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Abstract—Online battery impedance identification is an effec-
tive tool for evaluating the electrochemical state and ensuring safe
operation of energy storage systems. Conventional EIS methods
are costly, time-consuming, and limited to offline low-voltage
tests. This paper proposes an inverter-based online impedance
identification method that achieves broadband measurement
without additional excitation circuits. By modulating the AC-
side current amplitude, controllable perturbations are intro-
duced on the DC side, enabling clear correlation between the
injected and response signals for accurate EIS acquisition. A
battery-SiC inverter-three-phase platform was built to validate
the approach. Experiments on 302 Ah cells demonstrate that
broadband impedance from 0.1 Hz to 100 Hz can be identified
within 21 s, with results consistent with those of conventional
electrochemical workstations. The proposed method eliminates
voltage limitations, greatly shortens measurement time, and
provides a low-cost and high-efficiency solution for real-time
impedance monitoring of high-capacity batteries.

Index Terms—electrochemical impedance spectroscopy, in-
verter, binary sequence signal, energy storage.

I. INTRODUCTION

Electrochemical energy storage systems are indispensable
for modern power and transportation infrastructures, driven
by the growth of renewable energy integration and electrified
mobility [1]. Understanding and maintaining battery health is
thus essential for ensuring long-term reliability and safety [2].
Electrochemical impedance spectroscopy (EIS) is a powerful
diagnostic and modeling tool [3], as the impedance spectrum
reflects electrochemical parameters such as state of charge
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(SOC), state of health (SOH), temperature, and degradation
mechanisms. Through impedance modeling, charge transfer,
diffusion, and interfacial kinetics can be characterized quanti-
tatively, supporting battery state estimation and aging analysis.

Despite its laboratory success, online implementation of EIS
remains challenging. Conventional methods require external
excitation, precise instrumentation, and long acquisition time,
limiting practical deployment. To overcome this, recent studies
focus on embedding impedance measurement within existing
power electronic interfaces [4], which can be categorized by
whether additional excitation circuits are required.

The first category employs dedicated excitation sources
such as pseudorandom sequences, broadband multisines, or
digitally synthesized perturbations. Yao et al. [5] developed
an online EIS technique by inserting a small SRC circuit into
the converter. The second category eliminates extra hardware
by utilizing inherent converter switching behavior or con-
trol freedoms. BMS-, DC/DC-, and DC/AC-based techniques
achieve online EIS through signal modulation and current
reconstruction. Liu et al. [6] proposed a dual-frequency MMB
architecture enabling both EIS and self-heating.

Although not originally intended for EIS, battery-connected
converters can embed online impedance functions. Nonisolated
DC/DC converters are most common for their simplicity.
Geng et al. [3] introduced a broadband EIS scheme using a
bidirectional converter with DIBS excitation, while Assadi et
al. [7] implemented a GaN-based triple-active bridge converter



for variable-frequency EIS perturbation.

In inverter-based EIS, Howey et al. [8] used motor con-
troller—generated excitation from 1 Hz to 2 kHz, though the
perturbation was uneven across frequencies. Qu et al. [9]
achieved broadband inverter-based impedance identification
without external excitation via controllable AC perturbations.

Most studies remain confined to DC/DC topologies, as
inverter-based implementations face complex AC/DC cou-
pling and spectral control challenges. This paper proposes
an AC/DC converter-based online impedance measurement
method that modulates AC-side current amplitude using a
multi-frequency binary sequence, generating broadband DC-
side perturbations without added hardware. The approach
enables rapid impedance acquisition with minimal system dis-
turbance, offering a practical solution for integrating EIS func-
tionality into power conditioning systems (PCS) for continuous
in-situ monitoring of large-scale energy storage systems.

The paper is organized as follows: Section II details the
proposed method; Sections III and IV present simulation and
experimental results; Section V concludes the work.

