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SUMMARY

The impedance of Li-ion batteries has been recognized as a vital parameter in ensuring consistent perfor-
mance of the battery management system. Thus, real-time monitoring of the impedance and its inclusion
in battery management algorithms can have significant incremental impact on the safety, efficiency, and life-
time of the battery and the application. However, the prevailing impedance monitoring methods struggle to
operate in real time and under dynamic operating conditions, limiting their practical use in real applications.
This article presents a new impedance monitoring approach that delivers valid and reliable real-time results
under typical battery load profiles. The proposed approach has been shown to perform under various charge,
temperature, and dynamic current conditions, such as with one corresponding to a driving profile of an elec-
tric vehicle. Besides the robust performance, the approach is also fast, accurate, and easy to implement,
making it a potentially cost-effective solution for real-world applications.

INTRODUCTION

Li-ion batteries have emerged as the state-of-the-art energy
storage technology for a wide range of stationary, transportation,
and mobile applications worldwide." As the technology’s adop-
tion in high-power and high-energy applications has grown,
traditional battery management system (BMS) algorithms,
relying on static measurements of the battery temperature,
voltage, and current, have faced challenges in ensuring safety
and efficiency of the battery in electric vehicle applications.?
This is due to the huge number of individual cells adopted in
such battery packs in which the cells, over time, can experience
unequal temperature, charge, and health conditions.* This often
leads to gradually decreasing performance of the BMS, resulting
in reduced safety, efficiency, and lifetime of the battery and
application, which can be difficult to avoid even with the most so-
phisticated and computationally heavy data-driven battery man-
agement algorithms.*

To enhance battery management, monitoring of the battery
impedance has recently been recognized to play a crucial role
in modern battery-powered applications.®~'° The impedance re-
flects the inherent chemical reactions that can be linked to the key
battery state indicators: the state of charge,'° health,® and tem-
perature.® In particular, the impedance is able to quantify the
impact of different aging mechanisms'' ™' affecting battery
health and performance in the long run, which is typically inacces-
sible by conventional, static measurement methods. Further-
more, mapping of the impedance to these key state indicators

can be sufficiently achieved by model-based'“'® or direct
methods,” which are computationally more feasible than data-
driven methods.'” Thus, the real-time information of these key
state indicators provided via impedance is regarded as a viable
solution for improving the long-term performance of the BMS in
electric vehicles or similar demanding applications. In addition,
impedance has also been proven to be an essential classification
parameter for cell/module sorting for second-life applications,'®
which further emphasizes the role of impedance in the sustain-
able development of batteries and battery-powered applications.

Despite the significant potential of battery impedance moni-
toring and extensive research conducted in this area, its prac-
tical use outside of the laboratory has been very limited so far.®
This limitation primarily comes from the existing impedance
measurement techniques not being practical to be applied on
board, in real time, and during normal operation of the battery,
which are key requirements for monitoring impedance.®’ Tradi-
tionally, battery impedance is measured by electrochemical
impedance spectroscopy (EIS), which is widely utilized in the
field of electrochemistry.'® In the method, a sinusoidal perturba-
tion at a specific fundamental frequency is applied to the battery
current while recording the voltage response to obtain the
impedance (or vice versa). From the real-time monitoring
perspective, EIS faces challenges that include slow measure-
ment time, high implementation costs, and the requirement of
the system being stationarity (i.e., idling mode of the battery) dur-
ing the measurements.®”?° In particular, very few existing
studies address the problem of the violated system stationarity
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during normal battery operation. That is, simultaneous battery
operation creates nonstationary conditions, which exposes the
battery to voltage drift effects and time-variant dynamics cor-
rupting the measurements.”"?* Existing studies on this matter
have proposed methods that can often successfully mitigate
the effect of persistent time variance in impedance to which con-
ventional EIS is reported to be prone.”°>° Previous work®® has
proposed a multisine-based technique that is able to speed up
the measurement procedure to prevent the battery state
change-related time variance from affecting the results. The
technique is also able to compensate for the underlying voltage
drift effects in the impedance, which greatly affect the results ob-
tained with multisine or other broadband measurement signals.
However, all of the abovementioned time variance and voltage
drift correction methods are mathematically complex and/or
require prior knowledge of the system obtained by consecutive
measurement periods that slow down the whole measurement
procedure. In addition, all of these studies considered a constant
DC current as the operational profile®'~2® while not showing the
performance of the impedance measurements under the dy-
namic form of the battery current often found in real applications.
Moreover, all of the conducted studies utilized sinusoidal mea-
surement signals, which can complicate the design and increase
the costs of the onboard measurement circuit. Therefore, there is
a need for more advanced impedance monitoring methods that
are fast and economically feasible to implement and that can
effectively perform under various dynamic battery current loads.
This will enable full use of impedance data for real-time applica-
tions in modern battery management algorithms.

