 10 where V is the measured cell
voltage and I, is the applied current at the cell level.

_ V(t = 0) — V([ = tcalc)

feale —

DCR

[10]
Ipulse

Additionally, the temperature sensitivity of the equilibrium voltage
was measured versus SOC. We followed a common testing method
used by several others.*'** Each cell group cell was brought to a
specified SOC, and then allowed to rest for two hours. The temperature
was then swept through the following sequence: 45°, 25°, 5°, 25°, and
45° and allowed to rest for two hours at each temperature. The SOC
was incremented by 5% for each measurement, and this was evaluated
between 75 and 5% SOC.

Non-uniform temperature pulse characterization.—Short 10 sec
constant current pulses were performed at three SOCs and these were
all run at four C-rates and twelve thermal conditions. This was per-
formed specifically to understand the current distribution response vs.
SOC, C-rate, and average temperature when the initial SOC distribu-
tion was controlled to be uniform, and does not evolve significantly
from that for the duration of the short pulse. Referring back to our
conceptual model in Figure 1b, the pulse testing specifically aims to
understand the behavior when the AU,, terms are zero.

The twelve non-uniform temperature thermal conditions used here
consisted of four AT (Eq. 6) conditions at 0, 5, 10, and 20°C applied
at each of three 7, (Eq. 5) conditions of 15, 25, and 35°C.

Pulse testing evaluated the current distribution for 10 sec constant-
current pulses at C-rates of C/5, C/2, 1C, and 2C. The pulse profile for
each C-rate consisted of a 10 sec discharge pulse, 30 sec rest, 10 sec
charge pulse, and 10 min rest. This full pulse sequence consisted of
the pulse profile repeated four times, once for each of the respective
C-rates. The discharge and charge pulses were performed at matched
C-rates.

The full pulse sequence (i.e., all C-rates) was executed at each
of the twelve thermal conditions, and these were all repeated twice
in random order to check for consistency. Two hour rests were ap-
plied between each full pulse sequence to allow for the new thermal
condition to reach equilibrium. The full rate/thermal pulse test was

Downloaded on 2017-11-06 to IP 75.76.164.129 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 164 (9) A1893-A1906 (2017)

Low-rate C/60 Ch /Dch
a) i (C/60) Chg 9 .
- - NMC mean D 4
— = NMC - dchg e
400 - NMC - chg ';i? o el
= LFP - mean g /;
3.8 H — LFP-dchg 2 P -
S —— LFP-chg zZ 7=
~ 36 = ]'
g il : )
£ 34 SIS
>
3.2 e B
30 JL J L ) —
) ()
28 y ! !
0.0 0.2 04 0.6 0.8 1.0
State of Charge
c) Entropic Coefficients for LFP and NMC Cells
02 T T
g 0.1+ .
T 00- .
8 -01+ .
e
=
5 -02+ —a LFP ||
+ —¢ NMC
_0 3 | | | | I I
0.0 O 1 02 03 04 05 06 07 0.8

State of Charge

DCR [m()]

A1897

b) Unif. Temp. | DCR(SOC, T) | Rate: C/5

500 t: 1.0sec
TR O
400 ;- L '}58 T e -
.80k :
0 :
300 120 5(‘) """" -

200
100

I I Y

0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90 100

t: 10.0sec
700 T [250l T T 1T 1771 | 11T 17T 1—T_1
j T 8 R o | —T:5°C
600 200 |- SN — TH0°c U
> twl = a0
500 . - IS WO W1 = e
s T | — Ts0°C
400 T A e
300 ‘ T8
: \‘I N
200 i \‘:::_
100 -.1:|;|;|5|-—
Ll

0 10 20 30 40 50 60 70 80 90100 O 10 20 30 40 50 60 70 80 90 100

State of Charge [%)]

Figure 4. (a) Low-rate (C/60) charge and discharge curves. The averaged curves serve as U, vs. SOC lookup tables, and baseline characterization for modeling.
The regions highlighted as (1)-(5) for both chemistries align with the transient phases the current distribution experiences during our charge depleting testing, and
this is described in our results section. (b) DC Resistances calculated at 1.0 sec (top) and 10.0 sec (bottom) into a C/5 pulse for the 18650 cylindrical LFP and
NMC cells tested in this study. The inset plots show the DCR [mS2] plotted vs. temperature [°C] at the 50% SOC point. The inset plots contain lines for both cells,

LFP:(- -), NMC:(-). (c) Entropic coefficients for both cell chemistries vs. SOC.

performed at 20, 50, and 80% SOC to study the SOC sensitivity of the
current distribution response under pulse conditions.

