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Electrochemical impedance spectroscopy is a non-destructive technique that provides useful information on the status of a lithium-
ion battery, including its state-of-health. However, conventional harmonic perturbation methods are too sophisticated for
applications in operating environments. This study systematically investigates the system requirements for reconstructing
impedance via the Fourier transform of voltage and current signals obtained upon current interruption. Using a calibrated
equivalent circuit model, key parameters such as the minimum sampling interval ∆ts, the initial time collected during relaxation ti,
and the current removal duration t f , are correlated with the frequency range [ f f,min max] in which impedance is reconstructed
within 1% error. A Gaussian window, whose width is modulated with frequency, effectively mitigates noise up to 0.1 mV. The
resulting general relations, = /f t4 fmin and = /∆f t0.07 smax (or = /f t0.07 imax for > ∆t ti s), are valid within 10−2

–104 Hz, that is
sufficient to cover ohmic, polarisation, and diffusion impedance features. Experimental tests on a commercial lithium-ion cell
corroborate the generality of these system requirements. With a sampling interval of 70 μs for =f 10max

3 Hz and a waiting time of
40 s for = −f 10min

1 Hz, the current interruption technique appears compatible with commercial instrumentation, making it
potentially applicable for real-time impedance monitoring in operating lithium-ion batteries.
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List of Symbols

ak numerical factor introduced in the numerical Fourier
transform in Eq. 8 [s−1]

bk numerical factor introduced in the numerical Fourier
transform in Eq. 8 [−]

Ck capacitance associated to resistance Rk for = …k n1, ,
[F]

e fk relative root mean square error at the generic frequency
fk [−]

e fmax
relative root mean square error at the maximum
frequency [−]

e fmin
relative root mean square error at the minimum
frequency [−]

eT relative root mean square error over the entire fre-
quency range [−]

f frequency [Hz]
fmax maximum frequency [Hz]
fmin minimum frequency [Hz]
H generic time-domain function [−]
Ĥ Fourier transform of the time-domain function H [s]
i current [A]
ia current amplitude [A]
ir current trace [A]
îr Fourier transform of the current trace [A s]
j imaginary unit [-]
L inductance [H]
M number frequencies reconstructed [−]
n number of parallel resistor-capacitor elements ( //R Ck k)

in series [−]
N number of data points used in the current interruption

technique [−]
rG parameter used in the Gaussian window [−]
R0 series resistance [Ω]
Rk resistance associated to capacitance Ck for = …k n1, ,

[Ω]
t time [s]

tf final time collected during relaxation [s]
ti initial time collected during relaxation [s]
tk time corresponding to the kth data point for = …k N1, ,

[s]
V voltage [V]
Vr voltage trace [V]
V̂r Fourier transform of the voltage trace [V s]
Zci impedance reconstructed via current interruption tech-

nique [Ω]
Zhp impedance obtained via harmonic perturbation [Ω]
Zref impedance of a representative literature LIB cell [Ω]
Zrms root mean square impedance obtained via harmonic

perturbation [Ω]
Greek
α numerical factor larger than 1 used to set an artificial

data point [−]
δVn standard deviation of the zero-mean normal random

noise [V]
Δts minimum sampling time interval [s]
σ2 variance of the Gaussian window [s2]
τ timescale of the exponential decay of current removal

[s]
ω angular frequency [rad s−1]
Subscripts
HF high-frequency range, 102–104 Hz
LF low-frequency range, 10−2

–100 Hz
MF medium-frequency range, 100–102 Hz

Lithium-ion batteries (LIBs) are at the forefront of the electrifica-
tion era, powering portable electronic devices and being one of the
key components for enabling the transition from internal combustion
engines to electric vehicles (EVs).1,2 Especially in the automotive
sector, there is the necessity to monitor the state-of-health (SOH) of
the battery upon multiple cycling in order to judge when such
an energy storage device has to be disposed or directed to second
life uses.3,4 Analogously, an early detection of degradation
phenomena5,6 may enable the battery management system to adjust
the operating window of the battery to prevent accelerated deteriora-
tion and plan predictive maintenance.zE-mail: marco.lagnoni@unipi.it; antonio.bertei@unipi.it
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For all these tasks, electrochemical impedance spectroscopy
(EIS) emerges as a powerful, non-invasive electrochemical char-
acterisation technique, due to its capability to decouple the resistive
contribution of elementary processes occurring within the LIB from
their characteristic frequency.7–10 Traditionally, the impedance
spectrum of a battery is acquired via harmonic perturbation of the
system at open circuit with a relatively small sinusoidal input (either
voltage or current) at a given frequency, measuring the output (either
current or voltage, respectively) at its periodic steady state, and then
taking the ratio between the Fourier transforms of voltage and
current signals.11–13 By repeating the process for a range of different
frequencies, the impedance spectrum of the battery is collected. EIS
provides valuable information for subsequent data-driven ap-
proaches (e.g., via the distribution of relaxation times or machine
learning tools)14–18 or model-driven analyses (e.g., via equivalent
circuits or physics-based models)19–21 meant at deconvolving the
contribution of elementary processes to the global LIB internal
resistance and tracking their evolution over cycling.7,22,23

Although some embedded applications of EIS measurement via
harmonic perturbation of the LIB in EVs have been advanced,24–27

the acquisition of low-frequency impedance data requires excessive
time to enable a full EIS reconstruction. Thus, advanced approaches,
including multi-sine28–30 and alternative excitation signals,31–34 have
been proposed to shorten the acquisition time of low-frequency
impedance data, additionally including compensation strategies to
enable data acquisition even when the battery is not strictly at open
circuit.29,35,36 In most of these cases, the impedance spectrum is
reconstructed via time-domain measurements whose basic input
signal architecture is, broadly speaking, a step current perturbation
or, equivalently, a current interruption.17,37–47

In the current interruption technique, the battery is first held at
constant current, which is then rapidly removed. By measuring the
following voltage and current relaxations towards open-circuit
equilibrium, the impedance spectrum of the battery at a given
state-of-charge (SOC) can be reconstructed via Fourier transform of
the voltage and current signals.37,38 A single current interruption step
(which is equivalent to a galvanostatic intermittent titration pulse) is
sufficient to reconstruct the battery impedance spectrum because the
voltage relaxation contains the dynamic response of all the battery
processes having different characteristic timescales. Thus, in prin-
ciple, the current interruption technique yields the same information
of a series of harmonic perturbations collected in a broad range of
frequencies.39 Intuitively, high-frequency impedance data can be
reconstructed by collecting temporal data with a high sampling rate,
while low-frequency impedance reconstruction becomes accessible
upon prolonging the voltage relaxation for several minutes/hours.

In the recent years the current interruption technique has been
increasingly adopted for EIS reconstruction. Bessler39 used the
technique to reduce the computational time for the impedance
reconstruction in numerical models. Ivers-Tiffée and
collaborators17,37,38 made use of the methodology to speed up the
acquisition of low-frequency impedance data in commercial LIB
cells. Itagaki and co-workers43–46 published a series of studies on
the EIS reconstruction of LIBs from current pulses via the wavelet
transform. In spite of both computational and experimental
applications, clear requirements for an accurate impedance recon-
struction via the current interruption technique are currently
lacking. Typical questions that need to be systematically answered
are: what is the maximum frequency that can be reconstructed for
given temporal sampling rate and timescale of current removal?
How long should the current interruption be prolonged to recon-
struct the impedance up to a desired minimum frequency? How is
the accuracy of impedance reconstruction affected by noise and
limited resolution in signal digital acquisition? Only by answering
these questions one can judge whether the current interruption
technique can be applied to gain information within a desired
frequency range, with a sufficient accuracy to estimate battery
SOC/SOH, with which on-board instrumentation, and for a
possible integration during battery operation (e.g., during charging

versus as a stand-alone characterisation protocol). In addition, the
requirements needed for an accurate current interruption test may
represent the lower bounds for techniques employing more
advanced excitation signals based on a combination of current
pulses.31,32,42

This study applies equivalent circuit modelling (ECM) to
systematically assess the necessary requirements on temporal
sampling rate, timescale of current removal, duration of the current
interruption, and signal-to-noise ratio to ensure a desired accuracy in
Li-ion battery impedance reconstruction within a relevant frequency
range, taking as a benchmark the EIS evaluated via the traditional
harmonic perturbation approach. Numerical results are corroborated
by an experimental application to a commercial LIB cell. A revisited
version of the Gaussian window is presented to damp measurement
noise and thus attain less stringent system requirements. Hence, the
goal of the study is the identification of the system requirements that
can enable impedance reconstruction via in operando current
interruption: (i) within a frequency range as wide as possible, (ii)
with the shortest duration of current removal, (iii) by using the least
sophisticated instrumentation, (iv) while achieving an acceptable
reconstruction accuracy. The rationale behind the accomplishment of
every requirement is systematically described to allow the reader to
extend the approach in contexts outside the LIB community and/or
for different accuracies and frequency ranges.

