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This paper shares an experimental dataset of lithium-ion bat-
tery parallel-connected modules. The campaign, conducted
at the Stanford Energy Control Laboratory, employs a com-
prehensive full factorial Design of Experiment methodology
on ladder-configured parallel strings. A total of 54 test con-
ditions were investigated under various operating tempera-
tures, cell-to-cell interconnection resistance, cell chemistry,
and aging levels. The module-level testing procedure in-
volved Constant Current Constant Voltage (CC-CV) charging
and Constant Current (CC) discharge. Beyond monitoring to-
tal module current and voltage, Hall sensors and thermocou-
ples were employed to measure the signals from each in-
dividual cell to quantify both current and temperature dis-
tribution within each tested module configuration. Addition-
ally, the dataset contains cell characterization data for ev-
ery cell (i.e. NCA Samsung INR21700-50E and NMC LG-Chem
INR21700-M50T) used in the module-level experiments. This
dataset provides valuable resources for developing battery
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physics-based, empirical, and data-driven models at single
cell and module level. Ultimately, it contributes to advance
our understanding of how cell-to-cell heterogeneity propa-
gates within the module and how that affects the overall sys-
tem performance.
© 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Specifications Table

Subject
Specific subject area

Data format

Type of data

Data collection

Data source location

Data accessibility

Related research article

Electrical and Electronic Engineering.

Design of Experiments (DoE) based campaign of parallel connected lithium-ion
batteries and individual cells characterisation.

Raw and processed data.

Tabulated

Excel files (.xIsx) - Raw data

MATLARB files (.mat) - Processed data

Parallel-connected Cells Performance Electrochemical Testing

A set of tests defined as (1) single cells characterisation and (2) module-level
experiments.

(1) Single-cell characterisation

Discharge capacity is recorded via the Arbin LBT21024 system supplying a CC at a rate
of C/20 to individual cells. Ohmic resistance is tracked at 10 % SoC intervals via hybrid
pulse power characterisation (HPPC) and MultiSine test protocols.

(2) Module-level experiments

The Arbin Instruments LBT22013 system supplies a 3/4 C-rate discharge current profile
to CC-CV fully charged parallel connected cells. The module terminals voltage, cells
surface temperatures and parallel branch currents are measured via the Arbin system,
Omega T-type thermocouples, and Honeywell Hall Effect SS495A calibrated sensors,
respectively. The experimental temperature is maintained at the design target by the
Amerex IC500R thermal chamber. The data is logged via MITS Pro Software at a
sample rate of 1 s.

Institution: Stanford Energy Control Laboratory, Energy Science and Engineering
Department, Stanford University.

City, State: Stanford, California.

Country: United States of America.

Latitude and longitude for collected samples/data:

(37.426666918636386, —122.17397631867011).

Repository name: Parallel-connected module experimental campaign

DOI: 10.17632/zh58byr53c.1

Direct URL to data: https://data.mendeley.com/datasets/zh58byr53c/1

Piombo, G., Fasolato, S., Heymer, R., Hidalgo, M., Faraji Niri, M., Onori, S., Marco, J.:
“Unveiling the Performance Impact of Module Level Features on Parallel-Connected
Lithium-Ion Cells via Explainable Machine Learning Techniques on a Full Factorial
Design of Experiments”, Journal of Energy Storage 84, (2024), 110783,
https://doi.org/10.1016/j.est.2024.110783.

1. Value of the Data

« Single-cell characterization, in the form of galvanostatic discharge, HPPC test, and Multi-
Sine profiles are performed on a total of 39 single cells at 23 °C. In particular, the ex-
perimental campaign includes two fresh batches consisting of 18 Samsung INR21700-50E
and 19 LG-Chem INR21700-M50T cells, aimed at identifying out-of-manufacture cell-to-
cell variations. The third batch consists of one aged cell per chemistry type.

The testing campaign for the parallel-connected battery modules are designed adopting

a comprehensive full factorial DoE methodology. A total of 54 module-level experiments
are conducted, considering four distinct factors within the DoE approach. These factors
encompass 3 levels of testing: temperature (10, 25 and 40 °C), cell-to-cell interconnection
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resistance (0, 1 and 3 m€2) and cell chemistry (all NMC, all NCA and mixed NMC/NCA), as
well as two levels of cell ageing (aged and unaged).

