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Abstract—State parameters such as the state-of-charge (SOC)
and state-of-health (SOH) play important role in the operation of
Li-ion batteries, and accurate estimate of the parameters is of prime
importance in evaluating the battery condition and guaranteeing
the safe use. While it is difficult to measure the SOC and SOH
directly, the battery internal impedance can be used to obtain the
parameters. Recent studies have shown methods based on pseudo-
random binary sequence (PRBS) with which the battery impedance
can be rapidly measured in real time. Using this method, the battery
is charged and recharged according to the excitation waveform and
Fourier methods are applied to obtain the impedance. The PRBS
often produces accurate impedance measurements, but the method
may require a high perturbation amplitude, which may easily
interfere with the nominal battery operation and create nonlinear
distortions. This article proposes the use of discrete-interval-binary
sequence (DIBS) for measuring the battery impedance. The DIBS is
a computer-optimized binary sequence in which the power spectral
densities are maximized at specified frequencies without increasing
the signal time-domain amplitude. Experimental measurements
of a commercial Li-ion battery are presented to demonstrate the
effectiveness of the proposed method.

Index Terms—Electrochemical impedance spectroscopy, Fourier
methods, Li-ion batteries, optimization, pseudo-random binary
sequence.

I. INTRODUCTION

IN RECENT years, lithium-ion (Li-ion) batteries have be-
come widely used in many consumer and industrial power-

electronic applications. The batteries have become a signifi-
cant factor particularly in electric transport due to continuously
tightening emission restrictions. The advantages of the Li-ion
batteries include high power and high energy density [1].

Electric vehicles have experienced massive increase in sales
and investment in recent years [2]. However, increased use of
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Li-ion batteries in automotive applications has caused signifi-
cant environmental impact as most batteries are landfilled upon
reaching end of life [3]. While it is possible to reuse end-of-life
batteries from electric vehicles, there currently exists no efficient
method to determine the battery health and optimal reuse in
second-life applications. Health monitoring of Li-ion batteries
also becomes a critical function as the batteries contribute for a
high proportion of the total cost of an electric vehicle.

State parameters such as the state-of-charge (SOC) and state-
of-health (SOH) are typically used for optimizing the battery
performance. The SOC provides important information of the
amount of charge that can be drawn from the battery and the
SOH can be used to study the battery suitability to a second-life
application [4], [5], [6]. Accurate real-time monitoring of the
SOC and SOH is particularly useful in electric vehicles due to
the consideration for both driving distance and lifetime capabil-
ities. A real-time and low-cost method with which the battery
dynamics can be rapidly evaluated could potentially enable more
efficient usage of Li-ion batteries in electric vehicles.

While it is difficult to directly measure the battery SOC and
SOH, recent studies have shown that battery internal impedance
can be used to obtain the SOH and SOC [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20]. The
impedance is conventionally measured using electrochemical
impedance spectroscopy (EIS) in which sinusoidal perturbations
are injected on top of the battery nominal output current. The
resulting output voltage and current are measured, and Fourier
transform is applied to obtain the battery impedance at various
frequencies. Although the EIS provides an accurate impedance
estimate, the method is limited due to impractical and costly
implementation. As a sinusoidal wave carries energy for only
one frequency at a time, the EIS-based measurement takes a long
measurement time, which would be impractical for measuring a
battery with fast-changing dynamical states.

Recent studies have demonstrated broadband methods such
as the pseudo-random binary sequence (PRBS) to measure
the battery impedance [21], [22], [23], [24]. Since the PRBS
contains energy at several frequencies, the impedance can be
measured in a fraction of the time required for traditional EIS
(seconds instead of minutes). Additionally, as the PRBS is in
binary form, the excitation is very easy to apply in practice using
a low-cost signal generator the output of which can only cope
with a small number of signal levels [25], [26].
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Fig. 1. Nyquist plot of a Li-ion battery impedance.

When applying an external perturbation to measure the battery
impedance, it is important to use small enough perturbation
amplitude so that the measurement process does not create too
strong nonlinear distortions. However, the perturbation ampli-
tude must be high enough to produce an adequate signal-to-noise
ratio (SNR). The drawback using the PRBS is that the signal
energy is distributed over many harmonic frequencies. In order
to produce a higher SNR, either the injection amplitude has
to be increased to produce more perturbation, or more injection
periods and averaging techniques have to be applied. Both meth-
ods may become difficult in practice; increasing the excitation
amplitude can drive the system out of linear operating range
and increasing the number of injection periods requires longer
measurement time and computing power.

