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ABSTRACT

Aircraft electrification introduces challenges in power and
thermal management. In a hybrid-electric aircraft (HEA), the
additional heat loads generated by the high-power electrical
components in the propulsion system can negate the benefits of
the HEA. Consequently, an integrated energy management
system is required for the HEA to reject the additional heat loads
while minimizing energy consumption.

This paper presents the integrated modelling method for an
integrated power and thermal management system (IPTMS) for
HEA. With this method, a platform can be developed to assess
the varying efficiencies of the components in the electrical
propulsion system (EPS), such as the battery, motor, bus, and
converter, and the performance of the thermal management
system (TMS), such as passive cooling, during a flight mission.
This makes it applicable to modular designs and optimizations
of the IPTMS. A small/medium range (SMR) aircraft similar to
ATR?72 is studied to demonstrate the platform's capabilities. In
this study, the EPS operates only during take-off and climb. It
provides supplementary propulsive power, which declines
linearly from 924 kW to zero. Therefore, the platform assesses
the heat and power loads of the IPTMS for a typical flight
mission (take-off and climb) in this study. The performance of
passive cooling is also analysed across this typical flight mission
and under normal, hot-day, and cold-day conditions. It was
found that under the normal condition, after the mid-climb flight
mission, the EPS components except for the motor and the
inverter can be cooled sufficiently by the passive cooling
mechanism without any need for active cooling. However, the
battery temperature decreases below its minimum operating
temperature (15 oC) after the late-climb segment indicating the
need for active temperature control to prevent damage. The
passive cooling is still sufficient under the hot-day and cold-day
conditions. Additionally, compared with the normal condition,

the points at which passive cooling is sufficient to cool the
component move forward in the hot-day condition and backward
in the cold-day condition, respectively. Under the hot-day
condition, the battery temperature is below its minimum
temperature after the late-climb, still requiring active
temperature control. In the cold-day condition, the bus, the
converter, and the battery require active temperature control to
prevent their temperatures below the minimum temperatures.
Additionally, the heat from the gas turbine engine has a positive
impact to ensure the motor and the inverter operate at their
operating temperatures in cold conditions. The studied aircraft
can be assessed with the integrated model under normal, hot-
day, and cold-day conditions for heat and power loads, as well
as passive TMS performance. This demonstrates the adaptability
of the integrated modelling method. These findings imply the
potential to minimize TMS weight and energy consumption,
providing an insight for further research on IPTMS.

Keywords: Thermal management, power management,
integrated power and thermal management, hybrid-electric
aircraft, passive cooling mechanism

NOMENCLATURE
AC alternating current
BC battery-converter
BL baseline
CpP cooling power
D diameter
DC direct current
DP design point
dP pressure drop
EPS electrical propulsion system
HEA hybrid-electric aircraft
HX heat exchanger
I current
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Ler reference maximum current

K; exponent of current

Ky exponent of voltage

MI motor-inverter

MTOW maximum take-off weight

Nei number of fins

P power

PDS power distribution system

PS power switch

REC rectifier

SOC state of charge

T temperature

TMS thermal management system

T/0 take-off

SMR small/medium range

Veer reference maximum voltage

4 mass flow rate
SUBSCRIPTS

bat battery

con converter

cond conduction

em electrical machine

in input

inv inverter

max maximum

min minimum

mot motor

out output

sW switching

1 INTRODUCTION

Nowadays, global and regional organisations have proposed
ambitious emission reduction goals, such as the Flight Path 2050
plans to reduce 75% CO2 and 90% NOx [1], and NASA [2] aims
to reduce 80% NOx for the next generation of aircraft. Hybrid-
electric aircraft (HEA) have been widely studied to meet the
requirements of greener aviation. However, their additional
high-power components generate heat loads, offsetting the
benefits offered by HEA [3].

The UK’s Aerospace Technology Institute (ATT) has focused
on innovative thermal management systems for electrified
propulsion aircraft (EPA) [4]. Other institutions [5—7] also have
researched the novel aircraft energy management, named
Integrated Power and Thermal Management System (IPTMS).
Their IPTMS research focuses on the architecture design [5,8],
the power management design [7], the system modelling [6], and
the development of optimisation and analysis methods [9,10].

Some existing studies on TMS or IPTMS for HEA assess
the heat loads using fixed-efficiency methods and neglect the
effect of passive cooling [8,11,12]. When using a fixed-
efficiency method to assess, the heat loads of the electrical
propulsion system (EPS) decrease when the propulsive power of
a HEA is reduced. However, the heat loads of some components
(e.g., motor) do not decrease in some situations, such as at a