At the module level, the testing procedure consists of a CC-CV charging at a rate of C/3.
The cut-off current of 50 mA is reached when holding at a CV of 4.2 V. Subsequently,
a CC discharge is conducted at a rate of 0.75C. Throughout each test, alongside monitor-
ing the overall module current and voltage, the currents delivered by each individual cell
within the module, as well as their respective temperatures, were measured. The aim is
to quantify the impact of cell-to-cell variations on module operations across a wide range
of usage scenarios.

The dataset provides parallel-connected module data that can enable the development of
battery physics-based, empirical, and data-driven pack-level modelling frameworks for the
understanding of cell-to-cell heterogeneity propagation. It also allows statistical analysis
based on the DoE factors.

To the best of the authors’ knowledge, this is the first dataset (that is both peer-reviewed
and within the public domain) including data on cells connected in parallel, where the
current and temperature of each cell connected in parallel are measured under different
operating conditions and applying DoE methodology.

2. Background

The performed experimental campaign aimed to increase our level of understanding of the
role of out-of-manufacture single-cell parameters distributions and module-level features on the
uneven performance of parallel connected cells. Ultimately, the objective of this study is to in-
form about the mechanisms underlying the propagation of cell-to-cell variations, and how these
variations ultimately influence the overall functioning of modules/packs. The dataset also encom-
passes standard characterisation test results for both unaged and aged batches of two distinct
lithium-ion cell chemistries, offering an overview of the electrical properties distributions at the
end of the manufacturing process. The developed dataset is associated with the publication in
the Journal of Energy Storage [1] (https://doi.org/10.1016/j.est.2024.110783), which adds value
to this article by providing an in-depth analysis via Explainable Machine Learning (XML) tech-
niques. As the implemented methodology rigorously relied on a Full-Factorial DoE, this dataset
can support further development of battery physics-based, empirical, and data-driven models at
single cell and module level.

3. Data Description

The dataset includes two complementary experimental campaigns. The first one is a single
cells’ characterisation campaign on all the 39 individual cells to identify sample properties and
their out-of-manufacture distribution. The second one covers 0.75C CC discharge on four cells
connected in parallel in a ladder configuration. To facilitate the reader’s understanding of the
testing procedures carried out in this study, a high-level visual flowchart of the steps involved in
both campaigns is offered in Fig. 1. Cell characterisation was performed before the module-level
tests. The 39 cells included in the study are 19 new LGM50T Lithium-Nickel-Manganese-Cobalt-
Oxide (LiNiMnCoO,), 18 Samsung 50E Lithium Nickel-Cobalt-Aluminium Oxide Li(NiCoAl)O,,
and one pre-aged cell for each chemistry. Both LG and Samsung cells implement Silicon-doped
graphite (SiC) for the negative electrode. The technical specifications of the cells are included in
Table 1 for completeness.

Understanding the cell-to-cell variability is a crucial step to enhance the interpretability of
module level imbalance phenomena. This is related to the impact of differences in cells’ proper-
ties have on the load and temperature distributions in parallel strings. Part of the experimental
campaign is therefore focused on reference performance tests (RPT) on the cells’ used in the
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Fig. 1. A visual flowchart of the implemented experimental procedures, selected steps, and design of experiments.
Single-cell characterization (top) is performed before module-level testing (bottom) and consists of four phases: pre-
inspection, namely visual investigation, weighting and sample labelling, identification of discharge capacity via the
pseudo-OCV procedure, derivation of impedance via HPPC and MultiSine protocols, and conditioning for long-term stor-
age. Module-level testing is grounded in the selected Full-Factorial DoE and consists of four phases: cells’ selection and
grouping, module assembly, test delivery, and data processing. Between the two campaigns, Hall-type current sensors
are calibrated, and derived voltage-current maps are then leveraged to translate raw data into processed data.

Table 1

Technical specifications of LG Chem INR21700-M50T [2] and Samsung INR21700-50E [3].
Manufacturer LG Chem Samsung
Model INR21700-M50T INR21700-50E

Positive electrode Li(NiCoMn)02 Li(NiCoAl)O2

Negative electrode
Size (diameter x length)

