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HIGHLIGHTS

+ Meta-analysis of 68 publications comprising 83 cells.

« Impedance phase effectively estimates internal cell temperature.
« Optimal frequency range: 100Hz to 1kHz.

« Mean sensitivity of —0.17°K~! for T > 23°C.

« EV traction inverter noise might impact EIS up to 3 kHz.

ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.17632/zdpxdk
x6rn.1, https://doi.org/10.17632/562fxrn7js.1

Based on a meta-analysis of 68 publications comprising 83 cells, extended by our own measurements, we
propose the impedance phase, evaluated at frequencies between 100 Hz and 1kHz, as an optimal estimator for
internal cell temperature. Our findings indicate mean temperature sensitivities of —0.35° K~! for temperatures
below 23°C and —0.17°K~!' for temperatures above 23°C. Notably, these sensitivities remain constant
regardless of the cell’s capacity and chemistry. To achieve a temperature uncertainty of less than 1K for
high-energy cells above 23°C, an Electrochemical Impedance Spectroscopy (EIS) measurement system must
maintain an uncertainty smaller than 4 uQ for both the real and imaginary components of the impedance,
based on the mean sensitivities. In addition to the electrochemical properties of the cells, system characteristics
of the application must also be considered for online temperature estimation. Our proposed noise model for
traction applications in general, and measurement results for an Electric Vehicle (EV) specifically, demonstrate
that disturbances with significant power may disturb online EIS measurements up to 3 kHz.

Keywords:

Electrochemical Impedance Spectroscopy (EIS)
Internal temperature estimation

Battery Management System (BMS)

1. Introduction During battery operation, the temperature distribution within the
cell is often inhomogeneous, leading to substantial temperature gradi-
ents between the core and the surface of the cell [2-11]. For instance,

Zhang et al. applied 3C charge and discharge pulses to a prismatic

Battery-powered systems rely on a Battery Management System
(BMS) to estimate the battery state, ensuring that the system operates

within safe operating limits while optimizing battery performance. The
accuracy with which the BMS estimates the battery states directly
influences the safety and performance of the battery—powered system.
Current state—of-the-art BMSs measure the battery current, individual
cell voltages, and battery pack surface temperatures [1]. These mea-
surements may be processed using an electro-thermal battery model to
determine battery states, such as State of Charge (SoC), State of Health
(SoH), and the minimum, maximum, and internal cell temperatures.

10 Ah cell at ambient temperatures of 26°C and 5°C, measuring a
temperature difference of 6K and 10K between the internal and sur-
face temperature, respectively [7]. Similarly, a temperature difference
of 20K was measured during a 50C discharge of a prismatic 20 Ah
cell at 25°C ambient temperature [3]. Comparable temperature gra-
dients have also been observed in cylindrical and pouch cells. During
1C constant current charging and discharging cycles at 20°C, Bhoir
et al. measured temperature differences of up to 12K using a 12 Ah
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Nomenclature

Acronyms

z Impedance feature

BMS Battery Management System

EIS Electrochemical Impedance Spectroscopy

ENBW Equivalent Noise Bandwidth

EV Electric Vehicle

G Graphite

GSi Graphite and Silicon

HC Hard Carbon

IQR Interquartile Range

LCO Lithium Ion Cobalt Oxide

LFP Lithium Ion Phosphate

LiPo Lithium Ion Polymer

LMO Lithium Ion Manganese Oxide

LTO Lithium Ion Titanium Oxide

NaLO Natrium Layered Oxide

NCA Lithium Ion Nickel Cobalt Aluminum Oxide

NMC Lithium Ion Nickel Manganese Cobalt Ox-
ide

PSD Power Spectral Density

PWM Pulse-Width Modulation

SEI Solid Electrolyte Interphase

SIB Sodium Ion Battery

SoC State of Charge

SoH State of Health

STFT Short-Time Fourier transform

Variables

abs (Z) Absolute value of impedance Q

arg(Z) Impedance phase °

Sare Characteristic arc frequency Hz

fi Transition frequency Hz

fel Electric motor control signal Hz

Sint Intercept frequency Hz

Srot Mechanical motor rotational frequency Hz

Sfow Switching frequency of traction inverter Hz

Im(2) Imaginary part of impedance Q

Np Number of pole pairs

Re(Z2) Real part of impedance Q

in/are High—frequency ratio

Aaret Low—frequency ratio

c Standard deviation

SzTn Normalized sensitivity of impedance fea-
ture with respect to temperature % K~!

Szr Sensitivity of impedance feature with re-
spect to temperature

Tint Internal cell temperature °C

f Frequency Hz

(0] Cell capacity Ah

T Temperature °C

pouch cell [2]. Furthermore, constant current charge and discharge
experiments on cylindrical cells at 1C and 3 C exhibited temperature
differences ranging from 3K to 10K [4,5,9]. Forced convection in-
creased the temperature difference from 3K to 5.5K during a 3C
discharge [9]. Richardson et al. measured a temperature difference
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of up to 8K in 26650 cylindrical cells at an ambient temperature of
8°C, while applying Electric Vehicle (EV) drive profiles with currents
reaching 13 C [6,10].

In addition to the temperature gradients measured between inter-
nal and surface temperatures, significant temperature variations occur
along the surface and within planes inside the cell [3,5-7,10,12].
During the aforementioned EV drive profile experiment, Richardson
et al. measured a temperature difference of up to 3 K across the surface
of the cylindrical cell [6]. Yu et al. utilized an optical fiber to measure
the temperature distribution along a 21 700 cylindrical cell during a 1 C
discharge and charge cycle at 25 °C, revealing temperature variations
of 7K to 10K along the internal and external fibers, respectively [5].
Temperature differences of 8K and 10K were measured inside and
at the surface of a 20 Ah prismatic cell while discharging with 60C
current pulses at 25 °C [3]. Using infrared imaging, Veth et al. reported
a surface temperature difference of up to 9K on a 50 Ah pouch cell
during a 6 C constant current discharge [12].

The temperature differences observed between sensors placed inside
the cell and those along the surface, as well as gradients within the cell
and along its surface, have been reported across cylindrical, pouch, and
prismatic cells under application-like operating conditions. The main
difference in the thermal behavior between cell types is their differ-
ence in surface-area-to-volume ratio [8]. The reported temperature
gradients tend to increase with higher current rates and lower cell
temperatures, primarily due to higher Joule losses. The implementation
of forced cooling on the cell surface may increase the observed temper-
ature differences. Consequently, internal cell temperature serves as a
more accurate indicator of the cell’s maximum temperature compared
to surface-mounted sensors, particularly under abnormal operating
conditions.

Accurately determining the internal cell temperature can enhance
battery temperature control, facilitating the optimization of temper-
ature settings for fast charging and maximizing cycle life [13-15].
Additionally, it can enable earlier detection of abnormal operating
conditions that lead to thermal runaway compared to cell voltage and
surface temperature measurements [16-18].

Srinivasan et al. [19] used EIS to estimate the internal cell temper-
ature 7j,.. An impedance feature Z measured at a specific frequency f,
the impedance phase at 40Hz in the cited study, correlates with T;,.
Thus, the internal cell temperature can be expressed as

Ty = 8(Z(f))» @

where g() denotes a fitted model characterizing the relationship be-
tween the internal cell temperature and the impedance feature. The
temperature estimated by EIS corresponds to the mean internal cell
temperature [11,20].

The dependence of a cell’s impedance on SoC, SoH, and temperature
under laboratory conditions is well researched [21-29]. Laboratory
conditions imply that the cell is in both electrochemical and thermal
equilibrium, free from application influences, and measured using high-
precision equipment. However, when EIS is used for online battery state
estimation in EVs, noise during EIS measurements may introduce errors
in the impedance results and consequently in internal cell temperature
estimates. Furthermore, the impedance measurement capabilities of the
BMS might not achieve the level of accuracy seen with laboratory
measurement equipment. Raijmakers et al. found that the battery pack
current of an EV contains spectral components with magnitudes in
the range of 10mA to 100mA for frequencies between 100Hz and
400 Hz [30]. Above 1kHz, powertrain noise decreased by about a factor
of ten, reaching the mA range. The frequency range of powertrain noise,
which contains sufficient energy for interferences, overlaps with the
EIS measurement frequency range. To mitigate interferences during
online EIS in EVs, Raijmakers et al. recommend choosing measurement
frequencies above 1kHz.

In our opinion, previous studies on EIS-based internal cell temper-
ature estimation are unsatisfactory for three reasons:
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(1) While individual studies have identified optimal EIS parameters
for their specific cells, no impedance feature and measurement fre-
quency range, independent of cell capacity and chemistry, have been
established [31-33]. Investigations by Zheng et al. [34] and Hackmann
et al. [22] have proposed using the impedance phase and the imaginary
part of the impedance measured at frequencies corresponding to the
Solid Electrolyte Interphase (SEI) layer [35-38]. However, they do
not specify a particular frequency range that could guide practical
implementation. The fundamental question of whether universally ap-
plicable impedance features and frequency ranges exist across diverse
cell chemistries, form factors, and capacities remain unanswered.

(2) The sensitivities of impedance features with respect to tem-
perature remain unreported. Therefore, proposed estimators cannot be
effectively compared and the necessary measurement accuracy for an
impedance measurement function within a BMS cannot be established.

(3) Impedance characterizations and temperature estimator valida-
tions have primarily been conducted under laboratory conditions, with
the exception of Raijmakers et al. [30]. For accurate and reliable online
estimator performance, application-specific noise that might interfere
with the EIS measurement should be accounted for when selecting
impedance feature and measurement frequency.

