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Abstract: Retired electric vehicle (EV) batteries are reused in second-life energy storage applications.
However, the overall performance of repurposed energy storage systems (ESSs) is limited by the
variability in the individual batteries used. Therefore, battery grading is required for the optimal
performance of ESSs. Electrochemical impedance spectroscopy (EIS)-based evaluation of battery
aging is a promising way to grade lithium-ion batteries. However, it is not practical to measure
the impedance of mass-retired batteries due to their high complexity and slowness. In this paper, a
broadband multi-sine binary signal (MSBS) perturbation integrated with a multichannel EIS system
is presented to measure the impedance spectra for the high-speed aging evaluation of lithium-ion
batteries or modules. The measurement speed is multiple times higher than that of the conventional
EIS. The broadband MSBS is validated with a reference sinusoidal sweep perturbation, and the
corresponding root-mean-square error (RMSE) analysis is performed. Moreover, the accuracy of the
presented multichannel EIS system is validated by impedance spectra measurements of Samsung
INR18650-29E batteries and compared with those measured using a commercial EIS instrument. A
chi-squared error under 0.641% is obtained for all channels. The non-linearity of batteries has a
significant impact on the quality of impedance spectra. Therefore, Kronig—Kramer (KK) transform
validation is also performed.

Keywords: electrochemical impedance spectroscopy (EIS); battery aging; retired EV battery; battery
grading; broadband perturbation; combined multi-sine binary signal (MSBS); digital lock-in amplifier
(DLIA); Kronig—Kramer (KK) transform

1. Introduction

Currently, lithium-ion batteries are widely used in various technologies to improve
our daily lives. It is well known that the high power and energy density, high charge—
discharge efficiency, and low cost of lithium-ion batteries have made them the primary
choice for electric mobility, portable electronics, and energy storage systems (ESSs) [1,2].
However, the performance of lithium-ion batteries is hindered by unpredictable battery
degradation [3]. Therefore, an accurate estimation of the battery state of health (SOH) and
remaining useful life (RUL) is important to avoid accidental capacity fading and failure [4].
For lithium-ion batteries used in electric vehicles (EVs), a capacity drops below 80% is
considered the end of life (EOL) [5]. However, these batteries can still store a significant
amount of energy and can be used in repurposed or less demanding applications [6]. It
is well known that the optimal operation of a repurposed system is highly dependent on
whether the individual batteries used in it have similar characteristics. Therefore, battery
aging is a crucial indicator in the recycling industry of whether a battery should be used in
repurposed second-life applications such as ESS or recycled as scrap [7,8].

