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Abstract

This paper presents parametric design studies of the on-board Electrical Power System (EPS) for a distributed hybrid aircraft
propulsion. The work presents the methodology that has been adopted to develop the physics-based models of the EPS
components that comprise the electrical machines, power electronic converters, batteries, solid state circuit breakers and power
cables. The EPS model isasizing tool that can be used to eval uate the mass and dimensions of its main components. |n addition,
it determines the thermal performance of the EPS over six key flight stages of the aircraft mission. The EPS model has been
created within awider multidisciplinary design platform with the aim of sizing the overall aircraft configuration including the
aircraft thermal system, the gas turbines and the electrically propelled fans together with the aircraft structure. This paper
focusses on the EPS and presents the assessments of three key parameters which are the battery specific energy density, the
electric propulsion power and the power split ratio between the generator and the battery. The assessment results demonstrate
the significant impact the aforementioned parameters can have on the weight of the battery, the electrical power system and
hence the aircraft fuel burn. The work developed within the Clean Sky 2 TRADE project is vital as it develops and applies
important physics-based multidisciplinary tools that are required to identify optimum solutions amidst the large number of

available conceptual hybrid aircraft architectures.

1 Introduction

Transport accounts for nearly two thirds of the global crude oil
consumption and about a quarter of carbon dioxide (CO2)
emissions. Aviation is expected to contribute to around 20%
of greenhouse emissions in the transport sector by 2050.
Important technological advances in the electrification of
secondary on-board power for more electric aircraft have been
made in recent years bringing significant efficiency
improvements [1]. Yet to achieve the challenging ACARE
2020 and Flightpath 2050 goals, bigger step changes may be
necessary; that include the adoption of radical disruptive
technologies such as the electrification of primary propulsive
aircraft power [2]. There are multiple conceptual architectural
approaches to hybrid electric aircrafts which are based on a
number of expert multidisciplinary technologies. It is of
essence that the multidisciplinary aircraft systems be studied
not only at the local levels but very importantly at the global
aircraft level in relation to each other. That is the only viable
way to identify the most sustainable solutions for the novel
aircraft architectures for future devel opment.

The Turbo electric Aircraft Design Environment (TRADE)
Clean Sky project is developing adesign platform that will be
used to conduct design and optimisation studies on specific
aircraft configurations for a single aisle 190 passengers
aircraft. The scope of the platform is to develop advanced

structural models, turbo-electric subsystem including gas
turbines, electrical power systems, thermal management and
cooling systems, and perform design analysis and optimisation
studieq[3] [4]. This study is based on a particular hybrid
electrical distributed propulsion configuration developed by
the TRADE consortium. The structural model is being
developed by the Technische Universitét Berlin (TU Berlin).
The gas turbines, thermal system model and mission models
are being developed by Maéardaen University (MDH),
Sweden in collaboration with Modelon (MOD), Sweden and
Germany. The design and optimisation platform is being
developed by MOD.

This work presents the methodology that has been adopted to
develop physics-based models of the on-board EPS for
investigation of the hybrid electrical distributed propulsion
configuration. It presents the assessment studies of a few key
parameters of the EPS and anal ysesthe results of these studies.
The on-board EPS, developed by the University of
Nottingham, is a key part of the hybrid electrical aircraft
configurations being investigated within TRADE.

The manuscript is organised in six sections. After the
introduction, section 2 describes the architecture of the
distributed hybrid electric aircraft considered in this work
describing the interconnections between the different EPS
components. The design methodology adopted to model each
of the EPS components is presented in section 3. The EPS



components include the electrical machine (both motor and
generator), the power electronics converter, the solid state
circuit breaker, the power cable (both in AC and DC) and the
battery. A few concepts regarding hybrid electric aircraft have
been used in this paper and is presented in section 4. The
design methodology adopted for the different EPS sub-
components results in highly flexible models suitable for
design and optimization studies. Section 5 presents parameters
assessments and analyses the results, demonstrating the
capabilities of the developed models. Section 6 concludes the
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Figure 1: The electrical power system for hybrid electric propulsion
considered in this study

The electrical components of the EPS are assumed to be
symmetrically distributed on the left and right hand sides of
the aircraft. Figure 1 depicts the interconnections of the main
electrical components of half of the on-board EPS. Figure 2
that has been developed by TU Berlin within the TRADE
project, shows the initial locations of the EPS components on
the aircraft. Figure 1 also shows the interconnections between
the EPS model and the other system models included in the
platform that comprise the gas turbine, the thermal system and
the aircraft structure.

