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Abstract: Electric vehicles have a promising development prospect. As its core component, lithium-
ion power battery plays a crucial role in different application scenarios. Aiming at the availability
and safety of square ternary lithium batteries at different ambient temperatures and different current
rates, charge-discharge cycle experiments are carried out to study the voltage, temperature and
capacity changes of lithium batteries. The voltage plateau characteristics of lithium batteries under
different working conditions are explored. The results show that when discharging at current rates of
0.1C, 0.25C, 0.5C, 0.75C, and 1C under the ambient temperature of —5 °C, 10 °C, 25 °C, and 40 °C,
the terminal voltage of the battery changes smoothly during the voltage plateau period, the rise
of the surface temperature has not reached the peak value, and the discharge capacity accounts
for about 50%. The battery has better working performance. While at the ambient temperature of
—20 °C, the discharge capacity accounts for the highest proportion in the stage from the open-circuit
voltage to the initial voltage of the plateau period. The research results can provide a reference for
the modeling and control strategy design of lithium-ion power batteries in the energy storage system
of electric vehicles.

Keywords: electric vehicle; ternary lithium battery; discharge characteristic; piecewise fit; voltage
plateau period

1. Introduction

Electric vehicles have become one of the main means of transportation for building
a low-carbon social smart city because of their energy-saving, high-efficiency, and safety
features [1-4]. For automotive energy storage systems, the rate of energy storage and long
service life (number of cycles), as well as the relatively low cost, are extremely important.
There is an opinion [5], that in order to be competitive, the capital cost of energy application
storage technology must be equal to or less than $250/kWh on the premise that the life
cycle is 15 years or 3900 cycles. Capital cost of $1250/kW or less is desirable. Compared
with lead-acid batteries, nickel-metal hydride batteries and other batteries, lithium batteries
have the advantages of high voltage platform, small size, light weight, non-polluting,
recyclable, high and low temperature adaptability, and long life [6]. Currently, lithium-ion
batteries are beginning to dominate in the field of relatively short-term energy storage.

There are two most widely used lithium batteries for electric vehicles, namely lithium
iron phosphate batteries and ternary lithium batteries. Table 1 shows the performance
comparison between ternary lithium battery and lithium iron phosphate battery [7]. Com-
pared with lithium iron phosphate batteries, ternary lithium batteries have higher en-
ergy density and better low-temperature performance, and are more suitable for cold
areas [8,9]. The ternary lithium battery refers to the lithium battery whose cathode material
is LiNixCoyMn; _y_yO,. Its energy mainly comes from the redox of nickel material, so

Energies 2022, 15, 5348. https:/ /doi.org/10.3390/en15155348 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15155348
https://doi.org/10.3390/en15155348
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4437-5229
https://doi.org/10.3390/en15155348
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15155348?type=check_update&version=1

Energies 2022, 15, 5348

20f22

the higher the nickel content, the higher the energy density of the lithium battery [10-12].
However, the high-nickel ternary lithium battery is unstable at high temperature, and it is
easy to generate a cubic rock salt phase that has no lithium-ion deintercalation activity after
repeated cycles [13]. This will lead to thinking about the environmental reliability of lithium
batteries. Igbal et al. [14] investigated the stress development under anisotropic lithium
flux in graphite particles partially attached to an ionically nonconducting polyvinylidene
fluoride (PVDF) binder. It has been shown that due to anisotropic lithium intercalation,
the location of maximum stress depends on the particle size and C rate, and mechanical
failure can be induced at particle centers or adhesive interfaces according to the size and C
rate. Yu et al. [15] study the electrical parameter drift of lithium-ion batteries under high
shock and establish a mechanical impact dynamics (MID) model of lithium-ion batteries
at high shock times. The effects of parameters such as separator thickness and elastic
modulus on the impact resistance of lithium-ion batteries are revealed. Fleischhammer [16]
believes that although battery aging does not affect the safety under high-rate discharge, in
a high-temperature environment, the aging-induced lithium plating will lead to accelerated
heat accumulation, resulting in higher failure risks. However, the country and the market
have high demand for high energy density, so high-nickel ternary lithium batteries are still
the future development trend.

Table 1. Comparison of parameters between ternary lithium battery and lithium iron phosphate battery.

Specific Platform .

