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ABSTRACT
With the growing interest in electrifying the propulsion systems of current and future aircraft, research on the noise
emissions of these new concepts is increasingly important. This is particularly true for future rotorcraft concepts,
where the propulsion system and major noise sources are in close proximity to passengers. In this paper, the radiated
noise of an electric machine that provides power to a parallel hybrid helicopter propulsion system during specific
flight phases using various simulation software is estimated. To achieve this, a mission profile for an EC145 intended
for Helicopter Emergency Medical Services is provided to calculate the power requirements of the machine. Using
a simplified approach, the equivalent radiated power is calculated and then compared to the radiated sound obtained
with a higher-fidelity model. The results indicate that the noise generated by electric machines in an aviation context
is a significant noise source that should be taken into consideration during machine design.

INTRODUCTION

The aviation sector is currently experiencing a strong trend to-
wards the electrification of propulsion systems. The aim is to
reduce or eliminate harmful exhaust emissions, reduce noise
and vibration, and explore new approaches to mobility in avi-
ation. This development can be observed in both fixed-wing
aircraft and rotorcraft. The latter case becomes obvious when
considering the large number of concepts for electric vertical
take-off and landing aircraft (eVTOLs). The electrification of
larger helicopters is also receiving more attention.

The possibility of electrifying helicopters has been discussed
in a number of studies, and further research is expected. A
hybrid-electric system for an Eurocopter EC135 using diesel
generators was studied by Jänker et al. (Ref. 1). For the
electric machines, the authors considered transversal flux ma-
chines (TFM) with a very high torque density of 120 Nm/kg.
They also cited the advantage of more flexible positioning of
the powertrain components in the helicopter. Taking these re-
sults into account, a ring-type direct-drive flux switching per-
manent magnet machine (FSPM) with a Halbach array was
designed by Sanabria-Walter (Ref. 2). It had a high torque-
to-weight ratio of about 160 Nm/kg and a power-to-weight
ratio of 6 kW/kg, and featured a novel air gap control mecha-
nism with low-friction air bearings. In another study, Mercier
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and Gazzino analysed the current state of helicopter electri-
fication based on state-of-the-art technologies and evaluated
different powertrain architectures (Ref. 3). They also anal-
ysed the suitability and feasibility of these machines for dif-
ferent flight conditions. In addition, concepts for the electri-
fication of an EC135 and H135 using fuel cells were inves-
tigated (Refs. 4–6). In these studies, the authors emphasised
the high power requirements of electric machines, as well as
the high weight and volume of batteries as energy storage de-
vices in fully electric drives, i.e., in architectures that are in-
tended to operate completely without internal combustion en-
gines (ICE).
Most concept studies on the electrification of helicopters and
aerospace propulsion systems in general focus on the topolo-
gies and architectures to be used, the resulting performance,
and the mission profiles that can be achieved by using elec-
tric drives. However, electric machines also generate dis-
turbing noise, which can often be masked by the presence
of ICE (Ref. 7). With increasing electrification, these noise
sources will play a more important role and therefore need to
be considered early in the design process. Ideally, there will
be a coupling between propeller design and electric machine
design (Ref. 8).
The aim of this work is to design an electric machine for a
light twin-engine multi-purpose helicopter in order to esti-
mate its radiated noise level. An electric machine, including
the necessary power electronics, is provided for each gas tur-
bine to support it in certain flight phases. A battery is used
as the energy source. The two identical machines are pre-
dimensioned using an open-source pre-design tool, and their
performance is simulated using a commercial multiphysics
simulation software. Initial results for the acoustic sound
power level of a single machine are determined and discussed.
This work is intended to serve as a preparation for subsequent

1



FT
G

T
E

G
T

E

EM

EM

EEC

EEC
BS G

B

Figure 1. Schematic of the investigated parallel hybrid
power train, with one supplementary electric machine
per gas turbine. The power train consists of a fuel tank
(FT), gas turbine engines (GTE), electric machines (EM),
a gearbox (GB), electric energy converters (EEC), a bat-
tery (BS) and a propeller.

optimisations of electric machines suitable for aviation, with
regard to increasing the power-to-weight ratio and improving
efficiency, as well as investigating noise generation and corre-
sponding noise reduction measures in the context of electrified
powertrains in helicopters.

PROPULSION SYSTEM DESIGN

The electric machines are intended for a parallel hybrid drive
for an EC145 (BK 117 C-2) to be used in Helicopter Emer-
gency Medical Services (HEMS), as utilised by the German
Air Rescue of the Allgemeiner Deutscher Automobil-Club
e. V. (ADAC). Several missions per day may be flown, pos-
sibly with a short range, thus providing the option to recharge
the batteries on the ground between assignments.

An initial concept for a powertrain architecture was devel-
oped. Each of the two installed gas turbines is supple-
mented by a 320 kW peak, 236 kW continuous electric ma-
chine, whose power will be applied to the gas turbine shaft.
The electric part of the power train provides 50% of the power
required during periods of high power demand, such as ver-
tical flight and climb in forward flight. The two gas turbines
could then theoretically be downsized, saving weight and vol-
ume, or operated closer to their design point to optimise fuel
consumption. A battery is planned to provide the necessary
energy. Figure 1 shows a schematic of the powertrain archi-
tecture.

