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Abstract

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 At,, the initial time collected during
relaxation t;, and the current removal duration t, are correlated with the frequency range [fmin, fmax] 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, fp;, =4/t and
fmax = 0.07 /At (or frax = 0.07/t; for t; > Atg), are valid within 1072-10* 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 us for f,,q, = 103
Hz and a waiting time of 40 s for f,,;, = 1071 Hz, the current interruption technique appears compatible
with commercial instrumentation, making it potentially applicable for real-time impedance monitoring in
operating lithium-ion batteries.

Keywords: electrochemical impedance spectroscopy; lithium-ion battery; equivalent circuit modelling;
Fourier transform; current interruption technique.

1. Introduction

Lithium-ion batteries (LIBs) are at the forefront of the electrification 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? 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.>* Analogously, an early detection of degradation
phenomena®® may enable the battery management system to adjust the operating window of the battery
to prevent accelerated deterioration and plan predictive maintenance.

For all these tasks, electrochemical impedance spectroscopy (EIS) emerges as a powerful, non-invasive
electrochemical characterisation technique, due to its capability to decouple the resistive contribution of
elementary processes occurring within the LIB from their characteristic frequency.””'° 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.!*™*3 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 approaches (e.g., via the distribution of relaxation times or machine learning
tools)***8 or model-driven analyses (e.g., via equivalent circuits or physics-based models)'*2! meant at
deconvolving the contribution of elementary processes to the global LIB internal resistance and tracking
their evolution over cycling.”?%%

Although some embedded applications of EIS measurement via harmonic perturbation of the LIB in EVs
have been advanced,’*?’ the acquisition of low-frequency impedance data requires excessive time to
enable a full EIS reconstruction. Thus, advanced approaches, including multi-sine?®3° and alternative
excitation signals,>'* have been proposed to shorten the acquisition time of low-frequency impedance

2



data, additionally including compensation strategies to enable data acquisition even when the battery is
not strictly at open circuit.?>3>3® 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.t”3%

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.3”® 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 principle, the current interruption technique yields the same information
of a series of harmonic perturbations collected in a broad range of frequencies.* 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. Bessler®® used the technique to reduce the computational time for the impedance
reconstruction in numerical models. Ivers-Tiffée and collaborators'’*"® made use of the methodology to
speed up the acquisition of low-frequency impedance data in commercial LIB cells. Itagaki and co-
workers**™ 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 reconstruction 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 reconstruct 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.313%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. In Section 2 the methodology is presented, comprising the equivalent
circuit model adopted for the simulation in both frequency and time domains (Section 2.1), the
experimental setup (Section 2.2), and the mathematical procedure to enable impedance reconstruction
from signals obtained via current interruption (Section 2.3). After calibration of the ECM (Section 3.1), the
requirements for impedance reconstruction from current interruption data are derived first in the ideal
scenario of no measurement noise (Section 3.2.1) and then in the more realistic case of limited
instrumental digital resolution and presence of measurement noise (Section 3.2.2). Such system
requirements are applied to an experimental campaign of impedance reconstruction via harmonic
perturbation and current interruption in commercial cylindrical LIB cells (Section 3.3). Finally, Section 4
summarises the main findings of the paper and their practical implications.

2. Methodology
2.1 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.!*2%% For the purposes of the present
analysis, it suffices representing the battery dynamics via equivalent circuit modelling.**>! 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 (R,) for pure ohmic drop,
and parallel resistors and capacitors (R; and Cj) for the polarisation dynamics of kinetic and transport
processes.”'#?9 Notably, the response of more elaborated circuit elements typically used to describe LIBs in
frequency domain, such as the constant phase element,”**® the transmission line model,>** the finite
space Warburg element with blocking condition,*®>” can also be represented, within a restricted frequency
range, by a sufficient number of parallel resistor-capacitor elements placed in series.**® 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 expressions 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 Zp,(w) of an ECM
consisting of an inductor (L), an ohmic resistance (R;), and a series of n parallel resistor-capacitor elements
(Ri//Cy) is:

n
R
zZ = jwL + R g— 1
mp(@) = jol + 0+k_11+ja)Rka @)

where j is the imaginary unit and w = 2xf 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 i, as follows:*

i) = {la fort <0 )

ipe T fort >0

where t is time and 7 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.>® For the ECM described above, the corresponding voltage relaxation V (t) is:



Li, _t _t = T __t t __t
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while the voltage V(0) just before the current removal is:

V(0)=<R + Rk>ia (4)

assuming negligible the dynamic contribution of both the inductor and all the capacitors during the current
pulse. Notably, both in Egs. (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 &V}, can be superimposed to the voltage V(t) to mimic instrument
and environmental noise. By denoting V' (0) as the signal and &V}, as a measure of noise, the characteristic
value of the signal-to-noise ratio in time domain is defined as VV(0)/8V,. All the simulations in this study
were performed in Matlab R2022b (The Mathworks Inc.).

2.2 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, respectively. 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 uV 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 ps.

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 us for the
first second (except for an initial time delay of 226 us), 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 10° Hz to 10! 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! Hz. The whole routine was repeated, in different
executions, for different current amplitudes during the constant-current steps i and iii, from 0.2 Ato 1.0 A,
while keeping the same discharge/charge capacity of 3.333 mAh (e.g., 0.2 Afor 60 s, 0.4 A for 30 s, etc.).



2.3 Impedance reconstruction from current interruption data

The impedance reconstruction from current interruption data, being it simulated (Section 2.1) or
experimental (Section 2.2), follows the approach introduced by Bessler,®® which applies the Fourier
transform to the traces of voltage (I}.) and current (i,.), defined as:

V@) =V(©)-v(©), i@ =i)—i0) (5)

Voltage and current are collected by digital acquisition at discrete times, from the first time t; during
relaxation after t = 0 to the final time t¢, with a minimum spacing At; given by the sampling rate of the
instrument. An artificial data point is added at ¢t = ats, with a > 1 (e.g., @ = 2 in the original study by
Bessler®), where the traces Vr(atf) and ir(atf) are both set to zero to let the Fourier transform converge.
Call N the total number of data points, including t = 0 (which is t;) and the artificial data point at t = aty
(which is ty).

The impedance response from current interruption data, Z.;(w), is reconstructed as the ratio between

the Fourier transforms of the voltage and current traces, V7.(w) and i,.(w), that is:'%*?

Zj(w) = V() /1, (w) (6)

where the Fourier transform H(w) of a generic time-domain function H(t) is defined as:*®
+co )
A@) = FHONW) = [ H©Oe T de )

By letting H(t < 0) = H(t > atf) = 0 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 w as:*

J

Hw) = 3

N-1
Z (—jay + wby + waytyyr)e @+ — (—jay + wby + wayty)e IOk (8)
k=1

where a = (H(tg+1) = H(t))/(tisr — tr) and by = H(ty) — aty.

It can be noticed that the Fourier transform in Egs. (7) and (8) carries on the integration up to the last
datapoint at ty 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.?’ For this reason, a 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 G (t) = e‘tz/z"z, where ¢ is the variance of the distribution, minimises
the time duration—bandwidth product of the uncertainty principle,3%%2 thus classifying 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:

_thZ
G(t)=e 2r¢ (9)

where 71 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 investigations for similar purposes.*3-%

How accurately the impedance Z.(w), reconstructed via current interruption with Egs. (6)-(9),
reproduces the benchmark impedance Zy,(w), evaluated via harmonic perturbation (Eq. (1)), within a
desired frequency range [fmin, fmax], is the central topic of this paper. The accuracy of reconstruction is
assessed via the relative root mean square error e;:

o — \/% ;‘c/lzllzci(wk) - th(wk)lz (10)
r =

Z rms

where M is the number of frequencies reconstructed within the range [fiin fnax] and Zyms =

1 2, . L
\/EZQ”=1|th(wk)| is the root mean square impedance within the selected frequency range, taken as a

representative value to normalise the root mean square error. The summation in Eq. (10) can be restricted
to a narrower frequency range, namely, high-frequency (eyr, within 10>-10* Hz), medium-frequency (eyr,
within 10°-10° Hz), low-frequency (e, g, within 102-10° Hz). These ranges are selected to encompass the
impedance response of wires and solid electrolyte interphase, charge transfer and electrolyte transport,
solid-state diffusion in active materials, respectively, in commercial LIBs.”®3 In addition, the relative error
er, can be computed for an impedance data point at a specific frequency fi (for example, e; . ande;