Type Energy Voltage Advantage Shortcoming
Lithium iron High temperature Poor E)zr;sllos"fncy
phosphate 140 Wh/kg 32V resistance, low cost, P
. . temperature
battery impact resistance
performance
High specific energy,

Ternary lithium low temperature Poor thermal

battery 220 Wh/kg 37V resistance, good stability

discharge linearity

At this stage, a large number of experimental schemes using lithium iron phosphate
batteries as the research object have basically matured, providing a certain reference for the
experiments of ternary lithium batteries with wide temperature range and multiple current
rates. Panchal et al. [17] take the aluminum laminated prismatic battery composed of 20 Ah
lithium iron phosphate cathode material as the research object. The changes in battery heat
generation rate and discharge capacity are studied through the discharge rates of 1C, 2C,
3C, and 4C and the boundary conditions of 5 °C, 15 °C, 25 °C, and 35 °C. The results show
that the maximum heat generation at 4C discharge rate and 5 °C boundary condition is
7 times the minimum heat generation at 1C discharge rate and 35 °C boundary condition.
At the same time, it is found that the increase of the heating rate and the decrease of the
discharge capacity are consistent with the increase of the discharge rate. Chen et al. [18]
study the effect of temperature on the median discharge voltage of lithium iron phosphate
power batteries, and study the effects of high temperature and low temperature on the
performance of lithium iron phosphate power batteries in terms of the median voltage of
battery discharge. The low temperature has a great influence on the battery performance,
and the battery performance does not change significantly at high temperature. The
battery performance begins to decline when the temperature is above 50 °C. The most
ideal working temperature is between 20 and 50 °C. Wang [19] conducts high-rate (1C, 2C,
3C) charge-discharge experiments at 25 °C, 10 °C, 0 °C, —10 °C, and —20 °C, respectively.
Experiments show that the charge-discharge time and capacity of lithium iron phosphate
batteries decrease with the decrease of ambient temperature, and the internal temperature
and internal strain increase with the decrease of ambient temperature. When the ambient
temperature drops by about 10 °C, the charge-discharge time is correspondingly reduced
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by about 10%. At 25 °C, 10 °C, and 0 °C, the battery exhibits a flat and long voltage
plateau, but when the temperature is —10 °C and —20 °C, the voltage rebounds at the
initial stage of charge and discharge. It can be found that the piecewise performance of
lithium iron phosphate batteries has made some progress. An et al. [20] study the effect of
temperature on the capacity decay and battery aging of ternary lithium batteries, and find
that structures such as electrode thickness and porosity have a significant impact on battery
heat generation and capacity changes. Gu et al. [21] study the charge-discharge behavior of
ternary lithium batteries in a low temperature environment and find that when the ambient
temperature drops from 55 °C to 0 °C and —20 °C, respectively, the coulombic efficiency
of lithium batteries drops from 100% to 96% and 64%. The discharge voltage decreases
from 3.11 V at 55 °C t0 2.62 V at —20 °C. It shows that low temperature environment has
a significant impact on the energy storage efficiency of lithium batteries. Compared with
lithium iron phosphate batteries, there are fewer systematic experiments on the subsection
research on the discharge characteristics of ternary lithium batteries, and it is difficult to
meet the needs of electric vehicles to seek the optimal working stage of lithium batteries
under different working conditions [22-24].

For lithium-ion batteries with the same cathode material, due to various factors such
as different reaction potentials of each element, different element concentration ratios in
the battery reaction, and differences in processing techniques, the plateau characteristics
of different batteries will also be different. Bloom et al. [25] use the differential voltage
method to compare and analyze the charge-discharge process and capacity decay process
of lithium-ion batteries. The peak values of the dQ/dV curve reflect the negative electrode
lithium intercalation platform of batteries with different electrolyte ratios. Jia [26] studies
the change rule of the inflection point between each reaction stage of lithium-ion battery,
and finds that the inflection point position of the constant current charging curve of the
same environment and the same rate is almost the same, and proposes a battery capacity
estimation scheme based on the constant current charging curve platform of lithium battery.
Zhang et al. [27] prepare LiFePO,4/C cathode materials by different methods, and find
that due to the difference in the fabrication process of batteries of the same specification,
the plateau voltage difference of different samples reaches 70 mV when charging and
discharging at 0.1C rate, and the voltage plateau time is also different.

Lithium battery is a complex nonlinear dynamic system. Its regular characteristics
should be summed up through multi-angle test experiments, and then its general physical
model can be established by parameter identification [28-30]. The research object of this
paper is the square high-nickel ternary power lithium battery. Aiming at its usability and
safety under different ambient temperatures during cascade utilization, charge-discharge
cycle experiments at different current rates are carried out to observe the voltage, temper-
ature and capacity changes of the lithium battery. The voltage plateau characteristics of
ternary lithium batteries in different working states are explored, which lays a foundation
for the modeling and control strategy design of lithium-ion power batteries in electric
vehicle energy storage systems.

The rest of the paper is organized as follows. After a general introduction, the object,
method and equipment of the experiment are presented in Section 2. Then, Section 3
describes the changing trend of voltage, temperature, and capacity of lithium battery dur-
ing the discharge process. In Section 4, segmental fitting is carried out for the voltage
plateau period, and the voltage, temperature, capacity, and energy of this stage are ana-
lyzed and compared. The Section 5 is made for resuming this work and for presenting
future endeavors.