constant rotational speed condition. The authors in [13]
developed a platform for HEA to assess the varying efficiencies
of the components of EPS under different power requirements,
but some components, such as the inverter and the converter,
were still modelled by using the fixed-efficiency method. For a
regional HEA that can reach a flight altitude of higher than 5 km,
the ambient temperature can drop below -18 °C. Therefore, the
advantage of low ambient temperature at high altitudes should
be utilized to optimise the energy consumption for cooling.
Under these low-power and high-altitude conditions, if the
passive cooling mechanism is sufficient, there is little, or no
energy required for the TMS. The literature focusing on the
passive cooling mechanism is relatively limited. In [14], the
study designed a passive cooling method, called passive Outer
Mold Line (OML) cooling. This cooling method uses the exiting
OML of the aircraft as a heat sink. The heat from the components
is transferred to the OML and is rejected to the aircraft skin, and
the skin is then cooled by the ambient air. This type of passive
cooling does not require the use of ram air and any additional
power for cooling, but it incurs a weight penalty of TMS.
Additionally, the authors in [15] investigated the OML cooling
for a mega-watt aircraft, and it was found that the required area
of the minimum-efficiency OML cooling exceeds the available
area, implying that the OML cooling should be used with other
cooling strategies. Moreover, Coutinho et al. [16] investigated
the passive cooling mechanism with aircraft skin heat
exchangers. They found that compared with the conventional
phase-change cooling, the passive cooling can sufficiently cool
the components without ram air drag, but the weight and size of
the skin heat exchanger introduces challenges in installation.
Other studies have also conducted research on how to
minimize the weight penalty due to hybridisation. Lents et al.
extended their previous work and implemented a passive cooling
mechanism, called battery heat acquisition [17,18]. With this
technique, the battery can be pre-cooled on the ground to reduce
the TMS weight and required power by reducing the thermal
requirements. They found that the weight of heat exchangers can
be reduced 80%, but the fuel consumption was increased 0.75%
due to the drag, power, and weight of the TMS. They also
proposed a weight sensitive study [3] and found that 1%
improvement in the battery efficiency and 2% in the motor
efficiency can decrease the weight of their heat exchangers by
26% and 38%, respectively. Kim et al. proposed a trade-off study
for the IPTMS of a megawatt HEA at the system level [19]. In
that study, three cooling strategies were assessed: 1) liquid (fuel)
cooling, 2) vapor cycle system, and 3) hybrid cooling. They
found that the IPTMS was not feasible at their technological
level. Additionally, they found that the advancement in TMS is
more urgent than in power distribution technologies to overcome
the weight penalty due to the hybridisation. The implementation
of air cooling has been studied for HEA to reduce TMS weight.
Abolmoali et al. [20] designed an IPTMS for a long-endurance
unmanned series HEA by integrating the propulsion system and
the TMS. They implemented fuel as the coolant to reduce TMS
weight and increase the GT engine thermal efficiency. It was
found that compared with the baseline aircraft, the series HEA



consumes 750 1b less fuel but gains 708 Ib in weight. NASA ULI
[21-23] designed a TMS for a turboelectric aircraft. In their
design, the battery can be sufficiently cooled by the air from the
environmental control system (ECS). For other components,
they proposed and compared the performance of three cooling
strategies: 1) oil, 2) additional PAO (polyalphaolefin) coolant,
and 3) phase-change material (PCM) cooling. It was found that
the oil cooling was not sufficient at take-off and climb mission
phases. During these phases, the additional PAO and the PCM
cooling were suggested to be implemented. Compared with the
PCM cooling, the additional PAO cooling is much heavier,
causing more fuel burn. Kellermann et al. [24] designed ram air-
based cooling TMS for a short-range HEA and conducted
sensitive analysis for fuel burn. It was found that if the electric
component junction temperature can be increased to 400K, the
drag due to the ram air-based TMS can be eliminated. However,
the fuel burn will be increased by 0.19% under a more realistic
temperature condition of 380 K. Adler et al. [25] optimised the
phase-change cooling, replacing the vapor cycle chiller by a
thermoacoustic chiller, which consumes acoustic power, such as
the waste heat, from the engine rather than electrical power from
the battery. The thermoacoustic chiller uses the reversed cycle of
the thermoacoustic engine to cool the battery coolant. Compared
with the conventional phase-change cooling, this cooling method
causes 1.62% more fuel burn due to pressure losses during the
heat extraction from the engine, but it could be more beneficial
at low-altitude conditions.

Compared with other active cooling strategies, air cooling
has more significant advantage in minimizing TMS weight
because it has less requirements, such as it does not need pumps,
air-liquid heat exchangers, and shorter distribution systems due
to its open-loop cooling mechanism. However, the air-based
TMS causes additional drag, increasing fuel consumption.
Additionally, its feasibility is restricted under high-power
conditions. Therefore, an integrated modelling method for EPS
and TMS can help with the trade-off study for different cooling
strategies, by analysing the increased weight, induced drag, and
power usage of the TMS. The integrated modelling method
should also involve passive cooling mechanism. In low-power
and high-altitude conditions, a passive cooling mechanism,
involving air natural convection and radiation, is potentially
sufficient. This passive cooling eliminates the need for active
cooling and does not add additional weight to the TMS. In a
HEA, the power loads of the EPS affect both the sizes of the
components and their heat loads, while the surfaces of the
components impact the passive cooling performance. It is
necessary to analyse the capability of passive cooling in multiple
energy (thermal and power) domains.

This paper presents an integrated modelling method for
IPTMS’s analytical models by combining EPS and TMS
modelling methods. The methodology is adaptable to be used in
a variety of IPTMS designs as well. With this modelling method,
this paper investigates the performance of passive cooling under
normal, hot-day, and cold-day conditions, which demonstrates
the adaptability. In this paper, a small/medium range (SMR)
aircraft similar to ATR72 is studied. It was found that, in the

