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ABSTRACT

Although electrification allows a significant reduction in fuel
burn, noise, and emissions, one of the main challenges in this
technology is to deal with the thermal loads generated by the
electrified propulsion system components. This is to guarantee
the safe and optimal operation of the propulsion system as well
as the aircraft. This challenge needs to be addressed to enable
this important technology to be adopted by aircraft
manufacturers. This paper presents a methodological approach
to calculate the heat load values generated by electric
components in All-Electric Propulsion (AEP) architectures.
Initially, the architecture of an AEP system will be presented and
explained. Then, for each component, physics-based models
based on associated heat loss mechanisms will be developed and
presented. For this purpose, thermal models for battery packs,
electric motors, inverters, and rectifiers are generated and a
MATLAB/Simulink library is developed to calculate the thermal
loads generated by each component at different working
conditions. The developed models’ results are validated against
publicly available data to confirm the effectiveness of the
proposed approach. The simulation results confirm that the
developed library is able to predict the thermal loads generated
by lithium-ion battery packs, permanent magnet synchronous
electric motors, multi-stage inverters, and rectifiers with less
than 1%, 9.9%, 9.2%, and 0.5% errors respectively. Finally, an
AEP architecture is simulated as the case study and the total heat
loads generated by different components have been calculated at
the design point to confirm the capability of the developed
framework in system-level analyses.

Keywords: Thermal Management System, All Electric
Propulsion, Heat Loss Calculation, Physics-based Models,
MATLAB Toolbox

1. INTRODUCTION

Waves of electrification in the aerospace sector have proposed
radical concepts and structures for both aircraft and green
propulsion systems. These embodiments are presented for
different classes from delivery drones to large commercial
aircraft. The way that the thermal loads are managed in
electrified propulsion systems is still a practical challenge in the
roadmap of the electrification of propulsion systems. This
challenge needs to be addressed to enable this important

technology to be adopted by aircraft manufacturers. As electrical
components are more sensitive to overheating, having a practical
tool for precise prediction of the generated thermal loads in
electrified propulsion systems is becoming a necessity, even in
the first steps of the conceptual design procedure, to maintain the
expected efficiency and life span of the components. Although
there are several published studies on the methods and
approaches for calculation of excess heat loads generated in
battery packs [1][2][3], electrical machines [4][5][6][7], and
power converters [8][9], the lack of a system-level approach for
developing a modular library able to predict the total heat load
in All-Electric Propulsion (AEP) system architectures, is the
main motivation of doing this piece of research.

This paper presents the procedure of developing a MATLAB
library for the calculation of heat loads in AEP system
components and the whole architecture. The study of battery
packs is focused on lithium-ion type with both series and parallel
cells. The effects of ambient temperature on the generated heat
loads in battery packs are also taken into account. The Permanent
Magnet Synchronous Motor (PMSM) type is selected for electric
motor modelling where motor core losses, magnet losses, and
copper losses are considered and simulated. Conduction and
switching losses are modelled in the modern state of the art
multi-stage inverters and rectifiers. All developed modules are
validated against publicly available data to confirm the validity
of the proposed approach. Moreover, in order to confirm the
capability of the developed toolbox for system-level
applications, an AEP architecture is simulated as the case study
and the total heat loads generated by different components have
been calculated at the design point. The contribution of each
component in the total heat load could also be shown with the
toolbox to enable the designer to find the main source of the heat
in AEP for special attention.

2. MODELLING OF BATTERY PACK

Battery packs are the main power source of electricity in an AEP
system. With modern technology development, there are a large
number of choices in rechargeable batteries available for use in
electric vehicles like nickel-cadmium, lithium-ion, nickel-metal
hydride, lithium-ion polymer, lead-acid, and many other
compositions [10]. According to the literature, lithium-ion
batteries are the most promising candidate for aerospace
applications with the highest specific energy compared to others.
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Lithium-ion batteries are in the form of cells combined in series
and/or parallel connections to provide the required output
voltage forming the battery packs [11]. The amount of heat loss
in lithium-ion battery packs depends on the equivalent
resistance, current, and the number of cells of the whole pack as
follow:

P=Ry xI*+N @
Where “P” is the total heat load in KW, “Req” is the equivalence
internal resistance in Q, “I” is the current in A, and “N” is the
number of the cells. “Req” changes with the way of how the cells
are connected. If the cells are connected in series, then:

Reg=Ri+R,+Rs+ - +R, 2
And if the cells are connected in parallel, then:
1 =i+i+i+...+i (3)
Req R1 Rz R3 Rn
Ri, Rz, Rs, ..., Ry are the individual resistances of each cell

connected in series or parallel.

