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Abstract: Accurate estimation of the state of charge (SOC) and temperature of batteries is essential to
ensure the safety of energy storage systems. However, it is very difficult to obtain multiple states of
the battery with fewer sensors. In this paper, a joint estimation method for a lithium iron phosphate
battery’s SOC and temperature based on ultrasonic reflection waves is proposed. A piezoelectric
transducer is affixed to the surface of the battery for ultrasonic—electric transduction. Ultrasonic
signals are excited at the transducer, transmitted through the battery, and transmitted back to the
transducer by reaching the underside of the battery. Feature indicator extraction intervals of the
battery state are determined by sliding—window matching correlation analysis. Virtual samples are
used to expand the data after feature extraction. Finally, a backpropagation (BP) neural network
model is applied to the multistate joint estimation of a battery in a wide temperature range. According
to the experimental results, the root mean square error (RMSE) of the lithium-ion battery’s SOC and
temperature estimation results is 7.42% and 0.40 °C, respectively. The method is nondestructive and
easy to apply in battery management systems. Combined with the detection of gas production inside
the battery, this method can improve the safety of the battery system.

Keywords: lithium-ion battery; state of charge; temperature; ultrasonic reflected waves; multiple
feature indicators; virtual samples; joint estimation method; battery management system; piezoelec-

tric transducer

1. Introduction

Climate change is a major threat to the sustainable survival of human society. Reducing
carbon emissions has become a major global issue of universal concern to the international
community [1-5]. The use of electric vehicles (EVs) can save energy and reduce carbon
dioxide emissions, but with the increase in the use of electric cars, the safety of battery
energy storage systems is widely considered [6-9]. EVs mainly use lithium-ion batteries, so
determining the battery’s SOC and temperature can help the system make comprehensive
decisions and improve system safety. The battery SOC estimation method can help users
to develop reasonable usage strategies to ensure that the battery operates within the
normal charging and discharging range to avoid irreversible changes in the positive active
substance structure and abnormal battery capacity attenuation [10]. Battery temperature
changes can reduce the reliability of battery SOC estimation and can even pose a risk of
thermal runaway; accurate battery SOC estimation in temperature-varying environments
can avoid battery thermal runaway [11,12]. The methods reported in the literature [13,14]
mainly use voltage and current sensors in the battery management system to collect the
electrical characteristic parameters of the batteries. Combined with battery models and

Batteries 2023, 9, 335. https:/ /doi.org/10.3390/batteries9060335 https:/ /www.mdpi.com/journal /batteries


https://doi.org/10.3390/batteries9060335
https://doi.org/10.3390/batteries9060335
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0003-4932-7787
https://doi.org/10.3390/batteries9060335
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9060335?type=check_update&version=1

Batteries 2023, 9, 335

20f18

advanced algorithms, the battery’s SOC can be estimated [15]. The temperatures of the
battery are mainly measured by a small number of temperature sensors in the battery
system. However, it is difficult to determine the temperature of each battery in the battery
energy storage system by employing a few temperature sensors, which is not conducive
to battery safety management. In this context, how to use a few sensors to jointly and
accurately estimate battery SOC and temperature is very important.

Recently, the utilization of ultrasonic nondestructive testing technology has become
prevalent across various industrial sectors [16-18]. The rapid development of ultrasonic
technology provides a new technical tool for estimating the states of batteries. Some meth-
ods of determining battery states using ultrasonic sensors have been reported. Bhanu
et al. [19] proposed an integrated technique for the health monitoring of lithium-ion batter-
ies, which involves attaching an ultrasonic transducer pulser and receiver to the external
surfaces of a lithium-ion cell. This technique allows for the nondestructive evaluation of
the internal condition of vital interfaces within the cell. Hsieh et al. [20] demonstrated that
acoustic time of flight (TOF) experiments can measure the SOC and state of health (SOH)
of almost any closed battery. They proposed an acoustic conservation law model that de-
scribes the state of charge of a standard battery. Additionally, experimental results showed
that both SOC determination and irreversible physical changes in lithium-ion 18650 and
alkaline LR6 (AA) batteries could be measured. Gold et al. [21] proposed a method for
estimating the SOC of a battery by directly measuring its charge using a variety of positive
active materials based on the linear correlation between the ultrasonic signal and the actual
charging state. The changes in the ultrasonic signal are related to the lithium content
absorbed by the negative graphite, allowing the battery’s SOC to be estimated without a
reference electrode. Ladplia et al. [22] analyzed the feasibility of using ultrasonic guided
waves to detect the SOC and SOH of a pouch lithium-ion battery. They fixed piezoelectric
ceramic wafers on the surface of the battery to generate ultrasonic waves and convert
the received ultrasonic echoes into electrical signals. The changes in the TOF and signal
amplitude (SA) of the guided waves were found to be closely related to electrochemical
charge—discharge cycles and battery aging. Copley et al. [23] found that the correlation
between ultrasonic response and battery capacity is much stronger than that with battery
voltage. They also confirmed that ultrasound can detect density changes during the cycles
between positive and negative electrodes. The relationship between the ultrasonic response
and battery capacity is approximately linear. Zhao et al. [24] proposed a joint estimation
method for lithium-ion battery SOC and SOH based on ultrasonic guided waves. They
used a scanning laser Doppler vibrometer (SLDV) system to capture the fast propagation
process of ultrasonic guided waves. By analyzing the signals in the time domain, frequency
domain, and time-frequency distribution, they obtained three guiding wave parameters,
including signal amplitude, TOF, and power spectral density, to indicate the battery’s SOC
in the charge and discharge processes. The ultrasonic guided wave parameters showed a
good corresponding relationship with the battery’s SOC and SOH. Sun et al. [25] monitored
the battery’s charging and discharging processes at different ultrasonic frequencies of
750 kHz, 1.0 MHz, and 1.5 MHz. The velocities of the ultrasonic waves with three frequen-
cies showed an approximately linear relationship with the battery’s SOC. The analysis
results could be used for battery SOC estimation. It was also found that the attenuation
of ultrasonic signal amplitude is related to the process of material phase transition during
battery charging and discharging. Galiounas et al. [26] demonstrated the use of artificial
neural network regression models to estimate SOC based on acoustic signatures. Holistic
waveform treatment provides a more robust approach for correlating acoustic signatures
with electrochemical states. Furthermore, they demonstrated that transforming the data
into the frequency domain can significantly reduce the complexity of the problem while
improving the accuracy of estimation. The results showed that the average estimation
error was 0.75%. Li et al. [27] used a piezoelectric ceramic ultrasonic transducer to detect
batteries by obtaining ultrasonic guided wave signals. Considering the frequency response
of the transducer and the battery, the multi-frequency response characteristics of the battery