normal condition, after the start of the climb and the mid-climb,
the bus and the converter-battery loop can be sufficiently cooled
by passive cooling. In the case of hot day or cold day, the point,
where the passive cooling is sufficient to cool the component,
move forward or backward, compared with the normal
condition. Because the passive cooling is sufficient, active
cooling is not needed for the components after those flight
segments, reducing thermal requirements and potentially
minimizing the weight and volume of the TMS. However, in the
cold-day condition, the temperatures of the bus, the converter,
and the battery are below their minimum temperature after the
late-climb, which introduces challenges to the TMS active
cooling design. The methodology of this study for integrated
modelling and passive cooling analysis is shown in Figure 1.
First, a HEA architecture was designed for the baseline (BL)
aircraft, and an IPTMS architecture was then developed for the
HEA. After that, an IPTMS platform was developed by
integrating the EPS and the TMS. With the platform, the HEA
weight, the heat and power loads were assessed. Additionally,
the passive cooling performance under the normal, hot-day, and
cold-day conditions was assessed. Finally, the requirements and
challenges of the IPTMS design and the capability of the passive
cooling were investigated by analysing the results. This paper is
organized as follows. Section 2 presents the methodology of the
integrated modelling to develop an IPTMS platform, which
includes the architecture of the IPTMS, the integration of the
EPS, and the TMS design. Section 3 introduces the studied case.
Section 4 shows and discusses the results of the IPTMS platform,
including the comparison of weight, the assessment of heat and
power loads, and the evaluation of passive cooling performance.
Finally, a conclusion is presented in Section 5.

Design a HEA
architecture for the
baseline aircraft

I

Design an [IPTMS
architecture for the HEA

I

Develop an IPTMS
platform by integrating
EPS and TMS

}

Assess the HEA weight

I

Assess the heat and power
loads across the flight
mission

}

Assess the passive cooling performance
across the flight mission and under
normal, hot-day, and cold-day conditions

Analyse the results

End

Figure 1 Methodology flowchart



2 METHODOLOGY OF INTEGRATED MODELLING

Several studies have investigated the impacts of series and
parallel configurations of HEA [11,26]. They found that the
series HEA generally has more weight and heat than the parallel
HEA. A parallel HEA configuration was decided for the BL
aircraft as an initial study.

Figure 2 shows the IPTMS architecture for the parallel
HEA. The IPTMS comprises two propulsion systems: 1) the EPS
and 2) the gas turbine (GT) system. In Figure 2, the blue and
black blocks represent electrical and mechanical components,
respectively. The heat and power loads of the IPTMS are shown
in Table 1. In this study, only the performance of EPS and TMS
are assessed.

In the EPS, the battery, as the power source in the EPS,
supplies voltage and current to the system. Under a constant
power output condition, the battery voltage decreases as its state
of charge (SOC) decreases, which leads to variations in the
battery voltage during the flight mission. As a result, the
converter is needed to convert the varying input voltage to a
nearly constant output voltage for the power distribution system
(PDS). With a constant voltage, power can be distributed steadily
to different power users. Because the battery provides high DC
power, the PDS is designed to be a DC distribution to minimize
the loss due to the DC-to-AC transmission. In the PDS, the DC
bus distributes the power to terminal power users, such as
coolant pumps, (ram) air fans, and motors. The motors in this
design are AC motors, requiring AC input voltage, so they need
inverters to convert the DC power/voltage in PDS to the required
AC power/voltage.

INV

BAT —= COV |—= DCbus

INV

Figure 2 IPTMS architecture for parallel HEA (MOT: motor, INV:
inverter, CON: converter, BAT: battery, GEN: generator, REC:
rectifier, Prop: propeller, Gbx: power gearbox, FT: free turbine, LPT:
low-pressure turbine, HPT: high-pressure turbine, HPC: high-pressure
compressor, LPC: low-pressure compressor, Brgs: shaft bearings, and
AGB: auxiliary gearbox )

In the GT system, the high-pressure turbines (HPTs) drive
the generators as well as the fuel and oil pumps via the accessory
gearboxes (AGBs). The engine-driven generators provide power
for the power users in the cabin, and the power can also be used
for cooling EPS. In the IPTMS, the power from generators is
transferred from AC to DC power by the rectifiers and is

distributed to the pumps and fans. The FTs are coupled with the
motors through the power gearboxes to drive the propellers.

Table 1 Considered heat and power loads of the subsystems of IPTMS

Subsystem/Component Considered Load
EPS

motor heat, power
inverter heat, power
bus heat, power
converter heat, power
battery heat, power
GT

power gearbox heat, power
shaft bearings heat
auxiliary gearbox heat, power
TMS

pumps heat, power
fan heat, power

The development of the IPTMS platform comprises two
sections: 1) the integration of the EPS models and 2) the TMS
design. In this study, the platform was developed to evaluate the
heat and power loads of the IPTMS and the passive cooling
performance. Through the integration of the EPS models, the
components were modelled and sized to satisfy the required
propulsive power and system voltage of the EPS. Their volumes
and geometries then affected the passive cooling performance.
After the integration of the EPS, the platform assessed the heat
and power loads of the EPS and the capability of the passive
cooling.

Start

Aircraft
mission profile

Pout,mot

Initialize:
Neell_series
Neell_parallel

Battery Vbat>Vout,con —~—N Adapt
Neell_series

YES

|

50C(end)>S0C_min —~—NO:

Input:

M
otor voltage Motor
Motor rotational

speed

Pout,inv
lout, inv
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|
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| '
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Figure 3 Flowchart of model integration for EPS (Pgy¢ ¢ motor

output power, Pyt iny: inverter output power, Iy iny,: inverter output

current, Py pys: bus output power, Pgy;con: CONVerter output power,

Vout,con: converter output voltage, Vp,,: battery output voltage,

Ppatreq: battery required output power, SOCp, : minimum SOC,

SOC(end): SOC at the end of the mission, Nggpies: number of cells in

series, and Npgrqiier: number of cells in parallel)

Pout,bus

Figure 3 presents a flowchart that outlines the methodology
for integrating the EPS models. The modelling process is divided
into two parts: the modelling loop for the battery (right-hand
side) and the modelling loop for the power consumers (left-hand
side). The overall modelling process begins with modelling the
motor, which takes its required power output (P, mot ), VOltage,
and rotational speed as inputs. The inverter is then modelled
using its power output (Ppy¢iny) and current output (Ipyeiny)



from the motor model. The bus is modelled based on the system
voltage and its required power output (Pyyt pys), and it supplies
the power (Pyyt con) and voltage (Vpyt con) requirements to the
battery modelling loop.

