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ABSTRACT This paper presents a comprehensive design and analysis of a high-speed, multi-lane, 2.5 MW,
15000 rpm, 3 kV slotless generator system tailored for hybrid-electric aircraft. The armature of this generator
incorporates FiberPrinting™ technology, featuring four galvanically isolated concentric winding rings.
An assessment of the generator’s performance metrics was conducted through finite element analysis (FEA).
The 2.5 MW slotless 8-pole generator achieved a power density of 24.4kW /kg (for active mass) and an
efficiency above 99 % at the current density of 15 A/mm?. To further enhance the system’s efficiency,
we investigated the possibility of incorporating a filter between the generator and frequency converter.
However, this investigation revealed that the weight and losses associated with the filter outweigh any
potential gains in generator efficiency. Additionally, the study explored the impact of elevating the current
density to levels comparable to the state-of-the-art (SotA) machines (20-27.5 A/ mmz). The results indicate
that such an enhancement would significantly raise the power density to 35-40kW /kg. Furthermore,
increasing the number of poles from 8 to 12, in combination with the elevated current density, can surpass
the threshold of 40 kW /kg. Comparing our findings against the SotA, we demonstrate that the proposed
topology exhibits the potential to outperform conventional technologies, provided adequate cooling measures

are implemented.

INDEX TERMS Generator, hybrid-electric aircraft, slotless machines, fault-tolerant drive systems.
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Lo, Low Active machine length and end-winding
length, [m] or [mm].
Ly, Ly, Lpp Direct-axis, quadrature-axis, and total

phase inductance, [H] or [pu].

Meys Mew, Mins  Copper, end-winding, and insulation

mass, [kg].

Mot My Total and active machine mass, [kg].

ng Nominal rotational speed, [rpm].

Ns, Npn, N Number of stator segments, number of
stator phases per segment and number of
turns per slot in each segment.

P, P, Generator and motor power, [MW].

Ppm, Py Magnet and windage losses, [kW].

Dsq Number of poles, and number of slots per
pole and phase.

Rac, Rpp Coil DC resistance and phase resistance,
[L2].

T, Electrical time period, [ms] or [s].

Uge, Uy, E; DC-link voltage, and AC fundamental
load and no-load line voltage (rms), [V].

w, b Wingspan and aircraft length, [m].

hy, hy Stator yoke thickness and armature ring

height, [mm] or [m].
Total losses, copper losses, and steel
losses, [kW].

Pioss, Py, Pfe

I. INTRODUCTION

Over the last decade, significant advancements have been
made in the development of hybrid-electric aircraft (see
example in Fig. 1). While the realization of large all-electric
aviation still faces challenges related to energy storage, it is
expected that large-scale hybrid-electric aircraft concepts will
be feasible by the 2030s [1]. Various companies, such as
Honeywell (see Fig. 2), have introduced turbo-generator solu-
tions in response to this emerging trend. It is projected that
the anticipated increase in battery-specific energy density
from the 2030s and 2040s will enable regional hybrid-electric
aircraft to meet up to 75 % of market demand [2]. Therefore,
the efficient and power-dense design of electrical machines
and generators is crucial for the success of hybrid-electric
propulsion systems. Golovanov et al. emphasized the neces-
sity of achieving power densities of approximately 20 kW /kg
for multi-MW propulsion systems [3]. Consequently, the
demand for generators capable of operating at high rotational
speeds, around 15000rpm or even higher, is incentivized
within the context of hybrid-electric aviation [3], [4], [5], [6].
Typically, hybrid-electric concepts involve generators in the
power range of 0.5 MW to 4 MW, operating at voltage levels
of 2kV to 3kV.

One of the potential avenues for weight reduction involves
the utilization of machines with a high number of poles to
minimize the thickness of the stator and rotor yokes [7].
However, the combination of high rotational speeds and a
large number of poles results in a high fundamental electrical
frequency. To optimize performance under these conditions,
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FIGURE 1. Example of hybrid electric aircraft by Zunum Aero.

the adoption of a slotless topology can mitigate core losses
and reduce system mass by eliminating teeth in the stator
[8], [9]. Previous studies have demonstrated the potential of
slotless topologies in high-speed operations, achieving com-
parable or even superior performance compared to slotted
topologies [10], [11]. An additional advantage of the slotless
topology is the absence of cogging torque and low torque rip-
ple [8], [12]. For instance, Yoon et al. successfully developed
a 1 MW slotless motor with a power density of 14 kW /kg and
an efficiency ranging from 97.2 % to 98.3 % [7], [13].