For these challenges and limitations, a notable solution is pro-
vided by pseudo-random sequences®’ 2 used as the perturba-
tion signal for the impedance measurements. In particular, this
applies to specific pseudo-random sequences that are ternary
and eigenvectors of the discrete Fourier transform (DFT).%*"
Such signal properties can make the battery’s inherent time-
varying dynamics and voltage drift effects caused by the load
current contribute pre-determinately in the measured imped-
ance. This allows direct cancellation of their effect without any
complex correction techniques. An example ternary signal with
such DFT eigenvector properties is the direct-synthesis ternary
(DST) sequence, which has been reported previously to provide
accurate battery impedance measurements under stationary
conditions.®* Due to the broadband characteristics and ternary
form of the signal, the DST sequence is also capable of produc-
ing rapid measurements and low implementation complexity,
which are important features for practical real-time monitoring
of battery impedance. While being a relatively well-known signal,
the DFT eigenvector properties of the DST sequence and the re-
sulting ability to perform under dynamic current conditions have
not been reported previously.

This paper presents a real-time battery impedance monitoring
technique with the use of a DST pseudo-random sequence
perturbation signal. The unique DFT eigenvector properties of
the applied signal enable a direct cancellation of the voltage drift
effects caused by the battery operation during the measurement
procedure. In the paper, a detailed theory of the spectral recon-
struction methods based on the DFT eigenvector interactions
with the battery impedance measurements is presented. The
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DST sequence is also capable of providing fast and economi-
cally feasible implementation of the measurements, which is
beneficial for real-time monitoring of the impedance. The effec-
tiveness of the proposed methods is demonstrated for various
battery chemistries across different temperatures, charge condi-
tions, and load current profiles. Moreover, the adaptability of the
produced impedance data for popular battery modeling and
analysis tools is investigated to validate that the data are reliable
and applicable for state estimation in BMS algorithms.

RESULTS

Experiments

The impedance monitoring experiments are carried out on four
commercial cells of different Li-ion chemistries: a prismatic
lithium iron phosphate (LFP), a pouch lithium titanate oxide
(LTO), a prismatic nickel manganese cobalt oxide (NMC), and a
pouch Li-ion capacitor (LIC). Moreover, experiments are per-
formed for each cell at three different states of charge (SOCs)
(80%, 50%, and 20%) and at three different temperatures
(15°C, 25°C, and 35°C).

The real-time monitoring is emulated in the experiments by
applying seven consecutive DST sequence impedance mea-
surements during different load currents of the battery, as illus-
trated at the top of Figure 1. Each of the measurements is de-
signed to last for approximately 15.6 s. The first period is
carried out under stationary conditions (no load current) to pro-
vide a reference for the latter periods. The next two periods are
carried out during DC charging and discharging, respectively.
The last four periods are applied on a standardized worldwide
harmonized light vehicle test cycle (WLTC) starting from the
700-s time stamp, as illustrated in Figure S1. Each of the dy-
namic current conditions yields to different voltage responses,
which are formed via battery impedance and load-affected
voltage drift effects, as illustrated at the bottom of Figure 1.
The measured impedance values are shown in the complex
domain, with each data point corresponding to a specific fre-
quency in a bandwidth of 1-500 Hz. After the seven consecutive
DST measurements, the experiment is repeated with the con-
ventional EIS method with similar load current conditions (Fig-
ure S2) and other experimental settings for comparison. The
measurement time of a single EIS measurement was 18.05 s,
which was close enough for the DST measurement time for a
fair comparison. Further details of the EIS experiments are pre-
sented under Methods.

The cell ratings and current specifications for the experiments
are summarized in Table 1. The current specifications, including
the perturbation amplitude Apst, DC current Ip¢ for charging and
discharging measurements, and the maximum current /¢ dur-
ing WLTC measurements, are tuned as a trade-off between the
capacity, current ratings, and the impedance magnitude of
each cell. To increase the accuracy of the EIS measurements,
1.5 times Apst was used for Ags. The DC current was selected
as C/2 for the NMC and LFP cells, while 1C and 4C were selected
for the LTO and LIC, respectively. This was done due to the
higher tolerable C rates of the LTO and LIC cells. Moreover,
higher C rates yield to higher SOC variations within the measure-
ment but also to enhanced voltage drift and other time-varying
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Figure 1. Battery current and voltage profiles during the DST experi

effects, which allow demonstration of the usefulness of the
presented technology under harsh experimental conditions.
For the LFP, LTO, and NMC cells, Imax Was rated to 25 A during
the WLTC profile measurements in order to comply with the lim-
itations of the test equipment.