The study is organised as follows. First the methodology is
presented, comprising the equivalent circuit model adopted for the
simulation in both frequency and time domains, the experimental
setup, and the mathematical procedure to enable impedance recon-
struction from signals obtained via current interruption. After
calibration of the ECM, the requirements for impedance reconstruc-
tion from current interruption data are derived first in the ideal
scenario of no measurement noise and then in the more realistic case
of limited instrumental digital resolution and presence of measure-
ment noise. Such system requirements are applied to an experi-
mental campaign of impedance reconstruction via harmonic pertur-
bation and current interruption in commercial cylindrical LIB cells.
Finally, the last section summarises the main findings of the paper
and their practical implications.

Methodology

Equivalent circuit modelling.—The frequency and temporal
responses of a LIB are the result of the internal dynamics of
elementary electrochemical processes occurring within the battery
components.13,20,48 For the purposes of the present analysis, it
suffices representing the battery dynamics via equivalent circuit
modelling.49–51 The dynamic behaviour of a commercial LIB cell
can be captured by a series of ECM elements such as an inductor (L)
for internal wire connections and cables from the measuring
instrument, a resistor (R0) for pure ohmic drop, and parallel resistors
and capacitors (Rk and Ck) for the polarisation dynamics of kinetic
and transport processes.7,14,29 Notably, the response of more
elaborated circuit elements typically used to describe LIBs in
frequency domain, such as the constant phase element,52,53 the
transmission line model,54,55 the finite space Warburg element with
blocking condition,56,57 can also be represented, within a restricted
frequency range, by a sufficient number of parallel resistor-capacitor
elements placed in series.14,58 Nonetheless, while the formers may
not possess an analytical expression for their temporal response upon
a current pulse, a series of parallel resistor-capacitor elements has
simple closed form expressions for quantitatively describing their
dynamics in both frequency and time domains. Analytical expres-
sions in both frequency and time domains of ECMs should be
preferred for an accurate evaluation of the requirements of the
current interruption technique, so that to eliminate any numerical
errors in the solution of the ECM itself.

When subject to harmonic perturbation, at periodic steady state
the impedance ω( )Zhp of an ECM consisting of an inductor (L), an
ohmic resistance (R0), and a series of n parallel resistor-capacitor
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elements ( //R Ck k) is:

∑ω ω
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where j is the imaginary unit and ω π= f2 is the angular frequency,
with f being the frequency of the harmonic perturbation.

For the current interruption technique, assume as a single
excitation signal an exponential decay of the current ( )i t after a
constant-current pulse of amplitude ia, as follows:

39
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where t is time and τ is the timescale of the exponential decay of the
current removal. Such an exponential decay has been shown to
produce less noisy impedance reconstruction at high frequency
compared to a linear current step.39 For the ECM described above,
the corresponding voltage relaxation ( )V t is:
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while the voltage ( )V 0 just before the current removal is:
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assuming negligible the dynamic contribution of both the inductor and
all the capacitors during the current pulse. Notably, both in Eqs. 3 and 4
an offset, equal to the equilibrium potential of the battery at the SOC
reached at =t 0, can be added without any loss of generality. In
addition, a zero-mean normal random noise with standard deviation δVn
can be superimposed to the voltage ( )V t to mimic instrument and
environmental noise. By denoting ( )V 0 as the signal and δVn as a
measure of noise, the characteristic value of the signal-to-noise ratio in
time domain is defined as δ( )/V V0 n. All the simulations in this study
were performed in Matlab R2022b (The Mathworks Inc.).

Experimental measurements.—The response in frequency and
time domains according to harmonic perturbation and current
interruption, respectively, can also be measured experimentally for
a commercial LIB cell. In the present study, experimental tests were
performed on a 2.0 Ah 18650 cylindrical LIB cell, namely the
Samsung SDI model INR18650–20R, featuring graphite and nickel-
cobalt-manganese oxide as negative and positive electrodes, respec-
tively. An in-house battery holder was used to connect the battery to
the instrument in two-electrode setup.

The experimental electrochemical characterisations were performed
with a potentiostat/galvanostat coupled to a frequency response
analyser (Vionic, Autolab Intello - Metrohm). In potentiostatic
mode, the instrument can apply ±10 V with an accuracy of ±0.2%
of setting ±2 mV, and a resolution of 0.1 mV. In galvanostatic mode, a
maximum of ±6 A can be applied, with an accuracy of ±0.2% and a
resolution of 0.002% in a current range ⩾10 nA. The resolution on the
measured potential is 1.5 μV for DC signals and lowers to 12 nV for
AC signals (<20 Hz); for the measured current, the resolution is
300 aA for DC signals and 2.3 aA for AC signals (<20 Hz) in the 1 nA
range. Both in galvanostatic and potentiostatic modes, the instrument
can guarantee a minimum sampling time interval of 1 μs.

The current interruption tests were performed at a given SOC for
different applied currents following a multi-step procedure: (i)

constant-current discharge of 3.333 mAh; (ii) 10 min rest; (iii)
constant-current charge of 3.333 mAh (with the same current
amplitude used in step (i); (iv) 10 min rest. In the last step,
measurements of current and voltage relaxation were taken with a
sampling time interval of 1 μs for the first second (except for an
initial time delay of 226 μs), then every 1 s until the end of the
measurement. This procedure was immediately followed by an EIS
measurement, according to harmonic perturbation, performed in
potentiostatic mode by applying a sinusoidal perturbation of 10 mV
from 106 Hz to 10−1 Hz, recording 10 points per decade of
frequency. Three consecutive impedance measurements were also
taken after 1 h to assess time-invariance and repeatability, which
were guaranteed, according to preliminary tests, only by setting the
lower bound of frequency to 10−1 Hz. The whole routine was
repeated, in different executions, for different current amplitudes
during the constant-current steps i and iii, from 0.2 A to 1.0 A, while
keeping the same discharge/charge capacity of 3.333 mAh (e.g.,
0.2 A for 60 s, 0.4 A for 30 s, etc.).

Impedance reconstruction from current interruption data.—
The impedance reconstruction from current interruption data, being
it simulated or experimental, follows the approach introduced by
Bessler,39 which applies the Fourier transform to the traces of
voltage (Vr) and current (ir), defined as:

( ) = ( ) − ( ) ( ) = ( ) − ( ) [ ]V t V t V i t i t i0 , 0 5r r

Voltage and current are collected by digital acquisition at discrete
times, from the first time ti during relaxation after =t 0 to the final
time tf , with a minimum spacing ∆ts given by the sampling rate of
the instrument. An artificial data point is added at α=t tf , with α > 1
(e.g., α = 2 in the original study by Bessler39), where the traces

α( )V tr f and α( )i tr f are both set to zero to let the Fourier transform
converge. Call N the total number of data points, including =t 0
(which is t1) and the artificial data point at α=t tf (which is tN ).