The resistance of lithium-ion batteries is affected by the
operating temperature and the State of Charge (SOC) of the
batteries. The effects are discussed in detail in [10] and [12]. For
example, a theoretical relationship for a 18650B lithium-ion
battery states that with the rise of temperature by each degree
there is a drop of the output voltage by 0.055%, and this number
changes for different lithium-ion batteries. This drop of final
required output leads to the incorporation of a higher number of
cells to compensate for the loss which in turn leads to the rise of
temperature [13]. The internal resistance of a cell mainly
depends on the life of a cell. For a newly opened cell, its internal
resistance can be measured at 0.01€Q but for a used and worn-out
cell it is measured at 0.04 — 0.05 Q. As this study aims to develop
a Battery pack model for aerospace applications, the effect of
ambient temperature should also be modelled to enable designers
and researchers to calculate the heat loss values at different flight
phases. So, the discharge of current for a cell is modelled as a
function of the temperature as indicated in Table 1 [14].

TABLE 1: TEMPERATURE DEPENDENCY OF CURRENT
DISCHARGE CAPACITY

Discharge -20°C -10°C 0°C 25°C 60°C
Temperature

Current discharge 60% 75% 80% 100% 95%
capacity

Figure 1 shows the in-house MATLAB App developed for the
calculation of total heat loss for a Lithium-ion battery pack in the
Centre for propulsion engineering at Cranfield University.

FIGURE 1: HEAT LOAD CALCULATION APP FOR LITHIUM-
ION BATTERIES WITH AMBIENT TEMPERATURE
CONSIDERATION

In order to confirm the validity of the developed model, the
results obtained for the Li-lon battery presented in [15] are
reproduced here. The characteristics of the case study are shown
in Table 2. For the calculation of the thermal load in [15], the
battery module is assumed to be new and the internal resistance
is considered as 0.01Q. Moreover, the model presented in [15]
has not the capability of changing the ambient temperature. So,
the temperature is set to 25°C to replicate the results. The
outcome of the developed app is 295.8 W/cell which is exactly
the same as the value reported in [15]. It is worth mentioning that
the effect of degradation in the battery pack is huge. For
reference purposes, for the same model of the battery pack, the
total heat load at 0.05Q would be 5917 W.

TABLE 2: PROPERTIES OF THE BATTERY MODULE

Module Voltage | 7.5V

Module Current | 172 A

Cell capacity 86 Ah

Number of Cells | 4 (2 series + 2 parallel)

Temperature 25°C

Weight 4.8 Kg Approximate
3. MODELLING OF ELECTRIC MOTORS

In the AEP system, an electric motor is to convert the electrical
energy from the power source into mechanical energy providing
the required propulsive force. There are mainly two types of
electric motors, Permanent Magnet Synchronous Motor
(PMSM) and induction motor. But compared to induction
motors, PMSMs have higher power density and efficiency
[4][16]. So, PMSMs are extensively used and for this reason,
PMSM is considered for the calculation of heat losses in this
study.

There are three main losses in a PMSM:

e  Motor Core losses
e  Magnetic losses



o  Copper losses

3.1 Motor Core Losses
Motor core losses are caused by the rotor core of the motor and
can be calculated from the equation developed by Steinmetz as
follow [5]:
Pcore = thzBEn + Keszzn + Kafl'sB‘rlr.lS (4)

Where K, Ke, and K, are the coefficients of hysteresis loss, eddy
current loss, and additional losses respectively. “f” is the
frequency in Hz, and “Bn” is the magnetic flux density amplitude
inT.
3.2 Magnetic Losses

Magnetic losses in the motor are due to the permanent magnet in
the motor. These magnetic losses can be calculated from the
equation developed from the eddy current model and the total
magnetic losses are given by equation 5 [7]:

2 WZT[ZfZ - nZCEL
Pmag = Pm]m = 4p, Zn:l 2 (5)
Where “pm” is the electrical resistivity of the magnet in uQ-m,
“Jm” is the eddy current density of the magnet in W, “W” is the
width of the magnet in m, “C,” is the coefficient of friction and
“f is the frequency of the motor in Hz.