Matveev has introduced a modular converter topology that
can be connected in series or parallel to a multi-lane electrical
machine [14]. The concept of modularity holds great promise
for permanent magnet machines in electric aviation, offering
advantages such as high power density, efficiency, and fault
tolerance. [15].

In this paper, we aim to combine the benefits of a slotless
stator design with the concept of modularity to exploit the
advantages of low weight and enhanced redundancy and reli-
ability [16]. Furthermore, we will analyze the hybrid-electric
powertrain and examine how it influences the design con-
siderations for the slotless generator under investigation.
This comprehensive approach will provide a broader analysis
of the generator and its interaction with the hybrid-electric
propulsion system, surpassing the scope of existing
studies.

The remainder of this paper is structured as follows:
Section II presents a qualitative description of the slotless
stator topology considered in this study. In Section III, we out-
line the methodology and assumptions employed, while also
providing specifications for the case study of the hybrid-
electric aircraft. The main findings and results are then
presented in Section IV. Finally, Section V concludes the
paper, summarizing the key insights and discussing avenues
for future research.

Il. SLOTLESS TECHNOLOGY DESCRIPTION

The slotless generator in this study utilizes a unique winding
technology known as FiberPrinting™ [17]. This choice of
technology significantly enhances the performance of the
generator, benefiting from high copper fill factor. The stator
rings in this generator are FiberPrinted using thin Litz wire,
which is then molded.
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FIGURE 2. Turbogenerator by Honeywell.

A. SCALABLE SOLUTION

A machine called the FiberPrinter, partially resembling weav-
ing machines from the textile industry, intertwines litz wires
with the carrying fiber in an automatic process to produce a
copper mat with four main attributes: length, width, thick-
ness, and pole number, as seen in Figs. 3 and 4. Since the
copper mat is rolled up and potted as a cylinder, the length
of the mat determines the diameter of the resulting stator.
The width of the mat, therefore, determines the axial length
of the stator. The thickness and pole-number of the copper
mat are tuned in conjunction to achieve the desired machine
characteristics for the use case.

The simplicity of electrical machines made by
FiberPrinting™ is that they have perfectly cylindrical stators
with only a few design parameters. Such stators can be scaled
to any size, as seen in Fig. 5.

Rotors of slotless machines use surface-mounted perma-
nent magnets in either a radial array or Halbach array con-
figuration [18]. The rotors are assembled with proprietary
equipment and processes.

B. NO SATURATION

Design of an iron-cored machine is always taking into
account saturation of the iron teeth. The current-torque rela-
tionship for a slotless machine is linear up to much higher
currents than for iron-cored motors, enabling higher torque
and power output.

C. LOWER IRON LOSSES

Losses in the teeth of iron-cored machines make a consid-
erable part of the total losses, reducing machine efficiency.
In slotless machine, iron losses take place only in the back
iron, which is usually made of thin laminations and is not
heavily loaded magnetically, making the losses very low
compared to the copper losses.

D. REDUCED NOISE AND VIBRATION

Iron-cored generators often have a high amount of torque rip-
ple due to the asymmetric interaction between the magnetic
rotor and the iron teeth of the stator. The high level of torque
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TABLE 1. Key specifications of the power ratings and the spatial extent of
the hybrid-electric powertrain.

Pe Pm b w
2.5MW [2.0MW |28.6m | 26.2m

ripple causes a high level of audible noise due to the induced
mechanical vibrations. A slotless machine has virtually zero
torque ripple due to the symmetrical magnetic interaction
between the stator and the rotor. A symmetrical magnetic
interaction is achieved since the laminations around the stator
are perfectly cylindrical. The absence of torque ripple reduces
the vibrations and the audible noise.

