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Abstract

Hybrid electric as well as universally electric
aircraft are promising approaches fulfilling
the  targeted emission  improvements
stipulated by the NASA N+3 goals and the
European Strategic Research Innovation
Agenda. For high power applications
required in transport category aircraft high-
temperature superconducting (HTS) motors
seem to be a key technology for which
accurate mass and efficiency models are
required.  This  paper introduces a
comprehensive mass and efficiency estimation
approach for full HTS motors including also
the estimation of the required inverter and
cooling system devices. Finally, the
applicability of the HTS motor sizing and
performance model to a ducted fan
propulsion system featuring 22.2MW take-off
power is demonstrated. An optimal motor
design for this power range was identified at
11000 rpm with a specific power of 15.8
kW/kg at 99.2% efficiency and controller
design with 23 kW/kg and over 99.5%
efficiency. The demonstrated approach serves
as baseline for further investigations of
optimized electric motor design driving a
ducted fan for different thrust and power
ranges. Furthermore, analysis has shown that
the electric motor geometrical model for
rotor and stator has to be refined for different
pole pairs.

1 Introduction

Ambitious emission reduction goals, unveiled
by notable organizations like the NASA with
the NASA N+3 goals [1] or the European
Commission with the Strategic Research
Innovation Agenda (SRIA) [2], are confronting
the aviation community with new challenges in
aircraft design. Those goals are targeting
significant emission and noise reductions for
future transport aircraft.

One possibility could be based on the
electrification of the aircraft subsystems
partially already shown with the Boeing 787.
Beyond the electrification of subsystems, in
particular, the electrification of aircraft
propulsion power has shown significant possible
fuel reduction potential. A multitude of concepts
and studies were already published in the recent
past considering all-electric and hybrid-electric
propulsion systems[1][3][4]. All these concepts
require a propulsion system, which is able to
handle high power demands in the range of
megawatts necessary for operating a transport
category aircraft within the flight envelope.

This paper will give a stronger insight in the
design of the electric components directly
involved in an electric propulsion system and
investigating the sizing impacts and strategies of
these electric components. The focus lies on the
design of an optimal electric motor and
corresponding controller architecture  with
regard to efficiency and mass for universally-
electric, but also valid for hybrid electric,
aircraft. For that reason a ducted fan is equipped
with an electric motor to find the optimal ratio
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of fan speed to motor speed with respect to mass
and efficiency.

2  Overview of Electric Components

The following section gives an overview of
different electric motors, converters and
controllers already used in all-electric and
hybrid-electric vehicles.

2.1 Electric Machines

Electric machines are required to convert
electric energy (with the help of magnetic and
electric fields) into mechanical energy to drive
for example a propulsive device. The following
section gives a brief overview of the basic
functional principles and types of electric
motors.

2.1.1 Fundamentals of Electric Motors

An electric motor consists of several mechanical
parts. The rotor comprises a shaft to transmit
torque and rotational speed, and, the rotor core
and the rotor armature, which are responsible
for the generation of an electromagnetic field
(EMF) acting against the stator field. In case of
a permanent magnet motor the rotor armature is
replaced by permanent magnets. The stator
consists of slots and teeth holding the stator
armature. The stator armature is assisted by the
surrounding stator core. This core increases the
electromagnetic effects generated by the
armature. Between the rotor and the stator is a
geometrically imposed small air gap. This air
gap is mechanical necessary to allow the rotor
to move, but has also an important impact to the
electromagnetic performance of the motor. For
electric vehicles an electronic control unit is
required to control the supply of correct voltage,
amount of electric current and also prescribe the
frequency to control required torque, T, and
rotational speed, n, within the operational
envelope. Those parameters have a significant
impact on the motor efficiency, n, of the electric
machine. The most important parameters for
designing an electric machine are marked in the
qualitative T-n-diagram in Fig. 1. The sizing
point Ppesign IS equivalent to the power demand
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during the one engine inoperative case for
aircraft design [5].
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Fig. 1: Design chart of an electric machine
showing important design points.