2. Materials and Methods
2.1. Object
A common lithium-ion battery consists of a lithium compound-based cathode, a

carbon-based anode, an electrolyte, and a separator. Typically, cathode material and
anode material are coated on aluminum and copper foils, respectively. A porous polymer
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separator immersed in the electrolyte and sandwiched between the anode and cathode
prevents the two electrodes from short-circuiting (Figure 1a). As shown in Figure 1b, Li ions
undergo cycles of intercalation and deintercalation, and shuttle in the electrolyte as charge
carriers in the internal circuit. With the intercalation and deintercalation of lithium-ions,
a redox reaction occurs on the electrode, and the generated electrons move directionally
through the external circuit to form a current. The research object selected in this paper
is the square ternary lithium battery (produced by Contemporary Amperex Technology
Co., Ltd., Ningde, China) with a rated voltage of 3.65 V and a rated capacity of 40 Ah. The
relevant technical parameters are shown in Table 2.
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Figure 1. (a) Schematic diagram of lithium battery structure. Reprinted with authorization of [31].
Copyright: 2017, Elsevier; (b) Working principle diagram of lithium battery. Reprinted with autho-
rization of [32]. Copyright: 2018, Elsevier.

Table 2. Lithium battery technical parameters.

Performance Parameter

Rated voltage (V) 3.65
Operating voltage (V) 2.75-4.2
Rated capacity (Ah) 40
Standard internal resistance (m(2) 0.7
Specific energy (Wh/kg) 206
Size (mm) 148 x 91 x 27

Weight (kg) 0.7

2.2. Method

During the experiment, it is necessary to carry out experimental tests on lithium-ion
batteries under the conditions of low power output and large power output, and obtain the
battery output characteristics under different conditions to provide an experimental basis
for formulating battery energy supply strategies [33,34].

The specific experimental process is shown in Figure 2. First, put the lithium battery
at —20 °C, =5 °C, 10 °C, 25 °C, and 40 °C ambient temperature for 10 h, and then charge
it with a constant current of 1C to the end-of-charge voltage (4.2 V), and then switch
to constant-voltage charging. Stop charging when the charging current drops to 0.05C.
After standing, discharge with different currents of 0.1C, 0.25C, 0.5C, 0.75C, and 1C to
the end-of-discharge voltage (2.75 V), and then charge to the end-of-charge voltage for
charge-discharge experiments [35].
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Figure 2. Experimental flow chart.

2.3. Platform

The experimental platform consists of a programmable constant temperature and
humidity chamber (Sanwood, Dongguan, China), CT5002A battery test system (LANHE,
Wuhan, China), corresponding detection unit, host computer, and monitoring software.
The constant temperature and humidity chamber and battery test system are shown in
Figure 3.

Figure 3. Experiment platform.
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3. Results

Since the charging and discharging process and its balance of lithium batteries are
managed by the battery management system in the actual use process, it is assumed that
there is no difference between each lithium battery in this experiment, and the balance in
the charging and discharging process is ignored [36].

3.1. Influence of Different Ambient Temperatures on Battery Discharge Voltage

As shown in Figure 4, the battery voltage changes with time during discharge at
different ambient temperatures of —20 °C, —5 °C, 10 °C, 25 °C, and 40 °C at the same
current rate. It can be seen that the change rule of the battery voltage at any rate is that the
voltage drops rapidly in the period before the battery starts to discharge. As the discharge
time goes on, the battery voltage has a relatively gentle change process. At the end of the
discharge, the terminal voltage drops significantly again.
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Figure 4. Discharge voltage change curve: (a) 0.1C discharge rate; (b) 0.25C discharge rate; (c) 0.5C
discharge rate; (d) 0.75C discharge rate; (e) 1C discharge rate.
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At the same time, due to the existence of ohmic voltage drop and activation polariza-
tion, the terminal voltage at the initial stage of discharge will have a transition-like sudden
drop at the 4.2 V platform. As the ambient temperature is higher and the discharge rate is
smaller, the initial terminal voltage is also higher. When the ambient temperature is 40 °C
and the discharge rate is 0.1C, the initial terminal voltage reaches the maximum value of
4.1560 V, with a decrease of 1.05%. At the ambient temperature of —20 °C and the discharge
rate of 1C, the initial terminal voltage reaches the minimum value of 3.6703 V, which is
nearly 0.5 V away from the maximum value, with a decrease of 12.61%.