Znp (fk)| instead

at finin OF fmax, respectively), albeit in such a case the error normalisation is taken versus
of Zyrms-

The workflow of the analysis reported in the next sections is schematically illustrated in Figure 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 ) on the left, the voltage relaxation (affected by
noise of standard deviation §1},) on the right. The right graph also illustrates the temporal sampling of data,
from the initial time ¢; to the final time t;, with a sampling rate denoted by the minimum sampling time
interval At. 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 Figure 1 compares the impedance response of the ECM (on the
left) as collected via harmonic perturbation (Z,, in blue) and reconstructed via current interruption (Z;, 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,
fimax, depends not only on the sampling rate At according to the Shannon-Nyquist theorem,®*% but also
on the timescale T of current removal and on the first data point sampled t; (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 f;,,;n at which impedance can be accurately reconstructed will depend strictly on
the extension of the observation period of relaxation, i.e., on t¢ (purple arrow).3”% Finally, measurement
noise dV}, 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.
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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 (Zj,, in blue) and current interruption (Z;, 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.

3. Results and discussion
3.1 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 in Section 2.1 must be calibrated with realistic data.
Rither et al.!® 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 Figure 2 as reference
impedance Z,.r(w), in green. Within the frequency range 102-10* 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 10 Hz, and a diffusion Warburg tail from f ~ 1 Hzdown to f = 1072 Hz. Thus, the reference spectrum
contains all the relevant information of a typical LIB cell within a sufficiently broad frequency range.

As described in Section 2.1, 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
Egs. (1) and (3), respectively). The selected reference impedance Z,.r(w) is reproduced with the ECM
reported in Figure 2a, comprising an inductor, a pure ohmic resistance and 3 parallel resistor-capacitor
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elements in series, producing the impedance spectrum Z,,(w) (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 102-10* Hz
(see Figure 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.
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Figure 2. Calibration of the equivalent circuit (in blue) with the impedance data of a representative commercial LIB cell (in green)
from the literature® in a) Nyquist plot, b) plots of real and imaginary impedance components versus frequency. The frequency
range spans from 10”2 Hz to 10* Hz. The ECM used and its parameters are embedded in the figure.

3.2 Requirements for impedance reconstruction from current interruption data
3.2.1 Ideal case scenario

As introduced in Section 2.3, setting the requirements for impedance reconstruction from current
interruption data means determining time-domain parameters (namely, t;, tr, At,, and 7) to ensure a given
accuracy (i.e., er) in frequency-domain within a desired frequency range (i.e., from f,,,in t0 finax)- The ideal
scenario for impedance reconstruction is in the absence of noise (i.e., §V,, = 0) 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,.(t) and V}.(t)). Under these premises, the methodology is adopted on the ECM calibrated in
Section 3.1 by simulating current interruption data (Eqgs. (2) and (3)) and by reconstructing Z;(w) via
Fourier transform of traces i,-(t) and V,.(t) (Eqgs. (5), (6) and (8)). The analysis is restricted to the frequency
range 10-10* 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; = At;): given such an assumption, in the
following only the parameter At 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 At;. 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 Aty = 1 us and t = 1 h, the number of data points N for i, and V;. is equal to 837,
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including t = 0 and the artificial data point at t = aty. In this first investigation, a is set equal to 2 as
suggested by Bessler®® 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 desired to reconstruct the impedance data point at f;,,5,, = 10* Hz. According to
the Shannon-Nyquist theorem on aliasing,%*®> the minimum sampling time interval should be at least At <
(2fmax)~t = 50 ps to avoid subsampling of the electrochemical 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 7 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.?® Thus, the requirements for an accurate reconstruction of
impedance at f,,, = 10* Hz necessitate a coupled investigation of both At and 7.