The impedance response from current interruption data, ω( )Zci , is
reconstructed as the ratio between the Fourier transforms of the
voltage and current traces, ωˆ ( )Vr and ωˆ ( )ir , that is:11,12

ω ω ω( ) = ˆ ( )/ˆ ( ) [ ]Z V i 6ci r r

where the Fourier transform ωˆ ( )H of a generic time-domain function
( )H t is defined as:59

 ∫ω ωˆ ( ) = { ( )}( ) = ( ) [ ]ω
−∞

+∞
−H H t H t e dt 7j t

By letting α( < ) = ( > ) =H t H t t0 0f and after linear interpolation
of ( )H t between consecutive data points (not necessarily equally
spaced), the integral in Eq. 7 can be solved analytically for arbitrary
angular frequencies ω as:39
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where = ( ( ) − ( ))/( − )+ +a H t H t t tk k k k k1 1 and = ( ) −b H t a tk k k k.
It can be noticed that the Fourier transform in Eqs. 7 and 8 carries

on the integration up to the last datapoint at tN even for the
reconstruction of the impedance at high frequency, which represents
the response in the frequency domain of fast processes occurring
within the battery. However, during the relaxation after the current
interruption, fast processes are expected to extinguish their dynamic
contribution to the voltage trace after short times. Thus, carrying on
the Fourier transform integration for long times when reconstructing
high-frequency impedance data is expected to introduce only noise
and distortion to the impedance reconstruction.37 For this reason, a
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window function can be multiplied to ( )H t to filter the contribution
to high-frequency impedance of data points collected at long times.
It can be shown that the Gaussian window ( ) = σ− /G t e t 22 2

, where σ2

is the variance of the distribution, minimises the time duration–-
bandwidth product of the uncertainty principle,37,60–62 thus classi-
fying ( )G t among the optimal window functions for such a filtering
task. In this study, the variance of the Gaussian window is
modulated according to the frequency f at which the impedance
data point is reconstructed, as follows:

( ) = [ ]
−

G t e 9
f t

r2 G

2 2

2

where rG is a constant parameter that represents how many periods of
the oscillation at frequency f are contained within a standard
deviation of the Gaussian window. In general terms, the Gaussian
window introduced in this study shows similarities, albeit being
distinct, with the wavelet transform adopted in previous investiga-
tions for similar purposes.43–46

How accurately the impedance ω( )Zci , reconstructed via current
interruption with Eqs. 6–9, reproduces the benchmark impedance

ω( )Zhp , evaluated via harmonic perturbation (Eq. 1), within a desired
frequency range [ ]f f,min max , is the central topic of this paper. The
accuracy of reconstruction is assessed via the relative root mean
square error eT :

∑ ω ω
=

| ( ) − ( )|
[ ]=e

Z Z

Z
10T

M k

M
ci k hp k

rms

1

1
2

where M is the number of frequencies reconstructed within the range

[ ]f f,min max and ∑ ω= | ( )|
=

Z Zrms M k

M
hp k

1

1
2 is the root mean square

impedance within the selected frequency range, taken as a repre-
sentative value to normalise the root mean square error. The
summation in Eq. 10 can be restricted to a narrower frequency
range, namely, high-frequency (eHF , within 102–104 Hz), medium-
frequency (eMF , within 100–102 Hz), low-frequency (eLF , within
10−2

–100 Hz). These ranges are selected to encompass the impe-
dance response of wires and solid electrolyte interphase, charge
transfer and electrolyte transport, solid-state diffusion in active
materials, respectively, in commercial LIBs.7,63 In addition, the
relative error e fk can be computed for an impedance data point at a
specific frequency fk (for example, e fmin

and e fmax
at fmin or fmax,

respectively), albeit in such a case the error normalisation is taken
versus | ( )|Z fhp k instead of Zrms.

The workflow of the analysis reported in the next sections is
schematically illustrated in Fig. 1. The top of the scheme reports the
time-domain data acquired with the current interruption technique:
the exponential decay imposed to the current (with timescale τ) on the
left, the voltage relaxation (affected by noise of standard deviation
δVn) on the right. The right graph also illustrates the temporal
sampling of data, from the initial time ti to the final time tf , with a
sampling rate denoted by the minimum sampling time interval ∆ts.
The application of the Gaussian window ( )G t is schematically
depicted as a grey shadow on the voltage data only (although, when
used, the Gaussian window is applied to the Fourier transform of both
current and voltage). The lower part of Fig. 1 compares the impedance
response of the ECM (on the left) as collected via harmonic
perturbation (Zhp, in blue) and reconstructed via current interruption
(Z ,ci in red), along with relative errors evaluated within selected
frequency ranges. The arrows connecting the upper part to the lower
part of the figure illustrate which factors in the current interruption
technique determine a given desired output in frequency domain. The
maximum frequency that can be reconstructed, fmax, depends not only
on the sampling rate ∆ts according to the Shannon-Nyquist
theorem,64,65 but also on the timescale τ of current removal and on

the first data point sampled ti (yellow arrows); arguably, information
on fast processes cannot be reconstructed if data are not sampled
rapidly as soon as the voltage relaxation starts and if the dynamics of
current removal is too slow to activate them. Conversely, the
minimum frequency fmin at which impedance can be accurately
reconstructed will depend strictly on the extension of the observation
period of relaxation, i.e., on tf (purple arrow).37,45 Finally, measure-
ment noise δVn and signal windowing via ( )G t are expected to
generically affect the accuracy of reconstruction, identified by the
relative errors (green arrows). The quantitative analyses meant to
identify the requirements for an accurate impedance reconstruction via
current interruption are described in the next sections.

Results and Discussion

Calibration of the equivalent circuit.—In order to establish
requirements applicable for the impedance reconstruction of LIBs
via current interruption technique, the equivalent circuit described
above must be calibrated with realistic data. Rüther et al.16 made
available to the scientific community an extensive dataset of
impedance spectra of commercial cylindrical LIB cells (Panasonic
NCR−18650B, 3.25 Ah, 2.5–4.2 V voltage range). Despite the
inevitable cell-to-cell variability, a representative spectrum is selected
and reported in Fig. 2 as reference impedance ω( )Zref , in green.
Within the frequency range 10−2

–104 Hz the reference spectrum
shows an inductive behaviour at >f 103 Hz after a pure ohmic drop,
a depressed polarisation feature between 1 Hz and 103 Hz, and a
diffusion Warburg tail from ≈f 1 Hz down to = −f 10 2 Hz. Thus,
the reference spectrum contains all the relevant information of a
typical LIB cell within a sufficiently broad frequency range.

As already anticipated, elementary circuit elements (i.e., inductors,
resistors, and capacitors) are used in this study because of their
analytical expressions in both frequency-domain and time-domain
(see Eqs. 1 and 3, respectively). The selected reference impedance

ω( )Zref is reproduced with the ECM reported in Fig. 2a, comprising
an inductor, a pure ohmic resistance and 3 parallel resistor-capacitor
elements in series, producing the impedance spectrum ω( )Zhp (in
blue). The parameters characterising the ECM are reported in the
figure. Although the ECM does not match exactly the reference
spectrum, which would theoretically be possible by increasing the
number of parallel resistor-capacitor elements beyond =n 3, it
captures the characteristic shape and frequency-dependence within
the desired range 10−2

–104 Hz (see Fig. 2b). In fact, for the purposes
of this study, it is not strictly necessary that the ECM reproduces
exactly the impedance behaviour of a specific LIB cell but, rather, that
it displays the typical features of a representative class of LIBs. For
this reason, the number of parallel resistor-capacitor elements has
been restricted to =n 3 to save computational time for the subsequent
time-domain analysis, which is discussed in the next section.