This article proposes the application of discrete-interval bi-
nary sequence (DIBS) for measuring the internal impedance of
Li-ion batteries. The DIBS is a computer-optimized broadband
binary signal in which as much power as possible is pushed into
the specified harmonic frequencies without increasing the signal
time-domain amplitude [27], [28], [29], [30]. The DIBS resem-
bles the conventional PRBS in the time domain as both signals
are binary. In the frequency domain, however, the DIBS can have
(typically) 4-8 times more energy at user-specified harmonic
frequencies (while having the same time-domain amplitude as
the PRBS).

This article is a revised and extended version of a presentation
at ECCE2022 [31]. The revised version contains more experi-
mental work to verify the proposed method and more detailed
analysis of the experimental results.

The remainder of the article is organized as follows. Section II
gives a theoretical background for battery dynamical states
characterization based on the internal impedance. Section III
describes the methods for battery impedance measurement.
Section IV presents experimental measurements based on a com-
mercial Li-ion battery. Finally, Section V draws conclusions.

II. THEORY

Studies have shown that the battery internal impedance pro-
vides key information of the battery cell conditions [7], [8], [11],
[20], [32], [33]. Fig. 1 shows a typical impedance spectra of a

Fig. 2. Typical Li-ion battery equivalent circuit model.

Li-ion battery as a Nyquist plot. The imaginary axis is usually
inverted so that the capacitive property, which corresponds to
low-frequency behavior, is displayed in the first quadrant of
the complex plane. The impedance curve can be divided into
several regions that signify various chemical processes in the
battery. At low frequencies of less than a few hundred mHz,
the electrodes are dominated by diffusion of Li-ions in the
crystals. Such processes are represented by a 46◦ rising line in the
Nyquist plot. The mid-frequency region, which usually ranges
from several mHz to a few kHz, describes the ion movement
between the solid-electrolyte interphase (SEI) layers and the
electrodes, known as the charge-transfer (CT) processes. At
higher frequencies, inductive behavior starts to dominate and
characterizes the overall conduction parts of the battery cell.

Studies have shown close relations between the battery in-
ternal impedance and the battery SOC and SOH [10], [12],
[13], [14], [15], [16], [17], [18], [19]. The battery equivalent
circuit model (ECM) is a widely used approach for modeling
and analyzing the battery impedance [8], [19], [34], [35]. Fig. 2
gives an example of a battery ECM consisting of an open-circuit
voltage source (Voc) and passive electrical components. In the
circuit diagram, the battery dynamics can be approximated by
using a bulk resistor (Rbulk) and a bulk inductance (Lbulk) for the
ohmic and inductive region, a parallel circuit of a resistor (RSEI)
and a constant-phase element (CPESEI) for the SEI region, a
combination of a resistor (RCT), a Warburg element (Wdiffusion)
and a constant-phase element (CPEelectrode) for the CT and
diffusion regions [36], [37]. The ECM parameter values can
be used to derive the SOC and SOH parameters [10], [12], [13],
[14], [15], [16], [17], [18], [19]. Studies have also demonstrated
the interdependency between the battery state parameters to
show that the states can be reliably determined by analyzing
the impedance [9], [18].

III. METHODS

Fig. 3 demonstrates the basic principle for measuring the
battery internal impedance. An external power source applies
a current disturbance to charge and discharge a battery cell.
The current injection produces a voltage response at the cell
terminals. Such voltage response from the current injection
characterizes the internal impedance of the cell. Both cell current
and voltage are measured and stored as sequences of real-
number values. Discrete Fourier Transform is then applied to
the measured current and voltage sequences. Each element in
the Fourier transform sequence represents a complex-number
value at a harmonic frequency in the spectrum, counting from
zero frequency to the Nyquist frequency of the sampling rate.
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Fig. 3. Conceptual battery impedance measurement setup.

At each harmonic frequency, the Fourier-transform value of the
voltage is divided by the Fourier-transform value of the current
to obtain the corresponding impedance value. Several periods
of perturbations are typically injected so that the impedance
calculation for each period can be combined to produce an
average impedance value at each harmonic frequency.

A. Broadband Impedance Measurement

A conventional technique for measuring the battery
impedance is to apply electrochemical impedance spectroscopy
(EIS) [37]. In the EIS, external sinusoidal current waves at
various frequencies are sequentially applied to the battery ter-
minals in accordance to Fig. 3. While the EIS usually provides
accurate measurement results, injecting single-frequency sinu-
soidal waves one by one requires a relatively long measurement
time (typically tens of minutes). Another drawback of using
sinusoids is that a sinusoidal waveform contains a large number
of different values (signal levels) in the waveform construction,
the implementation of which is difficult using practical low-cost
electronic components.