Non-uniform temperature charge depleting characterization.—
Full capacity constant current discharges were performed at three
C-rates and twelve thermal conditions. This was performed specifi-
cally to understand the current distribution response when the SOC
does not necessarily remain uniform. Referring back to our conceptual
model in Figure 1b, the pulse testing specifically aims to understand
the behavior when the AU,, terms are no longer necessarily zero.
This test allows us to investigate the difference in how varying types
of OCV(SOC) sensitivity (e.g., LFP vs. NMC) play a role in con-
trolling the current distribution when a set of cells is placed under
non-uniform thermal conditions.

Full capacity constant-current discharges at C-rates of C/5, C/2,
and 1C were performed from fully charged to a cutoff minimum volt-
age of 2.4/2.9 V for the LFP/NMC cell group at the same twelve ther-
mal conditions used in the Non-uniform Temperature Pulse Charac-
terization (Non-uniform temperature pulse characterization section).
The rates were chosen to match the rates used in the Pulse Character-
ization, however, our thermal control system was not able to maintain
adequately constant thermal conditions for the 2C charge depleting
test.

Results and Discussion

The results are presented in the following order: (i) uniform tem-
perature characterization, (ii) non-uniform temperature pulse (Pulse)
characterization, and (3) non-uniform temperature charge depleting
(CD) characterization.

Uniform temperature characterization.—The uniform tempera-
ture slow-rate and pulse data are plotted in Figure 4 for both the LFP
and NMC cell groups. The cell groups provided a total capacity of
7.18 Ah (1.4 Ah per cell) and 11 Ah (2.2 Ah per cell) for the LFP
and NMC cell groups, respectively. The slow-rate test was carried out
at 35°C and C/60, and this data was used as the full-cell equilibrium
potential (U,,) data.

The cell groups were then characterized using a sequence of 30 sec
pulses at C-rates of C/20, C/5, and 1C. The DCR, calculated at t =
1.0 and t = 10.0 seconds in the C/5 pulse, is presented in Figure 4b.
This test was carried out to provide a baseline characterization of the
resistance versus temperature of the cells. It is clear that the NMC
cells show a larger DCR versus temperature and DCR versus SOC
sensitivity compared to LFP.

Finally, Figure 4c presents the sensitivity of U,, to cell group
average temperature. We found that the entropic coefficients (i.e.,
aU/aT) for either the LFP and NMC cells ranged between —0.2 and
0.2 mV/k, depending on SOC. These values match well with those
found previously for LFP and NMC cells in the literature.*!

Non-uniform temperature pulse characterization.—The 10 sec
pulse discharge current distribution response was evaluated across
twelve thermal conditions which were all applied at C-rates of C/5,
C/2, 1C, and 2C, and three SOCs of 80, 50, and 20%. The normalized
current (1) is defined for each cell in a cell group as the cell current
divided by the average cell current in the cell group. For example, for
the five cell group used here, if the total current draw is 10A then the
average cell current is 2A. For a uniform impedance scenario all cells
in the cell group would each be providing 2A, and therefore each cell
would have a normalized current of one (i.e., 2A/2A). Equation 11
provides the mathematical definition of the normalized cell current
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Figure 5. The normalized cell current for all five cells during the 10 sec pulse for the NMC cell group. Line color indicates the cell position within the cell group.
Line marker indicates the different AT case. Line style indicates the SOC. Subplots in the same row refer to the same cell group average temperature; labeled to
the right of (c,f,i). Subplots in the same column refer to the same C-rate case; labeled as titles of subplots (a,b,c). Note that the C/2 rate column has been removed
to save space. The pulses for the 80%, 50%, and 20% SOC cases are plotted in that order from left to right in the same subplot, and these are labeled at the top of

(a,b,c).

