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Abstract: At present, a variety of standardized 18650 commercial cylindrical lithium-ion batteries
are widely used in new energy automotive industries. In this paper, the Panasonic NCR18650PF
cylindrical lithium-ion batteries were studied. The NEWWARE BTS4000 battery test platform is
used to test the electrical performances under temperature, vibration and temperature-vibration
coupling conditions. Under the temperature conditions, the discharge capacity of the same battery at
the low temperature was only 85.9% of that at the high temperature. Under the vibration condition,
mathematical statistics methods (the Wilcoxon Rank-Sum test and the Kruskal-Wallis test) were
used to analyze changes of the battery capacity and the internal resistance. Changes at a confidence
level of 95% in the capacity and the internal resistance were considered to be significantly different
between the vibration conditions at 5 Hz, 10 Hz, 20 Hz and 30 Hz versus the non-vibration condition.
The internal resistance of the battery under the Y-direction vibration was the largest, and the difference
was significant. Under the temperature-vibration coupling conditions, the orthogonal table Ly (3%)
was designed. It was found out that three factors were arranged in order of temperature, vibration
frequency and vibration direction. Among them, the temperature factor is the main influencing factor
affecting the performance of lithium-ion batteries.

Keywords: electric vehicles; 18650 lithium-ion batteries; temperature-vibration coupling conditions;
nonparametric test; orthogonal test

1. Introduction

At present, the global negative climate changes and international crude oil shortages are
promoting the development of electric vehicles (EVs), and it is expected that the predictable continuous
cost optimization of the battery pack will give a boost to global EVs market by 2030 [1]. The automotive
industry is undergoing a major change. In order to gradually replace fossil fuel, pure electric vehicles
(PEVs) and hybrid electric vehicles (HEVs) use fuel cells or power batteries to drive engines, and the
manufacturers are developing comprehensive and mature battery management systems (BMSs) [2].
Lithium-ion batteries have the advantages of high specific energy, high energy density, low specific
self-discharge rate, etc. Mass production of standardized 18650 lithium-ion batteries in large quantities
would further reduce the costs of the cars, thus they are expected to become the main power source
of EVs. The Tesla Model 3 uses the 18650 cylindrical batteries manufactured by Panasonic [3], with
thousands of batteries connected in series and parallel to form a battery system; indeed, the 85 kWh
battery system of the Tesla Model S uses nearly 7000 Panasonic NCR18650PF (3.1 Ah) batteries [4].
The performance of these batteries is affected by the actual environmental conditions (such as high
temperatures, low temperatures and road vibrations), which will determine the mileage and the life
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expectancy of the EVs [5,6]. In fact, this will be reflected in several batteries performance metrics,
such as the maximum capacity, the resistance, the rate capability and the degradation mechanism [7].
Therefore, it is necessary to study the battery performance by considering factors such as temperature
and vibration conditions under the actual working conditions of EVs.

The discharge performance of batteries will be greatly affected under the high temperature and
the low temperature conditions when EVs are driven in different regions (such as the Northeast
China or the South China), and different cold or hot seasons (such as the winter or the summer).
It was reviewed in [8] that the effects of cold temperatures on the capacity of lithium-ion battery
indicate poor battery performance in low temperature conditions. It was shown in [9-11] that the
temperature of the battery surface is different from the ambient temperature during the normal
operation, and the electrical characteristics of batteries are affected. The thermal generation behavior
of 18650 ternary LiNip5Cog2Mng 30, batteries in a working environment at 30 °C and 50 °C indicates
that the temperature difference of the surface of the battery is high, resulting from an increase in
internal resistance [9]. The instantaneous internal temperature detected in a commercial 18650 LiCoO,
lithium-ion battery can reach 95 °C in the event of a failure [10]. In [11], the temperature rise of battery
packs of PEV was studied, and the maximum temperature of the battery packs can reach 61.7 °C
while the ambient temperature is 40 °C when the EV runs for 1 hour at a speed of 89 km/h, and the
minimum temperature of the battery packs can reach 8.8 °C while the ambient temperature at —20 °C.
In low temperature environments, the discharge performance of batteries is even worse, affecting
the mileage of the EVs. In [12], the discharge behavior of the 18650 battery over a temperature range
from 230 K to 320 K was observed, and abrupt graphite phase transformation was noted. In [13], the
charge-discharge test of lithium-ion batteries under low temperature conditions was carried out, and
the discharge capacity was reduced by 12.5% and the voltage platform was reduced by 0.53 V when
the ambient temperature was —20 °C. However, the battery heat generation at a low temperature
causes the surface temperature of the battery to rise which makes the actual temperature to be higher
than the ambient temperature. Therefore, the superposed effects of temperature rises resulting from
battery heat generation should be considered.

In recent years, the influence of vibration factors on batteries, battery packs, and battery modules
has gradually gained attention, and relevant scholars have carried out experimental studies and road
condition measurements. When EVs are driving on highways, urban roads and mountain trails,
the discharge performance of the battery will be affected by vibration conditions such as the body
vibrations of vehicles caused by the bumpy road and the chassis vibrations caused by the motor.

An increase of the ohmic internal resistance of the cylindrical Nickel Manganese Cobalt Oxide
(NMC) 18650 lithium-ion batteries after vibration tests was reported in [14], therefore car manufacturers
should pay much attention to vibration factors. In [15], cylindrical Nickel Cobalt Aluminum Oxide
(NCA) 18650 lithium-ion batteries were degraded after road vibrations, and their electrical and
mechanical properties were affected. In [16], the performance of the energy storage systems of
EVs was examined by comparing the shock response and fatigue damage spectra of vibration test
standards. The vibration durability of commercial 18650 lithium-ion batteries was studied in [17],
and the battery degradation was evaluated by testing the battery’s discharge capacity, the battery
internal resistance and the natural frequency. The vibration test standard methods and analysis feature
results are different, therefore pouch and cylindrical cells are stressed with vibrational and shock
profiles according to the UN 38.3 standard in [18]. In [19], the lead-acid battery subjected to vibration
conditions was simulated, and the vibration shock signal was loaded at both ends of the battery, and
the battery charge and discharge current was observed to evaluate the battery performance. In [20], the
vibration characteristics of EVs were measured during the driving process and the existing vibration
standard methods were compared, and it is pointed out that the vibration tests should be carried out
in three directions. In [21], an aluminum-laminated cell packaging of HEVs was tested for mechanical
and electrical durability according to three different types of vibration methods and the results met
the durability standards need for vehicle applications. Vibration tests of battery modules used for
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EVs were researched in [22], and the results showed that the AC internal resistance of the lithium-ion
battery module showed no obvious changes before and after the vibration, however, an increase in the
DC internal resistance and a decrease in the charge capacity of the battery module were discovered.
Studies simulating the impact of the actual road vibration conditions under laboratory environmental
conditions have been successfully carried out. The effects of random vibration tests on cylindrical
NCR18650BE lithium-ion batteries were studied in [23], whereby the batteries were loaded with
vibration conditions for a period of time, then the characteristics of batteries were measured, and it
was reported that the DC internal resistance of the battery increases, the discharge capacity decreases,
and the vibration deteriorates the battery performance.

The above research literatures focus on the influence of a single factor (temperature or vibration).
If the ambient temperature factor is not controlled during a vibration test, it is likely to create differences
in the battery results due to the temperature factor. Therefore, the effects of temperature and vibration
coupling factors on the battery should be considered. In the actual conditions of EVs, batteries are
discharging under the complex influence of temperature factors in different regions and vibration
factors in different road conditions, so the safety, the durability, and the uniformity of batteries
in complex conditions were studied and reviewed in [24] for optimizing the battery management
system (BMS).

Some scholars have studied the influence of temperature and vibration environmental factors
on battery performance in complex conditions. In [25], data from a commercial EV battery system
was collected data in normal operation mode, and a battery operation model focusing on the three
key factors of vibration, temperature and current was established. In [26], a battery pack model with
thermal consideration was studied. To determine the state-of-charge and temperature of the LiFePOy
battery working in a real environment, the proposed model provided a coupled equivalent circuit and
convective thermal model. In [27], a power battery was placed in an EV and subjected to long-term
road vibrations, and then a structural analysis to evaluate the mechanical integrity of the battery
pack was performed. In a study on the capacity degradation of LiMn,O4/ graphite batteries in [28], it
was found that the battery capacity is more easily degraded under the alternating temperature and
vibration conditions than under constant temperature single working conditions, and the alternating
internal resistance increases more rapidly.