Batteries 2023, 9, 335

30f18

were analyzed. Multiple features with multi-frequency excitation were selected. The RMSE
of the battery’s SOC estimation result was less than 2.36%.

Ultrasonic nondestructive testing techniques have been found to be applicable for esti-
mating both the SOC and SOH of batteries. However, some problems remain unresolved.
Since a lithium-ion battery is a solid-liquid hybrid medium, changes in electrolyte viscosity
and density should not be ignored. Battery state estimation algorithms based on limited ul-
trasonic feature parameters such as SA and TOF may result in instability. To better estimate
the states of the battery, it is necessary to consider the solid-liquid mixed structure of the
battery, select multiple feature indicators, and analyze the effective intervals of ultrasonic
signals. Additionally, due to the small number of experimental samples, it is necessary to
adopt appropriate methods to supplement the data. As the ambient temperature of the
battery is variable, battery temperature information cannot be ignored when considering
the safety of battery operation. If temperature changes are not considered, battery SOC
estimation methods often fail. A joint estimation method of battery SOC and temperature
based on ultrasonic waves has not been reported.

This paper presents a new method for the joint estimation of lithium-ion battery SOC
and temperature using ultrasonic reflected waves. The main contents are as follows: In
Section 2, the transmission mechanism of ultrasonication in batteries is introduced. A
multistate joint battery estimation method is developed in Section 3. The main feature
indicators are introduced. The optimal feature interval is determined using sliding-window
matching correlation analysis. A virtual sample generation algorithm is used to enhance
the richness of the data samples. A battery state estimation model using a BP neural
network was designed to estimate the SOC and temperature of the battery. In Section 4, the
experimental details are described. The results and discussion are presented in Section 5.
The influence of the battery’s SOC and temperature on the ultrasonic signal is analyzed.
Multiple features in ultrasonic waves are identified and analyzed. Finally, the effectiveness
of the proposed method is verified through a set of battery experiments.

2. Mechanisms
2.1. Ultrasonic Transmission Mechanism

A battery is a multilayer medium that includes many layers of positive and negative
electrodes, current collectors, and separators. The electrolyte fills the porous structure
of the electrode and separator. The transmission of ultrasonic waves in a battery can be
viewed as transmission in a multilayer medium with a mixture of solid and liquid. One of
the fundamental characteristic parameters of the ultrasonic wave in a medium is the wave
velocity. When the size of the medium is much larger than the wavelength of the ultrasonic
wave, it can be assumed to be an infinite medium. The velocity of the ultrasonic primary
wave in the infinite medium C; can be defined as follows:

c _ \/ E(1—p)
p(1+p)(1—2pu)

where E is the elastic modulus of the medium, p is the density, and yu is the Poisson’s ratio
of the medium.