Spectral reconstruction of the results

The principle of the spectral reconstruction techniques is illus-
trated in Figure 2, which shows the obtained impedance spec-
trum results for the LFP cell, measured at 25°C and 50% SOC.
The corresponding results of the other cells under the same
operating conditions are shown in Figures S2-S4. The raw
impedance data (Figures 2A and 2B) are highly affected by the
voltage drift effects caused by the load current during measure-
ments. However, due to the DFT eigenvector properties of the
applied DST perturbation, the distortion is realized in a way
where each of the spectra, regardless of the operation current,
is consistently dispersed into two different traces. These traces
are formed due to the properties (Equations 2 and 3) of the
DST sequence, and they correspond to the two sub-spectra
Zpat+ (k) and Zpat— (k) given in Equation 7. It can be seen that
the dynamic shape of the load current determines how the traces
are being dispersed, with different trajectories being distinguish-
able especially between the DC current and WLTC profiles.
Moreover, the results of the LFP, LTO, and LIC cells show vary-
ing magnitudes of the dispersion, which is caused by varying
impact of voltage drift effects. The effect of voltage drifts is
enhanced at higher C rates, but it also depends on the battery
chemistry. Figure 2C visualizes the extracted underlying station-

ments

ary parts of the impedance obtained with the proposed DFT
eigenvector spectral reconstruction (Equation 8), filtering (Equa-
tion 11), and data compression techniques. Overall, a good per-
formance of the DST sequence and presented spectral recon-
struction methods can be concluded even with highly varying
dispersion of the traces of the raw impedance data.

Performance across varying operating conditions

Figure 3illustrates the reconstructed impedance across different
temperatures at 50% SOC. Corresponding results for SOC
values of 20% and 80% are provided in Figures S5 and S6,
respectively. Deviations from the stationary measurements are
mostly observed at the first one or two lowest-frequency har-
monics at the right side of the plots.

One likely cause for this is the higher impact of the voltage drift
effects toward low frequencies, which affects the performance
of the presented spectral reconstruction techniques. With
increased effect of voltage drifts, the distance between adjacent
raw measurement data points in the impedance spectrum in-
creases (see the most widespread data points during charging
and discharging in Figure 2A), which make the accurate interpo-
lation of the missing harmonics in between them difficult. The de-
viation is most pronounced in the results obtained during con-
stant charging and discharging. This is likely due to the higher
average current in these experiments compared to the WLTC
profiles, which enhances voltage drift effects.

Besides voltage drift effects, another cause for impedance
curve deviations can be the changing state of the battery (e.g.,
varying SOC, temperature, and current) within measurements
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Table 1. Cell ratings and experimental parameters

Cell Impedance Apsr/Agis Ipc Imax

type Capacity (1 kHz)

LFP 25 Ah 12mQ 3-4 A/45-6A 125A(C/2) 25A

LTO 14 Ah 0.8mQ 3-4A/45-6 A 14A(1C) 25A

NMC 30 Ah 09mQ 3-4 A/45-6 A 15A(C/2) 25A

LIC 0.9 Ah 6mQ 1A/15A 3.6 A (4C) 72A
80

and between consecutive measurements.”® For example, the
impedance is reported to be different during discharge and
charge.?>?® This effect is most profoundly realized for the LTO
cellat 15°C and 50% and 20% of SOCs, where a slightly reduced
semicircle width during charging can be observed. For the LFP
and LIC cells at 15°C, a very small reduction in the semicircle
widths from stationary results can be observed at frequencies
up to 100 Hz. As this only happens at 15°C, the expected cause
is the slightly increasing temperature within experiments due to
the heating effect of the current flow. This effect is greater for
these specific cells due to their smaller physical size, lighter
weight, and, thus, smaller thermal capacity with respect to the
LTO and NMC cells. The SOC variation within measurements
can also have an effect, although the values in Table 2 are small,
excluding the LIC cell. Despite the higher SOC variation of the
LIC cell, good repeatability of the measurements can be
concluded, which indicates that the SOC variation is not
affecting the cells’ impedance too much. In conclusion, all DST
measurement results show very good correspondence with
respect to the stationary measurement results. This indicates
that the voltage drifts can be effectively compensated but also
that the battery state remains quasi-stationary throughout each
measurement but also throughout all applied current profiles.

