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At present, 48 V mild hybrid battery systems are widely used in hybrid electric vehicles to
reduce fuel consumption and emissions. The battery pack often operates at high
discharge/charge rates and requires an efficient and compact battery thermal
management system (BTMS) to control its temperature, improve its electrical
performance and extend its life. Due to their short start-up times and simple
structures, semiconductors can provide rapid refrigeration and cool a battery quickly in
response to sudden high current rates. Therefore, semiconductors were applied to the
BTMS of a48 V battery. The performance of the semiconductor-based BTMS was studied
by simulation and experiment at high discharge rates (up to 9.375 C). Firstly, a thermal
model of the BTMS was developed that integrates a resistance-based battery thermal
model, a semiconductor thermal model and a three-dimensional fluid-solid coupled heat
transfer model. Unlike a traditional thermal model, the proposed model considers the joint
influences of SOC, temperature and current on battery resistance and improves the
predictive precision of the battery’s thermal behaviour. The thermal model was verified by
an experiment, with the results showing that it could precisely describe the temperature
increase in the battery (maximum average absolute error within 0.9°C). Finally, the BTMS
thermal model was applied to predict the cooling performance of the semiconductor
BTMS at an ambient temperature of 37°C and high current rates (up to 9.375 C), which
was compared with that of an air-cooled BTMS. The results demonstrate that the
semiconductor-based BTMS achieves lower battery temperature than the air-cooled
BTMS and ensures a temperature difference within the 48V pack of <1.6°C.

Keywords: 48 V battery pack, battery thermal management system, semiconductor refrigeration, battery thermal
behaviour, high ambient temperature, high discharge rate

1 INTRODUCTION

Over the past decade, new energy vehicles have rapidly become a technological focal point, as they
can reduce fossil fuel consumption and the negative environmental impacts of vehicular traffic
(including ground-level ozone, regional smog and climate change) (Dunn et al., 2011). Hybrid
electric vehicles (HEVs) are a combination of fossil-fuelled and electric vehicles (EVs). They use an
electric motor in parallel with an internal combustion engine (ICE) and also have a kinetic energy
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recovery function, which saves energy and reduces fuel costs
while ensuring range (Maggetto and Van Mierlo, 2001; Bradley
and Quinn, 2010). Compared with regular hybrid technology, the
48 V mild hybrid system offers better space utilization and easier
integration with ICE-based powertrains, as well as lighter weight
and lower cost (Ran et al., 2017; Lee et al., 2018; Yu et al., 2018).

Lithium-ion batteries are used as the power source in 48 V
systems because of their good energy density, power density and
service life. However, high-power 48 V battery pack systems
produce high amounts of heat, which directly affects battery
performance, lifetime and safety (Yang et al., 2014; Placke et al,,
2017; Huang et al., 2018). For optimal battery performance, its
operating temperature needs to be controlled within 25-40°C,
and the temperature difference between battery cells should not
exceed 5°C (Pesaran, 2002; Malik et al., 2016; Al-Zareer et al.,
2017). Therefore, a battery thermal management system (BTMS)
is necessary to ensure performance and avoid accidents such as
combustion and explosion caused by thermal runaway
(Tanniciello et al., 2018).

Currently, BTMSs have achieved cooling using air, liquid, heat
pipes, phase-change materials and semiconductor-based
thermoelectric cooling (TEC). Semiconductor cooling has
received widespread attention for its short start-up time,
simple structure and ability to achieve rapid cooling under
instantaneous high currents. It is usually combined with one
or more other cooling methods. In 2003, Alaoui et al. (Alaoui and
Salameh, 2003; Alaoui and Salameh, 2005) were the first to study
BTMSs based on TEC technology for use in EVs and
demonstrated their feasibility. Li, Song, and Lyu (Song et al,
2018; Lietal,, 2019; Lyu et al., 2019) combined TEC with forced-
air, phase-change material, and liquid cooling methods to
improve the cooling of battery modules. Song, Sirikasemsuk,
and Seo (Seo et al.,, 2018; Song et al., 2018; Sirikasemsuk et al.,
2021) investigated the effects of TEC parameters such as
semiconductor arrangement, optimal ambient temperature
range, cooling power and voltage on cooling. Liu (Liu et al,
2014) further verified the effectiveness of TEC systems at high
temperatures. In the above studies, the accurate prediction of cell
temperatures and heat production is related to the design and
validation of the BTMS. Therefore, the relationships between the
electrical and thermal characteristics of Li-ion batteries need to be
established (Kim et al., 2011). The battery energy balance system
proposed by Bernardi (Bernardi et al, 1985) provides a
theoretical basis for calculating battery heat production.
Electrochemical-thermal and electro-thermal models were
established, both of which can calculate external characteristics
such as charge-discharge curves and temperature distributions.
However, the estimates of some internal characteristics may differ
when different models are used. Electrochemical-thermal models
analyse the influence of electrochemical parameters on thermal
properties. They describe electrode reaction kinetics using the
Butler-Volmer equation and the diffusion of particles in the
electrolyte or active material by Fick’s law. These models focus
on the parameters and properties of the cell materials, such as
particle size and solid-liquid diffusion coefficient, and require a
large number of electrochemical parameters (Tang et al., 2019). In
contrast, electro-thermal models use empirical equations to
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describe the potential and current density distribution on the
electrode, so focus on the electrical properties of the cell (such as
open-circuit voltage and entropy coefficient). Their advantages of
requiring fewer parameters and less calculation make them more
suitable for studying the effects of macroscopic parameters on cell
performance, such as cell size and internal resistance. In HEVs,
48V battery systems require an instantaneous discharge rate
close to 10 C to satisfy the power requirements. At high ambient
temperatures, such high currents are a great challenge in terms of
battery heat dissipation. Therefore, the performance of the TEC
systems used in BTMSs needs to be studied under high currents
and temperatures.