Within the EPS, the main electrical loads include two ducted
electrical fans (E-fans 1 and 2) for propulsion, one thermal
pump for the thermal system and offtake power for feeding on-
board electrical loads such as flight controls. These loads
receive electrical power from the electrical machine (eml)
coupled with the Boosted Gas TurboFan (GTF) aswell asfrom
the battery (batt) during the different flight stages. The GTF
power is bidirectional, hence the GTF can both supply power
to the EPS and receive a power boost from EPS supplied by
the battery through em1. The battery can provide power to the
EPS and can also be charged during certain flight stages. The
electrical machine (em1) can work in both generation and
motoring modes. The machine (em1) operates as a generator
in this work and is also referred to as (gen). The power
electronic converter (pecl) aswell asthe protective solid state
circuit breakers (sschgen, sscbbat, sscbl and ssch2) are
therefore bidirectiona and alow power flow in both
directions. The e-fans power is unidirectional, hence em2 and

em3 only operate as motor and they are supplied by pec2 and
pec3, respectively.

DC power is transmitted between the battery and the three
power electronic converters (pecl, pec2, pec3) through the DC
protective solid state circuit breakers (sschbat, sscbl- ssch6)
and the DC cables (cabdcl - cabdcd) as shown in Fig. 1. AC
power is transmitted from pecl and em1 through sscbgen and
an ac cable (cabacl). The converters pec2 and pec3 convert
DC power to AC power for the AC electrical machines em2
and em3 through the AC cables (cabac2, cabac3) respectively.
The devices pec2, pec3, sscb3 to ssch6 are unidirectional
allowing power to flow in one direction to their respective
loads. The distribution board (DB) houses the sscbl to ssch6.

3 EPS models sizing and performance calculation
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Figure 2: Diagram showing initial locations of the on-board EPS
components on the aircraft

The EPS model receives different sets of power and speed
profiles from the GTF, E-fanl and E-fan2, respectively. The
power and speed profiles can vary over the six flight stages
considered which are taxi, take-off, climb, cruise, approach &
descent and landing. Furthermore, the EPS model receives
from the thermal system model the cooling parameters
comprising of coolant inlet temperature and flowrate. The EPS
model performs the sizing calculation of its different
components and returns their respective masses and main
dimensionsto theaircraft structure model. The EPS model also
performs some thermal analysis during the aforementioned
flight stages and gives to the thermal system model the heat
losses and pressure drops for each EPS component. Within the
EPS model, each component calculates a set of output power
profile for the next component it is connected to. In this
manner, the power requirements are transmitted from one
electrical component to the next in the EPS. For instance, once
eml, em2 and em3 have been sized based on the power and
speed profile provided by GTF, E-fanl and E-fan2
respectively, the models calculate, for the six flight stages,
their heat losses and power factors. This information is then
employed to compute the output power profile for the next
electrical models, which are sschgen, cabac? and cabac3 for
eml, em2 and em3, respectively. The aforementioned
“Thermal system” and “Structure system” models of the
aircraft, which size the thermal management system of the



aircraft and the aircraft structure respectively, are not within
the scope of this work and will be covered in future
publications. The key capability of each of the EPS component
model, shown in Figure 1, which are to perform the sizing
estimation and performance analysis during key operating
points in the mission flight profile will be detailed in the
subsequent subsections.

3.1 Electrical machine

A Surface Permanent Magnet Synchronous Machine
(SPMSM) has been selected as machine topology in this work
for the three electrica machines (EMs) considered. The
machine is assumed to be intensively cooled by means of oil
cooling channels in the slots. SPMSM machines are well
known for their greater power density and efficiency compared
to different topologies, therefore they are considered good
candidates for aerospace applications [5] [6] [7]. The EM
model fixed input parameters used in this work are
summarized in Table 1.

Table 1: Parameter values for electrical machine

only with the mechanical requirements (power and speed) but
also with the coolant properties.

3.2 Power €electronics converter

A modular approach has been selected to model the pec for
two main reasons. First, the basic modules can be arranged in
parallel and seriesin multi-level configuration to cater for the
operating voltage and current of the system [8]. Secondly,
modularity alows for easier maintenance, faster time to
manufacture and assemble, and introduces increased
redundancy as and if required. The pec model is constructed
around basic 200 kW and a 500 kW modules and each module
have its own specifications with atemperature limit of 100 °C,
and efficiency values between 0.96 and 0.97 asshownin Table
3. The pec model takes as input the power profile from the
previous model it is connected to, and the input temperature
and the mass flow rate from the thermal system of the aircraft.
The size of the pec modules is computed based on the peak
power of the mission profile.