For comparison, the EIS-measured impedance spectra are
shown in Figure 4 at 50% SOC across various temperatures.
The corresponding results at 20% and 80% of SOC are shown
in Figures S7 and S8, respectively. By analyzing the results, it
can be observed that EIS and DST mostly produce similar re-
sults at medium to high frequencies (10-500 Hz). However,
the results diverge significantly more at low-frequency har-
monics than the DST results. This is mostly caused by the
presence of voltage drift effects, which cannot be canceled
out from the EIS results with the techniques that are appli-
cable for the DST. Moreover, it is likely that some of the diver-
gence is caused by the state change-related time variance
within one measurement and consecutive measurements, to
which EIS is prone to because the harmonics are measured
separately. This is not the case for the DST measurements
in which simultaneous measurements of all frequency har-
monics reduce this effect. The combined effect of the voltage
drifts and state change-related time variance is greatly
emphasized, especially for the LIC cell, for which the results
are highly distorted. In conclusion, the DST measurements
can produce more consistent impedance measurements
than EIS, not only for individual measurements but also across
multiple consecutive measurements, regardless of the applied
load current form.
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Kronig-Kramers analysis
The Kronig-Kramers (K-K) relation is a tool used to inspect the
validity of the measured impedance in terms of linearity and sta-
tionarity. This analysis is useful because it provides information
on how well the obtained data fit a linear equivalent circuit model,
which is frequently used to model the impedance for dynamic
simulations and state estimation algorithms.**** Moreover, the
real and imaginary part residuals obtained from the test provide
further information on whether the measurements are being
affected by time-variant behavior,** which is likely to happen in
the dynamic measurement conditions inspected in this research.
Figure 5 shows K-K fit residuals under all operating conditions
for the impedance spectra obtained from the DST and EIS mea-
surements. For better illustration of all results, the mean value of
the averaged real and imaginary part residuals is used as the vali-
dation measure. It can be seen that the impedance results ob-
tained through the DST technique under all operating conditions
yield to residual values well below 0.5%. This residual value indi-
cates good compliance of the impedance with a linear model,
according to a previous study.*® Moreover, as the effect of noise
in the measurements is very low (i.e., smooth impedance curves
in the complex plane), low mean residual values also indicate a
small systematic error of the residuals, which is regarded as an
indicator of the results’ time invariance.>>>* Moreover, the resid-
uals of the impedance measurements obtained with the DST
technique are generally equal to the corresponding stationary
measurements. This further indicates that the presented spectral
reconstruction methods can indeed extract the desired station-
ary part of the impedance under all inspected dynamic current
conditions. On the contrary, the higher residuals of the imped-
ance measured by EIS mostly indicate that the results are
affected by time variance caused by both the voltage drifts
and changing state of the battery, which are the most severely
realized for the LIC cell. The results well underline the validity
of the DST impedance measurements and the technique’s
real-time monitoring capabilities while further emphasizing the
challenges of the EIS technique for the same purpose.

Distribution of relaxation times analysis
The distribution of relaxation times (DRT) has recently become a
popular method for observing the battery state through its
impedance. It is also regarded as a powerful tool for selecting
an appropriate impedance model for state estimation algo-
rithms.">'® Therefore, it is regarded as a good tool for analyzing
the validity of the DST and the EIS impedance measurement re-
sults. Instead of using a widely used probabilistic distribution of
the time constants, the following results show the extracted
peaks from the distribution (see Figure S10 for an illustration).
The results of the DRT analysis for the DST and EIS measure-
ments at 50% of SOC are illustrated in Figure 6. Corresponding
results at 20% and 80% of SOC are shown in Figures S11 and
S12, respectively. For the results obtained with the DST, the
DRT analysis can mostly extract the same number of peaks
within one experiment, and their magnitudes and time constants
are mostly close to each other. This is well in line with the com-
plex impedance results, which are mostly overlapping and, thus,
represent very similar conditions of the battery. Moreover, it can
be seen that, as the temperature increases, the number of peaks
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Figure 2. Impedances of the LFP cell measured at 50% of SOC and 25°C

Raw impedance data.

(A) Full view.

(B) Magnified view.

(C) Extracted stationary parts of the impedance.

and their magnitudes consistently reduce, while the shortest
time constants shift toward higher values. This is well in line
with the changes taking place in the impedance as a function
of temperature.'? Differences in the number of peaks can be
observed mostly for the results obtained during charging and
discharging. This is in line with the complex impedance results
in Figure 3, which show some difference between the impedance
curve measured by charging and discharging profiles. However,
it should be noted that another cause for this effect can be reg-
ularization errors, which can happen with certain optimization
parameters with the DRT algorithm.'® The error is realized in a
way that a single time constant may be estimated as two sur-
rounding time constants (for example, for the LIC at 25°C). This

can also happen the other way around (for example, as shown
for the LFP at 25°C). Another type of error also related to the
DRT algorithm is illustrated for the NMC cell at 35°C. In this
case, the magnitude of the peaks is very low, and the missing
peaks are likely not reaching the threshold required by the DRT
algorithm. In conclusion, the consistency of the DRT analysis
closely aligns with the impedance results, indicating high validity
and excellent transformability of the measurement data.