These considerations extend beyond EIS-based internal cell temper-
ature estimation, as they are equally important for all EIS-based battery
state estimators, including SoC [39] and SoH [21,40-43].

Through our methodology (Section 2) and subsequent analysis (Sec-
tion 4), we conduct a meta—analysis of 68 publications comprising 83
cells and their respective impedance datasets to systematically identify
a universally applicable impedance feature and measurement frequency
range for internal cell temperature estimation. We propose a systematic
analysis scheme that quantifies impedance sensitivities with respect to
temperature, yielding sensitivity coefficients in units of QK~!, °K~!,
or HzK~!, depending on the specific impedance feature used. This
framework enables direct quantitative comparison of internal cell tem-
perature estimators across different studies and cell types. Furthermore,
our framework facilitates the derivation of measurement accuracy re-
quirements for EIS-based BMS functions, providing design criteria for
practical BMSs.

We extended the test-bench characterization of EV powertrain noise
conducted by Raijmakers et al. [30] to real-world drive profiles in
Sections 2 and 5. In addition to presenting these measurement results,
we provide a simplified EV powertrain noise model to assess whether
the findings from Section 4, based on electrochemical cell behavior, can
be effectively applied in real-world scenarios.

2. Methods

To identify the optimal impedance feature and measurement fre-
quency range for estimating internal cell temperature, we compiled
two datasets from existing studies and our experimental data. Our
experimental procedures and setups are detailed in Section 3. The two
datasets contain measurement data of commercial cells with established
cell form factors, including cylindrical, pouch, and prismatic cells, as
well as established cell chemistries such as Lithium Ion Phosphate
(LFP), Lithium Ion Nickel Cobalt Aluminum Oxide (NCA), Lithium Ion
Nickel Manganese Cobalt Oxide (NMC), and more recent developments
like Sodium Ion Batterys (SIBs).

The first dataset, referred to as Dataset A [44], includes the mea-
sured temperature dependence of impedance features Z, evaluated at
frequency f as a function of cell temperature, specifically proposed for
internal cell temperature estimation. This dataset contains impedance-
temperature data from 86 estimators, only including studies that use
either the real part Re(Z), the imaginary part Im(Z), the absolute
value abs (Z) of the impedance, or the impedance phase arg (Z). These
features are measured at a single-frequency. In contrast, the intercept
frequency f;,, defined as the frequency where the imaginary part of
the impedance equals zero (f;,; :=Im(Z(f)) = 0) requires a frequency
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sweep to be determined [27]. We included f;, as the only multi-
frequency impedance feature. Using Dataset A, we aim to determine
the optimal impedance feature for internal cell temperature estimation.

The second dataset, Dataset B [44], contains EIS measurement data,
which includes the real and imaginary part of the impedance and
the measurement frequency. To facilitate comparison of impedance
across different cells, we focused on data measured at 50% SoC, 100%
SoH, and 23 °C or the closest available operating point. This approach
enables us to identify the frequency range of the SEI layer for various
cell types, capacities, and chemistries. Dataset B contains 44 cells, with
12 of these also included in Dataset A.

2.1. Dataset A: Evaluating temperature sensitivity in impedance features

We analyzed 49 publications containing impedance-temperature
data from 86 estimators. A summary of these studies is provided in
Table A.1, detailing the impedance feature Z, measurement frequency
f, impedance sensitivities regarding temperature S 1, cell capacity O,
and negative/positive electrode active materials.

The impedance phase arg(Z) is the most frequently used feature
for temperature estimation, appearing in 50 instances (58%), followed
by the imaginary part Im(Z) (12 instances; 14%). Other impedance
features include the absolute value abs(Z) (11 instances; 13%), the
real part Re (Z) (8 instances; 9%), and the intercept frequency f, (5
instances; 6%). The majority of the studies focus on cylindrical cells
(55 instances; 64%) and low-capacity cells with capacities below 5 Ah
(58 instances; 58%). The dataset presents a balanced distribution of
positive electrode active materials among LFP, NCA, and NMC. A visual
summary of these metadata is shown in Fig. 2.

To identify the optimal impedance feature for internal cell tem-
perature estimation, we employed a systematic analysis scheme. First,
for each publication listed in Table A.1, we extracted the measured
temperature dependence of the impedance feature Z as described by
Eq. (1). Whenever possible, we used the experimental data or fitting
function provided by the authors. In instances where no equation
was available, we used the WebPlotDigitizer tool [45,46] to extract
data from the plots. Second, the extracted data were fitted with lin-
ear, exponential, and second-degree polynomial functions to ensure
consistency in processing and interpolating data points. The best fit
was determined based on the R? value. Third, the sensitivities of the
impedance feature with respect to temperature, denoted as S, were
calculated. These calculations were performed by linearly interpolating
between the minimum temperature and 23 °C, and between 23 °C and
the maximum temperature, yielding S; 1, and S;r,, respectively. To
maintain comparability, we limited the temperature range for this
calculation from —20°C to 60 °C. Finally, we calculated the normalized
sensitivities of the impedance feature regarding temperature, denoted
as Sy1,, in %K~! by dividing ;1 by the value of the impedance
feature at 23 °C (Zy30¢):

Szt
SZ,Tn = m . 100% (2)

The normalized sensitivity Sz, facilitates comparison across all
impedance features, regardless of units and cell properties.

This process is exemplified for an LG INR18650 MJ1 3.5 Ah cell (Cell
A) in Fig. 1. The negative impedance phase, measured at 1kHz, de-
creases with increasing temperature. The impedance phase-temperature
sensitivity S_,.,z)1 also decreases with increasing temperature, being
—-0.21°K~! for temperatures below 23°C and —0.13° K~! for temper-
atures above 23°C. The impedance phase value at 23°C is Zj30c =
—2.72°. Normalizing S_ oz 1 DY Zp30¢ yields 7.86 %K and 4.85 %K
for the low and high temperature range, respectively.



N. Sailer et al.

X Measured
- Fit: 0.001872 — 0.25T + 2
Zope = -2.72°
S gz, = —0.21°/K; S_ag(zymn = 7.86 %/K
S a1, = —0.13°/K; S arg(z) 1,0 = 485 %/K

'
1
!
1
1
!
|
A

| e,
|
L L L L L 1 L
-5 0 5 10 15 20 23 25 30 35 40
Temperature / °C

Fig. 1. Negative impedance phase —arg(Z) measured at 1kHz of a 3.5Ah
LG INR18650 MJ1 cell (Cell A) as a function of temperature at 50% State
of Charge (SoC). The black crosses represent the measured data, while
the dashed lines represent the data fitted to a second-degree polynomial
(—arg(Z(1kHz)) = 0.00187% — 0.25T + 2). Interpolating the fitted data
linearly for temperatures below and above 23 °C yields the impedance phase—
temperature sensitivities S_,., 77, = —021°K™" and S_,, )1, = —0.13°K™".
The normalized sensitivities S_,,z,1,, defined as the ratio of S_,.,z,r and
the value of the impedance feature at 23 °C (Z,3.¢), are 7.86 %K and 4.85 %K
for the two temperature regions, respectively.

2.2. Dataset B: Determining optimal measurement frequency

We compiled a dataset from existing studies and our experimental
data, containing the real and imaginary parts of the impedance, along
with the measurement frequency of 44 cells to identify the optimal
measurement frequency range for estimating the internal cell temper-
ature using EIS. The cells were characterized at 50% SoC, 100% SoH,
and 23°C or the closest available operating point. A summary of the
operating points, cell properties, and data sources is provided in Table
B.1. Of the 44 cells, 12 cells are included in Dataset A (Table A.1).
Dataset B predominantly consists of data from cylindrical cells (28
instances; 64%) and low—capacity cells with capacities below 5 Ah (28
instances; 64%), as illustrated in the metadata visual summary in Fig.
2.

For each cell, we extracted five features from the Nyquist curves:

« Intercept frequency fi,, := Im(Z(f)) = 0; ohmic impedance,
marking the transition point between capacitive and inductive
behavior.

+ Characteristic frequency of the arc f,.. := max(Im(Z(f))); the
frequency at which the imaginary part of the impedance reaches
its maximum within the semicircle, satisfying the condition f;, >
i arc > /i te

+ Transition frequency f; := min(Im(Z(f))); the frequency where
the imaginary part of the impedance reaches its minimum for
values lower than the characteristic arc frequency f, ., marking
the transition point between the semicircle and the diffusion tail.

» Low-frequency ratio a,,, Noi= %
t
+ High-frequency ratio a;y . = j{im
arc

The three features in the Nyquist plot are highlighted in Fig. 3 for
a 3.5Ah cylindrical cell (Cell A) and a 75 Ah prismatic cell (Cell F).
For comparison, the Nyquist curves are normalized with respect to
the maximum absolute value of the real and imaginary components
of each cell. The data is limited to a frequency range between 2kHz
and 100 mHz. The characteristic arc and the transition frequency are
nearly equivalent for both cells. However, the intercept frequency of
the cylindrical cell is approximately 3.3 times greater than that of
the prismatic cell. This difference can be attributed to the generally
higher impedance characteristic of the cylindrical cell. Identical induc-
tance values added would lead to a higher intercept frequency for the
cylindrical cell compared to the prismatic cell.
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3. Experimental

In this study, we conducted two complementary experimental in-
vestigations: (1) systematic EIS characterization of cells as a function
of temperature under controlled laboratory conditions, and (2) real-
world EV traction current measurements to capture the actual charge
and discharge conditions experienced by batteries in EVs.

