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Abstract: To improve the heat dissipation performance of power batteries in electric racing cars in the
Formula Student Electric China (FSEC), a battery cooling system was researched. A battery thermal
model and a temperature experimental platform were established. The thermal model was verified
by comparing the results of the ANSYS/Workbench simulations with the experimental results, and the
maximum error was 7.2%. Based on the FSEC dynamic conditions, the cooling demand was analyzed
according to the heat transfer theory. Then, an orthogonal method was used to optimize the position
of the cooling fan and the arrangement of the cells, and a parameterized battery simulation model
based on ANSYS/Icepak was established. The simulation results show that the maximum temperature
difference was optimized by 38.35%. The results of the simulation were in good agreement with
the experimental results, and the maximum error was less than 2 °C. This indicates that this design
can ensure a car battery system that has a good heat dissipation performance in the FSEC; thus, the
intended goal was achieved.

Keywords: electric racing car; power battery; thermal model; battery cooling system

1. Introduction

The Formula Student Electric China (FSEC) was first held in China in 2013 and gradually became
popular. As the only energy source for an electric car, the battery affects the racing performance, and
temperature has a significant influence on the battery [1,2]. Owing to the complex acceleration and
deceleration in the FSEC dynamic conditions, the battery easily overheats with the rapid changes
in the current. Moreover, the safety and reliability requirements as per the rules of the FSEC, are
considerable [3].

There have been previous studies on the battery thermal management: Zhao et al. [4] provided
a basis for the improvement of the existing battery technology; Chen et al. [5] improved the heat
dissipation performance by changing the inclination angle of the collector plate and the width of the
ventilation channel; Mahamud et al. [6] effectively improved the non-uniformity of the temperature and
proposed a method that changes the flow direction of the battery’s internal heat transfer; Fan et al. [7]
applied an air parallel ventilation cooling battery box structure in the FSEC electric car; the Electric
Power-driven Racing Car absorbed the heat generated by the battery pack continuously through a
liquid flow in a small channel based on the compactness of the cold plate; Jin et al. [8] proposed the
placement of a silicone thermal material between the heat pipes and batteries to increase the contact
surface; and Zhao et al. [9] proposed a PCM/AI foam matrix for cooling the battery. In addition, new
materials such as aluminum foam were proposed and copper foam applications have emerged, with a
subsequent improvement in the thermal performance [10].
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However, in these existing studies, the FSEC dynamic conditions were not studied in-depth. We
analyzed the previous research results and have taken the FSEC dynamics into account for designing a
suitable battery box cooling system for lithium batteries for improving the energy efficiency.

2. Thermal Model Establishment and Validation

2.1. Thermal Model Establishment

According to the common assumptions of previous research [11,12], the internal heat is generated
evenly and loaded as a body heat source in the center of the cell, the thermal parameters do not change
with the temperature, and the cell electrolyte flow is poor. Based on the above, the three-dimensional
temperature field model of the interior of the square cell [13] is

aT *T PT ;T
pCPE _Axﬁ+}ty3_y,2+Azﬁ +b] (1)

where T is the temperature (K); p is the average cell density (kg/m?); C, is the cell specific heat capacity
(J/(kg'K)); Ax, Ay, and A are the thermal conductivities in the x, y, and z directions, respectively
(W/(m-K)); and g is the volume heat generation rate (W/m3).

2.1.1. Thermal Parameters

The battery thermal parameters include density, specific heat capacity, and thermal conductivity.
The specific heat capacity can be measured or obtained by theoretical calculation [14]. To obtain the
equivalent specific heat capacity, we took the weighted average of the specific heat capacity of the
various materials in the battery.

It was difficult to directly measure the thermal conductivity because of the complicated internal heat
transfer in the battery. Thus, in this paper, the thermal conductivity of the battery in different directions
was estimated using the heat transfer parallel and series connection thermal resistance principle [15].

The equivalent thermal parameters for the cell were obtained based on the data from the battery
supplier. In this paper, the lithium battery rated capacity was 8.3 Ah, the nominal voltage was 3.7 V, the
cutoff charge and discharge voltages were 3.0 V and 4.2 V, respectively, and the maximum discharge
current was 15C (124.5 A, —20-60 °C, the maximum discharge current was 150 A). Finally, the lithium
battery thermal physical parameters were obtained (Table 1); the z direction was the direction of the
battery thickness, perpendicular to the battery tab.

Table 1. Thermal physical parameters of the battery.