In the field of drone equipment battery applications, researchers have also considered complex
environmental conditions. In the cases of a household appliance loaded with a fuel cell and a drone
loaded with lithium-ion battery in [29], it was found that the vibration caused the internal temperature
of the battery to rise, and the authors believed that the sudden change of vibration and ambient
temperature could cause the battery to overheat which can lead to an explosion. In a reliable test for
a GE sodium-nickel chloride battery (E4810) in [30], the mechanical shock and the vibration testing
of batteries and the life testing in thermal environments were studied. In [31], the performance of a
battery power system and its accuracy estimation was the focus and a model that considered ambient
temperature and cell temperature was proposed.

In experiment tests of the influence of temperature and vibration factors on lithium-ion batteries,
it is necessary to comprehensively combine different temperatures and different vibration factors, and
the tests are usually repeated several times to reach a conclusion, thereby facing disadvantages such as
a large amount of test materials and time costs, so the orthogonal test method can generally be used
for studying the effects of multiple factors.

In recent years, orthogonal tests of the performance of lithium-ion batteries have been reported.
Researchers have applied orthogonal tables to investigate the effects of multiple factors on the thermal
performance of batteries, focusing on the thermal management of battery packs [32-34]. The forced
air cooling system was optimized in [32], and the influences of three factors (the air-inlet angle, the
air-outlet angle and the width of the air flow channel) were considered. Then these three structure
parameters were optimized by single factor analysis and orthogonal test methods. In the design of
structural parameter of the model in [33], researchers considered four parameters, namely the width of



Energies 2018, 11, 2856 4 of 27

the cooling channel (L), the height (H), the velocity of coolant (V) and the number of channels (M),
therefore a L1 (4*) orthogonal array was selected to design sixteen models to study and quantify
the optimal combination model. In [34], an orthogonal table with four factors and three levels was
selected to optimize the maximum temperature of the liquid cooling heat dissipation structure of the
battery pack. Some research scholars have applied orthogonal experiments to study the performance
of fuel cells in [35,36]. In [35] orthogonal test methods were used to study the effects of complex
environmental conditions on fuel cell performance, and four factors were arranged: the air flow, the air
pressure, the hydrogen pressure and the working temperature. The authors in [36] used orthogonal test
methods to rank five factors: the air humidity, the hydrogen humidity, the air equivalent, the hydrogen
equivalent and the operating temperature, and the test results showed that the air equivalence ratio
was the main factor affecting the performance of the fuel cell. Some authors have applied orthogonal
experiments to study the performance of lithium-ion batteries. The key stress factors responsible for
the capacity loss of commercial LiCoO, /MCMB lithium batteries were studied in [37], and the authors
ranked four factors: the temperature, the discharge rate, the platform voltage and the discharge depth.

Through reviewing the large volume of literature above, it is apparent that our knowledge of the
factors that affect the performance of lithium-ion batteries is still insufficient. When the tests focus
on the single temperature factor, the vibration factor can be better controlled; and when they focus
on the single vibration factor, the temperature factor should also be controlled, so the temperature
and vibration factors should also be considered comprehensively in the actual use of lithium-ion
batteries. Therefore, the temperature conditions should consider the effects of high temperature, normal
temperature and low temperature conditions, and the vibration conditions should be considered to
study the influence of different vibration frequencies and different vibration directions. In this paper,
the effects of battery performance under temperature or vibration environment factors were studied.
Section 2 introduces the test equipment and test methods. Section 3 focuses on the performance of
the lithium-ion batteries under the temperature conditions. Section 4 focuses on the performance
of the lithium-ion batteries under the vibration conditions. The battery performance under the
temperature-vibration coupling conditions is studied in Section 5, and some conclusion are drawn in
Section 6.

2. Experiment and Methods
2.1. Experimental Equipments

2.1.1. The Test Incubator for Controlling Temperature

When EVs are running in different regions and seasons, the changes of temperature of lithium-ion
batteries will have a great impact. Especially under extremely low-temperature conditions, the
lithium-ion batteries may not discharge completely, which leads to a decline of the EV’s performance.
Under laboratory conditions, an Indelb-T12R test incubator (Indelb, Zhongshan, China) can provide
high and low temperature environmental conditions in a thermostatic experiment. The test incubator
has a high temperature range of 25 °C to 55 °C by heating and a low temperature range of 10 °C
to —18 °C by cooling. In order to accurately measure the battery surface temperature and the ambient
temperature, a high precision HT-9815 industrial digital display thermocouple thermometer (XINTEST,
Beijing, China) was used in the experiments. More detailed equipment parameters can be found in the
Supplementary Material of this paper.

2.1.2. The Vibration Test Bench

When an EV travels in a bad and harsh road environment, lithium-ion batteries are affected
by the vibrations caused by the road surface undulation. Under the laboratory conditions, a
ZD/LX-XTP-VT700 test bench (Huayi Technology, Shanghai, China) which features fully automatic
six-degree and electromagnetic suction, was applied to apply the different test conditions of different
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frequencies and different directions, such as the sinusoidal vibration, the random vibration, the
fixed-frequency vibration, the sweeping vibration, etc. More detailed equipment parameters can be
found in the Supplementary Material of this paper. In the experiments, in order to rigidly fix the
lithium-ion batteries, a battery test special fixture was used on the test bench of vibration to perform
battery charge and discharge tests.

2.1.3. The Temperature-Vibration Coupling Bench

In the real world EVs are running under different temperature and different vibration conditions,
so in the laboratory environment, temperature and vibration coupling conditions should be considered
comprehensively. In the laboratory environment, in order to achieve the rigid assembly of the test
bench of vibration and the thermostatic test incubator, a transition shaft and a coupling shaft are
designed to realize the coupled condition loading of the temperature and vibration environment.
The test platform is shown in Figure 1.

Test Incubator
controlling temperature

Thermocouple Battery Test
Thermometer System,BTS4000

Test Bench on
Vibration

Figure 1. The test platform of the temperature-vibration coupling conditions.
2.1.4. The Battery Test System Platform

In this paper, a NEWWARE BTS4000 battery test system platform (NEWARE, Shenzhen, China)
was used. The BTS4000 platform has eight independent 10 V/£6 A channels. By configuring an
intermediate router and a computer equipped with the control software, it can complete charge and
discharge tests in complex conditions.

2.2. Methods

The batteries in the experiment were cylindrical Panasonic NCR18650PF (Panasonic, Osaka,
Japan), with a NCA cathode and a graphite anode with a rated capacity of 2.9 Ah. The discharge
characteristics of the battery are significantly different in the different high and low rate. In generally,
the low-rate is at 1/3 C-rate and below, the high-rate is at 1/3 to 3 C-rate. Eight NCR18650PF batteries
were discharged at room temperature at constant current 0.1, 0.2, 1/3, 0.5, 1, 1.5 and 2 C-rates, and
their discharge capacity is shown in the Table 1. As can be seen from Table 1, the discharge capacity
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decreases in turn as the discharge rate is increasing at 0.1, 0.2, 1/3 C-rate, however, the discharge
capacity increases in turn as the discharge rate is increasing at 0.5, 1, 1.5, 2 C-rate. The BTS4000
channels limit the large discharge current value, and the discharge requires more discharge time at the
low-rate. Therefore, batteries discharge tests were carried out at a constant 1 C-current rate.

Table 1. The discharge capacity at different C-rates.

