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Abstract 

Prismatic PHEV2 form-factor lithium-ion cells with a nominal capacity of 25 Ah (as used for 

automotive applications) have been studied with electrochemical impedance spectroscopy 

(EIS). The data was evaluated using electrical equivalent circuits. Mathematical modeling, 

system identification, and the determination of model parameters of the lithium-ion cell were 

also carried out. While a study of the influence of temperature and state-of-charge (SOC) 

performed using pristine lithium-ion cells showed a nonlinear relationship between 

temperature and the fits for different RC elements. Finally, the interdependency of 

parameters determined by EIS has been demonstrated for cells in different aging regimes 

(cyclic vs. non-cyclic aging) relevant for automotive requirements use cases. 
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1. Introduction 

Lithium-ion batteries are one of the key technologies for solving the energy storage problems 

associated with portable and automotive applications [1, 2]. Performance characteristics such as an 

extended cycle behavior and long life are of critical importance for these batteries [3, 4]. However, 

aging mechanisms that lead to battery degradation [5-10] reduce both the range and period of the 

possible use of electric cars. Thus, good battery management systems (BMS) are needed to improve 

the performance and aging characteristics of lithium-ion batteries.  

Electrochemical impedance spectroscopy (EIS) is a valuable tool for studying electrochemical 

systems such as batteries [11-15]. EIS offers a means of improving the performance and 

functionality of BMS by providing precise charge and capacity determinations. However, several 

obstacles have to be overcome before laboratory EIS measurements can be transferred to a BMS 

working in a real car-. One such obstacle is that the time - impedance measurements in the 

laboratory are often too long - several hours - for the rapidly changing battery characteristic 

encountered in a real car. One possible solution to this is faster measurements based on, for 

example, multisine methods [16, 17].  

A realization of EIS in real traction batteries requires several basic investigations of the properties 

of the cells to guarantee that the measurements results are reliable and reproducible. The 

investigations presented in the current study have been done in this vein and continue the work 

begun by other researchers on direct EIS excitation signals [18-25]. While alternative approaches 

exist, such as passive approaches that capture signals already generated within the car [26], the 

direct approach taken here offers several advantages, such as requiring less real-time computer 

power. 

2. Experimental 

2.1 Instrumentation 

The majority of the impedance measurements were done with a Digatron EIS-Meter outputting 

2 A across a frequency band of 5 kHz-10 mHz. Multisine measurements were done with a Biologic 

VMP3, and the measurements for the variation of the excitation current amplitude were done with 

a Gamry Reference 3000 Potentiostat and 30 k booster. The multisine measurements were used 

only for frequencies below 1 Hz and with a reduced excitation amplitude (0.3 mV) for a maximum 

of 20 single frequencies and 2 decades. 

2.2 Test Cells 

The cells used in this study were prismatic lithium-ion cells manufactured by Panasonic with a 

nominal capacity of 25 Ah in a PHEV 2 (PHEV = plug-in hybrid electric vehicle) form factor. The cells 

contain Li(Ni0.33Mn0.33Co0.33)O2 as the cathode material and graphite as the anode material. In 

general, each experiment was done with at least three different cells. 
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2.3 Electrochemical Investigations 

2.3.1 Influence of Spatial Configuration 

In a real traction battery, cells can be built in different spatial configurations depending on the 

available space - principally, either standing, lying flat, or upright (see Figure 1). To prove that these 

different orientations do not influence the sensitivity of the EIS measurements, measurements were 

done in all three orientations and then compared.  For these measurements, the cell was first pre-

conditioned with five 1 C full cycles between the voltage borders, including a constant 

current/constant voltage (CCCV) recharge until I < Cn/20. After a stable electr(ochem)ical state had 

been reached in this way (equilibration time at least 1 h), the cell was allowed to reach an operating 

point of 65% of the state of charge (SOC), and then the impedance characteristics of the cell were 

measured. The cell was then tested in a different orientation before being tested a second time in 

the original orientation to confirm that no significant changes in the cell have occurred. 

 

Figure 1 Principal special configurations of cells in vehicles. 

2.3.2 Influence of Signal Form and Strength (Excitation Current Amplitude) 

Pre-conditioning with five 1 C full cycles as in 2.3.1, above, was carried out until the cell reached 

an operating point of around 50% SOC.  The impedance spectra were then measured with different 

current amplitudes to determine the border current and border frequencies between which there 

is a linear system response to the initial excitation.  

It has been reported that multisine excitation shortens measurements times in impedance 

spectroscopy [16, 17]. In this study, impedance spectra were captured at the operating point using 

different excitation modes both to study the role that multisine excitation plays in the reduction of 

measurement time and to analyze signal quality. 