Requirements for impedance reconstruction from current
interruption data.— Ideal case scenario.—As introduced during the
presentation of impedance reconstruction via current interruption, setting
the requirements for impedance reconstruction from current interruption
data means determining time-domain parameters (namely, ti, tf , ∆ts, and
τ) to ensure a given accuracy (i.e., eT ) in frequency-domain within a
desired frequency range (i.e., from fmin to fmax). The ideal scenario for
impedance reconstruction is in the absence of noise (i.e., δ =V 0n ) and
for an infinite decimal resolution of digital acquisition of current
and voltage data points (i.e., no truncation errors in the evaluation of

( )i tr and ( )V tr ). Under these premises, the methodology is adopted on the
ECM calibrated above by simulating current interruption data (Eqs. 2 and
3) and by reconstructing ω( )Zci via Fourier transform of traces ( )i tr and

( )V tr (Eqs. 5, 6 and 8). The analysis is restricted to the frequency range
10−2–104 Hz and a target of 1% accuracy is set. It is assumed that the
initial data point is collected at the first possible time given the instrument
sampling rate (i.e., = ∆t ti s): given such an assumption, in the following
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only the parameter ∆ts is mentioned when setting system requirements.
A logarithmically spaced time sampling is adopted with 100 points per
decade, rounded to the nearest time according to the minimum sampling
time interval ∆ts. Numerical tests showed that all the results are
independent on the number of points per decade when it is equal or
larger than 100. With these settings, the data volume is not excessive: for

∆ =t 1s μs and =t 1f h, the number of data points N for ir and Vr is
equal to 837, including =t 0 and the artificial data point at α=t tf . In
this first investigation, α is set equal to 2 as suggested by Bessler39 and
no Gaussian window is used.

The first requirement under attention concerns the reconstruction
of high-frequency impedance data, in particular a 1% accuracy is

Figure 1. Scheme of the workflow used to determine the requirements for impedance reconstruction of LIBs via current interruption technique. The upper panel
depicts the time-domain current and voltage signals measured during current interruption, along with their representative parameters. The lower section
reproduces the impedance spectra in the Nyquist plot as from harmonic perturbation (Zhp, in blue) and current interruption (Zci, in red) for the equivalent circuit
reported on the left as representative of a LIB. The dependencies between the parameters adopted in the current interruption technique and the output quality
indicators in frequency domain are schematically represented with arrows.

Figure 2. Calibration of the equivalent circuit (in blue) with the impedance data of a representative commercial LIB cell (in green) from the literature16 in (a)
Nyquist plot, (b) plots of real and imaginary impedance components versus frequency. The frequency range spans from 10−2 Hz to 104 Hz. The ECM used and
its parameters are embedded in the figure.
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desired to reconstruct the impedance data point at =f 10max
4 Hz.

According to the Shannon-Nyquist theorem on aliasing,64,65

the minimum sampling time interval should be at least
∆ ⩽ ( ) =−t f2 50s max

1 μs to avoid subsampling of the electroche-
mical signal. However, such a figure may turn out to be a too loose
requirement because, in addition to aliasing effects (which are
always present when sampling exponential decays and may be
reduced by anti-aliasing filters), the accuracy of reconstruction is
determined by the timescale τ of current removal too. In fact, should
the current be removed with a large timescale, the faster battery
processes occurring at a shorter timescale will hardly be excited,
thus being barely detectable in the voltage relaxation.39 Thus, the
requirements for an accurate reconstruction of impedance at

=f 10max
4 Hz necessitate a coupled investigation of both ∆ts and τ.

Figure 3a reports the relative error e fmax
at =f 10max

4 Hz as a
function of ∆ts and τ. The relative error is reported as a colourmap,
where regions corresponding to an error larger than 1% are displayed in
dark blue. Current interruption simulation data were obtained by setting
a current amplitude =i 2a A and a final time =t 1f h: both these

values do not affect the impedance reconstruction at =f 10max
4 Hz

and, in turn, the results presented in Fig. 3a. The graph shows that
there exist combinations of ∆ts and τ which enable impedance

reconstruction with an error smaller than 1%. Taking the bisector of
the graph as a reference (dot-dashed line), it is evident that an
accurate impedance reconstruction at high frequency is possible only
for τ > ∆ts, that is, when the dynamics of current removal (which
may be unknown a priori) is sufficiently sampled by the instrumen-
tation. However, for τ > −10 3 s, the accuracy of reconstruction
worsens dramatically regardless the sampling time interval ∆ts,
because a too slow current removal does not enable processes having
a characteristic frequency of 104 Hz to be activated and be revealed,
no matter the instrument sampling rate. On the other hand, for a
given current timescale within · τ< <− −2 10 s 10 s6 3 , the relative
error e fmax

increases as the minimum sampling time interval ∆ts
increases, indicating that meaningful information for the reconstruc-
tion of impedance at fmax is lost when adopting a sparse sampling of
current and voltage. The least restrictive requirements that still
enable impedance reconstruction at =f 10max

4 Hz with 1% accuracy
are marked by the red circle in Fig. 3a, which is located near the
upper-right corner of the acceptable region. These conditions
correspond to an acquisition time ∆ ≈ / ≈t f0.4 40s max μs (i.e.,
more restrictive than the requirement imposed by the Shannon-
Nyquist theorem, which satisfactorily holds) and a current removal
timescale τ ·≈ ∆ ≈t10 400s μs. These values are requirements

Figure 3. Requirements assuming absence of instrumental noise and infinite decimal resolution of signal acquisition. (a) Relative error at =f 10max
4 Hz as a

function of sampling time interval∆ts and timescale of current removal τ ( =t 1f h). The dot-dashed line denotes the bisector while the red circle identifies the least
restrictive requirements for 1% accuracy. (b) Relative error at = −f 10min

2 Hz as a function of the final time t f sampled during relaxation (∆ =t 1s μs, τ = 10 μs). (c)
Comparison in the Nyquist plot of the impedance obtained from harmonic perturbation (in blue) and reconstructed via the current interruption technique (in red) with
the settings embedded at the bottom-right corner of the graph.
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guaranteed by several commercial potentiostats/galvanostats, such as
Metrohm Vionic, Gamry Interface 5000, BioLogic SP-50e, just to
name a few examples.

Moving now to the impedance reconstruction at the lowest
desired frequency, the corresponding requirement is on the final
time collected during relaxation, tf . Figure 3b shows the relative
error e fmin

at = −f 10min
2 Hz as a function of tf , obtained by setting

∆ =t 1s μs and τ = 10 μs which do not affect the reconstruction at
low frequencies. The figure shows that, apart from periodic oscilla-
tions arguably due to spectral leakage effects on the Fourier
transform,37,60,61 the relative error tends to decrease as the final
time increases, indicating that sampling the current and voltage
signals for a longer time enables the collection of meaningful
information to reconstruct impedance at low frequency. The relative
error e fmin

settles below 1% for >t 1060f s (i.e., ca. 17 min), which
can be conveniently reported as > /t f10.6f min. This requirement
agrees with, but is more demanding than, what reported by Klotz
et al.37 who found that the relationship > /t f4f min ensures an error
lower than 2%.

By combining the requirements at both =f 10max
4 Hz (i.e.,

∆ =t 40s μs and τ = 400 μs) and = −f 10min
2 Hz (i.e., =t 1060f s),

a 1% accuracy reconstruction is guaranteed for all the datapoints in
between, as shown in Fig. 3c. The comparison between the bench-
mark impedance obtained analytically via harmonic perturbation
(Zhp, in blue) and the impedance obtained numerically via current
interruption technique (Zci, in red) highlights an average relative
error =e 0.30%T , being comparatively larger at low frequencies
( =e 0.45%LF ) than at high frequencies ( =e 0.26%HF ) and medium
frequencies ( =e 0.01%MF ), which show the lowest reconstruction
error. In any case, by adopting the requirements displayed within
Fig. 3c, a 1% accuracy in impedance reconstruction via current
interruption technique is guaranteed within the frequency range
10−2

–104 Hz, assuming absence of instrumental noise and infinite
decimal resolution of digital signal acquisition. The requirements
resulting upon relaxation of the latter two assumptions are investi-
gated in the next section.