For the liquid medium, the primary wave can be transmitted. However, shear waves
or surface waves cannot be transmitted. The velocity of ultrasonic primary waves in a
liquid medium C can be defined as follows:

M

C=4/= 2
o @)

where K is the bulk modulus and p is the density of the medium.
Another characteristic parameter of ultrasonic waves’ transmission in the medium
is wave attenuation. The diffusion, scattering, and absorption of ultrasonic waves by
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the medium can cause attenuation. The diffusion phenomenon of the ultrasonic beam
causes diffusion attenuation. Scattering attenuation occurs due to differences in acoustic
impedance at interfaces within the medium. The particle viscosity of the medium and the
heat conduction process in the medium can cause absorption attenuation. In this paper,
we mainly consider the influence of the change in the characteristics of the battery on the
attenuation of ultrasonic wave transmission. The difference in diffusion attenuations is
ignored. According to ultrasonic wave transmission theory [28], scattering attenuation and
absorption attenuation can be expressed by exponential equations:

A= Age L 3)

where Ay is the initial amplitude of the ultrasonic wave, A is the echo amplitude of the
ultrasonic wave, L is the transmission distance of the ultrasonic wave in a non-uniform
medium, and « is the attenuation coefficient.

Scattering attenuation: When the ultrasonic wave travels in the medium, the inhomo-
geneity of the medium causes the tiny interface to produce different acoustic impedances so
that the sound wave propagates in different directions, causing attenuation of the ultrasonic
energy. The scattering attenuation coefficient «; is represented by

8 7.[4r3f4
Xs = 5 C4 (4)

where f is the ultrasonic frequency, r is the radius of the particle, and c is the wave velocity.

Viscous attenuation: When ultrasonic waves are transmitted in the medium, the
dielectric points attached to the container wall are subject to great binding force, resulting
in friction loss between layers. As a result, ultrasonic waves decay in a medium [29]. The
viscous attenuation coefficient is represented by

_ 2y
e

ay 5)
where 7 is the viscosity of the medium, p is the density of the inhomogeneous medium,
and c is the wave velocity.

Heat conduction attenuation: When an ultrasonic wave is transmitted through a
heterogeneous medium, the medium is affected by ultrasonic vibration. The temperature
of the medium changes slightly, as does the volume. A temperature gradient is generated
between adjacent regions, leading to heat transfer in high and low—-temperature regions.
The heat conduction attenuation coefficient is represented by

22 f2x 11
= —7"(———

(6)

3
pcd ey cp

where x is the heat conduction coefficient, ¢, is the specific heat of the medium at constant
volume, and ¢y, is the specific heat at constant pressure of the medium.

According to the analysis of ultrasonic transmission in a non-uniform medium [30],
the attenuations can be calculated. When the ultrasonic frequency is 200 kHz, the wave ve-
locity is 1850 m/s, and the medium density is 1150 kg/m?, the influence factor of scattering
attenuation is the largest, accounting for 91.77%, followed by the viscous attenuation factor
of absorption attenuation, which is 8.22%, and the heat conduction attenuation factor of ab-
sorption attenuation, which is 0.01%. The influence of the scattering attenuation coefficient
is much greater than that of the viscous and heat conduction attenuation coefficients.

2.2. Relationship between Ultrasonic Signal and Battery States

During battery discharge, lithium ions leave the graphite particles in the negative
electrode and enter the electrolyte. The ions diffuse through a separator to the surface of
the positive electrode’s lithium iron phosphate crystal and are embedded into its lattice
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structure. In contrast, during the battery charging process, the lithium ions in the positive
electrode exit the lattice structure into the electrolyte and re-enter the layered structure
of the negative graphite particles through the separator. The constant motion of lithium
ions in the charge-discharge cycle leads to the expansion and contraction of the lattice
volume of the electrode material and changes the damping characteristics of the material.
Furthermore, structural parameters such as the elastic modulus of the electrode material
also change. During the charging process, the elastic modulus of the positive electrode
material decreases, while that of the graphite negative electrode material increases [31].
Additionally, the electrode particles undergo some degree of volume expansion, leading
to changes in the porosity of the electrode sheet and its filling state. Ultrasonic signals are
highly sensitive to changes in material structural parameters. The characteristic changes
in battery materials during charging and discharging can be evaluated by the changes in
ultrasonic signal attenuation, propagation time, etc.

The positive and negative electrodes, current collectors, and separators are all solid
materials. The influence of temperature changes on the acoustic properties of these mate-
rials is limited. However, the electrolyte inside the battery mainly uses a mixed solvent
system, which is greatly affected by temperature. The common electrolyte is made up of
95% carbonate solvent. The main components of the electrolyte include dimethyl carbonate
(DMC), diethyl carbonate (DEC), ethyl methyl carbonate (EMC), and ethylene carbonate
(EC). Temperature changes can cause variations in the density and viscosity of the elec-
trolyte, which can affect the compatibility between the electrolyte, the positive and negative
electrodes, and the separator. The conductivity of the mixed—solvent-system electrolyte
can decrease sharply at low temperatures. Tables 1 and 2 show the density and viscosity
of DMC at different temperatures, respectively [32]. For example, the medium density
decreases and the ultrasonic wave velocity increases due to the temperature increase. As a
result, the scattering attenuation coefficient and the echo signal amplitude increase, while
the amplitude of the transmitted wave decreases.

Table 1. Effects of temperature and pressure on the density of DMC.