Capacity (Ah) at Low-Rate Capacity (Ah) at High-Rate
Battery ID
0.1C 0.2C 1/3C 0.5C 1C 3/2C 2C
Cell 01 2.8509 2.8083 2.7500 2.7102 2.7293 2.7536 2.7752
Cell 02 2.7637 2.7797 2.7421 2.7181 2.7075 2.7301 2.7486
Cell 03 2.7986 2.8111 2.7781 2.7533 2.7501 2.7696 2.7818
Cell 04 2.8197 2.7882 2.7280 2.6892 2.7084 2.7265 2.7445
Cell 05 2.7575 2.7776 2.7504 2.7250 2.7210 2.7386 2.7514
Cell 06 2.8260 2.7933 2.7620 2.7503 2.7359 2.7544 2.7666
Cell 07 2.7943 2.8055 2.7694 2.7431 2.7391 2.7635 2.7823
Cell 08 2.7902 2.8098 2.7769 2.7542 2.7520 2.7764 2.7895

The electrical performance of the lithium-ion batteries is a key factor in determining the
performance of an electric vehicle (such as mileage, acceleration, etc.), and environmental factors
(such as temperature or vibration conditions) have a significant impact on the electrical performance
of the lithium-ion batteries. In the experiments, the initial performances of the same batch of batteries
were tested. The capacity at 1 C-rate was used. The goal was to study how battery performance
is affected by environmental conditions. Therefore, testing new batteries is necessary. Then, the
batteries were grouped into the temperature working condition, the vibration working condition
and the temperature-vibration coupling working condition factors to test the influence of the battery
performance under various working conditions. The specific test method is shown in Figure 2.
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Figure 2. The method in the experiment. HPPC: hybrid pulse power characteristic.
3. Performances of Batteries under Temperature Conditions

EVs are running on the actual road under different temperature conditions, and their performance
features such as state of charge (SOC) and EV mileage are affected. Referring to the Beijing area in
China, the ambient temperature will fluctuate up and down throughout the year, the low temperature
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in winter can reach —10 °C, the high temperature in summer can reach 35 °C, and the temperature on
the asphalt road surface will reach 50 °C. Therefore, in order to study the performances of the battery
under temperature conditions, it is decided to divide the temperature conditions into five temperature
gradients for experimental research, that is, five temperature gradients from low to high, such as
—15°C,0°C, 15 °C, 30 °C, and 45 °C. During the test, the battery generates heat under charging and
discharging conditions, resulting in an increase of the surface temperature of the batteries. Therefore,
the battery is tested with a temperature control factor equal to the temperature at which the ambient
temperature and the heat rise temperature are equalized.

3.1. Discharge Curve and Battery Resistance Performance under High and Low Temperature Conditions

The batteries were put in the test incubator, and the ambient temperature was controlled at a low
temperature of —15 °C. The batteries are discharged with a constant current discharge (CC_Dchg) and
fully charged with a constant current constant voltage charge (CC-CV_Chg), according to the specific
parameters and test procedures shown in Table 2. All the batteries in the test are fully charged at the
same capacity using the CC-CV_Chg process. The efficiency of the battery can be evaluated by its
Coulombic efficiency (CE), which is defined as the ratio of the capacity that can be taken from the
battery during discharge to the capacity that can be taken from the battery during charging. That is,
CE = (Discharge capacity /Charge capacity) x 100%. Using the data in Table 2, the CE value can be
calculated as 98.04%.

Table 2. Charging and discharging steps of NCR18650PF LIBs.

Battery Test Start Voltage End Voltage Start Current End Current Capacity Duration Time

Procedures V) V) (A) (A) (Ah) (h:min:s.ms)
CC_Dchg 4.0240 2.5000 —2.8965 —2.8999 2.6519 0:54:52.400
Rest 2.5930 3.3339 0.0000 0.0000 0.0000 1:00:00.000
CC-CV_Chg 3.4449 42013 2.8976 0.0580 2.7048 1:50:32.200
Rest 4.1796 41617 0.0000 0.0000 0.0000 1:00:00.000

The 100% SOC batteries were allowed to stand for 30 min in order to achieve a full and uniform
thermal equilibrium between the battery surface temperature and the ambient temperature. The battery
was subjected to constant current discharge with a current of 1 C, and the cutoff voltage was 2.5 V.
The constant current discharge above steps was repeatedly loaded under conditions of temperature
gradients of 0 °C, 15 °C, 30 °C and 45 °C. The discharge curves of batteries under different temperature
gradients are shown in Figure 3.

1 T 1 1 1 1
—-15C
4 - =
235 .
(9]
(o))
8
©
>
3 - -
25F .
1 L 1 1 1 1
0 0.5 1 15 2 2.5 3
Capacity/Ah

Figure 3. The discharge curves of batteries under temperature conditions.
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The basic performances of the batteries can be reflected in the discharge curve and can be divided
into three stages in a complete discharge. The first stage is the phase in which the terminal voltage
drops rapidly. It can be seen from Figure 3 that the initial discharge voltages are 4.09 V, 4.05 V,
3.98V,3.93 V and 3.73 V under the five temperature gradient conditions of 45 °C, 30 °C, 15 °C, 0 °C
and —15 °C respectively. Therefore, the lower the battery ambient temperature, the lower the initial
discharge voltage.

The second stage is the phase of discharge platform formation. When the temperature is between
15 °C and 50 °C, the battery can stably discharge and the discharge voltage is stable for a long time, so
the discharge platform has obvious characteristics; when the temperature is between —15 °C and 0 °C,
the discharge voltage drops rapidly and the battery discharge state ends quickly, and the discharge
platform is not obvious. Therefore, the voltage drops slowly during a period of time to form a discharge
platform, as the power is continuously discharged.

At the same time, under the temperature conditions of 0 °C and —15 °C, there is a small jump in
the initial stage of the discharge platform. The reason is that the discharge heat generation of the battery
at a low temperature causes the internal temperature of the battery to rise, and the electrochemical
reaction inside the battery is active, thereby exhibiting a phenomenon that the discharge voltage rises.
Further research, the temperature increase of the battery in the tests was studied. The cell 5 and cell 6
batteries were placed in a low temperature environment of —15 °C. The surface temperature of the
batteries was measured by the HT-9815 thermocouple thermometer in real time, and the temperature
increase in Figure 4 was observed. It can be seen that the surface temperature of the battery at the
end stage of the constant current discharge reached its maximum value. The surface temperature of
the battery cell 6 increased from —9.4 °C to a maximum of 10.0 °C, and the surface temperature of
the battery cell 5 increased from —10.9 °C to a maximum of 8.1 °C. The result of the superposition of
ambient temperature and battery heat generation temperature is the temperature of the battery surface.
The temperature value in the paper is the surface temperature of the battery.

T T T
Cgonstant Current Discharge step
10F ! h =&~ Cell05
opped at this peak point A= Cell06

5F OOV VU UUE

s AAAAAAAAL &

Temperature on the surface of cells/ 'C

0 i
-5 i
-10 i
-15 1 1 1 1 1 L]
0 10 20 30 40 50 60 70
Time/min

Figure 4. The temperature increase of the battery in the test.

The third stage is the end of discharge phase. It can be seen from Figure 3 that in the high
temperature environment, the battery discharge time is longer, and this stage is pushed back and lasts
longer; however, in the low temperature environment, the battery discharge time is relatively short,
and the cutoff voltage falls rapidly. Therefore, at this stage, the amount of discharged capacity can be
reduced, and the discharge voltage drops sharply. After the specified cutoff voltage is reached, the
discharge should be stopped to avoid the danger of overdischarging the battery.
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Therefore, different environmental temperature conditions have obvious effects on the discharge
voltage, discharge duration, discharge platform and state characteristics of the batteries under various
stages of discharge.

The internal resistance is an important parameter to evaluate the performance of a battery.
The accurate measurement of internal resistance is vital. The step method was applied in tests.
According to the Freedom CAR power battery test manual, the hybrid pulse power characteristic test
(HPPC) can be used to test the internal resistance [38]. When the current has a sudden change, the
voltage drop caused by Ohmic polarization changes instantaneously completes the transient process
with the approximation exponential until the voltage returns to a steady-state voltage value. Assuming
that the initial voltage before the current changes is Uy and the voltage after the moment the current
changes is U3, the current is I, Equation (1) for calculating the ohmic resistance is as follows:

U —U

R
I

@

The Ohmic internal resistance is the contact resistance formed by internal parts such as the
electrode material, the electrolyte and the separator, and the polarization internal resistance is the
resistance caused by the polarization phenomenon in the electrochemical reaction of the battery.
Figure 5 shows the Ohmic internal resistance and polarization internal resistance of the battery at
different ambient temperatures.

200 ] ] ] ] 1
-4 Ohm Resistance
=#=Polarization Resistance
150 | b
c
E£100F i
(e
50 -
0 1 1 1 1 1 1 -
-20 -10 0 10 20 30 40 50

Temperature/C

Figure 5. The Ohmic resistance and polarization resistance of batteries.

It can be seen from Figure 5 that when the ambient temperature is between 45 °C and 15 °C,
the Ohmic internal resistance and the polarization internal resistance of the battery increase slightly
with little change, and the values are concentrated in the range of 0 to 50 m(); when the ambient
temperature is between 15 °C and —15 °C, the Ohmic internal resistance and the polarization internal
resistance of the battery rise sharply, and the values are concentrated in the range of 50 to 200 mi.
Therefore, as the ambient temperature decreases, the resistance of the battery continues to rise, and the
resistance of the battery in a low temperature environment is about three times that of the battery in a
high temperature environment.

