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Abstract: This study investigated the heat problems that occur during the operation of power batteries,
especially thermal runaway, which usually take place in high temperature environments. The study
was conducted on a ternary polymer lithium-ion battery. In addition, a lumped parameter thermal
model was established to analyze the thermal behavior of the electric bus battery system under the
operation conditions of the driving cycles of the Harbin city electric buses. Moreover, the quantitative
relationship between the optimum heat transfer coefficient of the battery and the ambient temperature
was investigated. The relationship between the temperature rise (T,), the number of cycles (c), and the
heat transfer coefficient (#) under three Harbin bus cycles have been investigated at 30 °C, because it
can provide a basis for the design of the battery thermal management system. The results indicated
that the heat transfer coefficient that meets the requirements of the battery thermal management
system is the cubic power function of the ambient temperature. Therefore, if the ambient temperature
is 30 °C, the heat transfer coefficient should be at least 12 W/m?2K in the regular bus lines, 22 W/ m2K
in the bus rapid transit lines, and 32 W/m?K in the suburban lines.

Keywords: battery; thermal management; heat transfer coefficient; temperature rise models

1. Introduction

Thermal problems are a very critical issue in a lithium-ion battery, especially in high
temperature environments. Therefore, controlling the temperature of the battery and establishing
an appropriate thermal management system can make the lithium-ion battery safer and more
stable, enhance its performance, and elongate its cycle life [1,2]. Many researchers have studied
battery thermal management. For example, Abbas Tourani et al. [3] established a multi-dimensional
thermo-electrochemical coupling model for a high-capacity lithium-ion battery and studied the thermal
behavior of LiMn,O4 and LiFePOy batteries using the finite element method. In addition, the heat
distribution of the battery was obtained under high current conditions when the temperature increased
at the end of the experiment. Chunjing Lin et al. [4] established a thermal model for a lithium-ion battery
according to the internal resistance and entropy coefficient, which were experimentally obtained,
and studied the temperature distribution and the increase in the temperature of the LiFePOy cells
under the conditions of mixed charge and discharge cycles. Fangming Jiang et al. [5] established a
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thermo-electrochemical coupling model to study the internal heat generation and heat loss processes
during different charge and discharge cycles. Shuanglong Du et al. [6] established a three-dimensional
thermal model based on the finite element theory and lumped internal heat generation principle to
investigate the relationship between the discharge rate, total heat generation, and depth of discharge
for the LiFePOy battery. L H Saw et al. [7] established an empirical equation to describe the electrical
characteristics of lithium-ion batteries, as well as a coupled lumped parameter thermal model to
describe the thermal characteristics of the battery. The temperature of the battery was studied under
the conditions of the driving cycles of the Urban Dynamometer Driving Schedule (UDDS), Highway
Fuel Economy Driving Schedule (HWFET), and US06 Supplemental Federal Test Procedure (SFIP)
to determine the flow rate of the cooling air that realizes the optimum thermal management of the
battery system. Salvio Chacko et al. [8] established a three-dimensional electro-thermal coupling
transient model by the finite element method to study the temperature changes in a lithium-ion
polymer battery under high power and high ambient temperature conditions. Changfu Zou et al. [9]
proposed a physics-based model based on the electrochemical, thermal, electrical, and aging dynamics
of the lithium-ion battery and a novel framework of the battery based on partial differential equations
(PDE) was developed. Changfu Zou et al. [10] developed a fully coupled electrothermal model and
proposed a new algorithm to manage lithium-ion battery charging operations. The model can predict
the temperature rise of the battery accurately and the algorithm can optimize the charging time and
the temperature rise. Abbas Tourani et al. [11] applied a first principle thermo electrochemical model
to study the heat generation of the battery. The effect of the heat transfer coefficient and ambient
temperature on heat generation is summarized. These studies show the importance of establishing
a thermal model for lithium-ion batteries and analyzing the relationship between their internal heat
generation rate and temperature behavior under different working conditions for the researches of
thermal management.