Requirements given instrumental resolution and voltage noise.—
The requirements obtained in the previous section are applicable to a
rather ideal scenario that is hardly encountered in real applications.
In fact, typically, the instrumentation used to measure current and
voltage has a limited number of decimals in the signal digital
acquisition (i.e., there is a truncation error in ( )V t and ( )i t ) and the

measurement is affected by instrumental and environmental noise.
For most of the commercial instruments on the market (e.g.,
Metrohm Vionic, Gamry Interface 5000), achieving good decimal
resolution and low measurement noise is more challenging for
voltage acquisition rather than for driving the current (see, for
example, the instrument specifications in the section dedicated to
experimental measurements). In fact, in galvanostatic mode com-
mercial instrumentation can regulate the current with good resolu-
tion (in the order of hundreds of pA, if not even lower), while the
voltage measurement is guaranteed within fractions of mV. In order
to comply with common commercial instrumentation (e.g., Metrohm
Vionic, Gamry Interface 5000), in this study the standard deviation
of voltage noise is set to δ =V 0.1n mV and the voltage signal is
truncated at the first decimal digit of mV. By using the calibrated
ECM and adopting a current amplitude =i 2a A, which is typical of
constant-current charging for the reference 3.25 Ah Panasonic NCR-
18650B cell,16 the maximum voltage drop is equal to ( ) =V 0 160 mV
according to Eq. 4. Therefore, by denoting the maximum voltage drop
as the signal, the characteristic signal-to-noise ratio δ( )/V V0 n is equal to
1600 (i.e., 32 dB) in the simulated conditions.

Under these settings, the system requirements identified in the
ideal case scenario (i.e., ∆ =t 40s μs, τ = 400 μs, =t 1060f s, 100
points per decade logarithmically spaced rounded by ∆ts to the
nearest time) are applied to reconstruct the impedance from current
interruption data. Figure 4a compares the impedance from current
interruption data (Zci, in red) with the expected impedance from
harmonic perturbation (Zhp, in blue). It is evident from the Nyquist
plot that the reconstruction is inaccurate: the relative error is always
larger than 1%, especially in the high-frequency region (i.e.,
within 102–104 Hz). This result indicates that the voltage noise δVn
and the voltage truncation error affect primarily the reconstruction at
high frequency. This can be explained by a simple argument already
introduced in the Methodology section: when reconstructing high-
frequency impedance data, extending the Fourier transform in Eq. 8
up to tf corrupts the numerical integration of the signal with the
noise, which is present at all the times. This critical aspect is further
corroborated by repeating the coupled search for ∆ts and τ to enable
1% accuracy at =f 10max

4 Hz, similarly to what already presented
in the previous section. Differently from the ideal scenario analysed
in the previous section (see Fig. 3a), Fig. 4b shows that there is no
practical combination of ∆ts and τ which allows for less than 1%
relative error at 104 Hz. These results denote the inapplicability,
especially at high frequency, of the system requirements identified in
the ideal case scenario in presence of voltage noise.

Figure 4. Effect of voltage noise and digital resolution on the impedance reconstruction according to the requirements identified in the ideal case scenario. (a)
Comparison in the Nyquist plot of the impedance obtained from harmonic perturbation (in blue) and reconstructed via the current interruption technique (in red)
with the settings embedded at the bottom-right corner of the graph. (b) Relative error at =f 10max

4 Hz as a function of sampling time interval ∆ts and timescale
of current removal τ ( =t 1060f s).

Journal of The Electrochemical Society, 2025 172 040507



Nevertheless, since the origin of the inaccurate reconstruction
stems mainly from carrying on the Fourier transform integration of a
noisy signal up to the final collected time, proper signal filtering can
significantly improve the impedance reconstruction. In particular,
the Gaussian window ( )G t (see Eq. 9 and Fig. 1) is meant to damp
the noisy data collected at long times when reconstructing high-
frequency impedance. Thus, the signal ( ( )V tr or ( )i tr ) is multiplied
by the Gaussian window ( )G t within the Fourier transform in Eq. 7.
The Gaussian window introduced in this study relies on one
parameter, rG, that modulates the width of the Gaussian function: a
large value of rG extends the window for many periods, thus
resulting in negligible filtering, while rG close to unity or even less
leads to a narrow Gaussian width, meaning that the signal is quickly
damped by ( )G t after a narrow observation window. Hence, a trade-
off in rG must be achieved.

Figure 5 reports the coupled search of ∆ts and τ to minimise the
reconstruction error at =f 10max

4 Hz for four representative values
of rG on data generated with =i 2a A, corrupted with voltage noise
of standard deviation δ =V 0.1n mV and truncated at the first decimal
of mV, sampled logarithmically with 100 points per decade rounded
by ∆ts up to =t 1f h. The numerical results confirm that, without
Gaussian window (i.e., → ∞rG , Fig. 5a), no combinations of∆ts and
τ enable a reliable impedance reconstruction with 1% accuracy at
104 Hz. By narrowing the width of the Gaussian window ( =r 5G ,
Fig. 5b), there exists a potential region where accurate impedance
reconstruction is possible, which broadens as the width is decreased
to =r 2G (Fig. 5c). However, a further reduction down to =r 1G

(Fig. 5d) shrinks significantly the unfiltered signal span, resulting in
loss of information for impedance reconstruction and, in turn, in an

excessively narrow region where a combination of ∆ts and τ enables
a relative error <e 1%fmax

. Hence, setting a Gaussian window with
=r 2G as in Fig. 5c appears to be a good trade-off for the working

conditions investigated. Nevertheless, it is worth mentioning that
numerical tests (not reported for the sake of conciseness) show that,
should the standard deviation of noise δVn increase in magnitude
(i.e., as the signal-to-noise ratio decreases), a more accurate
impedance reconstruction is attained by further decreasing rG. In
fact, narrowing the width of the Gaussian window yields a more
severe damping of the current and voltage traces in the Fourier
transform, thus further filtering the signal noise. A thorough
investigation on the relationship between rG and δVn goes beyond
the scope of the present study; moreover, such a relationship would
arguably lack in generality since rG must be tailored to the specific
system and working conditions.

For the working conditions investigated in this study, the settings
identified by the red circle in Fig. 5c, namely ∆ ≈ / ≈t f0.07 7s max μs
and τ ·≈ ∆ ≈t1.8 13s μs, represent the least restrictive system
requirements for 1% accuracy in impedance reconstruction at

=f 10max
4 Hz. Some commercial instruments provide such a fast

temporal sampling and current removal dynamics. Should the
measurement system be limited by a slower temporal sampling,
the impedance reconstruction should be narrowed to a maximum
frequency smaller than 104 Hz. As an example, impedance recon-
struction up to =f 10max

3 Hz, which still captures most of cell
polarisation (see Fig. 2), would relax the system requirements by an
order of magnitude, that is, ∆ =t 70s μs and τ = 130 μs, arguably
making the current interruption technique applicable to a wider
spectrum of instruments.

Figure 5. Relative error at =f 10max
4 Hz as a function of sampling time interval ∆ts and timescale of current removal τ in presence of voltage noise and

truncation error at δ =V 0.1n mV for representative widths of the Gaussian window ( )G t : (a) → ∞rG , (b) =r 5G , (c) =r 2G , (d) =r 1G . The simulations refer to a
current amplitude =i 2a A (signal-to-noise ratio of 32 dB) and data collected with logarithmically spaced time sampling rounded by ∆ts up to =t 1f h. The
cartoons at the bottom right of each panel qualitatively represent the width of the Gaussian window in the noisy voltage signal versus time.
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Figure 6a reports the outcome in the Nyquist plot of the
impedance reconstruction from current interruption technique for
the system requirements identified (i.e., = ∆ = /t t f0.07i s max,
τ ·= ∆t1.8 s, =r 2G ) in presence of noise and limited decimals in
signal digital acquisition (i.e., δ =V 0.1n mV for a signal-to-noise
ratio of 32 dB). Given the intrinsic variability introduced by the
random noise, a statistical analysis was performed with 1000
different realisations of voltage noise: Fig. 6a reproduces the
Nyquist plot of a representative realisation. As in Fig. 1, the
dependencies between system requirements and output quality
indicators are schematically visualised with coloured arrows. By
using the Gaussian window with =r 2G the reconstruction error is
below 1% in all the frequency ranges within 10−2

–104 Hz; more
specifically, the average values and standard deviations of
relative errors over 1000 realisations are = ±e 0.24 0.02%T ,

= ±e 0.28 0.04%HF , = ±e 0.15 0.02%MF , = ±e 0.26 0.02%LF .
The filtering effect of the Gaussian window turns out to be beneficial
also in narrowing the relaxation time tf for a given minimum
frequency fmin, resulting in the relation = /t f4f min reported in
Fig. 6a. Notably, this is a reduction by more than a factor 2
compared to the requirement identified without Gaussian window
(i.e., = /t f10.6f min as in Fig. 3). As a side note, such an achievement
is made possible by a reduction to α = 1.3 of the artificial data point
added at α=t tf compared to the value α = 2 indicated by Bessler.39

In fact, a sensitivity analysis on α in α⩽ ⩽1.1 2.0 revealed only a
minor effect on the relation = /t f4f min, with optimal results at
α = 1.3.