Therefore, as a whole view, at the stage of the discharge platform, when the ambient temperature
decreases, the internal resistance of the battery is gradually increased. At the same time, as the ambient
temperature decreases, the discharge voltage of the battery is gradually lowered. The reason is that the
internal resistance of the battery is sharply increased, resulting in an increase of voltage drop on the
internal resistance, and thus the discharge voltage is lowered.
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3.2. Discharge Capacity of Batteries under High and Low Temperature Conditions

The discharge capacity of the battery is an important feature to characterize the electrical
performances of the battery. As shown in the histograms in Figure 6, the discharge capacity obtained
by discharging the battery at a constant current of 1 C under different temperature conditions
was analyzed by the comparisons. As the temperature decreases, the discharge capacity tends to
decrease linearly.

In the high temperature environment of 45 °C, the electrochemical reaction is active, and the
discharge capacity is 2.849 Ah when the battery is completely discharged. However, the battery
discharge in the low temperature environment of —15 °C is incomplete, so the discharge capacity is
2.448 Ah, or 85.9% of the former. Therefore, the lower the temperature, the less the discharge capacity
of batteries. Especially when the temperature is lower than —10 °C, the discharge capacity decreases
and the phenomenon is particularly noticeable.

28

22I I I I
2
-15 0 15 30

Temperature/ ‘C

Capacity/Ah
N
[}

N
S

Figure 6. The discharge capacity of batteries under five temperature conditions.

The performances of batteries in a low temperature environment are drastically deteriorated, that
is, the discharge capacity is significantly lowered, and the internal resistance rises sharply. It can be
considered that the increase in internal resistance causes a decrease in discharge capacity.

The discharge performance of the batteries at a low temperature has a great influence, therefore, a
comparative study on the low temperature performance is particularly conducted. The tests were paid
more attention to the impact of low temperature conditions on battery performance, and summarized
the effects from the evaluation characteristic of battery capacity. As shown in Figure 7, battery
temperature conditions were monitored in five steps which are charge, rest, discharge, rest and
discharge, respectively.

20 -
15
10

Temperature/ ‘C

Rest,1 hour Rest,1 hour Charge
step,18 |

+2°C

Charge step,18 £ 2 °C ‘

Discharge step,-15 + 2 °C ‘

Test steps

Figure 7. The five temperature conditions loaded at five steps.
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1. The batteries were fully charged at room temperature.
The batteries were rested for one hour.

3. Then the battery cell 9-14 in a low temperature environment (—15 % 2 °C), and the battery cell
15/16 are at room temperature (18 £ 2 °C) discharged at 1C rate constant current.

4. All eight batteries were again rested for one hour at room temperature in order to maintain the
electrochemical state balance.

5. Then all eight batteries continued to discharge at room temperature in order to obtain the
remaining discharge capacity (also called pro-discharge capacity).

Table 3 shows the discharge capacity of four batteries in a low temperature environment and two
batteries in a room temperature environment obtained under a constant current discharge at a 1 C rate.
From the data analysis, the discharge capacity of the batteries in a low temperature environment is
significantly lower than that in a room temperature, the former being about 88%-90% of the latter.
This is consistent with the previous conclusions in Section 3.1 about the reduction in discharge capacity
at low temperatures and is verified again.

Table 3. The discharge capacity and pro-discharge capacity of batteries.

Battery Cell ID Cell 9 Cell 10 Cell 11 Cell 12 Cell 13 Cell 14 Cell 15 Cell 16
discharge capacity 2.4476 2.4497 2.4474 24211 2.4333 2.4382 2.7026 2.725
pro-discharge capacity 0.1371 0.1081 0.1073 0.1254 0.1205 0.1185 0.0067 0.0064

total discharge capacity 2.5847 2.5578 2.5547 2.5465 2.5538 2.5567 2.7093 2.7314

The discharge capacity (the blue bar) and pro-discharge capacity (the red bar) of batteries were
drawn in stacked histograms in Figure 8. It can be seen from the graph that there are a lot of
pro-discharge capacity of batteries in the low temperature environment of —15 °C, while there are
almost no pro-discharge capacity of batteries in the room temperature environment of 18 °C. When the
batteries were discharged in a low temperature environment, the electrochemical activity of the battery
is not active, resulting in a decrease in the discharge capacity. Then, after being placed in a normal
temperature environment, the battery performances are improved, and the battery can continue to
work and release more pro-discharge capacity. However, after the batteries are discharged in a normal
temperature environment, there is almost no pro-discharge capacity.

28 1 1 1 1 1 1 1 1

[l Discharge Capacity
[l ProDischarge Capacity

2.7
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2.2
9 10 11 12 13 14 15 16
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Figure 8. The comparison of discharge capacity and pro-discharge capacity.

Therefore, the discharge capacity of batteries in a low temperature environment is lowered, but
after the ambient temperature rises, the batteries can discharge the remaining discharge capacity.
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The remaining discharge capacities in low temperature are 0.1371 Ah, 0.1081 Ah, 0.1073 Ah, 0.1254 Ah,
0.1205 Ah, and 0.1185 Ah, respectively.

The two values of discharge capacity of the batteries are added to obtain the total discharge
capacity, and the ratio of the total discharge capacity to the initial discharge capacity is the depth
of discharge (DOD). Figure 9 shows the DOD of four batteries in a low temperature environment
and two batteries in a normal temperature environment. As can be seen from the figure, the DOD
of the batteries in a low temperature environment is about 94%, and the DOD of the batteries in a
normal temperature environment is about 99%. The remaining discharge capacity of the batteries can
be released after the temperature is improved. From the test data and Figure 9, the total discharge
capacity of the batteries in the low temperature environment is still small.

100 1 T 1 1 T 1 1 1

99 99.6861 -+
98
97
96 I

95 I
94.1157 93.8607

Depth of discharge(DOD)/%

93.5587

94r 94.0897

93 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9

BatterylD

Figure 9. The depth of discharge (DOD) of batteries under the low temperature and room
temperature conditions.

Therefore, the temperature gradient in different environments has a significant impact on the
discharge capacity of power batteries. When EVs are used in low temperature environments, the
battery discharge capacity is reduced and the mileage is significantly shortened. When EVs are running
in a low temperature environment, the thermal management system should be heated to ensure that
the battery is discharged at a suitable temperature.

4. Effects of Vibration Conditions on Battery Capacity and Resistance Performance

The batteries, modules and packs in EVs are subject to vibration conditions from the outside
environment, caused by the harsh road surface and the interior of the car body. The vibration excitation
mainly involves the excitation of the harsh road surface and the excitation of the vehicle body caused
by the motor operation. The excitation frequency of the vehicle chassis and battery pack is generally
around 20 Hz. The excitation frequency of a good smooth road surface is only about 5 Hz. When the
speed of an EV is 40 km/h in an urban area, the explosion frequency of the engine is about 40 Hz.
Therefore, the vibration frequency range in the test is set to 5 Hz-50 Hz [39,40].

In order to study the effects of vibration on the electrical performance of the battery under
laboratory conditions, vibration tests were carried out by reasonably simulating actual vibration
conditions. The same batch of batteries was selected, and the test data of electrical performance before
and after vibration were recorded as the control sample and the test sample, respectively.

In this section, the focus is on trying to answer and solve whether the vibration conditions have
an impact on battery performance and give a conclusion explaining the good or bad results.
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4.1. Wilcoxon Rank-Sum Test on Battery Discharge Capacity under Vibration Conditions

The batteries were charged with a constant current of 1 C to 4.2 V on the BTS4000 battery
tester, and were kept on the full state. The batteries were then discharged with a constant current
of 1-C under vibration conditions with a vibration frequency of 5 Hz, applied in the Z-direction.
The test was carried out under constant environmental conditions of 18 & 3 °C. After the vibration
test was finished, the batteries were allowed to stand for a while, and then the batteries were fully
charged. The batteries were discharged under vibration conditions with vibration frequencies of
10 Hz/20 Hz/30 Hz/40 Hz/50 Hz,

In the test, the batteries were arranged into two groups, where the first group of batteries were
tested under the low frequency region conditions with vibration frequencies of 5 Hz/10 Hz /20 Hz,
and the second group of batteries were tested under high frequency region conditions with vibration
frequencies of 30 Hz/40 Hz/50 Hz. The two group of batteries subjected to vibration working
conditions in the tests were manufacturer-qualified new batteries to avoid the influence of additional

factors. The discharge capacity samples under different vibration frequency conditions are shown in
Table 4.

Table 4. The discharge capacity samples under different vibration frequency conditions.