The architecture consists of the conventional power train
components, including a fuel tank (FT), gas turbine en-
gines (GTE), gearbox (GB), and propeller, as shown by
Bolvashenkov et al. (Ref. 9). For the electrical part of the par-
allel hybrid power train, two electric machines (EM), electric
energy converters (EEC), and a battery (BS) are introduced.
The electric machines are placed on the shaft of the respec-
tive gas turbine engine, so that some installation space must
be taken into account. They provide power to the gas turbine

Table 1. Mission profile point identifier (pid) and respec-
tive flight phase.

pid Flight phase pid Flight phase
0 vertical climb 8 climb in fwd. flight
1 climb in fwd. flight 9 fwd. flight
2 fwd. flight 10 climb in fwd. flight
3 climb in fwd. flight 11 fwd. flight
4 fwd. flight 12 descent
5 climb in fwd. flight 13 vertical climb
6 descent 14 descent
7 landing / end 15 landing / end

shafts as required or in emergency situations (i.e. one engine
inoperative, OEI). At the same time, the electric machine can
be used in generator mode to recharge the battery in certain
flight phases, as discussed by Donateo et al. (Ref. 10).

The electric powertrain significantly reduces the maximum
payload, mainly because of the weight of the battery. As
the electric powertrain is primarily intended to provide assis-
tance during periods of high power demand, the battery can be
smaller overall. There may be downtime between missions.
During these periods, the battery could be recharged on the
ground.

Mission profile

A corresponding mission profile of a German air rescue he-
licopter (DRF) is shown in Figure 2. It was created from an
individual flight log of one helicopter, which was accessed
from a flight tracking company that displays aircraft and flight
information in real-time (Ref. 11). Contrary to the current in-
vestigation, an EC145 T3 was tracked, but this should not play
a decisive role in the creation of a representative Emergency
Medical Services (EMS) mission profile.

The profile shows the altitude of the vehicle over time for a 15-
minute flight from Mannheim-City Airport (ICAO: EDFM)
heading approximately 60 km south-east. A 30-minute down-
time with no Automatic Dependent Surveillance Broadcast
(ADS-B) signal suggests an EMS operation at an altitude of
400 m above sea level, with another 15-minute return flight,
possibly to a hospital in the vicinity of Heidelberg.

The profile was edited in order to obtain distinct flight phases
and to ease the subsequent power calculation. This means
that data points with missing entries were omitted, the altitude
at the mission end was adopted from the mission start, and
the vertical speed was manually calculated as a mean value to
reach the next point. The phases are labelled with a profile
point identifier (pid), starting from 0 to 15. Table 1 gives an
overview of all flight phases of the edited mission profile.

Power estimation

In order to calculate the required power for the helicopter and
thus the power that has to be provided by the electric ma-
chines, the mission profile was subdivided into a number of
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Figure 2. Mission profile of an individual helicopter of the German air rescue (DRF) from August 2024, showing the
vehicle’s altitude over time. Actual ADS-B data is shown in red, with the cleaned and edited profile in black. See Table 1
for reference.

different flight phases. The four different phases are: (1) ver-
tical climb, (2) climb in forward flight, (3) forward flight and
(4) descent. In the following section, methods are presented
to estimate the power for each state.
The investigated vehicle, an EC145 (BK 117 C-2), has a main
rotor with four blades and a rotor diameter D of 11 m with an
approximate blade chord length lc of 0.325 m. The tip speed
of the rotor Vtip is set to a constant value of 220.8 m/s.
Because the main task of this study is to investigate the noise
of the supporting electric machines for the hybrid powertrain,
the weight of the vehicle was set to a constant value, i.e. its
maximum allowed value of 3,585 kg. By doing so, enough
payload mass is available to include the components of the
electrical part of the powertrain. Thus, the subsequent power
estimation is not an iterative task, and the resulting mass of the
electric machines, as well as an estimation for the necessary
electric energy converters and the battery, has to be made only
once. The power estimation does not consider a change of
mass due to burning fuel.
The following power estimation is based on a simplified blade
element theory, thoroughly covered in a book by Seddon and
Newman (Ref. 12). The required thrust T corresponds to the
weight force, i.e. the take-off mass multiplied by the accelera-
tion due to gravity g. For the EC145 with a maximum take-off
weight (MTOW) of 3,585 kg, 35.2 kN of thrust is therefore re-
quired.

Vertical Climb The power necessary to perform a vertical
climb is given by Eq. (1) as

P = κ (Vc + vi)T +
1
8

CD0ρσAV 3
tip, (1)

where Vc is the vertical or climb speed of the aircraft, vi is the
induced velocity, ρ is the air density at the specific flight level,

σ is the solidity factor, and A is the area of the main rotor disc.
κ is an empirical constant to account for non-uniform inflow
as well as tip losses. Seddon and Newman (Ref. 12) suggest
a value of 1.15 for vertical climb. CD0 is the averaged airfoil
or blade profile drag coefficient. In this simplified approach,
it is set to a constant across the blade. Following Seddon and
Newman, a typical value is 0.01. The combined climb and
induced speed in Eq. (1) is given by

Vc + vi =
1
2

Vc +

√(
1
2

Vc

)2

+
T

2ρA
, (2)

whereas the solidity factor σ is given by

σ =
Nblc
πR

. (3)

Here, Nb is the number of blades on the rotor, and R is the
rotor radius.

