i\;lg electronics m\py

Article

Thermal Analysis of a Parallel-Configured Battery
Pack (1S18P) Using 21700 Cells for

a Battery-Powered Train

Taewoo Kang (%, Seongyun Park 1, Pyeong-Yeon Lee !, In-Ho Cho 2, Kisoo Yoo 3* and
Jonghoon Kim *

1 Department of Electrical Engineering, Chungnam National University, Daejeon 34134, Korea;

kangwoo1340@naver.com (T.K.); pb7008@naver.com (S.P.); pyeongyeon@cnu.ac.kr (P-Y.L.)

Smart Electrical & Signaling Division, Korea Railroad Research Institute, Uiwang-si 16105, Korea;
inhocho@krri.re.kr

Department of Mechanical Engineering, Yeungnam University, Gyeongsan-si 38541, Korea

*  Correspondence: whdgns0422@cnu.ac.kr (J.K.); kisooyoo@yu.ac.kr (K.Y.)

check for
Received: 9 February 2020; Accepted: 4 March 2020; Published: 6 March 2020 updates

Abstract: In this study, the thermal behavior of a 1518P battery pack is examined based on the power
demand during train propulsion between two stations. The proposed thermal prediction model
is classified into Joules heating with equivalent resistance, reversible heat, and heat dissipation.
The equivalent resistances are determined by 5% of the state of charge intervals using the hybrid pulse
power characterization test. The power demand profile during train propulsion between two stations
is provided by the Korea Railroad Research Institute. An experiment is conducted to examine the
1S18P battery pack thermal behavior during the propulsion between two stations. A comparison of
the simulation and experiment results validated the proposed thermal model.

Keywords: battery thermal prediction; lithium-ion battery; state-of-temperature; train propulsion
load profile

1. Introduction

Recently, lithium-ion batteries have emerged as alternative power sources for commercial
transportation applications, such as battery powered trains and electrical vehicles (EV), due to their
power and energy densities. Conventional railways have also benefited from the improved performance
of electrified trains. However, a conventional electrified train cannot be operated prior to the train cable
installation. Furthermore, diesel traction has remained common on rural areas. A battery-powered
train can lead to savings with respect to train cable installation.

For transportation applications, such as EV and battery-powered trains, lithium-ion batteries are
formed into battery packs to satisfy the required power and energy density. To satisfy the application
requirements, batteries are densely packed due to the limited space available for mounting batteries.
Closely compacted batteries have suffered problems from the important characteristics of a battery, such
as voltages, capacity, and lifetime, which are easily affected by temperature. Furthermore, improper
thermal management causes thermal problems, such as overheating and thermal runaway [1-3].
Therefore, thermal analysis of battery packs has attracted increasing attention.

Currently, diverse thermal analyses have been developed for single lithium-ion cell and battery
pack [4-8]. The heat generation equation was examined based on the general energy balance equation [9].
Batteries correspond to containers of electrochemical reactions which generate heat during charge and
discharge due to electrochemical polarization, resistive heating, and enthalpy changes [10]. There
are studies regarding the electrochemical thermal model of lithium-ion batteries [11-13]. However,
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electrochemical thermal model require chemical parameters which are hard to examine. Therefore,
a simplified electro-thermal model was introduced and classified the heat generation term into
reversible heat and Joule heat. An electrochemical reaction (including polarization and entropy change)
generates reversible heat. Joule heating occurs due to the resistance during the transfer of ions and
electrons. A simplified thermal model of a lithium-ion battery was examined by Onda et al. [9].
Equivalent resistances are obtained by state of charge (SOC) intervals and employed for Joule heating.
Additionally, entropy change is measured at different SOCs and applied to reversible heat [14]. Tables 1
and 2 are definitions and descriptions of abbreviation and symbols used in this paper.

Table 1. List of abbreviations.