Conventionally, microscopic phenomena modeling, such as active material loss, solid
electrolyte interface (SEI), and lithium-ion plating, are put into practice to forecast the state
of a battery [9-11]. However, modeling each phenomenon is unscalable. An alternative
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method is measuring the AC impedance and relating it to the battery aging evaluation
without modeling the actual degradation processes [12]. Electrochemical impedance spec-
troscopy (EIS) is a useful tool for measuring AC impedance. A battery is usually perturbed
through a minuscule excitation signal over a wide frequency range to measure its voltage
and current response [13]. The impedance data obtained through EIS contains diverse in-
formation regarding the electrochemical reactions, material properties, and other interfacial
phenomena of the battery [14]. Further, an aging evaluation is performed by fitting the
impedance spectrum to an equivalent circuit model (ECM). The extracted ECM parameters
reflect the degradation mechanisms occurring inside the battery [15]. In conventional EIS,
a sweep excitation is used to perturb the battery consecutively, one frequency after another,
across a given frequency range [16]. It is well known that low frequencies take a longer
time. Additionally, multiple cycles are required to make the measurement results less prone
to error. Therefore, sweep excitation has a high complexity and longer measurement time,
and it is not applicable for the aging evaluation of mass-retired EV batteries. Moreover,
longer perturbation is more prone to environmental disturbances, drifts, and uncertainties
in impedance measurement [17]. To address the longer measurement time and complexity
of conventional EIS, broadband excitation is a desirable solution with a short measurement
time, which increases the suitability of applying EIS for aging evaluation on a large scale.
The class of broadband perturbation signal for high-speed impedance measurements con-
sists of multi-sine [18] and pseudorandom sequences (PRSs) [19]. Multi-sine is a combined
signal of harmonically related sinusoids and is further classified into different types. These
different types are linear, random, quasi-logarithmic, and logarithmic frequency distribu-
tion [20]. The energy of the combined signal is distributed equally among the frequency
spectra. However, combining the frequency components without modification results in a
higher amplitude and crest factor (CF). An excitation signal with a large amplitude and
CF can drive a battery beyond linear time-invariant (LTI) boundaries [21]. Therefore, the
perturbation amplitude should be limited to the linear and steady-state operation of the
batteries under testing. Schroeder, Newman, and Littlewood proposed analytical methods
to optimize the CF of multi-sine by inserting suitable initial phases [22]. Among them,
Schroeder provided good results for linear frequency distribution. However, there is no
improvement in CF for logarithmic frequency distribution; instead, it becomes worse [23].
There are some deterministic CF optimization strategies for random or logarithmic fre-
quency distribution with their own limitations and complexities [24-26]. Another class
of broadband excitation is PRSs, which are further classified into pseudorandom binary
sequences (PRBSs) and ternary signals because PRSs can be limited to a minimum of two
or three levels [27]. Therefore, they are simple and easy to generate using a low-cost digital
signal processor (DSP). However, PRSs contain linearly distributed frequency spectra,
and the frequencies of interest are not selectable. Unlike sweep excitation, energy is di-
vided among equally spaced harmonics, which reduces the signal-to-noise ratio (SNR)
and the corresponding accuracy of the measurement results [28]. Although the SNR can
be increased by adjusting the sequence length or increasing the PRS amplitude, it causes
impedance deviation due to non-linearity [29]. A broadband multi-sine binary signal
(MSBS) is an attractive solution for random and logarithmic frequency distributions. It is a
two-level signal obtained through the direct binarization of multi-sine. Therefore, it inherits
the advantages of both the multi-sine and PRS, such as selectable frequencies of interest,
simplicity of generation, and a lower CF (1.0). Moreover, the frequency components are
selectable, and the SNR of the MSBS is better compared to that of the PRS. Although the
direct binarization of the combined multi-sine signal (CMSS) introduces extra harmonics in
the resulting binary signal, the desired frequencies can be accurately extracted using the
digital lock-in amplifier (DLIA) algorithm.

In this work, a high-speed multichannel EIS system is developed to measure the
impedance spectra of eight batteries simultaneously. Broadband MSBS is used to perturb
the batteries. The proposed system is implemented on a 180 by 135 mm PCB, making it
compact and portable compared to commercially available instruments. A low-cost STM32
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DSP is used to generate the MSBS perturbation. The impedance measurement time is
drastically reduced using the presented broadband perturbation and multichannel EIS
setup. The validity of the presented MSBS is carried out through experiments and by
comparing the results with sinusoidal sweep and other broadband perturbation schemes.
The multichannel EIS system accuracy is verified using chi-squared error analysis with a
reference commercial EIS instrument. A linear Kronig—Kramer (KK) transform is used to
validate the quality of the obtained impedance spectra [30]. Finally, the ECM parameters of
the batteries can be estimated by curve-fitting algorithms.

This paper is organized as follows: Section 2 discusses the overview of conventional
EIS and the interpretation of impedance spectra. The various excitation schemes used for
AC impedance measurements are explained in Section 3. The architecture of the proposed
high-speed multichannel EIS system is detailed in Section 4. The experimental validation is
explained in Section 5, and the work is concluded in the last section.

2. Overview of Conventional EIS and Interpretation of Impedance Spectra

The measurement setup for an EIS under galvanostatic excitation involves perturbing
the battery with a predetermined current and measuring the response. In conventional EIS,
sweep excitation is applied to determine the impedance spectrum of a battery [17,18]. Since
the energy is concentrated only on a single excitation frequency at a time, the SNR and the
quality of the measurement results are good. However, due to the longer measurement
time, conventional EIS is not practical for the aging evaluation of mass-retired batteries.
Therefore, simplified EIS, such as using square signal perturbation instead of sine-sweep,
has been introduced, but still the measurement approach is slow [31]. Thus, there is a
clear gap in introducing advanced EIS approaches for the high-speed and high-quality
impedance measurements of batteries. The battery impedance resists the flow of current
and is responsible for voltage drops when a load is connected. It is well known that battery
impedance is a function of frequency, and for EIS, it is expressed as follows.