Recent studies have shown broadband methods such as the
pseudo-random binary sequence (PRBS) to rapidly measure
the battery impedance (typically in a few seconds) [21], [22],
[23], [24]. The PRBS offers several attractive benefits in battery
impedance measurement. Since the signal contains only two
signal levels, the signal can be implemented with low-cost signal
generators the output of which have a limited number of signal
levels [25], [26]. Another advantage compared to other pertur-
bation signals is that the PRBS has the lowest possible peak
factor. Signals with low peak factors are suitable for measuring
sensitive systems where the system linear operation can be easily
violated under high disturbance amplitude.

The problem with applying the PRBS is that the signal total
energy is spread over many harmonic frequencies. When mea-
suring the battery impedance with high level of noise floor, insuf-
ficient energy per harmonic frequency results in the excitation
masked behind measurement noise, which leads to an inaccu-
rate measurement result. Increasing the time-domain injection
amplitude can improve the noise sensitivity but can easily drift
the system out of its linear operating range. Another method
for mitigating the effect of noise is to increase the number of
injection periods and apply averaging but this method requires
longer measurement time and higher computing power.

B. Discrete-Interval Binary Sequence

The discrete-interval binary sequence (DIBS) is one class
of pseudo-random sequences where the signal is optimized to
obtain maximum power densities in the user-specified harmonic
frequencies without increasing the signal time-domain ampli-
tude [27], [28], [29], [30]. Compared to the PRBS of the same
sequence length and amplitude, the DIBS contains much higher
energy at the specified harmonics. Despite losing effective fre-
quency resolution due to less energy at the other harmonics,
the DIBS power spectrum is much more tolerant to external
noise. An additional benefit of the sequence is that the target
frequency harmonics can be chosen, for example, according to
a logarithmic scale.

The optimization procedure for synthesizing the DIBS can
be formulated as follows [38], [39], [40], [41]. A sequence Dk,
which contains user-specified Fourier amplitudes, is given as the
discrete Fourier transform (DFT) of a signal dn, where k denotes
the harmonic index andn denotes the time-domain sample index
(0 ≤ k < N and 1 ≤ n ≤ N where N denotes the length of
Dk). The objective is now to find a sequence Bk so that the
following cost function is minimized.

J =

N−1∑
k=0

(|Dk| − |Bk|)2 (1)

In (1), Bk represents the DFT of the optimized binary sequence
bn. In the beginning, the sequence bn can be randomly assigned
to any N -length binary sequence of unity amplitude. The DFT
of bn can then be calculated as

Bk =
N∑

n=1

bne
−j2π n−1

N k ∀ 0 ≤ k < N

The phase angle sequence φk of Bk is extracted accordingly, as
defined by

Bk = |Bk|ejφk ∀ 0 ≤ k < N

The sequence is further optimized by adjusting the phase angles
φk in a series of loop iterations, where each iteration contains
the following steps.

1) Create a complex-value sequence, defined as

Ck = |Dk|ejφk ∀ 0 ≤ k < N

2) Obtain the inverse DFT of Ck as

cn =
1
N

N−1∑
k=0

Cke
j2π n−1

N k ∀ 1 ≤ n ≤ N

3) Obtain a new binary sequence for bn, by collecting the
signs of cn as

∀ 1 ≤ n ≤ N, bn =

⎧⎪⎨
⎪⎩

1 if cn > 0

−1 if cn < 0

Either 1 or − 1 if cn = 0

4) Re-compute Bk and φk from the obtained bn. Terminate
the loop if the new φk remains unchanged compared to
the phase values at the start of the current loop iteration.
Otherwise, go back to the first step for the next iteration.
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Fig. 4. PRBS and DIBS (5 harmonics) of length 255 and 3 kHz generation
frequency in the time domain and frequency domain.

Finally, the optimization cost can be calculated using (1)
and the latest values of Bk. Although the described iterative
algorithm always guarantees convergence to a local minimum,
that is, the loop always terminates at some point, the algorithm
does not guarantee a globally optimal result. Therefore, several
executions can be repeated with different random seed sequences
for bn so that multiple cost values are yielded to increase the
likelihood of obtaining a globally minimum cost. It is also worth
noting that typically only up to 85% of the signal total energy
can be pushed into the specified harmonics [27].

Fig. 4 compares the DIBS and the conventional PRBS in the
time and frequency domain. Both sequences (255 bits long)
have been generated at 3 kHz and have the same time-domain
amplitude. For the DIBS, five harmonic frequencies were log-
arithmically selected and the signal energy was maximized at
these frequencies. The DIBS harmonics have approximately
five times higher energy level than the PRBS in this example.
As most of the energy is maximized at the specified harmonic
frequencies, and the total DIBS energy stays the same after the
optimization stage, the other (unspecified) harmonic frequencies
typically have near-zero energy, and therefore, they are neglected
in the visualization of the DIBS spectral energy.