Table 2: Parameter values for power electronic converter modules

Parameters Values Parameters 200 kW 500 kW
Length over diameter aspect ratio L/D,; 15 (pec modules) pec module pec module
Inlet temperature of the oil coolant (K) 373 Specific power density (kW/Kg) 20 25
Mass flowrate of the oil coolant (kg/s) 5 Power density (kW/m3) 40,000 50,000
M aximum temperature limit (K) 373 373
Once the mechanical inputs (power and speed profiles) and L Efficiency a nominal power 0.96 097

thermal inputs (flowrate and inlet temperature profiles of the
coolant) are received the EM can be sized and the weight and
main dimensions returned as outputs to the aircraft structure
model. The EM performance are then calculated for the six
flight stages and the EM heat |osses and pressure drop across
the cooling channels are returned to the thermal system model.
Furthermore, from the heat |osses and power factors during the
flight stages, the Volt-Ampere requirements can be cal culated
and returned to the next electrical model (i.e. sschgen and
cabac? and cabac3 for eml1, em2 and em3, respectively).

The EM sizing tool implemented in the model is fully
analytical and it works under the assumption of linear
magnetic behaviour of the ferromagnetic materials. The EM is
designed considering a single operating point, which
correspond to the highest power from the input power profile.
An additional input, the length over diameter aspect ratio
L/Dy;, isincluded asadesign variable. Indeed, thisaspect ratio
influences the EM size and weight and can be used to optimize
the design. Once the abovementioned inputs have been
received a system of two non-linear equations hasto be solved
asin (1) in order to obtain two important machine quantities:
the inner stator diameter Dg; [m] and the machine peak
electrical load K; [A/mm].

eq.1 {Dsi
{eq. 2 2 Ky @)

"eq.1" represents the torque equation for a SPMSM [7] while
"eq.2" is the thermal equation [7] which assumes a steady
state lumped parameter thermal network. At this conceptual
design stage it is assumed that all the copper loss in the slots
are extracted through the oil coolant. The implemented sizing
model alows then to capture the variation of the EM size not

Cold plates are used to dissipate the power loss from the pec
modules, based on the specifications of the standard vacuum
brazed cold plate model CP20 from Lytron as given in Table
3. The thermal component of the pec model determines the
output temperature and the output pressure drop of the cooling
fluid for the thermal system. It also computes the size of the
cold plates.

Table 3: Parameter values for standard cold plates

Parameter s (Standard cold plate) Values
Nominal mass flow rate (kg/s) 0.047

Mass (kg) 0.05
Volume (cm®) 51x51x3.3
Thermal resistance (K/W) 0.042
Specific heat capacity of coolant((JKgK) 2000

The mass and volume of the pec model is computed based on
computed mass and size of the pec modules, the cold plates as
well as the associated controller; these parameters are
generated for the structure model.

3.3 Battery

The performance of the battery is dependent to a great extent
on the material used [9]. The battery model for this
configuration is based on the technology of Lithium lon (Li-
lon) with a specific energy density (SED) of 0.5 kWh/kg, a
power density of 0.9 kW/kg, and a constant efficiency of 96%,
aslisted in Table 4. Further, the state of charge (SOC) margin
for the battery is assumed as being 20% but can be varied by
the user. The battery model receives as input the required
power of the EPS across the different flight stages from the
sscbbat and the time durations from a mission model, and
determines the total energy requirement over the entire flight



mission. Designs may require batteries with high energy
capacity and/or high peak power. In order to provide the peak
power and peak energy, the battery modules are sized based on
the maximum values obtained from both specific power
density and specific energy density computations. The thermal
management of batteriesis known to be an important aspect of
design since temperature affects both the performance and the
battery lifetime. The current battery model uses cold platesthat
are connected to the thermal system network of the overall
aircraft system, as an effective method of heat transfer. The
cold plates are modelled based on the approach adopted for the
pec cold plates and described in section 3.3 and as per
specification givenin Table 2.

Table 4: Parameter values for the battery

Parameters Values
Specific energy density (kWh/Kg) 0.5
Specific power density (kW/kg) 15
Maximum temperature limit (K) 293-333
Efficiency at nominal power 0.96
Reserve state of charge (%) 20

3.4 Solid state circuit breaker

There are several types of devices to protect both AC and DC
electrical power systems. These include electromechanical
devices, hybrid circuit breakers and solid state circuit breakers
(sscb). The advantage of sscbs is their shorter operating time
and their compact packaging [10, 11]. The sscb model follows
the same modular modelling approach in design as the pec
model. Two types of sscbs have been considered in this work
namely unidirectional and bidirectional, as per specifications
givenin Table 5 and Table 6.