In addition, as the ambient temperature decreases and the discharge rate increases,
the discharge speed of the battery is accelerated, and the discharge time is shorter. At the
same current rate, when the ambient temperature is 10 °C and above, the voltage trend is
roughly the same, and the voltage curves at 25 °C and 40 °C basically overlap. When the
ambient temperature reaches —5 °C, the curve shifts significantly, and when the ambient
temperature is —20 °C, the curve changes greatly. When the ambient temperature is 10 °C,
and above, the discharge time of 0.1C, 0.25C, 0.5C, 0.75C, and 1C is approximately 600 min,
240 min, 120 min, 80 min, and 60 min. While at the ambient temperature of —20 °C, the
discharge time is 480 min, 187 min, 93 min, 63 min, and 49 min, respectively.

3.2. Influence of Different Ambient Temperatures on the Temperature Rise during
Battery Discharge

Figure 5 shows the trend of the battery surface temperature changing with time during
discharge at different ambient temperatures of —20 °C, —5 °C, 10 °C, 25 °C, and 40 °C
at the same current rate. It can be observed that the overall temperature change curve of
the battery surface shows a trend of first rising, then falling, and then rising. Due to the
existence of polarization at the beginning and end of discharge, the surface temperature of
lithium batteries rises rapidly. In the voltage plateau period, the reaction is slow, and the
temperature drops to a certain extent. When the discharge rate increases to 0.75C and 1C,
the plateau period is short, and the battery surface temperature does not drop significantly
or shows a slow rise [32].
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Figure 5. The temperature change curve of the battery surface during discharge: (a) 0.1C discharge
rate; (b) 0.25C discharge rate; (c) 0.5C discharge rate; (d) 0.75C discharge rate; (e) 1C discharge rate.

3.3. Influence of Different Ambient Temperatures and Discharge Rates on Battery Capacity

Figure 6 shows the comparison of discharge capacity under different experimental
conditions. It can be seen that the discharge process generally follows the law that the
higher the ambient temperature, the greater the discharge capacity. However, the maximum
capacity differences between groups at the same ambient temperature and different current
are 1.34 Ah, 2.19 Ah, 1.27 Ah, 0.98 Ah, and 0.63 Ah, respectively. Additionally, the maximum
difference is about 5% of the nominal capacity, indicating that the impact of small current
discharge below 1C rate on the battery capacity change at the same ambient temperature is
relatively small, and the impact of a wider discharge rate range still needs further research.
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Figure 6. Discharge capacity comparison chart.

At the ambient temperatures of 10 °C, 25 °C, and 40 °C, the discharge capacity can
basically reach the nominal capacity of 40 Ah. When the ambient temperature drops to
—5 °C, the capacity decreases to a certain extent. It can still reach 38.42 Ah at a low current
of 0.1C, while it has dropped to a minimum of 36.23 Ah at 0.75C. When the ambient
temperature drops to —20 °C, the capacity drops significantly to about 80% of the nominal
capacity. There are many reasons for the significant reduction in the capacity of lithium-ion
batteries at low temperatures. The physicochemical function of the electrolyte and the
composition of the electrolyte have an important impact on the low-temperature function of
the battery. In a lithium-ion battery in a low temperature state, the viscosity of the electrolyte
increases, so the ion conduction speed in the electrolyte decreases. This phenomenon causes
a mismatch between the external circuit and the internal electron transfer speed, resulting
in serious polarization of the battery. On the other hand, the diffusion coefficient of
active substances in low temperature environment decreases, the charge transfer resistance
increases greatly, and the discharge capacity of the battery decreases greatly [37].

4. Discussion
4.1. Overview and Division Method of Voltage Plateau Period

The change of the voltage platform during the discharge process of the lithium battery
is mainly affected by the ohmic resistance and the polarization resistance, and the polariza-
tion resistance is caused by the internal polarization phenomenon of the lithium battery.
The polarization phenomenon is divided into activation polarization and concentration
polarization. In a physical sense, active polarization can be understood as the rate of
chemical reaction on the surface of the active electrode particles is slightly slower than the
electron migration rate, so the current potential on the surface of the electrode particles is
shifted from the equilibrium potential and causes active polarization, which is manifested
as a change in the transition of the battery terminal voltage at the initial discharge. The
polarization phenomenon is mainly determined by the activation energy of the electrochem-
ical reaction of the electrode. The phenomenon of concentration polarization, as the name
suggests, is caused by the concentration difference. During the discharge process of the
lithium battery, since the migration rate of Li* inside the electrode particle is much smaller
than that of the electrolyte, the transfer rate of Li* inside the electrode particle is far less
than the electrochemical reaction rate occurring on its surface. It causes the phenomenon
of concentration polarization and further exacerbates the deviation of the positive and
negative electrode potentials from the equilibrium potential, which is manifested as a rapid
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change in the terminal voltage at the initial period and the end period of the discharge
process of the lithium battery.

