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Hierarchical Representation of Measurement Data,
Metrological Uncertainty and Metadata for Calibrated

Battery Tests

Amin Moradpour,” Manuel Kasper,”’ Manuel Moertelmaier,” Nawfal Al-Zubaidi R-Smith,™

and Ferry Kienberger*®

We present an interoperable hierarchical data representation
for battery tests, leading to improved scalability of data
transmission and enhanced data accessibility and comprehensi-
bility for both human interpretation and machine processing.
The hierarchical data format includes the raw trace electrical
measurement data, the metrological calibration and uncertainty
data, the metadata such as experimental settings, instruments
and software versions, as well as post-processed data such as
electrochemical model fit parameters. This data representation
allows repetition of the battery test under the exact same
conditions such that identical results are achieved within
defined error bounds. This is in line with the general F. A.I.R.

Introduction

Data interoperability in the battery value chain is essential for
tracking battery materials, production processes, and perform-
ance data, ensuring that data can flow efficiently between
battery manufacturers, suppliers, and end-users." Thereby, the
concept of the digital battery passport has gained substantial
momentum in the automotive sector as a prospective solution,
with initiatives being led by the Global Battery Alliance.” Along
the battery value chain, a series of tests are typically conducted
in various process steps to evaluate the state of the battery and
its components, such as the high-potential (HiPot) testing of
the separator membrane during cell production, the evaluation
of self-discharge measurements (SDM) of cells for quality
control, or electrochemical impedance spectroscopy (EIS) of
battery packs for fast state-of-health (SoH) evaluations and end-
of-life monitoring. The various components and cell tests
ensure the quality and performance of batteries throughout
their lifecycle from the production to second-life applications.
For example, the HiPot test can be applied for the early
detection of separator defects in the battery production chain,
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data approach and provides repeatability and traceability in the
battery value chain. As an application of the hierarchical data
representation, we show the classification of cells as pass/fail
being performed with quantitative confidence levels. We
demonstrate the complete workflow of establishing the hier-
archical data structure for electrochemical impedance spectro-
scopy (EIS), starting from metrological traceability of the
calibration and uncertainty analysis towards the storage of the
structured data as a single integrated file that preserves the
hierarchical data format. The structured data file is provided in
JSON format in the Zenodo repository, as well as the program
scripts to generate and read the JSON EIS files.

detecting  electrical discharges in electrode-separator
composites.” SDM is a fast potentiostatic method for measur-
ing self-discharge rates of batteries during cell formation to sort
out defective cells based on a pA discharge rate measured
within minutes by holding the cell voltage constant.”

Another widely used battery test method in R&D and quality
control is EIS, where the impedance of a device-under-test
(DUT) such as a cell, module or pack is measured by analyzing
the DUT response to an exciting sinusoidal current at various
frequencies.” The DUT's voltage is perturbed by the excitation
signal causing a deviation from its open-circuit value, which is
recorded at each frequency, probing the frequency dependence
of electrochemical processes within the cell. Thereby, the
contribution of individual components of the cell can be
distinguished within the overall response. Figure 1 shows a
block diagram of the EIS setup and the data flow. The excitation
signal generation block comprises of a signal waveform
generator and a power amplifier that provides the desired
voltage or current amplitude to stimulate the DUT. The EIS
equipment is connected to the DUT by a four-wire Kelvin
connection that allows for separate sensing of the response
voltage. The current and voltage signals are processed and
digitized in the response signal acquisition block and streamed
to a host computer where the data processing is performed.
The connection geometry of mechanical fixtures can vary, for
example when connection cables are placed slightly differently,
which can introduce different current paths that lead to
different impedance results (see Figure 1, current path 1 and
path 2). Once the voltages and currents are measured at all
frequencies, the frequency-dependent impedances are calcu-
lated in a data processing and analysis step. Additional steps,
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Figure 1. Measurement workflow for electrochemical impedance spectroscopy (EIS). The left panel shows the signal excitation, the mechanical fixture
connecting to the cell, and the response signal acquisition using two different current paths. The middle panel shows the raw data processing and data
analysis, including calibration, correction, and post-processing. The right panel shows calibrated EIS curves of a 40 Ah prismatic cell at three different SoCs
resulting in different shapes which are further analyzed in the post-processing step to allow electrochemical interpretation.