The design chart shown above is normally
divided into two regions. Region | is equivalent
to the constant torque section, where the power
increases with increasing rotational speed, and,
Region Il represents the constant power section,
where the torque decreases with increasing
rotational speed, also known as flux-weakening
region. The peak power of the electric motor
can be determined with the fundamental
equation (1):

Poesign = N -B- A1 0poror =T - Oy 1)

Here N represents the number of windings of
one coil, B the magnet flux density, A the
conductor area of a winding, | the electric
current and the motor angular velocity, @wotor,
which can be unequal to the mechanical
rotational speed wshait (depending on the number
of pole pairs). From this equation the torque can
also be written in the form as shown in equation
(2) including the coil length, I:

T=N-B.A.|:TA-N2-|2 (2)

By linking the magnetic flux density, B, with
the magnetic field strength, H, and the
permittivity, W, as shown in equation (3), it can
be seen that the torque only depends upon the
square of the electric current in the first region
for a given motor type.

B=uH =1 ©
Besides the electric current also the voltage, u,
is an important design parameter and can be
determined with equation (4):
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dt
Unax =@ N - @poror
Withp=B-A

(4)

The voltage, u, depends on the number of
windings, N, per coil and the change of the
magnetic flux, . The maximum voltage, Unay,
depends then mainly on B and wwotr. When
Umax IS reached, the motor speed can only be
further increased when ¢ is decreased (this is
also known as flux weakening). Because A is
fixed for a certain motor, the decreasing of the
magnetic flux can only be achieved by
decreasing the magnetic flux density via the
electric current according to equation (3). This
in turn has an impact on the available torque
output, which is also decreasing. Finally, when
combining equations (1)-(4) scaling factors for
I, U and B can be derived and can be set in
correlation with T and n as shown in Table 1.

Table 1: Scaling relations of electric motors
for region I and 11

Region | of Fig. 1 | Region Il of Fig. 1
Voltage U JT.n const.
Current | JT
Flux field JT 1
¢, B n

These scaling factors are based upon general
relations that have to be adapted to different
motor architectures. For the generation of the
required electromagnetic forces, different motor
architectures are available. The most common
electric motor types for electric and hybrid
vehicles are listed in Table 2. Here,
Asynchronous  Motors (ASM),  Switched
Reluctance Motors (SRM) and Permanent
Magnet Synchronous Motors (PSM) machines
are assessed according to their advantages and
disadvantages as taken from Neudorfer [6].

Table 2: Overview of electric motors used in
electric/hybrid vehicles. Based on [6]

Electric Motor ASM SRM PSM
Efficiency 0 0 +3
Mass 0 0 +1
Torque density 0 +1 +3
Inverter Complexity 0 -3 =

-3 strongly negative; -1 negative ; 0 neutral; +1 positive; +3 strongly positive
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Based on Table 2 PSM offer high energy and
good mass efficiency and seem to be the most
suitable motor type for aviation. Therefore, the
focus in this paper will lie on PSMs also in view
of future high temperature superconducting
applications. The design of a PSM is similar to
the ASM. The stator design (which is nearly
identical to the ASM) consists of slots housing
the windings, which are supplied by an external
power source. The rotor normally consists of
permanent magnets (PM) like Neodymium-
Iron-Boron (NdFeB) instead of windings. This
design requires an active power control unit
which controls the electric current in the stator
windings in a way that the poles of the rotor are
always interacting with the stator EMF. This
switching of the stator windings is linked to the
motor frequency. Because the magnetic field of
PMs is always available and no EMF has to be
induced in the rotor windings required in an
ASM design, the rotor can rotate at the same
frequency as the stator winding supply. The
brushless PSM design is also characterized as
both reliable, and, particularly efficient because
the rotor losses are nearly zero and the
efficiency is about 95% [7].

2.1.2 High Temperature Superconducting

Superconducting is a physical effect where a
certain group of materials lose their ohmic
resistance at a specific temperature. It differs
between low temperature (around 5K) and high
temperature superconductors (HTS) operating
between 60-77K [8]. In electric motor design
this effect can be used to increase the electric
field capability and also to increase the electric
current density of the armature. Current motor
designs are investigated where one part of the
electric motor (either stator or rotor armature) is
replaced by HTS coils. This leads to a specific
power of up to 10 kW/kg running at 35,000 rpm
[9]. Beyond that, in full HTS motors, both stator
and rotor armatures are replaced by HTS
material. With this configuration a specific
power of up to 40 kW/kg (without cooling) may
be achieved with efficiencies greater than 99%
[10]. A disadvantage of the HTS motor is
currently the cooling system, which requires
cryocoolers to keep the HTS material at
required temperature. These cryocoolers have
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currently a specific power of about 0.33 kW/kg
(with regard to input power) and a Carnot
efficiency of 15% [10]. The goal here is to reach
30% Carnot efficiency [11].