2.3.3 Influence of Temperature 

Figure 2 shows the measurement setup that was used to investigate the influence of temperature 

on the sensitivity of impedance spectroscopy. Pre-conditioning, as in 2.3.1, above was carried out 

until the cell reached an operating point of about 50% SOC. It was then placed inside the 

temperature chamber and left for 3 h to reach a homogeneous temperature distribution before 

measurements began.  Each measurement was repeated with a 10 min interval between repetitions 
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to ensure the reliability and reproducibility of the measurements. Measurements were taken at 

several temperatures, with a thermal equilibration period of at least 1 h at each temperature.  

 

Figure 2 Measurement setup for studying the influence of temperature on EIS 

measurements. 

2.3.4 Influence of Pressure 

The aging of lithium-ion cells gives rise to an increase in thickness of the solid-electrolyte 

interface (SEI) that cause the cell to expand. The influence of these expansion forces on the 

impedance characteristics can be modeled using a cell that is compressed externally by a 

compression device, as shown in Figure 3.  

 

Figure 3 Measurement setup for studying the influence of pressure on EIS 

measurements. 
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Pre-conditioning, as in 2.3.1, above was carried out until the cell reached an operating point of 

about 65% SOC. Then impedance measurements were made while the cell was subjected to a range 

of external forces. The experiments were done with different compression plates to guarantee that 

the cell housing does not absorb all the force. The operating point of the cell remains constant 

during these measurements.  

2.3.5 Influence of the State-of-Charge 

After pre-conditioning, as in 2.3.1, above, cells were allowed to reach a range of different 

operating points (100, 80, 65, 50, 35, and 20% SOC). After each operating point was reached, the 

cell was left for 30 min, and then its impedance spectrum was recorded. After another 10 min break, 

a further measurement was done. This procedure was done with both a pristine cell and an aged 

cell with a state-of-health (SOH) of 80%. 

2.3.6 Parameter Precision 

The degree of precision for the different parameters were: +/-2 K (temperature), +/-0.5% SoC, 

and +/-5% in frequency. 

3. Results and Discussion 

3.1 Influence of Spatial Configuration 

As Figure 4 shows, the orientation of the cell had no significant impact, besides tiny differences 

in the diffusive branches, on the impedance spectra of the cell. And the subtle differences in the 

diffusive branches are probably due to reaching the borders of the applicability of the method rather 

than orientation effects. For automotive applications, this is a positive result because it allows 

individual cells in the complete battery pack to be orientated differently. However, orientation could 

influence the thermal properties of a real battery pack, so this finding should be reinvestigated when 

EIS is used for the characterization of complete battery packs, rather than single cells, as in this 

current study. 

 

Figure 4 Impedance measurements with various cell orientations. Orange: lying flat, 

light blue: standing, dark blue: upright (see Figure 1 for definitions). 
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3.2 Influence of Signal Form and Strength 

3.2.1 Influence of Signal Strength 

The influence of signal strength on EIS measurements is shown in Figure 5a (Nyquist plot) and 

Figure 5b (Bode plot). The results show that there is a linear system response up to a border current 

of 10 A and down to a border frequency of 1 Hz. At a border current of 20 A (note: measurements 

with higher current were not possible), the border frequency reduces to 315 Hz. At lower 

frequencies, the system displayed a nonlinear response, as shown by the change of the phase angle 

in the Bode plot, since the spectra do not coincide with the ones with lower excitation currents. This 

interpretation is supported by the fact that the experimental setup (wiring, shielding, etc.) has much 

more of an influence at high frequencies than at low frequencies. Although this interpretation could 

not be confirmed - by analyzing the harmonic distortion of the voltage response, for example, or 

Kramers-Kronig relations - due to the limited number of measurements, it was held to be valid. 

 

Figure 5 Impedance measurements under variation of signal strength. (a, top) Nyquist 

plot, (b, bottom) Bode plot. The blue curve corresponds to the multisine measurement, 

and the red curve corresponds to the conventional single sine measurement. 
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3.2.2 Influence of Signal Form 

To compare the quality of impedance data when multisine excitation is used as in references [16] 

and [17], impedance data were taken in normal and in multisine mode at the same operating point. 

In single frequency excitation mode, the best results were obtained with an excitation amplitude of 

3 mV, as shown in Figure 6. Due to equipment limitations, the excitation amplitude for the multisine 

measurement had to be limited to 1 mV, and real multisine measurements could be done only for 

frequencies up to 1 Hz.  The results for the multisine measurements are shown in the Bode and 

Nyquist plots presented in Figure 6a and Figure 6b, respectively. 