Figure 3a reports the relative error ey at frqy = 10* Hz as a function of At and 7. 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; =2 A and a
final time t; = 1 h: both these values do not affect the impedance reconstruction at fq, = 10* Hz and, in
turn, the results presented in Figure 3a. The graph shows that there exist combinations of At and T 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 T > Atg, that is, when the dynamics of current removal (which may be unknown a priori) is
sufficiently sampled by the instrumentation. However, for T > 10~3 s, the accuracy of reconstruction
worsens dramatically regardless the sampling time interval At,, because a too slow current removal does
not enable processes having a characteristic frequency of 10* Hz to be activated and be revealed, no matter
the instrument sampling rate. On the other hand, for a given current timescale within 2-107°s <7 <
1073 s, the relative error ef . increases as the minimum sampling time interval At; increases, indicating
that meaningful information for the reconstruction of impedance at f,,,4 is lost when adopting a sparse
sampling of current and voltage. The least restrictive requirements that still enable impedance
reconstruction at f;,4, = 10* Hz with 1% accuracy are marked by the red circle in Figure 3a, which is
located near the upper-right corner of the acceptable region. These conditions correspond to an acquisition
time Aty = 0.4/fnax = 40 us (i.e., more restrictive than the requirement imposed by the Shannon-Nyquist
theorem, which satisfactorily holds) and a current removal timescale T = 10 - At = 400 ps. These values
are requirements 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, t;. Figure 3b shows the relative error ef . at
fimin = 1072 Hz as a function of tr, obtained by setting At; = 1 ps and T = 10 ps which do not affect the
reconstruction at low frequencies. The figure shows that, apart from periodic oscillations arguably due to
spectral leakage effects on the Fourier transform,?”%%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 . settles
below 1% for t; > 1060 s (i.e., ca. 17 min), which can be conveniently reported as t; > 10.6/fpi. This
requirement agrees with, but is more demanding than, what reported by Klotz et al.?’, who found that the
relationship ty > 4/fp, ensures an error lower than 2%.

By combining the requirements at both f;,,5 = 10* Hz (i.e., Aty = 40 pus and T = 400 ps) and fin =
1072 Hz (i.e., tr = 1060 s), a 1% accuracy reconstruction is guaranteed for all the datapoints in between,
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as shown in Figure 3c. The comparison between the benchmark impedance obtained analytically via
harmonic perturbation (Zj,, in blue) and the impedance obtained numerically via current interruption
technique (Z;, in red) highlights an average relative error e; = 0.30%, being comparatively larger at low
frequencies (e r = 0.45%) than at high frequencies (eyr = 0.26%) and medium frequencies (eyr =
0.01%), which show the lowest reconstruction error. In any case, by adopting the requirements displayed
within Figure 3c, a 1% accuracy in impedance reconstruction via current interruption technique is
guaranteed within the frequency range 102-10* 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 investigated in the next section.
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Figure 3. Requirements assuming absence of instrumental noise and infinite decimal resolution of signal acquisition. a) Relative
error at frqx = 10* Hz as a function of sampling time interval At, and timescale of current removal t (¢s = 1 h). The dot-dashed
line denotes the bisector while the red circle identifies the least restrictive requirements for 1% accuracy. b) Relative error at
fimin = 1072 Hz as a function of the final time tr sampled during relaxation (At; = 1 ps, 7 = 10 ps). ¢) 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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3.2.2 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 Section 2.2). In fact, in galvanostatic
mode commercial instrumentation can regulate the current with good resolution (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 §1}, = 0.1 mV and the voltage signal is truncated at
the first decimal digit of mV. By using the ECM calibrated in Section 3.1 and adopting a current amplitude
i, = 2 A, which is typical of constant-current charging for the reference 3.25 Ah Panasonic NCR-18650B
cell,*® 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 V(0)/6V,, is equal to 1600
(i.e., 32 dB) in the simulated conditions.