3.1. Cell impedance-temperature characterization

We measured the impedance of six different cells (designated A
through F) across various temperature ranges, as detailed in Table 1.
Our test matrix includes cells with different chemistries (LFP, NMC,
and SIB), form factors (cylindrical and prismatic), and capacity ratings
ranging from 1.2 Ah to 75 Ah.

All cells were pristine except Cell A, which was extracted from
an electric bicycle battery pack with unknown cycling history. Its
measured remaining capacity was 90% of the nominal cell capacity.
All measurements were conducted at 50% SoC.

Charging, discharging, and EIS were performed using BioLogic SP-
300 [47] and VMP-300 [48] electrochemical workstations, with the
exception of Cell A, which was characterized using a custom EIS
measurement system [49]. The temperature was controlled through
environmental chambers (CTS T65-50 [50] and Votsch VTS 7011-5)
providing indirect ambient temperature control, except for Cell A,
where direct surface control was implemented using a custom-built
thermal management system.

EIS measurements employed sinusoidal excitation currents with log-
arithmic frequency spacing of at least four points per decade, covering
the frequency range from 20kHz to 100 mHz. Peak excitation current
amplitudes were optimized for each cell to ensure linear response while
maintaining adequate signal-to-noise ratio, as specified in Table 1.

Prior to impedance characterization, each cell underwent five
charge—discharge cycles at 35°C using constant current—constant volt-
age (CC-CV) charging and constant current (CC) discharging according
to manufacturer specifications.

The experimental procedure for measuring impedance as a function
of temperature for each cell was carried out according to the following
steps:

1. Cells were maintained at 35 °C for 3 h to ensure uniform temper-
ature distribution throughout the cell structure.

2. Set SoC: Cells were charged to 100% SoC using CC-CV pro-
tocol, then discharged to 50% SoC using CC-CV according to
manufacturer specifications. A minimum rest period of 12h was
implemented to achieve electrochemical equilibrium.

3. Set temperature: Target temperature was set with 3 h stabiliza-
tion time to ensure thermal equilibrium throughout the cell.

4. EIS was performed according to the parameters in Table 1
followed by a 1h rest period.

5. Measurements progressed in 5°C steps within specified ranges,
starting from the highest temperature (step 3).

Our experimental data, along with postprocessing scripts, is avail-
able as a dataset [44].

3.2. EV traction current measurement

Real-world battery current characterization was performed using
a Citroén C-Zero equipped with a battery pack consisting of 88 cells
connected in series. Each cell has a nominal capacity of 50 Ah.

Current measurements were acquired using a Hioki 3275 current
clamp [51] with 2MHz bandwidth, connected on the positive high-
voltage cable at the traction inverter input. The current clamp output
signal was digitized using a PicoScope 5444D oscilloscope [52] at
sample frequencies ranging from 50kHz to 20 MHz. We evaluated six
representative driving scenarios to capture a wide spectrum of EV
operating conditions:
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Dataset A

Capacity Form factor

12 (14%) 4(5%)

11 (13%)

E5AL-20AL

16 (19%)
16 (19%)

58 (67%) 55 (64%)

Negative Electrode Active Material Positive Electrode Active Material

3 (3% (2%) 3 (3%)3 (3%
8%) 6 (7%)

7(

o
40 (479%) ETLO 13 (15%)

34 (40%)

16 (19%) 22 (26%)

Impedance Feature Frequency
5 (6%) 5 (6%)

8(9%)

) [ > 1kHz
[ <10Hz

11 (18%
(13%) 40 (47%)

50 (58%)

12 (14%)
25 (29%)

Jylindrical

[ 100H- 1kHz
[ 110Hz-100Hz
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Dataset B

Capacity Form factor

7 (16%) 8 (18%)
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28 (64%) 28 (64%)

Negative Electrode Active Material Positive Electrode Active Material
1(2%) 1(2%)

5 (11%) 5(11%)
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8 (18%)
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Fig. 2. Visual summaries of the metadata of the analyzed Electrochemical Impedance Spectroscopy (EIS) internal cell temperature estimators of Dataset A listed
in Table A.1 [44], and of the EIS data of Dataset B listed in Table B.1 [44]. Left: Dataset A — The 49 publications investigated 86 estimators. The most frequently
used impedance feature used for internal cell temperature estimation is the impedance phase arg(Z) (50 instances; 58%) followed by the imaginary part of the
impedance Im (Z) (12 instances; 14%). Researchers predominantly use cylindrical cells (55 instances; 64%) and low—capacity cells below 5 Ah (58 instances; 67%).
The dataset presents a balanced distribution of positive electrode active materials among Lithium Ion Phosphate (LFP), Lithium Ion Nickel Cobalt Aluminum Oxide
(NCA), and Lithium Ion Nickel Manganese Cobalt Oxide (NMC). Right: Dataset B — This dataset includes 44 cells. Researchers predominantly use cylindrical cells
(28 instances; 64%) and low—capacity cells below 5 Ah (28 instances; 64%). 12 cells are contained in both datasets and together they contain data of 83 cells.

Table 1

Overview of cells, experimental devices, and parameters used in this study. The cell’s nominal capacity
Q is presented in Ah, along with the negative/positive electrode active materials (Neg/Pos). Operational
parameters, such as State of Charge (SoC), State of Health (SoH), minimum temperature 7},;,, maximum
temperature T, and temperature steps A7, are also included. Additionally, the peak amplitude of the
sinusoidal Electrochemical Impedance Spectroscopy (EIS) excitation current (i) and maximum and
minimum frequencies of the frequency sweep are documented.

Cell Experimental Setup

] Form Neg/Pos SoC SoH Tin Thax AT EIS

factor T Y

Ah % % °C °C °C C kHz Hz
A? 3.5 Cylindrical  GSi/NMC 50 90 -5 40 5 I 0.14 20 01 IV
;1 12 Cylindrical ~ G/LFP 50 100 5 35 5 I 042 20 01 Vv
ce 1.3 Cylindrical HC/NaLO 50 100 =5 50 5 11 0.38 20 0.1 VI
Dd 45 Cylindrical ~ GSi/NMC 50 100 0 45 5 I 022 20 0.1 VI
E° 3.5 Cylindrical ~ GSi/NMC 50 100 0 50 5 il 0.14 20 01 Vv
Ff 75 Prismatic G/NMC 50 100 0 45 5 I 0.15 20 0.1 VI
a LG Chem MJ1 I: Custom [49]
b LithiumWerks APR18650M1B 1I: BioLogic SP-300 [47]
¢ Shenzhen Zhonghuajia Technology Co.,Ltd. 18650-1300 mAh III: BioLogic VMP-300 [48]
d Molicel INR21700-P45B IV: Custom
€ Molicel INR18650-M35A V: CTS T65-50 [50]
f Westart PHEV-75 Ah VI: Vétsch VTS 7011-5

1. Parking mode: Vehicle stationary with auxiliary systems active

2. Acceleration: High acceleration from standstill to approximately
50kmh~!

3. Regenerative breaking: Controlled deceleration from approxi-
mately 50kmh~! to standstill

4. Constant velocity: Steady-state driving at approximately
25kmh™!

5. Urban driving: Moderate acceleration and deceleration patterns
6. Dynamic driving: High-performance driving with rapid acceler-
ation and deceleration

Time-frequency analysis of the current signals was performed us-
ing Short-Time Fourier transform (STFT) to characterize the spectral
components during different driving scenarios.
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Fig. 3. Normalized Nyquist curves of a 3.5 Ah cylindrical cell (Cell A) and
a 75 Ah prismatic cell (Cell F). The impedances are normalized with respect
to the maximum absolute value of the real and imaginary components of
each cell. The measurement frequency ranges from 2kHz to 100mHz. The
characteristic arc frequency f,. and the transition frequency f, are nearly
equivalent for both cells. In contrast, the intercept frequency of the cylindrical
cell is about 3.3 times higher than that of the prismatic cell.

Our experimental data, along with postprocessing scripts, is avail-
able as a dataset [53].

4. Results and discussion - Optimal impedance feature and fre-
quency selection

This section presents our analysis results of Dataset A and Dataset
B. We first evaluate the temperature sensitivity of different impedance
features across various cell types and capacities to identify the opti-
mal impedance feature for internal cell temperature estimation (Sec-
tion 4.1). Subsequently, in Section 4.2, we analyze impedance spectra
to identify the frequency range of the SEI layer. Finally, we translate
these findings into practical design criteria by establishing accuracy
requirements for EIS-enabled BMSs (Section 4.3).

4.1. Dataset A: Evaluating temperature sensitivity in impedance features

To identify the optimal impedance feature, we plotted the calculated
sensitivities S against cell capacity O and measurement frequency
f for each impedance feature. The results for the negative impedance
phase —arg(Z) are illustrated in Fig. 4. Notably, S_,.z)r increases
with increasing cell capacity. Conversely, S_,,r decreases with
increasing temperature and measurement frequency.

Plots for all other impedance features are included in Section S1 of
the supplementary material linked in Appendix D. A summary of the
results is presented in Table 2, which demonstrates that the impedance
phase is the only impedance feature whose sensitivity regarding tem-
perature increases with increasing capacity. All other impedance fea-
tures exhibit reduced sensitivity with larger capacities. This observation
aligns with the findings of Srinivasan et al. [54], who noted that
the phase’s sensitivity to temperature is less affected by changes in
cell capacity compared to other impedance features. Additionally, at
higher temperatures and the measurement frequencies, the sensitivity
decreases. This trend is consistent across all impedance features as
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Table 2

Behavior of impedance feature Z as the cell tem-
perature increases (" /) and the sensitivity of the
impedance feature regarding temperature S,y with
rising cell temperature (" /), cell capacity (Q /),
and measurement frequency (f /). Notably, the
impedance phase arg (Z) is the only impedance feature
that increases with increasing cell capacity. As temper-
ature and measurement frequency rise, the sensitivity
S, 1 decreases. The table also indicates the number
of cells (No.) corresponding to each Z in Dataset A,
which is summarized in Table A.1.