2.2 Inverter and Controller

An inverter is required to change the electric
current type, for example from direct current
(DC) at input to an alternating current (AC) at
output, in order to control an electric motor.
Also a change in output frequency and voltage
is mandatory to control the rotational speed. In
case of a DC input the voltage source (or pulse
control) inverter is commonly used to generate a
three phase AC voltage. The most common
architecture is the voltage source inverter shown
in Fig. 2.
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Fig. 2: Voltage Source Inverter for control of
a 3-phase electric motor

The main components of this inverter are
switching components and diode rectifiers,
which can be grouped and connected in series
(Nseries) and/or parallel (Nparaner) according to
operating voltage, U, electric current and
redundancy aspects. The electric current is
controlled by these modules in such a way that
the coils of the electric motor, M, can be
energized in positive as well as in a negative
electric current direction. This depends upon
whether a module is in a conducting or in a
blocking mode. This leads to an electric field,
which interacts or counteracts with the rotor
field depending on the electric motor state.

The aim of the switching elements is to control
the current in a way that the output current
approximates the required output sinusoidal
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current waveform for the electric motor as close
as possible. This requires a switching frequency
which is higher than the motor frequency. There
are different types of switching elements
available depending on the switching frequency,
voltage and power summarized in Table 3 given
by [12]. For example, Metal-Oxide
Semiconductor  Field  Effect  Transistors
(MOSFET) can switch at high frequency but at
relative low power, while thyristors are able to
switch at high power but at low frequency. The
Insulated Gate Bipolar Transistors (IGBT) are
somewhere between MOSFETs and thyristors.
For the power and frequency range of an aircraft
the IGBTs seem to be the most suitable.

Table 3: Overview of switching components
based on [12]

Current Voltage Frequency
MOSFET 0-250 A | UptolkV | 0-1 MHz
IGBT 0-2000 A | Upto4kV | 1-10 kHz
Thyristor 0-2500 A | Upto5kV | <1kHz
mainly AC/AC

A simple method to control the switching
elements is done via pulse width modulation
(PWM). For that reason the electric current is
chopped via switching elements controlled by a
microcontroller. Depending on the timely length
of a pulse the voltage as well as the current can
be controlled. In case of an electric current this
is necessary to approximate the sinusoidal
waveform of the electric current required for the
motor coils.

3 Electric Component Modeling

In the following section the modeling approach
of the performance and mass of conventional
designed PSM as well as full HTS Motors is
described. Furthermore, the performance and
mass modelling of the inverter and the
cryocooler is presented.

3.1 Electric Motor Model

This section describes an approach of scaling an
existing motor to different power ranges to
determine the mass and efficiency of the scaled
motor type.



3.1.1 Geometry Modeling

The geometry is estimated based on methods
published by Pyrhonen [13] and Rucker [14].
The principle geometric design, including major
design parameters, is sketched in Fig. 3. The
sleeve is not considered during the electric
motor sizing.

Slot Width

sl a8
U /:\(\gﬁ\\%\‘\i\_gzl : Armature

RRomr
RT tal
RShaﬁ o

Fig. 3: Principle geometric design of the
electric motor based on [15]
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The total rotor diameter Dretor IS €Stimated with
equation (5):

Drotor = Dshatt +2- (hM + 5) (5)

Dsnatt  represents the  effective  diameter
responsible for the required torque. This
parameter is an input parameter and optimized
during the electric motor sizing. The parameter
hm represents the magnet height established
according to methods published by Bongomolov
[15]. The air gap, ¢, the distance between rotor
magnets and stator, is calculated with equation
(6) according to Pyrhonen [13]:

_C+C, P
§== 2 Im] (6)

The parameters C; and C, are dependent on the
number of pole pairs and can be determined by
Table 4 also taken from [13].

Table 4: Air gap parameters

C, C,
One Pole Pair 0.2 0.01
Pole Pairs greater than 1 | 0.18 0.006

Dshart IS limited by a maximum centrifugal force
according to equation (7) taken from [13]:

2 2
Rp,o.z k- P 71'2 “Npax -~ DShaft (7)

Rpo2 is the maximum vyield strength of rotor
material, Nmax the maximum rotational speed of
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the rotor with the shaft diameter Dspat (two
times Rsnart). The required rotor length is
estimated with equation (8):

PDesign

L = 8
Rotor DShaﬂ ‘72_2 N-o ( )
Here, o is the available shear stress acting on the
rotor surface in units of N/m2. The available
shear stress can be calculated with equation (9)

according to [13].

