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ABSTRACT

In order to overcome the drawbacks of the traditional method of measuring a lithium-ion battery’s state-of-charge by charging and discharg-
ing its voltage curve, a method based on air-coupled ultrasound is proposed, which slows aging of the battery. Analysis is conducted on the
propagation characteristics of ultrasound in the battery using Biot’s fluid-saturated porous media model; the signal is monitored in real time
by monitoring ultrasonic waves during charging, and fast-wave and slow-wave signals are obtained. Firstly, the fast-amplitude value of the
time domain signal is analyzed, and the near linear relation between the amplitude and lithium-ion battery’s state-of-charge is established. Fre-
quency domain analysis is then carried out to understand the relationship between the phase and phase velocity for different state-of-charge
consumptions and spectra. The results from using an air-coupled ultrasonic detection method to obtain the fast-amplitude value of the bat-
tery’s time domain signal show that fast-amplitude has an approximately linear relationship with state-of-charge. This verifies the feasibility
and accuracy of this method and provides a new theoretical foundation for the real-time monitoring of lithium-ion batteries’ state-of-charge.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5108873., s

I. INTRODUCTION

In recent years, with the vigorous development of lithium-
battery-chemical technology, new energy-powered vehicles are
gradually beginning to replace fuel vehicles. The nickel-cobalt-
manganate-lithium battery (Li(NiCoMn)O2: NCM) with its low
cost, high gram capacity, good safety, and other excellent charac-
teristics is widely used in electric vehicles. An important parameter
in an energy storage device, the state-of-charge (SOC) of a lithium
battery directly affects its life and vehicle performance.1,2 SOC is
one of the most important parameters in a lithium battery man-
agement system (BMS) and is of great significance for evaluating
lithium battery usage, service life, and slowing aging.3–5 Using the
BMS to estimate the SOC is very complicated, often involving com-
plex algorithmic processing, and the hardware sensors of the BMS
are expensive.6–8 Therefore, it is necessary to find a low-cost and

high-accuracy method for estimating the charged state of lithium
batteries. At present, the commonly used electric quantity estima-
tion methods include the open-circuit voltage (OCV) method, the
ampere-hour integral method, and the Kalman filter algorithm.6,9,10

The OCV method measures the voltage between the positive and
negative poles of the battery, and the SOC is estimated according to
the battery charging and discharging curve. However, this method
is not conducive to on-line monitoring, while error in the time-
integral method can lead to deviation in the result, and the Kalman
filter algorithm suffers from being complicated. The parameters in
the model need to be updated in real time to estimate the battery’s
electric quantity, which is difficult to be widely used.

Ultrasonic testing methods have enjoyed gradually increasing
use in the estimation of the electric quantity state of lithium bat-
teries in recent years due to their versatility, easy operation, and
accurate results. Davies et al. used an ultrasonic contact method to
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measure the arrival time and amplitude of the ultrasonic signal of a
lithium-iron-phosphate battery (LiFePO4) through multiple charg-
ing and discharging cycles and obtained the relationship between
the SOC and the state of health (SOH) of the battery.11 Gold et
al. used adhesions to bond a piezoelectric ultrasonic transducer to
both sides of a lithium battery, and the ultrasonic contact method
was used to monitor the charging and discharging process in real
time, and a time-domain signal with a high signal-to-noise ratio and
a high resolution was obtained. They expounded the relationship
between the first transmitted longitudinal wave (fast wave) and the
second transmitted longitudinal wave (slow wave) and the lithium
battery’s quantity of electricity, especially the relationship between
the delay time of slow wave and the quantity of electricity.12 Lad-
pli et al. used adhesions to bond piezoelectric ultrasonic transducers
at both ends of the same side of lithium battery and used an ultra-
sonic guided wave method to conduct a series of studies on the
SOC and SOH, obtaining good results.13–15 This method couples
the ultrasonic piezoelectric transducer to the surface of the battery
in a bonding manner to obtain a time-frequency signal with a high
signal-to-noise ratio. Despite the quality of such results, there are
still drawbacks; that is, the method is difficult to apply to lithium
battery production environment and the actual lithium battery use
environment.