Graphite and Silicon

21.44 x 70.80 mm

21.25 x 70.80 mm

Weight 69.25 g 69.00 g
Nominal capacity (Cn) 4.85Ah 4,90 Ah
Nominal voltage 363V

Charge cutoff voltage 42V

Discharge cutoff voltage 25V

Cutoff current (during CV) 50 mA

module-level experimental investigation described earlier in this paper. The list of characteri-
sation steps involved is reported in Table 2. Every fresh cell is received from the manufacturer
at voltages close to the nominal 3.6V. The two aged cells are long-term stored at 50 % SoC to
reduce calendar ageing. The test cycle starts with a CC charge at a C/3 rate until 4.2V, followed
by a CV phase terminating when the supplied current goes below 50 mA (Steps 1, 2). After a
resting period of 60 min (Step 3), the cells’ discharge capacity is measured in Step 4 by applying
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Table 2
Single cells characterisation campaign test protocol.
Step Action Exit condition
1 CC charge at 0.33 C-rate 4.2V reached
2 CV charge Supplied current below 50 mA
3 Rest 60 min limit reached
4 CC discharge at 1/20 C-rate 2.5V reached
5 Rest 30 min limit reached
6 CC charge at 0.33 C-rate 4.2V reached
7 CV charge Supplied current below 50 mA
8 Rest 30 min limit reached
9 CC discharge at 1 C-rate 6 min limit - to Step 10 or 2.5 V to Step 13
10 Rest 60 min limit reached
1 HPPC 10 s charge and 10 s discharge pulses
12 MS Time-dependent current profile
13 Rest 2 minutes limit reached - to Step 9
14 CcC 4.2V reached
15 cv Supplied current below 50 mA

current profiles with a C/20 rate until 2.5V limit is reached, obtaining Pseudo-Open Circuit Volt-
age (OCV) curves. Cells are then left resting for a period of 30 min (Step 5). The CC-CV charging
procedure is repeated in Steps 6 and 7 up to 100 % SoC, followed by a 30 minutes rest in Step 8.
To account for cells’ internal properties dependency on SoC, the ohmic resistance measurements
are performed at even intervals of 10 % by anticipating them with a constant current discharge
profiles at a 1C rate (Step 9) followed by 60 minutes rest (Step 10). The ohmic resistance is
sensed by means of two different protocols in Steps 11 and 12. First, HPPC current profiles are
applied with a charge/discharge ratio of 0.75 and a duration of 10 s, as per automotive standards
(Step 11) [4]. Then, MultiSine type dynamic current profiles are supplied following the procedure
described in [5,6] with an « value of 0.6 and a pulse duration of 10 s (Step 12). A resting pe-
riod of two minutes is imposed in Step 13 to allocate for cycle recursive management. Steps 9
to 13 are repeated until 2.5V is reached by applying multiple exit conditions. Last, a constant
current constant voltage charge takes back the cells to 4.2V in Steps 14 and 15. The protocol
ends when the supplied current goes below 50 mA. All the RPT are performed at a controlled
thermal chamber temperature of 23 °C.

The module-level campaign aimed to enhance our level of understanding regarding the influ-
ence of various factors on the inconsistent performance of parallel connected cells. The consid-
ered factors can be referred, in part, to the single cell characterisation campaign, which provides
valuable insights into the distribution of electrical properties. The remaining features refer to
module-level characteristics, which serve as indicators of the influence exerted by design choices
and operating conditions. A four-cells parallel string in a ladder configuration is tested, mean-
ing the terminals of the module are connected on the same side. The experimental parameters
encompass operating temperature, cell-to-cell interconnection resistance, chemistry (NCA, NMC,
and mixed) and ageing status (Aged, and Unaged). The operating temperatures are 10 °C, 25 °C
and 40 °C. The interconnection resistance levels are 0, 1 and 3 m£2, leveraging high-precision
shunt resistors (+1 %) soldered to 3.3 mm thick and 25.4 mm deep copper bars with negligi-
ble electrical resistance. The influence of the shunt soldering is tested upon manufacture and
deemed to be negligible, as reported in [1]. In this study, a “Mixed” chemistry configuration
refers to a combination of two NMC and two NCA cells in the parallel string being tested. The
NCA cells are always kept closest to the terminals to represent the worst-case scenario of load
imbalance among cells, as their ohmic resistance is lower than the NMC ones. On the other
hand, the “NMC” and “NCA” configurations represent modules with cells of equal chemistry. Fi-
nally, the “Unaged” configuration denotes the connection of four fresh cells, while “Aged” refers
to the inclusion in position 4 of one aged cell of the same chemistry. The location of the aged
cell is selected to ensure a worst-case scenario standpoint in the form of maximum load imbal-
ance, due to its higher ohmic resistance and lower discharge capacity when compared to unaged
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Table 3