1 D 0.25
oc=J-—.B- Shaft 9
\/E ( DRef ( )
o is a function of the air gap current density J, B
and the shaft diameter. Finally, the total electric

motor diameter can be calculated with equation
(10):

-D kStator_Yoke
DTotaI = Dcorei T

' DRotor (10)
The total diameter Do IS dependent on the
inner core diameter Dcore 1, the stator yoke ratio
Kstator voke @nd the number of pole pairs, p, times
the rotor diameter, Dgotor, Which represents the
core depth. Dcorei is calculated with equation
(11) including the slot depth dsjot:

DCore,i = Drotor + 2: dSlot (11)

The total machine length can then be defined
with equation (12):

LC il,End
Lrotal = Lrotor + 2'% (12)

The length of an end coil, Lcoiieng, iS directly
calculated according to methods described in
Rucker [14] and not further stated in this paper.
The maximum rotor length Lgeor Can be
calculated with equation (13) according to
Pyrhonen [13]:

2
V4 E-I
LRotor,max = I(Length '\/k 2. N ’ oA (13)

The rotor length is limited by the maximum
rotational speed, nNpax, the rotor young’s
modulus, E, and rotor density, p, as well as the
rotor area, A, and mass moment of inertia, | (full
shaft considered). The parameter k represents an
additional safety factor according to Table 5 and
KLength reduces the theoretically maximum length
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by one third according to [13] to consider also
bearing mountings, slits, etc. Furthermore, the
rotor length can also be limited due to
installation space. Table 5 summarizes the main
design parameters for all motor designs mainly
taken from [14].

Table 5: Constant parameters for all motor
designs with one pole pair mainly based on
Rucker [14]

Parameter Value | Parameter Value

Number of phases 3 | Stator/Rotor density 7860/
[kg/m3] 4800[16]

Number of pole 1| Rotor young’s modulus E 210x10°

pairs p [N/m3]

Number of coils N 48 | Rotor tensile strength Ry, | 250x10°
[N/m7]

Magnet angle [deg] 50 | Stator yoke ratio [-] 0.6
kSta‘(Dr Yoke

Mass service 0.13 | Safety factor k 15

fraction Kservices [17]

Table 6 gives an overview of parameters used
for conventional PSM and full HTS motor
design. For full HTS motor a slotless motor
configuration is assumed [18].

Table 6: Parameters used for conventional
and full HTS motor designs

Conventional | Full HTS

Air gap current density J [A/m] 65000 130000*

Magnet flux density B [T] 1.05 2.0[11]

Additional parameters used for geometry and mass method
published by Rucker [14]

Magnet density [kg/m?] 7400 6500
Armature density [kg/m3] 8900 6500
Armature current density [A/m?] 2.510° 100-10°
Number of slots 36
Number of slots short pitched 1
Sloth depth [m] 0.025
Slot depression depth [m] 0.0005 0 [18]
Slot depression width [m] 10°
Peripheral tooth fraction 0.5

* based on a liquid water cooled stator according to Pyrhénen [13]

3.1.2 Mass Modeling

Based on the geometry data calculated in the
previous section, the mass for each component
is calculated using the method published by
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Rucker [14]. The total machine weight is the
sum of all components as shown with equation
(14):

Myotor = Z My (14)

For each electric motor component the volume
is calculated and multiplied with the
corresponding material density. It includes the
rotor mass Mgotor, the magnet mass Myagnets (for
HTS motors corresponding HTS coils are
considered), the stator mass Msgr (including
teeth and stator core mass) and the armature
mass mamm In the stator. For a consideration of
the frame and mounting masses, Mservices, OF an
electric motor Lokhandwalla etal [17]
recommend a service mass factor, kn, of 13% of
the total machine weight as shown in equation
(15):

Mservices = I(m '(mRotor + Mgtator + mMagnets + mArm) (15)

3.1.3 Efficiency Modeling

This section describes the modelling approach
of the conventional as well as the HTS motor.
The efficiency model to determine the design
and off-design characteristics of the electric
motor is based on reference values. The shown
data in Table 7 are based on a HTS motor
design by [19] and can be adapted according to
literature values for conventional motors. For
example the core losses for a conventional
motor are 4 times higher than for a HTS motor
[20].