It can be found from the experimental results that there is a relatively gentle change
process between the initial stage and the end stage of the lithium battery voltage curve at
any rate. Different from the lithium iron phosphate battery, the reaction platform period of
the ternary lithium battery is shorter, and the whole curve is not as flat as the voltage curve
of the lithium iron phosphate battery. This is because the lithium intercalation process
from FePOy to LiFePOy in the lithium iron phosphate battery is long, and the Mn, Ni, and
Co elements contained in the ternary lithium battery make it appear in multiple reaction
platforms with significantly different potentials. As a result, the voltage plateau reaction
trend of ternary lithium battery gradually decreases [38].

The existence of a voltage plateau means that there are turning points of the curve.
The entire discharge curve is analyzed through the concavity and convexity of the curve.
The inflection point entering the platform reaction stage is a concave curve, that is, the
point at which the second derivative is greater than zero and the maximum value of the
third derivative corresponds; the inflection point at the end of the platform and entering
the next reaction stage is a convex curve, that is, the point at which the second derivative
is less than zero and the maximum value of the third derivative corresponds. Based on
this, the positions of the inflection points are determined and after some optimization and
correction, the discharge curve is divided into three periods: the initial period, the voltage
plateau period, and the end period. Segmented fitting is performed for the voltage plateau
period to obtain the fitting graph and fitting equation, and to carry out further analysis [39].

4.2. Influence Rule of Different Ambient Temperatures on Voltage Plateau Period
4.2.1. 0.1C Discharge

Figure 7 shows the curve fitting diagram and fitting equation of the battery terminal
voltage plateau period at the discharge rate of 0.1C. It can be seen that the voltage plateau
period under each temperature environment can be fitted to a linear regression equation,
and the coefficient of determination R? is greater than 0.98. When the ambient temperature
is =5°C, 10 °C, 25 °C, and 40 °C, the slope of the linear equation is about —8 x 10~%. Ax
increases in turn, and is basically maintained at about 300. When the ambient temperature
is —20 °C, the slope of the linear equation is —9.37 x 10~* and Ax is 164. Consistent with
the trend of the overall discharge curve, the voltage plateau period has a larger change
range and a shorter time at low temperature.

The voltage variation interval diagram of the voltage plateau period during 0.1C
discharge is shown in Figure 8. Based on this, the changes of battery surface temperature
and discharge capacity during the period when the voltage is reduced from 3.7 V to 3.4 V at
the ambient temperature of —5 °C, 10 °C, 25 °C, and 40 °C are studied. It is found that the
temperature change is stable and the peak temperature is avoided. The discharge capacities
are 23.27 Ah, 23.93 Ah, 23.39 Ah, and 22.86 Ah, respectively, accounting for 60.57%, 59.74%,
57.51%, and 56.26% of the total discharge capacities, all of which are greater than 55%. It
shows that the working performance of the battery during the voltage platform period is
excellent, which provides a basis for allocating the best working section of the battery when
establishing the physical model and designing the control strategy. At the same time, the
discharge capacity during the period when the voltage is reduced from 3.53 V to 3.37 V at
the ambient temperature of —20 °C is studied. It is found that the discharge capacity only
accounts for 34.21%, which is lower than 52.56% in the initial stage (open-circuit voltage
discharge to 3.53 V), indicating that the voltage plateau period is short and the performance
is not outstanding at low temperature.
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Figure 7. Influence rule of different ambient temperatures on voltage plateau period during

0.1C discharge.
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Figure 8. The voltage variation interval diagram of the voltage plateau period during 0.1C discharge.
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4.2.2. 0.25C Discharge

Figure 9 shows the curve fitting diagram and fitting equation of the battery terminal
voltage plateau period when discharging at a current rate of 0.25C. It can be seen that
the voltage plateau period under each temperature environment can be fitted to a linear
regression equation, and the coefficient of determination R? is greater than 0.98. When the
ambient temperature is —5 °C, 10 °C, 25 °C, and 40 °C, the slope of the linear equation is
about —2 x 1073, Ax increases in turn, and is basically maintained at about 100. When the
ambient temperature is —20 °C, the slope of the linear equation is —2.54 x 1073 and Ax is
58. Consistent with the trend of the overall discharge curve, the voltage plateau period has
a larger change range and a shorter time at low temperature.
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Figure 9. Influence rule of different ambient temperatures on voltage plateau period during
0.25C discharge.