List of the control variables included in the DoE campaign.
Control variables Levels Unit
Interconnection Resistance [0, 1,3] [mQ]
Temperature [10, 25, 40] [°C]
Chemistry [NMC, NCA, Mixed] [-]
Ageing status [Aged, Unaged] [-]

cells. The mixed and aged case includes a test where both the chemistries are mixed and two
aged cells are included in the string. The factors ranges are selected upon literature and ex-
pert’s review following previously conducted group campaigns on series-connected cells [7]. To
mitigate the evolution of the cells’ characteristics over the experimental campaign, a random-
ized sampling methodology was developed. At each instance, four cells combination among the
twenty in the batches are randomly selected and given a position (1-4) in the module to ensure
repetitive tests on the same cells are minimized. The Stat-Ease Design Expert 22.0.2 software
is employed to define the experimental design and entail the examination of all possible com-
binations of the factors and levels included resulting in a full-factorial DoE. The list of control
variables is reported in Table 3, resulting in a total of 54 testing points.

The module level test protocol consists of 8 consecutive steps, listed in Table 4 and illus-
trated in Fig. 2(a). A cycle starts with a 90 min resting period (Step (1)) to allow the cells to
self-balance and reach equilibrium (thermal and electrochemical) before testing, eliminating po-
tential interferences due to cells’ initial states. Steps @ and (3) comprise the charging phase of
CC at C/3 up to 4.2V followed by a CV terminated when the module current (total supplied cur-
rent) is lower than 200 mA. The module is then left to rest for 30 min (Step @). Next, a 0.75C
constant current discharge profile is applied until the terminal voltage reaches the lower limit
of 2.5 V (Step (®). Self-balancing currents occur in the following one-hour rest phase (Step ®).
The protocol is finalised by Steps (? and (8 which are the repetition of Steps 2 and @) (a C/3
CC phase up to 4.2 V followed by a CV phase terminated when the supplied current goes below
200 mA) from a lower SoC level. The described procedure is repeated for each of the 54 testing
points reported in Table 5.

Throughout each test, alongside monitoring the overall module current and voltage (Fig. 2(a)),
the currents delivered by each individual cell within the module and their respective tempera-
tures were measured. Fig. 2(b)-(d) and Fig. 2(c)-(e) provide examples of the current and ther-
mal distribution within the tested module during Step & and (?)-(®), respectively. Note that the
current measurements on individual cells are gathered by means of Hall sensors. The Hall sen-
sors working principle consists of the voltage across the output pins being linearly proportional
to the magnetic field generated by the current source. The sensed voltage signals need coher-
ently to be translated into currents via a calibration procedure. To calibrate the Hall sensors,
a stepwise constant current profile is imposed via known current levels covering the C-rates
range (—2C to 2C) used in the experimental campaign. The resulting profile is included in Fig. 3.

Table 4
Module level campaign test protocol.
Step Action Exit condition
1 Rest 90 min limit reached
2 CC charge at 0.33 C-rate 4.2V reached
2 CV charge Supplied current below 200 mA
4 Rest 30 min limit reached
5 CC discharge at a 0.75 C-rate 2.5V reached
6 Rest 60 min limit reached
7 CC charge at 0.33 C-rate 4.2V reached
8 CV charge Supplied current below 200 mA




Table 5

Module-level campaign experimental design including tests’ order, factors’ specifications, cells’ position allocation in the module and links to the dataset repository files.

Test Module Chemistry Ageing Rine [MR2] Temp. Pos 1 Pos 2 Pos 3 Pos 4 Link to repository

No. No. [°C]

1 1 NCA Unaged 0 25 F7 F14 F15 F3 M1_NCA_UNAGED_0_25

2 1 Mixed Aged 0 25 F18 GS3 P10 Y1 M1_Mixed_AGED_0_25

3 1 NMC Aged 0 25 P4 P6 P2 Y1 M1_NMC_AGED_0_25

4 1 Mixed Aged 3 25 F18 GS3 P3 Y1 M1_Mixed_AGED_3_25

5 1 NMC Unaged 0 10 P13 P2 P6 P11 M1_NMC_UNAGED_0_10
6 2 Mixed Unaged 3 10 F18 F16 P2 P14 M2_Mixed_UNAGED_3_10
7 1 NCA Unaged 0 10 F17 F18 F10 F3 M1_NCA_UNAGED_0_10

8 2 NMC Aged 1 10 P4 P6 P17 Y1 M2_NMC_AGED_1_10

9 1 NCA Unaged 3 10 F17 F3 F15 F10 M1_NCA_UNAGED_3_10
10 2 Mixed Aged 1 10 F18 GS3 P3 Y1 M2_Mixed_AGED_1_10