Table 7: Reference data of 1.0MW HTS
electric motor at 1800 rpm used for efficiency
calculation and based on [19]

Losses Reference Percentage
Losses

Stator Core*, P_gefcore 11465 W 31.3%
Armature 12R**, P\ ret arm 12429 W 33.9%
Stray Load**, P\ gef stray 1305 W 3.6%
Windage and Friction, P, et i 1027 W 2.8%
Field Coil Cooling 7500 W 20.5%
Miscellaneous, P, gef mis 2953 W 8.0%
* for conventional motors 4 times higher according to [20]
** armature losses set to zero for full HTS motors, stray load losses
reduced by 50%
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The core losses of the stator represent losses
within the core material due to remagnetization
(hysteresis) effects. The stator armature losses
are caused by electric current due to the ohmic
resistance. The windage and friction losses are
caused by the rotor due to air friction and
bearings. Finally, the so called miscellaneous
losses include secondary effects due to
geometry impacts such as stray load losses at
mountings. The motor efficiency #mowor Can be
calculated with equation (16) for each
operational point of the electric motor summing
up all individual losses.

. ~ Pout _ Pohatt

Motor — -

ot I:)In PShaft + Z I:)Loss,n + F)Cryo (16)
n

The loss calculation for the efficiency

estimation of the electric motor design is based
on the reference losses shown in Table 7 above.
For that reason each loss category is initially
scaled with the power ratio of the new design
power Ppesign t0 the reference power Pger as
shown in equation (17).

PDesign

k =
Scale PRef (17)

The core losses are mainly scaled with the

electric current with the power of 1.353 [21] ,

which is according to Table 1 equal to the

square root of the torque, and the frequency

ratio, which is equal to the rotational speed

ratio. This approach is shown in equation (18):
1.353

T |2 .. @18)

TDesign n Design

PLoss,Core = kScaIe ' I:)L,Ref,Core [

The armature losses (calculated with equation
(19)) are only depending on the torque, which
corresponds to I2R, while it is assumed that the
ohmic resistance R is constant over the entire
motor envelope.

T

PLoss,Arm kScale I:)L,Ref,Arm TDesign (19)
The stray load losses depend, according to
Grune [21], on the square of the magnetic flux
ratio and the square of the rotational speed ratio.
The magnetic flux according to Table 1 depends
on the torque. Therefore, the stray load losses
can be estimated with equation (20):

j (20)

T n
PLoss,Stray = Kscale - PL,Ref,Stray P (
TDesign r]Design
The air friction loss, which occur in the air gap,
is calculated with equation (21) according to
[22]:

4
PLoss,Air =17 pair - Dshatt* * Lrotor *N**
(”Dsm”}” (21)
Vair

It depends on Dspatt, Lrotor, N, J, and the air
condition within the air gap with air density,
pair, and the kinematic viscosity, var. In HTS
motors, the air friction losses can normally be
neglected, because the air gap is evacuated due
to insulation reasons [18]. The friction losses,
which occur in the bearings only depend on the
rotational speed and can be calculated with
equation (22):

n
FJLoss,Fri = I(Scale ! I:>L,Ref,Fri ( J (22)
nDesign

Due to geometric considerations and additional
stray load losses at mountings of the electric
motor so called additional losses are occurring
during the operation of an electric motor. These
losses are mainly dependent on 12 (equal to
torque ratio according to Table 1) and the
rotational speed as shown in equation (23)

according to [21]:
T 1.25
n
- . (23)
TDesign [ n Design J

The field coil cooling losses Pcryo, also shown in
Table 7, are not directly estimated in the motor
efficiency calculation. This additional required
cooling power demand for HTS motors is
calculated separately, shown in the next section.

I:)Loss,Misc = IDL,Ref, Misc

3.2  Cryo-Cooler Model

HTS technology requires an operational
temperature of around 77K according to Brown
[11]. For that reason cryocoolers are used,
which cool the HTS motors. The required
cooling power, Pcooiing, IS determined with
equation (24):



I:)Cooling = Pyotor * A= 7motor ) - Ke (24)

Pmotor 1S the actual motor power and #motor
represents the current efficiency of the HTS
motors determined by methods described in the
previous section. The parameter kc represents
the fraction of heat dissipated to the HTS coils.
According to Table 7 (previous page) it is
assumed that only the armature losses of a HTS
motor (only rotor coils) are responsible for a
heating within the rotor. From the approximate
34% armature losses it is assumed that only
25% (inside area of armature) are responsible
for the HTS coil heating. The required
cryocooler power is then estimated with
equation (25) according to Seitz et.al. [23]:

(rsink _Tload)

Py e toadl o
Cooling Tioad “TIcryo ( )

CCarnot
PCryo Pcoonng Ticryo
Tsink IS the surrounding temperature (assumption
at ISA +10K conditions), Tiag represents the
operational temperature of the HTS motors and
cables and #cro represents the cryocooler
efficiency based on the Carnot efficiency of
30% according to Brown [11]. The mass of the
cryocooler is estimated with a specific power of
0.33 kW/kg according to Brown [11] and the
maximum occurred cooling power calculated
with equation (24).

