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Interoperable and structured battery test data
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Interoperable data structures;
Standards & Norms

Uncertainty measurement, 
classification and metrology 

impedance standards

RUL, SoH, SoS, capacity, 
efficiency, SEI degradation

Test concept (CC-CV, cycling, 
EIS, pulsing, deep discharge, 

temperature)

Keysight battery strategy for interoperable data standards in agile 
manufacturing and field tests
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M. Kasper, A. Leike, J. Thielmann, C. Winkler, N. Al-Zubaidi R-Smith, F. Kienberger, J. of Power Sources, 

vol. 536, 2022, no. 231407.

Error sources in low impedance EIS for good practice measurement

➢ Best measurement practices 
are considered to correct errors 
via calibration and to maintain 
errors at low levels. A summary 
of individual contributions from 
systematic errors and random 
errors is given in Table 1.
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Impedance calibration workflow and calibration standards  to obtain the true 
complex impedance of a battery

• EIS calibration workflow is employed allowing for 
precise measurements of low micro-Ohm 
impedances in a broad frequency range of 50 mHz 
to 10 kHz.
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A. Moradpour, M. Kasper, J. Hoffmann and F. Kienberger, IEEE TIM, vol. 71, pp. 1-9, 2022, no. 1006209.

Measurement uncertainty in battery tests – Keysight (Austria) & METAS (Swiss)
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Measurement uncertainty and confidence levels in battery tests

• Demonstration of uncertainty evaluation of the calibrated impedance of a single cylindrical cell at 1500 Hz using 
two types of fixtures:

➢ The good fixture shows a narrow error bound 
centered on the calibrated mean value of 12.33

➢ The bad fixture shows a broader distribution with 
a calibrated mean value 12.48

Moradpour, A., Kasper, M., Kienberger, F., Batteries & Supercaps 2023, 6, e202200524.
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• Battery EIS uncertainty over the full frequency range of 150 mHz to 5 kHz at 95% confidence level

Measurement uncertainty and confidence levels in battery tests
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• Battery EIS uncertainty over the full frequency range of 150 mHz to 5 kHz at 95% confidence level

Measurement uncertainty and confidence levels in battery tests
Uncertainty propagation principle
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• Battery EIS uncertainty over the full frequency range of 150 mHz to 5 kHz at 95% confidence level

Measurement uncertainty and confidence levels in battery tests

Error ellipse visualization in the Nyquist plot

• U is the largest eigenvector of the covariance 
matrix.

• C is the parameter of the Chi-squared 
distribution with two degrees of freedom

• Z is the measured impedance, and λ1 and λ2 are 
the covariance matrix largest and smallest 
eigenvalues.

• R is the rotation matrix which depends on the 
values of U.

Uncertainty propagation principle
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Metrologic and calibrated impedance for cell measurement and ageing analysis

• Cell classification based on calibrated AC-IR based on batch or cycle numbers
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Metrologic and calibrated impedance for cell measurement and ageing analysis

N. A. -Z. R-Smith et al., IEEE TIM, vol. 70, pp. 1-9, 2021,no. 2006109

• Cell classification based on calibrated AC-IR based on batch or cycle numbers
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Metrologic and calibrated impedance for cell measurement and ageing analysis

N. A. -Z. R-Smith et al., IEEE TIM, vol. 70, pp. 1-9, 2021,no. 2006109

• Cell classification based on calibrated AC-IR based on batch or cycle numbers
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Metrologic and calibrated impedance for automotive battery tests

Kasper, M., et. al., Batteries & Supercaps 2023, 
vol. 6, no. 2, pp. 1-9, id: e202300114.
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Pack Level Tester

SL1006A

Module

Level Tester

SL1002A

Cell Level

Tester

Cell Production

Test Station
E4990 impedance

analyzer

360 kW

68 kW

3.6 kW

20 W

small signal

up to 2 kHz

acc’y 500 µW

up to 5kHz

acc’y 200 µW

up to 30kHz

acc’y 100 µW

up to 100MHz

acc’y 100 mW

R&D for cells and 

modules up to 60V

Large Scale and 

High Throughput Cell 

Level Testing

High Power Pack-

and Module Level 

Testing

Instrumentation: from R&D to industrial and filed applications
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Conclusions

• Electrical impedance calibration and metrological uncertainty analysis improves cell 
classification and makes it quantitative including a confidence level.

• Significant systematic-error corrections are obtained from the calibration, especially for 
low micro-Ohm impedances in a broad frequency range of 50 mHz to 10 kHz. 

• Metrologic and calibrated impedance measurements are effectively used to characterize 
battery modules and pack with hundreds of interconnected cells.

• Based on EIS and time domain pulsing, robust model parameters are extracted, 
providing insights into the electrochemical processes of battery modules at different SoC 
and cycling ageing.

• The application of uncertainty for the evaluation of automotive battery packs is 
important for improved quality assessment and prediction, and 2nd life applications Moradpour, A., Kasper, M., Kienberger, F., Batteries & 

Supercaps 2023, vol. 6, no. 5, id: e202200524.
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