(7 i), where I is the current in the jth cell in the cell group, and N .
is the number of cells in the cell group. This normalized parameter
enables the comparison of the current distributions across the different
C-rates and cell chemistries tested here.
[ B [11]
= 1 Neells
Neells ijlll 1

Figure 5 presents the normalized current distribution responses to
the 10 sec current pulse for the NMC cell group. Each subplot contains
the normalized current response at 80, 50, and 20% SOC, and these

are aligned horizontally to each other. Additionally, the response for
the 5, 10, and 20°C AT conditions are provided in the same subplot,
and are aligned vertically to each other. Hence, a single subplot shows
the current distribution responses to the 10 sec pulses applied at all
SOCs and AT's at a specified C-rate and 7,,,. The tested C-rates of
C/5, 1C, and 2C are in each column, and the rows of subplots refer
to the T,,, conditions of 15, 25, and 35°C. Note that the C/2 rate
case is not plotted in order to save space, and was removed as it
was not substantially different from the C/5 rate case. The plot for
the normalized current distribution responses of the LFP cell group
is not provided as the current distribution responded at a rate faster
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Figure 6. The difference between the hottest (Cell 5) and coldest (Cell 1)
normalized cell currents in the LFP (left column) and NMC (right column)
cell groups near the end of the 10 sec pulse. Rows refer to the three average
temperature conditions tested; from top to bottom: 15, 25, and 35°C.

than 10 Hz, and remained steady for the duration of the 10 sec pulse.
The LFP results are more efficiently summarized and compared to
the NMC cell group by plotting the total difference in normalized
current between the hottest and coldest cells within a group at the end
of the 10 sec pulse, which is denoted here as the normalized current
difference, A/, as in Equation 12.

Ai = i/wttest = Lcoldest [12]

There was a noticeable asymmetry in the current distribution for
the NMC cell group, and this can be seen most prominently in Figure
Sa. This is indicated by the middle cell (Cell 3) having a normalized
current less than one. The LFP cell group current distribution was
much more linearly distributed among the cells, which indicates that
the charge transfer resistance temperature sensitivity was of less sig-
nificance in the total cell impedance; i.e., the LFP cell resistance is
more dominated by linearly temperature sensitive impedance compo-
nents such as the electrolyte effects.

The normalized current difference between the hottest and coldest
cells at the end of the pulse is plotted in Figure 6. The results for both
the LFP (left column) and NMC (right column) cell groups is provided
to distinguish the differences between the two chemistries. The NMC
cell group experienced a larger current difference compared to the
LFP cell group for a given AT. The rate sensitivity (slope of AT vs.
rate) increased as either average temperature was reduced, and/or the
amount of AT was increased. Lastly, the SOC effect is also shown.
The SOC effect was most pronounced at 20% SOC and higher T,,,
for the NMC cell group. Due to the flat U,, (Fig. 4a) and DCR (Fig.
4b) vs. SOC of the LFP cell group the current difference tended to be
insensitive to SOC. However, for NMC, which does have a large SOC
sensitivity at SOCs less than 30%, the current difference for the 20%
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SOC case was comparatively more significantly affected. Low SOCs
cause increases in the charge transfer resistance, and therefore the
total resistance would effectively become more temperature sensitive,
and this aligns with the increase in current non-uniformity at the 20%
SOC case for the NMC cell group.

As T,,, was reduced the current distribution became more sensitive
to AT . For example, the LFP cell group at the T,,,: 35°C/ AT: 20°C
case produced similar levels of current non-uniformity as the 7,,,:
15°C/ AT: 10°C case, which is caused by the Arrhenius temperature
sensitivity of the cell resistance. Hence, current non-uniformity is
highest when the resistance is most temperature sensitive (i.e., lower
T.ve)- For both cells this occurred at lower average temperatures. For
the NMC chemistry this was strongest and also most exacerbated at
low SOC.

Referring to Figure 6, increases in C-rate caused the total difference
in current between the hottest and coldest cells to be reduced. This
trend occurred for both the LFP and NMC cell groups, though the
effect was more pronounced for the NMC cell group. This can be
explained by a situation where the ratio of charge transfer resistance
to total resistance, R./R,,, is greater in the NMC cell than the LFP
cell. Therefore, this would produce a greater rate sensitivity for the
total cell resistance.

There was a slight amount of SOC sensitivity to the current distri-
bution for the LFP cell group, however, this was primarily observable
at the T,,,, : 35°C case, and even there was quite subtle compared to
the NMC cell group SOC sensitivity. At the T,,, : 25 and 35°C cases
the NMC cell group showed a significant change in the overall level of
current non-uniformity at the 20% SOC case compared to the 80 and
50% SOC cases. The 80 and 50% SOC pulses were similar, though
a slightly smaller current non-uniformity was observed for the 50%
SOC pulses. The SOC effect on the end of pulse normalized current
difference was most pronounced at higher average temperatures.