3.3 Copper Losses
Copper losses in the motor are caused by the stator and windings
of the stator in the motor. Copper losses in the motor can be
determined by equation 6 [7]:

Pcopper = pcoppeer fj;(]s +]e)2dS (6)
(1 + a(T = Ty)) (7

pcopper = '00

Where “peopper” and “po” are the copper resistivity at temperature
T and Ty respectively, “Js” is current source density in winding,
“Je” is eddy current density in winding, “lw” is the active length
of winging in m and “a” is the temperature coefficient of copper
resistivity.

Figure 2 shows the in-house app developed for the calculation of
total heat loss for a PMSM in the Centre for propulsion
engineering at Cranfield University.

The inputs of the model are the frequency of the motor in Hz,
Copper Winding Length in m, and Electric Resistivity. The
frequency of the motor can be obtained from the datasheet of the
selected motor. Winding length can be calculated from the outer
diameter, inner diameter, and length of the rotor which is also
available in the datasheet. Electric resistivity can be calculated
using the rpm and torque at which the heat load is to be
calculated. Figures for the selection of the values of coefficients
of hysteresis loss and eddy current loss as a function of magnetic
flux density, B, are presented in detail in [17].

FIGURE 2: HEAT LOAD CALCULATION APP FOR ELECTRIC
MOTOR

For validation of the developed model, results from [6] for an
electric motor at 3000 rpm and 70 Nm torque and results from
[18] for an electric motor at 6000 rpm and 47.5 Nm torque are
used. Table 3 shows the generalized values of few parameters
required in the calculation of heat load commonly used and
widely recognized. Tables 4 and 5 show the parameters of the
first and the second electric motors used for validation of
simulated results respectively.

TABLE 3: CASE STUDIES INPUTS

Magnetic Flux Density | 1.9 T
1.72 x 10-8 Q.m

Copper Resistivity

TABLE 4: PARAMETERS FOR ELETRIC MOTOR AT 3000
RPM AND 70 NM

Continuous Power 22 KW

Frequency 400 Hz

Diameter difference of rotor | 80 mm

Length of rotor 120 mm

TABLE 5: PARAMETERS FOR ELETRIC MOTOR AT 6000 RPM
AND 47.5NM

Frequency 100 Hz

Base Speed 6000 rpm

Diameter difference of rotor | 67 mm

Length of rotor 90 mm

Table 6 shows the compared results between Heat load obtained
from the developed model and Electric Motor 1 and Electric
Motor 2. It is observed that a maximum difference of 9.9%
between the developed model and electric motor 1; And a
difference of 1.5% between the developed model and the Electric
motor 2.



TABLE 6: ELECTRIC MOTOR HEAT LOAD CALCULATION
RESULTS

Total Heat Load —
(developed app)(W)

Total Heat Load
(published) (W)

Electric Motor 539.4 592.7
11[6]

Electric Motor 1397 1418
2[18]

4. MODELLING OF POWER CONVERTERS

Power converters are mainly classified based on the way in
which they convert between Alternating Current (AC) and Direct
Current (DC) as input or output [19]. Battery packs store the
electricity in the form of DC power, but the motor and the power
source from which batteries in the pack are recharged is in the
form of AC power. This requires the AEP system to incorporate
power converters. The battery management system in the AEP
system which controls the recharge of the batteries has a rectifier
that converts the AC power source to DC power for the batteries
to be recharged. The Electronic Speed Controller consists of an
inverter that converts the DC power from battery packs into AC
power for the motor.

Losses in all the power converters are due to the Insulated-Gate
Bipolar Transistor (IGBT) losses or diode losses. These losses
are mainly due to the conduction losses and switching losses [20]
[9] and are represented by subscripts “cond” and “SW”
respectively.