To overcome the shortcomings of present semiconductor-
based BTMS (SBTMS) studies, this paper develops three models
to study the performance of 48 V battery packs with coupled
TEC-forced-air cooling at high discharge rates and temperatures:
1) a resistance-based battery thermal model, 2) a semiconductor
thermal model and 3) a three-dimensional fluid-solid coupled
heat transfer model. The contributions of this paper are 1) the
development of a battery model and 2) validation of the effect of
TEC at high currents and ambient temperatures. The first
contribution involves the development of a resistance-based
battery body thermal model that considers the dependence of
ohmic resistance and polarization resistance on battery SOC
(tested range = 0.1-1), current (at 3.125, 6.25, 9.375 and
12.5C) and ambient temperature (tested range = 5-40°C). A
thermal model of battery tabs is also established due to the drastic
effect of the tabs’ ohmic heat on the cells’ temperature
distribution. A complete battery thermal model is developed to
accurately predict the heat production and temperature
distribution of the battery. The second contribution involves
testing the performance of TEC by simulation of a 48V
battery system at a discharge rate of 9.375C and ambient
temperature of 37°C.

In this paper, an eight A h LiFePO, pouch battery and 72,001/
241/060B semiconductor are used as the research objects.
Thermal models of the battery and semiconductor are
established and verified through experiments. Then, a 48V
battery pack BTMS coupled with TEC and forced-air cooling
is built to test cooling performance at an ambient temperature of
37°C and high current rates of up to 9.375 C.

2 POUCH BATTERY CELL THERMAL
MODEL

Assuming that the thermal conductivity of the cell is anisotropic,
the rest of each material physical parameters are isotropic and do
not vary with the temperature. By Fourier’s law, the three-
dimensional unsteady heat transfer model of the lithium
battery cell can be expressed as (Yang and Tao, 2006):
T _ T  O°T P o°'T
Plrgy =R T ya_yz+ 232 T4 1)

where p is the battery density; C,, is its specific heat capacity; T
is the battery temperature; ¢ is time; k., k, and k. are the
thermal conductivities of the battery in the x-, y- and
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z-directions, respectively; and q is the heat generation rate of
the battery.

2.1 Battery Cell Heat Generation Model
2.1.1 Battery Body
During charge/discharge processes, the cell has four heat sources
according to Ref. (Bernardi et al., 1985): electrochemical reaction
heat, ohmic heat, polarization heat and side reaction heat (always
ignored). Newman (Thomas and Newman, 2003) linked the
electrochemical parameters with the electrical and thermal
parameters that can be easily measured to describe the heat
sources. Because the difference between the cell terminal
voltage and open-circuit voltage (OCV) can be expressed in
terms of current and resistance, the heat production inside the
cell can be calculated by:
Qtotal:I(U_V)"'ITZ_(,]{:12(R0+RP)+ITZ_¥ 2
where Qo is the total heat generation inside the cell, I is the
current through the cell, V is the cell terminal voltage, U is the
OCV, T is the cell temperature, dU/dT is the entropy coefficient,
R, is the ohmic resistance, R, is the polarized resistance, I’ R, is
ohmic heat, I’R,is polarization heat, and ITdU/dT is
electrochemical reaction heat. The heat production per unit
volume inside the cell g is:

_ Qtotal _ 1 2 du
geell = Vb - Vb <I (Ro + RP) +IT dT (3)

where Vj, is the cell volume (m?).

2.1.2 Tabs

Tabs are the metal conductors connecting the cells to the external
charging and discharging equipment. They have a strong impact
on the temperature distribution of a pouch battery. According to
Ref. (Xie et al., 2020), the heat conducted between a tab and the
battery body can be ignored at low-current discharge rates
because there is little heat conduction. Thus, according to the
first law of thermodynamics, the simplified energy balance inside
a tab is:

dT ab, j .
Ithab,j = mtab,jcp,tab,j# + htab, tAtab,tATtab,j) (] =p, ”) (4)

dt

where Ry, is the total resistance of the tab, which is the sum of
the contact resistance R. and tab resistance R, my,, is the tab
mass, C,p is specific heat capacity of the tab, Ty, is the tab
temperature, hy,y, is the heat transfer coefficient between the tab
and the air, A, is the tab area, AT, is the difference between the
tab and ambient temperatures, and subscript j represents tab’s
polarity (positive = p, negative = n). The heat generation rate
inside the tab g, can be obtained by solving:

5)

qtab,j =

where Vi is the tab volume, which is 1.152 x 10°m® in the
studied pouch battery.