3.3 Inverter and Controller Model

Based on Section 2.2 the following section
describes the efficiency and mass modelling of a
voltage source inverter used for the control of
the electric motor.

3.3.1 Efficiency Modeling

The inverter was modelled to estimate the
efficiency within the required power range of
the electric motor. The loss model is based on
an existing power switch wusing scaling
dependencies for the efficiency estimation
similar to the electric motor model, which are
based on Wintrich et.al. [24]. The following
assumptions were made to the model

e switching times are neglected

e temperature is set constant to 313K

(100°C)
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e switching frequency ripple of the AC
current is neglected
e switching frequency is orders of
magnitude higher than output frequency
e linear modulation
A switch is limited in the peak current T and the
input voltage Ui, characterized in the datasheet
(Iret and Uger). T is calculated with the input
power of the electric motor, the motor voltage
Uwmotor and the power factor cose of the inverter.
If a design parameter exceeds a limit the
modules of the inverter are further connected in
series and/or parallel according to equation (26),
where the parameter k. represents an additional
redundancy factor (brackets represent a round
up to the next integer):

] _ U]
Nparallel = E “Ke i Nseries = @

F)Design . \/E
Mvotor Y motor - NER Cosg

(26)
With [ =

Basically four losses occur in an inverter. In the
transistor as well as in the diode conducting and
switching losses occur. The conducting losses of
the IGBT can be calculated with equation (27)
taken from [24]:

1 6-cos(p) i
Peond,16BT :( + ¢ ) . Uggo+
27 8 n parallel
~ 2
(1 . Q.COS@)) L) e 2
8 3z n parallel
With 0= 2. 33 Yntator

In

Pcondgicer IS determined from the threshold
voltage Ucgo and the forward slope resistance
Rce based on [24] as well as the peak output
current trough the collector 1. The parameter 6
represents the modulation index taken from
[27]. The switching losses Pgy csr Of the IGBT
can be calculated with equation (28) taken from
[24]:

A 1.4
I:)sw,|G|3‘|':ETr IL {Uuln j ~faw (28)

Ref CE,Ref
The switching energy Er, and switching times
are not only dependent on the semiconductor
itself, but also on the surroundings. Stray
inductance, driver output or motor cable and
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filter capacities affect the switching behavior as
well. The data sheet values are therefore to be
regarded as typical values only. The first term
scales the sum of the switching energy (on and
off) and multiplies it by the number of switches
per second fy,. Required fy, is determined
according to equation (29):

fsw =Nwviotor - P-Kp (29)

Nmotor  FEPresents the maximum operating
rotational speed of the electric motor, p the
number of pole pairs and the factor ke represents
number of pulses generated by the controller per
period. Because the switching loss estimation is
only valid for fsw>>nytor the parameter kp was
chosen to be 100 for all inverter designs. The
conduction loss of the diode is similar to the
IGBT and can be estimated with equation (30)
taken from [28]:

1 6’~cos(go)j_ )
2r 8 n

F>cond ,Diodez( U FO+

parallel

. 2
(1_9~cos(¢)). I R
8 3r Nparallel F

The switching losses of the diode are also
similar to the IGBT and can be calculated with
equation (31) from [24]:

E ~ 0.6 U 0.6
Psw,Diode:D'[ ! J {In} 'fSW (31)

7T\ ke U* Ref

(30)

The total inverter efficiency #inverter Can then be
estimated with equation (32) by summing up all
single losses and multiply the loss of one switch
with the total number of switches installed.