The voltage variation interval diagram of the voltage plateau period during 0.25C
discharge is shown in Figure 10. Based on this, the changes of battery surface temperature
and discharge capacity during the period when the voltage is reduced from 3.65 V to 3.35 V
at the ambient temperature of —5 °C, 10 °C, 25 °C, and 40 °C are studied. It is found that the
temperature change is stable and the peak temperature is avoided. The discharge capacities
are 20 Ah, 21.33 Ah, 21.84 Ah, and 22 Ah, respectively, accounting for 54.01%, 54.62%,
54.23%, and 54.02% of the total discharge capacities, all of which are greater than 50%. It
shows that the working performance of the battery during the voltage platform period
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is excellent, which provides a basis for allocating the best working section of the battery
when establishing the physical model and designing the control strategy. Meanwhile, the
discharge capacity during the period when the voltage is reduced from 3.44 V to 3.29 V at
the ambient temperature of —20 °C is studied. It is found that the discharge capacity only
accounts for 31.09%, which is lower than 54.68% in the initial stage (open-circuit voltage
discharge to 3.44 V), indicating that the voltage plateau period is short and the performance
is not outstanding at low temperature.

Battery voltage (V)
3.75 3.65 3.55 3.45 3.35 3.25

40

25

Ambient temperature (°C)

—
—
— 10
—
—

Figure 10. The voltage variation interval diagram of the voltage plateau period during 0.25C discharge.

4.2.3. 0.5C Discharge

Figure 11 shows the curve fitting diagram and fitting equation of the battery terminal
voltage plateau period when discharging at a current rate of 0.5C. It can be found that
the voltage plateau period under each temperature environment can be fitted to a linear
regression equation, and the coefficient of determination R? is greater than 0.98. When the
ambient temperature is —5 °C, 10 °C, 25 °C, and 40 °C, the slope of the linear equation is
about —4 x 1073, Ax increases in turn, and is basically maintained at about 50. When the
ambient temperature is —20 °C, the slope of the linear equation is —5.3 x 1072 and Ax is
28. Consistent with the trend of the overall discharge curve, the voltage plateau period has
a larger change range and a shorter time at low temperature.

The voltage variation interval diagram of the voltage plateau period during 0.5C
discharge is shown in Figure 12. Based on this, the changes of battery surface temperature
and discharge capacity during the period when the voltage is reduced from 3.55 V t0 3.25 V
at the ambient temperature of —5 °C, 10 °C, 25 °C, and 40 °C are studied. It is found
that the temperature change is stable and the peak temperature is avoided. The discharge
capacities are 20.01 Ah, 21 Ah, 19.67 Ah, and 20.34 Ah, respectively, accounting for 53.63%,
52.58%, 48.35%, and 50.37% of the total discharge capacities, all of which are about 50%.
It shows that the working performance of the battery during the voltage platform period
is excellent, which provides a basis for allocating the best working section of the battery
when establishing the physical model and designing the control strategy. Meanwhile, the
discharge capacity during the period when the voltage is reduced from 3.31 V to 3.15 V at
the ambient temperature of —20 °C is studied. It is found that the discharge capacity only
accounts for 30.24%, which is lower than 56.15% in the initial stage (open-circuit voltage
discharge to 3.31 V), indicating that the voltage plateau period is short and the performance
is not outstanding at low temperature.
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Figure 11. Influence rule of different ambient temperatures on voltage plateau period during
0.5C discharge.
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Figure 12. The voltage variation interval diagram of the voltage plateau period during 0.5C discharge.
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4.2.4. 0.75C Discharge

Figure 13 shows the curve fitting diagram and fitting equation of the battery terminal
voltage plateau period when discharging at a current rate of 0.75C. It can be seen that
the voltage plateau period under each temperature environment can be fitted to a linear
regression equation, and the coefficient of determination R? is greater than 0.98. When the
ambient temperature is —5 °C, 10 °C, 25 °C, and 40 °C, the slope of the linear equation is
about —6.2 x 1073. Ax increases in turn, and is basically maintained at about 35. When the
ambient temperature is —20 °C, the slope of the linear equation is —7.3 x 1073 and Ax is
22. Consistent with the trend of the overall discharge curve, the voltage plateau period has
a larger change range and a shorter time at low temperature.
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Figure 13. Influence rule of different ambient temperatures on voltage plateau period during
0.75C discharge.

The voltage variation interval diagram of the voltage plateau period during 0.75C dis-
charge is shown in Figure 14. According to this, the changes of battery surface temperature
and discharge capacity during the period when the voltage is reduced from 3.45V to 3.2V
at the ambient temperature of —5 °C, 10 °C, 25 °C, and 40 °C are studied. It is found that the
temperature change is stable and the peak temperature is avoided. The discharge capacities
are 18 Ah, 19.5 Ah, 19 Ah, and 19 Ah, respectively, accounting for 49.68%, 50.27%, 47.39%,
and 46.95% of the total discharge capacities, all of which are about 50%. It shows that the
working performance of the battery during the voltage platform period is excellent, which
provides a basis for allocating the best working section of the battery when establishing
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the physical model and designing the control strategy. At the same time, the discharge
capacity during the period when the voltage is reduced from 3.31 V to 3.14 V at the ambient
temperature of —20 °C is studied. It is found that the discharge capacity only accounts
for 34.99%, which is lower than 50.89% in the initial stage (open-circuit voltage discharge
to 3.31 V), indicating that the voltage plateau period is short and the performance is not
outstanding at low temperature.