In the battery modelling loop, the numbers of cells in series
(Nseries) and in parallel (Npgraiier) are initially assumed, and the
initial battery voltage is calculated. The battery is then modelled,
and its voltage (Vy,) is transmitted to the converter. The
modelling of the converter determines the required power output
(Ppatreq ) of the battery. For the battery modelling to be
successful, the battery voltage needs to be higher than the
voltage required (Vyy¢ con) by the loop, and the battery’s state of
charge (SOC) at the end of the flight mission should be above the
minimum SOC.

The following sections present the modelling methods of the
components, and their sequence follows the steps of model
integration, which are mentioned above and associated with
Figure 3.

21 Motor modelling

The major sources of loss for all types of electric motors are
the same and can be categorized into four types [27]: 1) copper
(ohmic) losses, 2) iron (core) losses, 3) windage and friction
losses, and 4) other losses. These losses are dependent on the
motor design, rotational speed, and torque.

McDonald [28] presented a loss-based modelling method
for the conceptual design of electric motors, referred to as the
‘rubber’ motor modelling method. This design used the
McDonald’s motor modelling method, and its motor design
parameters were assumed based on [28,29], as listed in Table 2.
The motor’s loss fractions and losses are calculated as follows:

Table 2 Design parameters of the motor

Parameter Value
Optimum torque (Nm) Trq’ 636.62
Optimum efficiency 1’ 0.97
Optimum rotational speed (rad/s) w' 942.48
Parasite loss ratio kj 0.95
Motor voltage (V) 400

Other losses, which occur regardless of motor torque or
rotational speed and even at motor stationary conditions, are
given by Eq.(1).

Trq' *w' 1-7n' 1
Co=hor—g— = v

Copper (ohmic) losses, which are due to the electrical
resistance of the wires inside the motor and are proportional to
the motor torque square, are given by Eq.(2).

Copper losses = k. * Trq? (2)

where,

_o'-n) 3)
2+xTrq *n'

c

Iron (core) losses, which are due to magnetic effects and are
proportional to the motor rotational speed, are given by Eq.(4).

Iron losses = k; * w 4)
where,
-3C, Trq'(1—-7n'
P q'(1—n") (5)
2w’ 4n’

Windage and friction losses, which are due to the friction
torque in the bearings, are given by Eq.(6).
3 (6)

Windage losses = k,, * @

where,

k. = Co ,Trq'(1-7n") (7)
YT 208 Ay x @'

Finally, the total loss of the motor is given by Eq.(8), which
is the sum of these four losses.

Total loss = Cy + k. *Trq? + k; * w + k,, * 03 ®)
2.2 Inverter modelling

An inverter, which consists of diodes and power switches
(PSs), converts DC to AC. The diodes and PSs are connected in
series or parallel within a module, and their numbers are usually
the same. Each phase contains two modules, and the number of
phases depends on the design of the electrical machine (motor or
generator). An inverter can be modelled by the loss-based
method presented in [30]. The component parameters of the
inverter were assumed based on [30], as shown in Table 3.

In the inverter, both diodes and PSs incur conduction and
switching losses. The equations for the loss calculations are
referred to [30]. For the three-phase motor, the total loss of the
inverter (Pyyss rotar) 18 calculated by Eq.(9).

Ploss,total = Z Ploss * parallel * Nse‘ries * 6

where, Ng..ios=the numbers of components connected in series
Nparaiier= the numbers of components connected in parallel.

)

Table 3 Component parameters of the inverter

Parameter PS Diode
Switching energy (m]) Ej,s,E, 53 195
Threshold voltage (V) V5, Vg4 0.85 1.1
Reference current (I)

Iref,psalref,d 900 900
Reference voltage (V) Vies ps»

Vief.a 1200 550
Resistance (mf2) Ry, Ry 5.86 4.76
Power factor for voltage

Kl,pssKI,d - 0.6



Power factor for current
Ky ps-Kv.a 14 0.6
where, the subscript ps is power swich, and the subscript d
is diode.
2.3 Electric bus modelling
The electric bus was modelled using the loss-based method
based on Ohm’s Law, with the temperature effect on it being
neglected. The length of the bus was assumed to be 8.1 m, which
corresponds to the wingspan of the ATR72. Aluminium was
selected as the material for the bus, and the parameters of the
aluminium bus were assumed based on Ref.[31,32], as shown in
Table 4. The resistance (R) and heat loss of the bus are calculated
using Eq.(10) and Eq.(11), respectively.

Table 4 Component parameters of the bus

Length (m) 8.1
Resistivity (2*m) 1.68E-08
Current density (A/mm?) 0.45
resistivity * length  resistivity = length
R= y gtn _ y g (10)
Ac Idesign
11
Pbus,loss =1I°R (1)

where, Ac=bus cross-section area, Ijesi9, =bus design
current, J=current density, and [=current.
2.4 DC converter modelling

There are three common types of DC converters [33]:

1. Buck converter: decreases voltage from input to
output.

2. Boost converter: increases voltage from input to
output.

3. Buck-boost converter: either increases or
decreases voltage from input to output.

The buck converter was chosen for this design, considering
it has less loss and weight than other types of converters. The
component parameters of the buck converter were assumed
based on Ref.[30],[33], as shown in Table 5.