Ptotal = Pcond + PSW (8)

The conduction and switching losses in inverters and rectifiers
could be calculated as follows:

4.1 Inverters
The conduction losses in the inverter can be calculated by the
following equations [21]:

Pcond = VCE(on) * IC(on) * Dcond (9)

Dcond = % (10)

treveri = 205, (t; = tiy) + (1 = Sy ) (£, — 1) (11)
f="= (12)

6, = arcsin— (13)

A, =M=xa (14)

Where “Vce” is the voltage in V, “Ic” is the current in A, “Dcong”
is the correction coefficient for conduction losses, “t” is the time
taken in a specific stage and the subscript indicates the stage in
ns, “S” is the sinusoidal estimation for the specific stage, “0;” is
the angle from the sinusoidal estimate of i" stage, “M” is the
modulation index, “a” is the number of voltage sources, “A/” is
the amplitude of the sinusoidal wave in m, “T” is the total period

and “Pcong” is the total conduction losses. The subscripts “on”
and "off” refers to the “on” and “off” state of the inverter.

The switching losses in the inverter can be calculated by the
following equations [21]:

Psw = Fsw * (Esw(on) + Esw(or)) * Dsw (15)
Eswiony = ft? Veg(©) = 1c(8) (16)

Esweorn = ftzz Vep(t) * 1c(0) (17)

Dgy ==~ (18)

tow = 2(2 —ty) (19)

Where “Psw” is the total switching losses in W, “tsw” is the total
time of switching in ns, “Vce” is the voltage in V, “I¢” is the
current A, “t” is the time taken for switching between stages in
ns, “Dsw” is the correction coefficient for switching losses.
Figure 3 shows the MATLAB-Simulink model developed for the
calculation of total heat load for a Multi-stage inverter based on
the above equations. The inputs for the model are Voltage of the
IGBT in the inverter as input 1 (Moltage) in V, Current in A,
Number of Stages, Frequency in Hz, and Power Factor. All Five
inputs can be obtained from the datasheet of any selected
inverter. A modern state of the art multi-stage inverter is
considered to be a 5-stage inverter. So, the MATLAB-Simulink
model is developed for the inverters with stages from 1 to 5.

FIGURE 3: INVERTER HEAT LOSS CALCULATION MODEL
Moreover, tables 7 and 8 show the correction coefficients for
conduction and switching losses required for equations 9 and 15
respectively.

TABLE 7: CORRECTION COEFFICIENTS FOR CONDUCTION

LOSS
Stage 1 2 3 4 5
Correction 0.218 0.201 0.162 0.201 0.218
Coefficient




TABLE 8: CORRECTION COEFFICIENTS FOR SWITCHING
LOSS

Stage 1-2 2-3 3-4 4-5

Correction Coefficient | 0.334 0.165 0.165 0.334

For validation purposes of the developed model, the models
presented in [22] are used. The selected inverter is
SEMIX151GD066HD (dual IGBT) and the properties of the
inverter obtained from [22] are given in Table 8. The results from
the developed model are compared with different results taken
from [22] (PSIM inverter model and Semisel program) and are
shown in Table 9 (the results for the PSIM model are from the
numerical method and Semisel is an open-source program which
can predict the heat load depending on the circuit of the inverter).
The total heat load shows that the developed model differs at a
maximum of 9.2% in comparison with Semisel and a 2.9%
difference when compared to results from PSIM.

TABLE 9: VALIDATION OF THE INVERTER MODEL

Total Heat Load (W)

PSIM 1070.1

Semisel 1008

Results from the developed model | 1101.03

4.2 Rectifiers
Losses in the rectifiers can be calculated by equation 20 [8] [23]:

Vilgtoss N 0.5Q, Vg
T

Vemlpmton

Ptotal = T (20)
0.318V s It

T

+

Where “Venm” is the maximum forward voltage in V. “lgm” is the
maximum forward current in A, “ton” is the total time for rectifier
in switched on stage, “tor” is the total time for rectifier in
switched-off state in ns, “T” is the total time, “VR” is the reverse
voltage in V, “Ir” is the reverse current in A, “Vim” is the
maximum forward recovery voltage in V and “Qy” is the reverse
recovery charge of the rectifier in uC. Both the conduction losses
and the switching losses are combined and formed equation 20.

Figure 4 shows an in-house app developed for the calculation of
total heat loss for rectifiers in the Centre for propulsion
engineering at Cranfield University. The inputs of the model are
the Forward voltage in V, Reverse voltage in V, Ton in ns, Tos in
ns, Total time in ns, Reverse recovery charge in uC, and Current
in A. Ton and Tof are the time of rise and time of fall for the
rectifier between the states of switching on and off respectively.
The total time is the time taken by the rectifier for switching for
the total time of operation. Forward and reverse voltages are the
input and output voltages respectively. As Total time depends on
the time of operation, it could be obtained by a simple calculation
from the total time of operation and the switching time given in

the datasheet. All the other six inputs can obtain directly from the
datasheet.