Battery No _ _ _ Battery No _ _ _

CellID Vibration ' -2Hz F=10Hz F=20Hz = \\\5  Vipration F =30Hz F=40Hz F=50Hz
Celll 2611 2427 2,500 2509 Cell5 2612 2582 2615 2611
Cell2 2584 2375 2.406 2493 Cell6 2618 2,590 2617 2612
Cell3 2617 2.397 2.408 2.506 Cell7 2620 2573 2618 2611
Cell4 2614 2373 2415 2,500 Cell§ 2618 2.555 2618 2616

From the analysis of the data in Table 4, it can be seen that the discharge capacity comparison
curve under the vibration frequency F = 5 Hz is as shown in Figure 10. The discharge capacity of
the batteries after vibration is significantly reduced. The discharge curve of the Cell 1 is shown in
Figure 11. The discharge voltage of the battery under the vibration conditions is lowered, and the

discharge time is shortened.
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Figure 10. The discharge capacity comparison of batteries under pre-vibration and
pro-vibration conditions.

As shown in Table 4, the discharge capacity of the battery after the F = 5 Hz vibration was reduced
by 0.2-0.3 Ah. From the analysis of the single battery, it is known that the batteries have a lower
discharge capacity and a shorter discharge time under vibration conditions. The changed values of
some battery cells are larger, others changed values are smaller. Therefore, the measurement data
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must be repeated, and data samples from the overall position analyzed. However, for a variety of
batteries under different vibration frequency conditions, it is uncertain whether the discharge capacity
is significantly reduced, so a mathematical statistical hypothesis test method can be adopted.

T 1 1 T 1 1
==Pre-Vibration
4F == Pro-Vibration [

35F 4
-
(o)}
8
o
>
3 - -
25F 1
1 1 1 1 1 1
0 0.5 1 1.5 2 25
Capacity/Ah

Figure 11. The discharge curves of batteries under pre-vibration and pro-vibration conditions.

A reasonable inference is made based on the test sample data on whether the variable is subject
to a particular distribution or whether the parameter takes a particular value or not. This process
is a hypothesis test. The purpose of the hypothesis test is to infer whether the test indicators after
loading conditions are significant, or to infer whether there are differences in the test indicators after
two different operating conditions are applied.

In this test, four batteries under no vibration conditions were used as control samples, and four
batteries under different vibration frequency conditions were used as test samples. The four batteries
of the control samples and the test samples were the same. That is, the sample was homogenous, and
thus sample data were two paired sample data. The two paired of sample tests are to compare the test
indicators before and after the loading conditions of the same research object, or to find differences in
the test indicators when two different working conditions are loaded.

When the population distribution is unknown, the non-parametric hypothesis test is performed
using the order of magnitude between sample values without relying on the population distribution.
The Wilcoxon Rank-Sum statistics test [41] (also called the Mann—Whitney U test) is effective for small
paired sample data (not normally distributed data) and can be used to test whether two independent
samples come from the same population distribution [42].

The data of the discharge capacity indicators recorded by control samples under no vibration
are named sample X, and under the vibration frequency F = 5 Hz, the data of the discharge capacity
indicators recorded by test samples are named sample Y. The distributions of the two samples are
unknown. The distribution functions are supposed as F;(x), F»(x), where x is a function parameter. It
can be denoted that: X ~F;(x), Y ~F»(x).

In the statistics hypothesis test, the hypothesis proposition is clarified firstly, and is called the null
hypothesis Hy, whereas the opposite hypothesis proposition is called the alternative hypothesis H;.
In this test samples, the null hypothesis is that there is no significant difference in battery discharge
capacity between the sample without vibration and the sample with vibration conditions, namely Hy:
Fi(x) = F»(x); whereas the alternative hypothesis is that there is a significant difference, namely Hj:
F1(x) # Fa(x).

The steps of the hypothesis test are as follows:

(1) The test sample X1, Xp, ..., Xy, and test sample Y7, Y5, ..., Yy, are combined and sorted in
ascending order, and then a new sample is obtained, namely Zy, Z,, ... , Zy,4u,.
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(2) In the new sample Z, if X = Z; (or Yy = Z;), then namely r(Xy) =i (or r(Y) =), it denotes the
sequential position in the new sample, and it is called a rank of Xj (or Y%).

The rank sum of sample X and sample Y are denoted by Tx = 221:1 r(Xy) and Ty = 222:1 r(Yy),
respectively. If n; < ny, the test statistic T is denoted as follows:

Tx,n < np
T = 2
{ Tx(Ty),Tll =Ny ( )

Therefore, the test samples can be processed in accordance with the test standard steps and the
samples are sorted in ascending order in Table 5.

Table 5. The rank of sample.

Battery Cell ID Cell 4 Cell 2 Cell 3 Cell 1 Cell 2 Cell1 Cell 4 Cell 3
Sample Z Zl Z2 Z3 Z4 Z5 Z6 Z7 Zg
Sample Y 2.373 2.375 2.397 2.427
Sample X 2.584 2.611 2.614 2.617
Rankr=1 1 2 3 4 5 6 7 8

From the rank values in Table 5, the test statistic T is calculated as follows: T = Tx =

22;1 r(Xg) = 26.

(4) The rejection region in the hypothesis can be calculated as follows: If there is no significant
difference between the two samples from the same population, that is the null hypothesis Hy, the value
of the statistic T should not be too large or too small, otherwise there is reason to reject Hy.

Therefore, at the significance level («), the limit values at the left side T; and right side T, are
obtained by looking up the rank-sum table. When T < T; or T > T} there is a reason to reject Hy. In the
test in this paper, the parameter values are as follows: 1y =4, ny =4, a = 0.05. Therefore, the limit
values Tq and T» are obtained as follows: T1 =12, T, = 24.

(5) The p-value is calculated as follows: The p-value is the probability obtained by finding the
minimum significance level in the rejection region. Then the p-value and the chosen significance level
are compared. The alternative hypothesis Hj is accepted only if the p-value is smaller than the chosen
significance level. The p-value can be calculated by the function [p, h] = ranksum () in the MATLAB
software. In this hypothesis test, the p-value is calculated by the function: p = 0.0286.

In summary, because the equation T1 = 26 > T, = 24 is true, so the null hypothesis H) is rejected
and the alternative hypothesis H; is accepted. The p-value is satisfied with the equation as follows:
p =0.0286 < & = 0.05, so it has statistical significance.

Therefore, the Wilcoxon Rank-Sum test is used for the sample X without vibration and the sample
Y with the vibration frequency F = 5 Hz. The result rejects Hy and accepts H;. That is to say, there is a
significant difference in battery discharge capacity between batteries without vibration and batteries
with vibration conditions.

Data for the control samples without vibration and test samples under the vibration conditions of
different frequencies 10 Hz/20 Hz/30 Hz/40 Hz and 50 Hz are shown in Table 4. Six paired samples
are formed and are subjected to a Wilcoxon Rank-Sum statistics in accordance with the above method.
The specific details are the same and are therefore not repeated. The results of the non-parametric
hypothesis test are shown in Table 6.

The results of test samples under the vibration conditions of different frequencies
F=10Hz/20 Hz/30 Hz are that the null hypothesis Hy is rejected and the alternative hypothesis H;
is accepted. Under the vibration conditions of different frequencies F = 40 Hz/50 Hz, however, the
results are the opposite.
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Table 6. Wilcoxon Rank-Sum results.

n=4,n, =4, =0.05

Frequency Rank Sum T p-Value Results
T, =12 T, =24

F=5Hz 10 (26) T<T,ORT>T, 0.0286 < & Accept H,
F=10Hz 10 (26) T<T{ORT>T, 0.0286 < o Accept H;
F=20Hz 10 (26) T<T{ORT>T, 0.0286 < o Accept Hy
F=30Hz 10 (26) T<T,ORT>T, 0.0286 < o Accept Hy
F=40Hz 16 (20) T, <T<T, 0.6571 > a Accept Hy
F=50Hz 12 (24) T,<T<T, 0.0857 > a Accept Hy

All in all, from the above analysis it can be concluded that there is a significant difference in
discharge capacity between batteries without vibration and batteries under vibration conditions of
different frequencies F =5 Hz/10 Hz/20 Hz/30 Hz, and the discharge performance of the battery
is deteriorated.

4.2. Difference in Resistance of Batteries under Different Vibration Frequency Conditions

In these experiments, the control samples are batteries without no vibration F = 0,
and the test samples are batteries under vibration conditions with vibration frequencies of
5Hz/10 Hz/20 Hz/30 Hz/40 Hz/50 Hz. The resistance of batteries is obtained by HPPC. Samples of
resistances are as shown in Table 7. The power spectral density (PSD) for random vibration tests [23]
shows that the PSD values is small in the higher-frequency vibration. The vibration intensity with
higher-frequency above 40 Hz is weaker, so batteries are affected little; the vibration intensity with
lower-frequency ranging from 5 Hz to 30 Hz is stronger, which leads to poor battery performance.