Density p (kg-m3)

Pressure\ Temperature 20°C 30°C 40 °C 50°C
0.1 MPa 1068.60 1054.90 1041.48 1029.87
4.56 MPa 1072.27 1059.30 1045.90 1032.93
9.58 MPa 1077.09 1064.35 1050.35 1038.48

Table 2. Effects of temperature and pressure on the viscosity of DMC.

Vi . Pa.
Pressure\ Temperature iscosity 1 (mPa-s)

20°C 30°C 40 °C 50 °C
0.1 MPa 0.619 0.547 0.491 0.438
4.56 MPa 0.637 0.561 0.503 0.448
9.58 MPa 0.659 0.581 0.513 0.463

Based on the analysis, changes in the battery’s SOC can lead to changes in the lithium-
ion filling state, elastic modulus, and damping characteristics of the electrode materials
inside the battery. Similarly, changes in battery temperature can affect the density and
viscosity of the electrolytes, as well as the structural parameters of the battery. As a result,
the changes in ultrasonic wave transmission inside the battery can be used to evaluate the
states of lithium-ion batteries.

3. Methods
3.1. Feature Indicators of the Ultrasonic Signal

When the square-wave signals are loaded into the piezoelectric transducer, ultrasonic
waves are excited and propagate on the battery. After a few microseconds, the reflected
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wave can be received by the same piezoelectric transducer. As shown in Figure 1, the
reflected ultrasonic wave of a battery has three parts: Part 0 is the ultrasonic echo wave
reflected on the battery’s upper surface. The echo signal at approximately 20 us belongs to
the signal that has not completely penetrated the battery, and the signal has a small TOF
and large signal amplitude (SA, 3.2 V). Part 1 (40-70 ps) is the ultrasonic echo signal that
penetrates the whole battery. The TOF of the signal is larger, and the SA is smaller (1.4 V).
Part 2 (90-110 ps) is the echo signal received after the second reflection inside the battery.
This signal has the largest TOF and the smallest SA (0.2 V).

SA=3.2v

SA=0.2v

Voltage(V)

0 20 40 60 80 100 120 140 160 180 200
Time(us)

Figure 1. The reflected ultrasonic wave.

In order to better analyze the three parts of the ultrasonic waves, six feature indicators
were selected for battery state estimation. The indicators are defined in Table 3. The feature
indicators can be classified into two distinct categories. The ultrasonic signal attenuation
inside the battery can be indicated by time domain feature parameters, such as the time
domain peak (P;), time domain envelope peak (P,:), and energy integral parameter (E). The
feature parameters have strong correlations with the attenuation coefficient in the medium
and can be used to characterize the changes in the internal structural parameters of the
battery as the battery state changes. Waveform feature indicators are used to characterize
the waveform shape of ultrasonic time—domain signals. The feature parameters include
the waveform index (W), kurtosis coefficient (K), and shape coefficient (S). The waveform
feature indicators can reflect the waveform aliasing phenomenon when ultrasonic waves are
transmitted in the medium. The ultrasonic wave received by the piezoelectric transducer is
the result of the superposition of the direct waves and the reflected waves.

In Table 3, A represents the time domain wave of the ultrasonic signal, 2 and b represent
the sampling points at the beginning and end of the signal, respectively, N represents the
number of sampling points in the signal, and L represents the length of the signal.

Table 3. Feature indicators for ultrasonic signal analysis.

Indicator Equation Implication
Time domain peak Py = max(A) Maximum fimphtude of time
domain waveform

Maximum amplitude of time

Time domain envelope peak Pt = max(envelope(A)) domain waveform envelope
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Table 3. Cont.
Indicator Equation Implication
b
2 . .
Energy integral E = j A%dt Energy of the signal time
a domain waveform
1 N AZ .
Waveform index LA Degree of fluctuation of the
W= L Al signal time domain waveform
W 1
i=1
N
1 A;4
Kurtosis coefficient K— 5 Sharp ness of the.peak of the
= N signal time domain waveform
(/v E A2
i=1

Distribution range of the signal
time domain waveform on the

Shape coefficient S=
L AP time axis

3.2. The Optimal Intervals of the Signal

If the ultrasonic reflection waves are analyzed directly, the waves may contain many
invalid data points, which have poor correlation with battery states, or effective data
may not have been extracted from the ultrasonic reflected waves. In order to better
estimate the states of the battery, it is necessary to optimize the data interval for feature
indicator extraction. On this basis, a sliding-window matching correlation analysis method
is proposed to determine the optimal application range for ultrasonic reflection wave
feature extraction.

The ultrasonic reflection waves collected by the oscilloscope have 10,000 sampling
points. The window size was set to 1500 sampling points, the starting point was set to
1:1500, and the ending point was set to 8501:10,000. The windows slid from the starting
point and ended at the ending point. The window was saved once for each sliding time,
and a total of 8501 windows were obtained, as shown in Figure 2.

4
Starting Sliding Ending
3| Point move | Window Point

Voltage(V)

0 20 40 60 80 100 120 140 160 180 200
Time(us)

Figure 2. Schematic diagram of the sliding-window.