Overall, for both chemistries, the total normalized current differ-
ence was highest when the cell impedance was more temperature
sensitive, and this tended to occur at lower SOC, lower C-rate, and/or
lower average temperature. At 20% SOC, T,,,: 15°C/ AT: 20°C, and
C/5 the hottest cell in the NMC cell group was required to carry nearly
80% higher current than the average cell current. In comparison, at
the same condition, the hottest cell in the LFP cell group carried 40%
greater current than the average cell current. This behavior indicates
that for pulse conditions the LFP cells have a lower sensitivity to
temperature non-uniformity compared to the NMC cells. Addition-
ally, under pulse conditions then, the hotter cells in a module (and/or
hotter portions internal to a cell) may be required to charge/discharge
beyond design limits when operating near the design limits while
experiencing non-uniform temperatures.

Non-uniform temperature charge depleting characterization.—
In this section we present the current distribution results for the full
Depth of Discharge (D O D) charge depleting discharges. The amount
of non-uniform SOC and U,,, that developed is quantified, and the dif-
ferences between the current distributions in the pulse and charge de-
pleting cases are compared. Lastly, the consequences that non-uniform
temperature has on cell and battery pack designs are considered.

Current distribution behavior—Figure 7 presents the current dis-
tribution behavior of the LFP cell group. Referring to Figure 7g the
transient nature of the current distribution is summarized. The LFP cell
group goes through at most five phases throughout the discharge. In the
first phase there was an initial expansion and then steady distribution,
which tended to occur between 0 and 20% D O D. The second phase
contracted and then expanded quickly, between 20 and 30% DO D.
The third phase was again a steady distribution, where the hotter cells
were the stronger contributors to the current. This ranged between 30
and 60% DO D. In the fourth phase, ranging from 60 to 90% DO D,
the current distribution experienced an inversion, where the colder
cells became the dominant contributors. Finally, from approximately
90% D O D until the end of discharge the current distribution in the
fifth phase experienced a rapid expansion and remained in the inverted
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Figure 7. The normalized cell current for all five cells during the full capacity discharge for the LFP cell group. Subplots in the same column refer to the same
C-rate case, which are labeled as titles of subplots (a-c). Rows refer to cell group average temperature.

distribution. For visual reference, these phases are highlighted in
Figure 4a, as they correlate well with the gradient peaks in the U,,
versus SOC curve.

Generally, as T,,, was lowered and/or C-rate was increased (i.e.,
overpotential was increased) the current distribution became less dy-
namic. For example, in Figure 7¢ (T;,,: 15°C and 1C rate) the first three
phases tended to merge into one. At higher rates, effective smoothing
of the equilibrium potential occurs due to porous electrode effects,
and the impedance overpotential becomes more dominant.

Itis interesting to compare these results with those of Zhang et al.,?
where they measured the current distribution among segregated LFP
cathodes in an LFP/graphite pouch cell. The cause of the non-uniform
current distribution in their cell was due to the potential gradients

generated along the length of the current collector. Similar to our
results, at low overpotentials, either generated by higher operating
temperature and/or lower C-rate, they observed a more transient cur-
rent distribution throughout the discharge process, and these correlate
with the U,, gradient peaks. However, a key difference observed
between our study and theirs is that as Zhang increased average tem-
perature, a significant increase in current non-uniformity, N , was
observed. In Zhang’s cell, the source of non-uniform impedance was
the current-collector, which had a relatively small temperature sen-
sitivity compared that of the electrochemical impedance. Yet, in our
system the non-uniform impedance became less pronounced as aver-
age temperature was increased, which is due to the Arrhenius nature
of the Li-ion cell impedance. Therefore, higher operating temperature
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Figure 8. The normalized cell current for all five cells during the full capacity discharge for the NMC cell group. Subplots in the same column refer to the same
C-rate case, which are labeled as titles of subplots (a-c). Rows refer to cell group average temperature.

aids in reducing a cells sensitivity to non-uniform temperature, but
this conversely increases the negative impacts caused by the potential
gradients in current-collectors.