Under these settings, the system requirements identified in Section 3.2.1 (i.e., Atg = 40 us, T = 400 ps,
tr = 1060 s, 100 points per decade logarithmically spaced rounded by At to the nearest time) are applied
to reconstruct the impedance from current interruption data. Figure 4a compares the impedance from
current interruption data (Z;, in red) with the expected impedance from harmonic perturbation (Zy,, 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 10°-=10* Hz). This result indicates that
the voltage noise 6V, and the voltage truncation error affect primarily the reconstruction at high
frequency. This can be explained by a simple argument already introduced in Section 2.3: when
reconstructing high-frequency impedance data, extending the Fourier transform in Eq. (8) up to t; 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 At and 7 to enable 1% accuracy at f,q, = 10*
Hz, similarly to what already presented in the previous section. Differently from the ideal scenario analysed
in Section 3.2.1 (see Figure 3a), Figure 4b shows that there is no practical combination of At and T which
allows for less than 1% relative error at 10* Hz. These results denote the inapplicability, especially at high
frequency, of the system requirements identified in Section 3.2.1 in presence of voltage noise.
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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,4, = 10* Hz as a function of sampling time interval At and timescale of current removal (tr = 1060 s).

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 Figure 1) is meant to damp the noisy data collected at long times when reconstructing high-frequency
impedance. Thus, the signal (I}.(t) or i.(t)) 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, 1, that
modulates the width of the Gaussian function: a large value of r; extends the window for many periods,
thus resulting in negligible filtering, while 7; 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 7; must be achieved.

Figure 5 reports the coupled search of At; and T to minimise the reconstruction error at f,,4, = 10* Hz
for four representative values of r; on data generated with i, = 2 A, corrupted with voltage noise of
standard deviation 6V;, = 0.1 mV and truncated at the first decimal of mV, sampled logarithmically with
100 points per decade rounded by At up to ty = 1 h. The numerical results confirm that, without Gaussian
window (i.e., r; = oo, Figure 5a), no combinations of At and T enable a reliable impedance reconstruction
with 1% accuracy at 10* Hz. By narrowing the width of the Gaussian window (r; = 5, Figure 5b), there
exists a potential region where accurate impedance reconstruction is possible, which broadens as the width
is decreased to r; = 2 (Figure 5c). However, a further reduction down to 1r; = 1 (Figure 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 Atg and t enables a relative error e =~ <
1%. Hence, setting a Gaussian window with r; = 2 as in Figure 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 8V}, increase in magnitude (i.e.,
as the signal-to-noise ratio decreases), a more accurate impedance reconstruction is attained by further
decreasing 1. 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 r; and 4V, goes beyond the scope of the present study;
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moreover, such a relationship would arguably lack in generality since r; 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 Figure 5c,
namely At = 0.07/fnax =7 Ms and 7= 1.8-Atg = 13 us, represent the least restrictive system
requirements for 1% accuracy in impedance reconstruction at fj,. = 10* 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 10* Hz. As an example, impedance reconstruction up to
finax = 10® Hz, which still captures most of cell polarisation (see Figure 2), would relax the system
requirements by an order of magnitude, that is, At; = 70 us and T = 130 pus, arguably making the current
interruption technique applicable to a wider spectrum of instruments.
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Figure 5. Relative error at f;,,,,, = 10* Hz as a function of sampling time interval At and timescale of current removal  in presence
of voltage noise and truncation error at 6V, = 0.1 mV for representative widths of the Gaussian window G (t): a) r; = o, b) r; =
5,¢c) rg = 2,d) r; = 1. The simulations refer to a current amplitude i, = 2 A (signal-to-noise ratio of 32 dB) and data collected with
logarithmically spaced time sampling rounded by At; up to t; = 1 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.

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; = Aty = 0.07/fax, T = 1.8 - Atg,
1 = 2) in presence of noise and limited decimals in signal digital acquisition (i.e., 8, = 0.1 mV for a
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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: Figure 6a reproduces the Nyquist
plot of a representative realisation. As in Figure 1, the dependencies between system requirements and
output quality indicators are schematically visualised with coloured arrows. By using the Gaussian window
with r; = 2 the reconstruction error is below 1% in all the frequency ranges within 102-10* Hz; more
specifically, the average values and standard deviations of relative errors over 1000 realisations are e; =
0.24 £+ 0.02%, eyr = 0.28 + 0.04%, ey = 0.15 £ 0.02%, e;r = 0.26 £ 0.02%. The filtering effect of the
Gaussian window turns out to be beneficial also in narrowing the relaxation time t; for a given minimum
frequency finin, resulting in the relation ty = 4/f,;, reported in Figure 6a. Notably, this is a reduction by
more than a factor 2 compared to the requirement identified without Gaussian window (i.e., tf =
10.6/ fmin as in Figure 3). As a side note, such an achievement is made possible by a reduction to a« = 1.3
of the artificial data point added at t = aty (see Section 2.3) compared to the value a = 2 indicated by
Bessler.® In fact, a sensitivity analysis on a in 1.1 < a < 2.0 revealed only a minor effect on the relation
tr = 4/ fmin, With optimal results at & = 1.3.