For the DRT analysis obtained for the EIS results, the number
of peaks along with their magnitudes and time constants highly
varies. Moreover, the time constants have often highly inconsis-
tent behavior across the temperatures at all SOC values. While
the DRT-related errors are likely to explain some of the results,
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Shown are results obtained across all tested cells, current profiles, and temperatures at 50% SOC.

the results are still most likely explained by the inconsistency of
the EIS results. This statement is also supported by both the
complex EIS results and their poor K-K compliance. In conclu-
sion, the DRT analysis confirms that the underlying battery state
information is difficult to extract from the EIS measurements per-
formed during dynamic load current conditions.

DISCUSSION

The main outcome of the presented results is that the DST
sequence and its DFT eigenvector properties can rapidly pro-
duce valid and consistent impedance measurements during dy-
namic battery operation, with the data being well transferable to
popular modeling and analysis tools. The performance of the
methods is validated across various different battery chemis-
tries, current profiles, and operating conditions, which implies
that the methods have generalized applicability. This also indi-
cates that the methods are potentially applicable to other types
of energy storage components, such as supercapacitors and
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fuel/electrolyzer cells. To conclude, the results clearly show
that the DST techniques are capable of real-time monitoring of
the battery impedance in a battery-powered application, allow-
ing the impedance to be used for battery management algo-
rithms and, thus, ensuring improved performance and lifetime
of the battery and application.

On the contrary, the results obtained using the EIS technique
are provided to illustrate the typical challenges of the impedance
monitoring during dynamic operating conditions. That is, the
interfering voltage drifts and other time-varying effects caused
by the load current conceal the underlying battery state informa-
tion of the impedance. This is concluded in the results by poor
performance metrics of the EIS measurements from both DRT
and K-K analysis, further emphasizing the poor applicability of
the EIS-measured data to the battery management algorithms.

It should be mentioned that the first four harmonics theoreti-
cally available in the DST measurements were discarded from
the results, as illustrated in Figure S13. This was due to limita-
tions of the applied linear interpolation algorithm in the spectral
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Table 2. SOC variations of the cells during the measurements at different current profiles

DST measurements

Stationary Charging Discharging WLTC 1 WLTC 2 WLTC 3 WLTC 4
LFP - 0.22% -0.22% <-0.1% <-0.1% <-0.1% <-0.1%
LTO - 0.44% —0.44% <-0.1% —0.19% —0.14% 0.10%
NMC - 0.22% -0.22% <-0.1% <-0.1% <-0.1% <-0.1%
LIC - 1.75% -1.72% <-0.1% —0.74% —0.54% 0.40%
EIS measurements

Stationary Charging Discharging WLTC 1 WLTC 2 WLTC 3 WLTC 4
LFP - 0.25% —0.25% <-0.1% -0.12% <-0.1% <-0.1%
LTO - 0.5% -0.5% <-0.1% —0.25% -0.17% <-0.1%
NMC - 0.25% —0.25% <-0.1% -0.12% <-0.1% <-0.1%
LIC - 2.03% —1.98% <-0.1% —1.00% —0.67% 0.31%

reconstruction techniques. This was also the reason why the in-
verse of the measurement duration (15_1?:64 mHz) did not
match the first harmonic of the results (1 Hz), which would theo-
retically be the case (Figure S13). A possible solution for this
challenge is to use a more sophisticated inter/extrapolation algo-
rithm in the spectral reconstruction process.

The upper limit (500 Hz) of the applied impedance bandwidth
was dictated by the limitations of the applied experimental
equipment. The rest of the bandwidth (1-500 Hz) was selected
as a trade-off between the measurement time and information
of the measurements. That is, the measurements should be
fast enough to fit into the context of “real-time” monitoring,
which prevents the inclusion of too-low frequencies, which
take a long time to be measured. Moreover, the bandwidth
should cover frequencies that are the most informative for bat-
tery state estimation. The majority of the chemical processes
reflective of aging mechanisms, capacity fade, SOC and temper-
ature are affecting the semicircle and ohmic parts of the imped-
ance and are typically characterized within a bandwidth of
approximately 1 Hz up to a few kHz.®'? This can also be
concluded from the impedance spectrum results shown in Fig-
ures 3, 4, and S6-S9, with the width, suppression rate, resonant
frequency, and the amount of the impedance semicircles being
highly dependent on the temperature and SOC. Therefore, accu-
rate and reliable capturing of the semicircle part of the imped-
ance is highly important to maximize the information that can
be accessed by the measurements. At frequencies from 1 Hz
down to the mHz range, the impedance is dominated by the
diffusion processes, which also provide important information
about the state of the battery. However, as the measurement
time, voltage drifts, and other time-variant effects at these fre-
quencies also increase, capturing the diffusion processes in
the impedance is often not feasible for real-time monitoring.