Figure 8 presents the current distributions for the NMC cell group.
Referring to Figure 8g the transient nature of the current distribution is
summarized. The initial current distribution immediately progressed
as a contraction, which fully collapsed to a uniform current distribu-
tion, and this spanned between 0 to 40% D O D. In the second phase
an expansion/contraction occurred between 40 to 70% DO D, and
that corresponds to the point in the U,, curve where the NMC cathode
equilibrium voltage experiences a significant transition. Additionally,
at that point the first step in the graphite equilibrium occurs. The third
phase tended toward an inverted one from 65 to 85% DO D, which
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then briefly transitioned into the fourth phase flipping back to a hot
cell dominated distribution from 85 to 90% DO D. Finally, phase
five produced a permanent inversion in the current distribution. Addi-
tionally, this inversion occurred much later in the discharge than the
LFP cell group inversion. As in the LFP cell group, increasing rate
increased the porous electrode smoothing effect, and larger relative
impedance overpotential which minimized the transient nature of the
current distribution for the NMC cell group.

For both cell groups the SOC points where the current distribution
transitions correlate well with the SOC points in the step changing
behavior of the full cell equilibrium voltage curve. This indicates that
the changing U,, behavior forces a change in the overpotential of
the cell, thus driving a change in the current distribution. Due to the
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build up of non-uniform SOC, the individual cell U,,s will undergo
the U,, step change at offset times during the discharge. For the LFP
cell group the primary contributor to the step changes in the U,, vs.
SOC curve was the graphite anode, which contains quick potential
changes between its plateaus.’® Studying the behavior of the LFP cell
group aids in developing an understanding of current non-uniformity
evolution under charge depleting conditions for cell chemistries with
low U,y vs. SOC gradients. In contrast to the LFP cell group, the
NMC cathode equilibrium potential is the dominant contributor to the
U,, slope for the first 70% of the discharge where finally the graphite
drop becomes apparent.®! Finally, as rate and/or average temperature
was reduced the largest initial normalized current distribution was
generated, which was true for both chemistries; i.e., where there was
the largest DCR versus temperature distribution.

Non-uniform state of charge.—Both the maximum ASOC and
End of Discharge (EOD) ASOC are presented in Figure 9. Here,
ASOC is defined as the difference in SOC between the coldest and
hottest cells at the same point in time, as in Equation 13. The solid
and dashed lines refer to the LFP and NMC cell groups, respectively,
while the line colors refer to the varying levels of AT. The SOC for
each cell was calculated via integrating the measured individual cell
currents through time, and they were assumed to start at 100% SOC at
the beginning of the discharge. The maximum ASOC that occurred
throughout the discharge was larger for the LFP cell group than for
the NMC cell group. However, due to the earlier current distribution
inversion for the LFP cell group, it has a lower EOD ASOC, while
actually having a greater maximum ASOC earlier in the discharge.
For both cell groups the amount of ASOC increased with increasing
AT, and the amount of ASOC was reduced as the average cell group
temperature was increased.

ASOC = SOCcoldest - SOChattext [13]

It is important to note that after the discharge was completed the
non-uniform SOC will equilibrate among the cells. The magnitude
of dU,;/dSOC as well as the cell impedance will control the rate
of SOC equilibration. We did not specifically test to study this effect
here, and therefore we do not report on this.

Comparison of the pulse and charge depleting current distribu-
tion behavior—A comparison of the hottest/coldest cell normalized
current difference (A1) between the non-uniform temperature pulse
(Pulse) and charge depleting (CD) results is provided in Figure 10. To
simplify the plot only the low and high C-rate (C/5 and 1C) and low
and high average temperature (15 and 35°C) are presented. The AT
was extracted from the CD tests at the same average SOC point as the
Pulse tests (i.e., at 80, 50, and 20% SOC). The one exception to this
is for the NMC cell group data in Figure 10b, where the end of dis-
charge was reached earlier than 20% SOC, and therefore we plot the
normalized current difference for the last available SOC in that case.
The two chemistries are plotted together side-by-side in each subplot
for the same respective case. The solid lines refer to the normalized
current differences for the CD data, and the dashed lines are for the
Pulse data.

For the LFP cell group, in Figures 10b, 10d at the 80% SOC/ 1C
rate cases, the current distribution for all AT's appeared quite similar
between the Pulse and CD tests. However, apart from those two cases
for the LFP cell group, the current distribution in the CD cases was
always smaller than that measured in the Pulse tests. Additionally, we
notice that the inversion in the current distribution only occurred in the
CD experiment. The NMC cell group also has a greater relative change
in the current distribution from the Pulse to the CD test compared to
the LFP cell group.