IV. EXPERIMENTS

A. Measurement Setup

An experimental measurement setup was created as depicted
in Fig. 5 to implement the battery impedance-measurement
process. The setup consists of a commercial Li-ion battery cell
(TerraE INR-21700-50E), a bi-directional power supply (Kepco

Fig. 5. Li-ion battery impedance measurement setup.

Fig. 6. Experimental platform.

BOP 50-20MG) for excitation injection, a data-acquisition de-
vice (NIDAQ USB-6363) for collecting analog signals as well
as providing the excitation reference to the bi-directional power
supply and a computer for data analysis. The battery cell under
test is a cylindrical cell type with lithium nickel manganese
cobalt oxides (NMC) as the positive electrode material and
graphite as the negative electrode material. The cell has a nom-
inal capacity of 5000 mAh, a nominal voltage of 3.6 V and a
standard charge/discharge current of 1 A (0.2 C). A shunt resistor
of 0.5Ω was used for sensing the battery cell input current. The
measured signals were acquired as differential input voltages
to the measurement card with an analog-to-digital-conversion
resolution of 16 bits. The cell voltage-sensing wires were tapped
directly at the metallic terminals of the cell for accurate voltage
measurement. Fig. 6 shows the experimental platform.

B. Parameter Design

Several experiments were conducted to demonstrate the per-
formance of the discrete-interval binary sequence (DIBS) and
the conventional pseudo-random binary sequence (PRBS) in
measuring the Li-ion battery internal impedance. Each exper-
iment performs two measurements, one applying the DIBS
and the other applying the PRBS. An additional measurement
applying the conventional EIS was also carried out to provide a
reference for each experiment.
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Fig. 7. Amplitude spectrum of battery current at no load.

Fig. 8. Designed amplitude spectra of the PRBS and DIBS excitations.

As the test cell had a standard discharge current of 1 A, the
excitation amplitude of 20 mA (2% of the standard discharge
current) was chosen in the experiments. The PRBS and the
DIBS were applied separately to measure the cell impedance
in the frequency band of 100 mHz to 1 kHz in order to capture
the battery diffusion processes, charge-transfer processes and
the higher-frequency reactions. Both excitations had the same
sequence length (32767 bits) and time-domain amplitude
(20 mA), but for the DIBS 20 harmonic frequencies were
logarithmically selected and their spectral energy maximized.
The PRBS and the DIBS were separately applied to measure the
cell impedance in the frequency band of 100 mHz to 1 kHz in
order to capture the battery diffusion processes, charge-transfer
processes and the higher-frequency reactions.

The amplitude spectrum of the battery current measurement
noise shown in Fig. 7 (at no-load condition) was investigated to
aid the DIBS-injection design. It was observed that the measure-
ment noise was more significant in the upper range (100 Hz to
1 kHz) of the measurement bandwith. Another consideration in
the excitation design is that the control bandwidth of the current-
controlled output of the injection device (KEPCO BOP-1 kW)
is limited to less than 1 kHz, which results in weaker output at
frequencies near 1 kHz. Therefore, the specified DIBS spectral
energy was designed such that approximately 80% of the total
energy was pushed into the five harmonic frequencies above
100 Hz. Fig. 8 shows the amplitude spectrum of the designed
DIBS and the PRBS [42].

Both the DIBS and PRBS excitations were generated at 3 kHz,
and injected/averaged with 30 periods. The sampling rate of the
measurement card was selected as 500 kHz. Table I shows the
parameters used in the experiments.

TABLE I
EXCITATION PARAMETERS

Fig. 9. Samples of the battery current and voltage measurements during the
experiment.

C. Error Analysis

The quality of the battery impedance measurement is evalu-
ated using the normalized root-mean-squared-error (NRMSE)
function given as

NRMSE =
1

Range{Zref}

√
1
N

∑N

k=1
|Zk − Zref , k|2 (2)

where Zref is the reference impedance model in the frequency
domain (a sequence of complex values),Z is the estimated model
based on the measurement result, k is the harmonic number of
the impedance andN is the number of harmonics in each model.
It is assumed that Z and Zref have the same size and frequency
resolution. Range{Zref} is the normalization factor calculated
as Max{|Zref |} − Min{|Zref |}. The NRMSE value in (2) is
usually expressed in percentage and indicates the accuracy of the
impedance measurement based on Euclidean error distance in
the Nyquist plot. A smaller error value indicates a more accurate
measurement.