Thermal Management of 48 V Pack

TABLE 1 | Main technical parameters of the lithium-ion battery and 48 V
battery pack.

Parameter Technical specification

Cell Pack
Anode material Graphite Graphite
Cathode material LiFePO,4 LiFePQO,4
Electrolyte material LiPFg LiPFg
Size (mm) 4.8 x 160 x 227 304 x 96 x 180
Mass (kg) 0.33 5
Nominal capacity (A-h) 8 8
Nominal voltage (V) 3.3 48
Voltage range (V) 2.4-3.65 54-24
Operating temperature (°C) -30-55 -30-55

2.2 Parameters of the Thermal Model
2.2.1 Battery Resistance and Entropy Coefficient

In this paper, an 8 Ah lithium-ion pouch battery produced by
A123 was adopted to study the thermal performance of the
SBTMS. Table 1 shows its technical parameters. Hybrid pulse
power characterization (HPPC) tests were implemented to
obtain the cell resistance according to the process given in
Ref. (Stroe et al., 2018). The cell OCV was measured before
each impulse current in the HPPC and the entropy coefficient
was calculated based on the OCVs at different battery
temperatures. Figure 1 shows the experimental devices: the
current load on the cell was provided by a NEWARE CE-7001
PACK battery tester, a thermostat was used to control the
desired ambient temperature of the cell, and the body
temperature of the cell was monitored by K-type
thermocouples attached to the cell surface. The layout of
temperature measurement points on the cell is also shown in
Figure 1. The cell temperature, voltage and current were
recorded by computers. The relative error of the temperature
sensor was £0.75%.

Figure 2A-D show the variations in cell ohmic resistance and
polarized resistance with SOC, cell temperature and current. A
polynomial responding surface model (PRSM) was adopted to fit
these data, and the results are:

4 4 4
R,(I,SOC,T) = Y AT + Y B{'soC’ + Y ¢/"1" + DI - SOC
i=1 i=1 i=1

+DP1.T+D®SOC-T + EW
(6)

4 4 4
R,(I,SOC,T) = Y API' + Y B'SOC' + Y CPT' + DI

i=1 i=1 i=1
.SOC+D®1.T+D®WsOC-T+E®  (7)

where the coefficients are:

Ao [ A{l) Aél) A§1) Ail)
- (2) (2) (2) (2)
Al A2 A3 A4

—0.0012 5.433x107° 6.372x107°

0.0789
- [ 0.0001 0 0 ®)

—-0.0265
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FIGURE 1 | Devices used in the cell experiment.
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FIGURE 2 | Total resistance and entropy coefficient of the pouch battery: (A) ohmic resistance and (B) polarized resistance at a discharge current of 6.25 C; (C)
ohmic resistance and (D) polarized resistance at an ambient temperature of 25°C; and (E) entropy coefficient.
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B 'Bl(l) Bz(l) B3(1) Bél)
B B B B ©
[ -0.1297 0.1714 -0.4099 0.2520
| -7.8572 19.978 -26.182 12.656
c -Cfl) Cz(l) Cél) Cil)
- _Cl(Z) CZ(Z) C§2) C§2)
_ [-0.1137 0.0071 -0.0002 2.256 x 10 (10)
~ | -0.1617 0.0036 —5.0897 2.587 x 107
D= pW» p@ p® | [-50910 -0.0003 0.0028
“|D® D® DO |7 |-0.0036 0.0002 0.0336
(11
E=[E"W E®]=[03323 53399]. (12)

The correlation coefficient R* was applied to evaluate the
fitting precision. Its values of 0.996 for ohmic resistance and
0.98 for polarization resistance indicate that Eqs 6, 7 are accurate
enough to predict the battery resistance at high current rates.

The evolution in the Figure 2E. A seventh-order PRSM was
applied to fit the data, and the relationship between the entropy
coefficient and SOC is:

Woer (50¢) = i SOC™! (13)
ar ZP:

where

pi =[—-198.77, 630.36, — 744.55, 404.24, —100.83, 10.42,
—-0.1533, —0.04014].

The R* value of Eq. 14 is 0.993, indicating that this equation is
accurate enough to predict the entropy coefficient.

2.2.2 Resistance of Tabs

The parameter identification method was used to obtain the total
resistance R;q;,; and heat transfer coefficient h,,;. From Eq. 4,
AT}ap,j can be expressed as:

2 htab, jAtab,j
PRy, -psbifebs
e "tabj-ptabj 4

I 2 Rtab, j

ATtab, j=
tab,j Atab, Jj

- (14)
htab,j Atab,j

The variation curve of calculated ATi,,; values over times
acquired from Eq. 14 is fitted with the experimentally measured
values by adjusting the total resistance Riab; and heat transfer
coefficient h,y, . Once the identified ATy, curve agreed with the
tested one, the Ry, j and hy,y,j values were determined. For the
pouch battery, the Riapps R tab,» and h; values were 0.198 mQ,
0.027 mQ and 5.7 W/m®eK, respectively.