The architecture of the DC converter is similar to that of the
inverter and rectifier, consisting of power switches (PSs) and
diodes. Unlike the inverter, the losses of the converter depend on
the input and output voltages, and the equations for the loss
calculations are referred to [34]. Finally, the total loss of the DC
converter (Pyss rorar) 18 calculated by Eq.(12).

(12)
Ploss,total = Z Ploss * parallel * Nseries

where, Ng..;.s=the numbers of components connected in series
Nparauer= the numbers of components connected in parallel.

Table 5 Component parameters of the converter

Parameter PS Diode

Switching energy (mJ) E,s,E,4 53 195

Threshold voltage (V) V5, Vg4 0.85 1.1
Reference current (I)

Iref,psalref,d 900 900
Reference voltage (V) Vies ps»

Viefa 600 600
Resistance (mf2) Ry, Ry 5.86 4.76
Power factor for voltage

Kl,pssKI,d 1.4 1
Power factor for current

Ky ps:Ky,a 1.6 1.4

where, the subscript ps is power swich, and the subscript d
is diode.
2.5 Battery modelling

A Dbattery pack is composed of battery cells that are
connected either in series or in parallel. As shown in Figure 4,
the cell voltage of a Lithium-ion (Li-ion) battery decreases when
it discharges at constant current and temperature conditions. The
battery voltage experiences a sharp drop in what is referred to as
the ‘exponential zone’. The voltage then remains constant at
nominal zone. Finally, the voltage decreases rapidly to zero.

Battery cell discharge curve

Veell (V)
o

0 20 40 60 80

Time (min)

Figure 4 Battery discharge curves at constant currents [35]

The state of charge (SOC) of the battery is defined by
Eq.(13). For a Li-ion battery, if the SOC falls below the
minimum SOC, it can damage the battery.

Cact

bat

soc = (13)

where, C,. =actual battery capacity, and C,,; =total battery
capacity.

Figure 5 presents a flowchart of the battery pack modelling
process, which involves simulating the battery model across the
mission. The modelling process begins by initializing the
numbers of cells in series (Ngeries) and in parallel (Npgraiier)-
The battery full voltage and its total capacity are calculated by
Eq.(14) and Eq.(15).

(14)

Vbat,full = Vcell,full * Nseries

Chat,futt = Ceetr,futt * Nparatiet (15)

where, Viey gy =cell full voltage, and Ceey gy =cell full
capacity.

With the output power profile of the battery pack, the battery
cell starts to be modelled in the iterative cell modelling loop. In



this design, the cell was modelled using the improved E-
equivalent method described in Ref.[35]. Its component
parameters were assumed based on [35], as shown in Table 6.
The internal resistance was assumed as constant, neglecting the
temperature effect on it.

| Determine the Nseres based on target voltage

l

Initialize Nparale |

l

I Adapt number of
Initial battery voltage Eq.(14) cellsin series

l Adapt number of
cellsin parallel

Initial battery Capacity Eq.(15)

!

4-' Battery output power profile Pdemand

¥

Veenl(t) =Veel(t)_new
Calculate cell discharge current Eq.(16)

!

| Calculate battery cell voltage Eq.(17)

l

| Calculate new battery pack voltage

Vbat(t) = Veell(t) * Nseries

|

Calculate new battery power
Phat(k) = Vbat * leei(t) * Nparatie!

kil

Cell loop

Abs[Pea (k) - Poar{k-1)] < €

1
Yes
3

| Calculate SOC at the current time step Eq.(22)

tHdt /\\
N t = t(end)

Figure 5 Flowchart of battery pack modelling

Battery pack modelled

Table 6 Component parameters of the battery cell

Parameter Value
Full capacity (Ah) 2.6
Full voltage (V) 4.2
Exponential zone charge (Ah) 0.1277
Exponential zone voltage (V) 3.889
Nominal current (A) 1.13
Nominal zone charge (Ah) 2.351
Nominal zone charge (V) 3.6
Internal resistance ({2) 0.01385

The cell discharge current (I .;(t)) and new cell voltage
(Ve new(t)) at the current time step are calculated by Eq.(16)
and Eq.(17). In the first iteration of the cell loop, the V. (t) is
assumed as Vg (t — 1).

Paemana (16)
Vcell (t) * Nseries * parallel
Ceetr,funt
V, t)y=Vy—1 t)*Reey — K ———""—""—7——
cell,new( ) 0 cell( ) cell Ccell,full — Cact(t) (17)

* (Cace () + leeu (1))
+ Aexp(—B * Cqe(t))

Leeu(t) =

where,

18
Vo = Veew,puu + Reet * Ieen(t) — A ¥
(19
A= Vcell,full - Vcell,exp )
(20
B = 3/Ccell,exp )

K=

(Vcell,full - Vcell,exp + A(exp(_B * Ccell,exp) - 1))(Ccell,full - cell,exp) (2[)
Ccell,full(ccell,exp + Icell,nom)

where, Vg exp =cell exponential voltage, Ceeypexp =cell
exponential capacity, Ry =cell resistance, and I gy nom=cell
nominal current.

The battery voltage (V,,:(t)) and the new battery power
(Ppa:(k)) are then calculated. The cell is modelled until the
battery power is converged, where the Py, (k — 1) equals to
the battery power demand (Pgemang) in the first iteration of the
cell loop.