Table 7. The resistance of batteries under no vibration and vibration conditions with different vibration
frequency of 5 Hz/10 Hz/20 Hz/30 Hz/40 Hz/50 Hz.

Vibration Battery _ _ _ _ _ _

Conditions Cell ID F=5Hz F=10Hz F=20Hz F=30Hz F=40Hz F=50Hz

Cell 1 35.691 34.618 35.518 34.618 39.549 42.553

Before Cell 2 40.622 38.243 40.174 38.243 39.538 42139

F=0 Cell 3 38.874 34.394 35.014 34.394 38.061 39.981

Cell 4 38.253 41.020 44.261 41.020 34.661 40.183

Aft Cell 1 44.266 44.680 36.144 38.898 39.794 42139

F5 195 20 Cell 2 41.299 38.909 41.283 42.155 41.082 41.506

3_0 A’LO ’50 Cell 3 37.194 33.777 37.603 37.603 38.051 52.383

T Cell 4 45.502 42.290 46.156 47.018 39.115 39.981

Box plots are non-parametric: they displays the variation in samples of a statistical population
without making any assumptions about the underlying statistical distribution. In the boxes, the
maximum, minimum, median, and upper and lower quartiles of a set of data can be shown. The box
chart of samples is drawn in Figure 12. The blue box means an unknown distribution, the red line is
the median value, and dashed black lines are used to separate pictures at different frequencies.
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Figure 12. The box charts of batteries samples under vibration conditions with vibration frequency of
10 Hz/20 Hz/30 Hz/40 Hz/50 Hz.

From Table 7 and Figure 12, it can be seen that there is a significant difference in the internal
resistance distribution between the batteries without no vibration and batteries with different frequency
vibration conditions.

From the viewpoint of a single battery, the resistance of most batteries under vibration conditions
increased. From the overall analysis of the batteries samples, compared to the batteries without
vibration conditions, the sample mean of the batteries under vibration with the vibration frequency
F=5Hz/10 Hz/20 Hz/30 Hz increased and its distribution is more scattered.

Therefore, it can be concluded that there is a significant increase in the resistance of batteries
under vibration with the vibration frequency F = 5 Hz/10 Hz/20 Hz/30 Hz. Due to the increase in
resistance, it is also obtained that the discharge performance of the battery is deteriorated.

4.3. Kruskal-Wallis Test on Resistance of Batteries under Three Direction Vibration Conditions

The batteries were tested under the vibration conditions with vibration frequency of 10 Hz,
applied in the Z-direction, Y-direction and X-direction, respectively. Control samples are the resistances
of batteries without no vibration, and test samples are the resistances of batteries under vibration
conditions. Samples of resistance are as listed in Table 8.

Table 8. The resistance of batteries under the non-vibration and the vibration conditions applied in the
Z/X/Y-directions.

Battery Cell ID  Non-Vibration Z-Direction X-Direction Y-Direction

Cell 1 35.6958 38.4894 38.9324 40.2138
Cell 2 40.8403 43.6448 44.669 43.4378
Cell 3 35.0484 40.8079 41.4685 40.6011
Cell 4 38.0161 37.6025 38.219 45.3292
Cell 5 37.4151 34.6528 34.2045 42.3463
Cell 6 41.6868 38.8939 38.4748 46.4106
Cell7 44.0598 39.1298 38.2679 43.6117
Cell 8 48.3504 41.7184 40.8748 49.2131

As shown in Table 8, the discharge internal resistance of the battery was increased after the
application of a Y-direction vibration to 7 milliohms. The increase values of some battery cells are
larger, while for others the increase values are smaller. Therefore, the data samples need to be analyzed
from the overall position, based on a mathematical statistics method. In the analysis process, the
non-parameter hypothesis test method was adopted. From the samples of resistance applied in three
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different directions under loading vibration conditions, it is determined by a hypothesis test whether
there is a significant difference in the samples.

In this test, the population distribution is not subject to the assumption of a normal distribution,
so it can be obtained by the nonparametric hypothesis Kruskal-Wallis test [43]. The comparison
and significant differences of s(s > 3) methods applying to N individuals are obtained by the
Kruskal-Wallis test. The null hypothesis Hy is that there is no significant difference in different
methods; correspondingly the alternative hypothesis H; is that there is a significant difference in
different methods. The steps are as follows:

(1) Specifically N individuals are randomly divided into S groups, so that n; trials in the i
(i=1,2,...,s) group are carried out by the i methods. Obviously, the equation }; ;#n; = N is
established. After trials, N individuals are sorted in ascending order according to the significance of the
methods effect, and the rank order is obtained as follows: R;; < Rj; < ... < R;,,, where, R;;,, denotes
the rank of the n; individuals in the i group. In the trials, N = 24 batteries are randomly divided into s
= 3 groups and subjected to vibration conditions applied in ithe Z-, Y- and X-direction, respectively.
The samples of resistance are obtained, and the rank order of samples shown in Table 9 is obtained.

Table 9. The resistance samples of batteries and corresponding ranks in order under the vibration
conditions applied in Z/X/Y-directions.

Directions and Ranks Resistance of Batteries and Corresponding Ranks
Z-direction 38.4894 43.6448 40.8079 37.6025 34.6528 38.8939 39.1298 41.7184
Rank Ry, 7 20 13 3 2 8 10 16
X-direction 38.9324 44.6690 41.4685 38.2190 34.2045 38.4748 38.2679 40.8748
Rank Ry, 9 21 15 4 1 6 5 14
Y-direction 40.2138 43.4378 40.6011 45.3292 42.3463 46.4106 43.6117 49.2131
Rank Rgy, 11 18 12 22 17 23 19 24

(2) The test statistic is calculated as follows:

12 & Ra+Rp+-—-+Ry N+17
K= 1 L — ’ :1/2/"'/ 3
NN T . ) (i 5) ©)

In Table 9, the eight sample values in Z-direction, Y-direction and X-direction correspond to
the ranks Ry, / Rop; / Rap,(n; = 8,1=1, 2, 3), respectively. The corresponding rank sum is denoted by
Ri#/Rp+/R3+. Obviously, the rank sum in each direction can be calculated as follows: Rj+ = R11 + Ry
+ ... +R18=79,R2*=R21 +Rop +... +R28=75,R3*=R31 +R32+... +R38=146.

Therefore, the statistical observation value Ky is calculated by Equation (3) as follows: Ko = 7.955.

(3) The rejection region is denoted as follows: K > ¢, where the c values are calculated by the
equation Py, {K > ¢} = a; specifically it is obtained by the limit value: ¢ ~ x3(s — 1).

If the equation Ky > x2(s — 1) is established, then Hy is rejected and H is accepted.

When a = 0.05, the c values are obtained by distribution table as follows: x3 (2) = 4.605.

In summary, because Ky = 7.955 > x3.5(2) = 4.605, Hy is rejected and H; is accepted.
The p-value is calculated by the corresponding function in MATLAB and satisfies the equation as
follows: p = 0.0187 < & = 0.05, so it has statistical significance. Therefore, there is a significant difference
between different methods.

The multiple comparison test between the samples in the three different-directions is calculated
by the function [c, m, h] = multcompare () in MATLAB.

Between the two samples of Z/X, Z/Y and X/Y, the confidence interval, the rank mean difference
and the p-value can be obtained, as shown in Table 10.
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Table 10. The results of the multiple comparison test.

Two Samples Left Limit of Rank Mean Right Limit of Value
P Confidence Interval Difference Confidence Interval P u

Z/X —7.7862 0.5 8.7862 0.9890
Z/Y —16.6612 —8.375 —0.0887 0.0469
X/Y —17.1612 —8.875 —0.5887 0.0323

At the & = 0.05 confidence level, the multiple comparison test between the two samples of Z/X
is performed and the confidence interval is (—7.7862, 8.7862), and the p-value is 0.989. Because the
confidence interval contains zero and the p-value is satisfied where p = 0.9890 > 0.05, there is no
difference between two samples of Z/X. However, in the multiple comparison test between the two
samples of Z/Y, the confidence interval (—16.6612, —0.0887) does not contain zero and the p-value is
satisfied with p = 0.0469 < 0.05, there is a significant difference between two samples of Z/Y. Similarly,
there is a significant difference between two samples of X/Y. In summary, the rank mean value in
the Y-direction is the largest, so the battery resistance in the Y-direction is the largest, and there is a
significant difference between two samples of Z/Y and X/Y.