2.2.3 Physical Parameters

According to Eq. 1, the specific heat capacity C,, density p, and
thermal conductivities k,, k, and k, should be modelled in order to
predict the temperature distribution inside the cell. The lumped
parameter method was used for modelling, which can be expressed as:

_xm
Pi= Zvi

(15)
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C, = ngc 2 (16)
YLk
k. = 51, (17)
k, = Zz (18)
ki
_ 2Lk
k=57 (19)

where m is the material mass, v is the material volume, p is the
material density, L is the material thickness, k is the thermal
conductivity of the material, and subscript i represents the type of
material. Supplementary Table S1 in the appendix gives the
geometrical and physical parameters of the cell for Eqs (15)
to 19).

2.3 Cell Thermal Model Verification
An experiment using the devices shown in Figure 1 was carried
out to validate the thermal model of the cell. The discharge
currents used for verification were 6.25, 9.375 and 12.5°C, and
the ambient temperatures were 17°C, 27°C and 37°C. Finite
element method (FEM) was used to solve the thermal models
created in this paper, and ANSYS Fluent is used as the solver.
Firstly, the cell structure was constructed using CATIA, and
then the geometric models were imported into ANSA for
geometric pre-processing and meshing. A hexahedral grid
was adopted to discretize the computational domain due to
the regular structure of the pouch battery geometric model
shown in Figure 3A, and its number was determined to be 0.22
million after verification of the independence of the grid to the
temperature change, as shown in Figure 3B. The number of
grids ranges from 0.046 million to 0.94 million was tested with
loading9.375°C currents under the ambient temperature of 27°C,
and when it was greater than 0.22 million, the average
temperature change was within 0.1°C.

The thermal boundary used for the cell thermal model is
(Yang and Tao, 2006):

oT
—k(a)w =h(Tw—Ty) (20)

where T, is the temperature on the cell surface, T; is the air
temperature near the cell, and  is the thermal transfer coefficient,
which is calculated by:

Nul A
h= TM = 0.664Re"*Pr'"} 1)

where the average Nusselt number Nu indicates the intensity of
convective heat transfer, A is the thermal conductivity of air, [ is
the characteristic length, and Pr is the Prandtl number, Re is the
Reynolds number, it can be expressed as:

_ul

Re = — (22)
%

where u is wind speed, v is the air viscosity coefficient. therefore,
the thermal transfer coefficient is:
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The anemometer was used to measure the wind speed of
0.9m/s on the surface of the cell in the thermostat, and the
physical parameters of the air at 27°C were brought into Equation
23, therefore, h = 9.34 W/ (m? - k).

Figure 4 shows the temperature evolutions according to the
experiment and simulation. The temperature behaviour predicted
by the cell thermal model fitted well with the experimental
measurements. The average absolute error (AE,,) was used to
evaluate the predictive accuracy of the model, and is expressed as:

1 N
AEg, = N ;l Tei—T.; | (22a)

Table 2A shows the AE,,. values under different conditions.
The majority of AE,, values were below 0.8 C; therefore, the cell

thermal model can accurately predict the thermal behaviour of
the cell.

3 THERMAL MODEL OF THE BTMS

3.1 Heat Generation Model of

Semiconductor

The TEC consisted of a number of p- and n-type semiconductor
couples connected electrically in series and thermally in parallel.
With the consumption of electrical energy, heat is transferred
from one side of the device to the other side against a temperature

gradient (from cold to hot). The TEC operating principle is
shown in Figure 5A. These couples were sandwiched between
two thermally conductive and electrically insulated substrates.
The heat direction could be altered by changing the polarity of the
DC charging current so that the TEC could also be used as a
temperature controller that either heats or cools. The physical
effects of semiconductor refrigeration mainly include three
reversible effects—the Seebeck, Parr paste and Thomson
effects—and two irreversible effects—the Joule and Fourier
effects. Thus, the heat generation rate of the TEC can be
expressed as:

1 (xP,,TC
i 23
q V. (23a)
I’R,
= 24
9 v, (24)
I{XP,,T;,
=—" 25
qn v, (25)

where g is the heat generation rate; I is the current through the
semiconductor; R is the resistance of the semiconductor; «,,, is
the Seebeck coefficient; T is the temperature of the
semiconductor; and V is volume. The subscripts ¢, b and h
represent the cold end, PN bulk, and hot end, respectively.

3.1.1 Parameters of the Semiconductor Model

The resistance R, and Seebeck coefficient ay,, are required for
calculation of the heat production rate. The TEC materials were
assumed to be isotropic with constant physical parameters that
did not vary with temperature. The 72,001/241/060B type of
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FIGURE 4 | Thermal model validation at different currents and ambient temperatures: (A) Cell thermal model; (B) Battery pack thermal model; (C) BTMS thermal model.

semiconductor was applied in this paper and its main parameters
are shown in Table 3.