For the validation of the developed model, an experiment
conducted on a rectifier CREE C2M0025120D is taken into
consideration [24]. The parameters of the rectifier are listed in
table 10. Table 11 compares the result of the selected rectifier
model and the simulated result from the developed model. A
0.4% difference between the results from the developed rectifier
model and the selected rectifier is observed.

FIGURE 4: HEAT LOAD CALCULATION APP FOR
RECTIFIERS

TABLE 10: PROPERTIES OF THE SELECTED RECTIFIER

Input Voltage 360-440 Vg,
Output Voltage | 700 Vgc
Output Power 5 KW
Current 11.7A
Frequency 50 KHz

Ton 52 ns

Tott 46 ns

Total time 72000 ns
Qn 284 uC

TABLE 11: VALIDATION OF THE RECTIFIER MODEL
CREE C2M0025120D Total Heat Load (W)

Results from [24] 36.2

Results from the developed app | 36.34

5. SYSTEM LEVEL MODEL

The developed MATLAB/Simulink modules are added together
to form a library in MATLAB that could be used to simulate



different architectures for AEPs. The advantage of this library is
its modular feature able to calculate heat loads in different sizes
of electric systems at different working conditions.

As a case study, the architecture shown in figure 5 is simulated
in this section. As Rectifier converts AC power to DC power and
should be connected to the Battery Pack; and the ground power
source will be connected to Rectifier. Inverters convert DC
power to AC power, so the Inverter should be connected between
Battery Pack and Electric Motor. So, in terms of power flow, the
power from the ground source flows to the battery pack where it
is stored through a rectifier. Then the stored power from the
battery pack flows through an inverter and reaches the Electric
Motor where this electrical power is converted to mechanical
power. Which is in turn transferred to the propeller/fans
depending on the electric motor. In recent years, there is a new
device that’s been developed that can act both as Rectifier and
Inverter. It’s a bi-directional device that can convert AC to DC
when the flow is in one direction and when the flow is reversed
it converts DC to AC. Figure 6 shows the MATLAB-Simulink
developed model for the total heat load calculation of an AEP
System.

FIGURE 5: SIMULATED AEP ARCHITECTURE

For the case study of the AEP System, the components are
selected to have the potential of making an AEP system for a 10-
13 passenger aircraft. APMSM with 750HP of power is selected,
the battery pack configuration inspired by those of NASA X-57
Maxwell. Depending on the battery pack and motor
specifications a suitable inverter and rectifier are chosen. The
battery pack is divided into 16 modules, and each module is
divided into 16 more sub-modules. Each sub-module has 20 Li-
lon cells connected in a 1S20P configuration, which means that
all the 20 Li-lon cells in the sub-module are connected in
parallel. These sub-modules are then connected in the
configuration of 16S1P in each module, which means there are
16 sub-modules that are connected in series. Then all the
modules are connected in 16S2P configuration i.e. there are 2
modules that are connected in parallel and has 16 sub-modules
connected in series, to form a whole Battery Pack. The
specifications of the battery pack are given in table 12. This
configuration is similar to that of the battery pack used in NASA
X-57 Maxwell [3] with a slight change so the output voltage will
be suitable for the selected motor, i.e. the change is that the X-57

Maxwell had only 8 sub-modules connected in series in each
module but this battery pack will have 16 sub-modules.

FIGURE 6: SIMULATION MODEL FOR AEP ARCHITECTURE

TABLE 12: SPECIFICATION OF THE BATTERY PACK

Total nominal Voltage 660 V
Current from each cell 9A
Weight of each cell 48 grams
Sub-module configuration 1Sx20P
Module configuration 16Sx1P
Pack configuration 16Sx2P

Assumed initial temperature | 15°C

The selected Electric motor is a motor that can produce 750 HP
with a maximum power of 560 KW. It can be used in a single
propeller aircraft with a capacity of 10-13 passengers like Cessna
Caravan as the main engine or can be used in a large aircraft as
a supporting source of power. The core rotor diameter and the
length are not given out by the manufacturer, so these values are
assumed from the data available on the outer dimensions of the
motor and the previously made motors which were of lower
power [25]. The specifications of the selected motor are given in
table 13.