D. Verification At Room Temperature

The first set of experiments were performed at room tem-
perature (22 °C). The measurements were performed according
to the setup shown in Fig. 5 by applying the designed DIBS
and PRBS perturbations. Fig. 9 shows samples of the battery
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Fig. 10. Measured amplitude spectra of the battery current and voltage.

current and voltage measurements. The figure shows that the
PRBS and DIBS produce similar time-domain waveforms but
as shown in Fig. 10 the spectral energy at the specified harmonic
frequencies in the DIBS is much higher than the energy at the
harmonic frequencies in the PRBS. As the sequences in the
two experiments had the same parameters, the measurement
time for both experiments was the same (approximately one
tenth of the measurement time used by the EIS). In practice,
the measurement time can be further reduced by lowering the
number of injection periods.

Fig. 11 shows the resulting impedance for the PRBS injection,
DIBS injection, and EIS reference in a Bode plot and a Nyquist
plot. As the figure shows, the impedance obtained by the DIBS
injection follows the reference very accurately whereas the
impedance obtained by the PRBS injection is strongly distorted
over the whole spectrum.

The NRMSE function given in (2) was applied to evaluate the
accuracy of the PRBS and the DIBS injections. The measure-
ment obtained by the EIS was used as the reference in the error
calculation. An NRMSE value of 1.29% was obtained for the
DIBS injection and a value of 8.73% for the PRBS injection. The
results indicate that the PRBS injection produces almost seven
times less accuracy than the DIBS injection in the experiment.

E. Verification at Different State-of-Charges

Further verification of the proposed method was performed
by measuring the battery impedance at different values of
state-of-charge (SOC). The excitations were applied using the
parameters shown in Table I. The battery cell was discharged
from 100% SOC to 0% SOC at a discharge current of 5 A (1 C).
The impedance was measured at every 20% drop in the SOC.

The measurement results for the DIBS injection and EIS
(reference) are shown in Fig. 12. The results obtained by the
PRBS showed similar (distorted) behavior as in the previous

Fig. 11. Battery impedance measurement results at room temperature (22°C)
in a Bode plot and a Nyquist plot.

TABLE II
IMPEDANCE MEASUREMENT ERRORS USING THE PRBS AND DIBS INJECTIONS

AT VARIOUS SOCS (FROM 100% TO 0%)

experiment but these results have been left out from the figure.
The results of the NRMSE analysis are shown in Table II. As the
results show, the curves obtained by the DIBS accurately follow
the references in a wide frequency band.

F. Verification Using Multiple Battery Cells

Three different battery cells were applied to further verify
the effectiveness of the proposed method. All the test cells had a
NMC as the positive electrode material. The experiments applied
the same excitation parameters as provided in Table I. The
measurement results are shown in Fig. 13 and Table III shows the



6586 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 59, NO. 5, SEPTEMBER/OCTOBER 2023

Fig. 12. Impedance measurement results at various SOCs (from 100% to 0%).

Fig. 13. Impedance measurement results for various cells.

TABLE III
IMPEDANCE MEASUREMENT ERRORS USING THE PRBS AND DIBS INJECTIONS

FOR DIFFERENT NMC CELLS

result of the NRMSE analysis. The results are consistent with the
previous experiments. It is also observed that when measuring
Samsung INR-18650-29E cell, the DIBS and PRBS had almost
the same performance, as the impedance magnitude of the cell
was significantly higher than in the other cells. Higher internal

TABLE IV
IMPEDANCE MEASUREMENT ERRORS USING THE PRBS AND DIBS INJECTIONS

AT VARIOUS TEMPERATURES (−10°C TO 30°C)

impedance values lead to a higher voltage response during the
excitation, which increases the measurement accuracy.

G. Verification at Different Temperatures

The performance of the proposed method was also verified
by measuring the battery (same as in the first experiment)
impedance at different temperatures. The PRBS and DIBS
excitations (and EIS) were applied with the parameter values
shown in Table I. The battery cell was placed inside a climate
chamber that can accurately control the ambient temperature.
The temperature values for the experiments were selected at
each 10 degrees step ranging from −10 °C to 30 °C. For each
temperature value, the ambient temperature was kept constant
by the climate chamber. For each experiment, the perturbation
was applied for the cell at zero load current and 100% state of
charge.

Fig. 14 shows the experimental results at several temperatures
(−10 °C to 30 °C), where only the DIBS (colored markers) and
EIS measurements (solid lines) are shown to visualize the DIBS
measurement accuracy. The experiments show that the DIBS
was able to accurately measure the impedance at a wide range
of temperatures. The figure shows some measurement error at
low frequencies particularly at low temperatures. Such an error is
likely to be caused by nonlinearities which seems to be stronger
at low temperatures and low frequencies.

Table IV shows the result of the NRMSE analysis. For temper-
atures higher than zero degrees, the DIBS produced much more
accurate results compared to the PRBS. At subzero tempera-
tures, however, both injections produced approximately similar
accuracy. This can be explained by the fact that the impedance
values at low frequencies are much higher in magnitude at lower
temperatures compared to higher temperatures. As a result, the
SNR of the voltage response at low frequencies and temperatures
has significantly improved.