For the series of windows, Spearman’s rank correlation coefficients were first used
to calculate their correlation with the battery’s SOC. The correlation in different intervals
is shown in Table 4. In addition to part 1 and part 2, there are other intervals that are
highly correlated with the battery’s SOC. The selected interval is called the optimal feature
extraction interval. Compared with part 1, the waveform index, kurtosis coefficient, and
shape coefficient have a higher correlation with the battery’s SOC. Compared with part 2,
the time domain peak, time domain envelope peak, and energy integral have a higher
correlation with the battery’s SOC.



Batteries 2023, 9, 335 8 of 18

Table 4. Correlation in different intervals.

Indicator Optimal Optimal Interval Part1 Part 2
Interval Correlation Correlation Correlation

Time domain peak (P;) 1750:3500 —0.95 —0.95 0.56
Time domain envelope peak (Pe) 1750:3500 —0.95 —0.95 0.56
Energy integral (E) 1050:3500 —0.99 —0.99 0.38
Waveform index (W) 1050:2750 0.93 0.63 0.86
Kurtosis coefficient (K) 1050:2750 0.98 0.77 0.82

Shape coefficient (S) 1050:3500 0.99 0.99 —0.38

3.3. Virtual Sample Generation

Battery charge—discharge tests are time—consuming. The number of samples obtained
in experiments is often very limited, resulting in insufficient samples for machine learn-
ing models. In order to solve this problem, a multi-distribution global trend diffusion
(MD-MTD) method [33,34] was used in this study to improve the richness of samples in the
dataset for battery model training. The characteristic parameters for battery state estimation
model training consist of six features of the ultrasonic wave, as stated in Section 3.2. Multi-
ple virtual samples are generated by using the MD-MTD method, in which each virtual
sample has six feature indicators. In this way, the indicators of the N virtual samples can be
generated based on the features of some samples obtained in one discharge cycle of the
battery. The MD-MTD algorithm operates based on the following fundamental principle:

Step one: Compute the variance of the original samples (S?) X = {x1, x2 ... xi}, data
center (C), left skewness (LS) and right skewness (RS):

d <2
,l(Xj—X)
j=
§=— @)
X(; i=13...
C— (i+1)/27 7o 8
{%(xi/2+x(i+1)/2),l:2,4,... ()
N
LS= ———— 9
N1+ Np+9 ©)
N,
RS= ——=—— 1
S Ni+Np+6 (10)

where Nj indicates the number of samples lower than C, N; indicates the number of
samples higher than C, ¢ is a correction factor, and i represents the total amount of data
in X.

Step two: Determine the acceptable range for the original samples:

_ 0S8 o _ ;
[ —JC—LSx 25, ¥ 20In(10), L < min (1)
min, L > min
C+RS x /=28 x —20In(10), R > max
R = N ! (12)
max, R < max

where L represents the left end and R represents the right end.
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Kurtosis coefficient

Kurtosis coefficient

(a)

100% 50%
SOC
(d)

===0riginal feature

Step three: Generate virtual samples in the extending areas, using a uniform distribu-
tion, and subsequently apply the fitness function to select virtual samples that satisfy the
given constraints:

L<V;<R
£ & < fo
j=1

(13)

where O signifies the original sample, Vj signifies the j-th virtual sample, and the fit value
(fv) serves as a control parameter for regulating the similarity between the two samples.

As illustrated in Figure 3, three candidate fit values are employed for generating the
virtual samples, and lines of different colors represent generated virtual samples. The
similarity between the original samples and the virtual samples is regulated by the fit value.
When the fit value is low, there is a high level of similarity between the original samples
and the virtual samples, which will cause the generalization of the virtual samples to not be
significantly improved. With the increase in the fit value, the generalization function of the
virtual samples becomes more apparent. Nevertheless, when the fit value reaches a high
value, the disparity between the two samples becomes significant, potentially resulting
in noticeable deviation. Taking the variation of the kurtosis coefficient (K) as an example,
the fit values of Figure 3a,d, Figure 3b,e, and Figure 3¢ f are set to 0.001, 0.003, and 0.006,
respectively. When the fit value is 0.003, the virtual sample curve shows a similar trend to
the original sample curve. As a result, the fit value was set to 0.003 in this paper.

(b) i (c)

|, ===0Original feature|

Kurtosis coefficient
Kurtosis coefficient

2.75 2.75
0% 100% 50% 0% 100% 50% 0%
SOC SOC
C
2.86 ( -) 2.88 @
===0riginal feature ===Qriginal feature
2.86

Kurtosis coefficient
Kurtosis coefficient

50% 50%
SOC SOC

Figure 3. Virtual samples generated by different fit values: (a,d) fit value are set to 0.001; (b,e) fit
value are set to 0.003; (c,f) fit value are set to 0.006.