5. Orthogonal Analysis of Discharge Performance under Temperature-Vibration
Coupling Conditions

In previous sections, the effects of temperature conditions and vibration conditions on the
lithium-ion batteries were studied. In actual working conditions, EVs are always exposed to coupled
vibration conditions and temperature conditions. For example, EVs are running in extremely cold
regions in the Northeast China, which is a case of coupled working conditions, therefore, it is of
practical significance to study the discharge of lithium-ion batteries under temperature and vibration
coupling conditions in actual working conditions. The main influencing factors that affect the
discharge capacity performance of the batteries can be obtained by a coupling load of temperature and
vibration factors.

In this section, nine sets of temperature and vibration coupling tests were carried out through
orthogonal design experiments. The cycle tests of the battery can degrade battery performance. After a
long cycle test, it is difficult to tell whether the impact on battery performance is due to changes in
environmental factors. Therefore, the new batteries are measured under coupling conditions.

5.1. Orthogonal Design and Test

The temperature and vibration conditions were considered in this paper. In the analyses of the
previous sections, under five different ambient temperature gradients, the discharge capacity and
discharge internal resistance of the lithium-ion batteries changed greatly. The changes in the discharge
capacity and the internal resistance of the battery are particularly obvious in low, normal and high
temperature environments. Therefore, taking into account the requirements of the orthogonal table,
temperature factors are to set at three levels: —15 °C, 15 °C and 45 °C. The discharge capacity and the
discharge internal resistance of the lithium-ion batteries also changed greatly with different vibration
frequencies and vibration directions. Therefore, taking into account the requirements of the orthogonal
table, the vibration frequency is set to three levels: 10 Hz, 20 Hz and 30 Hz, and the vibration direction
is set to three levels, horizontal X-direction, longitudinal Y-direction, and vertical Z-direction. Thus,
the test factor levels shown in Table 11 are obtained.

Table 11. The levels of all factors.

Factor Level Temperature (°C) Vibration Frequency (Hz) Vibration Direction
1 —15 10 X
2 15 20 Y

3 45 30 Z
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After analysis, without considering the interaction between the factors, and the orthogonal table
Lo (3*) was selected in the three-factor and three-level tests. In the orthogonal test head design, three
factors are randomly arranged in the corresponding column position of the orthogonal table. There will
be a column left in this experiment without any factors, as a blank column. And the blank columns
are analyzed as error columns in analysis of variance. Thus, the orthogonal table shown in Table 12
is obtained.

In the table, the test plan A1B1C1 in test No. 1 denotes the test factors, which were the coupling
load of temperature —15 °C, vibration frequency 10 Hz, and vibration X-direction. The remaining eight
test plans in the table were analogous. The tests were carried out in accordance with the orthogonal
test table described above. In the experiments, batteries were subjected to nine tests, and the test
sequence of each batch was randomly determined. The tests were completed to obtain the discharge
capacity shown in Table 13.

Table 12. The orthogonal table plans.

Test No. A B ¢ D
Temperature (°C) Vibration Frequency (Hz) Blank Column Vibration Direction

1 1(-15) 1(10) 1 1(X)
2 1 2 (20) 2 2(Y)
3 1 3(30) 3 3(2)
4 2(15) 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 (45) 1 3 2
8 3 2 1 3
9 3 3 2 1

5.2. Range Analysis

The nine sets of tests for the Cell 17 in Table 13 are analyzed below. The mean value k; is the
arithmetic mean value of the test result index, that is discharge capacity, obtained by the test plans
corresponding to any level of any factor i (i = 1, 2, 3). For example, the three sets of test plans
correspond to the level 1 (—15 °C) of temperature factors in the columns A, and the arithmetic mean of
the experimental results can be obtained by the equation k; = (2.3329 + 2.4207 + 2.3569)/3. In the same
way, all other mean values can be calculated.

Table 13. The discharge capacity of nine sets of test.

Test No. Cell 17 Cell 18 Cell 19 Cell 20
1 2.3329 2.3497 2.3533 2.3317
2 2.4207 2.4347 2.4153 2.4105
3 2.3569 2.3921 2.3784 2.3638
4 2.3749 2.4091 2.3946 2.3505
5 2.5942 2.6229 2.6210 2.5926
6 2.6039 2.6454 2.6467 2.6181
7 2.5876 2.6302 2.6240 2.5981
8 2.5951 2.6073 2.6046 2.5710
9 2.6589 2.6992 2.6884 2.6534

This purpose of orthogonal design is to determine the main factors affecting the test results, and
obtain the best plans by combining the various levels of each factor. In the actual driving conditions,
the performance should be taken into consideration and the discharge capacity of the lithium-ion
batteries should be as large as possible. Therefore, the level of the larger discharge capacity was finally
selected. The selected level corresponds to the maximum value of the mean values k;. The trend chart
between the levels of factors and the mean values was drawn as seen in Figure 13.
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Obviously, the results of the relationship are apparently and may be summarized as follows:
The factor column A: k3 > kp > kq; the factor column B: k3 > ky > kq; the factor column D: ky > ki > k3.

Therefore, the optimal level scheme for each factor is A3B3D2. It denotes that, the temperature
is 45 °C, the vibration frequency is 30 Hz, and the vibration is carried out in Y-direction. Under the
temperature and vibration coupling conditions of the optimal level, the maximum discharge capacity
is obtained under the test range.

The range R is the difference between the maximum value and the minimum value of the
arithmetic mean k; under any one of the factors, that is R = max{k, k», k3}—min{ky, kp, k3}. Thus, the
range of the three factors is obtained. The range value indicates the degree of influence of the change
of each factor on the discharge capacity. The larger the range, the greater the change in the level of the
corresponding column factor within the test range, and also the greater the change in the discharge
capacity of the test results. Therefore, the largest factor of the range is the factor that has the greatest
impact on the discharge capacity. This factor is called the main factor. The results of the range analysis
are shown in Table 14.
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- B, Vibration direction
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Figure 13. The trend chart between the levels of factors and the mean values.

Table 14. The range analysis of the discharge capacity of the Cell 17.

Test No. A B ¢ D Evaluation Index
Temperature (°C) Vibration Frequency (Hz)  Blank Column  Vibration Direction
1 -15 10 1 X 2.3329
2 —15 20 2 Y 2.4207
3 —15 30 3 V4 2.3569
4 15 10 2 V4 2.3749
5 15 20 3 X 2.5942
6 15 30 1 Y 2.6039
7 45 10 3 Y 2.5876
8 45 20 1 V4 2.5951
9 45 30 2 X 2.6589
kq 2.3702 2.4318 2.5106 2.5287
ko 2.5243 2.5367 2.4848 2.5374
ks 2.6139 2.5399 2.5129 2.4423
R 0.2437 0.1082 0.0280 0.0951
Range size R4 =0.2437 > Rp = 0.1082 > Rp = 0.0951

Each column range is obtained by orthogonal test analysis. Therefore, the three factors that
influence the discharge capacity are ranked in order of A (temperature), B (vibration frequency) and D
(vibration direction). According to the above orthogonal analysis method, the discharge capacities
corresponding to the Cells 18/19/20 in Table 13 are respectively arranged in the evaluation index
column. The range analysis result is obtained and is as shown in Table 15.
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From the data in Table 15, obviously, the results of the Cells 17/18/19/20 meet the equation
R4 > Rp > Rp, respectively. From the above, it can be concluded that the conclusion is consistent.
That is, for discharge under temperature and vibration coupling conditions, the three factors are
ranked in order of A (temperature), B (vibration frequency) and D (vibration direction).

Table 15. The range analysis of the discharge capacity of the cells 17/18/19/20.

Test No. A B ¢ D
Temperature (°C) Vibration Frequency (Hz) Blank Column Vibration Direction
Cell 17 0.2437 0.1082 0.0280 0.0951
Cell 18 0.2534 0.1159 0.0341 0.1006
Cell 19 0.2567 0.1139 0.0417 0.1028
Cell 20 0.2388 0.1183 0.0467 0.1138
R A > RB > RD

5.3. Analysis of Variance

In order to estimate the magnitude of the error and accurately estimate the importance of the
impact of the discharge capacity of the test results on each factor, the analysis of variance should also
be analyzed.

The multivariate analysis of variance in the orthogonal table L, (r™) is mainly carried out by the
F-test and the significant influence of the factors is obtained. In the F-test, all the parameters, that are
the sum of squared deviation (SSD) of the factors and the error, the degree of freedom (DOF), the mean
squared deviation (MSD), and the F-value, are calculated respectively as follows:

(1) The SSD calculation.