Figure 5B shows the structure of the TEC and its dimensions
are shown in Supplementary Table S2 of appendix. The whole
system was powered by a 12V electric source. Both conduction
fins at the cold and hot ends were turned on to cool the closed
chamber made of polyurethane insulation board material. The
temperature of the semiconductor was recorded by the
temperature sensors. The arrangement of the measurement
points is shown in Figure 5B.

Different currents were loaded on the semiconductor at an
ambient temperature of 27°C and the experimental results are
shown in Supplementary Table S3. The TEC operating
voltage is equal to the sum of the voltage drop generated
by the resistance of the semiconductor and the Seebeck
voltage:

U = IR, + tp,AT = IR, + 0y, (Ty, — T.) (26)

Parameters R, and a,, were calculated to be 1.8 ( and 0.065 V/K,
respectively.
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TABLE 2 | AE,,. values of different thermal models ('C). (Panel A) Cell thermal
model (Panel B) Semiconductor thermal model (Panel C) Battery pack thermal
model(Panel D) BTMS thermal model.

Current (C) 17°C 27°C 37°C

6.25 0.05 0.13 0.19

9.375 0.12 0.25 0.26

12.5 0.38 0.58 0.86

Current (A) Hot end Cold end
1.6 0.87 1.20
2.4 1.03 1.30
3.2 0.54 0.69
4 1.37 0.78

Cell number Current (C) 27°C 32°C 37°C

2 3.125 0.09 0.07 0.1

6.25 0.13 0.25 0.09

9.375 0.12 0.14 0.08

7 3.125 0.12 0.11 0.06

6.25 0.13 0.44 0.10

9.375 0.14 0.23 0.07

13 3.125 0.10 0.08 0.08

6.25 0.10 0.13 0.08

9.375 0.12 0.08 0.06

Cell number Current (C) 27°C 37°C

2 3.125 0.15 0.15

6.25 0.17 0.23

9.375 0.24 0.31

7 3.125 0.13 0.15

6.25 0.14 0.17

9.375 0.20 0.26

13 3.125 0.13 0.16

6.25 0.17 0.19

9.375 0.20 0.24

3.1.2 Verification of the Semiconductor Thermal Model
The FEM method was also applied to the validation of the
semiconductor thermal model with a grid number of 121,000
after grid-independent verification. Its computational grid and
verification are shown in Figures 3C,D. The temperature
evolution in the simulation and experiment at different currents
are shown in Figure 6 for the AE,, values in Table 2B. The
simulation and experiment data fitted well with a maximum AE,,,
0f 1.30°C; thus, the temperature performance of semiconductor can
be concisely described by the thermal model. Compared with other
conditions, the temperature at the cold end approached 0°C and
remained stable when the semiconductor was loaded with a current
of 3.2 A. An increase in current led to an elevated temperature at
the hot end, weakening the cooling performance of the TEC
system. Therefore, 32 A was selected as the appropriate
operating current for the semiconductor in this paper.

3.2 Thermal Model of the SBTMS

In the SBTMS, the total heat transfer process is divided into four
parts. The first part is the heat conduction between the cell and
aluminium heat dissipation structure. The heat generated by the
cell is transferred to the base through graphene and heat-
conducting fins, or the contact surface between the bottom of

Thermal Management of 48 V Pack

the cell and the base. The heat transfer inside the cell was
modelled in Section 2. Assuming that the thermal
conductivity of the graphene and aluminium plate are
constant, the thermal conductivity equation for this process is:

or T T T
— (26a)

o N\t oo

where a is the thermal diffusion coefficient, which can be
expressed as:

a= km/Pme,m (27)

Subscript m represents the thermal conductivity media
(aluminium plates and graphene) parameters.

The second part is the heat transfer between the cold end and
hot end. The heat of the aluminium base is absorbed by the cold
end and transferred to the hot end by the semiconductor cooling
effect, which was modelled in Section 3.1. The heat transfers from
the surface of the heat-conducting fins to the air at the hot end
and the heat transfer in the air are the third part and the fourth
part, respectively. The governing equations are used for these
processes are:

1 Mass conservation equation, assuming that the density of
incompressible fluids is constant, it can be simplified as:
9(pu)  9(pv)  9(pw)

i dy + 3y =0 (28)

Where ¢ is the time, p is the fluid density, u, v, w are the velocity
vector of the fluid in x, y, z directions, respectively.

2 Momentum conservation equation:

0 (pu) .\ 0P 01 07, 07T
5 +V-<puu)——a+ ot 3y * 3, +F, (29)
o(pv) ( q> OP 01y, 01,, 0T,
5 +V .| pvid ay+ 3 " dy t5, th (30)
o (pw) . OP O0r,, 01y, 0T,
: g F 1
a TV (pw”) oz ox "oy "oz T Fe GV

where P is the static pressure, Ty, Ty, Tz iS the viscous stress in the x,
yand z directions, Fy, F,, F, is the gravity in the x, y and z directions.