3.4. BP Neural Network Model

In order to establish a data—driven model linking ultrasonic wave features and battery
states, a BP neural network model was adopted in this study [35]. This is a multilayer feed-
forward neural network model trained using the error backward propagation algorithm.
The neural network can learn and store a large number of inputs—outputs mode-mapping
relationships. The learning rule is to use the fastest descent method through backpropaga-
tion to constantly adjust the weight item and bias item of the network, so as to minimize the
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network error function value. Battery state estimation results can be obtained accurately.
The updated formulae of the weight item and bias item for model training are as follows:

OE

w=w-— —awhj (14)

I (15)
b

where w is the update weight item, b is the update bias item, E is the error function, and %
is the learning rate, usually set to 0.1-0.3.

The neural network model takes six feature indicators of ultrasonic waves as input
data. The battery’s SOC and temperature are regarded as the output of the model. Table 5
shows the parameters of the BP neural network model. The battery’s SOC labels are set
with 18 points (100-0%). The battery’s mean temperature labels are set with 4 points
(26 °C, 34 °C, 42 °C, and 50 °C). Based on the results of the battery experiments, when the
temperature of the battery increases, the stability of the ultrasonic wave decreases. Herein,
the temperature point (46 °C) is added between the high temperatures (42 °C and 50 °C).
Ultimately, there are 5 mean temperature labels (26 °C, 34 °C, 42 °C, 46 °C, and 50 °C)
in total.

Table 5. Parameters of the BP neural network model.

Parameters Value
Layers 6
Input shape 6
Output shape 2
Epochs 300
Batch size 256

Figure 4 presents the proposed structure for joint estimation of battery SOC and
temperature based on ultrasonic reflection wave methods. In the first part of the structure,
data acquisition includes ultrasonic reflection wave data acquisition, SOC acquisition,
and battery surface temperature acquisition. In the second component of the structure,
sliding-window analysis is used to pick the optimal interval with high correlation, and
feature extraction is conducted on the above interval. The BP neural network model is
constructed and trained in the third part of structure, with the MD-MTD algorithm applied
to generate virtual samples. In the fourth part of structure, by inputting the ultrasonic
reflected wave signal of the battery, the SOC and temperature of the battery under the
corresponding state can be estimated.
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Data Acquisition

Ultrasonic wave SOC Temperature

¥

Feature Analysis

feature(i)

interval(i)

Sliding windows Optimum interval Feature extraction

¥

Model Construction

soc

Temperature|

Virtual samples BP Neural Network

Model Estimation

Ultrasonic wave Estimation SOC

Estimation Temperature

Figure 4. The framework of the battery state estimation.

4. Experiments

Compared with the ultrasonic transmitted wave and the ultrasonic guided wave, a sim-
pler ultrasonic reflection wave was selected for battery state estimation. In order to verify
the method, a set of battery tests were conducted on a lithium iron phosphate prismatic cell
(LISHEN, 20 Ah, 132 x 70 x 27 mm Manufacturer: LISHEN, city: Tianjin, country: China,
sourced: Taobao.). A piezoelectric transducer (15 x 0.4 mm) fixed on the center of the bat-
tery surface excited and collected the ultrasonic wave, and a temperature sensor (NEWARE
CA-4008-1U-TX Manufacturer: NEWARE, city: Shenzhen, country: China, sourced: Factory
procurement.) collected the temperature of the battery’s surface. Both of them were solidi-
fied on the battery surface with cyanoacrylate glue (DELI Super glue Manufacturer: DELI,
city: unknown, country: China, sourced: Jd.). The layout of the sensors is shown in Figure 5.
The excitation waveform used in the experiment was a square wave with a frequency of
100 kHz. Clear and obvious envelopes of the ultrasonic signal could be observed.



Batteries 2023, 9, 335

12 0f 18
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(a)

// yau
4 =
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J—I_ Tab Separator
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Figure 5. The layout of the sensors in the battery experiment.

The piezoelectric transducer is driven by an ultrasonic pulser-receiver (GOWORLD
CTS-8077PR Manufacturer: GOWORLD, city: Shantou, country: China, sourced: Factory
procurement.). Meanwhile, the ultrasonic echo wave is also processed by the ultrasonic
pulser—receiver. The amplified signal is collected by an oscilloscope (RIGOL MSO5074).
The battery testing system (NEWARE CT-4008-5V40A Manufacturer: NEWARE, city:
Shenzhen, country: China, sourced: Factory procurement.) is used to control the battery’s
charge-discharge and collect the battery surface temperature data. It works simultaneously
with the ultrasonic testing system. A schematic diagram of the experimental battery system
is shown in Figure 6.

Rigol R C . N Neware
MS05074 puter BTS
v
.| Piezoelectric .| Lithium-ion
CIESUZER "l Transducer Battery

Figure 6. Schematic diagram of the experimental battery system.