such as impedance calibration and correction, are typically
performed to convert the raw impedances to calibrated and
corrected values. In a previous work,'” we developed a system-
atic three-error term calibration procedure that removes
systematic errors during the measurement process. In addition,
the measurements are also affected by random errors, leading
to uncertainty in the measurement results.” In a subsequent
work,® we therefore identified the source of random errors that
influence the EIS results, providing a complete uncertainty
analysis of the full EIS frequency range. All uncertainty sources,
such as measurement noise and fixture repeatability, are
characterized at different frequency points by measuring
specific shunt standards in the given fixture geometry. The
effects of the various uncertainty sources are then obtained on
the final impedances by applying the uncertainty propagation
to the three-term calibration procedure. Finally, in order to fully
contextualize a measurement, further information is recorded
as metadata. This includes user-provided information about
measurement and post-processing software, geographical loca-
tion of the experiments, the type of hardware used for
experiments, or the physical geometry such as form and
dimensions of the DUT. By employing a common data and
metadata exchange format, the need for format conversions is
minimized, leading to improved scalability.”’ This is particularly
crucial in a scenarios with multiple participants, such as the
representants in the broad battery value chain, ranging from
battery manufacturing to testing and recycling. Furthermore,
emphasizing the consistent impedance values with defined
error bounds at specific frequencies when testing the same
battery cell with different hardware and fixtures enhances the
repeatability across various system configurations and the
accuracy of interlaboratory comparisons.”’ Such replicability of
battery test methods like EIS is essential, for example, in the
electric vehicle (EV) industry, as it supports consistent and
comparable results by incorporating detailed metadata and
interoperable data formats, contributing for example to the
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reliability of battery SoH assessments."” Figure 1 shows the
complete measurement and data processing workflow, from
raw data acquisition to calibration and post-processing. In the
post-processing step, electrochemical models are fit to the EIS
curves in order to determine electrochemical properties like
internal cell solution resistance and effective capacitances of
the various interfaces. " Typically, EIS measurements are highly
dependent on SoC and temperature,’® which are also saved in
the meta-data. Figure 1, right panel, shows the dependence of
EIS on the state-of-charge (SoC) of a 40 Ah prismatic cell in a
Nyquist plot, where a significant change of the width of the
semi-circle is obtained at different SoCs.

Methods
EIS calibration and uncertainty workflow

Figure 2 shows the workflow to integrate EIS raw data,
calibrated data, and the measurement uncertainty in a
hierarchical data format. The left panel shows the EIS calibra-
tion, where error coefficients are obtained by employing
calibration standards to perform calibration measurements. The
error coefficients and the raw data are fed to the correction
function to get the corrected results. The corrected EIS results
are transferred to the structured data file (middle panel). The
right panel represents the uncertainty propagation. The effects
of uncertainty sources are included in the EIS results by
considering them during calibration standard measurements
and cell measurements. The uncertainties are propagated
through the calibration and correction functions to obtain the
calibrated results and their uncertainties at each single
frequency point. A detailed description of the three-error term
calibration and the metrological uncertainty analysis can be
found in.®
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Figure 2. Calibration and uncertainty integration in the hierarchical data structure for EIS. The left panel shows the calibration and correction workflow. The
right panel shows the uncertainty characterization. The middle panel shows the hierarchical data file where all the trace data, calibrated data, uncertainty,
measurement settings, metadata, and post-processed data are integrated into one single data structure.

Results and Discussion
Battery test-data acquisition workflow

Figure 3 outlines the battery test data acquisition workflow and
how data is aggregated into the structured battery test data
format. The battery test can include a variety of different
techniques to test either a single cell, a module or a full battery
pack consisting of thousands of individual cells. Typical test
methods include EIS, self-discharge measurements (SDM),"!
charge and discharge cycles, or tests of battery sub-compo-
nents like the high-voltage test of the separator membrane

Battery Tests

Software & processing

Uncertainty and calibration

.| Data integration and export ¢—

Structured data file

(HiPot)® (Figure 3, left box). These tests produce raw data in
various formats. For example, in EIS, the signal source generates
a sinusoidal current and applies it to the DUT through force
cables, and the test hardware records the voltage response
(Figure 3, left panel). The recorded currents and voltages are
then transferred to the raw data processing block to calculate
the impedance at specific frequencies (Figure 3, middle panel).
Typically, in battery tests, the raw data is calibrated and
corrected, and the uncertainty of the measurement is deter-
mined for each measurement point. The calibrated results and
their uncertainties are then transferred to the data integration
and file export block. For the complete battery test data set,
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Figure 3. Battery test data and meta-data acquisition workflow. Left: Different techniques can be used to test a battery, including EIS, SDM, or HiPot. Middle:
The response signal is passed to the raw data processing block, including correction of systematic errors and assigning measurement uncertainty. The raw
and calibrated data, uncertainty data, and metadata are integrated into a hierarchical format and exported as a single file. Right: The measurement settings

and different metadata are collected from the user.
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additional data entered by the user is recorded, for example,
metadata such as measurement settings, geographical location,
details of fixtures used for the test, or instrument specifications
(Figure 3, right panel). In the data integration block, all data is
arranged in a hierarchical structure which can then be stored as
a single integrated file, for example, in JSON or HDF5 format
that support the hierarchical data arrangement.