Thermal Conductivity (W/(m-K))

y z
2095.56 1144.25 2.695 2.605 0.895

Density (kg/m3)  Heat Capacity (J/(kgK))

2.1.2. Heat Generation Rate

This paper uses the classic heat model proposed by Bernardi [16]. Considering the reversible
reaction heat, even if the battery limits a high current with the 10C condition discharge process, it does
not exceed 5% of the total heat. To calculate the battery heat rate, the model is as follows:

I2R,
Vi

q =kt 2)
where [ is the working current of the battery (A); V}, is the cell volume (m?3); R, is the equivalent internal
resistance of the battery (2); and k; is the heat correction coefficient, when the battery discharges at
1.35 and charges at 1.15.
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In addition, the high current and internal resistance of the battery were taken into account, and
the heat generation rate was based on the ohmic resistance heat generation model

2.1.3. Internal Resistance Test

The battery equivalent resistance includes the ohmic resistance and the polarization resistance,
and is affected by the state of charge (SOC) and other factors. The equivalent resistance was important
in establishing an accurate and effective battery thermal model.

We used five lithium batteries of 3.7 V/8.3 Ah as experimental samples to build the equivalent
battery internal resistance testing platform, as shown in Figure 1a. Based on the hybrid pulse power
characterization (HPPC) method [17] for obtaining the internal resistance for different SOCs, the test
was done with battery testing system from the Jinfan company. The experiment was conducted under
a constant temperature of 22 °C. According to the test rebound voltage, the equivalent resistance was
calculated under different SOCs, as shown in Figure 1b; the figure shows that the equivalent resistance
was 5-8 mQ).

—- Discharge |
= Charge

(b)
Figure 1. (a) Battery internal resistance test. (b) Battery internal resistance curve.

2.2. Thermal Model Validation

2.2.1. Battery Temperature Test

Before the test, the battery was fully charged, and the acquisition circuit was designed to measure
the surface temperature with a K-type thermocouple for a cell in real time. The test for the surface
temperature of the battery platform was established as shown in Figure 2a, and the environmental
temperature was controlled strictly; the battery cooling was by air natural convection with the ambient.
Four temperature sensors were arranged on the surface of the cell, as shown in Figure 2b.

BECE

(b)

Figure 2. (a) Battery surface temperature test. (b) Schematic diagram of the temperature sensor; the
numbers 1-4 indicate sensor positions.
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2.2.2. Validation Model

In order to verify the accuracy of the thermal model, the heat dissipation of the battery was
simulated under FSEC conditions. The test was carried out three times, and the average results were
compared with the simulation results, as shown in Figure 3. Tests T1-T4 were experimental results of

the sensor location shown in Figure 2b, and simulation T1 to T4 were the simulation results in the
four regions.
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Figure 3. (a) Comparison of simulation and experiment with a 10C (83 A) discharge for 30 s.
(b) Comparison of simulation and experiment with the cycle condition.

As seen from Figure 3, the temperature change trend between simulation and experiment in the
discharge process was similar, and the maximum error was not more than 2 °C and less than 8%,
within an acceptable error range.

Errors exist, on one hand, owing to the thermal battery model that was simplified for the
actual battery thermogenesis of a complex chemical reaction. On the other hand, the self-designed

temperature test system also has some errors, including those in the thermocouple thermal response
time, thermocouple contact, etc.

3. Heat Dissipation for Battery Pack

Based on the balance principle between the generation of the battery heat and the dissipation, the
arrangement of the battery pack and the cooling structure of the battery box were designed. The heat
generated in the internal battery was transferred to the surface of the battery shell by heat conduction

and was transferred by convection in air, eventually achieving the heat dissipation effect by internal
air flow.
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Based on the parameters of the electric racing car, the battery pack was determined to be 2P110S
(parallel, serial) by capacity estimation and parameter matching of the power system. Considering the
actual battery box that was symmetrically placed on both sides in the car, one side of the battery box
was designed for thermal management in this paper, and the battery cooling demand was calculated
taking the FSEC dynamic conditions into account. The structure of battery pack is shown in Figure 4a.
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(c)
Figure 4. (a) Battery pack. (b) Collected data. (c) Autospeed data in the Formula Student Electric

China (FSEC).

In order to simulate the FSEC competition conditions, two major categories were defined: battery
discharge with a limited constant current for 30 s and a cycle endurance condition. Considering the
precision of the instruments for the battery charge and discharge test, an auto speed cycle condition is
shown in Figure 4b, with the green curve indicating the change in total battery voltage, and the blue
curve showing the change in current, which is simplified and enlarged in Figure 4c.
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3.1. Heat Dissipation under FSEC Conditions

3.1.1. Limited High Constant Current Condition

Considering that the electric motor can withstand a maximum current of 160 A in the FSEC, the
maximum discharge current of the cell was limited to 80 A when the battery pack was 2P. In this
paper, the limited constant current condition was a 10C battery discharge for 30 s. According to the
battery heat generation model and cell geometry, each battery generates heat as the electric core and
the tab heat.