After the cell loop, the battery cell SOC at the current time
step is obtained by Eq.(22). At the end of the simulation, if the
SOC is above the minimum SOC and the battery pack voltage
reaches the target voltage, the process returns the SOC and the
battery pack voltage at the end of the power profile, and the
battery pack is modelled. If not, the Npgraner O Ngeries is
adapted and the simulation is restarted.

S0C(e) = S0C(t — 1) — een® (22
Ccell,full
where, dt=time step.
2.6 TMS design

Figure 6 presents a flowchart of the passive cooling of the
TMS design. Once the EPS’s model integration is completed, the
heat loads of EPS can be obtained, and the TMS design is then
initiated. With the ambient temperature and components’
temperature limits, the performance of passive cooling is first
assessed to investigate if it is sufficient for the component
cooling. In this study, the passive cooling mechanism involves
air natural convection and radiation, as shown in Figure 7. The
performance of the passive cooling is determined based on the
heat transfer area of the component. If the passive cooling is not
sufficient for the cooling, an active cooling design is then
required. This paper only assesses the performance of passive
cooling and does not involve the active cooling design.

Considering the effects of installations, temperature limits
and heat loads of the EPS components, the TMS was designed
by grouping the heat loads into three cooling loops: 1) the motor-
inverter (MI) loop, 2) the bus loop, and 3) the battery-converter
(BC) loop. As Figure 7 shows, the air natural convection requires
enough space for the air flows, and the radiation occurs when the



hot object is not close to another heat source. Therefore, in this
study, the passive cooling was not considered for the MI loop
due to the proximity of the motor and inverter to other heat
sources, such as the engine and the generator, which limits the
space available for natural air flows or radiation.
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To simplify the assessment of the passive cooling, the
geometry of the bus was assumed as a cylinder, and the
geometries of the converter and the battery were assumed as
boxes. The cross-section area of the bus is obtained by Eq.(10),
and its diameter is then determined. The dimensions of the
converter and the battery are calculated by a scaling factor, given
by Eq.(23) and Eq.(24), respectively. Table 7 presents the
geometries and dimensions of the components.

3 Pdesign (23)

Scaling factor =
Pref

Chat (24)
Cref

Scaling factor = ’

where, P =power output of the reference component,
Pyesign=design power of the component, C,,.=battery capacity,
and C,.=battery capacity of the reference battery.

Table 7 Dimensions and geometries of the electrical components

Bus Converter Battery
Geometry Cylinder Box Box
Ref. component - [36] [37]
Length (cm) - 84.02 195.53
Width (cm) - 52.97 156.43
Height (cm) - 21.92 117.32
Diameter (mm) 6.2 - -

For the natural air convection, the heat transfer coefficient
is dependent on the type of surface, such as vertical or horizontal
surfaces. For different surfaces, the heat transfer coefficients (h)
are calculated by Eq.(25) and (26), based on Ref.[38]. Their heat
transfer rates of natural air convection (Q,,;) are then obtained
by Eq.(28).

For horizontal surface and cylinder

T _T. 025
h=1.32+% (S—ﬂmd> (25)
h
For vertical surface,
T — T, . 025
h=142x (—S f“”d) (26)
Dy,
For vertical and horizontal surfaces,
(27)
4 % Ath
Dh =

2 * (length + width)
where, T;=component surface area, Tfy,;q=fluid temperature,
Dy=equivalent hydraulic diameter, and A,=heat transfer area.

28
Qnat = h * Agp * (Ts — Trruia) (28

Additionally, the heat transfer rate of radiation (Qpaq) is
calculated by Eq.(29), based on Ref.[38].

Qrag = 0.85 * Agy *5.67 % 1078 x (T — Tfiy0) (29)

The heat transfer rate of passive cooling (Qpgass) is then
obtained by Eq.(30).

Qpass = Qnat + Qraa (30)

Furthermore, the operating temperature limits of the
components were assumed based on Ref.[29,31,39], as shown in
Table 8.

Table 8 Temperature limits



Component Tmin (0C) Tmax (0C)
Motor -20 220
Inverter -20 150
Bus -20 70
Converter -20 150
Battery 15 45

Figure 8 shows the flowchart of the passive cooling of the
TMS design. In the active cooling design, air cooling is given
priority because it requires fewer components, resulting in a
lighter weight. During the air cooling design, the cold plates for
the components are designed based on the assumed sizes. The
drag caused by the cold plates is then assessed. If the drag is
acceptable the air duct is then designed, and the drag, cooling
power, and weight of the TMS are assessed. If the drag is not
acceptable, a liquid cooling or phase-change cooling is required.
The coolant for the cooling loop is defined, and the cold plates
for the components are then designed based on new size
assumptions. The heat exchanger of the cooling loop is designed,
and the TMS weight, drag, and required power are then assessed,
and the required power is supplied to the EPS and the GT system
for fuel consumption evaluation. Finally, the optimal coolant and
the cooling strategy are obtained by comparing the results of the
previous assessments.

3 PROPOSED STUDY

The SMR aircraft under study is similar to ATR 72, which
is powered by two PW127 turboshaft engines. According to
ATR Company [40] and Jane’s [41], the aircraft parameters and
propulsion requirements are defined and provided in Table 9.