Table 5: Parameter values of unidirectional SSCBs

Parameters 200 kW 500 kW
(Unidirectional sschs) sscb module ssch module
Specific power density 60 75

(kW/Kg)

Power density (kW/m3) 120,000 150,000
Maximum temperature 373 373

limit (K)

Efficiency at nominal 0.990 0.994

power

Table 6: Parameter values for the bidirectional SSCBs

Parameters 200 kW 500 kW
(Bidirectional sschs) sscb module ssch module
Specific power density 30 38
(kW/Kg)
Power density (kW/m3) 50,000 60,000
Maximum temperature 373 373
limit (K)
Efficiency at nominal 0.990 0.994
power

3.5 Power cable

The power cable (ac or dc) model receives asinputsthe design
points of power over the six flight stages from the electrical
component it is connected to. Information on the length of the
cable is obtained from the structure model. The power cable
then generates the mass per length and cross sectional area of
the cable. It is assumed that the cables are naturally cooled.

The cable design is heavily influenced by the voltage level
chosen for the EPS. Even though multi-kilovolts are used for
terrestrial application, the highest accepted voltage for the
aircraft distribution system is +270 VVdc [10]. Given the above
consideration, a voltage level of 600 Vdc has been chosen as
the default voltage for the EPS in this study [12]. Yet, itisto
be noted that the user is able to vary the dc voltage level. The
modelling approach of the ac and dc power cables is based on
theworks described in[12]. The cable selected is nickel-plated
aluminium with 600V isolation, designed for an initial
temperature of 60 °C and a fina temperature of 125 °C. The
cable models use the parameters as given in Table 7 [12].

Table 7: Parameter values for power cables

Parameters Values
Density of a conductor (kg/m3) 3100
Current density of a conductor (A/m2) 3.9¢6
Electrical conductivity of aconductor Sm 32e6
Nominal DC voltage (V) 600
Power factor for ac cable 0.95

4. Hybridisation concepts

The power for the two electrical fans varies during the
aforementioned six different flight stages. An estimated usage
rate ratio (URR; ) has been applied to the nominal power for
the two electrica fans (Pean) during each flight stage
represented by ‘i’ to estimate the corresponding power for the
electrical fans for each flight stage (Peani) as depicted in
Figure 3 and shown in Table 8 and equation (2).
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Figure 3: Diagram showing the power flow in the EPS
Table 8: Usage rate ratio used for this study
) ) Approac
Flight Taxi . ;
Stage InOut Takeoff | Climb Cruise Descent E;nding
i 1 2 3 4 5 6
URR; 0.02 1.0 0.75 0.5 0.2 0.2
2

Pefan,i = URR; * Pefan

The power (Pean ;) is generated equally from the electrically
propelled fan 1 (Pefant i) and fan 2 (Pefanz i):

Pefanl- = Perany; + Pefanzl-" Pefanl,i = Fefanz; (3)



The electrical loads include the electrical offtake power
(Pofftake i), the €electrical power for the thermal pump
(Ppump_i)- The usage rate ratios given in Table 8 have been
applied to the nominal values of Py ¢ rrare and Pyymyp 10 Obtain
the corresponding values for each flight stage for convenience.
The total electrical load for half of the aircraft Py, ; is given

by the sum of Pefanl_i ’ Pefanz_iv Pofftake_i and Ppump_i:

(4)

The total electrical load ( Py, ;) in addition to the power
losses during each flight stage ( Pj,sses ;) 1S supplied by both
the gas turbine generator (Py.,, ;) and the battery (Ppq; ;):

PLHA,L' = Pefanl,i + Pefanzi + Pofftake,i + Ppump,i

©®)

Theterm power split (PS) inthisstudy refersto theratio of the
battery power usage over thetotal electrical power required for
half of the aircraft as given below:

Pgen_i + Ppaci = Pruait Prosses.i

Pbat_i PLHA_i + Plosses_i - Pgen_i

Ps == (6)

gen_i+ Pbat_i PLHA_i+ Plosses_i

Of noteisthat since the EPS power |osses are not known at the
outset and can only be determined by running the EPS
simulation model. An estimated power split PS« excluding
power losses has been used as a way to determine the power
that is requested from the generator Pgen i :

Pruai— Pgen,i
PSese = — 5 — "

PLHA ’ Pgen,i = (1 - PSest) PLHA,i (7)
The power required for the generator can be determined from
equation (7) and fed into the simulation model of the EPS. The
power 10sses (Piosses i) Of the EPS and the power required from
the battery (Pua ;) are determined by running the simulation
model.