The hierarchical data format structure

Figure 4 shows the proposed hierarchical data structure for
general battery tests, covering for example EIS, SDM, HiPot, or
charge-discharge cycling. The first-level block is labeled ‘Meas-
urement’ and contains raw data and measurement settings. The
second level ‘Data’ block combines different battery test results
performed on a DUT, such as trace signals, post-processed
signals, and calibrated quantities. In the third-level field
‘Settings’, each measurement is determined by multiple identi-
fications (IDs) of the specific experiments, for example, the
hardware and software versions, ambient conditions, and the
type of DUT. Also, the conditions for the specific measurements
are included such as start and stop frequency for EIS, number of
points, and sweeping type. An additional first-level block is
‘Metadata’ with further information on the battery test. It is
divided into several subgroups, for example, the ‘Ambient’ field
including information on the test ambient conditions like
humidity and temperature. Other fields in the metadata include
the DUT description (e.g., ‘Cell’, ‘Module’, ‘Pack’), ‘Calibration’,
‘Fixture’ and ‘Standards’. Each metadata sub-level is labeled
with an ID, which is used in the measurement block under the
field ‘Dependencies’ to address specific metadata. For example,
various instruments can be identified in the field ‘Metadata’
with different IDs, and the proper ID can be selected in the
‘Measurement/Data/Dependencies/Instrument’ field to retrieve
the correct information about the instrumentation used for the

Strutured data file
(JSON, HDFS5, etc)

specific experiment. Some fields in the hierarchical data
structure contain multiple layers in which multiple instances of
that field exist (see Figure 4). Each instance is uniquely
identified with an individual ID. For example, multiple instru-
ments with varying specifications and functions may be used
for a battery test, and by using multiple layers and instances, all
measurement data and metadata can be consolidated into a
unified file for a given DUT. This obviates the need for separate
files in response to modifications in a single metadata
component.

Use case of the hierarchical data structure

Figure 5 shows an example of how the information in the
hierarchical data structure leads to an improved cell classifica-
tion where good cells are separated from bad cells in an in-line
EIS test of a 40 Ah prismatic cell. In a typical test lab, the
operator puts the prismatic cell into a standardized mechanical
fixture (Figure 5, upper left). Random mechanical movements of
the cables and small deviations of the exact mechanical and
electrical fixture geometry can lead to slightly different
electrical current loops with different inductances that can
affect the EIS measurements (Figure 5, lower left). With the
extended battery test file, the effect of inductances can be
corrected using the information from the fixture and battery
position data, and removing the variances in the inductances in
the post-processing stage. To adequately address the fixture-
DUT position and geometry, the reference position is defined as
the center of the positive pole (Figure 5, lower left), and various
cell positions are measured with respect to the reference
position. Additional to the raw-data EIS measurements, the
calibrated and corrected results are stored in the data file as
well as the uncertainty of the measurement. From the
uncertainty field in the structured data file, the uncertainty
bounds can be assigned to the various EIS frequency points and
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Figure 4. The hierarchical data structure for general battery tests. The structure has two main blocks, the ‘Measurement’ block and the ‘Metadata’ block. The
data sources for the various subfields (brown boxes) are the measurement instrumentation, the user input data, and the post-processed data. The final data

set can be exported in a single file such as JSON or HDF5.
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Figure 5. Application of the hierarchical data set for improved cell classification. Upper left: The placement of a 40 Ah prismatic cell in the mechanical fixture
for EIS measurements. Lower left: Reference positions for the fixture-cell geometry relevant for error corrections of inductances L. Upper right: Nyquist plot of
the EIS spectra of the 40 Ah prismatic cell with uncertainty bounds and confidence levels of 50 %. Lower right: Probability density function (pdf) with the
calibrated mean value of 582 nQ+9.2 Q. The arbitrarily selected threshold of 590 uQ is indicated as dashed line, leading to the classification of the cell into

good with 78.66 % confidence level.

plotted in the Nyquist plot (Figure 5, upper right). The
uncertainty error bounds and the calibrated EIS data are leading
to an improved cell classification by providing a statistical
confidence level (Figure 5, lower right). For this 40 Ah prismatic
cell, the calibrated mean value and standard deviation is
582 uQ+9.2 uQ. The probability density function (pdf) with
respect to the real part of the impedance is shown at a single
frequency point assuming a Gaussian distribution of the
uncertainties. Based on the arbitrary classification threshold
that is provided by the user-input (here 590 pQ; dashed vertical
line), a quantitative confidence level (CL) can be assigned for
the classification into a good or bad cell. While the calibrated
mean value (582 pQ) is below the threshold (590 pQ), a simple
binary classification without uncertainty levels would lead to a
classification into a good cell. However, taking into account the
uncertainty and the statistical test, the classification results in a
CL of only 78.66% to be a good cell, and 21.34% being a bad
cell.