The requirement ty = 4/f,;, holds also for different values of the minimum frequency fy,;,, as shown
in Figure 6b, which reports the relative error ef, averaged over 1000 realisations, with standard deviations
denoted by error bars. By decreasing the final acquisition time t; to 300 s (i.e., 5 min) or 120 s (i.e., 2 min),
1% accuracy in impedance reconstruction is guaranteed down to fp,;, = 4/tf, namely 1.33-10 Hz and
3.33-10 Hz, respectively. The corresponding data points are marked in the Nyquist plot in Figure 6a,
revealing that a significant fraction of the low-frequency impedance response is captured even when
reducing the acquisition time to 5 or 2 minutes. These figures indicate that the current interruption
technique can be potentially adopted for on-line impedance reconstruction, for example 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.
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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; = 300 s and ty = 120 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¢, 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
a=13.
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3.3 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 Section 2.2. 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 us in signal acquisition was present upon current interruption, so that
the initial time (after t = 0) is t; = 226 us. After such a delay, the instrument sampled current and voltage
every 1 ps 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; = 226 ps to
tr = 40 s, resulting in a minimum sampling resolution Atg of 5 ps. Thus, the data volume consists of 405
data points for current and voltage, including t = 0 and the artificial data point at t = aty, witha = 1.3 as
in Section 3.2.2. After 10 min from current interruption, impedance Zj,(w) was measured via harmonic
perturbation from 10° Hz to 10 Hz. Such a minimum frequency, fiin = 1071 Hz, dictated the final
acquisition time ty = 40 s during current interruption, in agreement with the requirement t; = 4/ fimin
identified at the end of Section 3.2.2 (see Figure 6).

The reconstruction of Z;(w) was performed in different executions with different current amplitudes
ig, which varied from 0.2 A to 1.0 A. Figure 7a reports the results for i, = 0.8 A, which showed a favourable
signal-to-noise ratio, although data obtained from current interruption tests performed with i, = 0.6 A or
1.0 A yielded equivalent results. The standard deviation of voltage noise §V,, during current removal was
estimated in the order of 2.5 mV, calculated as the root mean square deviation between the voltage signal
(Figure 7b) and its moving average. This resulted in a signal-to-noise ratio of 15 dB, which is much smaller
than what considered in Section 3.2.2 (namely, 32 dB). Given such a large voltage noise and the time delay
t; = 226 ps, so that t; # At,, the width of the Gaussian window had to be adjusted compared to the
reference value identified in Section 3.2.2: Figure 7a shows the reconstruction of Z.;(w) with r; = 0.5,
while Figure 7c reports the relative error as a function of frequency for different values of 7.

The comparison between Z,(w) and Z;(w) in Figure 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; > At,, the requirement identified in Figure 6a for
impedance reconstruction at maximum frequency must be interpreted as f;,,4, = 0.07/t;, which is equal to
309 Hz, marked both in the Nyquist plot (Figure 7a) as well as in Figure 7c (red shaded area). These plots
show that the 1% accuracy criterium is met within the frequency range from fi;, = 4/tf t0 finax =
0.07/t;, corroborating the generality of the requirements identified in Section 3.2.2. Qutside such a
frequency range, the 1% accuracy criterium is not guaranteed, independently from the width r; of the
Gaussian window (see Figure 7c). As anticipated in Section 3.2.2, lowering 1 in case of unfavourable signal-
to-noise ratio (as in this case) is beneficial for a smoother error curve (light red in Figure 7c), although even
using r; = 2 (dark red in Figure 7c) as identified in Figure 6a would still produce an acceptable impedance
reconstruction within 1% relative error.
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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 r; of the Gaussian window, with indication of the maximum and minimum frequencies according to
the requirements. The artificial data point is set at « = 1.3.