The temperature level of a lithium-ion battery directly affects its energy and power performance.
The available capacity of the battery rapidly decreases at low temperature, while the battery has a
potential safety problem at high temperature [12]. The heat transfer coefficient represents the amount
of heat transfer by convection between the surface of the battery and the surrounding air. The change
in the battery temperature is highly affected by the surface heat transfer coefficient [13]. Moreover,
the heat transfer coefficient is an important index of the battery thermal management system. Therefore,
it can help in the design of the battery pack material, size, internal ventilation, cooling air duct, and air
vent. Referring to [11], there may be a relationship between the heat transfer coefficient and ambient
temperature. Thus, the heat transfer coefficient was studied to obtain the quantitative relationship
between its optimum value and the ambient temperature.

In this study, the ternary polymer lithium-ion battery was investigated and a lumped parameter
thermal model was established to analyze the thermal behavior of the electric bus battery system under
the operation conditions of the driving cycles of the Harbin city buses. In addition, the quantitative
relationship between the optimum heat transfer coefficient of the battery and the ambient temperature
was obtained. The relationship between the temperature rise (Tr), the number of cycles (c), and the
heat transfer coefficient (1) under three Harbin bus cycles was investigatedat 30 °C, because it can
provide a basis for the design of the battery thermal management system. The short version of the
paper was presented at ISEV2017 on 26-29 July, Sweden. This paper is a substantial extension of the
short version of the conference paper. This paper extends and complements the theories presented in
the conference paper [14].

2. Selection and Calculation of the Test Cycles

In this study, a cylindrical 2.6 Ah 18650 ternary polymer lithium-ion battery was used as a case
study. The basic parameters of the battery are shown in Table 1.
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Table 1. Basic parameters of the 2.6 Ah 18650 ternary polymer lithium-ion battery.

Parameters Value
Mass/g 45
Radius/mm 9
Height/mm 65
Nominal capacity/Ah 2.6
Nominal voltage/V 3.6
Charge cutoff voltage/V 4.2

Discharge cutoff voltage/V 2.75

The heat transfer coefficient of the battery was studied through the Harbin bus driving cycles.
It can provide a theoretical basis for the design of a thermal management system in Harbin [15].
Figures 1-3 show the Harbin city road bus cycle (regular lines), Harbin bus rapid transit cycle
(BRT lines), and the Harbin suburban bus cycle (suburban lines), respectively. The main characteristic
parameters of the three cycles are shown in Table 2 [16]. The Harbin suburban bus cycle exhibits the
maximum speed and maximum acceleration among the three cycles, so the Harbin suburban bus cycle
is more severe for EV batteries.
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Figure 3. Suburban lines.
Table 2. Characteristic parameters of the test cycles.
Average Speed Maximum Maximum Maximum
(km/h) Speed (km/h) Acceleration (m/s?) Deceleration (m/s?)
Regular lines 19.17 51.4 1.33 —1.61

BRT lines 24.73 60.4 1.5 —-1.72
Suburban lines 40.44 84.2 2.5 —1.89
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In this study, the output current of the cell was used as an input condition in the simulation to
predict the temperature of the battery under the operation conditions of the three Harbin bus lines.
In order to calculate the output current of the battery pack under the operation conditions of the
Harbin bus cycles, the instantaneous output power (Py;) of the traction motor should be calculated.
When the bus is in transit, the traction motors should overcome the running resistance (F;), which
includes the rolling resistance (Fy), air resistance (Fy), grade resistance (F;), and acceleration resistance
(Fj). The calculations are shown in Equations (1)-(6).

FtZFf-l-Fw-i-Fi-l-F]' 1)
Ff = fmgcosa (2

_ ChAu?
“ 2115 )
F, = mgsina (4)
F; = dm dua/a; )
a= tan 'i (6)

The instantaneous output power of the traction motor (P,) can be calculated by Equation (7).

_ Ft s Ug
- 3.617T

Py @)
where f is the rolling resistance coefficient, m is the weight of the bus, i is the gradient, C; is the air
resistance coefficient, A is the windward area, 1, is the speed of the bus, and J is the rotational mass
conversion factor.

The instantaneous output power of the traction motor can be calculated based on Equations (1)—(7).
The studied bus parameters are shown in Table 3. This study considered 25% of deceleration power to
be applied in order to charge the battery [11]. The instantaneous output power of the traction motor
can be converted into the instantaneous output power of the battery pack using the motor efficiency
and the inverter efficiency as shown in Equation (8).