11 2 NCA Unaged 1 25 F12 F2 F6 F10 M2_NCA_UNAGED_1_25
12 2 NCA Aged 3 25 F11 F10 F4 GS3 M2_NCA_AGED_3_25

13 1 NMC Unaged 3 10 P14 P5 P13 P6 M1_NMC_UNAGED_3_10
14 2 NCA Aged 1 10 F9 F2 F4 GS3 M2_NCA_AGED_1_10

15 1 NMC Aged 0 40 P4 P5 P18 Y1 M1_NMC_AGED_0_40

16 2 NCA Unaged 1 40 F16 F12 F7 F5 M2_NCA_UNAGED_1_40
17 1 Mixed Unaged 0 40 F8 F5 P17 P7 M1_Mixed_UNAGED_0_40
18 2 NMC Aged 3 40 P12 P10 P2 Y1 M2_NMC_AGED_3_40

19 1 NCA Aged 0 25 F5 F12 F9 GS3 M1_NCA_AGED_0_25

20 2 Mixed Unaged 1 25 F7 F11 P12 P16 M2_Mixed_UNAGED_1_25
21 2 Mixed Unaged 3 40 F5 F1 P15 P8 M2_Mixed_UNAGED_3_40
22 2 NCA Unaged 3 40 F4 F5 F12 F9 M2_NCA_UNAGED_3_40
23 2 NMC Unaged 1 40 P14 P3 P7 P12 M2_NMC_UNAGED_1_40
24 1 NCA Aged 3 40 F12 F1 F16 GS3 M1_NCA_AGED_3_40

25 1 Mixed Unaged 0 10 F13 F1 P5 P2 M1_Mixed_UNAGED_0_10

(continued on next page)
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Table 5 (continued)

Test Module Chemistry Ageing Rine [M2] Temp. Pos 1 Pos 2 Pos 3 Pos 4 Link to repository

No. No. [°C]

26 2 NMC Aged 3 10 P3 P17 P15 Y1 M2_NMC_AGED_3_10

27 2 NMC Aged 1 25 P19 P14 P3 Y1 M2_NMC_AGED_1_25

28 1 NMC Unaged 3 25 P17 P4 P10 P16 M1_NMC_UNAGED_3_25
29 2 Mixed Aged 1 40 F3 GS3 P7 Y1 M2_Mixed_AGED_1_40
30 1 NMC Unaged 0 40 P14 P3 P8 P12 M1_NMC_UNAGED_0_40
31 1 Mixed Unaged 0 25 F18 F12 P19 P14 M1_Mixed_UNAGED_0_25
32 2 NMC Unaged 1 25 P20 P11 P17 Y1 M2_NMC_UNAGED_1_25
33 2 Mixed Unaged 1 40 F2 F6 P11 P17 M2_Mixed_UNAGED_1_40
34 1 NCA Aged 0 40 F15 F17 F3 GS3 M1_NCA_AGED_0_40

35 1 NMC Unaged 3 40 P16 P9 P14 P5 M1_NMC_UNAGED_3_40
36 2 NCA Aged 1 40 F13 F1 F5 GS3 M2_NCA_AGED_1_40

37 1 Mixed Aged 0 10 F6 GS3 P19 Y1 M1_Mixed_AGED_0_10
38 2 Mixed Aged 3 10 F5 GS3 P16 Y1 M2_Mixed_AGED_3_10
39 2 Mixed Unaged 1 10 F3 F8 P17 P15 M2_Mixed_UNAGED_1_10
40 1 NMC Aged 0 10 P19 P14 P16 Y1 M1_NMC_AGED_0_10

11 1 Mixed Unaged 3 25 F17 F10 P14 P2 M1_Mixed_UNAGED_3_25
42 2 Mixed Aged 1 25 F5 GS3 P8 Y1 M2_Mixed_AGED_1_25
43 1 Mixed Aged 0 40 F7 GS3 P15 Y1 M1_Mixed_AGED_0_40
44 1 NMC Aged 1 40 P10 P9 P16 Y1 M1_NMC_AGED_1_40

45 2 NCA Unaged 1 10 F14 F5 F13 F12 M2_NCA_UNAGED_1_10
46 1 NCA Aged 3 10 F18 F7 F11 GS3 M1_NCA_AGED_3_10

47 1 NCA Unaged 3 25 F1 F3 F15 F13 M1_NCA_UNAGED_3_25
48 2 NCA Aged 1 25 F6 F18 F8 GS3 M2_NCA_AGED_1_25

49 2 Mixed Aged 3 40 F7 GS3 P11 Y1 M2_Mixed_AGED_3_40
50 1 NCA Unaged 0 40 F1 F3 F9 F18 M1_NCA_UNAGED_0_40
51 1 NCA Aged 0 10 F8 F12 F4 GS3 M1_NCA_AGED_0_10