2(w) = o] (1)

where w is the angular frequency, Z(w) is impedance, and V(w) and I(w) are the voltage
and current responses of a battery, respectively.

The impedance spectrum of a battery is usually represented using a Nyquist impedance
plot, as shown in Figure 1b. This plot is curve-fitted to the related ECM, as shown in
Figure 1a, and the corresponding ECM parameters are extracted. These parameters are
further analyzed to obtain useful information about the internal electrochemical processes,
capacity, SOH, and aging of the battery [14]. Moreover, they are useful in maintaining the
in-service battery performance, evaluating the aging of retired batteries, and grading them
for repurposing.
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Figure 1. (a) Equivalent circuit model (ECM); (b) Nyquist impedance plot of Samsung INR18650.
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In Figure 1b, the Nyquist impedance plot is divided into four regions. The nearly
vertical part at high frequency (several kHz) shows the inductive region determined
by the current collector and the conduction of the connecting wires of the battery. The
intersection on the real axis indicates the ohmic resistance, which includes the resistance of
the electrodes, electrolyte, and terminal contacts. The semicircle (s) are formed in a medium
frequency range, which is because the charge transfer phenomenon occurs at the electrode
surface. The low-frequency region (mHz) describes the Li+ solid-state diffusion between
the electrodes, which is expressed by the Warburg impedance in the ECM.

The impedance spectrum varies with the temperature, SOC, SOH, and aging of the
battery [7]. As the temperature rises, the impedance of the battery decreases due to
the acceleration of the chemical reactions. However, high temperatures speed up the
degradation processes, which increases the impedance [15]. As the SOC changes, the
battery impedance reflects these variations. Battery impedance increases with degradation
due to the formation of the SEI layer, current collector corrosion, depletion of electrolytes,
and various other phenomena [8].

3. Broadband Excitations for EIS

Broadband excitations are widely used for system identification. All the frequencies
of interest are excited in a combined signal, which shortens the measurement time. How-
ever, some essential conditions should be considered, particularly when using broadband
excitation signals. To obtain valid impedance spectra for any electrochemical system, the
system must fulfill the property of linearity, causality, and stability. These properties can
be satisfied by applying an appropriate excitation signal. In EIS for batteries, linearity
indicates that the amplitude and phase response should be independent of the perturbation
signal amplitude. However, this condition cannot be strictly satisfied due to the non-linear
charge transfer and diffusion effects in batteries. To minimize the impact of non-linearity,
the magnitude of the voltage response should be less than 25 mV at room temperature [20].
For lithium-ion batteries, the amplitude should be limited to under 10 mV [32]. However,
the impedance deviation observed due to the non-linearity effect for a 10 mV amplitude
is very small, which makes these criteria very restrictive [33]. Therefore, slightly higher
values can be used to obtain better SNR. In galvanostatic excitation, the amplitude of the
perturbation current should be selected according to the impedance of the battery such that
the voltage response of the battery remains within a linear operating range (under 25 mV).
The excitation current amplitude should be adjusted to reduce the impacts of non-linearity.

The second required condition is causality, which means that the battery response for
measuring the impedance spectra is only caused by the applied perturbation. In practice,
the noise level is low, there is no response at t < 0, and the measurements are repeatable.

The last requirement is stability, which means that the state of a battery during mea-
surement should not change significantly, e.g., the change in battery SOC should be less
than 1% [32]. The perturbation time for broadband signals is short compared to that for
sweep excitation. Therefore, broadband perturbations are more advantageous to avoid mo-
mentary changes and are more likely to maintain the steady-state condition of the battery.

In multi-sine signals, the frequency components are selectable. The goal of EIS is to
extract information about the physical and internal electrochemical processes of the battery
in the frequency domain. However, the internal phenomena occurring inside the battery
are not equally distributed over the impedance spectrum. The ohmic effect, charge transfer
processes, solid-state diffusion, and SEI detection occur at different frequency bands which
are partially overlapped [16]. In sweep excitation, enough time can be afforded, and a dense
frequency distribution can be selected. However, only the useful frequency content can be
included in the combined signal due to the finite power of the excitation signal. In multi-
sine perturbation, usually 10, 6, and 3 frequency distributions per decade are included
to cover the entire perturbation band [22]. Unlike PRSs, the signal power is distributed
only on a limited number of selected frequency components, which suppresses the impact
of noise and increases the accuracy of the measured impedance spectrum. Therefore, no
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filtering is required for the EIS results using a multi-sine perturbation [20,21]. Moreover,
the back-end impedance computation burden is also low compared to that when using the
excitation of PRSs. Multi-sine signals are further classified into various types, which are
briefly discussed in the following subsections.