Z No. T/ Sy;7(T /) Szr @) Syzr(f /)
Re(Z) 8 N\ N\ \? \?
-Im(Z) 12 \o \ N N

abs(Z) 11 N\ N\ N NP
—arg(Z) 50 \ N\ / N\

Sint 50NN N -

2 According to Schmidt et al. [11], with no clear correla-
tion evident in our dataset.

b abs(Z) and Re(Z) exhibit same dependency on Q and
f, with no clear correlation evident in our dataset.

charge-transfer and diffusion processes show an exponential depen-
dence on temperature. At higher frequencies, these processes influence
impedance less, as they dominate at frequencies below 100 Hz.

A more detailed analysis of the dataset is presented in Table 3,
categorizing the data into three cell form factors: cylindrical, pouch,
and prismatic cells. For each cell type, the mean sensitivities S, ; were
calculated. Our results indicate that, for the impedance phase, a BMS
must measure a change of phase of —0.35° and —0.17° for the low and
high temperature ranges, respectively, to detect a temperature change
of 1K. Similarly, when using the imaginary part of the impedance
for internal cell temperature estimation, an uncertainty smaller than
41 pQ is necessary. The required accuracy increases with increasing
cell capacity, as the cell impedance decreases with greater capacity.
For instance, when using the absolute value of the impedance as Z
for prismatic cells, an uncertainty less than 9pQ is needed in the
high-temperature range to detect a temperature change of 1 K.

By dividing the sensitivity S, by the value of the impedance
feature at 23 °C, we derive the normalized sensitivity S; 1, in %K™,
as defined in Eq. (2). This allows for comparison of the normalized
temperature sensitivities of different impedance features, as listed in
Table 4. The impedance phase and the imaginary part of the impedance
show the largest mean normalized sensitivities in the high temperature
range, with —2.1%K~! and; —3.1 % K~!, respectively. However, Im (Z)
has not been used to estimate the internal cell temperature of large-
capacity prismatic cells, in contrast to arg (Z), which has been utilized
for 4 cells. Additionally, 58% of the reviewed studies employ arg(Z)
for T, estimation. Assuming that all authors identified the optimal
impedance feature, this strongly suggest the use of the impedance phase
for internal cell temperature estimation.

The mean normalized sensitivities of all 86 estimators and
impedance features are —5.1 % K~! and —1.9% K~! for temperatures be-
low and above 23 °C, respectively. These values, alongside the specific
impedance feature sensitivities, can be used to estimate the required
BMS accuracy for detecting a desired temperature change. Simply
multiply the mean normalized sensitivity by the measured value of the
selected impedance feature at 23 °C at the selected frequency.

Outliers can occur when the value of the impedance feature at
23 °C approaches zero, particularly for the impedance phase. Therefore,
we included only normalized sensitivities smaller than +15%K~! for
calculating the mean normalized sensitivity summarized in Table 4.

The temperature sensitivity of electrochemical processes is inde-
pendent of the cell’s capacity. Thus, we anticipate a constant Sz,
across all cell capacities when measuring identical impedance features
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Fig. 4. Impedance phase sensitivities regarding temperature S_, ., 1 of the cells listed in Table A.1 (Dataset A) as a function of cell capacity O and measurement
frequency f. The left column depicts the sensitivities for temperatures below 23°C, and the right column for temperatures above 23°C. S_,, 1 increases with
increasing cell capacity. Conversely, S_,, 7 r decreases with increasing temperature and measurement frequency. Black markers indicate mean values.

at frequencies corresponding to equivalent electrochemical processes.
However, empirical observations reveal deviations from this expected
behavior due to non-uniform impedance scaling with capacity. This
non-uniform scaling stems primarily from the transition in cell form
factor from cylindrical to prismatic as capacity increases. Figure S15
in Section S2 of the supplementary material depicts this behavior by
plotting the absolute value of the impedance at the intercept frequency,
representing the ohmic resistance, as a function of cell capacity. The
log-log plot exhibits an S-shaped behavior that cannot be adequately
fitted with standard functions such as rational or logistic models.
Consequently, S, 1, may be larger for cells with higher capacity.

The observed impedance scaling behavior originates from funda-
mental differences in current collector architectures between cell form
factors. Cylindrical cells employ rolled electrode configurations where
current collection occurs through centralized terminal connections at
opposite ends of the cell [55-58]. In contrast, prismatic cells uti-
lize stacked electrode assemblies with distributed tab arrangements
positioned along the cell edges [59,60].

Based on our meta-analysis and measurement results, we suggest
the impedance phase as an optimal impedance feature for EIS-based
internal cell temperature estimation, regardless of the cell’s capacity
and chemistry.

4.2. Dataset B: Determining optimal measurement frequency

In Fig. 5, we expanded our analysis to include the entire Dataset
B, plotting the five Nyquist features defined in Section 2.2 against cell
capacity. A clear trend emerges for the intercept frequency f;,, which
decreases with increasing capacity. The volumetric energy density,
expressed in WhL™!, is primarily constrained by the thickness of the
negative electrode coating [61,62]. Large-format (high-capacity) cells
require larger physical dimensions and volumes compared to cells with

low capacity. This geometric scaling introduces two effects that reduce
the intercept frequency. First, increased cell dimensions result in higher
cell inductance as currents flow through larger loop areas, (e.g. longer
distance between positive and negative terminal). For additional details
on geometric factors affecting cell inductance in cylindrical cells, see
Landinger et al. [63]. Second, the larger electrode surface area results
in a lower overall impedance.

In contrast, the characteristic arc frequency f,. and the transition
frequency f, show a more complex relationship with cell capacity,
characterized by a bathtub-like trend. Both frequency ratios, a,; and
int/ar> €Xhibit a downward trend as cell capacity increases, suggesting
that the semicircle spans a narrower frequency range with increased
cell capacity. We explain this behavior again with the larger inductive
component of cells with higher capacity due to higher volume.

The mean values and Interquartile Ranges (IQRs) of the Nyquist fea-
tures are summarized in Table 5. The SEI layer significantly influences
the high—frequency region of the semicircle, which lies between the
intercept frequency f;, and the characteristic arc frequency f,.. [11,
19,34,64,65]. This influence is observed within a frequency range from
100Hz to 900Hz for cylindrical cells and from 40Hz to 400Hz for
prismatic cells. These frequency ranges are optimal for estimating the
internal temperature of cells based on the impedance phase and the
imaginary component of the impedance.

The physical interpretation of the presented results is left for the
scientific community; we limit our scope to an empirical analysis. For
analyzing the dependencies of these Nyquist frequency features on SoC,
SoH, and temperature of custom 50 mAh pouch cells, we refer to the
work of Westerhoff et al. [66]. They concluded that both the intercept
and the transition frequency decrease with increased SoC, SoH, and
temperature.

In summary, based on our meta—-analysis, we recommend using the
impedance phase, evaluated at frequencies above 100Hz and below
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Table 3
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Mean sensitivities of the impedance features regarding temperature, denoted as S 1, for temperature ranges T, < 23°C
and T, > 23°C, calculated for the cells listed in Table A.1 (Dataset A). This data is categorized by cell form factor
(cylindrical, pouch, prismatic) and impedance feature Z. The number of cells (No.) and the ratio of SZ,Tl and S‘Z.T2
(RSH) are provided. When using the negative impedance phase (—arg(Z)), a Battery Management System (BMS)
must resolve a phase change of —0.35° and —0.17° for the low and high temperature ranges, respectively, to detect
a temperature change of 1K. The Rs,, values are greater than one for all impedance features, indicating reduced

sensitivity at elevated temperatures.

Z Cylindrical Pouch Prismatic
No. 8,1 Szr, Rs, No. S;;  S;;, Rs, No. S;r S;r, Rs, No. S;p Szr, R

pQK-! pQK-! pQK-! pQK-!

Re(Z2) 8 -355 -30 11.9 5 =509 -28 18.1 2 —67 —45 1.5 1 -28 -5 5.6
pQK-! pQK-! pQK-! pQK-!

-Im(Z) 12 -140 —41 34 10 -133 -33 4.1 1 -122 =59 2.1 0 - - -
pQK-! pQK-! pQK-! pQK-!

abs (Z) 11 =209 —28 7.6 4 =512 =50 10.3 2 -126 -31 4.1 5 =23 -9 2.6
oK1 og-1 oKg-1 oK1

—arg(Z) 50 -035 -0.17 21 34 -025 -0.13 1.9 9 -0.68 -0.26 2.6 4 =055 -0.26 2.1
HzK™! HzK™! HzK™! HzK™!

Sint 5 =57 -20 2.8 2 -62 -22 29 2 =77 =27 29 1 -6 —4 1.4

Table 4

Mean normalized sensitivities of the impedance features regarding temperature, denoted as S, ,, for temperature
ranges T; < 23°C and T, > 23°C, calculated for the cells listed in Table A.1 (Dataset A). This data is categorized by
cell form factor (cylindrical, pouch, prismatic) and impedance feature Z. The number of cells (No.) and the ratio
of SZ.T, » and SZ,Tzn (Rs,,,) are provided. The mean normalized sensitivity across all 86 estimators and impedance
features yields —5.1%K~! and —-1.9%K~! for temperatures below and above 23°C, respectively. The impedance
phase and the imaginary part of the impedance exhibit the highest mean normalized sensitivities in the elevated
temperature range, specifically —2.1 % K~! and —-3.1 %K.