The requirement = /t f4f min holds also for different values of the
minimum frequency fmin, as shown in Fig. 6b, which reports the
relative error e fk averaged over 1000 realisations, with standard
deviations denoted by error bars. By decreasing the final acquisition
time tf to 300 s (i.e., 5 min) or 120 s (i.e., 2 min), 1% accuracy in
impedance reconstruction is guaranteed down to = /f t4 fmin , namely
1.33·10−2 Hz and 3.33·10−2 Hz, respectively. The corresponding
data points are marked in the Nyquist plot in Fig. 6a, revealing
that a significant fraction of the low-frequency impedance response
is captured even when reducing the acquisition time to 5 or 2 min.
These figures indicate that the current interruption technique can be
potentially adopted for on-line impedance reconstruction, for ex-
ample by including a 2–5 min relaxation at the end of battery
charging. The applicability of the technique and corresponding

system requirements to experimental data are further discussed in
the next section.

Application to experimental data and practical implications.—
The current interruption technique and the requirements identified in
the previous section were applied to the 2.0 Ah 18650 cylindrical
LIB cell INR18650–20R (Samsung SDI) tested with the Vionic
potentiostat (Metrohm) as described in the Methodology section.
Current and voltage were collected during relaxation after a
constant-current charge pulse of 3.333 mAh at 65% SOC. With the
specific system settings adopted in the measurement, a time delay of
226 μs in signal acquisition was present upon current interruption, so
that the initial time (after =t 0) is =t 226i μs. After such a delay,
the instrument sampled current and voltage every 1 μs within the
first second, then every 1 s until the end of the measurement. In order
to keep consistency with the previous sections, current and voltage
data points were subsampled (without any anti-aliasing filter as the
worst case scenario) with logarithmically spaced time intervals,
rounded to the nearest microsecond below 1 s or the nearest second
above 1 s, with 100 points per decade from =t 226i μs to =t 40f s,
resulting in a minimum sampling resolution ∆ts of 5 μs. Thus, the
data volume consists of 405 data points for current and voltage,
including =t 0 and the artificial data point at α=t tf , with α = 1.3
as in the previous section. After 10 min from current interruption,
impedance ω( )Zhp was measured via harmonic perturbation from

106 Hz to 10−1 Hz. Such a minimum frequency, = −f 10min
1 Hz,

dictated the final acquisition time =t 40f s during current interrup-
tion, in agreement with the requirement = /t f4f min identified at the
end of the previous section (see Fig. 6).

The reconstruction of ω( )Zci was performed in different execu-
tions with different current amplitudes ia, which varied from 0.2 A to
1.0 A. Figure 7a reports the results for =i 0.8a A, which showed a
favourable signal-to-noise ratio, although data obtained from current
interruption tests performed with =i 0.6a A or 1.0 A yielded
equivalent results. The standard deviation of voltage noise δVn
during current removal was estimated in the order of 2.5 mV,
calculated as the root mean square deviation between the voltage
signal (Fig. 7b) and its moving average. This resulted in a signal-to-
noise ratio of 15 dB, which is much smaller than what considered in
the previous section (namely, 32 dB). Given such a large voltage
noise and the time delay =t 226i μs, so that ≠ ∆t ti s, the width of the
Gaussian window had to be adjusted compared to the reference value

Figure 6. System requirements for impedance reconstruction via current interruption technique for 0.1 mV digital resolution and voltage noise (signal-to-noise
ratio of 32 dB) by adopting the Gaussian window. (a) Comparison in the Nyquist plot of the impedance obtained from harmonic perturbation (in blue) and
reconstructed via the current interruption technique (in red), with the settings embedded in the graph, for a representative realisation of the voltage noise. The
labels =t 300f s and =t 120f s denote the minimum impedance data point where 1% accuracy is ensured for such a given final sampling time. (b) Relative error
as a function of frequency for three different final times t f , along with the requirement to ensure 1% accuracy at a given minimum frequency, averaged over 1000
realisations and with standard deviations reported as error bars. In all cases, the artificial data point is set at α = 1.3.
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identified in the previous section: Fig. 7a shows the reconstruction of
ω( )Zci with =r 0.5G , while Fig. 7c reports the relative error as a

function of frequency for different values of rG.
The comparison between ω( )Zhp and ω( )Zci in Fig. 7a shows a

satisfactory reconstruction of impedance via current interruption.
The depressed polarisation feature is almost completely resolved, as
well as part of the diffusion tail at low frequency. Since > ∆t ti s, the
requirement identified in Fig. 6a for impedance reconstruction at
maximum frequency must be interpreted as = /f t0.07 imax , which is
equal to 309 Hz, marked both in the Nyquist plot (Fig. 7a) as well as
in Fig. 7c (red shaded area). These plots show that the 1% accuracy
criterium is met within the frequency range from = /f t4 fmin to

= /f t0.07 imax , corroborating the generality of the requirements
identified in the previous section. Outside such a frequency range,
the 1% accuracy criterium is not guaranteed, independently from the
width rG of the Gaussian window (see Fig. 7c). As anticipated
previously, lowering rG in case of unfavourable signal-to-noise ratio
(as in this case) is beneficial for a smoother error curve (light red in
Fig. 7c), although even using =r 2G (dark red in Fig. 7c) as
identified in Fig. 6a would still produce an acceptable impedance
reconstruction within 1% relative error.

In summary, the application to experimental data of the current
interruption technique, along with the Gaussian window introduced
in this study, provides positive feedback on the system requirements
identified numerically. In particular, experimental data corroborated
the relations between the extremes of the frequency range and the
temporal requirements, namely, = /f t4 fmin and = /∆f t0.07 smax

(or = /f t0.07 imax in case of time delay > ∆t ti s). These requirements
proved to hold also in case of a significant noise (signal-to-noise
ratio of 15 dB), which was accommodated by reducing the width rG

of the Gaussian window. By adopting these system requirements, the
characteristic fingerprints of LIB impedance are efficiently recon-
structed via current interruption: the ohmic drop at high frequency,
the depressed polarisation feature at medium frequency, as well as
part of the Warburg diffusion tail at low frequency. For the 2.0 Ah
LIB cell under investigation, the linearity of impedance reconstruc-
tion with current amplitude was found to hold up to =i 1.0a A,
meaning that the current interruption technique can be applied with
current pulses up to 0.5 C. However, this value should be taken cum
grano salis because the maximum current amplitude ia which
guarantees linearity in ω( )Zci reconstruction may depend on battery
design and SOC. In any case, impedance is reconstructed via current

interruption with maximum 1% error within 40 s, which are
expected to be, respectively, a sufficient accuracy to assess battery
SOH as well as a reasonable waiting time for battery monitoring
during a typical battery charge or even during the rest of an EV at a
traffic light. The duration and the reconstructed frequency range of
the current interruption technique are comparable with what
achieved by alternative approaches for impedance reconstruction,
such as the broadband multi-sine excitation.29,35 Nevertheless,
impedance reconstruction via the current interruption technique
arguably requires less sophisticated instrumentation and smaller
data volume, making it applicable also for on-line reconstruction
of battery impedance.45,46

Conclusions

This study systematically investigated the requirements neces-
sary for reconstructing the electrochemical impedance spectrum of a
lithium-ion battery via the current interruption technique. By using a
calibrated equivalent circuit model, the minimum sampling time
interval ∆ts, the initial time collected during relaxation ti, the
characteristic timescale of the exponential current decay τ, and the
duration of the current removal tf were correlated with the minimum
and maximum frequencies, fmin and fmax, wherein 1% relative error
of the reconstructed impedance ω( )Zci is guaranteed compared to the
benchmark impedance measured via harmonic perturbation ω( )Zhp .