Air-coupled ultrasound is suitable for the nondestructive test-
ing and evaluation of materials due to its non-contact, high effi-
ciency, and completely nondestructive characteristics.16–18 They are
used in many fields, such as the viscoelastic evaluation of com-
posites by air-coupled ultrasound, the detection of internal defects
of lithium-ion batteries by air-coupled C scanning technology, the
evaluation of the bonding strength and weak bonding structure of
double-layer plate.19–22 In recent years, air-coupled ultrasound tech-
nology has made great progress. Although there is a huge difference
in the acoustic impedance between the tested material and air, the
air-coupled ultrasonic detection signal has low signal-to-noise ratio
(SNR) and long residual pulse compared with contact ultrasound,
however with the development of special transducer for air-coupled
ultrasound, its SNR and other aspects can basically meet the detec-
tion requirements. In the fabrication of lithium batteries, several
layers of graphite are usually stacked together and filled with liq-
uid electrolyte, so this structure conforms to fluid-saturated porous
media. Based on Biot’s theory of fluid-saturated porous media, this
paper uses air-coupled ultrasound to detect the ultrasonic propaga-
tion behavior of a lithium battery during charging, as well as the
electrical quantity, obtaining fast-wave and slow-wave time-domain
signals. The relationship between the fast amplitude and electri-
cal quantity of the battery is established, and the phase-spectrum-
analysis method is used to analyze the phases and phase velocities
of fast and slow waves in different SOCs. The approximately linear
relationship between the ultrasonic time-domain signal amplitude
and the electric quantity is obtained, which provides a new method
for the SOC estimation of a lithium battery.

II. THEORY

A. Biot’s model

Biot’s prediction of ultrasonic propagation in fluid-saturated
porous media has been verified and developed by many scholars.

Slow waves generated by ultrasonic waves in such media have been
observed, theoretically confirmed, and widely used in the study of
porousmaterials.23–26 For example, Biot’s prediction has proved fun-
damental in measuring the following: ultrasonic attenuation coef-
ficients, thermal and viscosity characteristic lengths, and surface
acoustic impedance; Biot’s prediction has also been instrumental
in the evaluation of human osteoporosis in medicine.27–32 Due to
the different internal porosities and microstructures of different
porous materials, slow-wave sound velocity characteristics vary.33–35

Pride and Parra studied the ultrasonic propagation characteristics in
multi-layered porous rocks using this theory.36,37 Therefore, based
on the above analysis, the theory is also applicable to the detection
of NCM battery electric quantity by air-coupled ultrasound. Test
results and analysis results will be given in subsequent chapters.

B. Phase spectrum analysis

Sachse and Pao used the ultrasonic penetration method to
measure the ultrasonic group velocity and phase velocity in solids
and proposed the phase spectrum analysis method (PSM).33 Due
to the nature of porous materials, high-frequency ultrasound expe-
riences severe attenuation, while low-frequency ultrasound experi-
ences a strong dispersion phenomenon. Background noise of layered
medium and structure scattering of fast wave will affect the time
domain waveform of slow wave. In addition, low amplitude of slow
wave may even cause signal distortion due to dispersion. The most
important thing is that the air-coupling ultrasonic longitudinal res-
olution is low, these reasons make it impossible to accurately get
the velocity from the slow wave time domain waveform. The phase
spectrum analysis method is used to reduce all kinds of influencing
factors to obtain signal phase velocity values for analysis.