 

Figure 6 The influence of signal form on the impedance measurements: (a, left) Bode 

plots. (b, top right): complete spectrum in Nyquist plot, (b, bottom right): extension of 

Nyquist plot. The blue curve is the multisine measurement, and the red curve is the 

conventional single sine measurement. 

The Nyquist diagram in Figure 6b shows small deviations in the middle of the frequency region 

that can be explained by the variation in the excitation amplitude. As the Bode plots in Figure 6a 

indicate that the deviations from the single-frequency measurements are less prominent in the 

phase angle plot, it is clear that the lower signal-to-noise ratio (SNR) of the multisine measurement 

is the reason for the deviation between the two measurement techniques. However, the small 

deviations seem acceptable because the multisine measurement takes a significantly shorter time 

than the conventional single-frequency technique (7 min for a complete spectrum from 5 kHz to 10 

mHz -versus 21 min). 

3.3 Influence of Temperature 

As has already been demonstrated in studies such as [19] and [20] that describe temperature 

measurements with the help of impedance spectroscopy, the temperature has a significant impact 

on impedance measurements, particularly at some frequencies. This link is confirmed by the tests 
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carried out on automotive lithium-ion cells for this present study, as shown in Figure 7.  The 

dependence is probably of the Arrhenius-type.  However, the number of different temperatures 

used in this study is too low to differentiate between an exponential (i.e., Arrhenius-type) or 

polynomial dependence. Although, a pure linear dependence can be ruled out. 

 

Figure 7 Influence of temperature on impedance measurements. 

3.4 Influence of Pressure 

As can be seen in Figure 8, the impedance spectra acquired with different external forces applied 

are identical. However, it remains possible that more pressure and a greater degree of mechanical 

deformation of the cell case could exert an influence. This would result from a forced reduction of 

the distance between anode and cathode, which would lead to lower resistance of the cell and an 

increase in the storage capacity of the double-layer. The use of different compression plates at 

different pressures guarantees that the external force is not fully absorbed by the cell housing. 

However, the external force is not high enough to cause permanent mechanical deformation of the 

housing. Another possible explanation for the lack of differences in the spectra is that the internal 

pressure inside the housing is already high enough to bring the impedance spectra to a saturation 

state with respect to external pressure. 
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Figure 8 [Lack of] Influence of pressure on impedance measurements (experimental 

setup shown in Figure 3), (a, top): pressure plate cell size, (b, middle): pressure plate 

jelly roll size, (c, bottom): pressure plate half jelly roll size.  
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3.5 Influence of the State-of-Charge 

Figure 9a and Figure 9b show the impedance spectra of the pristine and the aged cell, 

respectively, at different SOC levels. Both figures show a shift on the real axis due to an increase in 

Ohmic resistance and a widening and deformation of the capacitive arc. It is also clear that the 

differences between the spectra at different levels of SOC increase because of aging. Between 65% 

and 80% SOC, there is a significant difference between the spectra of the pristine and aged cells. As 

can be seen from Figure 10, the pristine cell shows a maximum phase angle at 65% SOC, while for 

the aged cell, the maximum is shifted to 80%. We also note that the maximum is prominent when 

the SOC level is adjusted in very small steps. 

 

Figure 9 Influence of SOC on impedance spectra: (a, top) a pristine cell (SOH = 100%), (b, 

middle) an aged cell (SOH = 80%). 
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Figure 10 Variation of the phase angle in the spectrum with a maximum for SOC = 65% 

(pristine cell [SOH = 100%]).  

This shift seems to be related to a change in the intercalation mechanism [20, 21]. Because the 

shift takes place at 2/3 of the anode charge, the expectation is that the shift is an anode 

phenomenon and correlates with the intercalation stages of graphite. This shift can also be seen in 

the plot of dV/dSOC versus SOC ([20] and Figure 11). 

 

Figure 11 Plot of dV/dSOC versus SOC for a pristine cell (SOH = 100%). 

A more detailed description of the changes can be made according to the evolution of the fitted 

elements using the equivalent circuit shown in Figure 12, which contains one pure Ohmic resistance 

(representing electrolyte resistance), one RL element (representing the wiring), and two RC 

elements (representing battery characteristics like SEI and bulk phenomena). The evolution of the 

resistive and capacitive elements for this equivalent circuit is shown in Figures 13a and 13b, 

respectively.  
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Figure 12 Electrochemical equivalent circuit used for the evaluation of impedance data 

of the pristine and aged cells. 