Abbreviation Definition
EV Electric vehicle
SOC State of charge
NMC LiNiMnCoO,
HPPC Hybrid pulse power characterization
CcCc-cv Constant current-constant voltage
DTS Dynamic stress test
UDDS Urban dynamometer driving schedule
NEDC New European driving cycle
21700 Cylindrical lithium-ion battery dimension

Table 2. List of symbols.

Symbol Description
Qrotal Heat measured by thermocouple
Qcell Total generated heat in a lithium ion-battery
Qjoute Joule heating
Qrev Reversible heating
Quiss Heat dissipation
i Load current
Reg Equivalent resistance
Ronm Ohmic resistance
Ruiff Diffusion resistance
Teent Battery temperature
AS Entropy change
n Number of electrons
F Faraday constant
h Heat transfer coefficient
A Heat transfer area
D Diameter of cylinder
L Length of plate
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
Candr Unit less correlation variables for Re calculation

In addition to the Joule heat generation and reversible heat generation, heat dissipation is
an important factor for the thermal analysis of lithium-ion batteries. Heat dissipation is a heat transfer
mechanism due to ambient conditions. Heat dissipation of batteries can be distinguished by natural
convection and forced convection. Most battery thermal management systems use a cooling system
with forced convection to maintain an optimal temperature operation range for the batteries [15]. Only
a few studies have employed a cooling system involving natural convection [16].

Studies on the thermal analysis of lithium-ion batteries for a single cell and battery pack have
concentrated on the constant discharge and charge current. However, the load current in most
applications varies with respect to time. In this study, a standard load profile of a battery powered
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train is introduced, and thermal prediction of a 1S18P lithium ion battery pack is examined under the
power demand profile during the train propulsion between two stations. The proposed battery pack
thermal model under varying loads is validated via comparing simulations and experimental results.

2. Electro-Thermal Model of a Lithium-Ion Battery and Battery Pack

2.1. Lithium-Ion Battery Heat Generation

There are two heat source terms during the charge/discharge of a lithium-ion battery. Equation (1)
shows Q.y;, which is the total amount of generated heat from charging/discharging and corresponds to
the summation of the Joule heat generation and reversible heat generation. As shown in Equation (2)
Qjoule denotes the Joules heating, which is also termed as resistive heating. Specifically, i denotes the
charge or discharge current and R,; denotes the equivalent resistance of a lithium-ion battery. Another
heat source corresponds to reversible heat (Qr.). Specifically, reversible heat denotes the result of
exothermic and endothermic reactions during the charge and discharge. An exothermic reaction occurs
during the discharging condition while endothermic reaction occurs during the charging condition [17].
Equation (3) corresponds to a reversible heat equation, T,,; denotes the temperature of the cell, AS
denotes the entropy change, n denotes the number of electrons during the charge and discharge
intercalation process inside the cell, and F denotes the Faraday constant (96485.3329 C/mol). The direct
measurement of the chemical parameters, such as entropy change, number of electrons, and Faraday
constant, is difficult and time-consuming work. However, numerous studies have identified the
combined value of AS, 1, and F by intervals of SOC [17-20].

Qcell = Qjoule + Qrev (1)
Q]oules = iz'Req (2)
Qrezz = i‘Tcell'AS/(”‘F) (3)
Quiss = A'h(Tcell - Tamb) (4)
Qtotul = chll + Qdiss (5)

2.2. Heat Dissipation

2.2.1. Forced Convection on Cylinder in Cross Flow

Heat measured by the thermocouple (Q,t,) during the battery discharge/charge corresponds to
the summation of generated heat from the cell (Q.;) and heat dissipation (Qg;ss) by the environment
condition. Equation (4) shows the heat dissipated by the ambient temperature (T,,,;,) and experiment
environment condition from Q... Where, A denotes the heat transfer area and heat transfer coefficient
(h) corresponds to a variable that changes based on the ambient condition. Equation (4) corresponds to
the heat transfer version of Newton’s law and implies that the heat loss of the body is commensurate
with the temperature difference between the body and surrounding environment [20-22].