Numerical results showed that a Gaussian window, whose
variance is modulated with frequency according to a parameter rG

that determines the window width, must be introduced in the
Fourier transform of current and voltage traces for an accurate
reconstruction in presence of noise and limited digital resolution of
the instrumentation. For a random voltage noise of standard
deviation δ =V 0.1n mV (signal-to-noise ratio in the order of
32 dB), the system requirements for an accurate reconstruction are
summarised by the following relations:

= = /∆ ( = / > ∆ ) [ ]f
t

f t f t t t
4

and 0.07 or 0.07 for 11
f

s i i smin max max

with τ ·= ∆t1.8 s, =r 2G , and α = 1.3, where the latter identifies an
artificial data point at α=t tf where current and voltage traces are set to
zero. For 1% accurate impedance reconstruction within 10−2

–104 Hz,
the system requirements are ∆ =t 7s μs and =t 400f s, which can be
relaxed to ∆ =t 70s μs and =t 40f s for impedance reconstruction

Figure 7. Impedance reconstruction via current interruption technique from experimental data. (a) Comparison in the Nyquist plot of the impedance obtained
from harmonic perturbation (in blue) and reconstructed via the current interruption technique (in red), with the settings embedded in the graph. The maximum
frequency, above which 1% accuracy criterium is no longer met, is marked in the graph. (b) Voltage signal measured experimentally during current interruption.
(c) Relative error as a function of frequency for three representative widths rG of the Gaussian window, with indication of the maximum and minimum
frequencies according to the requirements. The artificial data point is set at α = 1.3.
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within a narrower frequency range 10−1
–103 Hz, which still captures

ohmic drop, polarisation feature, and part of the diffusion tail of
commercial batteries. Experimental tests confirmed the validity and
generality of the system requirements identified, indicating that a
narrower Gaussian window (i.e., a smaller rG value) is needed in
case of unfavourable signal-to-noise ratio.

The results presented in the study indicate that the current
interruption technique can be potentially integrated during operation
of lithium-ion batteries (for example, at the end of charge or during
the stop of an electric vehicle at a traffic light) for reconstructing
impedance and thus assessing the state-of-health and state-of-charge
of the battery. In fact, the data volume, waiting time, and instrument
requirements are arguably less challenging than what required by the
traditional approaches based on harmonic perturbation or similar
excitation signals. Future research will assess the accuracy of the
current interruption technique to estimate battery state-of-health of
cells at different stages of degradation, along with its integration as
an on-line monitoring tool within the battery management system for
single cells and battery packs.

Acknowledgments

This study received funding from the European Union—Next
Generation EU - National Recovery and Resilience Plan (NRRP)—
MISSION 4 Component 2, INVESTMENT N. 1.1, call PRIN 2022
D.D. 104 02–02–2022 - CUP N. I53D23001550006, within the
project “Integrated procedures for FAST ChARging with online
state-of-health evaluation of lithium-ion batteries (FASTCAR).”
M.L. acknowledges funding from the European Union NextGeneration
EU - National Recovery and Resilience Plan (NRRP) - MISSION 4
Component 2, INVESTMENT N. 1.3 - CUP N. I53C22001450006,
within the project “Network 4 Energy Sustainable Transition (NEST).”
This manuscript reflects only the authors’ views and opinions, neither
the European Union nor the European Commission can be considered
responsible for them. Technical support from Prof. Antonio Barbucci
and Prof. Alberto Olivieri, University of Genova, and from Mr. Stefano
Caverni, University of Pisa, is gratefully acknowledged. The authors
wish to express their gratitude to the unknown reviewers whose
insightful and constructive comments have contributed to improve the
quality of the study.

ORCID

Marco Lagnoni https://orcid.org/0000-0001-6715-3317
Davide Cademartori https://orcid.org/0000-0002-1481-983X
Monica Puccini https://orcid.org/0000-0001-7039-0604
Maria Paola Carpanese https://orcid.org/0000-0003-1811-3313
Antonio Bertei https://orcid.org/0000-0002-3202-6825

References

1. A. Masias, J. Marcicki, and W. A. Paxton, ACS Energy Lett., 6, 621 (2021).
2. T. Kim, W. Song, D.-Y. Son, L. K. Ono, and Y. Qi, J. Mater Chem A Mater, 7,

2942 (2019).
3. Z. Wang, G. Feng, D. Zhen, F. Gu, and A. Ball, Energy Reports, 7, 5141 (2021).
4. C. P. Grey and J. M. Tarascon, Nat. Mater., 16, 45 (2017).
5. L. Barzacchi, M. Lagnoni, R. D. Rienzo, A. Bertei, and F. Baronti, J. Energy

Storage, 50, 104213 (2022).
6. A. Guha and A. Patra, IEEE Trans. Instrum. Meas., 67, 1836 (2018).
7. N. Meddings et al., J. Power Sources, 480, 228742 (2020).
8. T. Yokoshima et al., Electrochim. Acta, 246, 800 (2017).
9. R. Morasch, J. Keilhofer, H. A. Gasteiger, and B. Suthar, J. Electrochem. Soc., 168,

080519 (2021).
10. R. Morasch, J. Landesfeind, B. Suthar, and H. A. Gasteiger, J. Electrochem. Soc.,

165, A3459 (2018).
11. V. Vivier and M. E. Orazem, Chem. Rev., 122, 11131 (2022).

12. E. Barsoukov and J. R. Macdonald, Impedance Spectroscopy: Theory, Experiment,
and Applications 2nd ed. (Wiley, New York) 1 (2005).

13. A. Lasia, Electrochemical Impedance Spectroscopy and its Applications (Springer,
New York, NY) 1 (2014).

14. Y. Lu, C. Z. Zhao, J. Q. Huang, and Q. Zhang, Joule, 6, 1172 (2022).
15. A. Maradesa et al., Joule, 8, 1958 (2024).
16. T. Rüther et al., J. Power Sources, 587, 233677 (2023).
17. J. Illig, J. P. Schmidt, M. Weiss, A. Weber, and E. Ivers-Tiffée, J. Power Sources,

239, 670 (2013).
18. Y. Zhang et al., Nat. Commun., 11, 1706 (2020).
19. L. Wildfeuer, P. Gieler, and A. Karger, Batteries, 7, 52 (2021).
20. H. Zhu et al., J. Electrochem. Soc., 171, 050512 (2024).
21. S. Cruz-Manzo and P. Greenwood, J. Electroanal. Chem., 871, 114305 (2020).
22. P. Iurilli, C. Brivio, and V. Wood, J. Power Sources, 505, 229860 (2021).
23. R. Morasch, H. A. Gasteiger, and B. Suthar, J. Electrochem. Soc., 171, 050548

(2024).
24. A. Ria et al., Applications in Electronics Pervading Industry, Environment and

Society, ed. S. Saponara and A. De Gloria (Springer, Berlin) 256 (2022).
25. A. Ria et al., Batteries, 9, 239 (2023).
26. M. Vitelli et al., Computers, 12, 23 (2023).
27. l Balocchi et al., 2024 9th International Conference on Smart and Sustainable

Technologies (SpliTech), p. 1, IEEE (2024).
28. N. Hallemans et al., Electrochim. Acta, 466, 142939 (2023).
29. A. De Angelis, P. Z. Csurcsia, V. Brunacci, and P. Carbone, IEEE Trans. Instrum.