From the time domain waveform fast Fourier transform (FFT),
the real part F(ω) and the imaginary part G(ω) are extracted; the
phase spectrum φ(ω)=tan(F(ω)/G(ω)), and its value is [-π, π]. The
detection waveform and the reference waveform were respectively
obtained by placing and not placing lithium batteries between ultra-
sonic transducers; the phase spectrum ϕ of the tested material is
given by:38

ϕ = (−ϕω) − (ϕs) + 360
f

Vω
(L + VωTc), (1)

where f is the center frequency of the transducer, Vω is the sound
velocity in air, ϕω is the phase spectrum of the reference waveform,
and ϕs is the phase spectrum of the detected waveform. The detected
waveform can be a slow wave or fast wave, L is the thickness of
the material being tested, and Tc is the time difference between the
extraction of the detected waveform and the reference waveform,
that is, the time difference between the beginning of the two wave-
forms. The phase propagation coefficient is given by the following
equation:

β =
2π

360L
ϕ = β2 + 2π∥1 +

VωTc

L
∥
f

Vω
, (2)

where

β2 =
2π

360L
∥ϕs − ϕω∥ (3)

Combining equations (2) and (3), the phase velocity can be calcu-
lated as:

Vp =
ω

β
=

Vω

1 + VωTc

L
+

Vωβ2
2πf

. (4)
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FIG. 1. The air-coupled ultrasonic NAUT-21 detection
system.

The phase spectrum distribution and phase velocity values of fast
and slow waves can be obtained by combining the above methods.

III. LABORATORY EQUIPMENT

An air-coupled ultrasonic NAUT-21 detection system was used
and is shown in Fig. 1. The detection system consists of a high-
power composite ultrasonic pulser/receiver (JPR600C), NI-PXI-
5114 signal acquisition card, three-axis stepper motor, ultra-low
noise receiver power amplifier, air-coupled dedicated transducer
(provided by Japan Probe Co. Ltd.: Yokohama, Kanagawa Prefec-
ture, Japan), and system control software. The lithium battery model
is a CEA-LM36 (NiMnCoO2), with a rated capacity of 36 Ah, size
227×162×8.5 mm3, and a rated voltage of 3.7 v. The transducer cen-
tral batteries are arranged with 40 mm of spacing between them, and
the temperature of the batteries is maintained at 25 ○C; the charging
voltage is kept constant, and online measurements at regular inter-
vals are taken. Due to the high-frequency attenuation of ultrasound
in the porous medium, the low frequency-dispersion is severe, and
the residual vibration of the air coupled transducer is protracted; the
lower the frequency, the more pronounced the effect, resulting in the
aliasing phenomenon of fast and slow wave signals. Therefore, the
integrated ultrasonic signal energy and signal resolution are selected
using a couple of 400 kHz air-coupled ultrasonic transducers.

The ultrasonic pulses generate ultrasonic waves and are
received by the receiving transducer through the air and the battery;
then the received signal passes through the power amplifier to the
ultrasonic pulser/receiver and the personal computer. In this experi-
ment, the transmission voltage of the ultrasonic pulser is 300 V, and
the sampling frequency is 20 MHz.

IV. EXPERIMENTAL RESULTS

A. Time domain analysis

The cell is placed in the center of the two transducers,
which are perpendicular to the surface of the lithium battery; the
waveform is collected during charging. Figure 2 shows the time-
domain waveform of the signal when the lithium battery is at 100%

and 25% power (gray line). Waveform 1⃝ is fast wave calculated by
geometric acoustics. Waveform 3⃝ is the reflected wave of wave-
form 1⃝ on the lower surface of the lithium battery; by combining
porous media theory with waveform analysis, when the battery has a

FIG. 2. Fully charged and 25% charged time domain signal. (a) The gray curve
is the full charged time domain signal and the black curve is the 25% SOC time
domain signal; (b) Time domain signal at open circuit voltage of 0.046v.
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different electric quantity, waveform 2⃝ becomes the slow wave. The
fast amplitude reaches 0.484 (normalized amplitude) and the slow
amplitude is 0.162 when the cell is fully charged; the fast ampli-
tude is 0.256 and the slow amplitude is 0.053 when the cell is at
25% charge, and the slow arrival time differs by 5.3 μs. This result
is slightly different from the detection result of Gold; that is, the
amplitude of the fast wave will also change correspondingly with
the electric quantity.12 Factors such as the type, thickness, number
of internal layers, and the structure of the lithium battery all lead to
the same point and difference of the results. In the fully charged and
low battery(10% power) state, the amplitude of the fast wave drops
from 0.484 to 0.21. In order to verify the correctness and accuracy
of this result, the author over-discharged the battery to attenuate the
open circuit voltage to 0.046 V; the time domain waveform is shown
in Fig. 2(b).