In this study, we conducted an experiment in a convective climate chamber. The calculation of &
under the forced convection condition is suitable. With respect to a 21700 lithium-ion battery, cylinder
forced heat convection calculation was employed. Equations (6a) to (6d) show the calculation of the
heat transfer coefficient of a cylindrical lithium-ion battery. In Equation (6a), D denotes the diameter of
the cylinder. The Nusselt number (Nu) for the heat transfer coefficient calculation can be determined
using the Prandtl number (Pr) and Reynolds number (Re). In Equation (6b), C and r denote the unit less
correlation variables that change with the value of the Re, which are listed in Table 3. The parameters
for the Pr and Re calculation are listed in Table 4 [23]. The thermal properties of the air and the battery
are also listed in Table 4 [24-27].

h = Nuk/D (6a)
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Nu = C-Re’-Pr*33 (6b)
Pr=v/a (6¢)
Re =Uy;D/v (6d)

Table 3. Correlation between the Reynolds number and the correlation variables C and r.

Re C r
0.4-4 0.989 0.330
4-40 0.911 0.385
40-4000 0.683 0.466
4000-40,000 0.193 0.618
40,000-40,0000 0.0266 0.805

Table 4. Thermal properties of battery and air for thermal analysis.

Parameter Value Unit
Density 2615.7 kg/m3
Battery Specific heat 1605 J/kg-K
Thermal conductivity 3 W/m-K
Kinematic viscosity, v 19.3979 x 107° m?/s
Air Thermal diffusivity, a 24.165 x 107° m?/s
(at45°C) Thermal conductivity, k 27.44 x 1073 W/m-K
Velocity (strong wind), Uy 5 (front), 1 (back) m/s

2.2.2. Forced Convection on Flat Plate, Averaged Transfer

Generated heat in lithium-ion batteries dissipates through the surface in contact with the air
around the batteries. Air flows inside of the chamber to maintain temperature. With respect to the
21700 lithium-ion battery pack, flat plate forced heat convection calculation was employed for the
battery pack boundary condition. Forced convection on the sides of the battery pack is shown in
Equation (7a) to (7d). In this study, Re is calculated to be < 500,000, indicating laminar flow patterns
resulting from forced convection. In Equation (7a), L denotes length of the side plate [23,24].

h = Nuk/L (7a)
Nu = 0.664-Re">-pr0-33 (7b)
Pr=v/a (7c)

Re = Uy L/v (7d)

3. Experiment Setup

In this section, the test equipment used in this paper is listed. Having an error in the experimental
results is general due to the multiplicity of testing equipment types, varying ranges of measurement.
Uncertainties of experiment measurements are affected by the test conditions [28]. In this paper,
however, only uncertainty of the experiment devices is considered, and other errors are ignored.

3.1. Cell Level Experiment Setup

The cell level experiment setup is shown in Figure 1. To obtain the electrical characteristics,
such as capacity and equivalent resistance, of a 30T 21700 cell (NMC), MACCOR 4300K/8ch battery
testing equipment (MACCOR, Oklahoma city, USA) was employed. A 30T single cell experiment
was conducted in the LCH-11 convective climate chamber (JEIO TECH, Daejeon, Korea) and the
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temperature was maintained at 25 °C. Before the electrical characterization test, the cell was soaked at
25 °C for 3 h. The battery tester was controlled by the computer and data was logged at a sampling
time of 0.1 s to the computer.