II. ONLINE EIS MEASUREMENT METHOD

The Nyquist plot of the LFP cell measured offline using
an electrochemical workstation is shown in Fig. 1. It can be
divided into three regions: high-, mid-, and low-frequency. The
high-frequency region reflects electron and ionic conduction
processes, while the mid-frequency region corresponds to
charge transfer and ionic migration through SEI and CEI
films. The low-frequency region represents solid-phase diffu-
sion within the electrode. The frequency where the imaginary
impedance equals zero is defined as fj, and the turning point
between mid- and low-frequency regions is f,.. For LFP cells,
fo is typically 100-60 Hz and f;, 2-0.5 Hz, whereas for NCM
cells, fo is about 200 Hz and f;, around 2 Hz. The mid-
frequency region is closely related to SOC, SOH, and lithium
plating behavior. Considering the sampling rate limit (below
kHz) in practical systems, the frequency range in this study
is set to 100-0.1 Hz, covering the entire mid-frequency band
and part of the low-frequency band.

A. Small-Current Excitation Injection Method

The online EIS measurement architecture is shown in Fig.
2, consisting of a series-connected battery string, an AC/DC
converter, a DC-side capacitor, and an AC-side inductor. The
AC side is connected to the grid. The signals acquired for
EIS measurement are the current flowing through the battery
and the corresponding voltage. Therefore, this approach is not
limited to series-connected strings and is also applicable to
parallel multi-string configurations.

The proposed online EIS method is based on the law
of energy conservation between the AC and DC sides. A
small, uniform AC signal is injected through inverter control,
causing power fluctuations at the excitation and fundamental
frequencies. These fluctuations couple to the DC side, eliciting
the battery’s response signal necessary for impedance identi-
fication [9].
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Fig. 2. Schematic diagram of the online EIS measurement.

Assuming three-phase balance (i,, = 0), the d—¢q transfor-
mation separates the fundamental and injected frequencies,
allowing a sinusoidal DC-side current under high switching
frequency. However, low switching frequency limits the mea-
surable range. To address this, a multi-frequency binary exci-
tation is employed to reduce converter dynamic constraints,
broaden the measurable EIS bandwidth, and shorten total
measurement time.

For the measurement framework shown in Fig. 1, the AC-
side current and voltage are expressed in (1) and (2), assuming
an AC-side power factor of 1.

ia sin(wot)
iv | = Aesgn(sin(wet)) | sin(wyt —2/3m) (D
ic sin(w,t + 2/37)
Ug sin(wot)
up | = Ay | sin(wet —2/37) (2)
Ue sin(w,t + 2/3)

Where, A, denotes the AC-side current amplitude, w, is the
frequency of current amplitude variation, and wg is the AC-
side fundamental frequency. The phase-A power is given by

3).
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Neglecting line losses but considering converter losses, the
AC-side power equals the power flowing through the battery,
as expressed in (4).

(ubat+ﬁbat)(ibat+ibat)+Pca]) == %AuAeSgn(Sin(wet))+Ploss
“)

Where, upq; and up,¢ represent the DC and AC components
of the cell voltage, respectively; ip,¢ and ibat are the DC and
AC components of the cell current; P, denotes the power
through the battery; and P}, represents the AC/DC converter
loss.

According to (4), when the AC-side current amplitude
varies at w,, the DC-side current generates a corresponding
same-frequency current excitation injected into the battery. By
selecting a sufficiently small A., the DC side produces a small-
signal current excitation, inducing low-amplitude voltage fluc-
tuations (j10 mV) in the cell, which allows measurement of
the battery impedance at the frequency we.

B. Multi-Frequency Excitation Signal

A multi-frequency superimposed square-wave excitation is
constructed for the AC-side current amplitude A, based on
first principles, maximizing the energy contribution at the tar-
get frequencies. The superposition of the specified-frequency
sinusoidal signals is given in (5).