5. Parametric Investigations

This section presents an example of the parametric study that
can be performed with the presented EPS model. The
variations of SED, Pesan and PSes have been considered asthree
different case studies. The main parameter values that have
been used in this study are givenin Tables 1 to 8 and Table 9
and are based on the studies being undertaken within the
TRADE project in collaboration with MDH, TUB and MOD.

Table 9: Parameter values used for the case studies

Parameters Values
Nominal power for two electrical fansfor aircraft (kW) 2000
Nominal offtake power (kW) 150
Nominal power for thermal pump (kW) 100
Mass flow rate of coolant from thermal system (kg/s) 5
Inlet temperature of coolant from thermal system (K) 323
Length of dc cable 1 10
Length of dc cable 2 26
Length of dc cable 3 30
Length of dc cable 4 0.3
Length of ac cablesl , 2,3 0.3
Duration of taxi out and taxi in 12
Duration of take-off (min) 2
Duration of climb (min) 13
Duration of cruise (min) 22

Duration of descent (min) 37
Duration of approach and landing (min) 6

5.1 Battery specific energy density

One of the technical challenges for hybrid electric aircraft is
low batteries SED. The influence of the battery SED on the
mass of the battery Mpa: and mass of the EPS Mgps has been
investigated in this case study by varying the SED from current
technology level (0.2 kWh/kg) to future technology level (1.2
kWh/Kg). The values for Pean and PS« have been fixed to
2000 kW and 0.05 respectively. The results are depicted
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Figure 4: Battery mass and ratio of battery massto EPSmass as a function
of battery specific energy density (SED)

As expected, the battery mass Mpa: is significantly reduced
when SED for future technologiesis considered. Indeed, Mpat
isreduced from around 3500 kg to nearly 600 kg. The chart in
Error! Reference source not found. aso displays the trend
of the battery mass to EPS mass ratio (Mpat/ Meps) as a
function of SED. It can be noticed that with the current battery
technology level the battery mass would represent almost 80
% of the mass of the on-board EPS considered in this study.
This figure is considerably reduced with the battery mass to
EPS mass ratio being equal to around 40 % when the battery
SED is equal to 1.2 kWh/Kg as anticipated for future
technologies.

5.2 Power for electric propulsion

This subsection investigates the impact of the electrical fans
power Pean 0N the battery and generator mass. The values of
PS« and battery SED are kept constant at 0.05 and 0.5
kWHh/K g respectively. The Petan is then increased from 200 kW
to 2000 kW and the influence on the mass of the two electrical



power sources, the battery and the generator is presented in
Figure 5.
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Figure 5:Battery and generator mass as function of electrical fan power
(Pefan)

It can be observed that both the battery and the generator

massesincrease asthey are required to provide more power
tothe electric fans. However, it isstraightforward to notice that
with the considered battery SED, the battery mass increase is
significantly larger than the one of the generator.

5.3 Power split between Generator and Battery

In this study, the proportion of power to be provided from the
generator for the electrical loads is determined by the user
setting the PS as per equation (7). This case study assesses
theimpact of the PS on the battery and generator masses. The
values of the Pegan and battery SED are kept constant at 2000
kW and 0.5 kWh/Kg, respectively. As can be observed from
Figure 6 the PSx ratio increases from 0.01 to 0.5 leading on
one side to a reduction of the generator mass and on the other
to an increment of the battery mass. Again, the increase of the
battery mass is significantly larger than the decrease of the
generator mass.
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Figure 6 Battery mass and generator mass as a function of power split
ratio between battery and generator PS

6. Conclusion

Thiswork presents physics-based modelling approaches of the
on-board EPS for one particular configuration of a distributed
hybrid electric propulsion chain that includes electrical
machines, power electric converters, battery, solid state circuit
breakers and power cables. The three assessments presented in
this paper show that the battery specific energy density, the
power of the electrical fans and the power split ratio between
the generator and the battery have significant impact on the

masses of the two main electrical power sources, the battery
and the generator, and therefore on the aircraft fuel efficiency.
Thebenefits of the physics-based EPS models presented in this
work is that it offers the possibility of a wide number of
investigations to be carried out to determine the optimum
solutions that can serve the advancement of hybrid
technologies for aircraft. Future works will extend the present
study to demonstrate how the EPS components impact other
systems of the aircraft such as the therma system, the gas
turbine, the mission model, the aircraft structure design, and in
addition will present results from optimisation studies at the
aircraft level aimed to minimise the block fuel consumption.
The work developed within the TRADE project is vital as it
develops  and applies  important physics-based
multidisciplinary tools that are required to identify optimum
solutions amidst the large number of available conceptual
hybrid aircraft architectures.
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