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 in Section 3.2.2. In particular, experimental data corroborated the relations between the
extremes of the frequency range and the temporal requirements, namely, fpin =4/t and fpax =
0.07/Atg (or frax = 0.07/t; in case of time delay t; > At). 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
1; of the Gaussian window. By adopting these system requirements, the characteristic fingerprints of LIB
impedance are efficiently reconstructed 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 reconstruction with
current amplitude was found to hold up to i, = 1.0 A, meaning that the current interruption technique can
be applied with current pulses up to 0.5C. However, this value should be taken cum grano salis because the
maximum current amplitude i, which guarantees linearity in Z_;(w) 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.?>*> 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.**®
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4. Conclusions

This study systematically investigated the requirements necessary 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 Atg, the initial time
collected during relaxation t;, the characteristic timescale of the exponential current decay 7, and the
duration of the current removal ¢y were correlated with the minimum and maximum frequencies, fy,;, and
fmax, Wherein 1% relative error of the reconstructed impedance Z.;(w) is guaranteed compared to the
benchmark impedance measured via harmonic perturbation Z,, ().

Numerical results showed that a Gaussian window, whose variance is modulated with frequency
according to a parameter 7; 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 §V;, = 0.1 mV
(signal-to-noise ratio in the order of 32 dB), the system requirements for an accurate reconstruction are
summarised by the following relations:

fmin = 4/tr and frpax = 0.07/At; (Or frnax = 0.07/¢; fort; > Aty) (11)

with T = 1.8 - Atg, 1z = 2, and @ = 1.3, where the latter identifies an artificial data point at t = at; where
current and voltage traces are set to zero. For 1% accurate impedance reconstruction within 102-10* Hz,
the system requirements are Aty = 7 us and ty = 400 s, which can be relaxed to Atg = 70 us and ty = 40
s for impedance reconstruction within a narrower frequency range 10-10°% 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 1; 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.
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Nomenclature

a numerical factor introduced in the numerical Fourier transform in Eq. (8) [s]
by, numerical factor introduced in the numerical Fourier transform in Eq. (8) [-]
Cy capacitance associated to resistance Ry fork = 1, ...,n [F]

€f relative root mean square error at the generic frequency f;, [-]

ef . relative root mean square error at the maximum frequency [-]

ef, . relative root mean square error at the minimum frequency [-]

er relative root mean square error over the entire frequency range [-]
f frequency [Hz]

fmax maximum frequency [Hz]

fmin minimum frequency [Hz]

H generic time-domain function [-]

H Fourier transform of the time-domain function H [s]

i current [A]

ig current amplitude [A]

iy current trace [A]

i, 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 //Cy) in series [-]
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N number of data points used in the current interruption technique [-]
TG parameter used in the Gaussian window [-]

Ry series resistance [(2]

Ry resistance associated to capacitance Cy, for k = 1, ...,n [Q]

t time [s]

tr final time collected during relaxation [s]

t; initial time collected during relaxation [s]

tr time corresponding to the k-th data point for k = 1, ..., N [s]

V voltage [V]

|74 voltage trace [V]

V. Fourier transform of the voltage trace [V s]

Zei impedance reconstructed via current interruption technique [(2]
Znp impedance obtained via harmonic perturbation [Q]

Zyef impedance of a representative literature LIB cell [Q]

Zrms root mean square impedance obtained via harmonic perturbation [€2]
Greek

a numerical factor larger than 1 used to set an artificial data point [-]
oV, standard deviation of the zero-mean normal random noise [V]

At minimum sampling time interval [s]

o? variance of the Gaussian window [s?]

T timescale of the exponential decay of current removal [s]

w angular frequency [rad s™]

Subscripts

HF high-frequency range, 10>-10* Hz

LF low-frequency range, 102-10° Hz

MF medium-frequency range, 10°-10? Hz

Abbreviations

ECM equivalent circuit model
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EIS

EV

LIB

SOC

SOH

electrochemical impedance spectroscopy
electric vehicle

lithium-ion battery

state-of-charge

state-of-health
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