3 Energy conservation equation

of ot ot ot )L<82t

—tU—+v—+ — a2tJra—Zt (32)
ar Yoax oy Y

az:pcp @“La? 0x?
4 k — ¢ turbulence model

The fluid flow under turbulent conditions is unstable. In this
paper, k — ¢ turbulence model was selected to describe the fluid
condition according to the requirements of calculation rate and
solution accuracy, in which the k is the turbulent energy and the &
is the turbulent dissipation rate. The turbulent viscosity y, can be
expressed as
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FIGURE 5 | (A) TEC operating principle; (B) Diagram of the semiconductor refrigeration system.

k2
e =PCire (33)

The standard k — ¢ turbulence model is:

where c is the ratio of the distance between the center of the solid
(z5) and fluid (z7) grid micro-element, ks is the thermal
conductivity of the solid, and T is the temperature of the
solid, and T ris the temperature of the fluid-solid cross-interface.

@+@=ai <y+—i>§—k +Gr+Gy—pe-Yy
R S 4 THERMAL BEHAVIOUR OF THE SBTMS
+ Sk
34y 4.1 Structure of the SBTMS
d(pe) O(pew;) 0 | ¢\ O | € The overall structure of the 48 V battery pack based on TEC is
ot + ox; = a_x] ut g, a_x] + C“E (Gk + C5:Gp) shown in Figure 7. The thickness of the heat-conducting fins and

s2
- CZSP E + Ss

(35)

where Gg, G, is the turbulent kinetic energy, can be

calculated as:
ou. {Ou. Ou;
Gk:[/‘t Hi <ﬁ+ﬁ> (36)

Xj ax] ax,-

where Y is the pulsation expansion item; Cy,, C,. and Cs, are
empirical constants; o and o, represent the Prandtl number of
k and ¢, respectively; Sk and S, are source items.

5 Fluid-solid coupled heat transfer model

In numerical simulations, the fluid-solid coupling
interface must be coupled to the interface surface mesh in
order to achieve the interaction of heat transfer data, in other
words, to achieve the one-to-one correspondence of the

graphene were 1 and 0.6 mm, respectively, and an aluminium slot
base with a depth of 5 mm fixed and supported the fins. Four
semiconductors were embedded in a recess at the bottom of the
aluminium base and held in place with thermally conductive
silicone. Two 80 x 80 mm fans were used for forced-air cooling of
the fins at the hot end and two holes of 10 mm diameter were
reserved on the air duct side to measure the temperature and
speed of the airflow. The parameters of the 48 V battery pack are
shown in Table 1.

4.2 Computation and Simulation Setups

The computational fluid dynamics (CFD)-based method was
used to solve the 48V battery pack BTMS model. The
governing equations were discretized by the FEM using a
hexahedral grid for the battery pack and semiconductor and a

TABLE 3 | Physical parameters of the semiconductor (T, = 50°C).

interface mesh nodes. Based on the basic theorem of  Parameter Value
convective heat transfer, the governing equation at the Size (mm) 55 x 55 x 3.50
fluid-solid contact interface is: Imax (A) 6.0
Unax (V) 34.3
dzy AT e (C) 83
c= dzs (37) Omax (VV) 108
Density of cold/hot end (kg/m®) 2,900
(ka—T> _ <k 3_T> (3g)  Density of PN buk (kg/m?) 10,922
oz oz Specific heat capacity of cold/hot end (J-kg™"-K™) 419
f s Specific heat capacity of PN bulk (J-kg™-K™) 200
cksTs + ksTy Heat transfer coefficient of cold/hot end (W-m~".K™) 18.5
Tsrp=—7—"7—" (39) Heat transfer coefficient of PN bulk (W-m~".K™") 2

Cks + kf
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tetrahedral grid for the fins and fluid region with a most suitable
grid number of five million, as shown in Figure 8A. The
discretization method used for the governing equations is
shown in Table 4, and the physical parameters of the
materials in the cooling system are shown in Supplementary
Table S4. Figure 8B shows the boundary conditions and
computational domain of the SBTMS.

4.3 SBTMS Thermal Model Verification

To verify the accuracy of the model, the battery pack was
discharged from SOC = 0.9 to 0.1 at ambient temperatures of
27°C, 32°C and 37°C and discharge currents of 3.125, 6.25, 9.375
and 12.5°C. In the experiments, the surface of the battery pack was
wrapped adiabatically and temperature sensors were attached to
the centres of the two sides.
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FIGURE 9 | Temperature cloud map.

4.3.1 Battery Pack

1 Temperature evolution

The T; point of battery No. 7 was the highest among all
temperature measurement points in the battery pack, and using
the temperature of this point as an example, the temperature
evolution in the experiment and simulation at current loadings of
3.125, 6.25 and 9.375 C from 27°C to 37°C were highly consistent,
with a majority of AE,,. values being below 0.15°C, as shown as
Figure 4B and Table 2C. Therefore, the thermal model can
effectively simulate the temperature variation in the 48 V battery
pack.