Discharging
—_—

o —
w Charging
v B — > . .
Thermal | Vs Curentsensing Batt ery tester
soaking

Order Data

Convective climate chamber PC

Figure 1. The 21700 30T cell level experiment setup.
3.2. Pack Level Experiment Setup

The experiment of 1518P battery pack requires a high current output range. Figure 2 shows
experiment setup of pack level experiment. A IGBT700-15V200A battery test system (Neware, Shenzhen,
China) was used to cycle the conducted battery pack. The battery pack experiment was conducted
in the TH-G convective climate chamber (JEIO TECH, Daejeon, Korea) and the temperature was
maintained at 45 °C. The fluctuation and variation at 45 °C was +0.3-1 °C. Before the power demand
profile test, the cell was soaked at 45 °C for 3 h. The temperature response during the test was logged
to LR8400 (HIOKI, Nagano, Japan) in 0.1 s of data sampling time.

. Discharging T
= Charging |
— ER . .

Voltage Current sensing

Battery tester

Order Data
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soaking
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Figure 2. The 1S18P (21700 30T) battery pack level experiment setup.
4. Electrical Characteristic Test

The electrical characteristic tests of the target cell should be performed in advance to employ
the proper parameters for Joule heat generation. The equivalent resistance, Re;, can be obtained from
the battery electrical characteristic experiment. In this study, the electrical characteristic experiments
of a cell were performed in a chamber maintained at constant temperature of 25 °C to terminate the
instability of the ambient temperature. Two electrical characteristic experiments, namely the capacity
test and the hybrid pulse power characterization (HPPC) test, were performed. Based on 30T 21700
battery specification, in [29], the battery exhibited a charge cut-off voltage of 4.2 V and discharge cut-off
voltage of 2.5 V. As shown in Figure 3a, the cell was fully discharged with 1 C-rate (3 A) until it reached
2.5 V. After the voltage reached 2.5V, the cell rested for 1 h, and then was charged to 4.2 V via a constant
current-constant voltage (CC-CV; CC: charge to 4.2 V with a constant current; CV: reduced applied
down to 100 mA while maintaining 4.2 V). From the fully charged state, the cell was discharged to
2.5V with 1 C-rate, and this was followed by 1 h of rest prior to charging to SOC 80%. The capacity test
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result indicated that the 21700 30T exhibits 3.03568 Ah of discharge capacity. The discharge capacity
calculation is given in Equation (8). As follows:

Discharge Capacity = f idt. 8)
5 ———15 45
—Volt — F
s oltage | 4 S 4
' 35 -
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Figure 3. The electrical characteristic experiment: (a) 21700 30T single cell capacity test profile; (b) 21700
30T single cell HPPC test profile.

After the capacity test, the actual 1C-rate can be defined. In this case, 3.03568 A corresponded
to 1C-rate for the HPPC test. The C-rate is the rate of the battery being discharged. It is defined as
the discharge or charge current divided by nominal rated capacity in one hour. The HPPC test can
determine the internal resistance of a lithium-ion battery by intervals of SOC. In this study, the HPPC
test was performed to identify R,;, which corresponds to the parameter of Joule heat generation.
The HPPC profile is shown in Figure 3b. Following CC-CV charging to 4.2 V, a 5% decrease in SOC
was achieved, and this was followed by a rest period of 1 h before 10 s of charge and discharge pulse.
Furthermore, 5 min of rest time was set between the two pulses. The entire HPPC test followed SOC 5%
discharge, rest (1 h), HPPC (discharge pulse), rest (5 min), HPPC (charge pulse), rest (5 min), and the
procedure was repeated until 2.5 V was reached at the SOC 5% discharge step.