Z Cylindrical Pouch Prismatic

No. S‘z.'r‘ n Sz,'rz n Rs,., No. SZ.T‘ n Sz,T2 n Rs,., No. SZ,T, n SZ.Tz n Rs,., No. Sz,T. n S‘Z.Tzn Rs, .

%K %K %K %K! %K %K! %K %K

Re(Z2) 8 2.7 -0.8 34 5 2.7 -0.7 3.8 2 -1.6 -1 1.6 1 3.5 -0.6 5.6
-Im(Z) 12 =7 3.1 23 10 1.5 33 23 1 5.3 2.5 2.1 0 - - -
abs (Z) 11 33 -0.8 39 4 -0.9 -0.3 32 2 6.6 -1.6 4.1 5 29 -0.9 33
—arg(Z) 50 5.3 2.1 25 34 —4.2 -1.6 2.7 9 7.4 -1.6 22 4 7.8 3.1 2.5
Jint 5 —4.7 -1.7 2.7 2 5.5 =2 2.8 2 6.1 2.3 2.7 1 -0.3 -0.3 14
All 86 5.1 -1.9 27 55 —-4.6 -1.7 27 16 6.4 2.6 25 11 4.7 1.6 29

1kHz, to estimate internal cell temperature. Our findings indicate
average temperature sensitivities of —0.35° K~! for temperatures below
23°C and —0.17°K~! for temperatures above 23 °C. Importantly, the
sensitivities remain constant, regardless of the cell’s capacity and chem-
istry. However, we emphasize that data points for capacities exceeding
20 Ah are limited, which may compromise the accuracy and reliability
of the observed trends within this range.

4.3. Establishing accuracy requirements for EIS—enabled BMS in internal
cell temperature estimation

In this section, we derive the accuracy requirements for BMSs
equipped with EIS capability, specifically for the online estimation of
internal cell temperatures. We also evaluate the performance of existing
BMS hardware based on previously calculated sensitivities.

Single-cell supervisor integrated circuits capable of measuring the
impedance of individual cells within a stack were used as BMS [67,68].
Beelen et al. [68] reported a standard deviation, denoted as o, for the
real and imaginary parts of the impedance, ranging from 10 pQ to 15 pQ
across a frequency range of 0.1kHz to 1kHz when measured on a
23 Ah cell. Strasser et al. [67] used a different single—cell supervisor
integrated circuit and measured a 60 Ah prismatic cell, reporting a
standard deviation in the range of 1.3 pQ to 5 pQ for the same frequency
range.

An integrated circuit featuring 14 channels and EIS capabilities from
100mHz to 5kHz was introduced by Ito et al. [69]. Comparative mea-
surements of seven stacked 3.4 Ah cells against laboratory measurement

equipment achieved a phase error of less than 1° across the entire
frequency range; however, no uncertainties were reported. Similarly,
Zhang et al. [70] presented results from a commercially available
BMS integrated circuit for four stacked 2.9 Ah cells, demonstrating a
phase difference of less than 1° from 100mHz to 1.16kHz compared
to laboratory measurements, again without reporting measurement
uncertainties.

By using the aforementioned uncertainties for the real and imagi-
nary parts of the impedance, we apply the propagation of uncertainty
principle to calculate the standard deviation of the impedance phase,
denoted as 0yq(7):

darg(Z)\’ darg(Z)\*
Ouyiz) = \/ <m) Oreiz) + (m) Oimz) )
:\/<_ Im(Z) )202 +< Re (2) )262 .
Re(Z) +Im(2)*) *9 \Re(z) +Im(z)*/ ™%
4

Subsequently, we estimate the uncertainty associated with EIS—
based internal cell temperature estimation, oy, , by calculating the
phase uncertainty and dividing it by the previously derived mean
sensitivities S,z 7
_ Carg(z)

Sarg(Z),T
To determine o,.,7), We used the mean values for the real and
imaginary parts of the impedance measured at the characteristic arc

OTiy )
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Fig. 5. Nyquist curve frequency features extracted from the Electrochemical Impedance Spectroscopy (EIS) data listed in Table B.1 (Dataset B) as a function
of cell capacity. The intercept frequency f;, decreases with increasing capacity. No clear trend is determined for the characteristic arc frequency f,. and the
transition frequency f,. Both frequency ratios, @y, = fuc/fi and ¥yjae = fin/ fure» decrease with increasing capacity, indicating that the semicircle spans a
narrower frequency range as cell capacity increases. Larger markers indicate mean values. The Nyquist curve features are defined in Fig. 3.

frequency from Dataset B for cylindrical, pouch, and prismatic cells.
The summarized results, including o, and oy, , are presented in Table
6. The calculated uncertainties for high—capacity prismatic cells at tem-
peratures above 23°C are 2.4K and 0.4K, corresponding to standard
deviations of 10 pQ and 1.5 pQ for the real and imaginary components,
respectively.

For obtaining a temperature uncertainty oy, ~of 1K, the measure-
ment system must achieve an uncertainty smaller than 4 pQ for both the
real and imaginary parts of the impedance. To ensure that all estimated
values fall within +1 K with a probability of 99.7%, the requirement is
ORe(2)Im(z) Smaller than 1.3 pQ.

5. Results and discussion — Impact of battery-powered traction
application noise on online EIS

Battery—powered traction applications convert electrical energy into
mechanical energy for propulsion, e.g. EVs. A critical component of
this systems is the traction inverter, which converts the dc battery
voltage into an ac control signal, generating the rotating magnetic field
int the electric motor. In EVs, traction inverters operate at switching
frequencies ranging from 5kHz to 20kHz [71]. The frequency of the
electric motor control signal, denoted as f,;, depends on the velocity
of the EV. As the velocity increases, the motor’s mechanical rotational
frequency, f,., also increases, requiring a higher f,. The relationship
is governed by the motor’s pole pair configuration and can be expressed
mathematically as:

S = Jro - Np»

where Np represents the number of pole pairs.

(6)

Using the equation presented above, along with data from EVs
compiled in Table C.1, we anticipate that the maximum fundamental
frequency component for electric motor control, denoted as f ,x, Will
remain below 1.4kHz. Our analysis includes a diverse selection of 60
EVs, representing both low-end and high-end EVs. The distribution of
Selmax is illustrated in Fig. 6. It is important to note that this value
reflects only the fundamental frequency component.

The actual drivetrain noise spectrum is more complex due to Pulse—
Width Modulation (PWM) switching schemes. These motor control
strategies generate harmonics of the fundamental frequency and inter-
modulation products between f, and the PWM switching frequency
[72,73]. The resulting noise characteristics vary considerably depend-
ing on the specific PWM algorithms and motor control strategies im-
plemented, which differ across vehicle manufacturers and traction
applications.

In the preceding section, we identified an optimal frequency range
of 100Hz to 1kHz for internal cell temperature estimation based on
impedance phase measurements. Our suggested measurement
frequency range overlaps with the noise frequencies inherent in traction
applications, specifically in EVs. This interference can potentially intro-
duce errors in the impedance measurements and consequently affect
estimates of internal cell temperature.

However, the value of the frequency of the electric motor control
signal f,, is variable, dependent on the EV’s speed, which in turn is
influenced by the driver’s style, infrastructure, traffic conditions, and
weather. While interference may not be present at all times, it is es-
sential to acknowledge that individual measurements can be disrupted.
It is advisable that the measured impedance values be assessed for
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Table 5

Mean cell capacities O, mean Nyquist curve
features and their respective Interquartile
Range (IQR) for cylindrical, pouch, and pris-
matic cells included in Dataset B, as listed
in Table B.1. The Solid Electrolyte Interphase
(SEI) layer dominates in a frequency range
from 100 Hz to 900 Hz for cylindrical cells and
from 40Hz to 400Hz for prismatic cells. The
fl_‘equgncy ratios &inl/a.rc = fim/farc and &arc/! =
fael [ decrease with increasing cell capacity,
indicating a smaller frequency range spanned
by the semicircle as cell capacity rises. The
number of cells (No.) is also reported. A
more detailed statistical analysis is included
in Section S2 of the supplementary material
linked in Appendix D.