Climb in forward flight The power coefficient CP for a for-
ward flight and climb phase is given by Eq. (4) as

CP = κλiCT +
1
8

σCD0

(
1+ kµ

2)+ 1
2

µ
3 Aefp

A
+ ελcCT. (4)

Here, λi is the ratio of the induced velocity in forward flight
vifwd to the rotor tip speed, µ is the ratio of forward flight speed
Vfwd to the rotor tip speed, λc is the ratio of climb speed Vc to
the rotor tip speed, and k is another empirical correction fac-
tor to give more reasonable results when considering profile
drag. A value of 4.65 is recommended by Seddon and New-
man (Ref. 12). Aefp is the equivalent flat plate area, set to a
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value of 0.016 times the rotor area. ε is a factor that “takes
into account additional losses caused by the changes of rela-
tive flow direction in climb” (Ref. 13). For the calculations
performed in this study, ε was set to 1. For a forward flight
and climb phase, a value of 1.2 should be used for κ accord-
ing to Seddon and Newman. CT in the first and last term of
Eq. (4) is the thrust coefficient, which is given by

CT =
T

ρAV 2
tip
. (5)

In order to calculate λi, the induced velocity in forward flight
vifwd is required. It can be calculated by

v2
ifwd

=−1
2

V 2
fwd +

1
2

√
V 4

fwd +4
(

T
2ρA

)2

. (6)

Using the calculated power coefficient CP from Eq. (4), the
required power for the forward flight and climb phase can be
calculated as

P =CPρAV 3
tip. (7)

Forward flight The power estimation for the forward flight
condition is quite similar to the forward flight and climb
phase. It can be calculated using

P = κvifwdT +
1
8

σCD0ρAV 3
tip
(
1+ kµ

2)+ 1
2

ρV 3
fwd f . (8)

Descent The required power for descent was calculated ac-
cording to Eq. (4), using negative vertical speeds. All other
parameters and coefficients were kept the same.

Results Using the aforementioned Eqs. (1) to (8), the total
power for all flight phases of the mission profile was calcu-
lated. In order to account for the necessary tail rotor and ac-
cessories power, as well as transmission losses, the estimated
power was increased by an additional 15%.

Figure 3 shows the results, together with the power that is
provided by the electric machines. They are meant to support
the gas turbines in the two flight phases “vertical climb” (pid
0 and 13) and “climb in forward flight” (pid 1, 3, 5, 8 and 10)
with 50% of the requested power.

Mass breakdown

The empty weight of the helicopter is 1792 kg, so 1793 kg of
useful load are available. For an EMS mission, a pilot and two
HEMS crew are assumed, each weighing 80 kg. The patient
weighs 80 kg and the Basic EMS Kit for the EC145 as well as
additional required equipment, has a mass of 167.6 kg accord-
ing to a technical data sheet for this specific vehicle (Ref. 14).

Two electric machines are planned to support the gas turbines.
A single machine weighs approximately 66 kg, including the

Table 2. Mass breakdown of all considered components.

Mass in kg
Empty weight 1,792
Pilot 80
HEMS crew 2 × 80
Basic EMS kit 140.5
Add. req. equipment 27.1
Patient 80
electric machines 2 × 66
AC/DC Converter 2 × 14
DC/DC Converter 2 × 17.5
Battery 132.6
Fuel 694

stator, rotor, magnets, windings, and impregnation, as well as
a casing, shaft, and two bearings. For the electric energy con-
verters that convert the DC voltage from the battery to the AC
voltage required at the terminals of the electric machines, a
gravimetric power density of 25 kW/kg was assumed based
on the studies of Kugener et al. (Refs. 15,16). A power rating
of 350 kW (peak rating of the machine with a safety margin of
approximately 10%) and a 3L-NPC topology was selected in
this study. Using one 3L-NPC inverter for each electric ma-
chine, a total mass of 28 kg was estimated. For the DC/DC
converter, which integrates the high voltage DC current from
the battery into the high voltage (HV)-DC bus and allows for
bidirectional power flow (e.g. charging the battery), a gravi-
metric power density of 20 kW/kg was assumed.

Using the mission profile, the duration of each flight phase
was determined and the electric energy required to operate the
electric machines was calculated. Using power and energy-to-
mass ratios, the mass of the battery can be roughly estimated.
The electric motors are active in pid 0, 1, 3, 5, 8, 10, and 13.
For the vertical climb with 9 seconds of flight phase duration,
an energy of 2,260 Wh is necessary. For the climb in vertical
flight phases, a total energy of 24,266 Wh has to be provided.
Li-Ion batteries are planned as the energy source. Sahoo et
al. (Ref. 17) gave an overview of current state-of-the-art as
well as future projected specific energy densities for batteries
and other energy storage technologies. A rather conservative
specific energy density of 200 Wh/kg was used in this study.
Therefore, the total mass of the battery is 132.6 kg. Table 2
gives an overview of all obtained masses.