It can be seen from the results that the signal amplitude attenu-
ated to 0.125, indicating that the amplitude of the fast wave changes
with the change of the lithium battery’s electric quantity under the
condition of air coupled ultrasound. Figures 3(a) and 3(b) show the
curves of fast-wave amplitude and slow-wave amplitude with vary-
ing SOC. The gray curve in Fig. 4 shows the relationship between
the battery power of this model and the open circuit voltage of the
battery; the black curve shows the relationship between the ampli-
tude of the fast wave and the cell SOC. It can be seen from the results

FIG. 3. Relationship between fast wave amplitude and power, slow wave amplitude
and power and arrival time: (a) Gray curve: Charge-discharge curve; black curve:
the relationship between fast amplitude and lithium battery charge; (b) Gray curve:
the relationship between slow amplitude and lithium battery charge; black curve:
the relationship between signal time of arrival and battery charge.

FIG. 4. Phase spectrum calculation result: (a) The fast wave phase spectrum of
reference and different SOC waveform; (b) The phase velocity spectrum of the
fast wave with different charges; and (c): The phase velocity spectrum of the slow
wave with different electric quantities.

that the amplitude fluctuation of the fast wave is 0.274 and has a
good linear dependence (R2=0.8212) with electric quantity. The gray
curve in Fig. 3(b) shows the relationship between the amplitude of
the slow wave and battery power. The amplitude fluctuation is 0.124,
and its linear dependence (R2=0.8590) is more accurate than that
of the amplitude of the fast wave; the black curve represents the

AIP Advances 9, 085116 (2019); doi: 10.1063/1.5108873 9, 085116-4

© Author(s) 2019

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

relationship between the arrival time of the slow wave and power
(the arrival time fluctuation is 5.65 μs). Compared with the linearity
between amplitude and power, the linearity between signal arrival
time and power is higher (R2=0.9333). However, the charging pro-
cess is accompanied by small and even microscopic bubbles, which
cause a slight change in the thickness of the lithium battery. Air-
coupled ultrasound is extremely sensitive to the gas bubbles, which
will have an impact on the arrival time of the signal.

B. Frequency domain analysis

Fast and slow waves are analyzed in the frequency domain by
using the phase spectrummethod mentioned above, and their phase
velocities are solved. For porous materials, it is important to analyze
the fast and slow wave phase velocities. Figure 4(a) shows the phase
spectrum of the waveform between the reference waveform and dif-
ferent electric quantities. The reference waveform trend is similar
to the increasing and decreasing trend of the phase spectrum of the
fast waves with varying electric quantity, fluctuating by 2.5 rad at
the central frequency (400kHz) of the transducer. Figures 4(b) and
4(c) show the phase velocities of the fast and slow waves of differ-
ent electric quantities, respectively, showing good consistency. The
phase velocity of the fast wave fluctuates within the range of 0.3 m/s,
and the phase velocity value at the central frequency is 161.89 m/s
under the condition of full charge; the phase velocity of the slow
wave fluctuates within the range of 0.04 m/s, and the phase veloc-
ity value at the central frequency is 87.54 m/s under the condition of
full charge.

V. CONCLUSION

According to the above analysis, it is feasible to estimate the
lithium battery power by using air-coupled ultrasonic detection
method. Although the signal-to-noise ratio and resolution of signals
are low due to many factors such as air-coupled ultrasonic transduc-
ers, slow waves are still observed in the NCM battery, and there is a
nearly linear relationship between the amplitude of slow waves and
fast waves and the lithium batteries’ state of charge.

With the advantages of integrated air-coupled ultrasound, this
method has great potential, opening a new field for the electric-
quantity-state estimation of lithium batteries. Future work will
involve how to improve the signal-to-noise ratio of the lithium bat-
tery during the detection process, accurately monitoring the state of
charge of the lithium battery after multiple charging and discharg-
ing cycles, and monitoring the SOC of various types of commercial
battery during charging and discharging.
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