POut — IDOut
PIn POut +2Pn *Nseries 'nparallel (32)
n

Mnverter =

3.3.2 Mass Modeling

The mass is calculated by the number of power
switches times the mass of one power switch.
The number of power switches is calculated by
the number of switches in parallel and switches
in series times 6 (for each phase two modules).
For additional equipment like housing,
temperature  conducting ~ materials  and
mountings this mass is multiplied with Kservices

2.5 calibrated according to [29] as shown with
equation (33):

mSWitches:(G’ rIparallel “Nseries - Mswitch ) kServices (33)

The final controller mass is calculated with
equation (34) considering also a cable mass
factor Kcapes Of 1.2 of the total switch mass
calibrated according to [29]:

Minverter =Mswitches * kCables (34)

The reference parameters of the used power
switch are summarized in Table 8 taken from
[25].

Table 8: Reference values for inverter
modelling adapted from [25]

Inverter Power Factor* cos(p) 1.0
Min. Input Voltage* Un 1.33 Unotor*
Mass per switch mswitch 3309
Transistor (IGBT) Diode
Switching Energy Err 195 mJ | Switching Energy Ep 53 mJ
Threshold voltage** 0.8V | Forward Voltage 264V
Uceo UrRer
Continuous current” Iref 900 A | Threshold voltage 11V
Uro

Resistance* Rce 1.8 mQ | Forward current Ir rer 900 A
Max. Collector-Emitter | 1200 V | Slope resistance Rr 1.71mQ
Voltage Uckrer

* parameters based on SemiSel online-tool Semikron [26]
** based on collector-emitter

4  Results

The following section shows the validation of
the derived models. Moreover, the component
mass and efficiency figures obtained for the
propulsion system of a universally electric
medium-capacity, short-haul passenger aircraft
are presented and discussed.

4.1 Validation of Electric Components

Table 9 shows the geometry and mass
comparison of a conventional PMS motor at a
design rotational speed of 5832 rpm and a
design power of 40 kW taken from [16].




Table 9: Mass comparison of a conventional
40 KW PMS motor with 4 poles

Motor
IPM-B' [16] | Model Delta
Rotor Diameter [m] 0.18 0.18 0.0%
Rotor Length [m] 0.04 0.041 2.5%
Design Speed [rpm] 5832 5832 0.0%
Armature [kg] 5.0 4.9 -2.6%
Magnets [kg] 0.7 0.74 5.7%
Stator [Kkg] 9.0 9.2 2.4%
Rotor [kg] 4.2 5.0 19.0%
Total [kg] 18.9 224 18.5%

The error of the rotor active length is less than
2.5%. The error of the derived total mass is
about 18.5%. This error is mainly the result of
the rotor cross section calculation. Because the
reference machine is a 4 pole machine the
geometric impact on the rotor cross section is
currently not represented by the model (full
shaft). This is also the reason why the rotor
mass is 19% higher compared to the reference.
Furthermore, for this comparison the magnet
angle of the baseline motor parameters was
adapted to 27 deg and the stator yoke ratio to
0.48 to meet the outer motor diameter, which is
valid in this case because the number of pole

pairs are different.
100 T
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Fig. 4: Comparison of efficiency model of a
HTS motor (only rotor) with reference data
from [19]

The efficiency in the motor design point is
calculated with 91%. According to Carraro et.al.
[16] the efficiency of the investigated machine
is higher than 95%. The efficiency model
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appears to over predict losses for conventional
machines. Nevertheless, for HTS and full HTS
motors the approach delivers the desirable
accuracy due to the lapse of certain loss types as
shown in Fig. 4. It shows the efficiency model
(without cooling, with the reference cooling
power of 7500 W and the cooling power
calculated with methods described in Section
3.2) compared to the reference motor data for a
certain off-design characteristic at 1800 rpm.
The cryocooler model seems to under predict
the cooling demand for low power demands.
During higher power demands the estimated
cooling power of the cryocooler is near the
published cooling demand. Therefore, a
constant cooling power is used (considering also
heat conduction and radiation losses) where the
error lies in a range between +2%. Fig. 5 shows
the comparison of the developed converter
efficiency model with the manufacturer’s
calculated data [26].
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N
o
=
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1000 7 Design Converter Data —
Output Voltage: 400 V
/ Power Factor cos(¢): 1.0

500
...I/ Output Frequency: 97.2 Hz

Switching Frequency: 9.72 kHz
0 50 100 150 200 250

Converter Power [kW]

Fig. 5: Comparison of converter model with
manufacturer data [26]

The maximum error of the losses is -10% at
high power or electric current demands, which
is mainly caused by the switching loss
estimation. On total converter level the error is
less than 0.5%.