Meas., 73, 1 (2024).
30. W. D. Widanage et al., J. Power Sources, 324, 70 (2016).
31. J. D. Huang, C. Meisel, N. P. Sullivan, A. Zakutayev, and R. O’Hayre, Joule, 8,

2049 (2024).
32. B. Py and F. Ciucci, J. Electrochem. Soc., 172, 026504 (2025).
33. G. Cicioni, A. De Angelis, F. M. Janeiro, P. M. Ramos, and P. Carbone, Batteries,

9, 577 (2023).
34. M. Koseoglou et al., J. Power Sources, 512, 230508 (2021).
35. P. Carbone, A. De Angelis, V. Brunacci, F. Santoni, and A. Moschitta, 2024 IEEE

International Instrumentation and Measurement Technology Conference (I2MTC),
p. 01, IEEE, Glasgow (2024).

36. N. Hallemans et al., IEEE Trans. Instrum. Meas., 71, 1 (2022).
37. D. Klotz, M. Schönleber, J. P. Schmidt, and E. Ivers-Tiffée, Electrochim. Acta, 56,

8763 (2011).
38. J. P. Schmidt and E. Ivers-Tiffée, J. Power Sources, 315, 316 (2016).
39. W. G. Bessler, J. Electrochem. Soc., 154, B1186 (2007).
40. Z. Geng, T. Thiringer, and M. J. Lacey, IEEE Transactions on Transportation

Electrification, 8, 2985 (2022).
41. Y. C. Chien et al., Nat. Commun., 14, 2289 (2023).
42. P. Carbone, A. De Angelis, A. Moschitta, and F. Santoni, IEEE Trans. Instrum.

Meas., 72, 1 (2023).
43. Y. Hoshi et al., J. Power Sources, 315, 351 (2016).
44. M. Itagaki, M. Ueno, Y. Hoshi, and I. Shitanda, Electrochim. Acta, 235, 384 (2017).
45. M. Itagaki, Y. Gamano, Y. Hoshi, and I. Shitanda, Electrochim. Acta, 332, 135462

(2020).
46. H. Watanabe, M. Uemori, I. Shitanda, and M. Itagaki, Electrochim. Acta, 428,

140957 (2022).
47. U. R. Koleti, T. Q. Dinh, and J. Marco, J. Power Sources, 451, 227798 (2020).
48. R. Tian et al., Nat. Commun., 10, 1933 (2019).
49. T. Osaka, T. Momma, D. Mukoyama, and H. Nara, J. Power Sources, 205, 483

(2012).
50. F. Ciucci, Curr Opin Electrochem, 13, 132 (2019).
51. M. Lagnoni, C. Scarpelli, G. Lutzemberger, and A. Bertei, J Energy Storage, 94,

112326 (2024).
52. S. M. Gateman et al., Curr Opin Electrochem, 36, 101133 (2022).
53. E. Locorotondo et al., 2019 IEEE 5th International forum on Research and

Technology for Society and Industry (RTSI), p. 225, IEEE (2019).
54. R. de Levie, Electrochim. Acta, 8, 751 (1963).
55. G. Paasch, K. Micka, and P. Gersdorf, Electrochim. Acta, 38, 2653 (1993).
56. U. Tröltzsch and O. Kanoun, Electrochim. Acta, 75, 347 (2012).
57. B. A. Boukamp, Solid State Ion, 169, 65 (2004).
58. M. Schönleber and E. Ivers-Tiffée, Electrochem. Commun., 58, 15 (2015).
59. D. W. Kammler, A First Course in Fourier Analysis (Cambridge University Press,

Cambridge) 1 (2008).
60. A. V. Oppenheim, R. W. Schafer, and J. R. Buck, Discrete-time Signal Processing

2nd ed.1 (Prentice-Hall, Upper Saddler River, NJ) (1999).
61. J. O. Smith, Spectral Audio Signal Processing (W3K Publishing) 1 (2011).
62. P. S. Addison, The Illustrated Wavelet Transform Handbook 1st ed. (Talor &

Francis, Boca Raton) 1 (2002).
63. C. Plank et al., J. Power Sources, 594, 233845 (2024).
64. C. E. Shannon, Proc. IRE, 37, 10 (1949).
65. N. Hallemans et al., J. Power Sources, 547, 232005 (2022).

Journal of The Electrochemical Society, 2025 172 040507

https://orcid.org/0000-0001-6715-3317
https://orcid.org/0000-0002-1481-983X
https://orcid.org/0000-0001-7039-0604
https://orcid.org/0000-0003-1811-3313
https://orcid.org/0000-0002-3202-6825
https://doi.org/10.1021/acsenergylett.0c02584
https://doi.org/10.1039/C8TA10513H
https://doi.org/10.1016/j.egyr.2021.08.113
https://doi.org/10.1038/nmat4777
https://doi.org/10.1016/j.est.2022.104213
https://doi.org/10.1016/j.est.2022.104213
https://doi.org/10.1109/TIM.2018.2809138
https://doi.org/10.1016/j.jpowsour.2020.228742
https://doi.org/10.1016/j.electacta.2017.05.076
https://doi.org/10.1149/1945-7111/ac1892
https://doi.org/10.1149/2.1021814jes
https://doi.org/10.1021/acs.chemrev.1c00876
https://doi.org/10.1016/j.joule.2022.05.005
https://doi.org/10.1016/j.joule.2024.05.008
https://doi.org/10.1016/j.jpowsour.2023.233677
https://doi.org/10.1016/j.jpowsour.2012.12.020
https://doi.org/10.1038/s41467-020-15235-7
https://doi.org/10.3390/batteries7030052
https://doi.org/10.1149/1945-7111/ad4399
https://doi.org/10.1016/j.jelechem.2020.114305
https://doi.org/10.1016/j.jpowsour.2021.229860
https://doi.org/10.1149/1945-7111/ad48c0
https://doi.org/10.3390/batteries9050239
https://doi.org/10.3390/computers12020023
https://doi.org/10.1016/j.electacta.2023.142939
https://doi.org/10.1109/TIM.2024.3366587
https://doi.org/10.1109/TIM.2024.3366587
https://doi.org/10.1016/j.jpowsour.2016.05.015
https://doi.org/10.1016/j.joule.2024.05.003
https://doi.org/10.1149/1945-7111/adb33f
https://doi.org/10.3390/batteries9120577
https://doi.org/10.1016/j.jpowsour.2021.230508
https://doi.org/10.1109/TIM.2022.3158378
https://doi.org/10.1016/j.electacta.2011.07.096
https://doi.org/10.1016/j.jpowsour.2016.03.026
https://doi.org/10.1149/1.2772092
https://doi.org/10.1109/TTE.2021.3125418
https://doi.org/10.1109/TTE.2021.3125418
https://doi.org/10.1038/s41467-023-37989-6
https://doi.org/10.1109/TIM.2023.3281629
https://doi.org/10.1109/TIM.2023.3281629
https://doi.org/10.1016/j.jpowsour.2016.03.048
https://doi.org/10.1016/j.electacta.2017.03.077
https://doi.org/10.1016/j.electacta.2019.135462
https://doi.org/10.1016/j.electacta.2022.140957
https://doi.org/10.1016/j.jpowsour.2020.227798
https://doi.org/10.1038/s41467-019-09792-9
https://doi.org/10.1016/j.jpowsour.2012.01.070
https://doi.org/10.1016/j.coelec.2018.12.003
https://doi.org/10.1016/j.est.2024.112326
https://doi.org/10.1016/j.coelec.2022.101133
https://doi.org/10.1016/0013-4686(63)80042-0
https://doi.org/10.1016/0013-4686(93)85083-B
https://doi.org/10.1016/j.electacta.2012.05.014
https://doi.org/10.1016/j.ssi.2003.07.002
https://doi.org/10.1016/j.elecom.2015.05.018
https://doi.org/10.1016/j.jpowsour.2023.233845
https://doi.org/10.1109/JRPROC.1949.232969
https://doi.org/10.1016/j.jpowsour.2022.232005