Figure 4a,b show the resistance computational method from the HPPC discharge pulse and its
result. The specific computational methods of Re; are mentioned in Equations (9a)-(9¢). The R¢; of
a lithium-ion battery can be classified as the ohmic resistance (R,,,) and diffusion resistance (Ryify)-
The Req corresponds to the summation of R, and Ryi¢¢. The obtained equivalent resistance contains
resistance terms, including the charge transfer resistance and polarization resistance of the chemical
reaction inside a lithium-ion battery [30]. Additionally, R., is verified as a proper parameter for Joule
heat generation [31]. The open circuit voltage before the HPPC discharge pulse corresponds to Uj,
and U, denotes the dropped voltage at the moment of the discharge. After 10 s of discharge pulse, Us
is obtained. Figure 4b shows the V/I - R, as derived by Equations (9a)—(9c).

u, - u
Ronm = li 2 (9a)

U, - U,

Raifp = — (9b)

Reg = Romm + Raiff (9c)
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Figure 4. Electrical equivalent resistance: (a) Electrical resistance computation from HPPC test’s
discharge pulse; (b) SOC - V/I plot

5. Battery Pack Train Propulsion Load Profile Experiment

In this study, an 1518P battery pack comprised of 18 Li-ion 21700 cylindrical cells was examined
for thermal prediction under a propulsion profile. The fabricated battery pack is shown in Figure 5a,
and the temperature was measured on the left side of the battery pack cells which comprised the side
of the battery pack. Figure 5b shows the temperature measurement points and the direction that the
wind was blowing. Specifically, the 1S18P train propulsion experiment was conducted in a chamber
maintained at temperature of 45 °C. Based on the international battery standards for transportation,
the minimum temperature condition for lithium-ion batteries was set to over 40 °C [32]. The general
standards on lithium-ion battery tests are well briefed and organized in [33,34]. Numerous standards
of EV load profiles, such as dynamic stress test (DTS) [35], urban dynamometer driving schedule
(UDDS) [36], and new European driving cycle (NEDC) [37,38] were introduced. However, there is
a paucity of standard propulsion load profiles in the case of battery-powered trains.

Weak wind

Temperature
measurement poi

Strong wind

() (b)

Figure 5. The 1S18P battery and temperature measurement points: (a) the experiment setup to measure
temperature under the train power demand profile; (b) the locations of the thermocouples (red dots)
attached to the battery pack for temperature measurements.

Figure 6a is the power demand profile for the train to operate between two stations provided by
the Korea Railroad Research Institute. The power demand profile is a profile that is adapted to a 1S18P
battery pack capacity. At the start-up acceleration phase in the power demand profile, the batteries are
discharging, and the train repeats the acceleration and coasting process during the journey to the next
station. In the coasting phase, the batteries are set to the charge mode. Prior to when the train arrives
at station 2, regenerative power can be obtained on the de-acceleration phase. After the train arrives at
station 2, additional charge is conducted to compensate power.
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Figure 6. The 1S18P battery pack test experiment results under the train propulsion profile: (a) the
power demand profile during propulsion between two stations; (b) the voltage response of the 1518P
battery pack under the propulsion profile; (c) the current response of the 1S18P battery pack under
the propulsion profile; (d) the temperature responses measured at locations #1-#9 of the 1S18P battery
pack under the propulsion profile.

The voltage, current, and temperature of the 1S18P battery pack under the power demand profile
are shown in Figure 6b—d. As shown in Figure 6d, the measured temperatures at location #8 and #9
are 1 °C lower on average. The wind blowing direction can be assumed to be blown from the front
side of the battery pack. Also, the temperature at location #1 is measured lower than the measured
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temperatures at #2 to #5 but higher than the temperatures at #6 to #9. We assumed that weak wind is
also blown from the back side of the battery pack. In the simulation study, measured temperatures
at 0 s are employed as the initial temperature conditions of the batteries and the air surrounding
the batteries.

6. Mesh Generation

In this paper, commercial simulation software COMSOL was used. Figure 7 shows a constructed
mesh using tetrahedral elements. The mesh was built in sequence of physics-controlled mesh by the
software. We built 581,679 elements in 0.05587 of the minimum element quality (maximum element
size: 0.00378 m; minimum element size: 0.00113 m; maximum element growth rate: 1.15; curvature
factor: 0.6; resolution of narrow regions: 0.7). The constructed mesh quality does not significantly
affect the simulation result.

