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Abstract: In this paper, a high-power-density compact galvanostatic electrochemical impedance
spectroscopy (GEIS) measuring instrument for lithium batteries is developed. It offers the advantages
of high integration, high accuracy, large output excitation and wide range of test frequency to meet
the requirements of different lithium battery GEIS tests. After the overall schematic design of the in-
strument is completed, the hardware system modules are thoroughly tested to ensure the reliability
and accuracy of the system. Through the GEIS test on the actual 18650 lithium batteries and compar-
ing the results with the professional instrument Gamry Reference 600+, both sets of results indicate
that the relative impedance modulus error and the absolute phase error of this instrument are no more
than 2% and 3°, respectively. In order to validate the battery state of charge (SOC) estimation algo-
rithm proposed in this paper, the instrument was used to test actual battery samples, resulting in a
total of 60 sets of impedance spectral data from lithium batteries at various SOCs. Using the imped-
ance spectrum data as the input for Gaussian process regression (GPR) , the estimation of SOC of lith-
ium batteries can be achieved with an average absolute error of 3. 9%. The lithium battery GEIS meter
developed in this paper is expected to be integrated into the battery management system, thereby fur-
nishing a real-time data source for impedance spectrum-based lithium battery state estimation algo-

rithms. This integration is intended to facilitate a more comprehensive monitoring of the operational
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state of lithium batteries.
Key words: galvanostatic electrochemical impedance spectroscopy; state of charge estimation; im-

pedance spectrum test; lithium battery; Gaussian process regression
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Fig. 3 Simplified schematic and signal flow diagram of the response signal extraction and amplification module
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Table 2 Output accuracy test results of EHCS module

Input signal peak value/V Theoretical peak current/A Actual peak current/A Relative error/%
0.3 0. 500 0. 496 0. 800
0.6 1. 000 1. 000 0. 000
0.9 1. 500 1.480 1.333
1.2 2. 000 2. 000 0. 000
1.5 2.500 2.480 0. 800
1.8 3.000 2.960 1.333
2.1 3.500 3. 460 1.143
2.4 4. 000 4.020 0. 500
2.7 4.500 4. 480 0. 444
3.0 5. 000 4.960 0. 800
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S BHGTRE I AL (21 Gamry Reference 600+) HEATRTEL o A58 L ith 7 L 52 50% 1Y) SOC Z S 1 h
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Table 3 FFT analysis results of post-sampling signals of synchronous sampling system

Test condition

Amplitude ratio 1 Phase difference 0°

Amplitude ratio 1 Phase difference 45°

Amplitude ratio 2 Phase difference 90°

Frequency Amplitude ratio  Phase difference/(°)  Amplitude ratio  Phase difference/(°)  Amplitude ratio  Phase difference/(")
10 mHz 1. 005 0. 007 1. 004 45.283 2.000 90. 515
50 mHz 1. 005 0. 005 1. 000 45.388 1.997 90.770
0. 1Hz 1. 005 0. 009 1. 004 45.297 2.003 90. 535
0.5 Hz 1. 005 0. 021 1. 006 45.196 2.004 90. 376

1 Hz 1. 005 0. 009 1. 004 45.313 2.003 90. 584
5 Hz 1. 005 0.008 1. 004 45.329 2. 006 90. 535
10 Hz 1. 004 0. 004 1. 005 45.266 2.003 90.518
50 Hz 1. 004 0.014 1. 004 45.245 2.007 90. 491
100 Hz 1. 006 0.121 1. 005 45.535 2.004 90. 556
500 Hz 1. 004 0. 155 1. 000 45.561 1.998 90. 788
1 kHz 1. 004 0.128 1.001 45.347 1.999 90. 628
5 kHz 1. 004 0. 127 1. 001 45.362 1.999 90. 558
10 kHz 1. 007 0.255 1. 004 45.493 2.000 90. 894
50 kHz 1. 005 0. 180 1. 004 45. 480 2. 000 90. 721
100 kHz 1. 006 0.210 1. 003 45.749 1.999 90. 842
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Fig. 6 Repeatability test results of this paper’s instrument on lithium battery GEIS(A) and comparison with Gamry(B)
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Fig. 8  Amplitude-frequency characteristic plots(A) and phase-frequency characteristic plots(B) of lithium battery
tested by GEIS at different SOCs
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