Using the local SOCs for each cell at the cell group’s average SOC
points of 80, 50, and 20% the U,, for each cell was interpolated using
the quasi-equilibrium voltage data from the C/60 discharge curves
in Figure 4a. The thermal sensitivity of the equilibrium voltage was
ignored in the interpolation of the equilibrium voltage. For both cell
groups used here this amounts a maximum error of 4 mV for the
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Figure 9. The maximum SOC difference (left column) and the End of Dis-
charge SOC difference (right column) between the coldest (Cell 1) and hottest
(Cell 5) cells in the cell group. Both cell groups are plotted, LFP (—) and NMC
(- -), and line color indicates the AT condition.

20°C AT cases, as the entropic coefficients were measured as being
between —0.2 and 0.2 mV/K for the cells used here.

The amount of ASOC and the resulting AO CV between the cold-
est/hottest cells is presented in Figure 11. It is important to distinguish
the difference between the variables we have defined as AOCV and
the aforementioned AU,,. The AOCYV term is defined below per
Equation 14. These differ in that AOCYV is the difference in equilib-
rium potential between the coldest and hottest cells in the cell group,
while AU,, is defined for each cell in the cell group as the effective
overpotential caused by differences in the cell equilibrium poten-
tial, U, j, and the average cell group equilibrium potential, Ueq qv,
(Eq. D).

AOCV = Ueq,coldest - Ueq,hotresr [14]

Referring to Figure 11 we now discuss our reasoning behind the
differences in the Pulse versus CD results. Due to the initially flat
OCYV curve of the LFP cell group, the AOCV was less than SmV,
even though the ASOC at this point was larger than that of the NMC
cell group. Using the cell group terminal voltage (not shown here)
the resistance overpotential for the LFP cell group was measured
at approximately 200 mV at 80% SOC, which was approximately
two orders of magnitude greater than the AU,, overpotentials. For
the same case, the NMC cell group overpotential was measured at
approximately 300 mV, while the AOCV was on the order of 130 mV
for the 20°C AT condition. In that case the AOCV (and therefore
the AU,, overpotentials) was of large enough magnitude to play a
significant role in controlling the current distribution. Conversely, at
80% SOC for the low overpotential cases (e.g., C/5 and 35°C) the
impedance overpotential for both cells was only on the order of 25
mV. This then only requires a AS O C of less than 3% for the NMC cell
group to generate a AOCYV on the same order as the overpotential.
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Figure 10. Comparison of the normalized current difference (Ai = Thor — Amld) between the Pulse and Charge Depleting cases at the same SOC points of 80,
50, and 20%. Results shown side-by-side for the LFP and NMC cell groups in the same subplot. To simplify the presentation of the large study only the high and
low average temperatures, and the high and low C-rates are plotted here.
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Figure 11. Comparison of ASOC and AOCV. Results shown side-by-side for the LFP and NMC cell groups in the same subplot. To simplify the presentation
of the large study only the high and low average temperatures, and the high and low C-rates are plotted.
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Figure 12. Comparison of the normalized discharge energy between LFP and
NMC cell groups. This is showing the effect that AT has on the available
discharge energy as a function of average cell group temperature and C-rate.

However, the LFP cell group, at 80% SOC, would require greater
than 30% ASOC to develop a 25 mV AOCYV. Therefore, as we
observe at 80% SOC, the LFP cell group still experienced a larger
current non-uniformity, whereas the NMC cell group was discharging
at essentially uniform current. And in general, this was why the NMC
cell group had a much more uniform current distribution for the CD
testing, even though its current distribution was more non-uniform for
the Pulse testing.

Consequences for cell and battery pack design.—We now present
extracted system level impacts that the results may have on Li-ion cell
and battery pack design. First, we analyze the extracted energy from
the individual cells as well as the cell group during the CD discharges.
The cell, and then normalize these to their respective AT: 0°C case,
and this data is plotted in Figure 12. The normalized energy, defined
in Equation 15, describes the relative amount of energy discharged
from the cell group at a given AT condition compared to the same
case operated at uniform temperature.