Despite promising results of the DST impedance monitoring
and spectral reconstruction methods, challenges remain that
must be addressed to make real-time impedance monitoring
practically feasible. That is, the monitoring of the battery imped-
ance requires faster and more sophisticated data acquisition,
memory, and computational capabilities than those traditionally
available in BMS processors. Moreover, the impedance measure-
ments require a separate measurement circuit to inject the pertur-

bation signal into the battery current independent of the applica-
tion unless the application itself (e.g., the drivetrain of the
electric vehicle) is capable of producing the perturbation. These
requirements add extra costs for the battery pack that might hind-
er the economic feasibility of the impedance monitoring technol-
ogy. The system costs are also determined by whether the moni-
toring is being implemented at the cell, module, or pack level. The
cell-level design would be the most informative but also the cost-
liest, as each cell might require its own measurement circuit.
Moreover, it should be noted that the load current can cause se-
vere measurement conditions (e.g., waveform too dynamic and/
or average/peak magnitudes too high) that prevent the use of
the DST method forimpedance monitoring, although no such con-
ditions were faced in this work. Validation of such borderline con-
ditions for the load current as well as possible ways to reduce the
hardware and software costs of the measurements in different im-
plementation designs remain important research topics for the
future.

While acknowledging the aforementioned challenges, the
DST technique still preserves extra benefits over the EIS-based
sinusoidal methods in terms of reduced hardware and software
requirements. The DST has only three symmetrical signal
levels, which can be emulated by a significantly less complex
and cheaper measurement circuit than the sinusoidal waveform
of the EIS, which theoretically has an infinite number of signal
levels. Furthermore, the interactions of the voltage drifts
and the DFT eigenvector properties of the DST signal are auto-
matic, which allow simple and light calculations for the pro-
posed spectral reconstruction methods. These benefits
emphasize the potential low-cost implementation of the DST
sequence, although no validation in this regard is provided in
this research.

Despite the extra costs, the benefits of the impedance moni-
toring and impedance-based state estimation on the increased
battery efficiency and lifetime are highly recognized by the
research community. The inclusion of the real-time impedance
monitoring methods is likely to make the battery packs and appli-
cations economically more feasible in the long run than without
impedance monitoring. This is due to the fact that the battery’s first
life in electric vehicles can be extended and that the battery is likely
to bein good condition at the end of its first life due to the improved
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battery management. Moreover, at the end of battery’s first- life,
the history information of the battery performance degradation
and health can be accessed. This information can be further
used to estimate the remaining economical value of the battery
pack, which promotes the battery pack techno-economic viability
in a possible second-life application. Furthermore, as the techno-
economical viability of a second life is already acknowledged in the
manufacturing phase, it can potentially lower the costs of the bat-
tery’s first-life applications. However, it should be noted that these
scenarios are also dictated by the actions of the stakeholders inthe
battery value chain, with long-term cost-saving scenarios usually
requiring a long time and indisputable evidence of their benefits
in order to be taken into consideration.

METHODS

Theoretical framework

DFT eigenvector properties of the DST sequence

The DST sequence is a three-level pseudo-random sequence
that has zero energy at specific harmonic multiples in the fre-

8 Cell Reports Physical Science 6, 102512, April 16, 2025

quency domain.?® This feature mitigates the effect of nonlinear
distortion affecting the measurements, which is reported to be
problematic in battery impedance.?® In addition, the DST
sequence can also have DFT eigenvector properties with spe-
cific design conditions (provided in the supplemental methods).
That is, the sequence fulfills the conditions given as

e {1+6p,5+6pjpe Z& 0 < p}
Ubst(k) = Aupst(nm)n = Kk ${NDST 5NDST}

6 6
(Equation 1)

where upst(n) is the DST sequence, Npgst is its length, and
Upsr (k) is the corresponding Fourier transform, with n and k be-
ing sequence and harmonic indices, respectively. In addition, Ais
the associated eigenvalue that is either purely real or imagi-
nary.®>° It should be noted that indices not satisfying conditions
on the right side of Equation 1 have zero energy in Upst(k), and
these indices preserve no DFT eigenvector properties, as shown
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Shown are results obtained from both EIS and PRS measurements for all cells across all tested operating conditions. Data are represented as mean of the real and

imaginary part residual values.

in the supplemental methods. Therefore, conditions for k and nin
Equation 1 are assumed in the following equations.

upst(n) values at indices given in Equation 1 are either 1 or —1,
which also implies that Upsr(k) has only two different non-zero
values. For convenience, we may introduce two index sets,
Kpos and Kneg, given in Equation 2, to represent the indices at
which these two different non-zero values take place. Thus, we
can write the definition for Upst(k) as given in Equation 3.