Figure 7 shows the battery charge—discharge profile of the experiment. The battery’s
terminal voltage, load current, and SOC were collected. The battery was charged in
constant—current constant-voltage (CCCV) mode, with a current limitation of 2 A, and
discharged in constant—current (CC) mode. The upper cutoff voltage was 3.65 V, and the
lower cutoff voltage was 2.5 V. Each battery charge—discharge cycle took approximately 4 h.
During the experiment, the battery was placed in a small temperature chamber (KEJING
DZEF-6050 Manufacturer: KEJING, city: Shenzhen, country: China, sourced: Factory pro-
curement.). The temperature was set to 26 °C, 34 °C, 42 °C, 46 °C, and 50 °C, sequentially.
The ultrasonic reflected wave data were recorded during the battery charge—discharge
cycle at different temperatures.

b)
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Figure 7. Battery charge—discharge profile of the experiment: (a) voltage; (b) current; (c) SOC.
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5. Results and Discussion
5.1. Influence of Battery States on the Ultrasonic Signal

According to the analysis in Section 2.2, the change in SOC can cause internal structural
changes in the battery, which can affect the ultrasonic reflection waves. As shown in
Figure 8a, two wave parts are obtained in the CC discharge mode. In part 1, the signal
amplitude changes with the battery’s SOC (Figure 8b). When the battery’s SOC is high, the
amplitude of the signal envelope is low. The amplitude of the signal envelope gradually
increases when the battery’s SOC decreases (Figure 8c). In Figure 8d, the signal amplitude
not only changes in a small range but also moves forward and backward in phase with the
change in the battery’s SOC. When the battery’s SOC is high, the phase of the ultrasonic
signal moves forward, and the signal amplitude is high. When the battery’s SOC decreases,
the phase of the ultrasonic signal moves backward, and the signal amplitude gradually
decreases, as shown in Figure 8e.
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Figure 8. Changes in the ultrasonic reflection wave during battery CC discharge mode: (a) Ultrasonic
reflection waves; (b) Part 1 of ultrasonic reflection waves; (c) Amplitude change of ultrasonic part
1 envelope; (d) Part 2 of ultrasonic reflection waves; (e) Phase change of ultrasonic part 2.

The increase in temperature can reduce the electrolyte density inside the battery,
leading to an increase in ultrasonic velocity. The decrease in electrolyte density also causes
a decrease in the scattering attenuation coefficient, leading to an increase in the amplitude
of the reflected wave. As shown in Figure 9a, two wave parts are also obtained at different
discharge temperatures; the wave parts move to the left and upwards with increasing
battery temperature. As shown in Figure 9b, when the temperature is 26 °C, the phase of
part 1 is backward, and its amplitude is low. When the temperature of the battery continues
to rise, the envelope of part 1 shifts to the left and increases significantly (Figure 9c). The
phase of part 2 also moves to the left, and its amplitude gradually increases (Figure 9d).
The amplitude of envelope part 2 changes more obviously (Figure 9e).
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Figure 9. Changes in the ultrasonic reflection wave of the battery at three (minimum, intermediate,
maximum) different temperatures: (a) Ultrasound reflection waves; (b) Part 1 of ultrasonic reflection
waves; (c¢) Amplitude change of ultrasonic part 1 envelope; (d) Part 2 of ultrasonic reflection waves;
(e) Amplitude change of ultrasonic part 2 envelope.
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5.2. Optimal Ultrasonic Signal Application Range

Figure 10 shows the variation of six feature indicators with the battery’s SOC during
the optimal extraction interval of ultrasonic reflection waves. In the CC discharge mode,
each feature indicator changes obviously. The feature indicators are consistent with the
changes in the ultrasonic waves with the battery’s SOC. With the decrease in the battery’s
SOC, the attenuation degree of the ultrasonic waves decreases, resulting in a gradual
increase in the SA. As a result, the time domain feature indicators—such as the time
domain peak, the time domain envelope peak, and the energy integral—increase. However,
the waveform index, kurtosis coefficient, and shape coefficient gradually decrease with
increasing battery SOC.
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Figure 10. The features in the optimal correlation interval vary with the battery’s SOC: (a) Time
domain peak; (b) Time domain envelope peak; (c) Energy integral; (d) Waveform index; (e) Kurtosis
coefficient; (f) Shape coefficient.

The variations of the six feature indicators with the battery’s temperature are shown
in Figure 11. When the temperature is increased from 26 °C to 50 °C, the time domain
peak, time domain envelope peak, and energy integration increase with increasing battery
temperature. The waveform index, kurtosis coefficient, and shape coefficient decrease with
increasing battery temperature. When the battery temperature is between 26 °C and 34 °C,
the characteristic parameters do not change significantly, due to the small changes in the
density and viscosity of the electrolyte inside the battery. However, as the temperature
increases from 34 °C to 50 °C, the characteristic parameters undergo significant changes.
In addition, it can also be seen that the feature indicator changes have a high degree of
consistency in multiple discharge cycles.
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Figure 11. The features in the optimal correlation interval vary with battery temperature: (a) Time
domain peak; (b) Time domain envelope peak; (c) Energy integral; (d) Waveform index; (e) Kurtosis
coefficient; (f) Shape coefficient.
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5.3. Battery State Estimation Results

To conduct a quantitative evaluation of the prediction results, RMSE was utilized to
describe the error between the true value and the predicted value. The expression of RMSE
is given by Equation (16):

2
RMSE = Wg (Qi— Q) (16)

where Q; represents the predicted value, O; represents the true value, and N represents the
number of values.