Battery voltage (V)
3.55 3.45 3.35 3.25 3.15 3.05

40

25

Ambient temperature (°C)

—
—
— 10
—
— 20

Figure 14. The voltage variation interval diagram of the voltage plateau period during 0.75C discharge.

4.2.5. 1C Discharge

Figure 15 shows the curve fitting diagram and fitting equation of the battery terminal
voltage plateau period at the discharge rate of 1C. It can be seen that the voltage plateau
period under each temperature environment can be fitted to a linear regression equation,
and the coefficient of determination R? is greater than 0.98. When the ambient temperature
is =5 °C, 10 °C, 25 °C, and 40 °C, the slope of the linear equation is about —8 x 1073, Ax
increases in turn, and is basically maintained at about 25. When the ambient temperature is
—20 °C, since the electrolyte is in a solidified or semi-solidified state at low temperature, the
conductivity of the electrolyte decreases, and the voltage plateau drops rapidly at the initial
stage of discharge. As the discharge process progresses, according to the experimental
results, it is observed that the surface temperature of the battery continues to rise, and the
generated heat melts the electrolyte, which increases the conductivity of the electrolyte,
reduces the resistance to electron flow, and slows down the rate of change of the discharge
platform. After reaching the normal discharge plateau, the discharge curve including the
voltage plateau period tends to be consistent, the slope of the linear equation is —9 x 1073,
and Ax is 28.

The voltage variation interval diagram of the voltage plateau period during 1C dis-
charge is shown in Figure 16. Based on this, the changes of battery surface temperature
and discharge capacity during the period when the voltage is reduced from 3.3 V to 3.05 V
at the ambient temperature of —5 °C, 10 °C, 25 °C, and 40 °C are studied. It is found
that the temperature change is stable and the peak temperature is avoided. The discharge
capacities are 19.33 Ah, 20.66 Ah, 20 Ah, and 18.67 Ah, respectively, accounting for 52.90%,
52.00%, 50.38%, and 46.55% of the total discharge capacities, all of which are about 50%.
It shows that the working performance of the battery during the voltage platform period
is excellent, which provides a basis for allocating the best working section of the battery
when establishing the physical model and designing the control strategy. Meanwhile, the
discharge capacity during the period when the voltage is reduced from 3.36 V to 3.1 V
at the ambient temperature of —20 °C is studied. It is found that the discharge capacity
accounts for 57.96% of the stable discharge stage including the voltage plateau period.
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Figure 15. Influence rule of different ambient temperatures on voltage plateau period during

1C discharge.
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Figure 16. The voltage variation interval diagram of the voltage plateau period during 1C discharge.
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4.3. Research on Battery Temperature Rise during Voltage Plateau

The comparison of the maximum temperature difference on the surface of the battery
during the discharge phase is shown in Figure 17, which generally satisfies the law that
the lower the ambient temperature, the greater the discharge rate, and the greater the
temperature difference. At the ambient temperature of 40 °C and the discharge rate of 0.1C,
the battery surface temperature difference is only 0.86 °C; at the ambient temperature of
—20 °C and the discharge rate of 1C, the battery surface temperature difference reaches
14.68 °C, which is 17 times the minimum value. The temperature rise of lithium batteries
at low temperature is greater than that at high temperature, mainly because the viscosity
of the electrolyte increases at low temperature, and the diffusion and migration speed of
lithium-ions slows down, thereby causing the internal resistance of the battery to increase.
The heat generation rate of the lithium battery during operation is proportional to the
battery internal resistance. Therefore, the increase of the battery internal resistance at
low temperature results in more heat generation and a higher temperature rise of the
battery [40,41].
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Figure 17. Comparison of the maximum temperature difference on the surface of the battery dur-
ing discharge.

It is found that the temperature rise on the surface of the battery during the voltage
plateau period under each experimental condition is small and does not reach the peak
temperature. The phase temperature rise at the ambient temperature of —20 °C and
the discharge rate of 1C only accounts for 26% of the maximum temperature difference,
indicating that the battery temperature change in the voltage plateau period is relatively
stable, and it is not easy to cause abnormal phenomena such as thermal runaway.

4.4. Comparison of Discharge Energy in Voltage Plateau Period

Table 3 compares and analyzes the stage discharge energy of the voltage plateau period
under different experimental conditions, and judges the fitting accuracy by calculating the
sample standard deviation ¢ of the experimental result AE; and the fitting result AE;. The
calculation formulas of AE; and AEy are Formulas (1) and (2), respectively.