Py

Hm * Ninverter

B, ®)
where 77, is the motor efficiency (90% in this study) [17] and #;,,perter is the Inverter efficiency (95% in
this study) [18].

When selecting the battery capacity, the maximum output power and energy consumed to meet
the requirements of the power performance and endurance mileage are the main parameters to be
considered. Moreover, the endurance mileage index is used to calculate the required power battery
capacity. To avoid excessive discharge of the batteries, the pure electric mileage is calculated at 75% of
the battery capacity, as shown in Equation (9).

1 . What bat,out 1 s Pu

P
= =075t -batout . ° |
Qvat = 575 Upar Upr 075 up Upy

©)

where 1, is the vehicle speed at the constant speed mode, s is the endurance mileage at the constant
speed mode, Py, out is the battery output power, Uy, is the battery pack terminal voltage, Wy,; is the
battery energy, and Qy,; is the battery capacity.

The battery capacity meeting the requirements of the endurance mileage can be calculated by
Equation (9) (which was found to be 254 Ah in this study). This study assumed that the battery pack
terminal voltage is 380 V, the battery capacity is 2.6 Ah, and the nominal voltage of the battery is 3.6 V.
Moreover, the cells inside the battery pack were 106 in series and 98 in parallel. It was also assumed
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that all the cells have the same characteristics. Therefore, the output current of the cell (I..;) can be
calculated by Equation (10).

by
_— 1
Upy: - 98 (10)

The calculated output current of the cell under the operation conditions of the three Harbin bus

cycles is shown in Figure 4. The result of Equations (1)—-(10), which is the output current of the cell,
was applied to Equation (12).

Icell =

Table 3. Parameters of one of the studied electric buses.

Parameter Value
Length*width*height/m 11.98*2.55*3.2
curb weight/kg 13,400
Full load weight/kg 18,000
Minimum ground clearance/mm 130
Maximum braking distance/m 10
Minimum turning diameter/m 24
Tires 275/70R22.5
Curb quality/kg 13,400 + 200
Bearing quality /kg 4300
Windward area/m? 7.83
Wheel rolling radius/m 0.478
Air resistance coefficient 0.75
Rolling resistance coefficient 0.0076 + 0.00005614,
Air density/(kg/ m?) 1.23
Main gear ratio 6.2
Total efficiency of the transmission system 0.96
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Figure 4. The output current of the cell under the conditions of the three Harbin bus cycles.

3. Establishment and Verification of the Thermal Model
3.1. Simulation Model Building

To predict the battery temperature and determine the quantitative relationship between the heat
transfer coefficient and ambient temperature, a lumped parameter model of the battery was established.
In addition, the electrochemical properties inside the battery were assumed to be homogeneous and
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isotropic, the electrolyte inside the battery was assumed to be nearly immobile, and the influence of
the internal convection heat transfer was neglected [19].
Equation (11) represents the internal energy conservation equation of the battery [20].

oT ) 0°T °T °T
pCPEZAV T"‘Q—Qg:)\x@‘i‘)\yﬁ—"/\zﬁ—.—q—qe (11)

where g is the total heat generation rate of the battery; g, is the heat exchange rate between the battery
and the environment; p is the average cell density; ¢, is the heat capacity; and Ay, Ay, and A; represent
the thermal conductivity in the direction of X, Y, and Z, respectively.

The simulated battery can be regarded as a homogeneous heating object, because it is small in
size [19]. The total heat generation rate of the battery (q) can be estimated by Equation (12) [21].

_ dUocy _ dUpcy
g=1I(U—-Upcy) +IT iT =I"R+1IT a7

(12)

As shown in the equation, U — Upcy can be simplified to IR, where R is the internal resistance,
dlé% is the entropy coefficient, T is the temperature of the battery, and I is the current of the battery.

The internal resistance of the battery in Equation (12) can be obtained by the hybrid pulse
power characterization (HPPC) test [22]. The entropy coefficient can be obtained by the following
method [23,24]: the battery open circuit voltage (Upcy) is measured under fixed SOC (state of charge)
conditions and different ambient temperature, and the relation between Upcy, Ts, and SOC is shown
in Figure 5. In this study, the open circuit voltage of the battery was measured under different SOC
values at 10, 20, 30, and 40 °C. Then, the entropy coefficient can be obtained by fitting a function of the
ambient temperature (Ts) and open circuit voltage (Upcy) at a specified SOC, where the slope of the
function is the entropy coefficient. Figure 6 shows the change in the entropy coefficient with the SOC.