3.1. CMSS

These signals are obtained by adding harmonically related sinusoids with adjustable
amplitudes. The primary advantage of CMSS is measuring the system response at multiple
discrete frequencies of interest simultaneously, which drastically reduces the measure-

ment time.
N

x(t) = Y Agsin(27fit) )
k=0
where N is the sinusoidal component to be combined, and Ay and f; are the amplitude and
frequency of the respective frequency components.
As previously mentioned, the number of harmonically related sinusoids is limited by
the overall amplitude and finite power of the combined signal represented by (3).

1 T N .
P = To/o kZ::(JAk-51n(27rfkt) 3)

where P is the average power of the CMSS and Tj is the time period of the fundamental
frequency component.

The drawback of the CMSS is the high CF, which may drive the battery response into
a non-linear operating region. Additionally, clipping of the perturbation could occur if the
controlling circuit is unable to source the desired amplitude of excitation.

3.2. Combined Phased Multi-Sine Signal (CPMS)

CPMS is a modified form of CMSS with optimized CF. The optimization of CF is per-
formed using direct analytical methods, such as Schroeder, Newman, and Littlewood [25,28].
For a CMSS with equidistant or linear frequency distribution, the initial phases are calcu-
lated using the Schroeder approach to adjust the peaks and obtain an optimized CF. This
involves adjusting the initial phases of the sinusoids to evenly spread the peaks of the
signals over time, which optimizes the CE

N
x(t) = Y Ap-sin(2mfit + ) 4)
k=0
(k= k%)
D = ®)

2
\/TIO< ()TO Z}IQIZO Ag- Sin(27'[fkt) dt

where (4) represents the CPMS, and the Schroeder analytical equation ¢k is expressed
by (5). The CF is represented by (6), which is equal to the peak value divided by the
root-mean-square (RMS) value.

The drawback of direct optimization strategies is that CF can be optimized only for
linearly distributed CMSS. For random and logarithmic frequency distributions, the CF
does not improve, and sometimes the results are even worse than pre-optimization [27].

3.3. MISBS

The MSBS is a two-level signal obtained through the direct mapping of the CMSS
to an equivalent binary level. The multi-sine signal is clipped at an average value, the
amplitude instantaneous value greater than the average is mapped to binary high (+A),
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and the less-than-average value is mapped to binary low (—A). The mapping of the CMSS
into the MSBS is represented by (7). The resulting MSBS inherits both the advantages of
PRSs and multi-sine signals. It is a two-level signal, which simplifies the generation of
algorithms and hardware. The CF is equal to that of the PRS (CF = 1.0), and the frequencies
of interest are selectable. Some additional harmonics appear along with the frequencies
of interest in the FFT of the MSBS. However, these harmonics have small amplitudes and
70 to 85% of the signal power is concentrated at the desired frequencies [14]. The MSBS
generation using (7) is represented by a block diagram, as shown in Figure 2. This process
is implemented in LabVIEW, and the resulting MSBS is converted into a look-up array for

coding in the DSP.
N
MSBS(t) = sign[ ¥ Ag-sin (2"”) @)
k=0 Ni

LLLIEEEE

o o o o o ] - - - - - - = o = o e = = = - - -

Figure 2. Block diagram for MSBS generation.