Kpos if uDST(n =

n:ke{K g

neg if UpsT(N) = — (Equation 2)
Upst(Kpos) =

- UDST(Kneg) (Equation 3)

Equations 1-3 provide two very important properties for the
following spectral reconstruction techniques. First, because of
the eigenvector properties of the DST sequence, its time and fre-
quency domain indices are correlated by waveform and indices.
Second, the two non-zero harmonics of Upst(k) are comple-
ments of each other (A or — ). Further discussion and illustra-

tions are provided in the supplemental methods and in
Figure S18.

Spectral reconstruction of the DST sequence
measurements

The system configuration for the impedance measurements is
further illustrated in Figure S14, where linearity as well as
quasi-steady-state conditions are assumed. Regarding the
latter, it is assumed that the operating conditions (e.g., SOC
and temperature) are not having a notable impact on the
impedance stationary part. In the measurements, the DST
sequence current perturbation ipst(n) is superimposed on
top of the load current jjoaq(n) of the battery. The response
at the battery voltage can, therefore, be described by the
sum of the responses of these two signals, regarded as
vpsT(n) and vipaq(n). Due to the linearity property of the Fourier
transform, something similar applies also in the frequency
domain. The resulting battery current and voltage time and
frequency domain signals, along with the definition of the bat-
tery impedance, are given in (Equations 4 and 5, and,
respectively.
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(Equation 4)

Vbat (n) = VDST(n) + Vioad (n)
loat(K) = lost (K) + hoag (K) .
V(k) = Voer (k) + Viewa (k) (Equation &)
_ Viat (K) _ Vost(k)+Vicaa (k) .
Zoak) = ) ™ Toar (R heaalh) (EOUAIHONE)

Now, the DFT eigenvector property of the DST sequence
described in Equation 3 affects the signs of Vpst(k) and Ipst(k)
depending on whether k € Kos Or k€ Kpeg. Therefore, we can
write two definitions for the battery impedance as given in Equa-
tion 7.

_ Vst (k)+Vioaa (k)
Zoat(K) 2ot = o) haa ) 1 Fooe
bat =
= Vst (K)+Vicad (K)
Zoat— (k) = —— 3+~ Tosr () Taa(K) for k € Kneg

(Equation 7)

By default, these two sub-spectra, Zpat. (k) and Zpa: - (k), do
not share any common harmonics as Kpos NKneg = {}. By mak-
ing an assumption that they would share the same harmonics,

we can rearrange their definitions in terms of ‘,/;’SSTT((,("))

the impedance caused only by the perturbation (e.g., stationary
part of the impedance) as given in (Equation 8).

4 k Z + K)+Zpat — (k
ZStationary(k) = IDDSS_:—((k)) - bat ( )2 bat ( )
+ /Ioad (k)

2lpst(k)

which is

(Equation 8)
(Zbat+(k) - Zbat—(k))

To conclude, the DST sequence is able to excite the battery
in a way where both Zyat, (k) and Zpat - (k) are partially captured
within a single perturbation cycle. The battery stationary imped-
ance can be further defined without the unknown term Vigaq (k),
which describes the voltage drift effects. The missing har-
monics in both sub-spectra can be estimated, e.g., by
linear interpolation, whose detailed derivation is presented in
Equation S14.

It should be noted that Equation 8 also requires information
about Fourier transforms of ijeaq (7) and ipst(n), which are mixed
in the measured variable inat(n). From these variables, ipst(n) is
known while iieaq (n) is usually not. However, the inductive effects
of the battery and the measurement circuit can introduce lag and
overshoot effects on the current waveform, especially during
state transitions, in a way where ipgt(n) may also be unknown.
In this case, both iipaq (1) and ipst(n) can be estimated by utilizing
the “zero states” of upgt(n), asillustrated in Figure S15. It should
be noted that the variable vectors in the algorithm shown in Fig-
ure S15 should be sampled according to Equation 11.

Design parameters of the measurements

Harmonic design

The spectral content of the DST sequence can be designed by
using the definition given in Equation 9, where fge,, is the gener-
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ation frequency, and Npgr is the length of the DST sequence.?®
fres is the frequency resolution of the measurements, which
also corresponds to the lowest frequency harmonic fin theoret-
ically present in the measurements. The highest frequency in the
measurements is theoretically fgen, but it is practically limited to
be less due to the fact that the signal energy reduces to zero to-
ward higher frequencies. In this article, a coefficient of 0.6 is used
to determine the higher limit of the measurement bandwidth, as
given in Equation 10. In addition, Npst = 2082 is used for all
measurements.

(Equation 9)

frnax = 0~6fgen (Equation 10)

The total resulting bandwidth of the measurements was
selected as 1-500 Hz. To increase the accuracy, each DST
measurement is carried out in two parts (low- and high-fre-
quency parts) with different generation frequencies according
to a previous study.*” Both the low- and high-frequency parts
were applied by the proposed spectral reconstruction
methods, although only the low-frequency part is highly
affected by the voltage drifts. Moreover, the harmonics not
satisfying conditions in Equation 1 are omitted from the results,
as they have no energy and, thus, they provide no information
about the battery impedance. In addition, the first four non-zero
harmonics in the DST are also omitted, as illustrated in Fig-
ure S13. This is because they cannot be used in Equations 7
and 8 due to the limitations of the linear interpolation algorithm
(Equation S14).