Cylindrical Pouch Prismatic

No. 28 8 8

0 Ah 3 11 68.6
Oir Ah 1.9 12.7 62
Fioe kHz 0.98 1.41 0.28
fiigr  Hz 410 938 173
Fare Hz 101 85 38
fuergr  Hz 100 53 20

i Hz 7 51 4
Siior Hz 53 2 3.5
®ing fare 25 56 6
®ing /are QR 19 84 3.6
[ 31 38 13
Qe /LIQR 29 43 11

Table 6

Uncertainties in internal cell temperature esti-
mation for temperatures above 23°C, calculated
from impedance phase data. Standard deviations
of 1.5pQ and 10pQ [67,68] for the real and
imaginary parts of impedance were used to cal-
culate the standard deviation of the impedance
phase 0,7 The mean real and imaginary val-
ues of the impedance measured at the charge
transfer frequency f,., denoted as Re(Z(f,.))
and Im(Z( fac)), obtained from Dataset B (Table
B.1), were used for this calculation. The standard
deviation of the internal cell temperature oy
was derived with the mean sensitivities S,yz1,
from Dataset A (Table A.1) using Eq. (5). The
calculated uncertainties for high—-energy prismatic
cells at temperatures exceeding 23°C are 24K
and 0.4 K, corresponding to standard deviations of
10pQ and 1.5 uQ for both the real and imaginary

components.
Cylindrical Pouch Prismatic
Re (Z(fyo)) mQ 26.5 11 0.96
Im (Z(f,)) mQ —4.1 24 -0.15
Susrrr, °K-! —0.13  -026 —0.26
ORe(z)Im(z)= 10 pQ
Oure(2) ° 0.02 0.05 0.6
or, K 0.18 0.18 2.4
ORe(2)Im(z)= 1.5 Q2
Cue(2) ° 0.002 0.007  0.09
or K 0.03 0.03 0.36

int

plausibility, and employing a range of measurement frequencies may
help mitigate interference.
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Fig. 6. Histogram of the maximum motor control signal frequency f, ..« as
listed in Table C.1. For the 60 selected Electric Vehicles (EVs), spanning both
low-end and high-end categories, f ., ranges from 500Hz to 1.4kHz.

5.1. Real-world EV traction noise

Raijmakers et al. measured the battery pack current of an EV
during acceleration and regenerative breaking on a test bench [30].
They observed that the magnitude of the spectral components of the
current peaked at approximately 200 Hz and decreased with increasing
frequency.

In a similar experiment, we measured the battery pack current of a
Citroén C-Zero, following the methodology detailed in Section 3.2. The
battery pack current during a 1.7 min dynamic drive, sampled at 50 kHz,
is shown at the top Fig. 7. Positive currents indicate battery discharge
(acceleration), while negative currents represent battery charge (re-
cuperation). Discharge currents reached up to 3.8 C, and recuperation
currents peaked at 1.6C. The spectral components of the current for
each time step were estimated using STFT. The resulting spectrogram,
depicted at the bottom of Fig. 7, is expressed as a Power Spectral
Density (PSD) in dBHz™'. A Hann window of length 2kS, with an
Equivalent Noise Bandwidth (ENBW) of 30 Hz and a 75% overlap, was
employed.

Throughout the test drive, the PWM switching of the traction in-
verter, around 7 kHz, was observed. The frequency f of the electrical
motor control and its harmonics were evident below 3kHz. During
acceleration, both the frequency and magnitude of this control signal
increased as the electric motor’s speed increased. Conversely, during
deceleration, both parameters decreased, as observed from 25s to 35s
and 62s to 72s. At peak currents, the maximum f reached 1.3kHz.

To validate our experimental observations against theoretical pre-
dictions, the vehicle-specific parameters for the Citroén C-Zero listed
in Table C.1 were substituted into the traction motor frequency rela-
tionship given by Eq. (6):

8800 rpm

= S0P se7 .
60 z

The observed discrepancy, where experimental measurements are
approximately 2.2 times higher than the theoretical maximum f,
can be attributed to the specific PWM switching scheme implemented
in the motor control unit. The equation above accounts only for the
fundamental frequency component required for motor control. How-
ever, additional frequency components, including higher-order har-
monics of the fundamental frequency and intermodulation products,
are generated by the motor control algorithm.

@)

f el,max
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Fig. 7. Battery pack current of a Citroén C-Zero measured with a Hioki 3275 current clamp [51] and a PicoScope 5444D oscilloscope [52] at the traction
inverter input during a dynamic test drive. Top: The waveform of the battery pack current in the time domain, sampled at 50kHz. Positive currents indicate
battery discharge (acceleration), while negative currents represent battery charging (recuperation). Bottom: The Short-Time Fourier transform (STFT) of the
battery pack current, scaled to a Power Spectral Density (PSD). A Hann window of length 2kS with an Equivalent Noise Bandwidth (ENBW) of 30Hz and a 75%
overlap was applied. The traction inverter’s Pulse-Width Modulation (PWM) switching frequency, approximately 7 kHz, is present throughout the entire test drive.
The frequency f, of the electrical motor control signal generated by the traction inverter and its harmonics are visible below 3 kHz. During acceleration, both
frequency and magnitude of this control signal increase as the electric motor speed rises, whereas during deceleration, the frequency decreases.

To quantify the traction inverter’s noise, we estimated the PSD using
Welch’s method across all driving scenarios. For this analysis, a flat top
window with an ENBW of 18.9Hz and a 50% overlap was used. From
each individual PSD, the maximum PSD value within each frequency
bin, ranging from 5Hz to 25kHz, was calculated. This analysis yields
a noise envelope for the traction inverter’s PSD, quantifying the fre-
quency components and power of the interference. The results, based
on the Citroén C-Zero, are shown in Fig. 8. High noise power occurs
at frequencies below 100 Hz, whereas the control signal of the traction
inverter extends up to 1kHz. At 1kHz, the PSD estimates —15dB Hz™!,
corresponding to a current amplitude of approximately 0.8 A. This
relationship can be expressed mathematically as follows:

(10PSP/10) . ENBW . ®

At 7kHz, 14kHz, and 21 kHz the traction inverter’'s PWM switching
frequency and its harmonics dominate. These findings are consistent
with those presented by Raijmakers et al. [30] and our traction inverter
noise model.

On the one hand, the traction inverter noise may interfere with on-
line EIS measurements that use active excitation, as noise components
overlap with the optimal measurement frequency range for internal cell
temperature estimation; on the other hand, this noise could be used
as excitation for EIS itself as proposed by previous studies [107-111],
referred to as passive EIS.

In conclusion, traction inverters generate significant noise power
that can interfere with online EIS measurements. We identified two
noise sources with different characteristics.

11

Below 3kHz, the electric motor control signal, its harmonics, and
intermodulation products, dominate the noise spectrum. Peak noise
power is concentrated below 100 Hz, where signal-to—noise ratios are
insufficient for reliable measurements; consequently, EIS measurements
should avoid this frequency range. Noise levels decrease substantially
above 1.3kHz; however, impedance sensitivity regarding temperature
also typically decreases with increasing frequency, limiting the ac-
curacy of temperature estimation at higher frequencies. This low—
frequency motor control noise correlates with driving behavior and
varies dynamically during operation.

The second noise source originates from the inverter switching
frequency (5 kHz to 20kHz) and its harmonics. Although this switching
noise exhibits lower power spectral density compared to motor control
noise, it persists continuously during inverter operation.

Despite these challenges, online EIS-based temperature estimation
remains feasible. We recommend using a range of measurement fre-
quencies and outlier detection for more robust estimates. The opti-
mal approach balances the cell’s impedance sensitivity to temperature
against the noise profile of the specific traction application.

6. Conclusion

In conclusion, our study highlights practical considerations for on-
line EIS-based battery internal temperature estimation in traction ap-
plications. It is essential to account not only for the electrochemical
properties of the cells but also for the system characteristics inherent
to the application for identifying the optimal impedance feature and
measurement frequency for accurate internal temperature estimation.
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Fig. 8. Power Spectral Density (PSD) envelope of the battery pack current of a Citroén C-Zero measured with a Hioki 3275 current clamp [51] and a PicoScope
5444D oscilloscope [52] at the traction inverter input during various drive modes: parking, acceleration, regenerative braking, constant velocity driving, urban
driving, and dynamic driving (refer to Fig. 7). A flat top window with Equivalent Noise Bandwidth (ENBW) of 18.9 Hz and a 50% overlap was applied to estimate
the PSD using Welch’s method. Oscilloscope sample rates varied between 50kHz and 20 MHz. The maximum PSD value at each frequency bin across all drive
profiles yields the envelope, which quantifies the traction inverter’s noise power and its frequency content. The traction inverter’s control signal is present up
to 1kHz. At 1kHz, the PSD estimates —15dB Hz™!, corresponds to an amplitude of approximately 0.8 A (refer to Eq. (8)). At frequencies of 7kHz, 14kHz, and
21kHz, the Pulse-Width Modulation (PWM) switching frequency of the traction inverter and its harmonics occur. This traction inverter noise overlaps with the
optimal Electrochemical Impedance Spectroscopy (EIS) measurement frequency range (100 Hz to 1kHz) that we identified for internal cell temperature estimation

in Section 4.2.

Through a systematic analysis scheme of two datasets, which in-
clude 68 existing studies comprising a total of 83 cells and our own
experimental results, we identified the impedance phase, evaluated
at frequencies between 100Hz and 1kHz, as an optimal estimator for
internal cell temperature. Our findings indicate mean temperature sen-
sitivities of —0.35° K~! for temperatures above 23 °C and —0.17 ° K~! for
temperatures below 23 °C. Notably, these sensitivities remain constant
regardless of the cell’s capacity and chemistry.

To achieve a temperature uncertainty of less than 1K for large—
format cells operating above 23 °C, an EIS measurement system must
maintain an uncertainty less than 4 pQ for both the real and imag-
inary components of the impedance, based on the observed mean
sensitivities. For small-format cells with higher internal resistances, the
measurement uncertainty requirement for impedance can be reduced
accordingly.

In traction applications, noise generated by the traction inverters
can interfere with online EIS measurements at significant power levels.
Two noise sources exist: below 3kHz, motor control signals generate
high-power noise that varies with motor speed, while above 5kHz,
switching frequencies generate lower-power noise that remains con-
tinuously present during operation. Both noise sources can disturb
individual measurements. Employing a range of measurement frequen-
cies, depending on the noise profile of the specific traction application,
and outlier detection can mitigate interference; however, it should
be noted that merely using frequencies higher than the noise content
may not be practical, as impedance sensitivity to temperature typically
decreases with increasing measurement frequency.