Design of the electric machine

In order to design the machine, an open-source tool was used,
taking into account the requirements for the torque to be pro-
vided at a given speed (Ref. 18). Inputs to the tool included
the number of pole-pairs, the materials to be used, the max-
imum current density allowed in the winding, and the max-
imum saturation limits. The winding system can also be in-
fluenced, for example, by specifying the slot fill factor or the
winding type. The tool calculates the geometric dimensions
of the active part of the machine (stator lamination diameter,
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Figure 3. Power estimation for different flight phases of the helicopter and respective share of the electric power train.
See Table 1 for reference.

slot dimensions, magnet thickness and height, etc.). It also de-
termines and provides parameters of the electromagnetic sys-
tem. These include, for example, the analytically determined
inductances, resistances, induced voltage, and current to be
applied.

The parameters determined in this way were used to model
the machine in a commercial finite element software (EMag),
which then provides accurate predictions in the fields of elec-
tromagnetic and electrical performance, coupled thermal be-
haviour, and mechanical strength. An interface was used,
which feeds the data from the open-source tool directly into
the simulation environment. From there, an initial design
transformation took place, where the model was pushed to-
wards a more realistic design (e.g., setup of a cooling sys-
tem and integration of a sleeve holding the magnets in place,
as well as the casing and bearings). From there, it was then
analysed for its electromagnetic properties, and the resulting
force density in the air gap, necessary for the noise estimation,
could be determined.

Furthermore, an additional optimization process was per-
formed. The mentioned open-source pre-design tool takes
input parameters at rated speed, i.e., at the point of maxi-
mum torque and power. This results in a machine design
that is capable of providing peak power, but only for a lim-
ited amount of time. In continuous operation mode, the tem-
peratures inside the windings and the magnets will increase
until they reach their respective maximum allowable rating.
By using the requirements coming from the mission profile, a
cooling system was designed in order to obtain a reasonable
continuous power curve. By applying a multi-physics, multi-
objective optimization, the characteristics of the initial design
(e.g., machine weight, power, efficiency, phase current, ...)
were further optimized, thus reaching a higher specific power
rating. To this end, a number of parameters were determined,
which were used to form a meta model of the machine in a

commercial software. In a subsequent step, the parameters
were varied, and optimal parameter configurations were ob-
tained. A design was then chosen from a Pareto front and
finally validated by performing simulations in a commercial
software. The parameters that were varied included the stator
and rotor lamination geometry, the tooth geometry, the mag-
net angle and thickness, the turns per coil, and the current
density.

Final design

The final design is a radial flux permanent magnet syn-
chronous machine (PMSM) in an in-runner configuration with
surface-mount magnets (Ref. 19). The number of slots N is
24, and the number of pole-pairs p is 10. It has a rather large
aspect ratio (i.e., ratio of stator lamination diameter to lami-
nation length) of 3.16. A gearbox is not planned for the ini-
tial design, so the machine will deliver the torque at the same
speed as the gas turbine shaft, i.e., 6,000 rpm. The machine
has a three-phase, two-layer, concentrated winding system.
Vacoflux 48 is used for both the stator and rotor laminations,
and Recoma 35E is used for the samarium cobalt (SmCo) per-
manent magnets. The windings are made of copper, while the
housing is made of aluminium alloy, and the shaft is made
of of stainless steel. The machine is solely cooled by air,
which is forced through the air gap between the stator and
rotor, through the slots, and over the housing. In continuous
operation, the magnets are far from their respective critical
temperature, while the windings are operated in the vicinity of
their limit of 160 ◦C. The temperatures in the windings are the
reason why the optimizer favoured a design with a small axial
extent and thus a large aspect ratio. A rotor banding is used
to hold the magnets in place. The rotor yoke, which was also
optimized with regard to lower mass, appears to be very small
but is sufficiently dimensioned with regard to the magnetic
flux and saturation levels. A very simplified casing, bearing,
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Table 3. Overview of major specifications of the initial and
the optimized, final machine design.

Parameter Symbol Initial Optimized
number of slots N 24 24
stator outer diameter (mm) Dso 427.5 492.9
stator bore diameter (mm) Dsi 355.3 419.1
tooth width (mm) wt 23.9 25.9
slot depth (mm) hs 23.7 22.4
slot opening (mm) bs 4 3.4
rotor outer diameter (mm) Dro 336.8 394.8
rotor inner diameter (mm) Dri 310 377.3
lamination length (mm) l 80.4 76
motor length (mm) lm 151.6 156
housing thickness (mm) hh 5 5
number of poles 2p 20 20
magnet thickness (mm) hm 7.6 9.5
magnet arc (EDeg) 123.5 160
air gap height (mm) g 1.67 1
electric frequency (Hz) fe 1,000 1,000
phase advance (EDeg) 0 14.6
number of turns 4 4
RMS current density (A/mm2) J 9.65 6
stator phase peak current (A) Ip 440 281.5
copper slot fill factor 0.45 0.45
lamination stacking factor 0.97 0.97
DC Bus Voltage (V) VDC 1,000 1,000

and shaft combination is used to house the active components
of the electric machine. This casing acts as the radiation sur-
face for the subsequent acoustic analysis. The specifications
of the final machine design can be found in Table 3, and a
schematic of the machine is shown in Figure 4.