 

Figure 13 (a, top) Comparison of resistive elements (referring to the equivalent circuit 

in Figure 12) for the pristine and aged cells. Light blue curves correspond to the aged 

cell; dark blue curves correspond to the pristine cell; diamonds correspond to R2, 

triangles to R3, and circles to R4.  (b, bottom) Comparison of capacitive elements 

(referring to the equivalent circuit in Figure 12) for the pristine and aged cells. Light blue 

curves correspond to the aged cell; dark blue curves correspond to the pristine cell; 

diamonds correspond to C1 and triangles to C2. 

R1

L1

R2 R3

C1

R4

C2

Element Freedom Value Error Error %

R1 Fixed(X) 0,0036 N/A N/A

L1 Fixed(X) 1,5E-08 N/A N/A

R2 Free(+) 0,0010063 8,456E-06 0,84031

R3 Free(+) 0,0002181 1,0301E-05 4,7231

C1 Free(+) 7,686 1,0812 14,067

R4 Free(+) 0,0012055 9,5179E-05 7,8954

C2 Free(+) 18227 756,84 4,1523

Chi-Squared: 0,016695

Weighted Sum of Squares: 1,4859

Data File: D:\01_Promotion_Calles\10_Praktische_Arbeit\01_Vorversuche\65%_SOC_Versuch\Zview Daten\SA1733_060_S.csv

Circuit Model File:

Mode: Run Fitting / All Data Points (1 - 47)

Maximum Iterations: 1000

Optimization Iterations: 100

Type of Fitting: Complex

Type of Weighting: Calc-Modulus



JEPT 2022; 4(2), doi:10.21926/jept.2202015 
 

Page 13/16 

Figure 13a that element R2 is slightly shifted by aging, and this shift has a slight SOC dependence, 

while element R3, which represents the resistance to passing a phase boundary, does not show a 

significant aging effect. However, element R4 (the diffusion resistance) shows a remarkable shift 

with aging, with a maximum occurring at 65% SOC in the pristine cell shifting to 80% SOC in the aged 

cell. Figure 13b shows that a maximum in diffusion resistance corresponds to a minimum in the 

available capacity of the R||C element. 

The results can be explained in terms of a change in intercalation stages from intercalation 

between every third to intercalation between every second graphene layer. Since the build-up or 

build-down of the special intercalation stage always produces stress, aging will occur faster, and 

more often, the intercalation boundary is passed. While conventional open-circuit voltage (OCV) 

curves only hint at these intercalation steps, impedance spectroscopy can detect them with great 

precision and a good correlation with aging characteristics. This is further proof that impedance-

based battery diagnostics gives more precise data than conventional techniques, and, thus, the 

development of an impedance-based BMS is worthwhile. 

4. Conclusions  

Electrochemical impedance measurements of larger cells for automotive applications are very 

sensitive to temperature but (as long as the thermal environment does not change) independent of 

cell orientation and - within certain limits - the bracing (i.e., external pressure). The fact that such 

batteries retain a high sensitivity to temperature is significant for future automotive BMS 

development since even tiny temperature increases (resulting from, for example, micro-shorts) 

might be detected, suggesting that impedance spectroscopy could be used as a warning indicator 

for incidents like thermal-runaway propagation [27].  

The comparison of impedance spectra of pristine and aged cells shows that the impedance 

spectra are very sensitive to specific aging phenomena, which is beneficial for better SOC and SOH 

monitoring. The results presented in this paper suggest that up-scaling from consumer cells to larger 

automotive cells does not diminish the sensitivity and thus usefulness of EIS as a diagnostic tool. In 

particular, the sensitivity toward the crossing of intercalation steps permits a more thorough 

analysis of aging phenomena and lifetime estimation of batteries in real cars. 

This study demonstrates that electrochemical impedance spectroscopy (EIS) is useful for 

automotive purposes as EIS measurements are independent of pressure and orientation but 

sensitive to temperature and SOH.  Thereby suggesting that work on an impedance-based BMS for 

automotive applications should continue.  

Abbreviations and Formula Signs 

BMS: Battery management system.  

C: Battery capacity (i.e., charge content) 

Cn: Nominal battery capacity (i.e., nominal charge content).  

CCCV: Constant current constant voltage.  

EIS: Electrochemical impedance spectroscopy.  

I: Current.  

OCV: Open circuit voltage.  

PHEV: Plug-in hybrid electric vehicle.  



JEPT 2022; 4(2), doi:10.21926/jept.2202015 
 

Page 14/16 

RC: Resistance and capacitance.  

SEI: Solid-electrolyte interface.  

SNR: Signal-to-noise ratio.  

SOC: State of charge.  

SOH: State of health.  
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