The normalized power spectra of the CMSS, CPMS, and MSBS are represented in
Figure 3. The normalization is with respect to the CMSS for relative analysis. The CMSS
and MSBS contain 17 frequency components ranging from 1 Hz to 1 kHz. The specific
frequencies are 1, 2, 4, 8, 10, 16, 20, 40, 50, 80, 100, 200, 250, 400, and 1 kHz. The CPMS,
based on Schroeder phase insertion and having optimal CF compared to CMSS, consists of
linearly distributed frequencies. In the given CPMS, 500 harmonics are included between
1 Hz and 1 kHz with a 2 Hz frequency step. The logic behind such a dense frequency
distribution is to measure the impedance in a lower frequency range and observe the
battery electrochemical phenomena occurring in a lower frequency range (<10 Hz).
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Figure 3. Normalized power spectra of broadband perturbation.
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The power spectrum equation of CMSS and CPMS is obtained using (8) as follows:

2
P _y A 8
CMSS, CPMS = Y, 8)

k=0 2

where Ay are the amplitudes and N is the number of frequency components. The respective
power spectrum of the MSBS is approximated and given by (9) as follows:

N
Pumsgs(k) = Y Ag + Sub_Harmonics 9)
k=0
Pe;
SNR — Signal (10)
Pnoise

The SNR of MSBS is approximately twice that of CMSS. From the normalized power
spectrum given in Figure 3, it is observed that for similar numbers of frequency components
(N), the amplitude of the MSBS can be decreased by a factor of % to achieve the same SNR

as the CMSS. This enhances the flexibility in designing the amplitude of MSBS. Furthermore,
the frequency content (N) that can be accommodated for a given amplitude and SNR is
greater than that of CMSS. The CPMS power is divided among 500 linearly distributed
frequency components. Consequently, the SNR of the CPMS for a given frequency content is
much smaller than that of the MSBS. However, the SNR can be increased by either increasing
the amplitude or limiting the frequency density of the CPMS. However, increasing the
amplitude makes it more susceptible to non-linearity, and the limiting frequency density
hampers the impedance measurement in the lower frequency region, which is crucial for
aging estimation.

4. Architecture of the Presented High-Speed Multichannel EIS System

A block diagram of the proposed high-speed multichannel EIS system is shown in
Figure 4. The system features a low-cost MCU manufactured by STMicroelectronics with
an Arm cortex-M7 processor, two 12-bit built-in DACs, three 16-bit ADCs, a dual-mode
quad SPI memory interface, two MBs programmable flashes, communication peripherals,
and a low power consumption. To ensure a compact and simple design, the reference MSBS
perturbation signal is generated using an internal DAC. The magnitude of the perturbation
current through the MOSFET is controlled via a feedback arrangement from the drain to
the gate. Additionally, as mentioned in the previous section, the selected MCU contains
a 2 MB flash memory. Therefore, the presented MSBS is programmed as a look-up array
in the DSP, and the internal DAC is used to generate the corresponding analog reference
perturbation signal, as represented by Equation (11).

N
. . V
V() aisps = Vim-sign | ) A sin(27fit) + 7"1 (11)
k=0

where V), is the amplitude of the reference perturbation signal and % is the DC offset. The
presented EIS system perturbs eight batteries/modules simultaneously using broadband
MSBS for all frequencies of interest. Similarly, the current and voltage responses of all
batteries are measured simultaneously using a bipolar 16-bit, 8—channel external ADC IC
(AD7606) manufactured by Analog Devices. Therefore, the proposed EIS system drastically
reduces the measurement time using broadband MSBS and 8—channel configuration.
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Figure 4. Block diagram of high-speed multichannel EIS system.

The perturbation responses of the batteries are sensed and measured using a sensing
and conditioning circuit, which comprises a high-precision current sensor, high-pass passive
filters, active low-pass filters, and gain amplifiers. The perturbation responses are read
through the internal and external ADC ICs and then processed by the DSP.

The impedance calculations for all channels are carried out using the DLIA algorithms
implemented in the DSP. First, the measured broadband battery responses are demodulated
by mixing them with the reference frequency signals. The magnitudes and phases of the
respective responses are obtained after passing the demodulated battery response through
a low-pass filter. The magnitudes and phases of the voltage and current responses are used
to determine the impedance spectra of the respective batteries.

A flowchart of the DSP codes for the proposed EIS system, along with the graphical
user interface (GUI) developed in LabVIEW, is shown in Figure 5. The GUI generates a
control command for a given EIS test based on the user’s setting, which is then sent to the
hardware. Once the DSP receives the control command from the GUI, it is decoded, and
the EIS test begins according to the user setting. The DSP generates a reference broadband
MSBS to perturb the batteries. The perturbation responses of the batteries are recorded,
and the data are saved in an external SDRAM. The impedance spectra for all eight batteries
are calculated and the data are sent to the PC. The impedance spectrum data received by
the GUI are decoded, plotted for the respective channels, and saved in Excel and text files
for further analysis.
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Figure 5. Algorithm flowchart and LabVIEW-based GUI.