AE; = Ep — En 1)

t2
AE; = I~/Udt ¥))
t1
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Table 3. Comparison of discharge energy in voltage plateau period.

Discharge Ambient Fitting
Rate Temperature (°C) AEt (Wh) AEf (Wh) o (Wh) Accuracy (%)

40 73.89 73.87 0.0141 99.9729

25 73.02 72.96 0.0424 99.9178

0.1C 10 70.56 70.49 0.0495 99.9007

-5 64.88 64.95 0.0495 99.8922

—20 37.83 37.80 0.0212 99.9206

40 70.53 70.44 0.0636 99.8722

25 69.75 69.82 0.0495 99.8997

0.25C 10 62.39 62.49 0.0707 99.8400

=5 53.66 53.62 0.0283 99.9254

-20 32.61 32.65 0.0283 99.8775

40 65.38 65.31 0.0495 99.8928

25 67.94 68.03 0.0636 99.8677

0.5C 10 57.91 57.85 0.0424 99.8963

=5 50.72 50.65 0.0495 99.8618

-20 30.22 30.24 0.0141 99.9339

40 63.40 63.45 0.0354 99.9212

25 63.48 63.50 0.0141 99.9685

0.75C 10 52.69 52.74 0.0354 99.9052

-5 44.37 44.39 0.0141 99.9549

-20 35.60 35.60 0.0000 100.0000

40 53.22 53.12 0.0707 99.8117

25 53.14 53.15 0.0071 99.9812

1C 10 53.45 53.38 0.0495 99.8689

-5 48.99 49.10 0.0778 99.7760

-20 60.27 60.38 0.0778 99.8178

In the formula, E; and Ey, are the discharge energy data derived from the experimental
test platform at the beginning and end of the voltage plateau period, respectively.

It can be seen that the sample standard deviation ¢ is less than 0.08 Wh. The fitting
result error is small, and the fitting equation is highly reliable. In the stage of the voltage
plateau period, the discharge energy decreases with the decrease of the ambient temperature
and the increase of the current rate. At any current rate, the energy at ambient temperatures
of 25 °C and 40 °C is almost the same, while the energy at the ambient temperature of
—20 °C is only about 50% of their energy, and the impact of low temperature on energy
loss is particularly obvious [42].

5. Conclusions

Electric vehicles have a promising development prospect. As its core component,
lithium-ion power battery plays a crucial role in different application scenarios. Aim-
ing at the availability and safety of square ternary lithium batteries at different ambient
temperatures and current rates, the charge-discharge cycle experiments are carried out
to study the voltage, temperature, and capacity changes of lithium batteries. The voltage
plateau characteristics of lithium batteries in different working states are explored, and the
conclusions are as follows:

(1) Consistent with the trend of the overall discharge curve, the time and energy of
the voltage plateau period decrease with the decrease of the ambient temperature and the
increase of the current rate. At any current rate, the voltage plateau periods at ambient
temperatures of 25 °C and 40 °C basically coincide, while at the ambient temperature of
—20 °C, various indicators drop significantly. Compared with other ambient temperatures,
the voltage platform is reduced by about 0.2 V, and the discharge capacity is reduced by
about 50%. The low temperature environment has a significant impact on the battery
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performance during the voltage plateau period. It should be avoided that the battery works
for a long time under extreme low temperature conditions to reduce energy loss.

(2) At ambient temperatures of —5 °C, 10 °C, 25 °C, and 40 °C, when discharging at
the current rate of 0.1C, 0.25C, 0.5C, 0.75C, and 1C, the voltage drops from 3.7 Vto 3.4V,
3.65Vt03.35V,355V1t03.25V,3.45Vto3.2V, and 3.3 V to 3.05V, respectively. During
this period, the battery terminal voltage changes gently, the surface temperature rise does
not reach the peak, and the discharge capacity accounts for about 50%. It can be found that
the battery performance at this stage is better, which provides a basis for allocating the best
working section of the battery when establishing the physical model and designing the
control strategy.

(3) At the ambient temperature of —20 °C, the heat generated by the initial tempera-
ture rise of the battery melts the electrolyte, increases the conductivity of the electrolyte,
reduces the electron flow resistance, and makes the discharge capacity account for the
highest proportion at the stage from the open circuit voltage to the initial voltage of the
plateau period. The discharge capacity at the voltage plateau period only accounts for
30-35%, indicating that the performance of the voltage plateau period is not outstanding at
low temperature.

Subsequent research should simultaneously carry out segmental fitting analysis and
multi-angle comparison in the three periods of voltage change during the charging and
discharging process, hoping to establish a more accurate battery physical model through pa-
rameter identification. Further, more work in the future should focus on the environmental
reliability of lithium batteries under extreme temperature conditions.
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