The final design of the machine has a peak power output of
320 kW at 6,550 rpm, slightly above the design point. At
a speed of 6,000 rpm and a peak phase current of 281.5 A,
the machine is able to deliver 372 Nm of torque, equalling
236 kW continuous shaft power, see Figure 5. The efficiency
at this operating point is close to 97%.

NUMERICAL PREDICTION OF NOISE

In order to produce torque, an electric machine needs to build
up an electromagnetic field inside its active parts. In the case
of a PMSM, this is a superposition of the two fields provided
by the permanent magnets and the armature, respectively. By
solving the model, one can obtain the magnetic flux densities
Bt in radial and Br in tangential direction. The first one is
responsible for producing the torque, while the second one
is the main source of electromagnetically induced noise. By
using the flux densities, the force density in radial direction fr
can be computed as

fr(x, t) =
1

2µ0

[
B2

r (x, t)−B2
t (x, t)

]
, (9)

while the component in the tangential direction ft is obtained

Stator

Housing

Winding

Magnet

Rotor

Shaft

Bearing

Sleeve

Wedge

Figure 4. Schematic showing the final design of the ma-
chine, together with the present components. Components
labelled with a box indicate their presence in the models
used for subsequent noise estimation.

by

ft(x, t) =
1
µ0

[
B2

r (x, t)B
2
t (x, t)

]
. (10)

Here, µ0 is the magnetic permeability, x is the circumferen-
tial position inside the air gap, and t is time. With the force
density, which can be understood as a magnetic pressure, the
forces acting on the surface of the stator teeth facing the air
gap can be calculated as

Fr = fr(x, t) larc l (11)

and

Ft = ft(x, t) larc l. (12)

where l is the lamination length and larc is the length of the sta-
tor tooth surface in circumferential direction. Following this
approach, a force component in each direction acting in the
centroid of the surface for each stator tooth is obtained. These
electromagnetically induced forces are then used as excitation
in the subsequent harmonic response analysis.

Modal analysis

In preparation for the harmonic response analysis, a modal
analysis was performed. For this, the geometry of the machine
was imported into a structural finite element analysis (FEA)
software, and the eigenfrequencies as well as the eigenmodes
were calculated. While the stator and rotor lamination, as
well as a simplified housing, bearings, and shaft components,
were considered, the windings, wedges (to hold the windings
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Figure 6. Results of the mesh sensitivity study showing the
obtained natural frequencies from the modal analysis for
the first couple of circumferential eigenmodes with three
different element sizes.

in place), and magnets were omitted in order to reduce the
element count of the mesh and thus lower the required com-
putational time. To account for the mass of the windings, a
so-called distributed mass element was applied to the inside
of the stator slots, distributing the total mass of the windings
of 4.29 kg equally to all slots. The same was done for the end-
winding mass at the front and back of the stator lamination.
The damping ratio was set to a fixed value of 5%.

A mesh with an approximate element size of 5 mm was used,
leading to a total of 113k elements. The mesh was built upon
tetrahedral and hexahedral elements. A small mesh sensitivity
study was performed with half and double the element count,
corresponding to an element size of 6.3 and 4 mm, respec-
tively. The study showed only a minor effect of the element
count on the obtained eigenfrequencies, with a lower element
count leading to slightly lower frequencies, while a finer res-
olution led to slightly higher frequencies. Figure 6 shows the
results of this study.

Harmonic response

In combination with the modal analysis of the stator, the
forces derived from the electromagnetic analysis were applied
to the individual stator teeth at their surface centroid as part of
a harmonic response analysis, and the acoustic sound power
level was determined. This model calculates the equivalent
radiated power (ERP) based on the radial vibration velocity
on the structural surface, being a function of the force wave
amplitude at specific spatial and frequency orders, as well as
the eigenmodes of the excited structure (Ref. 20). This is a
simplified calculation of the sound power, which is based on
plane wave propagation. Instead of the sound particle veloc-
ity, the normal velocity on the surface of the housing is used,
assuming that they are equal. The ERP can be calculated as

PERP =
ρc
2

∫
A

v̂2
n dA. (13)

Here, c is the speed of sound, and v̂n is the amplitude of the
normal velocity on the surface of the radiating structure, in
this case, the housing. The ERP is simple to calculate but does
not consider the shape of the radiating surface nor the wave-
length of the sound. As a result of this, the radiated sound
might be overestimated at lower frequencies, specifically for
smaller machines. The true radiated acoustic power is given
by

P = σre( f )PERP, (14)

with σre being the radiation efficiency. This efficiency is a
function of the sound frequency and takes values close to zero
for low frequencies and otherwise values close to unity. This
means that for low-frequency radiation, an overestimation of
the radiated sound power is to be expected when the ERP is
used to estimate the noise. The Helmholtz number He is a
metric that relates the acoustic wavelength λ to a characteris-
tic length in order to determine the acoustic behaviour. It can
be used to decide whether a low or a high frequency radiation
is present for the machine under investigation, thus determin-
ing the radiation efficiency. It is given by

He =
2π

λ
Rh, (15)

with λ being the acoustic wavelength and Rh the radius of the
whole structure, here once more the casing or housing of the
machine. A Helmholtz number below one indicates a low fre-
quency, while a number of 10 or greater indicates a high fre-
quency situation where overestimation of the ERP is unlikely
to happen, as discussed by Kvist et al. (Ref. 21).