42
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Figure 5. Voltage versus temperature at 60% SOC.
The heat exchange rate (g.) between the battery and the environment during charging and
discharging can be calculated by Equation (13) [25].

A
e = VC

(T-Ti) (13)

where 1 is the heat transfer coefficient, V. is the unit volume of the cell, and A is the surface area of
the cell.
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In Equation (13), h can be obtained from the temperature curve of the stationary cell. When the
batteries are standing, the internal heat generation rate (g) is zero. Thus, Equation (14) can be derived

from Equation (11).
o _ A,

PCp Fr V.
Equation (14) takes points on both sides, and Equation (15) can then be derived.

(T-Ti) (14)

hA
pVecp

In(T—-T;) =— t+1In(T — Ty) (15)

The slope of the curve of the function of In(T — T;) versus time () represents the equivalent heat
transfer coefficient. Therefore, the heat transfer coefficient can be obtained by Equation (15).
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Figure 6. Change in the entropy coefficient with the SOC.

A lithium-ion battery is formed by placing a multilayer electrode and a diaphragm into the
electrolyte in the form of a spiral structure; thus, the conductivity inside the battery is anisotropic [20].
In this study, the calculation methods of the average cell density, average density, and average heat
capacity of the active material can be obtained by the method mentioned in the study of Du S L [19].
Assuming that the electrical conductivity is equal in the X and Y directions, it can be considered radial
conductivity (A,) and can be obtained by Equation (16).

_ LAL
YL

On the other hand, the conductivity in the Z direction is the axial conductivity (A,) and can be
obtained by Equation (17).

A (16)

ro=ET 17)
L
The average density of active material (p) can be obtained by Equation (18).
_ LLipi (18)

YL
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The average heat capacity of active material (Cp) can be calculated by Equation (19).

o Y Licy,i
XL
where A, is the radial conductivity, A, is the axial conductivity, A; is the material conductivity, ¢, ; is the

material heat capacity, and L; is the material thickness. The thermal parameters required are given in
Table 4, the data in Table 4 are adapted from the reference [19,25-29].

(19)

Table 4. Basic thermal parameters of the 18650 ternary polymer lithium-ion batteries. Reprint with
permission [26]; 2014, Journal of Power Sources; Reprint with permission [25]; 2012, Journal of Power
Sources; Reprint with permission [27]; 2012, Journal of Power Sources; Reprint with permission [28];
2016, Energies; Reprint with permission [29]; 2015, Energy; Reprint with permission [19]; 2014, Chinese
Journal of Nonferrous Metals.

Material ki Wm~1K™1) pi (kgm™3) cpi J kg71K™)
Separator [26] 0.334 1009 1978.16
Negative electrode 1.04 [25-27] 1347.33 [28] 1437.4 [28]
Positive electrode 1.58 [28] 2328.5 [28] 1269.21 [28]
Al [29] 160 2700 903
Cu [29] 400 8900 385
can [19] 44.5 7850 475

3.2. Simulation Model Verification

To verify the effectiveness of the proposed model, the ternary polymer lithium-ion battery was
tested by a battery test system and a thermostat, and the temperature was measured by a temperature
acquisition device. The experimental facilities are shown in Figure 7, and the device parameters are
listed in Table 5.

(b)

Figure 7. The experimental facility. (a) Arbin battery test system; (b) Thermostat; (c) Temperature measuring,.