Table 9 BL aircraft parameters and propulsion requirements

T/O power per engine (kW) 2051
Cruise power per engine (kW) 1589
T/O altitude (m) 0
Cruise altitude (m) 5181.6
T/O time (min) 2
Climb time (min) 17.5

In this study, the baseline (BL) aircraft was hybridised,
assuming that the maximum take-off weight (MTOW) and the
aerodynamics remain the same. Table 10 shows the
specifications for the EPS. The specific weights and the specific
energy are assumed based on a 10-year technological level,
derived from the values in [29,42]. The peak power of the HEA
engine is adjusted from the T/O power to the cruise power of the
BL engine. As a result, the EPS provides the supplementary
propulsive power for the HEA from T/O to the end of the climb.
A typical mission profile (T/O and climb) is proposed in this
study to assess the IPTMS platform, as shown in Figure 9.
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Table 10 Specifications for the electrical propulsion system (EPS)

Design Design Specific Specific

Power Capacity | Weight Energy

(kW) (kWh) (kW/kg) (Wh/kg)
Motor 500 - 15 -
Inverter 600 - 20 -
Bus 930 - 100 -
Converter 950 - 20 -
Battery - 263 - 400

As shown in Figure 9 (a), (b), and (c), the supplementary
power provided by the EPS is assumed to decline linearly from
924 kW to zero during the climb, while the flight altitude and the
Mach number increase linearly during the climb phase. Figure 9
(d), (e), and (f) show the variation of ambient temperature under
the normal, hot-day, and cold-day conditions. As Figure 9 (c) and
(d) show, at the late-climb, the ambient temperature is down to -
10 °C, while the EPS total output power decreases to 200 kW,
implying that after this flight segment, the electrical components
are likely to be cooled sufficiently by the passive cooling
mechanism under the normal condition. Similarly, the ambient
temperatures can be down to -3°C and -30°C under hot-day and
cold-day conditions, respectively, implying that the passive
cooling mechanism could also potentially be sufficient under
hot-day and cold-day conditions.



The design point (DP) for the IPTMS platform, which is
identified as the start of climb (or end of take-off), is the
condition where the maximum total heat and power loads of the
EPS are expected to occur. At this point, the EPS and TMS
components are modelled, and the performance of the EPS and
the capabilities of passive cooling are assessed at the mission
level for the three scenarios (normal, hot-day, and cold-day

conditions).
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Figure 9 Typical mission profile: a) flight altitude profile, b)
flight Mach number profile, ¢) EPS total output power profile, d)
normal-day ambient temperature (Tambt) profile, e) hot-day ambient
temperature profile, f) cold-day ambient temperature profile, where the
dash lines represent the flight segments in the sequence as follows:
takeoff, start-climb, early-climb, mid-climb, late-climb, and end-climb
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Figure 10 shows the assessment for heat loads and
efficiencies across the flight mission, while Figure 11 shows the
power output of the components per flight segment. As expected,
the maximum heat loads of the components occur at the DP

condition, as shown in Table 11 and Figure 10 (a). From take-off
(T/O) to mid-climb, in the EPS, the battery generates the
majority of the heat, reaching up to 40.15 kW at the start-climb
(or the DP) condition, as shown in Figure 10 (b). As shown in
Figure 10 (c), the efficiencies of the battery, the converter, and
the bus increase towards 100%. This is because when the EPS’s
power required decreases, the system current also decreases,
thereby reducing the heat loads. However, the rotational speed
of the motor remains constant due to the constant propeller
rotational speed of the HEA. In this case, the iron and the
windage losses of the motor remain constant, although the
required propulsive power declines. As a result, the inverter still
needs to provide power to ensure the constant motor speed,
causing low efficiency at low-power conditions, shown in Figure
10 (d). At the end-climb, due to the constant rotational speed, the
motor still generates 115 kW of power output (shown in Figure
11) and the MI loop generates 8 kW of heat load (shown in
Figure 10 (b)), thereby increasing the requirements of future
active cooling design at low-power conditions.
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Figure 11 Power output of the components per flight segment

Table 11 Components’ heat loads at the design point

Component Heat load (kW)
Motor 14.33
Inverter 10.42
Bus 0.17
Converter 12.45
Battery 40.15

Table 12 shows the weight comparison between the baseline
aircraft and the HEA. Their maximum take-off weights
(MTOW) are the same. In this study, the GT engine was not
downsized, and its weight remains the same. Therefore, the
HEA’s propulsion system is 840.97 kg heavier than the baseline
aircraft due to the EPS, reducing the other weight. The other
weight includes payload weight, fuel weight, TMS weight, etc.
In this case, minimizing the TMS weight for the HEA can
maximize the carried weight of the aircraft. The passive cooling
mechanism can reduce the requirements of TMS, thereby
minimizing the TMS weight. Additionally, through the analysis



of the passive cooling, the impact of the electric components’
volumes can be evaluated. In this study, although the carried
weight of the aircraft is reduced, the fuel weight can be reduced
due to the hybridisation which might compensate the negative
impact of the increased weight for the HEA.

Table 12 Weight comparison between the baseline aircraft and the
HEA

Baseline Aircraft HEA
GT Engine Weight (kg) 960 960
EPS Weight (kg) - 840.97
Other Weight (kg) 21840 20999.03
MTOW (kg) 22800 22800
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Figure 12 Comparison between the heat load and the passive
cooling performance (Qpass) for a) bus, b) converter, and c) battery
under the ISA (normal), cold-day, and hot-day conditions

Assuming the components operate at their maximum
operating temperature, they can be sufficiently cooled by the
passive cooling mechanism under the ISA (normal day), cold-
day, and hot-day conditions, as shown in Figure 12. Similarly,
Figure 13 shows the variations of the components’ surface
temperatures under those three operating conditions.