5. Experimental Validation and Discussion

During the first group of experiments, various perturbation methods, such as sinu-
soidal sweep, CMSS, CPMS, and presented MSBS, were applied to the lithium-ion Samsung
INR18650 battery to validate the presented MSBS perturbation. In the second group of
experiments, the validation of the proposed high-speed multichannel EIS system is carried
out by comparing its measurement results with those obtained using a commercial EIS
instrument. The KK transform was used to verify the compliance of the impedance spectra
with LTI criteria. The specifications of the batteries used in the experiments are shown in
Table 1. Before the experiments, the batteries were charged according to the specifications
of the manufacturer. The open circuit voltage (OCV) recorded was 3.50 V for each battery.
Additionally, the batteries were relaxed for 2 h prior to the experiments to stabilize them
and reach thermal equilibrium.

Table 1. Specification of the battery used in the experiment.

Battery Model Nominal Voltage ocv Capacity
Samsung INR18650-29E 3.65V 3.50 2.850 Ah

5.1. Sinusoidal Sweep, CMSS, CPMS, and Presented MSBS Comparison

To validate the presented broadband MSBS for impedance spectroscopy, a compar-
ison with sinusoidal sweep, CMSS, and CPMS is carried out. The parameters for each
perturbation signal are listed in Table 2. The peak-to-peak amplitude is kept at 1.0 App
for all the mentioned perturbations. The goal of using the same perturbation amplitude
is to determine which broadband signal has a better SNR and root-mean-square error
(RMSE) compared to sinusoidal sweep perturbation. Moreover, for a given perturbation
current, the voltage response of a battery will be less than 25 mV, ensuring the linearity
condition. Lastly, five cycles of broadband perturbation are performed to obtain a stable
battery response.

1 Y zp(k) — zm (k)
RMSE = ,| — = U2 12
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where z, is the reference measurement result obtained through sinusoidal perturbation,
zp is the measured impedance resulting from broadband perturbations. CPMS has a
linear distribution with 500 measurement impedance points compared to the sinusoidal
sweep perturbation, which is logarithmically distributed with 17 measurement points, a
curve-fitted impedance curve is used for calculating the RMSE.

Table 2. Perturbation signal parameters.

Parameter Sinusoidal Sweep CMSS CPMS MSBS
Frequency range 1Hzto1kHz
Sampling frequency 40 kHz
Frequency components 17 17 500 17
Frequency distribution random random linear random
Pk to Pk Current 1.0A
Perturbation time 60.0 s 50s 50s 50s

The results of the experiments are shown in Figure 6. The Nyquist impedance plot
of CMSS displays a zig-zag pattern at lower frequencies, which is due to the low SNR
and unwanted impact of noise. Similarly, the impedance spectrum of the CPMS exhibited
significant zig-zag deviations from the actual values. Therefore, an additional filtering
technique for impedance data is required to obtain meaningful results for further analysis.
On the other hand, the Nyquist curve for the presented MSBS perturbation is smooth and
almost coincides with that of the sinusoidal sweep perturbation. The RMSE of the CMSS,
CPMS, and presented MSBS are given in Table 3. It is observed that, for the same amplitude
(1.0 App) of the combined perturbation signal, MSBS shows the lowest RMSE of 0.51% with
respect to the reference sinusoidal sweep perturbation. This analysis verifies the validity
and accuracy of the MSBS compared to the CMSS and CPMS.

—#— Sinusoidal Sweep
0.005 - cMSS
CPMS
0.004 | —*—MSBS
B
K=
o 0.003
t
[\]
o 0.002
2
1]
(=
‘5 0.001
©
E
0.000 -
-0.001
T T T T T T T T
0.020 0.025 0.030 0.035 0.040

Real Part (Ohm)

Figure 6. Nyquist impedance plot using sine-sweep, CMSS, CPMS, and presented MSBS perturbation.

Table 3. Percentage RMSE of CMSS, CPMS, and MSBS compared to the reference sinusoidal sweep
perturbation.