Figure 7. Tetrahedral-element mesh for battery pack heat generation simulation.

7. Simulation Results and Validation

In this study, thermal behavior of a lithium-ion battery pack is examined under the condition of
the train propulsion load profile between two stations. The temperature of the lithium-ion battery
was predicted via the proposed model mentioned in the previous section. The heat source term of
a lithium-ion battery was classified into Joule heat and reversible heat. The Joule heat was calculated
based on R, obtained from the HPPC test, and the reversible heat was calculated via simplified
parameters from previous studies [16,18,19]. The experiment was conducted in a forced convection
chamber and the temperature was maintained at 45 °C. Commercial finite element modeling software
COMSOL was used to validate the proposed model. In the simulation, the 44.73 °C air was assumed
to be blown from the front and back side of the battery pack and set to 5 m/s and 1 m/s. Figure 8a,b
illustrate the temperature distribution results at 120 s of the battery pack simulation. Figure 8b shows
the cross-section of z-axis on the half of the battery height.

The temperature distribution shows an increase in the temperature along the y-axis except for the
rear part of the battery pack. The simulation result indicates that the front and rear part of the battery
pack were more affected by the heat dissipation than the side parts of the battery pack. The experiment
and simulation results at the temperature measuring points were compared. The applied current at the
battery pack (shown in Figure 6¢) reached over 150 A at the peak. However, because the battery pack
consisted of 18 parallel batteries, the current applied to the single cells can be simplified by dividing
the current applied to the battery pack by 18.

Figure 9 shows the temperature comparison between the simulation and experiment. As shown
in Figure 9 the total heat generated during the first 100 s exceeded that in the last 100 s. The first
phase of the propulsion profile corresponds to the start-up acceleration, which demands power. Thus,
the batteries were discharged at the first phase. Therefore, the temperature raise for the first 100 s is
larger than the last 100 s because the reversible heat corresponds to the exothermal process during the
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discharge while the reversible heat corresponds to the endothermic process. The simulation result
shown in Figure 8b indicates that temperature reached the highest value at the second and third
row from the back side of the battery pack. A strong wind from the front side of the battery mainly
dissipated the generated heat from the front part of the battery pack. A weak wind, blown from the
back side direction of the battery pack, mainly dissipated the generated heat of the last row of the
battery pack.

Surface: T-273.15 (K) Surface: T-273.15 (K)

Asss b

a8 018

(a) (b)

Figure 8. Simulation of the temperature distribution of the 1S18P battery pack: (a) the temperature
distribution of the 1S18P battery pack under the train propulsion profile; (b) the temperature distribution
of the cross-section of z-axis on the half of the battery height.
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Figure 9. A comparison of between the simulation and experimental results according to the
measurement points.

The proposed thermal prediction model was valid under the varying current conditions and
different initial temperatures between the batteries. The results from the simulation exhibited
a temperature distribution similar to the experiment. Increases in the total generated heat were
observed during the discharge process due to the exothermic process in reversible heat generation.
Finally, the proposed thermal model indicated that the temperature prediction was in a reasonable
error range. A comparison between the experiment and simulation results showed the validity of the
proposed simulation model.
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8. Conclusions

In this study, a train propulsion profile was introduced, and the heat generation of the 1518P
battery pack was examined under the propulsion profile. The proposed heat generation model was
classified into Joule heat and reversible heat. The equivalent resistance as a function of SOC was applied
to the Joule heating parameter. In the study, the HPPC test was conducted to obtain the equivalent
resistance. The reversible heat was calculated with the parameters from the conventional studies.
Thus, standard train propulsion power demand profile was introduced. Conventional studies have
concentrated on thermal analysis under a constant load current profile. In this paper, the introduced
thermal model indicated the feasibility of thermal prediction under the power demand profile during
train propulsion between two stations. The temperatures of cells which comprised the battery pack
were predicted under less than a 0.5 °C error.
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