Assuming that the temperature of the battery box was stable at 35 °C and the initial temperature
of the air and battery, T, was 25 °C, AT was 10 °C, and the heat transfer coefficient was 30 W/(m?K).
The battery heat was transferred as per the Fourier heat transfer law from the inside to the surface of
the aluminum-plastic film, and the cell surface heat was transferred to the surface air by Newton’s law
of cooling. The air flow in the battery box was for a cooling effect.

The required air layer thickness for cooling was 5.436 mm; hence, the required amount of air
and the air volume of the 110 cells in the battery box were 0.1071 x 1073 m?® and 1.1781 x 1072 m3,
respectively. Therefore, the air flow was different for different discharge times, and different cooling
conditions were required to obtain a cooling effect. The air flow rate of the heat dissipation requirement
under the condition of a constant current discharge of the limited current is shown in Figure 5; it can
be seen that the maximum air flow demand is 11.781 x 10~3 m3/s.
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Figure 5. Air flow demand under limited, high constant current discharging conditions.

3.1.2. Cycle Condition

Considering the similarities in the battery system working current between the autospeed
condition and the endurance in the FSEC, and referring to the autospeed condition data in Figure 6, an
8C-constant current discharge calculation was considered according to the simplified 90-s cycle, and
the detailed calculation process was consistent with that in 3.1.1. It was seen that the maximum air
flow demand was 11.68 x 1073 m3/s.

3.2. Flow for Fan

According to 3.1, the maximum air cooling demand for the battery under the FSEC dynamic
conditions can be determined, and the cooling fan air volume was obtained using the following equation:

Qp

M = —————
CEM cp X p X AT

®)
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where CFM is the air flow(m3/s); Q, is the heat power (W); p is the density of air (kg/m3); Cp is the
specific heat of air (J/(kg-K)); AT is the change in temperature.
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Figure 6. Results of the Lig (37) orthogonal design.

When the battery was working at the maximum current (10C), considering the BMS and the
other electrical heating in the battery system, the air flow demand for the fan can be calculated as
0.526 m®/min using Equation (3). A DC fan can meet the cooling requirements, with a maximum
volume of 0.533 m®/min and a static pressure of 29.969 Pa. Considering the effects of the pressure on
the inlet and outlet, the fan was placed for a forced cooling.

4. Battery Cooling System Design

Based on the calculated air cooling demand of the FSEC and the electric racing car’s dynamic
system, which has a certain number of cells that should be designed as a detached stack according to
the FSEC rules, the maximum voltage should be less than 120 VDC, and the energy should be less
than 1.67 kW-h. Combined with the layout of the racing car, three stacks were placed in one battery
box, one pack with 2P15S cells in the preliminary design, and the other two with 2P20S. Considering
the other necessary electrical units, the battery size was designed to be 0.4675 m x 0.2322 m x 0.21 m.
This paper mainly considers the battery heat dissipation in the discharge condition combined with the
FSEC dynamic working conditions.

4.1. Optimization Design

Under a precondition of the FSEC rules, the battery box heat dissipation effect was simulated
to design a suitable battery box heat dissipation structure and determine the key factor’s optimum
design and the combination, which will impact the battery box’s heat dissipation effect. The key
factors include the battery arrangement modes and the fan position. Each factor was selected for three
levels. Lig (37) was selected as the orthogonal array and the factor levels are shown in Table 2. The fan
position’s y- and z- axes shown in Table 2 were set by the ANSYS/Icepak parametric model.

Table 2. Factors and levels of the battery cooling simulation.

Levels
First Level Second Level  Third Level
Factors
A: cells arrangement Positive wind Lateral wind —_—
B: Fan position of y 0.06 0.11 0.16

C: Fan position of z 0.06 0.11 0.16
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Considering the maximum temperature and the maximum temperature difference as the simulation
standards, a parametric simulation model was established with ANSYS/Icepak to simulate the limited
constant current discharge 30-s condition, and the simulation results of the orthogonal array are shown
in Figure 6.

According to the calculation of the average and range for each factor, and the level index, the
priority of the factors was A > B 2> B1 > C1 > C2 (1 was the inlet, 2 the outlet). The optimal combination
was Az (Lateral Wil‘ld) 813 (0.16) C12 (0.11) 823 (0.16) C21 (0.06).