Under the ISA condition, soon after the start of climb, the
electric DC bus can be cooled without the need for active cooling
at 2.3 minutes. After the mid-climb, the passive cooling is
sufficient for the BC loop at 13.4 minutes. As Figure 13 shows,
with the sufficient passive cooling in the normal condition, the
surface temperatures of bus and converter decreases to -15°C at
the end of the mission within their operating temperature ranges,
even when the ambient temperature is -18.68°C at that flight
altitude. Due to the low ambient temperatures at high altitudes,
the battery temperature decreases below its minimum operating
temperature (15 °C ) after the late-climb segment, which
necessitates active temperature control to prevent damage.
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Figure 13 Variations of component surface temperature s(Ts) for:
a) bus, b) converter, and c) battery under the ISA, cold-day, and hot-day
conditions, where the horizontal dash lines represent the component
minimum temperatures

As shown in Figure 12 and Figure 13, the trends of passive
cooling performance and components’ surface temperatures at
the cold-day and hot-day conditions are similar to the results
under the normal condition. Compared with the normal
condition, the points at which passive cooling is sufficient to cool
the component move forward in the hot-day condition and
backward in the cold-day condition, respectively. Under the hot-
day condition, the bus still requires active cooling until 4 minutes
into the mission, while the converter and the battery can be
sufficiently cooled by the passive cooling mechanism at 13.5
minutes and 14 minutes, respectively. Under the hot-day
condition, the battery temperature is still below its minimum
temperature after the late-climb. Under the cold-day condition,
the bus can be sufficiently cooled without any need for active
cooling across the mission. The passive cooling mechanism is
sufficient for the BC loop at about 12.8 minutes. Compared with
the normal condition, the temperatures of the bus, the converter,
and the battery are below their minimum temperatures after the
late-climb, requiring active temperature control. Under the hot-
day and cold-day conditions, the points at which the passive
cooling mechanism becomes sufficient shift by approximately 1
minute for the BC loop, and around 2 minutes for the bus. This
implies that the operating conditions have the most significant
impact on the passive cooling for the bus compared to other
components. In this scenario, although passive cooling is not
feasible for the MI loop, the MI loop does not require active
cooling control to prevent temperatures from dropping below
their minimum levels, implying that the heat from the GT
engines has a positive impact under cold-day and high-altitude
conditions.

Table 13 presents the durations of sufficient passive cooling
without active temperature control and their corresponding
percentages of the typical mission duration. It was observed that
the duration of passive cooling for the bus is approximately 78-



88% of the typical mission duration. The converter and the
battery durations are around 30% and 10%, respectively. These
results also suggest that the passive cooling for the bus is more
sensitive to the operating conditions compared to the converter
and battery.

Table 13 Durations of sufficient passive cooling without active
temperature control and corresponding percentages of time

Component Duration of passive cooling (min)

ISA Cold day Hot day
Bus 17.20 (88.28%) 15.47 (79.37%) 15.21(78.05%)
Converter 6.04 (31.02%) 6.21(31.85%) 5.72(29.37%)
Battery 2.15(11.06%)  1.96 (10.07%) 2.48 (12.71%)

5 CONCLUSION AND FUTURE WORK

Studies in the literature indicate that the HEA requires an
IPTMS to prevent its benefits from being offset by additional
thermal requirements and weight penalty. This paper addresses
these issues by proposing a generic methodology for IPTMS’s
analytical models and assessing the performance of passive
cooling.

In this study, a SMR aircraft similar to the ATR72 is studied.
The MTOW and the engine weight of the HEA are assumed to
be the same as those of the baseline aircraft, respectively.
Compared with the baseline aircraft, the HEA has an additional
840.97 kg of propulsion system weight due to the EPS, which
would decrease the space available for other functions, such as
payload weight, fuel weight, TMS weight, and so on. Therefore,
it is necessary to minimize the TMS weight to compensate for
the weight penalty due to the hybridisation.

The passive cooling mechanism can reduce the
requirements of active cooling, potentially minimizing the TMS
weight. Through the analysis of passive cooling performance, it
was found that under the normal condition, the bus and BC loops
can be sufficiently cooled by the passive cooling mechanism
after the start of the climb and the mid-climb, respectively.
However, active temperature control is required after the late-
climb segment, as the battery temperature drops below its
minimum operating temperature, to prevent damage. The
sufficient passive cooling mechanism implies that the
requirements of the active cooling can be reduced. Therefore, the
IPTMS weight and the energy consumption are potentially
minimized in further IPTMS design. Additionally, the MI loop,
due to the constant rotational speed, still generates 8 kW of heat
load at the end-climb, thereby increasing the requirements of
future active cooling design at low-power conditions.

Compared with the normal condition, the points at which
the passive cooling is sufficient to cool the component move
forward in the hot-day condition and backward in the cold-day
condition, respectively. Additionally, compared with other
components, operating conditions have the most significant
impact on the passive cooling for the bus. Under the hot-day
condition, the battery temperature is below its minimum

temperature after the late-climb, still requiring active
temperature control. Under the cold-day condition, the bus, the
converter, and the battery require active temperature control after
the late-climb. In this case, the heat from the GT engines has a
positive impact at the cold-day condition.

The studied aircraft can be assessed with the integrated
model under normal, hot-day, and cold-day conditions for heat
and power loads, as well as passive TMS performance. This
demonstrates the adaptability of the integrated modelling
method. These findings could have implications for the design
of more efficient and sustainable aviation systems. Future work
will focus on the active cooling design, comparing cooling with
and without passive cooling, and further optimisation of the
IPTMS platform.
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