52 2 NMC Unaged 1 10 P2 P7 P12 P3 M2_NMC_UNAGED_1_10
53 1 NMC Unaged 0 25 P7 P17 P19 P13 M1_NMC_UNAGED_0_25
54 2 NMC Aged 3 25 P8 P14 P15 Y1 M2_NMC_AGED_3_25

222011 ($20T) €6 forig ut vivg/ v 32 1awhady *y pub 0IjosD] °S ‘OquIol] )
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Fig. 2. Cycling module-level testing protocol. (a) Terminal voltage (grey line) and total current (orange line) profiles
across the 8 steps of the testing protocol listed in Table 3. (b and c) Distribution of the supplied current across the four
parallel connected cells (red-scale lines) and module terminal voltage (grey line) during the constant-current discharge
(Step ®) and CCCV charging (Steps(?-®) phases. (d,e) Distribution of the individual cells’ surface temperatures during
the constant-current discharge (Step 3)) and CCCV charging (Steps ?)-(®) phases.
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Arbin Current — | 127 x Data
= 5 — —Hall sensor voltage - : 265 < 5| ——Hall sensor model
- -——-—T | e -
§ 0 o b-lo5® B O
E] l = 3 E
O 5F 1 — lo4” O 5
| [
;1oL Ll s ] ] ] ‘ 12.3 -10
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 2.2 2.4 2.6 2.8
Time [h] Voltage [V]

Fig. 3. a) Hall sensors supplied-current ramp (grey line) to response voltage profile (red dashed line). b) Example of a
resulting linear regression line (continuous grey) used to map the gathered voltage-current data (red crosses).

Fig. 3(a) shows the correspondence between the supplied current and the sensed voltage. In
Fig. 3(b), the linearity of the signal in the evaluated range is confirmed. The regression lines
angular coefficients and biases are then derived to map each Hall sensor voltage to the actual
current measurement. In total, 8 Hall sensors (i.e. four Hall sensors for each of the two man-
ufactured module test benches) are calibrated and assigned to a specific string position before
running the module-level campaign.
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3.1. Dataset structure

The root folder containing all the files is named “Parallel-connected module experimental
campaign” and is divided into the three sub-folders:

1. Single-cell characterisation
2. Hall sensor calibration
3. Module level experiments

An exhaustive description of each sub-folder is offered below, and schematically depicted in
Fig. 4, to improve the dataset understanding and utilisation.

1. Single-cell characterisation

This folder contains the individual cells’ RPT campaign results including the data gathered
from the NMC and NCA unaged and aged batches. Each of the “Aged_cells”, “NMC_cells” and
“NCA_cells” sub-folders contain two folders named Pseudo OCV and HPPC-MS. These loca-
tions store the discharge Pseudo-OCV tests and HPPC-MultiSine results, respectively. The data
was converted to the MATLAB format (.mat) and is named following the convention “Test-
Type_CellName” where TestType can be either “OCVDis” or “HPPC_MultiSine” depending on the
relevant test profile. “CellName” refers to the series and number given to each cell. NMC, NCA
cells belong to the “P”, “F” series, respectively. NMC aged cell is coded as “Y1”, NCA one as “GS3”.

The .mat files contain double type arrays sensing:

+ CurrentData: Supplied current profile in [A]

» OCV, VoltageData: Cell voltage profile in [V]

+ TempData: Cell surface temperature profile in [°C]
- TimeData: Logged time profile in [s]

The “HPPC_MultiSine” .mat files also include two additional signals facilitating data handling
via flags, namely:

« CycleIndex: Flag indicating the cycle number reached in the test protocol [-]

Parallel-connected module
experimental campaign

Single-cell Hall-sensors Module-level
characterization calibration experiments
G Aged_cells H1_Ca|ibrat:ion.mat B Raw_data
E NCA_cells H8_Calibration.mat B Processed_data
= NMC_cells [ Mixed_cells
[ Pseudo_OCP [(NmC_celis
O(,\/Dis_lg’z.mat B NCA_cells
OCVDis_P18.mat
- [JAged
[F—~HPPC_MS [ Unaged
HPPC_MultiSne_P1.mat
HPPCfMuItishefms.mat RO
RrRAM
[FRrR3
[aT_10
[T2s
=T1_40

M2_NCA_Unaged_R3_T40.mat

Fig. 4. Dataset files structure.
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- Steplndex: Flag indicating the step number reached in the test protocol [-]

The Pseudo-OCV sampling time was set to 10[s]. The HPPC and MultiSine profiles are logged
at a 1[s] sampling intervals in all phases apart from the pulses, where they are set to 0.1[s].