A suitable multi-stage inverter that can continuously provide the
required voltage available from the battery pack to the electric
motor is selected. The selected inverter is from Infineon
company and the model was named FF600R06ME3, which was
previously used in a two-seater aircraft mentioned in [20]. The
specifications of the inverter are given in table 14.

TABLE 13: SPECIFICATION OF THE ELECTRIC MOTOR
560 KW / 750 HP

Continuous Power

Voltage 540 V

Diameter difference of rotor | 624 mm

Length of rotor 450 mm
Efficiency >93%
Base Speed 1900 RPM




TABLE 14: SPECIFICATION OF THE INVERTER

IGBT Voltage 42V
Current 119A
Frequency 800 Hz

Number of Stages | 5

Power Factor 0.97

For a rectifier, a high current transformer rectifier unit is
selected, the selected rectifier belongs to the VS-150 series
developed by Vishay Semiconductors. It is generally used to
convert the ground power given to an aircraft to start an
Auxiliary Power Unit (APU) converting the AC ground power
into DC power required by APU. In this case, it converts the AC
ground power to DC to be stored in the battery pack. The
specifications of the converter are given in table 15.

TABLE 15: SPECIFICATION OF THE RECTIFIER

Input Voltage 230-440 Vqc
Output Voltage | 900 Vg
Current 119A
Frequency 400 Hz

Ton 26 ns

Torf 34 ns

Total time 47200 ns
Qn 319 uC

Results obtained from the selected components for the case study
of the AEP System are given in table 16. The conditions taken
for the case study is a cold day with 15°C of initial temperature
at the flight condition of the take-off stage at which the maximum
power is used by the system. It can be observed that the total heat
load is calculated as 50.6 KW. The total power at take-off is at a
maximum of 560 KW. So, the total heat loads are 9% of the total
power. These results can be taken as an estimated value for the
preliminary design of the thermal management system
accordingly.

Figure 7 shows the contribution of each component in the total
heat loss generated in the system. It can be observed that 75% of
the total heat load is being produced from the battery packs, 23%
from Electric Motor, 1% from Inverter, and 0.2% from rectifiers.
As the largest amount of heat load is being released from the
battery packs, the designed Thermal Management System should
be able to efficiently utilize the cooling mechanism and/or heat
exchangers to manage this amount of heat optimally. The
advancement in the batteries technologies in the future can also
significantly reduce the total amount of heat load for the AEP
system.

TABLE 16: AEP ARCHITECTURE CASE STUDY RESULTS
Heat Load (KW)

Battery Pack 38.15

Electric Motor 11.87
Inverter 0.46
Rectifier 0.10

Total AEP System | 50.6

Although more tests and explorations are required to increase the
accuracy and reliability of the developed toolbox, the current
library could be considered as the first step in the design and
development procedure of the thermal management systems for
AEPs. The modular feature presented in this study can be used
with any AEP system with just a slight adjustment in the
components' inputs and boundary conditions.

FIGURE 7: SIMULATION RESULTS FOR AEP
ARCHITECTURE

6. CONCLUSION

A modular toolbox to calculate thermal heat loads in all-electric
propulsion systems has been developed and validated in this
study.

e The battery pack module is able to calculate heat loads
in Lithium-ion battery packs with series and/or parallel
cells connected with consideration of the ambient
temperature effects.

e The electric motor module calculates different heat loss
mechanisms in PMSM including motor core loss,
magnetic loss, and copper loss.

e The inverter module calculates the conduction and
switching losses in a modern state of the art multi-stage
inverter.

e The rectifier loss can calculate conduction and
switching losses in rectifiers with the capability of
considering the time of rise and time of fall for the
rectifier between the states of switching on and off
respectively.

The simulation results confirm that the developed library is able
to predict the thermal loads generated by the battery pack,
electric motor, inverters, and rectifiers with less than 1%, 9.9%,
9.2%, and 0.5% errors respectively. Moreover, an AEP



architecture is simulated as the case study and the total heat loads
generated by different components have been calculated at the
design point. The total power at take-off is at a maximum of 560
KW and the tool obtains a heat load of 50.6 KW, which is 9% of
the total power. The contribution of each component in this heat
load also shows that the main source of heat in AEP is the
battery. Therefore, special attention should be paid to the design
and development of an optimized thermal management system
for the battery in AEPs.
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