The impedance at low frequencies is linked to the battery
diffusion region where the slow process of Li-ion diffusion in
the electrodes happens [6], [20]. Lower temperature implies
lower overall kinetic energy for the molecules. This leads to a
higher electrical resistance in the process of Li-ion diffusion, as
reflected by an expanding impedance curve into the right half of
the complex plane in Fig. 14, while the higher-frequency region
displayed less significant changes in the electrical resistance.

H. Discussion: Practical Implementation of the Methods

The conventional PRBS is generated using a linear-feedback
shift register circuitry [25] or using a digital microcontroller
without requiring much computing and memory resources.
However, the case is more complicated with the DIBS. Although
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Fig. 14. Impedance measurement results using DIBS (markers) and EIS
reference (solid lines) at different temperatures (−10°C to 30°C) in a Bode
plot and a Nyquist plot.

the initial sequence of the DIBS can be generated the same way
as the conventional PRBS, the optimization stage would require
a digital processor with sufficient capability and memory buffer.
The digital processor must be capable of performing floating-
point arithmetic operations and Fast Fourier-Transform (FFT).
The digital memory must be large enough to store the interme-
diate sequences at different steps of the optimization process.
Such tasks can be handled by modern general-purpose personal
computers, but can be challenging or resource-consuming to ex-
ecute on less-powerful microcontrollers. Another approach is to
pre-compute the DIBS using possible combinations of excitation
parameters and store the final optimized sequences in a memory
device. Depending on the use case, the required memory size
equals the sequence length multiplied by the number of dif-
ferent sequence parameter combinations. Storing pre-computed
sequences could be a preferable solution because it avoids the
task of optimization, which requires more computing power and
memory size. In any case, a memory buffer is required to store

the final DIBS, rather than generating the output in realtime as
can be done with the conventional PRBS.

V. CONCLUSION

Battery internal impedance is an important parameter to eval-
uate the battery SOC and SOH. Recent studies have presented the
pseudo-random-binary-sequence (PRBS) injection to be used in
obtaining the battery internal impedance. The method has certain
advantages, but requires low noise floor. Under tight restrictions
of the injection amplitude during the identification, the method
may not work.

This article has presented the use of the discrete-interval-
binary sequence (DIBS) to perform online measurement of
Li-ion battery impedance. The DIBS is a computer-optimized
pseudo-random sequence in which the power spectrum can be
specified by the user. The energy at the specified harmonic
frequencies can be increased 3-10 times compared to the conven-
tional PRBS. Otherwise the DIBS retains all the benefits given
by the PRBS in an online impedance measurement. The DIBS is
particularly useful for measuring sensitive battery systems that
may easily drift out of linear operating range due to an external
perturbation. Experimental measurement results showed that the
DIBS provides superior measurement accuracy compared to the
conventional PRBS.

The presented method can be applied in various applications
of Li-ion batteries. One example is in realtime state monitoring
of battery packs in electric vehicles, implemented by an on-
board battery management system. Another example could be
to perform mass testing of used battery cells for health and state-
of-life estimation using low-cost measurement equipment. The
future work following this article will consider implementing
the technique in a practical application.

REFERENCES

[1] G. Zubi, R. Dufo-López, M. Carvalho, and G. Pasaoglu, “The lithium-
ion battery: State of the art and future perspectives,” Renewable Sustain.
Energy Rev., vol. 89, pp. 292–308, 2018.

[2] “Global EV outlook 2022,” Int. Energy Agency, Tech. Rep., 2022.
[3] J. Heelan et al., “Current and prospective Li-ion battery recycling and

recovery processes,” JOM, vol. 68, no. 10, pp. 2632–2638, 2016.
[4] M. H. S. M. Haram, J. W. Lee, G. Ramasamy, E. E. Ngu, S. P. Thia-

garajah, and Y. H. Lee, “Feasibility of utilising second life EV batteries:
Applications, lifespan, economics, environmental impact, assessment, and
challenges,” Alexandria Eng. J., vol. 60, no. 5, pp. 4517–4536, 2021.

[5] E. Martinez-Laserna et al., “Technical viability of battery second life: A
study from the ageing perspective,” IEEE Trans. Ind. Appl., vol. 54, no. 3,
pp. 2703–2713, May/Jun. 2018.

[6] M. Tran, T. Messo, R. Luhtala, J. Sihvo, and T. Roinila, “Used lithium-
ion batteries in second-life applications: Feasibility study,” in Proc. IEEE
Energy Convers. Congr. Expo., 2022, pp. 1–5.