In order to evaluate the method proposed in this paper, the estimated results of battery
SOC under different temperature environments were analyzed, as shown in Figure 12.
Four battery discharge cycles were performed for each temperature condition. It can be
seen that the estimated SOC of the battery can match the true value. However, when the
battery’s temperature is 46 °C or 50 °C and the SOC is 60%, there is a significant change in
the feature indicators, resulting in an error in battery SOC estimation. The RMSE of the
battery SOC estimation result over a wide temperature range is 7.42%.
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Figure 12. Predicted SOC of batteries in different temperature environments: (a) 26 °C; (b) 34 °C;
(c) 42 °C; (d) 46 °C; (e) 50 °C.

The estimated results of battery temperature under different temperature environ-
ments are presented in Figure 13. Four discharge cycles were performed on the battery
under each temperature condition. The battery temperature estimation results obtained by
the method are consistent with the true value. The RMSE of the estimation result of battery
temperature over a wide temperature range is 0.4 °C.
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Figure 13. Prediction of battery temperature in different temperature environments: (a) 26 °C;
(b) 34 °C; () 42 °C; (d) 46 °C; (e) 50 °C.
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In order to further verify the effectiveness of the method proposed in this paper, three
groups of methods were applied. In Group 1, the original ultrasonic signal data were
directly input into the BP neural network model for training. The output label was set to
battery SOC. In Group 2, the output labels were set to battery SOC and battery temperature.
In Group 3, the dataset was expanded by virtual sample generation. The BP neural network
model was used for battery state estimation. The output labels were set to battery SOC
and temperature. The RMSE was used to evaluate the performance of the algorithm. The
results are shown in Table 6.

Table 6. Prediction errors of battery SOC and battery temperature in three control groups.

Group 1
RMSE 26 °C 34°C 42°C 46 °C 50 °C
SOC (%) 8.60 6.50 7.53 10.22 10.04
TEMP (°C) / / / / /
Group 2
RMSE 26 °C 34°C 42°C 46 °C 50°C
SOC (%) 7.74 6.58 9.63 9.25 11.98
TEMP (°C) 0.80 0.83 1.08 1.26 0.94
Group 3
RMSE 26 °C 34°C 42°C 46 °C 50°C
SOC (%) 6.11 9.20 6.89 7.80 6.76
TEMP (°C) 0.29 0.40 0.31 0.56 0.38

Comparing Group 1 with Group 2, it can be found that the BP neural network model
did not significantly reduce the estimation accuracy of SOC and temperature simulta-
neously. The comparison between Group 2 and Group 3 indicates that the estimation
accuracy of SOC and temperature can be improved by using virtual samples to expand the
original data.

5.4. Discussion

This study proposes a method to estimate battery states based on ultrasonic reflection
waves. The influence of SOC and temperature on the ultrasonic reflection wave of the
battery was considered. To gain a deeper understanding of the internal structure of the
battery as its state changes, sliding windows were used to analyze the optimal interval
of feature extraction, so that the extracted features would have a better correlation with
the battery state and enhance the robustness of the model. Because battery charging and
discharging are relatively time—consuming, the data available for model training were
limited. The MD-MTD algorithm was used to generate virtual samples and increase the
number of charge and discharge cycles to increase the training data of the model. The
proposed method was validated under specific experimental conditions in CC discharge
mode. However, in practice, the operating conditions of the battery may be uncertain due
to varying environments, which can negatively impact the accuracy of the model.

The results illustrate that the proposed method can achieve a satisfactory level of accu-
racy in estimating the states of the battery. In the future, to better measure the lithium content
in the anode or cathode during the process of a lithium iron phosphate battery’s SOC and
temperature changes, ICP-OES experiments could be employed for further investigations.

6. Conclusions

In this paper, a joint estimation method for battery SOC and temperature based on
ultrasonic reflection waves is proposed. Only one piezoelectric transducer is used for
two-state estimation. The feature indicator extraction intervals of the ultrasonic signal
are determined by sliding-window matching correlation analysis. Virtual samples are
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used to expand the data after feature extraction. The sample size for model training can
be improved. In the battery modeling process, a BP neural network model is applied
to estimate the battery states. The model demonstrates a high level of accuracy in state
estimation. The proposed method was verified by battery experiments. The RMSE of the
battery SOC and battery temperature estimation results was 7.42% and 0.40 °C, respectively.
Additionally, the method is nondestructive and easy to apply in battery management
systems. This research provides a new approach to nondestructively evaluate battery states.

The transmission of ultrasonic reflection waves in different batteries is inconsistent,
due to variations in the manufacturing processes employed for each battery. When estimat-
ing the state of various batteries, it might be necessary to assess the disparity between the
batteries beforehand and make appropriate adjustments to the model. This paper has not
introduced the prediction of gas production inside the battery, which is a valuable area for
future exploration.
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