In this study, the battery was fully charged by the 0.3C constant current-constant voltage (CCCV)
model at ambient temperature (25 °C), and then the constant discharge test was carried out at different
rates (0.5C, 1C, and 2C) at the same temperature after two hours of standing. Next, the changes in the
temperature of the battery were measured. The heat transfer coefficient of the test battery was obtained
by fitting the curve of h versus temperature after the discharge and was found to be 20 W/m?K.
Figure 8 shows the comparison between the experimental and simulation results of constant current
discharge with different rates at ambient temperature (25 °C). Figure 8 shows that the experiment
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and the simulation were in good agreement, and the maximum error between the simulation and
the experimental results was 0.88 °C. In addition, the temperature error was less than 1 °C, which
indicates that the model can accurately predict temperature [21]. In order to verify the accuracy of the
simulation model in the actual working conditions, the driving cycle experiment was tested at the same
ambient temperature, and the output current of the cell used in regular lines was inputted in the model
to simulate a battery that operates under the conditions of the regular lines cycles. The heat transfer
coefficient of the testing battery (20 W/m?K) was obtained by fitting the h-T curve after discharge.
Figure 9 shows the increase in the battery temperature and the errors between the experimental and
simulation results under the operation conditions in regular lines. The absolute error was less than
0.3 °C, which indicates that the model can provide accurate temperature predictions.

Table 5. The device parameters of the experimental facility.

Voltage range: 0 V-5V
Current range: 0 A

Arbin battery test system -50 AVoltage accuracy: full-range £0.5%0 FSR
Current accuracy: full-range £0.1%o FSR
Number of channels: 4

Temperature range: —40-+150 °C
Thermostat Temperature error: <0.5 °C
Chamber size: 0.5 m*0.5 m*0.6 m

Sensor type: K type thermocouple

Temperature accuracy: £0.2% reading and £0.5 °C
Pico temperature acquisition device Conversion time: 100 ms

resolution ratio: 20 bit

Number of channels: 8
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Figure 8. The results of the constant current discharge experiment and simulation.
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4. Results and Discussion

4.1. Optimum Heat Transfer Coefficient Analysis

The increase in temperature was investigated after eight cycles, i.e., SOC of the battery was less
than 20%, the mileage was about 100 km, the electric bus was running for a long time, and the battery
temperature was significantly changing. The simulation was carried out at different heat transfer
coefficients of the cell using COMSOL Multiphysics simulation software at 30 °C under the operation
conditions of the regular lines. The initial temperature of the battery was assumed to be similar to
the ambient temperature (30 °C), and the natural convection coefficient was h = 7.71 W/ m?K [30].
Figure 10 shows the change in the battery temperature after eight cycles under the operation conditions
of the regular lines.

39 T T T T T T T T T T T T T

37+

o
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4
% Br ——h=5
g B,
£ =
2 —h=
29+ —h=13 |4
—h=16

27 1 1 1 1 1 1 1 1 1 1 1 T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000
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Time/s

Figure 10. The increase in temperature after eight cycles under the operation conditions of the
regular lines.
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To ensure the battery is working properly during the actual operation, the operating temperature
of the battery should be kept below 35 °C [7]. Figure 10 shows that the battery gradually reached a heat
balance with the progression of time, and the temperature was stable at the end of the test. When 1 was
7.71 W/m? K (natural convection), the temperature increased by about 7.5 °C, i.e., the temperature was
more than 37 °C after eight cycles under the operation conditions of the regular lines. This means that
the temperature rises quickly, and hence the natural convection cannot meet the cooling requirements
of the batteries. Thus, to make sure the temperature of the battery is below 35 °C after eight cycles
under the operation conditions of the regular lines, i should be more than 10 W/ m2K.

In this study, it assumes that the initial SOC of the battery is 90%. According to the thermal model
developed in this study, the heat transfer coefficient that ensures the temperature of battery is below
35 °C after working for eight cycles under the operation conditions of the three Harbin bus lines can
be obtained with different ambient temperature, as shown in Figures 11-13. The data were fitted by
the least squares method, to obtain the quantitative relationship between the optimum heat transfer
coefficient and the ambient temperature of the battery under the operation conditions of the three
Harbin bus lines, which are shown in Equations (20)—(22). Figure 11 and Equation (20) show that
natural convection can meet the cooling requirements of the batteries under the regular lines when the
ambient temperature is below 28 °C, while when the ambient temperature is 30 °C, the heat transfer
coefficient should be at least 12 W/m?K. Figure 12 and Equation (21) show that when the ambient
temperature is below 23 °C, the natural convection can meet the cooling requirements of the batteries
in the BRT lines, while when the ambient temperature is 30 °C, the heat transfer coefficient should be at
least 22 W/m?K. Figure 13 and Equation (22) show that when the ambient temperature is below 20 °C,
the natural convection can meet the cooling requirements of batteries under the operation conditions of
the suburban lines, while when the ambient temperature is 30 °C, the heat transfer coefficient should
be at least 32 W/m?K.