[7] W. Waag, S. Käbitz, and D. U. Sauer, “Experimental investigation of
the lithium-ion battery impedance characteristic at various conditions and
aging states and its influence on the application,” Appl. Energy, vol. 102,
pp. 885–897, 2013.

[8] X. Wang et al., “A review of modeling, acquisition, and application of
lithium-ion battery impedance for onboard battery management,” eTrans-
portation, vol. 7, 2021, Art. no. 100093.

[9] X. Wang, X. Wei, H. Dai, and Q. Wu, “State estimation of lithium ion
battery based on electrochemical impedance spectroscopy with on-board
impedance measurement system,” in Proc. IEEE Veh. Power Propulsion
Conf., 2015, pp. 1–5.



6588 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 59, NO. 5, SEPTEMBER/OCTOBER 2023

[10] D. N. How, M. Hannan, M. H. Lipu, and P. J. Ker, “State of charge
estimation for lithium-ion batteries using model-based and data-driven
methods: A review,” IEEE Access, vol. 7, pp. 136116–136136, 2019.

[11] S. Buller, M. Thele, R. W. De Doncker, and E. Karden, “Supercapacitors
and lithium-ion batteries for power electronic applications,” IEEE Ind.
Appl. Mag., vol. 11, no. 2, pp. 62–67, Mar./Apr. 2005.

[12] M. A. Hannan, M. H. Lipu, A. Hussain, and A. Mohamed, “A review of
lithium-ion battery state of charge estimation and management system in
electric vehicle applications: Challenges and recommendations,” Renew-
able Sustain. Energy Rev., vol. 78, pp. 834–854, 2017.

[13] N. Chen, P. Zhang, J. Dai, and W. Gui, “Estimating the state-of-charge of
lithium-ion battery using an H-infinity observer based on electrochemical
impedance model,” IEEE Access, vol. 8, pp. 26872–26884, 2020.

[14] A. Eddahech, O. Briat, N. Bertrand, J.-Y. Delétage, and J.-M. Vinassa, “Be-
havior and state-of-health monitoring of Li-ion batteries using impedance
spectroscopy and recurrent neural networks,” Int. J. Elect. Power Energy
Syst., vol. 42, no. 1, pp. 487–494, 2012.

[15] M. Kassem, J. Bernard, R. Revel, S. Pelissier, F. Duclaud, and C. Delacourt,
“Calendar aging of a graphite/LiFePO4 cell,” J. Power Sources, vol. 208,
pp. 296–305, 2012.

[16] H.-F. Yuan and L.-R. Dung, “Offline state-of-health estimation for
high-power lithium-ion batteries using three-point impedance extraction
method,” IEEE Trans. Veh. Technol., vol. 66, no. 3, pp. 2019–2032,
Mar. 2017.

[17] U. Tröltzsch, O. Kanoun, and H.-R. Tränkler, “Characterizing aging effects
of lithium ion batteries by impedance spectroscopy,” Electrochimica Acta,
vol. 51, no. 8/9, pp. 1664–1672, 2006.

[18] D. I. Stroe, M. Swierczynski, A. I. Stan, V. Knap, R. Teodorescu, and
S. J. Andreasen, “Diagnosis of lithium-ion batteries state-of-health based
on electrochemical impedance spectroscopy technique,” in Proc. IEEE
Energy Convers. Congr. Expo., 2014, pp. 4576–4582.

[19] T. Kim et al., “An on-board model-based condition monitoring for lithium-
ion batteries,” IEEE Trans. Ind. Appl., vol. 55, no. 2, pp. 1835–1843,
Mar./Apr. 2019.

[20] D. Andre, M. Meiler, K. Steiner, C. Wimmer, T. Soczka-Guth, and D.
Sauer, “Characterization of high-power lithium-ion batteries by elec-
trochemical impedance spectroscopy. I. Experimental investigation,” J.
Power Sources, vol. 196, no. 12, pp. 5334–5341, 2011.

[21] J. Sihvo, D.-I. Stroe, T. Messo, and T. Roinila, “Fast approach for battery
impedance identification using pseudo-random sequence signals,” IEEE
Trans. Power Electron., vol. 35, no. 3, pp. 2548–2557, Mar. 2020.

[22] E. Locorotondo et al., “Electrochemical impedance spectroscopy of Li-
ion battery on-board the electric vehicles based on fast nonparametric
identification method,” in Proc. IEEE Int. Conf. Environ. Elect. Eng., IEEE
Ind. Commercial Power Syst. Eur., 2019, pp. 1–6.

[23] J. Sihvo, T. Roinila, and D.-I. Stroe, “Broadband impedance measurement
of lithium-ion battery in the presence of nonlinear distortions,” Energies,
vol. 13, no. 10, 2020, Art. no. 2493.