Eoit = Eoui(AT,)/Epu(AT = 0°C) [15]

The largest observed relative energy reduction was approximately
3%. This occurred at the T,,,: 15°C/ AT: 20°C condition for both cell
groups at C/2, as well as the T,,,: 25°C/ AT: 20°C condition for only
the LFP cell group. For AT's less than 10°C, the NMC cell group never
experienced more than a 1% reduction in the normalized discharge
energy, while the LFP cell group energy reduction was never more
than 2%. These results again indicate that the NMC cells were more
tolerant to non-uniform temperature for charge depleting conditions
compared to the LFP cell group.

Because the changes in normalized discharge energy were rela-
tively small some limitations of the test equipment are worth noting.
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First, the larger than unity cell group normalized energy for the NMC
Tovg: 15°C/ AT: 5°C case at the C/2 and 1C rates may indicate that
internal cell heating was able to increase the available energy by as
much as 0.5%. This case is where the AT effect is smallest, and there-
fore the purest observation of the internal heating error magnitude. For
the AT: 20°C and 1C rate this error may have been slightly stronger,
which may explain the slope direction change for these cases.

Figure 13 presents the normalized EOD discharge energy profiles
for both cell groups. Using the measured current profile for each cell
in the group, and the total group voltage profile, the cumulative dis-
charged energy for each cell was calculated for all tested conditions.
Figure 13 provides a compressed set of the data, by only plotting the
C/5 and 1C rates that were tested; leaving out the C/2 case for brevity.
The presented energy profiles were normalized using the largest cal-
culated discharge energy for a single cell across all of the tested
conditions, which was at the 35°C average temperature and C/5-rate
case (i.e., the case for the highest average temperature and lowest
C-rate). The largest measured discharge energy for one of the 18650
cells in the LFP cell group was measured to be 4.53 Wh, and for the
NMC cells this was 7.84 Wh. The horizontal axis indicates the cell
position index within the cell group, where Cell 1 is the coldest cell,
and Cell 5 is the hottest cell. This is also indicated in the upper right
portion of Figure 13b.

For both cell groups the energy profiles are nonlinear in that the
hotter cells did not improve in their contributed energy output in an
equally matched amount as was lost by the colder cells. This resulted
in the average output energy being reduced for increasing AT, and
this explains the reduced bulk cell group output energy with increased
AT that was presented in Figure 12. For example, in Figure 13b,
looking at the NMC cell group and the AT:20°C case, the coldest
cell output energy drops from the average by approximately 15%,
while the hottest cell output energy increased by only about 10%.
The total difference in output energy between the hottest and coldest
cells follows closely with the measured ASOC that was presented in
Figure 9.

The EOD energy profile for the LFP cell group experienced a
disturbance which was most dramatic at higher average temperatures.
In particular, Cell 4 generally produced more energy than Cell 5,
which does not follow with the temperature profile, as Cell 4 was
always cooler than Cell 5. This is likely explained by a slight cell-to-
cell variation, which the LFP cells may be more sensitive to (due to
flat OCV) than the NMC cells.

Next, a tolerable AT for each chemistry based on setting a speci-
fied allowable ASOC was extracted from the maximum ASOC data
provided in the left column of Figure 9. A tolerable AT was inter-
polated for each average temperature and C-rate tested here. Figure
14 presents the maximum tolerable AT for cases where the maxi-
mum ASOC tolerance was set to 2% and 5%, in the top and bottom
subplots, respectively. The 2% and 5% ASOC limits were admit-
tedly selected somewhat arbitrarily, however, they serve to exemplify
the methodology and appear to be reasonable limits. This informa-
tion could be used to aid in guiding both thermal management sys-
tem AT tolerances, as well as thermal management system control
parameters.

From Figure 14, a substantial increase in the AT tolerance oc-
curred as the average cell group temperature was increased from 15°C
to 35°C. Additionally, we can see that the NMC cell group had a higher
tolerance to thermal non-uniformity. This point is interesting as the
opposite conclusion may have been drawn by comparing the DCR ver-
sus temperature sensitivity and/or the non-uniform temperature pulse
test results. However, as the AU,, effect provided a significant cor-
rective action to reducing the development of ASOC the NMC cell
group had an effectively lower sensitivity to thermal non-uniformity
for the charge depleting use case. The designer must decide upon how
much non-uniform SOC is tolerable, but from that one can then use
this methodology to guide the tolerable AT for a thermal management
system.