Sampling

A sampling frequency of 20 kHz is applied for both the DST and
EIS measurements. To reach the desired generation frequency
for the DST measurements with this sampling frequency, each
state n in the original perturbation upst(n) needs to be sampled
multiple times according to the sampling coefficient Csamp. The
resulting sampled perturbation signal Upst(s) can be expressed
as given in Equation 11, where notation || refers to floor func-
tion. Moreover, Csamp should be different for the low- and
high-frequency parts, with the values being Csamp = 125 and
Csamp = 25 for the designed generation frequencies,
respectively.

EJ\DST(S) = UpsT (\‘ J)O <s < NDSTCsamp &se 7

Csamp
(Equation 11)

Filtering and data compression

The reconstructed impedance data are further compressed to
cover 40 data points. 10 data points were selected at the first
decade (1-10 Hz), while 20 and 10 were selected for the second
(10-100 Hz) and third (100-500 Hz) decades, respectively. In
prior to compression, a moving-average-filter (MAF) given in
Equation 12 was applied for the selected data points. Starting
from the first harmonic, the window length M of the filter was
selected so that d equals its raw data harmonic index. This
was applied until M = 60 was reached to prevent over-filtering
of the data at medium and high frequencies.
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1 M —1
Zwr (k) = 11 > Zeawli + k);where d = 5
i=—d

(Equation 12)

Validation tools

DRT analysis

The DRT analysis in this article is based on the derivations given
in a previous study.'® The time constant vector is formed by
covering 120 logarithmically spaced time constants from the
angular frequency corresponding the first harmonic of the mea-
surements (1 Hz) up to one decade greater than the angular fre-
quency corresponding the last harmonic of the measurements
(500 Hz). Moreover, the peaks in the probabilistic distribution
are extracted in the way illustrated in Figure S10.

K-K analysis

The K-K analysis is carried out by utilizing the software presented
in a previous study.®® The obtained fits are then analyzed in
terms of real and imaginary residuals, which are given in Equa-
tions 13 and 14, respectively.

_ Re{zmeas(k) - ZK—Kfit(k)}

Ao(k) = 100%
(k) [Zoeas K] g

(Equation 13)

IM{Zmeas (k) — Zk _« sit(k)}

100%
[ Zmeas (K|

Aim(k) = (Equation 14)
Furthermore, these residuals are averaged as given in Equa-
tion 15, which is the actual error measure used in Figure 5.

Are (K)+Aim (k)

K — Kmean residuals(k) = 5

(Equation 15)
Experiment implementation

The excitation and load currents were injected into the battery
current by using a programmable bi-directional power supply.
The currents and voltages of the battery were monitored through
measurement probes without amplification and recorded by a
data acquisition (DAQ) device connected to a computer. More-
over, the DACs of the DAQ were used to create the current refer-
ence signals for the bi-directional power supply. The experi-
mental setup is illustrated in Figure S17.

The workflow of the experimental procedures is shown in Fig-
ure S16. The operating conditions are changed for the cells in an
order where cells are first put on a desired SOC value. At this
SOC value, all temperatures are scanned, and all cells were
tested at one temperature before changing the temperature.
An idle time of 2 h was applied after the temperature was
changed in order to allow the cells to reach thermal equilibrium.
The DST measurements were applied first, after which the
consumed charge during the WLTC profile measurements was
re-charged to the battery to prevent SOC variation between
the measurements. After this, the EIS measurements were car-
ried out with similar SOC change compensation applied after
the measurements.

EIS procedure
The EIS measurements were performed for the same 40 fre-
quencies that were ultimately extracted from the DST measure-
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ments. Each frequency harmonic was applied with five consec-
utive periods that were averaged to enhance the signal-to-noise
ratio (SNR) of the measurements to better comply with the
filtered DST measurement results. Five periods also yielded the
measurement time closest to the DST measurement time. 1.5
times the DST perturbation amplitude was applied for the EIS
measurements, and a MAF with M = 5 was applied to the com-
plex impedance results in order to increase the SNR of the mea-
surements even further. The harmonics were measured starting
from the low-frequency harmonics with a sampling frequency of
20 kHz. The load current profiles of the EIS experiments are illus-
trated in Figure S2 and are similar to the DST. As an exception, a
slightly longer WLTC window needed to be used due to a slightly
longer measurement time (18.05 s) with respect to the DST mea-
surements (15.6 s).
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