These findings underscore the importance of precision in EIS mea-
surements to enhance the performance and reliability of BMS in trac-
tion applications.
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Appendix A. Dataset A Appendix B. Dataset B
See Table A.1. See Table B.1.
Table A.1

Dataset A: Summary of Electrochemical Impedance Spectroscopy (EIS) based internal cell temperature estimators. The impedance
feature Z is evaluated at frequency f to estimate the internal cell temperature. The impedance features used include absolute
impedance abs (Z), impedance phase arg(Z), real part of impedance Re(Z), imaginary part of impedance Im(Z), and intercept
frequency f;, :=Im(Z(f)) =0 [27]. The temperature sensitivities S, of the impedance features were calculated for temperatures
below and above 23 °C by linear interpolation, yielding S, and S , respectively. The normalized sensitivity of the impedance
feature regarding temperature S 1, in %K' is calculated by dividing S, by the value of the impedance feature at 23°C. The
nominal cell capacity Q is expressed in Ah, and the active materials for both the negative and positive electrode (Neg/Pos) are
also provided. Data sources are indicated in the second column, where ‘Exp’ denotes experimental data, ‘Fit’ refers to a fitted
model, and ‘WPD’ denotes the use of the WebPlotDigitizer tool [45] for data extraction from graphical plots. Publications are
organized in chronological order, with the earliest publication date listed first. Data marked with ‘?’ indicates information that
was not reported in the original studies.

Ref. Data Zz f ISz 1,1 ISz, ul ISz1,1 [Sz1,nl o Neg/Pos
Source Hz % K" %K1 Ah
[74] WPD abs (Z) 0.1 968 pQK-! 73.2 41 pQK-! 3.1 6.5 G/NCA
[19] WPD arg(Z) 40 0.42 °K! 11.4 0.1 °K! 2.7 53 G/LCO
0.37 °K-! 10.7 0.07 oKt 2 4.4 G/?
0.37 oKt 4.2 0.26 oKt 3 2.3 G/LFP
[11] WPD Re(Z) 10300 67.4 pQK-! 1.6 45.7 pQK-! 1.1 2 G/NCA
[27] WPD Sint -a 99.3 HzK™! 6.3 32.8 HzK™! 2.1 2.3 G/LFP
-b 25.7 HzK™! 4.7 10.2 HzK™! 1.9 7.5 G/NCA
[75] Fit arg (Z) 20 0.5 °K! 12.9 0.09 °K! 2.2 4.4 G/LMO
100 0.3 °K-! 6.4 0.1 oKt 2.1
[10] WPD Re(Z) 215 179 puQK-! 6.5 71 puQK-! 2.6 2.3 G/LFP
[26] WPD abs (Z) 10 205 pQK-! 9.8 50 pQK-! 2.4 8 ?/?
arg (Z) 1.2 oK1 11.1 0.4 oKt 3.6
[65] Fit Im(Z) 300 245 pQK-! 9.6 105 QK- 4.1 2.6 ?/LCO
[76] Fit arg (Z) 70 0.16 oK1 4.8 0.07 oKt 2.1 5.3 G/LMO
[77] WPD arg (Z) 1000 0.15 oKt 1.2 0.2 oKt 1.6 20 LTO/?
[78] WPD arg (Z) 80 0.94 oK1 6.6 0.43 oKt 3 8 ?/LFP
[30] WPD St - 5.9 HzK™! 0.4 4.3 HzK™! 0.3 90 G/LFP
[6] WPD Im(Z) 215 33 pQK-! 8.3 - - - 4.4 G/LFP
[79] WPD arg (Z) 10 0.92 oKt 26.2 0.08 oKt 2.2 30 G/LFP
[80] WPD abs (Z) 500 8 pQK-! 1.2 4.5 pQK-! 0.7 26 G/NMC
[81] WPD abs (Z) 200 174 pQK-! 1.1 72 pQK-! 0.45 2.6 ?/LFP
Fit Im(Z) 164 pQK-! 8.1 50 pQK-! 2.5
WPD Re(Z) 138 uQK-! 0.9 71 uQK-! 0.5
[82] Fit fint e 35 HzK™! 3.8 20.9 HzK™! 2.3 12 ?/NCA
arg (Z) 1000 0.18 °K-! 32.7 0.09 °K-! 16.4
[83] Fit Re(Z) 8 1.3 mQK-! 2.9 - - - 8 ?/?
[84] WPD abs (Z) 300 394 puQK-! 0.7 32 pQK-! 0.05 2.6 ?/LCO
Re(Z) 385 pQK-! 0.7 34 pQK-! 0.06
[85] Fit arg (Z) 10 1.5 oKt 14 0.3 oKt 2.9 40 ?/LFP
[25] Fit arg (Z) 12 0.19 oKt 8.7 0.05 oKt 2.4 1.3 ?/LFP
44 0.18 oKt 7.3 0.07 oKt 2.7
79 0.18 °K! 7.6 0.07 °K! 3
[68] WPD abs (Z) 630 11.8 puQK-! 0.85 1.5 puQK-! 0.11 23 ?/NMC
[86] Exp fint -t 119.7 HzK~! 8.4 32.5 HzK~! 2.3 2.6 ?/?
[87] WPD Re(Z) 15000 - - - 63.8 pQK-! 0.2 3.2 ?/LFP
[88] WPD arg (Z) 200 0.5 °K-! 8.2 - - - 2.5 GSi/NCA
0.46 oKt 7.1 - - - 3 GSi/NCA
0.41 °K-! 7.3 - - - 3.2 G/NCA
0.11 °K-! 4 - - - 1.3 LTO/?
0.3 °K~! 4.9 - - - 1.1 G/LFP
0.37 °K! 4.7 - - - 2.15 G/LCO
[89] Fit arg (Z) 10 0.57 oKt 5.1 0.23 °K! 2.1 3.2 ?/NCA

(continued on next page)
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Table A.1 (continued).

Ref. Data z f 18711 1871, al 1Sz, 1 1Sz 1,0l 16) Neg/Pos
Source Hz %K' % K! Ah
[18] WPD arg(Z) 32 - - - 0.23 °eK-! 3 3.24 G/NMC
- - - 0.1 °K! 2 3.3 G/NCA
- - - 0.16 °K-! 2.1 3.4 GSi/NCA
[90] Fit arg(Z) 10 0.39 °K-! 14.3 0.05 °K-! 1.7 2.6 ?/?
100 0.17 °K-! 6.5 0.07 °K-! 2.6
1000 0.12 °K! 16.8 0.03 °K! 4.6
[91] WPD arg(Z) 40 0.57 °K! 8.9 0.28 °K! 4.3 70 ?/NMC
[92] WPD Im(Z2) 263 121 uQK-! 4.7 75 uQK-! 2.9 2 G/NMC
[24] WPD Im(Z) 200 227 pQK-! 5 929 QK1 2.2 2.8 ?/LCO
[93] WPD Re(Z) 100 - - - 45 uQK-! 1 3.6 G/NMC
[94] WPD arg(Z) 619 0.28 °K! 2.8 0.42 °K! 4.1 12 ?/NMC
620 0.25 °K-! 20 0.19 °K-! 15.3 3.5 ?/NCA
[95] Fit abs(Z) 0.15 38 puQK-! 2.9 17.7 uQK-! 1.3 50 ?/NMC
[96] WPD abs(Z) 5 - - - 14 uQK-! 1.3 50 ?/NMC
[4] Fit Im(Z) 100 431 puQK-! 5.2 224 uQK-! 2.7 3 ?/NMC
[97] Fit arg(Z) 136 0.26 °K-! 2.7 0.26 °K-! 2.7 11 G/NMC
[16] WPD abs(Z) 1000 - - - 53 uQK-! 0.3 2.6 G/NMC
arg(Z) - - - 0.2 °K! 26.4
[98] WPD abs(Z) 10 47 pQK-! 3.5 11.5 pQK-! 0.9 70 ?/NMC
arg(Z) 0.6 °K-! 5.1 0.32 °K-! 2.7
[99] Fit abs (Z) 10 33 pQK-! 6.7 5 pQK-! 1 120 ?/?
arg(Z) 17.5 0.71 °K! 11.9 0.31 °K-! 5.2
[22] WPD Im(Z) 631 78 puQK-! 7 64 uQK-! 5.8 4.9 GSi/NCA
[100] Fit Im(Z) 400 365 uQK-! 12.9 64 uQK-! 2.3 3.45 ?/NCA
800 316 pQK-! 19.9 36 pQK-! 2.3
1250 121 pQK-! 16.2 59 pQK-! 7.9
WPD 50 122 nQK-! 5.3 59 nQK-! 2.5
[101] Fit Im(Z) 100 541 pQK-! 4.2 382 pQK-! 2.9 1.8 ?/LFP
[102] Exp arg(Z) 957 0.13 °K! 4.1 0.1 °K! 3.2 1.8 G/LFP
0.15 °K-! 1.5 0.17 °K-! 1.7 1.5 HC/NaLO
1000 0.12 °K-! 645 0.07 °K-! 348 1.25 HC/NaLO
[103] Fit Im(Z2) 600 158 pQK-! 4.2 99 pQK-! 2.6 1.8 G/LFP
800 133 pQK-! 4.3 85 pQK-! 2.7
1000 116 puQK-! 4.5 75 pQK-! 2.9
[104] WPD arg(Z) 87 0.34 °K-! 8.4 0.18 °K-! 4.4 3.35 ?/NMC
[64] WPD arg(Z) 720 0.2 °K-! 5.7 0.21 °K-! 5.9 2.55 G/NMC
[105] WPD arg(Z) 760 0.21 °K-! 3.2 0.09 °K-! 1.4 4.9 G/NMC
[106] Exp Re (Z) 8 27.8 pQK-! 3.5 5 uQK-! 0.6 116 G/NMC
This Exp arg(Z) 1000 0.21 °K-! 7.9 0.13 °K-! 4.9 3.5 GSi/NMC
work 0.34 °K-! 6.2 0.31 °K-! 5.7 1.2 G/LFP
0.27 °K-! 16.4 0.24 °K-! 14.6 4.5 GSi/LFP
0.19 °K! 6.2 0.15 °K! 4.9 3.5 GSi/NMC
646 0.15 °K-! 1.6 0.18 °K-! 1.8 1.3 HC/NaLO
500 0.31 °eK-! 2 0.23 °eK-! 1.5 75 G/NMC

2 0.68 kHz to 6 kHz.

b 0.27 kHz to 1.7 kHz.