2. Hall sensors calibration

This folder reports the data gathered while calibrating the voltage-current relationship used
to derive the maps translating the raw to processed data in the module-level experimental cam-
paign. A total of 8 Excel spreadsheets (.xIsx) logged files were converted to MATLAB (.mat) for-
mat to reduce storage space and are included following the naming convention “SensorNum-
ber”_Calibration. To double the testing speed, a total of two twin modules as the one depicted
in Fig. 5 were manufactured. Each module has four possible cell locations. Module number 1
(M1) includes locations 1-4, while module number two (M2) 5-8. Locations 1 and 5 are the
closest to the module terminals, while 4 and 8 the furthest. Each sensor is logically allocated to
a location and given the respective “SensorNumber”. The .mat files include a “Data” table, with
headers referring to:

« Test_Times: Logged time profile in [s] from the test protocol start.

- Step_Times: Logged time profile in [s] resetting at each Step_Index increment.
« Step_Index: Flag indicating the step number reached in the test protocol [-].

+ Cycle_Index: Flag indicating the cycle number reached in the test protocol [-].
« CurrentA: Supplied current profile in [A].

+ HallVoltage: Hall sensor output voltage [V].

« PowerSupplyVoltage: Hall sensor power supply voltage output [V].

+ CellTempData: Cell surface temperature profile in [°C].

« AmbientTempData: Thermal chamber ambient temperature profile in [°C].

Tracking the Hall sensor signal location is crucial as the regression lines depicted in Fig. 3 re-
fer to the supplied current (“CurrentA”) and the Hall sensor voltage output (“HallVoltage”). The
logging step used for sensors calibration is 0.1 [s].

3. Module-level experiments

Raw data .xIsx Processed data .mat

@‘? Useful signals 95 Useful signals
> Date_Time
> Test_Time(s) i ?3;2?122
> Step_Time(s) > &ep_lndex
> Step_Index > Cycle_Index
> Cycle_Index -

A Module voltage and current A Module voltage and current

> VoltageV
> CurrentA

> Voltage(V)
> Current(A)

/A Thermocouple outputs

( Cell surface temp.

> Aux_Temperature(C)_1

> Aux_Temperature(C)_2

> Aux_Temperature(C)_3

> Aux_Temperature(C)_4
Ambient temp.

> Aux_Temperature(C)_5

/‘7\ Hall sensor signals

Cell current
> Aux_Voltage(
> Aux_Voltage(
> Aux_Voltage(
> Aux_Voltage(
Power supply
> Aux_Voltage(V)_5

Measured signals

Voltage
{——| Hall sensor model 1
——| Hall sensor model 2

Current
bbbt

R

( Cell surface temp.

/A Thermocouple outputs

> TemperatureC_Cell_1

> TemperatureC_Cell_2

> TemperatureC_Cell_3

> TemperatureC_Cell_4
Ambient temp.

> Ambient_TemperatureC

/f Hall sensor signals

[——| Hall sensor model 3
[—| Hall sensor model 4

I

Voltage

Current

>

Cell current
> CurrentA_Cell_1
> CurrentA_Cell_2
> CurrentA_Cell_3
> CurrentA_Cell_4

Processed signals

Fig. 5. Comparison between module-level raw and processed data, where the signal names are highlighted.
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This folder includes the data of the 54 test points module-level experimental campaign per-
formed. To facilitate readability and usage, the data were allocated to sub-folders referring to
the 4 features included in Table 3. The specific order of features is: chemistry, ageing, intercon-
nection resistance and operating temperature, as reported in Fig. 4. The last sub-folder in the
directory coherently includes individual test data named following the convention:

“ModuleNumber_": refers to which module was used to perform the test (M1, M2).
“Chemistry_": refers to the chemistry type of the tested cells (NMC, NCA, Mixed).
“Ageing_": refers to the ageing level of the tested cells (Aged, Unaged).
“InterconnectionResistance_": refers to the equipped busbar resistances (RO, R1, R3).
“OperatingTemperature”: refers to the thermal chamber temperature (T10, T25, T40).