Figure 7 shows the current workflow used to obtain the ERP
of the machine. It includes the design of the machine using the
open-source tool (Ref. 18) as well as the optimization process
using a commercial software, the electromagnetic calculation
(here labelled as EMAG) to obtain the electromagnetic forces
acting inside the air gap, the modal analysis, and the determi-
nation of the sound levels as part of the harmonic analysis on
the basis of a mode superposition (MSUP).
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Figure 7. Overview of the current workflow to obtain the
equivalent radiated power of the machine.

Harmonic acoustic

In addition to the harmonic response, a harmonic acoustic
analysis was conducted. It takes the solution of the harmonic
response as an input and applies the obtained amplitude of the
surface vibration velocity onto a predefined fluid-structure-
interaction surface. A sphere containing the fluid (e.g. air)
was then used to provide a fluid region around the structure
and the (true) sound power was solved for.

Similar to the structural domain, the surrounding fluid domain
needs to be meshed. The radius of the sphere was chosen in
such a way that a full wave of the longest acoustic wavelength
of interest could be fitted in all three dimensions around the
machine. The mesh element size was chosen to ensure that at
least six elements were available to resolve the smallest acous-
tic wavelength present.

The difference between the largest and the lowest frequency
can lead to a very large spectral gap and therefore to very
small elements in a rather large sphere when the whole fre-
quency range of up to 20 kHz is considered. This can lead
to models with a very high element count and hence to ex-
cessive computational costs. To mitigate this effect, the fre-
quency range was split into a number of frequency bands that
were modelled and simulated independently, thus reducing

Table 4. Considered frequency bands for the harmonic re-
sponse simulation. The harmonic response simulation was
solved every 1,000 Hz in the respective band.

Band Solution frequencies in Hz Solution available
0 1,000–3,000 !

1 4,000–8,000 !

2 9,000–11,000 !

3 12,000–14,000 %

4 15,000–17,000 %

5 18,000–20,000 %

the computational requirements and, in turn, the total time
necessary to obtain a solution.

Table 4 gives an overview of the considered frequency bands.
The frequency bands “3” to “5” were not solved in the current
study because of limitations of the hardware used and due to
the fact that the main contribution of noise is located at fre-
quencies below 8,000 kHz. The reason for the hardware lim-
itation is the very large outer diameter of the machine, while
at the same time the axial dimension is shorter. The machine
therefore has a “doughnut” shape. The radius of the buffer
layer, whose extent or height was set to the largest wavelength
to be resolved, was determined by the radius of the casing.
As an example, for band “1” with a lower frequency limit of
4,000 Hz the largest wavelength is 85 mm. Together with the
stator lamination diameter Dso of 492.9 mm and the housing
thickness hh of 5 mm, a sphere radius of 336.5 mm was used.
The axial extent of the machine lm is, however, only 156 mm.
Therefore, three full waves of the largest wavelength to be re-
solved can be fitted in the front and in the back of the machine.
As a consequence, the model has too many elements at these
positions, which increases the size of the mesh.

The mesh used for frequency band “1” is shown in Figure 8.
It consists of 3.1 million elements. The largest wavelength
is 85 mm, while the smallest wavelength for a frequency of
8,000 Hz is 42.5 mm. With six elements per wavelength, the
element size is therefore approximately 7 mm.

RESULTS AND DISCUSSION

The modal analysis was solved for the first 1,000 eigenmodes
m of the structure, thus spanning a frequency range of up to
21 kHz. Table 5 provides an overview of a number of circum-
ferential eigenmodes m and their respective natural frequen-
cies fn for two different cases: one considering only the stator
lamination, and the other for the whole machine. The latter
corresponds to those shown in Figure 6 for an element size of
5 mm. As can be seen from the results, the eigenfrequencies
increase when additional components, such as the casing, are
modelled in addition to the stator alone. Note that the sub-
sequent analyses were not limited to circumferential modes
only.

For the subsequent harmonic response, knowledge about the
excitation frequencies and wave numbers at all operating
points of interest is required. The investigated machine has
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Figure 8. Meshed sphere with 3.1 million elements around
the machine used for the harmonic response analysis of fre-
quency band “1”. The region inside the machine is not
meshed in order to shorten the computational time. See
Table 4 for reference.