Method CMSS CPMS MSBS
RMSE % 7.68% 24.53% 0.51%
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5.2. Validation of Presented Multichannel Fast EIS System Using Commercial EIS Instrument

The validation of the proposed high-speed multi-channel EIS system was conducted
by comparing the results with those obtained from a commercial EIS instrument named
“BIM2” developed by BRS Messtechnik [34]. The experimental setup for the proposed EIS
system is shown in Figure 7. A battery module which consists of eight lithium-ion Samsung
INR18650-29E batteries connected in series was used for the validation experiment. The
impedance spectrum of each battery was simultaneously obtained and displayed on the
LabVIEW-based GUL

Figure 7. Experimental setup.

The batteries were connected using a four-wire kelvin connection with the developed
high-speed multi-channel EIS system, which reduces the effect of unwanted noise and
interference and minimizes the impact of contact resistances. The experiment is performed
by clicking the RUN button on the LabVIEW-based GUI. The MSBS perturbs the batteries for
a very short time interval and the batteries are in a steady state. Therefore, the impedance
spectrum of each battery is also measured using BIM?2 just after the earlier experiment.
The measurement frequency range of BIM2 was selected from 1 Hz to 1 kHz with a
frequency distribution of six per decade. However, the excitation frequencies of BIM2 and
the presented MSBS are the same as those of the developed multichannel EIS system; rather,
some frequencies are equal, while others are different. The impedance spectra obtained
using the presented EIS system and the commercial EIS instrument are shown in Figure 8.
It can be observed that the impedance spectra obtained using the proposed system closely
coincide with those of BIM2. A chi-squared error analysis of the respective impedance
spectra was performed, and the obtained results are shown in Table 4. The chi-squared error
values are under 0.641%, verifying the accuracy of the developed high-speed multichannel
EIS system.

Table 4. Chi-squared error analysis of the impedance spectra of Samsung INR18650-29E.

S.No R—Chi Squared Chi-Squared Error (%)
Battery-01 3.28 x 107° 0.572
Battery-02 3.54 x 107° 0.594
Battery-03 3.78 x 107° 0.641
Battery-04 3.94 x 107° 0.628
Battery-05 3.18 x 107° 0.563
Battery-06 3.09 x 107° 0.556
Battery-07 3.32 x 107° 0.576

Battery-08 341 x 107° 0.583
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Figure 8. Nyquist impedance plot comparison obtained using the proposed high-speed multichannel
EIS system and commercial EIS instrument “BIM2” (Battery 01-08).

5.3. Validation of Impedance Spectra Using KK Transform

The validity of impedance spectra obtained by applying the presented MSBS pertur-
bation was also analyzed using the KK transform. It describes the relationship between
the real and imaginary components of the impedance spectra obtained from a linear time-
invariant (LTI) system. The relationship between the real and imaginary components of the
impedance is given by (13) and (14) [30].

2 e w Zi,(w
-2 [® w- Z[ ((,U/
Zim(w) = 7/0 ﬁdw’ (14)

Equations (13) and (14) are the theoretically derived relations for the KK transform,
which ranges from zero to an infinite frequency limit. However, an EIS test cannot be
performed in an infinite frequency range. Therefore, a Voigt circuit can be used, which
consists of passive elements, and the impedance spectrum obtained from it will have KK
compliance. The impedance expression governed by the Voigt circuit with logarithmically
distributed fixed time constant (7k) is represented by (15).

R

1+ jwT, (15

M
Z(w) = Ropm + Z
k=0

In the case of any physical meaningfulness, an additional inductor or capacitor can be
added, or if the frequency range of the measured impedance spectrum is small compared to
the full impedance spectrum of the system. The reproducibility of the impedance spectrum
measurement is judged through the corresponding residuals of the real and imaginary
components, as shown by (16) and (17). The KK compliance test is a useful tool that
validates how well the impedance spectrum data can be linearly fitted and guarantees its
usability for battery state estimation.