It is important to note that this chart is in regard to the effects
of thermal non-uniformity that occurs across parallel connected cells.
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Figure 13. Comparison of the EOD normalized discharge energy profiles of all cells in the LFP and NMC cell groups. This is showing the effect that C-rate,
average temperature, and AT have on the amount of discharge energy non-uniformity that occurs across the cell group. The energy profiles were normalized
by the maximum calculated energy from all of the data in this figure. The maximum available discharge energy for a single 18650 LFP cell was 4.53 Wh, and
7.84 Wh for a NMC cell. This occurred at the high average temperature, and low C-rate condition in subplot (e).

This case is likely more tolerable to AT's due to the corrective action of
the AU,, effect. However, were thermal non-uniformity placed along
serially connected cells this will not occur, as all cell groups will have
the same SOC, due to current conservation through a series connection.
In that case, a generally lower DCR temperature sensitivity (e.g., the
LFP cells) would be less sensitive to AT

Conclusions

Here we have studied the performance effects that non-uniform
temperature has among parallel connected Li-ion cells. The difter-
ence in the thermal effect between short-time 10 sec current pulses and
full capacity discharging was analyzed. These results were compared
across two distinctly different and commercially important Li-ion cell
chemistries; namely LiFePO4/Cq (LFP) and LiNiMnCoO,/C¢ (NMC)
in the 18650 form factor. The influence of the cell group average tem-
perature, State of Charge (SOC), and C-rate was analyzed at varying
levels of temperature non-uniformity.

For the 10 sec pulses, the current distribution that developed among
the parallel connected cells followed the relative DCR versus tempera-
ture sensitivity. Conditions that increase the DCR versus temperature
sensitivity increased the amount of current non-uniformity. For ex-
ample, lower SOC, and lower average temperature had the strongest
impact on increasing the sensitivity to non-uniform temperature for
both chemistries. Lower rates had a subtle impact on this sensitivity, in
that the charge transfer resistance is generally higher at lower rates. For
the low rate, low SOC, low average temperature, and highest AT (i.e.,
highest degree of measured current non-uniformity) the hottest cell in
the NMC cell group was required to carry nearly 1.8 times the aver-

age cell current. In contrast, the hottest cell in the LFP cell group was
loaded to 1.4 times the average cell current. The NMC cells had a larger
DCR versus temperature sensitivity compared to the LFP cells, and
therefore the current non-uniformity was larger in the NMC cell group.

The results observed for the charge depleting testing were signifi-
cantly different than the pulse testing, and this was primarily attributed
to the development of non-uniform equilibrium potentials among the
cells. Non-uniform equilibrium potentials developed due to the non-
uniform SOCs that were caused by the sustained non-uniform current
distribution. The development of non-uniform equilibrium potentials
actually aided in unifying the current distribution, particularly when
the magnitude of non-uniform equilibrium potential was of similar
magnitude to the overpotential developed by the cell impedance. Due
to the LFP chemistry having a moderately flat equilibrium potential
this corrective action was not as strong compared to the NMC chem-
istry. This result was the reverse of what may have been presumed
by the DCR versus temperature sensitivity and/or the non-uniform
temperature pulse results.

The maximum non-uniform SOC that developed was a difference
of 28% SOC between the coldest and hottest cells at the 1C rate and
Tavg: 15°C/ AT: 20°C for the LFP cell group, while slightly lower
at 26% for the NMC cell group. Due to the Arrhenius temperature
sensitivity of the DCR, the maximum SOC non-uniformity at 7,,,:
35°C/ AT:20°C and 1C rate reduced to 16 and 11% for the LFP and
NMC cell groups, respectively.

The discharge energy available at T,,,,: 15°C/ AT: 20°C relative to
Tovg: 15°C/ AT: 0°C for the C/2 rate case was reduced by 3%, which
was the maximum reduction in available discharge energy relative to
the respective uniform temperature case for all conditions tested here.
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(blue).

Finally, it was shown that our results may be used to develop a

guideline for the amount of tolerable AT for each cell chemistry

gi

ven a specific limit to the allowable level of SOC non-uniformity.

The tolerable AT has a significant sensitivity to both average tem-
perature and discharge rate, which may be useful to account for in

th

ermal management system control strategies. Based on both the dis-

charge energy and tolerable AT results the NMC cell group was more

to

1

2.
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lerable to AT for a given SOC non-uniformity tolerance.
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