4.2 Application Study

As reference system the Silent Advanced Fan
utilizing Electrical Energy (SAFE) concept of
the Ce-Liner serves as datum, which has a top-
of climb thrust requirement of 33 kN and a take-
off thrust requirement of 149 kN [4].
Accordingly, during OEI conditions the fan
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requires a power of 22.2 MW at a rotational
speed of 2000 rpm, which serves as sizing point
of the electric propulsion system. Furthermore,
a two stage planetary gearbox system is
assumed between the fan and the electric motor.
The efficiency was assumed to be 99.5% per
stage and the mass is calculated according to
methods published by Steiner et.al. [5]. For this
configuration the optimal rotational speed was
calculated to be 11000 rpm at a motor power
during OEI of 22.4 MW. For this motor power
and rotational speed the controller was designed
with a redundancy factor of 2. The controller is
supplied by a 3000 VDC system according to
the published data [4]. The results of this
approach are listed in Table 10 and compared to
the original published data calculated with
simplified methods.

Table 10: Mass and performance of the
electric propulsion system of a shaft power
demand of 22.2 MW of a ducted fan

Datum | Case | Delta
[4] Study | [%]

Electric Motor Mass [kg] 1110| 1423| 28.2
Controller Mass [kg] 1240| 1060| -14.5
Cryocooler Mass [kg] 149 100| -32.8
Gear Box System [kg] 345 379 9.9
Total Mass [kg] 2803 | 2872 2.5

Take-Off Performance (OEI)

Electric Motor Efficiency™ [%] 99.7 99.2 -0.5

Converter Efficiency [%] 99.5 99.9 0.4
Total Efficiency [%] 99.2 99.1| -0.1
Power losses and cooling demand during OEI

Armature Losses [kW] 0.0
Stator Core Losses [kKW] 25.7
Stray Load Losses [kW] 46.8
Friction Losses [KW] n/a 45.1] nla
Miscellaneous [kW] 19.9
Total Losses [kW] 137.5
Cooling Power [kKW] 34.3

*incl. cooling

It can be seen that with the refined and
improved approach of this paper, the HTS
motor mass is higher than the original published
data with a specific power of 15.8 kW/kg. This
value is also lower compared to data published
by Brown [11] for full HTS motors. The higher

mass impact is also a result of the reduced
operating speed of the electric motor from
35000rpm [4] to 11000 rpm. Also the calculated
controller mass with a specific power of 21.3
kW/kg lies in good agreement with previous
published data. Concerning the efficiency
calculation the full HTS motor was estimated to
be 99.2% including the cooling system, which is
slightly lower than data published by Brown
[11].
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Fig. 6: Trade study of different rotor length
to diameter variation at 22 MW and 11000
rpm

Fig. 6 shows a variation of the length to
diameter ratio of the optimized motor design. It
can be seen that at this high rotational speeds
the motor has a small feasible bandwidth limited
by centrifugal forces for ratios lower than 1.8
and for ratios higher than 2.05 limited by the
rotor length. Furthermore, the design point
shown in the diagram indicates that the design
rotational speed is equal to the maximum
rotational speed of the motor. Region Il of the
electric motor characteristic (cf. Figure 1) is
typically not be reached during normal
operation as torque increases monotonically
with increasing power for propulsors with fixed
blade pitch. Another interesting point is that the
stator mass dominates the mass breakdown
compared to the other components. This is the
impact of the stator yoke ratio assumption,
which was set constant to 0.6 (rotor radius to
stator yoke height). Because the ratio depends
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also on the pole pairs and the magnetic flux
density a refinement of this assumption has to
be conducted for further investigations.
Furthermore, the rotor mass could also be
reduced by refine the rotor geometry calculation
for different pole pairs as mentioned before.

5 Conclusion and Outlook

In this paper a sizing approach for an electric
motor, inverter and cryocooler system was
presented. The developed method was applied
on an electric ducted fan with a shaft power
demand of 22.2MW at 2000 rpm. For these
requirements an optimal motor design was
identified at a motor speed of 11000 rpm with a
specific power of 15.8 kW/kg and 99.2%
efficiency and a controller design with 23
kW/kg and over 99.5% efficiency. For future
work a wider design space with regard to thrust
and rotational speed ranges is required to
identify the optimum motor configuration for
different aircraft classes. For this purpose the
geometric relations have to be further refined
especially regarding stator and rotor geometry
also considering different pole pairs. Beside the
stator yoke and rotor cross section the pole pairs
have also an impact on the magnet angles.
Furthermore, also the influence of different
voltage levels and limitations of the electric
motor has to be considered in future work.
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