In order to select better optimal parameters, the orthogonal experiments were repeated to optimize
the cooling structure of the battery box. Owing to space limitations, they are not presented in detail in
this paper. Eventually, the most optimal parameter combinations were a battery lateral wind, (0.13
0.11) as the inlet locations for the fan, and (0.15, 0.08) as the outlet locations for fan.

Finally, based on the above optimized results, the optimization results of the simulation of the
battery box with the ANSYS/Icepak parametric model were established. The optimized results are
shown in Table 3.

Table 3. Comparison of the results before and after optimization.

Maximum Minimum Maximum
Model Temperature Temperature Temperature
Tmax/(°C) T min//(CO) Difference AT/(°C)
Pre-optimized 34.2707 28.2925 5.9782
Optimized 31.5330 27.8476 3.6854
Results 7.98% 1.57% 38.35%

4.2. Verification Test

According to the optimized results by the orthogonal design, the battery heat dissipation structure
was designed, and the heat dissipation performance in the FSEC dynamic conditions was analyzed
with ANSYS/Icepak. The thermal analysis results of the limited constant current (10C) discharge for
30 s and the end temperature field analysis results with the condition in Figure 4c are shown in Figure 7.

Figure 7a shows that the maximum temperature of the battery box was 31.533 °C, and the
minimum temperature was 27.847 °C; the maximum temperature difference was 3.686 °C in this
condition. Therefore, the difference in the temperature for a single cell was smaller than the total
maximum temperature difference. From Figure 7b, it can be seen that the distribution of the temperature
of the battery had a significant relationship with the air flow. The highest temperature of 31.072 °C for
the battery box air occurred in the gap in the battery pack, and the other higher temperatures were
close to the battery owing to air heat transfer with the battery. In Figure 7c, it can be seen that the
temperature distribution of the battery box was also related to the opening position and the air flow,
and the highest temperature was 28.304 °C in the vicinity of the outlet fan.

Figure 7e shows that the maximum temperature of the battery was 66.652 °C, the minimum
temperature was 44.276, and the maximum temperature difference was 22.376 °C; the temperature
difference between the cells was still lesser than the total maximum difference. From Figure 7f, it can be
seen that the z section temperature distribution for the battery system and the maximum temperature
of air at 33.466 °C also occurred in the gap in the battery pack. From Figure 7g, it can be seen that the
highest temperature of the battery box was 31.543 °C in the vicinity of the exit fan.

In addition, a sandwich structure of glass fiber, carbon fiber, and moss foam was used in the
battery box, which had good insulation and heat dissipation performance; the weight was reduced by
more than 50% compared to aluminum, and the structural strength also met the basic requirements of
the FSEC rules.
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Joos
(e) ®

Figure 7. (a) Temperature field and air flow of the battery at the end of the limited high current
discharging. (b) Temperature field of the cut plane for the battery system at the end of the limited high
current discharging. (c) Temperature field for the battery box at the end of the limited high current
discharging. (d) Temperature field and air flow of the battery at the end of cycle discharging condition.
(e) Temperature field of the cut plane for the battery system at the end of cycle discharging condition.
(f) Temperature field for the battery box at the end of cycle discharging condition.

In general, Figure 7 show that the battery box cooling structure had good heat dissipation
in the FSEC dynamic conditions. The experiment was tested to verify the credibility of the
simulation. The temperature sensor arrangement on the battery pack in the test is shown in Figure 8a.
The comparison between the experiment and simulation results is shown in Figure 8b,c.

According to the optimization results, the process design and assembly for the battery cooling
system were completed, as shown in Figure 9. The battery cooling system was also successfully applied
to the HRT-15E racing car as shown in Figure 10, and the phenomenon of local overheating and poor
heat dissipation did not occur during the real racing car testing or debugging, further demonstrating
that the battery cooling system designed in this paper achieved the desired cooling effect, ensuring the
safety of the racing car to a certain extent.
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Figure 8. (a) Schematic diagram of the temperature sensor measurement points in the battery system.

(b) Limited high current discharging condition. (c) Cycle discharging condition.
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Figure 10. HRT-15E electric racing car.

5. Conclusions

(1) Simplified Bernardi and battery tab thermal models were established in this paper, and the
accuracy of the thermal model verified by the ANSYS/Workbench simulation analysis was consistent
with the test results.

(2) The battery cooling system structure was optimized by an orthogonal design method and
the simulation analysis was in good agreement with the experimental data. This shows that the
method was feasible and effective for predicting the heat dissipation performance of a battery system
in the FSEC.

(3) The battery cooling system designed in this paper was applied to an electric car, and overheating
did not occur during real racing car testing, indicating that the cooling system design achieved the
desired objectives.
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