Both the “raw” and “processed” data are reported with respective main sub-folders. The raw
data are saved as Excel spreadsheets with .xIsx type and refer to the data directly obtained from
the MITS Pro software. The column headers refer to the sensed signal as follows:

- Date_Time: Logged testing time in “day/month/year hour:minutes:seconds” format.
+ Test_Times: Logged time profile in [s] from the test protocol start.

+ Step_Times: Logged time profile in [s] resetting at each Step_Index increment.
- Step_Index: Flag indicating the step number reached in the test protocol [-].

+ Cycle_Index: Flag indicating the cycle number reached in the test protocol [-].
- VoltageV: Terminals voltage profile [V].

+ CurrentA: Supplied module current profile in [A].

+ Aux_Voltage(V)_(1-4): Hall sensors output voltage [V].

+ Aux_Voltage(V)_5: Hall sensor power supply voltage output [V].

» TemperatureC_Cell(1-4): Cells surface temperature profile in [°C].

» Ambient_TemperatureC: Thermal chamber ambient temperature profile in [°C].

To allow for a fast data analysis, the raw data are converted to .mat type files and reported
as “processed”. The data included were neither filtered nor resampled. Both raw and processed
data share the same structure with the exception of the Hall sensors and power supply voltages
(“Aux_Voltage_1-5") which are converted to current profiles (Current(A)_"CellNumber”) leverag-
ing the data included in the “Hall sensors calibration” folder. A schematic comparison of the data
included in the raw and processed table data is offered in Fig. 5. The processed table therefore
results in 15 columns, with a new header indicated as:

+ CurrentA_Cell(1-4)

The “Data_processed” files contain an additional field indicated as “Cells_name”. The
“Cells_name” field can be used to identify which cells were allocated to the individual tests and
is composed by a table with four columns mapping the relative position in the module (headers)
with the code of the cell taken from the “Single-cell characterisation” folder.

4. Experimental Design, Materials and Methods

The equipment available at the Stanford Energy Control Lab [8] and employed in the exper-
imental campaign is shown in Fig. 6. The module cycling tests are designed with the MITS Pro
software (1), which allows to define protocols, i.e., the sequence of steps to be followed to per-
form an experiment. To supply the battery module with the desired current profile and collect
sensor data (i.e. module voltage, hall sensor voltages, and cell surface temperatures), the Arbin
LBT22013 (3 is employed in conjunction with the Data Acquisition System (DAQ) 2. During
testing, each battery module (5 is tested within the Amerex IC500R thermal chamber @) and is
instrumented with 5 T-type thermocouples placed to measure the surface temperatures at the
centre of each cell, as well as the ambient temperature. Besides, four Honeywell SS495A Hall
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@ Host computer @ DAQ

(MITS Pro software) (3) Arbin LBT22013 (@) Amerex IC500Rthermal chamber

Schematic circuit of the @ Module test bench

module test bench
e
I

HaII sensors

Thermocouple
Rie Rt Rme  Rpne

4

[
2

i Vuau

Thermocouples

Vsupply

Hall Sensor

Fig. 6. Equipment available at the Stanford Energy Control Lab [8].

sensors are installed in each module to measure parallel paths currents. Hall-principle-based in-
struments were compared and selected over standard shunt resistors as the latter require a com-
promise between signal accuracy and influence on module’s current distribution to be made. The
larger the shunt resistance, the larger the voltage drop and hence signal-to-noise ratio. Never-
theless, the larger resistance mitigates the cell-to-cell ohmic resistance heterogeneity impact on
current distribution, influencing the test results. Hall sensors operate via an external 5V circuit
and hence do not present this limitation, despite requiring some measures to ensure an ade-
quate setup accuracy. The Hall sensors are mechanically inserted and glued into ferrite rings to
improve the signal-to-noise ratio and increase the reading scale. To prevent operators’ influence
on sensor measurements, the ferrite rings are fixed around the current carrying connector at the
negative terminal of each cell. In this way, the modules preparation does not require moving the
sensors at each testing occurrence. Shielded cables are used to enclose signals and terminals legs
are soldered and insulated to mechanically stabilize them and avoid shorts during operation. A
1mF capacitor is soldered across the 5V power supply to stabilize the input signal and mitigate
its impact on readings. The raw data of each test is exported in Excel spreadsheets (.xIsx) file
format. For more information about the setup the reader is referred to [9]. The Stat-Ease Design
Expert software version 22.0.2 is used to develop the experimental design, factors levels and
tests order.

Limitations

Not applicable.
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