¢ Non-zero intercept frequency.
d 1.6 kHz and 2 kHz.

¢ 0.3 kHz to 2.7 kHz.

0.7 kHz to 7.3 kHz.

Appendix C. EV powertrain parameters

See Table C.1.

14



N. Sailer et al.

Table B.1
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Dataset B: Summary of Electrochemical Impedance Spectroscopy (EIS) data used to determine the optimal
measurement frequency for internal cell temperature estimation. The operating point for each cell, including
State of Charge (SoC), State of Health (SoH), and temperature (T, is provided. The nominal cell capacity QO in
Ah and the negative/positive electrode active materials (Neg/Pos) are also provided. Data sources are indicated
in the second column, where ‘Exp’ denotes experimental data and ‘WPD’ denotes the use of the WebPlotDigitizer
tool [45] for data extraction from graphical plots. The publications are listed in chronological order, with the
earliest publication date first. Data marked with ‘?’ indicates information that was not reported in the original

studies.
Reference Data Source SoC % SoH % T °C O Ah Form Factor Neg/Pos
[112] Exp 60 100 30 20 Pouch G/NMC
[27] Exp 60 100 30 7.5 Cylindrical G/NCA
[78] WPD 50 100 23 8 Prismatic ?/LFP
[30] Exp 60 100 30 90 Prismatic G/LFP
[113] Exp 60 100 30 12 Pouch G/NCA
[114] Exp 50 100 35 20 Pouch G/NMC
5 LTO/NCA
14 G/LFP
[89] WPD 50 100 25 3.2 Cylindrical ?/NCA
[115] Exp 100 100 20 2.5 Cylindrical GSi/NCA
[116] Exp 50 100 22 3 Cylindrical GSi/NCA
[117] Exp 50 100 23 3 Cylindrical G/NMC
[118] Exp 100 100 25 3.5 Cylindrical ?/NCA
3.5 GSi/NMC
2.5 GSi/NCA
[119] Exp 50 100 25 50 Prismatic G/NMC
[120] Exp 50 100 25 5 Cylindrical ?/NMC
[121] Exp 50 100 25 3.25 Cylindrical ?/NCA
[93] Exp 50 100 26 3.6 Pouch G/NMC
[122] WPD 50 100 25 3.2 Cylindrical ?/NMC
[94] Exp 50 100 30 3.5 Cylindrical ?/NCA
12 Pouch ?/NMC
[123] Exp 50 100 25 1 Pouch G/NMC
[124] Exp 50 100 25 1.2 Cylindrical HC/NaLO
[23] Exp 55 100 25 3 Cylindrical G/NMC
[99] WPD 50 100 25 120 Prismatic ?/?
[22] WPD 50 100 25 4.9 Cylindrical GSi/NCA
4.2 GSi/NCA
[125] Exp 50 100 25 3 Cylindrical GSi/NMC
[126] Exp 50 100 25 0.7 Cylindrical HC/NaLO
[102] Exp 45 100 25 1.5 Cylindrical HC/NaLO
1.25 HC/NaLO
1.8 G/LFP
[127] Exp 50 100 20 0.6 Cylindrical G/LFP
[21] Exp 50 100 23 4.2 Cylindrical G/NMC
[128] Exp 60 100 25 58 Prismatic G/NMC
[106] Exp 50 100 20 116 Prismatic G/NMC
[129] Exp 50 100 25 32 Prismatic ?/LFP
This work  Exp 50 90 20 3.5 Cylindrical GSi/NMC
100 1.2 G/LFP
25 1.3 HC/NaLO
4.5 GSi/NMC
3.5 GSi/NMC
25 75 G/NMC
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Table C.1
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Overview of powertrain parameters of 60 Electric Vehicles (EVs). The switching frequency of the traction inverter is represented
by f,,- The maximum frequency of the electric motor control signal, generated by the traction inverter and denoted as f ., is

calculated using Eq. (6), using the maximum revolutions per minute (RPM

max

) and the number of pole pairs (Np). Both, the traction

inverter switching frequency and the motor control signal, are present in the battery current and can disturb an Electrochemical
Impedance Spectroscopy (EIS) measurement, as f .., can reach up to 1.4kHz.

Reference  Brand Model Year  f,, kHz RPM,, min™' N,  fy.. Hz
[130] Aion 650 Zhihao 2024 - 13900 6 695
[130] Aito M9 2024 - 17582 6 879
[130] Arcfox Alpha-S 2022 - 16225 6 811
[131] Audi e-tron - 16 16000 8 1067
[130] Avatr 12 2024 - 17435 6 872
[131] BMW i3 - 12 11400 8 760
[130] BMW i5 M60 xDrive 2023 - 16289 6 815
[130] BMW iX xDrive 40 2022 - 14949 6 748
[130] BYD Dolphin Knight Edition 2021 - 13220 8 881
[130] BYD Han AWD 2020 - 15014 8 1000
[130] BYD Qin Pro 2020 - 11100 8 740
[130] BYD Seagull 2023 - 11050 10 921
[130] BYD Shark GS 2025 - 12240 8 816
[130] BYD Song Plus 520 2024 - 12847 8 856
[130] BYD Yuan Plus 2022 - 12630 8 842
[131] Chevrolet Bolt EV 2016 10 10000 8 667
[132] Citroén C-Zero 2010 7.1 8800 4 587
[130] Citroén E-C3 Max 2024 - 16960 8 1130
[130] Citroén E-C4 Feel Pack 2020 - 11177 8 745
[130] Dacia Spring Electric Plus 2021 - 11150 8 743
[130] Denza N7 Long Max 2023 - 14180 8 945
[130] Fiat E-Ducato 2024 - 11300 8 753
[130] Fisker Ocean One 2023 - 15778 8 1053
[131,133] Ford Mustang Mach-E AWD 2020 15 13800 8 920
[130] Geely Galaxy E5 530 2023 - 14700 8 980
[130] Great Wall Motor  Pao 2021 - 8801 8 587
[130] Hozon Neta Aya 2023 - 9566 8 638
[130] Hyundai Creta Electric LR 2025 - 12600 8 840
[130] Hyundai Ioniq 6 First Edition 2023 - 12800 8 853
[131] Hyundai Kona Electric - 10 12000 8 800
[130] IM Motors L7 Pro 2022 - 14710 6 736
[130] Kia EV5 530 Land 2023 - 12200 8 813
[130] Maxus Deliver 9 LH 2020 - 13300 8 887
[130] Mercedes EQS 580 4Matic 2022 10 13638 8 909
[130] MG 4 2022 - 13384 8 892
[130] MG ZS 2022 - 10300 8 687
[130] Nio ES6 2020 - 11866 8 791
[130] Nissan Ariya B6 2022 - 15700 8 1047
[131] Nissan Leaf - 10 10000 8 667
[130] Ora Good Cat LR 2021 - 12800 8 853
[130] Porsche Macan EV Turbo 2024 - 13200 8 880
[131] Porsche Taycan - 20 20000 8 1333
[130] Renault R5 E-Tech Electric Iconic Five 2024 - 11900 8 793
[130] Renault Megane E-Tech EV60 2022 - 11500 8 767
[130] Renault Zoe R135 Z.E. 50 2020 - 11350 4 378
[134] Rivian RIT 2023 - 16128 8 1075
[135] Tesla Cybertruck Single/Dual Motor 2024 - 16328 6 816
[135] Tesla Cybertruck Tri Motor 2024 - 18973 6 949
[130] Tesla Model 3 LR 2023 - 17225 6 861
[131] Tesla Model S 2022 20 18000 8 1200
[136] Tesla Model S Plaid 2022 - 18031 6 902
[130] Tesla Model Y LR AWD 2022 - 15300 6 765
[130] Toyota bZ4X AWD 2023 - 14250 8 950
[130] Volvo EX30 Ultra 2024 - 13000 8 867
[130] vw 1D.3 2021 - 13692 8 931
[130] vw ID.6 X 2021 - 16800 8 1120
[130] vw ID Buzz 2023 - 14300 8 953
[130] Xiaomi SU7 Max 2024 - 15900 8 1060
[130] XPeng G6 Performance Max 2023 - 12300 6 615
[130] XPeng G9 Max 2022 - 16200 8 1080
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Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jpowsour.2025.239111.

Data availability

All data used in this article are publicly available through Mende-
ley Data repositories: Dataset A, Dataset B, and measured EIS data
at https://doi.org/10.17632/zdpxdkx6rn.1; Measured traction current
data from the Citroén C-Zero at https://doi.org/10.17632/562fxrn7js.
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