ARe(w) (16)
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The Lin-KK software developed by the Karlsruhe Institute of Technology (KIT) is used
for the robust validation of the KK-compliance test [35]. This tool is based on fitting the
impedance spectra to a linearized Voigt circuit with multiple RC elements. The residuals of
the real and imaginary components are between the measured and fitted data. The residual
should be less than 0.5% for the validity of the measurement under the conditions of an
LTI system. Impedance spectrum data are valid if the residuals are random or white-noise
distributions. However, the data are corrupted if the residuals follow some clear traces
or patterns. The validity of the impedance spectrum through the KK compliance test
guarantees its usability for the state estimation of a battery. The KK compliance test of
the impedance spectra of Samsung INR18650 batteries obtained through the proposed
high-speed multi-channel EIS system is performed. The fitted impedance spectra and the
corresponding residuals are shown in Figure 9. All the residuals are random, unbiased
(no time variance), and less than 0.5%, which validates the presented broadband MSBS
perturbation and high-speed multichannel EIS system.

(17)
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Figure 9. KK-compliance validation of the obtained impedance spectra and the respective residuals.
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5.4. Measurement Speed Comparison with Sinusoidal Sweep Perturbation

In this section, the measurement speed of the proposed high-speed multichannel EIS
system is analyzed. The presented EIS system has two advantages over conventional EIS.

e  Broadband MSBS perturbation is used instead of sinusoidal sweep excitation to shorten
the measurement time.

e  The 8-channel configuration is used, which further decreases the measurement time
and increases the capability by simultaneously measuring the impedance spectra of
eight individual batteries or modules with an overall voltage of less than 100 V.

The measurement speed experiment was performed under the same conditions for
both the conventional EIS and the presented EIS system, as shown in Table 5.

Table 5. Conventional and proposed high-speed multichannel EIS system measurement time com-

parison.
. Developed High-Speed
Parameter Conventional EIS Multichannel EIS System
Perturbation type Sinusoidal Sweep MSBS
Frequency range 1Hzto1kHz 1Hz to1kHz
Frequency components 17 17
Measurement Time

Single Battery 34.0s 50s

Eight (8) Batteries 272.0s 50s

The time period of MSBS is 1.0 s; however, for the accurate measurement of impedance
spectra, five cycles of perturbation are applied. It should be noted that the conventional EIS
is a single-channel configuration using sinusoidal sweep perturbation. The conventional
EIS requires a perturbation time of 34.0 s for a single battery, which means that 272.0 s
are needed to measure the impedance spectra of eight. In contrast, the proposed EIS
system needs only 5.0 s to measure the response of eight batteries, as shown in Figure 10.
Therefore, the measurement speed of the developed high-speed multichannel EIS system is
significantly faster than that of conventional EIS with a single-channel configuration using
sweep perturbation.

Measurement Time Comparison
1000
272
100
S 34
3
g 10 5 5
1 S S
Single Battery Eight Batteries
@ Conventional EIS @ Developed High-Speed Multichannel EIS System

Figure 10. Comparison of measurement times between conventional EIS and proposed high-speed
multichannel EIS system for impedance spectra measurement of 8 batteries.
6. Conclusions

In this paper, broadband perturbations are discussed with corresponding considera-
tions for the high-speed impedance measurements of lithium-ion batteries. After validation
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with a reference sinusoidal sweep, the impedance spectrum of the broadband MSBS coin-
cides well with the reference measurement, with the lowest RMSE of 0.51%. The MSBS is a
two-level signal with less complexity compared to sinusoidal sweep, CMSS, and CPMS,
and it can be easily generated through a low-cost DSP. Moreover, the frequencies of interest
are selectable with a lower CF of 1.0. Additionally, the MSBS allows the use of a lower
amplitude value compared to CMSS and CPMS, which reduces the impacts of non-linearity.

A high-speed multichannel EIS system is developed and integrated with the presented
MSBS to measure the impedance spectra of batteries. Validation is performed against
a commercial EIS instrument, and the chi-squared error analysis shows an error under
0.641%, confirming the accuracy of the proposed EIS system. Furthermore, to validate
the impedance spectra for the state estimation of the battery, KK compliance tests were
performed. The obtained residual plots validate the performance of the presented MSBS
and develop a high-speed multichannel EIS system.

The developed EIS system offers two main advantages over conventional EIS: the use
of broadband MSBS perturbation and an 8-channel measurement configuration, which
drastically reduces the measurement time. Therefore, the measurement speed of the
developed EIS system is much faster than that of the conventional EIS. Considering these
aspects, the proposed high-speed multichannel EIS system is a valid solution for mass
testing and grading of retired EV batteries.
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