h = —81.3 4 10.743T; — 0.488T2 4 0.0078T> (20)
h = —193.169 + 25.72Ts — 1.135T2 + 0.01723T3 (21)
h = —290.92 + 39.026 T, — 1.725T2 + 0.026 T2 (22)

14

h/(W/mZK)

1 1
20 21 22 23 24 25 26 27 28 29 30

0 I I I

Temperature/deg

Figure 11. The change in heat transfer coefficient with ambient temperature under the operation
conditions of the regular lines.
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Figure 12. The change in the heat transfer coefficient with ambient temperature under the operation

conditions of the BRT lines.
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Figure 13. The change in the heat transfer coefficient with ambient temperature under the operation

conditions of suburban lines.

This analysis shows that the heat transfer coefficient that meets the requirements of battery
thermal management equals the cubic power function of the ambient temperature. Therefore, when
the ambient temperature is 30 °C, the heat transfer coefficient should be at least 12 W/ m2K under the
operation conditions of the regular lines, 22 W/m?K under the operation conditions of the BRT lines,
and 32 W/m2K under the operation conditions of suburban lines.

4.2. Temperature Rise Analysis

From the simulation results of COMSOL it can be seen that, when the ambient temperature is
30 °C, the temperature rise of the battery is related to the heat transfer coefficient of the battery and



Energies 2017, 10, 1723 13 of 17

the number of cycles. Therefore, the temperature rise can be expressed as a function of the number of
cycles (c) and the heat transfer coefficient (1), as shown in Equation (23).

T, = f(c, h) (23)

where T, is the temperature rise, ¢ is the number of cycles, and & is the heat transfer coefficient of
the battery.

In order to determine the quantitative relationship of the function, this paper used MATLAB
simulation software to analysis the data and the multiple linear regression method was adopted.

4.2.1. Multiple Linear Regression Analysis

Multivariate linear regression is a mathematical analysis method which was used to derive the
relation of the random variables y and variables x1, xp, - - - , X5;. Assuming that the variables are linear,
the regression equation is shown in Equation (24).

Y =09+ arxy+ -+ Xy (24)

where ag, a1, - - -, &y, are regression coefficients and x1, xp, - - -, x;, are regression variables.

To establish a multiple linear regression model, n times independent observed values are
needed for regression variables to obtain the observed values ag, «1, - - - , &, of regression variables.
The observed values satisfy Equation (25).

Vi = Qo +a1xy; +aoXpi + o+ Xy, 1=1,2,-00m (25)

In order to determine the quantitative relationship of the function, the relation between the battery
temperature rise and the cycles, the relation between the battery temperature rise, and the heat transfer
coefficient should be analysed, respectively. Therefore, the simulation data obtained by COMSOL
is used as the observation value, and the relation scatter diagram was made by MATLAB software.
The relation scatter diagram under the regular lines is shown in Figure 14.

8 8
* 7.5
7 * 4
7t o
*
6 A 6.5
*
6 o
5 r * 7 8
j2] =
F o4l I
5 o
%
3l | 45
o
4
(e
21 4
* 35
1 L L L 3 L L
0 2 4 6 8 5 10 15 20
cycle B(W/m?*K)

(a) (b)

Figure 14. The relation scatter diagram. (a) The relation between T, and cycle; (b) The relation between
T, and h.

It can be seen from Figure 14 that the temperature rise (T,) and the number of cycles (c), and
the temperature rise (T;) and the heat transfer coefficient (/) of the battery are approximately linear.
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Analysed in the same way, it presents the same conclusion under the operation conditions of the BRT
lines and suburban lines. Therefore, the T, model is assumed to be a linear regression relation of
two variables, as shown in Equation (26).

T, = ag+a1c+arh, ¢>1 (26)

In order to estimate the values of g, a1, a3, n times the independent observed values of T, ¢, and
h are obtained by COMSOL, which should meet Equation (26), and they are shown in Equation (27).

Tr1 = o +arc1 + aohy
Typ = &g +aicy + wohy
, L c>1 27)

Ty = &g + a16y + why,

Then, Equation (27) is expressed in matrix form, as shown in Equation (28).