The degree of deviation of each value y; from the mean value ¥ in a set of data is denoted by the
SSD St of the all factors. The larger the square of the dispersion, the greater the difference between the
test results. The SSD St is calculated as follows:

n n 2
ST:Z(%—W:Z%Z—%(Z%) =Q-"P @)
i=1 i=1 i=1
where, Q =331, %2, P = %( i1 }/z‘)Z-
If the factor A is arranged in column j (j=1,2, ..., m) of the orthogonal table, then the SSD S 4; of
the factors A is extracted in the column j and is calculated as follows. The SSD S, of the error is the
difference between them and is calculated as follows:

n

Saj=") (ki —9)° ©)

i=1
m

Se=S1— Y Sa (6)
j=1

From the test data of the Cell 17 in Table 13, the parameters values are calculated by
Equations (4)—(6), respectively, namely, Q = 56.507, P = 56.375, St = Q — P = 0.132, S54; = 0.091,
Spj =0.023, Sp; = 0.017, S, = 0.001.

(2) The DOF calculation.

Corresponding to St, S Ajs Se, the DOFs are denoted as fr, fj, fe, respectively and are calculated as
follows:
fr=n-1 )

fi=r—1 8)
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fo=fr-Yof, ©
j=1
Therefore, the parameters values are calculated respectively by Equations (7)-(9), namely, fr = 8,
fa=fs=fo=fe=2.
(3) The MSD calculation.

Similarly, corresponding to S Ajs Se, the MSDs are denoted as MS 4, MS,, respectively, and are
calculated as follows:

SA]'
MS, = —= 10
A 7 (10)

Se
MS, = — 11
7 (11)

Therefore, the parameters are calculated respectively by Equations (10) and (11), namely,
MS, =0.046, MSp = 0.011, MSp = 0.008, MS, = 0.001.

(4) F-values calculation and F-test.

The ratio of MS4 to MS, is denoted as the F-value. Taking factor A as an example, the F-value of

factor A is calculated as follows:
_ MS,

- MS,
Therefore, the parameters values are calculated respectively by Equation (12), namely, F4 = 62.605,

Fp =15596, Fp = 11.391. Based on all the parameters above, the analysis of variance table is displayed
in Table 16.

Fa

(12)

Table 16. The analysis of variance.

Factor SSD DOF MSD F-Value Limit Value Significance

A 0091 2000  0.046 62.605 Fo1(2,2)=9 o
B 0023 2000 0011 15596  Foo5(2,2) = 19; *
D 0017 2000  0.008 11.391 Fo01(2,2) =99 *

C(Se) 0001 2000  0.001

In Table 16, the limit values can be obtained by requiring the regulations Fy1(2,2) =9, Fo5(2,2) = 19,
F.01(2,2) =99. According to the hypothetical principle, given a significant level a = 0.05, factor A has
a significant effect on the discharge capacity of the test results and is marked with the two asterisks.
Factors B and D have an effect on the discharge capacity of the test results and are marked with the
one asterisk, respectively.

6. Discussion

Electric vehicle batteries are applied under actual working conditions, and it is necessary to
evaluate the battery performance considering factors such as temperature and vibration. In this
paper, experimental research was carried out under temperature conditions, vibration conditions and
temperature-vibration conditions.

The hypothesis that the difference in battery performance under high temperature and low
temperature conditions has a great influence was confirmed. The innovation in the experiment
of this paper is to more accurately describe the temperature influence on the battery performance.
The temperature value during the test refers to the ambient temperature and the temperature caused
by the discharge heat generation of the battery, instead of simply controlling the temperature according
to the ambient temperature.

The influence of vibration factors on battery packs has been gradually recognized by researchers.
Therefore, scholars have carried out relevant research [15-17] in the past two years, but the authors
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of the test also raised the objection that the test results of a few battery cells are both positive and
negative, so it is necessary to have multiple batteries. In this work batteries were tested, and the
obtained data were taken as a sample, and analyzed by mathematical statistics. In this paper, there is a
significant difference in the discharge capacity between batteries without vibration and batteries under
vibration conditions.

Experimental studies on the effects of random vibration on the performance of batteries have
been described in the literature [23]. However, in the tests, the vibration direction was not considered,
and the tests were carried out only in a single vibration direction, ignoring the other two directions.
In fact, three vibration directions are comprehensively considered in this paper, so that the test results
are more comprehensive. The impact of vibration frequency on battery performance is considered.
Therefore, this article provides a better complement to the earlier research in this laboratory.

It is necessary to comprehensively investigate the combination of different temperature and
different vibration factors to carry out the tests. It is helpful to present the results of the multi-case
coupling complex factors affecting the battery performance, and find the main influencing factors
affecting the discharge capacity performance of the battery. In this paper, the introduction of orthogonal
experimental design and orthogonal analysis methods can effectively avoid repeating tests, avoiding
the need for a lot of materials (batteries) and time spent on repeated tests. In this paper, the orthogonal
analysis results show that the three factors that influence are, in order, the temperature, vibration
frequency and vibration direction. The temperature factor is the main influencing factor of the
performance of the power battery. The vibration also has an impact on the battery performance.

In this paper, the biggest breakthrough contribution is to focus on the coupling of the temperature
and vibration conditions, to test them by an orthogonal test method, and to analyze the impact on
battery performance.

However, the paper still has limitations. The research in this paper emphasizes the data samples
obtained from the test of multiple batteries. However, due to the limitation of the test equipment
BTS4000 and the space size limit of the temperature-controlling test incubator, the sample size of the
test was small. Therefore, a non-parametric hypothesis test based on the rank sum is selected in the
hypothesis testing process. The next step is to conduct vibration and temperature tests. A greater
number of battery samples should be considered for those tests.

7. Conclusions

In this paper, Panasonic NCR18650PF cylindrical lithium-ion batteries were tested. On actual
roads EVs face complex conditions such as ambient temperature and road vibration variations. In the
experiments, the temperature conditions, the vibration conditions and the temperature-vibration
coupling conditions were respectively applied, and electrical performances of batteries were tested by
the BTS4000 battery testing platform. Through the tests, the following conclusions could be obtained:

(1) The temperature conditions in different environments have a significant impact on the discharge
capacity and the resistance of power batteries. The discharge capacity of the same battery cell in a
low temperature environment is only 85.9% of that in a high temperature environment. The DOD
in a low temperature environment is about 94%, while the DOD in a normal temperature
environment is about 99%. The low temperature environment has a bad effect on the battery,
and the total discharge capacity of the batteries in the low temperature environment is still small.
As the temperature decreases, the resistance of the battery continues to rise. The resistance of
the battery in a low temperature environment is about three times that of the battery in a high
temperature environment. As the internal resistance of the battery increases, according to Ohm'’s
law, the discharge voltage is reduced, and the cut-off voltage is advanced to shorten the discharge
time, and the discharge capacity is reduced.

(2) The test samples of the discharge capacity of batteries under the vibration conditions were
obtained, and were analyzed by the Wilcoxon Rank-Sum test. At the significance level a =
0.05, it is concluded that there is a significant difference in discharge capacity between batteries



Energies 2018, 11, 2856 25 of 27

without vibration and batteries with vibration conditions of different frequencies at 5, 10, 20
and 30 Hz, and the discharge performance of the battery is deteriorated. The battery samples’
resistance can be drawn in box charts, which show there is a significant increase in the resistance
of batteries under vibration with the vibration frequency. The test samples of the resistance of
batteries under the Z/Y /X-directions vibration conditions were analyzed by the Kruskal-Wallis
test. At the significance level « = 0.05, it is concluded that there is a significant difference between
two samples of Z/Y and X/Y and the battery resistance in the Y-direction is the largest.

(3) The discharge performances under temperature-vibration coupling conditions were studied by
the orthogonal analysis. In the orthogonal design and test, the three factors were considered by
the orthogonal table Lo (3*) and are ranked in order of A (temperature), B (vibration frequency)
and D (vibration direction). Given a significance level & = 0.05, the factor A has a significant effect
on the discharge capacity of the test results, and factors B and D have an effect on the discharge
capacity of the test results.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/10/2856/
s1, Figure S1: Indelb T12R test incubator, Figure S2: The five temperature gradient, Figure S3: The vibration test
bench, Table S1: The specifications of the Indelb T12R, Table S2: The specifications of the vibration test bench,
Table S3: The test schedule of vibration.
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