Conclusions

The hierarchical data format presented in this paper contains
recorded raw data, post-processed data (e.g., calibrated data,
uncertainty, electrochemical fit parameters), and metadata (e.qg.,
mechanical fixture information, environmental conditions, user-
specific comments, hardware version). Thereby, a standardized
data set is provided that is based on metrological measure-
ments which are repeatable and traceable. The data set

Batteries & Supercaps 2023, €202300514 (5 of 7)

includes the relevant data to adequately describe the battery
test, allowing to repeat the test under the exact same
conditions such that the same results are received within
defined error bounds. This is in line with the general F. A. . R.
data approach™ and provides repeatability and traceability in
the battery value chain.

We demonstrate the complete workflow of establishing the
hierarchical data structure for EIS, where the raw impedances
are fed to calibration and uncertainty processing in order to
correct the systematic errors and to include the uncertainty
data for each measured frequency point. The structured data
file extends its utility beyond EIS, providing an adaptive and
organized format for different types of battery tests. For
instance, time-series data of the battery SDM can be easily
organized, facilitating the identification of anomalies in the self-
discharge behavior. In addition, for HiPot tests, the structured
data format facilitates the systematic analysis of failure events
in the battery cell separator membrane.

Table 1 gives an overview of how the data structure
supports these various battery test methods. While EIS experi-
ments require the most variety of data fields, other tests like
HiPot, SDM, or charge-discharge cycling have less extensive
requirements, and some fields of the hierarchical data format
are either not filled or optional. For example, the field ‘Stand-
ards’ is only required for EIS but not for the other tests.
Similarly, calibration is not required for HiPot and cycling, while
it is required for EIS and SDM.

The use of hierarchical data structures allows for improved
data tracing and interoperability between different users over

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

95U8017 SUOLUWOD) BAIE81D) 8l jdde ay) Aq pauienob a1e sap e WO ‘8sn JO Sajni Joj Aeiq 1 8UljuO AB[IAN UO (SUONIPUOD-pUR-SWLB)/LI0D" A8 1M Afelq Ul |uo//sdny) SUonIpuoD pue suie 1 auy) 88S *[7202/T0/60] Uo Akid1Tauljuo 481 BLISNYBURIY00D AQ TS00EZ0Z 11ed/Z00T OT/I0p/W0d A8 1M Arelqipuluo-adone-Anis iweyo//sdny wolj pspeoumocl'0 ‘2299952



Chemistry
Research Article Europe .
Batteries & Supercaps doi.org/10.1002/batt.202300514 Socrmues Pubtahng

the entire battery value chain, including battery production
sites, test labs, electric vehicles manufacturers, and 2nd life
applications (Figure 6). Figure 6, left panel, shows a battery
ecosystem that has evolved organically over time and features
a multitude of producers and consumers of data, with data
exchange happening through many point-to-point connections.
With multiple parties involved that each create and consume
data, the amount of necessary format conversions is expected
to grow quadratically, even if not all possible pairs of senders
and receivers exist. This makes adding new participants in the
battery value chain challenging. With a large enough number
of participants, it therefore becomes advantageous to enforce a
common exchange format for data and metadata resulting in a
star-shaped topology (Figure 6, right panel). In such a setting,
the number of format conversions grows only linearly as new
participants are added, resulting in improved scalability. A file
format like JSON (JavaScript Object Notation) naturally allows
the export of the hierarchical data structure while preserving its
organizing tree. This is more efficient than flattening the data
structure into tabular or linear text format. JSON stands thereby
as an efficient low sized data interchange format that is widely
employed to structure and facilitate data transmission across a
spectrum of scenarios, such as between a server and a web
application or among distinct components within a software
ecosystem.™ The hierarchical EIS data shown in this paper is
provided in the Zenodo repository as a JSON file. The JSON file
format is encompassing data representation, data exchange,
data import and export, configuration and customization, as
well as the handling of metadata and annotations. Furthermore,
it is common practice to enrich ontologies with additional
contextual information related to concepts and relationships. In
future work, the hierarchical data structures presented in this
paper will be mapped to ontologies like the EMMO (Elementary
Multiperspective Material Ontology) in order to establish a
common language and framework for materials science and
engineering. In the context of energy storage materials and
devices, the use of standardized ontologies and the proposed
battery data structure will allow for improved human interpre-
tation and machine processing in the broad battery value
chain™
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We introduce an interoperable hier-
archical data format for battery
testing, enhancing data transmission
scalability and access for both
humans and machines. This format
covers raw electrical data, calibration,
metadata, and processed data,
ensuring reproducibility. Aligned with

Post-processed data

Data File

F. A. 1. R. data principles, it offers re-
peatability and traceability in the
battery industry, with applications

such as quantitative cell classification.

The hierarchical data structure’s
complete workflow is demonstrated
for electrochemical impedance spec-
troscopy.
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