2 Temperature distribution

A simulated temperature cloud map of a battery pack at the
end of discharge can be used to show its temperature distribution
visually. In Figure 9, when the battery pack was discharged at an
ambient temperature of 37°C and current of 9.375C, its
temperature decreased from the top (near the tabs) to the
bottom. The cells located in the middle of the pack had higher
temperatures than those on the two sides, which is consistent with
the theoretical analysis. The heat production rate of the positive
electrode tab material (Al) was higher than that of the negative
electrode tab (Cu), and the heat conduction from top to bottom
was not an instantaneous process, so the maximum temperature
occurred in the area of the positive tab in the upper part of the

battery. Therefore, the temperature of the battery pack was
chosen to be the measurement point temperature closest to
the battery tab when BTMS was applied. The reliability of
BTMS can be demonstrated if the maximum temperature of
the battery pack was controlled within the appropriate range.
Graphene with good temperature homogenisation provides a
small temperature difference within each cell, and the
maximum temperature difference within the cell did not
exceed 2 C. However, the heat transfer coefficient of both the
pouch lithium battery and graphene in the lateral direction were
much smaller than those in the longitudinal and axial directions,
making heat accumulate in the middle of the pack more easily. In
addition, the maximum temperature of the battery was already
over 40°C when a current of 9.375 C was loaded in the pack at an
ambient temperature of 37°C. As the current continues to
increase, the temperature of the battery will increase, seriously
affecting its performance and cycle life, and temperature
differences in different locations inside the cell and
temperature inconsistency between cells will gradually increase.

4.3.2 Semiconductor-Based BTMS

The 48 V battery pack was discharged at 3.123, 6.25 and 9.375 C
currents at a 37°C and 27°C ambient temperature, and the
semiconductor-based BTMS was turned on to test the cooling
effect of the semiconductor at a current of 2.0 A and an airflow
speed of 5 m/s. The T; point of battery No. 7 was selected as the
temperature monitoring point for its maximum temperature
character in the BTMS model verification. As shown in
Figure 4C, the simulations and experiments were more
accurately fitted in the early stage of discharge when the
battery temperature was low, while the error increased in
the late stage of discharge at 9.375°C, with the simulated
temperatures being lower than the measured ones. This is due
to heat accumulation from the battery in the late discharge
period; heat not readily transferred from the hot end will
cause the cold-end temperature of the semiconductor to rise
and decrease the cooling performance. However, the maximum
error between the experiment and simulation was within 0.5°C
and 0.3°C at 37°C and 27°C ambient temperature, respectively.
And the majority of AE,,. in Table 2D are lower than 0.3°C, thus
the semiconductor-based BTMS model can accurately estimate
the temperature of the system.
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4.4 Heat Dissipation of the SBTMS
The temperature evolution of the 48 V battery pack in the

adiabatic state and with SBTMS at 2A current or air-cooled
BTMS (ABTMS) were compared by discharging at constant
currents of 3.125, 6.25, and 9.375 C, respectively, at 37°C, as
shown in Figure 10. The temperature of the battery pack with
SBTMS decreased at the beginning of discharge when loaded with
3.125 and 6.25 C currents, and was particularly noticeable at
3.125 C. The net cooling capacity of the semiconductor can be
calculated as:
Qo = ap, Tl - %IZRS - KAT (40)
K is the semiconductor thermal resistance, AT is the
temperature difference between the cold and hot end of the
semiconductor.
The calculated heat generation rate of the battery pack
loaded with 3.125C current and the TEC cooling rate of
the battery pack loaded with 2A current as a function of

the SOC (discharge time) at an ambient temperature of 37°C
are shown in Figure 10 (A;). The TEC cooling rate was
much higher than the heat production of the battery pack
at the early stage of discharge, so that a significant
temperature reduction of the battery pack occurs in
Figure 10 (A;). However, this phenomenon disappeared
when the pack was discharged at 9.375 C, when there was
very high heat production.

Temperature decreases of 0.6°C, 0.78°C and 1.21°C at
currents of 3.125, 6.25 and 9.375C, respectively, were
achieved in the battery pack with SBTMS. The maximum
temperature of the pack at 9.375C current was 39.84°C as
shown in Table 5, and the maximum temperature difference
between cells was 1.6°C, which meet the requirements
for optimal pack operating temperature range and
temperature consistency. However, if the current increases,
the semiconductor-cooled battery pack will exceed the
safe operating temperature. Therefore, loading the TEC
with 2 A current was the minimum current at which
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TABLE 4 | Discretization method for the governing equations.

Thermal Management of 48 V Pack

Convection term Pressure DiffusionTerm Other terms Pressure-velocity

term coupling algorithm
2nd order upwind Scheme  2nd scheme Central difference 1st order upwind semi-implicit method for pressure-linked equations scheme

Scheme Scheme (SIMPLE)

TABLE 5 | Temperature at the end of discharge (°C).
Discharge rate (C) Heat insulation ABTMS SBTMS(2A) SBTMS(3.2A)
3.125 38.15 37.78 37.55 36.21
6.25 39.55 39.04 38.77 37.45
9.375 41.05 40.38 39.84 38.82
SBTMS can achieve temperature control within 40°C of the requirement of <40°C and provided a temperature

pack at 9.375 C current and an ambient temperature of 37°C
discharge. As the TEC current increases, the cooling effect
increases and better demonstrates the superiority of the
SBTMS.