Nireq
S(t) = Aisin(2nf; -t + ;) (5)
i=1
Where, ¢ denotes the time of the excitation signal; S is
the superposition of all sinusoidal signals; Ny,..q is the total
number of frequencies in the impedance spectrum; ¢ is the
index of the impedance frequency; f; is the i-th impedance
frequency; A; is the amplitude at the i-th frequency; and ¢,
is the phase angle at the i-th frequency.
The square-wave excitation Q(t) is constructed based on
S(t).

B,S(t) >0
—B,S(t) <0 (6)
Bor — B,S(t) =0

Q) =

Where, Q denotes the square-wave excitation, and B is its
amplitude.

The generated Q(t) is subjected to an FFT, and the resulting
phase angles are updated in ¢; of (5). This process is iterated
until the phase angles converge [3]. The final excitation se-
quence for the AC-side current amplitude A, is thus obtained.
For a measurement frequency range of 100 Hz-0.1 Hz, the
sequence duration is set to 20 s.
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TABLE I
FIRST-ORDER RC EQUIVALENT CIRCUIT.

Voc(V)
3.25

Parameter
Value

Ro(m2)
0.242

R1(mf2) C1(F)
0.909 30

The date acquisition and processing part contains seven
steps. 1) Sample the current and voltage data of the battery
system with online EIS function at a fixed frequency fs. 2)
Perform antialiasing filtering of the sampling data using a
digital filter. 3) Valid data extraction. The aim is to exclude
transient data and form new n data segments. 6) Conduct FFT
on n data segments to generate battery voltage and current
components at n target frequencies. 7) Calculate and plot EIS.
Other battery impedance characteristics will be analyzed also
if necessary. The impedance is calculated as shown in (7).

U(fi)4<PUfi
I(f’b)ésplfi

Where, Z(f;) is the impedance at frequency f;; U(f;)
and @y,, are the voltage amplitude and phase angle at f;,
respectively; and 7(f;) and ¢y, are the current amplitude and
phase angle at f;, respectively.

Z(fi) = (7N

III. SIMULATION RESULTS AND ANALYSIS

A simulation model for online EIS characterization is es-
tablished as shown in Fig. 2. The battery is represented by
a first-order RC equivalent circuit to capture charge transfer
impedance characteristics, with parameters listed in Table I.
R, denotes the total ohmic resistance of the electrolyte, current
collector, active material, and separator, influenced by cell
structure and electrode properties. The RC branch represents
the double-layer capacitance C; and charge transfer resistance
R, where electron movement across the electrolyte—collector
interface causes R; and the resulting interfacial polarization
forms C;.

The simulation parameters of the online EIS measurement
model are listed in Table II. During the simulation, the target
impedance frequencies range from 0.1 Hz to 100 Hz. The
switching frequency is set to 40 kHz, and the sampling
frequency is 1 kHz to closely replicate the BMS sampling rate
in practical scenarios. The AC-side current amplitude Ae is set
to 13.9 A to ensure that the battery voltage response remains
around =10 mV. The AC-phase voltage RMS value is 220 V,
and the DC-side battery string consists of 200 series-connected
cells, each with a nominal voltage of 3.25 V, resulting in a total
DC voltage of 650 V. The excitation sequence is applied by
controlling the d-axis component of the AC-side current. The
time-domain and frequency-domain waveforms of the battery-
side current at the AC/DC converter are shown in Figs. 3.

The simulated EIS measurement results for different ex-
citation methods are shown in Fig. 4. The reference values
are calculated from the impedance of the equivalent circuit at
different frequencies. The figure compares the measurements
obtained using multi-sine excitation, binary excitation under
0 A charging current. In summary, the multi-sine excitation



TABLE II
SIMULATION MODEL PARAMETERS.