20 poles or 10 pole-pairs. The electric frequency is a function
of the rotational speed and is given by

fel = fm p, (16)

where fm is the mechanical frequency. At a speed of
6,000 rpm, which is the output shaft rotational speed of the
Arriel 1E2 gas turbine installed on the EC145, the electric
frequency is thus 1,000 Hz. This means that over the course
of 1 ms, a north and a south pole pass a stator tooth. Due to
the quadratic relationship between the force densities fr and ft
and the magnetic flux densities Br and Bt, the resulting force
excitation occurs at twice the electric frequency and its even-
numbered multiples, leading to certain time orders.

An electromagnetically excited force wave rotates inside the
air gap and can be decomposed into a sum of sine waves, lead-
ing to certain excitation mode shapes (Ref. 20). These shapes
have a spatial order (or spatial wave number) r and a distinct
frequency or time order. A structural mode m can then be ex-
cited by a force wave with the same spatial order (or wave
number) r. If the frequency of the force excitation is also
close to the natural frequency of the structure, a resonance
effect will occur, giving rise to increased noise radiation.

The spatial order of the first force wave component can be
estimated as

r = GCD(N/mph,2p). (17)

Here, GCD is the greatest common divisor, and mph is the
number of phases, which equals three in the current machine

Table 5. Eigenfrequencies fn obtained from the modal
analysis for the first circumferential eigenmodes m. Re-
sults for stator only and the whole structure considered.

Eigenfrequency in Hz
Mode Stator only Stator, casing, bearing

and shaft
0 2,155 2,278
2 112 424
3 312 674
4 587 862
5 929 1,225
6 1,329 1,687
7 1,773 2,209
8 2,248 2,765

design. For the investigated machine, the first force wave
component has a spatial wave number of r = 4. It occurs at
twice the electrical frequency fel of 2,000 Hz. Its electrical
time order is therefore 2, while its mechanical time order is
20. The spatial order of the second force wave component is
then r = 2 ·GCD(N/mph,2p) = 8 at a frequency of 4,000 Hz,
while the spatial order of the third force wave component is
r = 12, occurring at a frequency of 6,000 Hz. Their mechani-
cal time orders are thus 40 and 60, respectively.

The harmonic response was solved for a number of different
rotational speeds across the continuous power-speed curve,
shown in Figure 5. For each of the investigated speed points,
the forces obtained by the electromagnetic simulation for this
rotational speed were applied to the stator teeth. With the re-
sults of the harmonic response, the waterfall diagram in Fig-
ure 9 was created, showing the equivalent radiated power as a
function of rotational speed and mechanical time order.

As can be deduced from the data, the first four mechani-
cal time orders (20, 40, 60, and 80) are the dominant ones
throughout the whole speed regime of the machine, with time
order 20 being the most prominent one. At a rotational speed
of 2,500 rpm, the maximum sound power level is reached at
the mechanical time order 20, i.e., at a frequency of 833.3 Hz.
At the operating point with a rotational speed of 6,000 rpm,
the peak ERP level of 93.9 dB is found at the same time order
and therefore at a frequency of 2,000 Hz.

While the waterfall diagram shows the ERP over the whole
speed range of the machine, Figure 10 provides an impression
of the ERP as well as the true radiated power as a function
of frequency at a constant speed of 6,000 rpm. Additionally,
the mechanical time order is given. At this operating point, the
machine will provide its maximum continuous power. As pre-
viously mentioned, excitation occurs at even-numbered mul-
tiples of the electrical frequency. The highest ERP level is
found at 2,000 Hz. Between 4,000 and 8,000 Hz, values in
the range of 72 to 77 dB are observed. Starting at 10 kHz and
above, the levels fall below 50 dB. The Helmholtz number for
an excitation frequency of 2,000 Hz, with a radius of the hous-
ing of the machine of 251.45 mm and a speed of sound of
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Figure 9. Equivalent radiated power of the machine as a
function of speed and mechanical time order.

340 m/s, equals 9.29, indicating high-frequency radiation. At
higher excitation frequencies, the Helmholtz number will fur-
ther increase. Thus, the ERP already gives reasonable results
over the whole investigated frequency range when compared
to the true radiated power. An overestimation of the ERP is
not occurring for this machine at the investigated operating
point.

While the previous results show that the noise estimation for
the machine can be solely based on the coupled modal analy-
sis and harmonic response approach, the harmonics acoustic
analysis provides additional information that can be analysed
and discussed, giving more insight into the details of the noise
radiation.

Figure 11 shows the acoustic pressure (i.e. the local pres-
sure deviation from the ambient atmospheric pressure) ob-
tained from the latter for three different investigated frequen-
cies, 2,000, 4,000 and 6,000 Hz, on a slice through the centre
of the mass of the machine in the middle of the sphere. The
result for the first frequency is taken from the model for fre-
quency band “0”, while the other two are taken from band
“1”. Therefore, the buffer layer around the housing and, con-
sequently, the model extent is larger for the first one compared
to the other two. The radial extent of the housing in all three
pictures is kept the same, as is visible from the scales at the
bottom of each picture.