[24] A. Fairweather, M. Foster, and D. Stone, “Battery parameter identifica-
tion with pseudo random binary sequence excitation (PRBS),” J. Power
Sources, vol. 196, no. 22, pp. 9398–9406, 2011.

[25] K. Godfrey, “Introduction to binary signals used in system identification,”
in Proc. Int. Conf. Control, 1991, pp. 161–166.

[26] T. Roinila, H. Abdollahi, and E. Santi, “Frequency-domain identification
based on pseudorandom sequences in analysis and control of DC power
distribution systems: A review,” IEEE Trans. Power Electron., vol. 36,
no. 4, pp. 3744–3756, Apr. 2021.

[27] K. Godfrey, “Design and application of multifrequency signals,” Comput.
Control Eng. J., vol. 2, no. 4, pp. 187–195, 1991.

[28] H. H. Abbasali and S. J. Ashtiani, “Online broadband battery impedance
spectroscopy using current-mode boost converter,” IEEE Trans. Instrum.
Meas., vol. 71, 2022, Art. no. 2003908.

[29] T. Roinila, M. Vilkko, and J. Sun, “Online grid impedance measurement
using discrete-interval binary sequence injection,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 2, no. 4, pp. 985–993, Dec. 2014.

[30] T. Roinila, M. Vilkko, and T. Suntio, “Fast loop gain measurement of a
switched-mode converter using a binary signal with a specified Fourier
amplitude spectrum,” IEEE Trans. Power Electron., vol. 24, no. 12,
pp. 2746–2755, Dec. 2009.

[31] M. Tran, T. Roinila, and J. Markkula, “Realtime internal-impedance mea-
surement of lithium-ion battery using discrete-interval-binary-sequence
injection,” in Proc. IEEE Energy Convers. Congr. Expo., 2022, pp. 1–5.

[32] U. Westerhoff, K. Kurbach, F. Lienesch, and M. Kurrat, “Analysis of
lithium-ion battery models based on electrochemical impedance spec-
troscopy,” Energy Technol., vol. 4, no. 12, pp. 1620–1630, 2016.

[33] J. P. Meyers, M. Doyle, R. M. Darling, and J. Newman, “The impedance
response of a porous electrode composed of intercalation particles,” J.
Electrochem. Soc., vol. 147, no. 8, 2000, Art. no. 2930.

[34] M. Hossain, S. Saha, M. T. Arif, A. M. Oo, N. Mendis, and M. E.
Haque, “A parameter extraction method for the Li-ion batteries with
wide-range temperature compensation,” IEEE Trans. Ind. Appl., vol. 56,
no. 5, pp. 5625–5636, Sep./Oct. 2020.

[35] R. Zhao, P. J. Kollmeyer, R. D. Lorenz, and T. M. Jahns, “A compact
methodology via a recurrent neural network for accurate equivalent circuit
type modeling of lithium-ion batteries,” IEEE Trans. Ind. Appl., vol. 55,
no. 2, pp. 1922–1931, Mar./Apr. 2019.

[36] W. Choi, H.-C. Shin, J. M. Kim, J.-Y. Choi, and W.-S. Yoon, “Modeling and
applications of electrochemical impedance spectroscopy (EIS) for lithium-
ion batteries,” J. Electrochem. Sci. Technol., vol. 11, no. 1, pp. 1–13, 2020.

[37] D. D. Macdonald, “Reflections on the history of electrochemi-
cal impedance spectroscopy,” Electrochimica Acta, vol. 51, no. 8/9,
pp. 1376–1388, 2006.

[38] A. V. D. BOS and R. Krol, “Synthesis of discrete-interval binary signals
with specified Fourier amplitude spectra,” Int. J. Control, vol. 30, no. 5,
pp. 871–884, 1979.

[39] M. Buckner and T. Kerlin, “Optimum binary signals for reactor frequency
response measurements,” Nucl. Sci. Eng., vol. 49, no. 3, pp. 255–262,
1972.

[40] K.-D. Paehlike and H. Rake, “Binary multifrequency signals - synthesis
and application,” IFAC Proc. Volumes, vol. 12, no. 8, pp. 589–596, 1979.

[41] S. L. Harris and D. A. Mellichamp, “On-line identification of process
dynamics: Use of multifrequency binary sequences,” Ind. Eng. Chem.
Process. Des. Develop., vol. 19, no. 1, pp. 166–174, 1980.

[42] S. Danisch and J. Krumbiegel, “Makie. jl: Flexible high-performance
data visualization for Julia,” J. Open Source Softw., vol. 6, no. 65, 2021,
Art. no. 3349.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