For a battery pack with ABTMS, the temperature
decreased by 0.37°C, 0.51°C and 0.67°C compared with
the pack in the adiabatic state; hence, it had a weaker
cooling effect than SBTMS. Moreover, the lower thermal
inertia of semiconductors allows for higher cooling
sensitivity. At currents of 3.125, 6.25 and 9.375 C, the pack
with SBTMS achieved cooling of 0.2°C some 149 s, 67 s and
120 s faster, respectively, than the pack with ABTMS.

5 CONCLUSION

A semiconductor-based BTMS thermal model was developed
to predict the temperature performance of a 48V battery
pack. It integrates a resistance-based cell thermal model, a
semiconductor thermal model, and a three-dimensional fluid-
solid coupled heat transfer model. The performance of the
semiconductor cooling system at high temperatures and
discharge rates was verified using this model and compared
with that of an air-cooled system. Based on the results, the
following conclusions are made.

1. The battery thermal model considers the effects of current,
temperature and SOC on ohmic resistance and polarization
resistance. It can accurately predict the thermal behaviour of
8 Ah pouch batteries. The maximum errors in temperature
prediction by the thermal model were mostly <0.8°C at the cell
level and <0.6°C at the pack level.

2. In this paper, a BTMS structure with coupled
semiconductor and air cooling was designed. The
proposed BTMS thermal model was able to accurately
describe the temperature performance of the battery,
with a maximum error within 0.5°C in ambient
temperature of 37°C and 0.3°C in 27°C. At an ambient
temperature of 37°C and high current rate (up to 9.375 C),
the SBTMS achieved an overall temperature control

difference of no more than 1.6°C in the 48 V battery pack.

3. The hybrid semiconductor-based BTMS was more
sensitive and had a better cooling effect than the single
air-cooled BTMS. At 3.125, 6.25 and 9.375 C, the SBTMS
achieved the initial 0.2°C temperature drop some 149 s,
76 s and 120 s faster, respectively, than the ABTMS and
cooled the pack by 0.6°C, 0.78°C and 1.21 C at the end of
discharge.
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NOMENCLATURE

p battery density (kg/m’)

CP specific heat capacity (J/(kg: K))

T battery temperature (°C)

t time (s)

k. thermal conductivities in the x-direction (W/(m- k))
ky thermal conductivities in the y-direction (W/(m- k))
k, thermal conductivities in the z-direction (W/(m- k))
q heat production rate (W/m?>)

Qqotal total heat generation rate (W/m?)

I Current (A)

V terminal voltage (V)

U open circuit voltage (V)

dU/dT entropy coefficient

R, ohmic resistance (Ohm)

RP polarized resistance (Ohm)

Vp cell volume (m?)

Riab, j total resistance of the tab (Ohm)

R, contact resistance (Ohm)

R; tab resistance (Ohm)

My,p tab mass (kg)

Cp,tab specific heat capacity of tab (J/(kg- K))

Tiap tab temperature (°C)

hiap, heat transfer coefficient between the tab and the air
Agap tab area (m?)

ATy, difference between the tab and ambient temperatures (°C)
Viab,j tab volume (m®)

R? correlation coefficient

T, cell surface temperature (°C)

T air temperature (°C)

h thermal transfer coefficient (W/(m?* k))

Nu Nusselt number

A thermal conductivity of air (W/(m- k))

1 characteristic length (m)

Re Reynolds number

Pr Prandtl number

AE,,, average absolute error

Thermal Management of 48 V Pack

Ry semiconductor resistance (Ohm)

Opn Seebeck coefficient

q, cold end heat generation rate (W/m?®)

q;, PN bulk heat generation rate (W/m®)

qp, hot end heat generation rate (W/m®)

P static pressure (Pa)

u, v, w velocity vector in the x, y and z directions (m/s)
Txx> Tyx> Tzx Viscous stress in the x, y and z directions (N/m)
F,, F), F, gravity in the x, y and z directions (N)

k; thermal conductivity (W/(m- k))

k turbulent kinetic energy (m?/s?)

€ turbulent kinetic energy dissipation rate

U, turbulent viscosity (m?/s)

Gy, Gy turbulent kinetic energy (m?/s?)

Y 51 pulsation expansion item

Cie, Cye, Cs, empirical constants

O} Prandtl number of turbulent kinetic energy

0 Prandtl number of turbulent kinetic energy dissipation rate
Sk, S source item

€ ratio of the distance between the center of the solid (z ) and fluid (z ) grid
micro-element

T Solid temperature (°C)
Ts_g fluid-solid cross-interface temperature (°C)
K semiconductor thermal resistance(Ohm)

AT temperature difference between the cold and hot end of the
semiconductor (°C)

BTMS battery thermal management system
EV electric vehicle
HEV hybrid electric vehicle

ICE internal combustion engine
TEC thermoelectric cooling

SBTMS semiconductor-based BTMS

OCV open-circuit voltage

HPPC hybrid pulse power characterization
PRSM polynomial responding surface model
CFD computational fluid dynamics

FEM finite element method

ABTMS air-cooled BTMS
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