As mentioned previously, the rotating force wave inside the
air gap can be decomposed into a number of force wave com-
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Figure 10. Equivalent radiated and sound power of the
machine as a function of frequency for a constant rota-
tional speed of 6,000 rpm.

ponents with certain spatial wave numbers r. At a frequency
of 2,000 Hz, the dominant spatial wave number is four. It ex-
cites the stator teeth and, therefore, the attached structure. Its
effect on the outer casing and thus on the local pressure is vis-
ible in Figure 11 (a). The acoustic pressure has four nodes of
positive and four nodes of negative pressure originating from
the housing surface and, by this, takes a distinct circumferen-
tial mode shape. The spiralling pattern indicates that it is a
rotating sound source. It does so with a frequency equal to
the excitation frequency. While the rotor of the machine and,
therefore, the force wave in the air gap is rotating in a clock-
wise direction, the resulting source at the housing is rotating
in an anti-clockwise direction.

At a frequency of 4,000 Hz, the dominant spatial wave number
is eight, while at a frequency of 6,000 Hz it is twelve. The spi-
ralling pattern is present at 4,000 Hz and, therefore, the source
is rotating once again. The pattern for the last shown fre-
quency is different from the previous ones. Here, the source
appears to be standing. The deviation from the local to the
ambient atmospheric pressure is lower for the last two fre-
quencies compared to the first one.

The directivity of the radiated sound of the machine is shown
in Figure 12. For each frequency at time orders 20, 40, and
60, the sound pressure level was obtained at 180 positions on
a circle around the machine at a distance of 1 m. The circle
starts at the front of the machine at an angle of θ of 0◦. At
the top of the machine, the angle is 90◦, while it is 270◦ at
the bottom. The obtained sound pressure level is different for
the investigated frequencies. It has a symmetric shape, with
the largest levels obtained at the top between 30 and 150◦ and
at the bottom between 210 and 330◦. In this direction, the
sound pressure level is between 78.8 and 86.9 dB for a fre-
quency of 2,000 Hz, between 39.7 and 73.2 dB for a frequency
of 4,000 Hz, and between 52.7 and 80.2 dB for a frequency of
6,000 Hz. Starting at a frequency of 4,000 Hz, the directiv-
ity pattern exhibits additional lobes at intervals of 10 degrees,
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Figure 11. Acoustic pressure inside the sphere around the
machine for three excitation frequencies. The solution for
2,000 Hz is coming from a different frequency band, thus
having a larger sphere extent.
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Figure 12. Directivity plot of the machine, showing the
sound pressure level at a distance of 1,m around the ma-
chine for three excitation frequencies.

beginning at an angle θ of 30◦. The sound levels are highest
between 70 and 110◦, which corresponds to the radial outward
direction of the housing. Conversely, the sound pressure level
is at its lowest in the axial direction of the machine, i.e., at 0
and 180 degrees.

CONCLUDING REMARKS

In this study the noise generated by an electric machine used
as a supplementary power source during specific flight phases
in a parallel hybrid powertrain was investigated. The investi-
gation was conducted using simulation-based methods.

A workflow was developed to facilitate this analysis, encom-
passing the pre-design and subsequent optimization of the ma-
chine. The workflow incorporates both simplified and high-
fidelity methods to estimate the radiated sound and its direc-
tivity pattern.

The paper outlines the following steps and analyses that were
conducted:

1. A mission profile for an EC145 helicopter in an Emer-
gency Medical Services (EMS) operation was obtained
and prepared for further analysis.

2. Based on the mission profile, the required power for the
helicopter was calculated for each flight phase, and the
contribution of the electric machines in specific flight
phases was determined.

3. The mass of necessary components was estimated.

4. An electric machine was designed and optimized in a
subsequent step based on the obtained power rating.
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5. A modal analysis combined with a harmonic response
analysis was conducted to determine the equivalent radi-
ated power at specific time or motor orders.

6. Through multiple harmonic acoustic simulations, the
directivity of the machine and the acoustic pressure
field around it were obtained, revealing distinct patterns
linked to the exciting force wave inside the air gap.

7. Additionally, a comparison between the simplified har-
monic response approach and the higher-fidelity har-
monic acoustic approach was performed, indicating that
the simplified method yields qualitatively sufficient re-
sults.

The analysis yielded estimated sound power levels in the
range of 73 to 95 dB across a frequency spectrum of up to
8,000 Hz. Furthermore, sound power levels of up to 87 dB
were measured at a distance of 1 m in the normal direction
of the enclosing housing. The highest levels were observed
at lower motor or mechanical time orders, indicating a corre-
lation between the sound source and the electromagnetically
induced forces within the air gap. These forces are a func-
tion of the magnetic field of the armature and the permanent
magnets.

The results of this study suggest that the noise generated by
electric machines constitutes a significant noise source that
warrants consideration during the design phase of future par-
allel hybrid propulsion systems for helicopters.

It is noted that the simplified geometries employed for the
housing, shaft, and bearings may influence the results. More-
over, the integration of the electric machine’s rotor with the
gas turbine shaft and the incorporation of the housing into
the helicopter’s structure may lead to integration effects, in-
cluding alterations in eigenfrequencies, altered radiation sur-
faces, and potential shielding effects. These effects were not
accounted for in the present analysis to maintain simplicity.
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termination of a Light Helicopter Flight Performance at
the Preliminary Design Stage. Journal of Mechanical
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