Symbol Parameter Value

C DC-side capacitor 1880uF

L AC-side inductor 200uH

ft Target frequency 100-0.1Hz
fo Fundamental frequency 50Hz

Ae Excitation current amplitude 13.9A

fs Sampling frequency 1kHz
fsw Switching frequency 40kHz
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Fig. 3. Time-domain and frequency-domain waveforms of the battery current.
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Fig. 4. EIS results of the online AC/DC converter compared with true values.
(a) Frequency response of the real part of impedance; (b) Frequency response
of the imaginary part of impedance; (c) Nyquist plot of EIS; (d) Relative
error.

method produces fewer harmonic components and higher
accuracy but requires segmented spectral analysis and longer
sweep times. The binary excitation method inherently contains
harmonic components, does not require frequency sweeping,
and shortens the measurement time at the expense of accuracy.
Therefore, a trade-off between EIS accuracy and measurement
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Fig. 5. Experimental platform for online EIS characterization.

time must be considered when designing an excitation suitable
for energy storage battery EIS measurement and lithium plat-
ing detection.

IV. EXPERIMENTAL VALIDATION

To verify the proposed online EIS characterization method,
an experimental platform was constructed, as shown in Fig. 5.
A 302Ah LFP cell designed for energy storage was selected,
with parameters listed in Table IV. The programmable dc
power supply, serially connected to the battery, boosts and
stabilizes dc bus voltage while maintaining a constant battery
discharge rate under a fixed load. It also limits current to
prevent excessive discharge, enhancing experimental safety. In
fact, it is feasible to use more series-connected battery modules
instead of a dc power source to meet the voltage level on the
dc side. Nevertheless, this approach has not been adopted due
to concerns over experimental safety.

A conventional three-phase, four-leg topology was chosen
for the AC/DC converter. The switching devices are Wolfspeed
C3MO0040120K SiC MOSEFETs, supporting a switching fre-
quency of 40 kHz. The control core board is a TMS320F28335
DSP, responsible for signal control and PWM signal output.

The tests were conducted at 25 °C. The experimental wave-
forms are shown in Fig. 6. The relaxation time during the test
was 20.48s, and the cell voltage fluctuation remained within
15mV, satisfying the =10 mV requirement. The temperature
and voltage were consistent before and after the test. The
frequency-domain characteristics of the battery current and
voltage signals, obtained via FFT, are shown in Fig.7. At low
frequencies, the amplitudes of current and voltage are rela-
tively high, while at high frequencies, the amplitudes decrease.
This phenomenon is due to the converter’s stepwise current
transitions, which are limited by its dynamic response, causing
attenuation of high-frequency signals. However, the amplitudes
at the target high-frequency points remain higher than those
of adjacent frequencies, ensuring that EIS measurement is still
feasible.

The Nyquist plot of the EIS is shown in Fig. 8. The EIS
results were validated using the Kramers-Kronig test, yielding
a chi-squared value of 7.91 x 107, satisfying the criteria for
stability, linearity, and causality. Compared with offline mea-
surements from an electrochemical workstation, the overall
trends are consistent. It is noteworthy that the semicircle in the
online measurement is slightly smaller than that of the offline
measurement, with a deviation of approximately 0.03m¢2. This
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discrepancy arises from multiple factors. The battery is a
complex nonlinear system, and the current injected during
online testing differs from that used in offline testing, causing
subtle differences in the electrochemical kinetics. Additionally,
differences in the signal-to-noise ratio of the excitation, sensor
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errors, and analog-to-digital conversion during online testing
contribute to this deviation. The focus of this article is not to
understand the mechanism of battery reaction but to design
a low-cost and high availability battery condition monitoring
means.

V. CONCLUSION

This paper presents an innovative online battery impedance
identification method based on a battery-connected inverter. By
modulating AC-side current to generate controllable DC-side
perturbations, the approach enables broadband EIS measure-
ment without additional excitation circuits and clarifies the
underlying identification mechanism. An experimental plat-
form comprising a battery, SiC inverter, and three-phase load
was developed. Tests on 302 Ah cells verified the method’s
effectiveness, completing broadband impedance identification
(0.1-100 Hz) within 21 s. Compared with conventional elec-
trochemical workstations, this approach removes voltage lim-
itations and significantly reduces measurement time.
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