Y = Xa (28)
Tr,l
T2
y=1| " (29)
Tr,n
1 C1 h]
1 Co h2
X = ) (30)
1c¢y hy
= (a1, 0)" (31)

@ is the estimated values of (g, &y, aZ)T, and according to the idea of least squares, it satisfies the
condition of Equation (32).

2

n 2 2 n 2
) <Tr,i — ) (el + hi@)) = H}sz (Tr,i — ) (cimj+ hi“j)) (32)
i=1

i=1 j=1 j=1

Using the differential method, Equation (32) can be calculated to Equation (33).
(33)

Then, Equation (33) is expressed in matrix form, and & can be calculated from Equation (34).
XTy = (XxTX)a = & = (XTx) ' xTy (34)

Then, the relationship amongst T, ¢, and & can be calculated by Equation (26) to Equation (34)
using MATLAB. When the ambient temperature is 30 °C, the relationship amongst T;, ¢, and & under
the operation conditions of the regular lines is shown in Equation (35), under the operation conditions
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of the BRT lines is shown in Equation (36), and under the operation conditions of the suburban lines is
shown in Equation (37).

T, =4.2653 4+ 0.4483c — 0.1807h, 1<c<n (35)
T, = 6.5192 4 0.5563c — 0.2425h, 1<c<n (36)
T, =7.767 4+ 0.5915c — 0.2565h, 1<c<n (37)

where 7 is the number of cycles when the battery SOC reaches its critical value.

4.2.2. Significance Test of Regression Equation

In order to prove the fitting degree of the regression equation, the significance test of the regression
equation is necessary. In this paper, the fitting degree of the regression equation to the observed value
is determined by the coefficient of determination and the standard deviation reflects its deviation from
the observed value.

The coefficient of determination can be calculated by Equation (38).

2 Yi-p? L(lu-T) (38)
Y(yi — 9:)? Z(Tri—Tri)Z

where 1 is the regression value of variable y, i/ is mean of variable y, and y; is the observed value of
variable y.

The absolute deviation of the regression equation and observed value is defined by standard
deviation. It is shown in Equation (39) [31].

A YA

The significance of the regression equation was tested by MATLAB using Equations (38) and (39).
The test results are shown in Table 6. It can be seen from Table 6 that the absolute values of 1 are all
close to 1 under three Harbin bus cycles and the values of S, are all small, so the regression equation
satisfies the requirement of significance.

Table 6. Significance test results.

\ 2 Sy
Regular lines 0.9347 0.3193

BRT lines 0.9505 0.4523
Suburban lines 0.8917 0.6978

5. Conclusions

A ternary polymer lithium-ion battery was used in this study. In addition, a lumped parameter
thermal model was established to analyze the thermal behavior of the electric bus battery system
running under the operation conditions of the Harbin city bus driving cycles. The quantitative
relationship between the optimum heat transfer coefficient of the battery and the ambient temperature
was investigated. The relationship amongst the temperature rise (T;), the number of cycles (c), and
the heat transfer coefficient (h) under three Harbin bus cycles wasinvestigated at 30 °C, because it can
provide the basis for the design of the battery thermal management system.
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Based on a lumped parameter thermal model, the thermal behavior of the cells was predicted,
with different ambient temperature, heat transfer coefficient, and battery current values.
The simulation and experimental results show that the model can accurately predict the change in
the battery temperature, where the prediction error is less than 1 °C. In addition, in order to keep
the temperature of the battery below 35 °C, the quantitative relationship between the optimum
heat transfer coefficient and the ambient temperature of the battery was obtained. The results
show that the heat transfer coefficient is the cubic power function of the ambient temperature, i.e.,
when the ambient temperature is 30 °C, the heat transfer coefficient should be at least 12 W/ m2K
under the operation conditions of the regular lines, 22 W/m?K under the operation conditions of
the BRT lines, and 32 W/m?K under the operation conditions of the suburban lines.

When the ambient temperature is 30 °C, the relationship between the temperature rise (T7),
the number of cycles (c), and the heat transfer coefficient () under three Harbin bus cycles was
investigated. The results show that the temperature rise (T,) and the number of cycles (c), and the
temperature rise (T;) and the heat transfer coefficient (1) of the battery are approximately linear.
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