E. LOW SENSITIVITY TO LARGE AIR GAPS

Iron-cored machines require as small magnetic air gaps as
possible to be compact. The high-speed machines have to use
retention screen on the rotor which increases the magnetic
air gap and makes the iron-cored machines considerably less
compact. Slotless machines inherently have large magnetic
air gaps as the slotless winding has magnetic permeability
equal the magnetic permeability of air. This feature make
slotless almost non-sensitive to the presence of the retention
screen on the rotor.

F. REDUNDANT SOLUTION

To meet the requirements for flight safety, there was devel-
oped a redundant solution with several concentric windings
based on slotless PM technology (Fig. 6). This solution
allows for maintaining a fully symmetrical pattern of the
magnetic field around the circumference of the stator and
rotor even when one of the power electronics converters
or one of the stator windings is faulted, thus maintaining
vibration-free operation. It is worth noting that two and two
non-neighboring segments are paired to form a DC link
through the combination of inverters.

lll. METHODOLOGY AND ASSUMPTIONS

This section presents the case study and the assumptions
made in this research. Fig. 7 shows a generic sketch of a
regional hybrid-electric aircraft that will be considered in
this paper, and Fig. 8 shows the multi-lane topology. The
generator, together with a gas turbine, is placed in the fuselage
to generate the electrical power fed to the electric distribution
system in the middle of the airplane, including one electric
propulsion motor as the main load. Key parameters of the
aircraft are provided in Table 1.

A. CASE STUDY

The main focus will be placed on the slotless generator in
relation to the hybrid-electric propulsion system. An initial
geometric design from an analytical design procedure where
implemented in the FEA environment. After the initial design
was implemented, parametric sweeps on the rotor radius and
magnet length were run to find the most power-dense design,
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FIGURE 3. Example of a copper mat produced using FiberPrinting™.

FIGURE 4. The winding diagram for each stator mat including
end-winding. Number of turns (N;) per slot is 3.

FIGURE 5. Examples of FiberPrinted stators in different sizes.

TABLE 2. Magnetic design constraints.

B Tpr im B,
T4T|1.05|<36mm|< 17T

according to the magnet and electric design requirements
listed in Tables 2 and 3. Fig. 9 illustrates a 2-D one-pole cross-
section of the generator, and Fig. 10 the axial cross-section of
the generator. The maximum flux density in the yoke was set
to a value of 1.7 T, and the magnetic properties of the yoke are
presented by a BH-curve in Fig. 11. The geometric properties
of the final optimized 3 kV generator are listed in Table 4.
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B. MASS ESTIMATION

The generator’s mass is found by applying the surface integral
over the one-pole geometry in the FEA environment (see
Fig. 9). The surface integral in eq. (1) is performed over each
geometric domain of the one-pole geometry.

s = ppla / / ds )
S

It is worth noting that the one-pole FEA model of the gen-
erator does not include a specific geometric domains for the
insulation, as seen in Fig. 9. Nevertheless, the fill factor of the
windings can be implicitly included in the mass estimation,
according to eqgs. (2) and (3).

Mey = PeuPkfilila // ds )
windings
Mips = pinsp(l - kﬁ'll)la // ds (3)
windings

The material mass densities are listed in Table 5.

1) END-WINDING MASS

Since the generator model is 2-D, eq. (1) can not be applied to
estimate the end-winding mass. Assuming the end-winding
has the shape of a half-circle equal to the generator’s pole
pitch, the length of one end-winding piece and the total
end-winding mass are given by egs. (4) and (5). Fig. 12 shows
a three-dimensional (3)-D) of the end-windings.

1
low = EJTOlp 4)
Mgy = chuPNththapaw 5)

C. LOSS EVALUATION

1) MAGNET LOSSES

The magnet losses are calculated using a surface integral with
eq. (6) over the magnet area in FEA environment [19].

1T Jom(t)?
Pon =7 /O ( / / - ds ) dr ©6)

magnets

These losses are negligible in comparison to the copper and
steel losses. Since the generator has a slotless topology, there
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3 kV 3 kV

FIGURE 6. Layout of the modularity concept with four concentric stator rings described in patent NO345844B1 (one of the
realization variants) [14].
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FIGURE 7. Hybrid-electric propulsion powertrain onboard a regional aircraft, including a 2.5-MW generator (G) fed by an onboard
gas turbine, inverters, power distribution, onboard battery storage, and a 2.0-MW electric motor (M).

TABLE 3. Electrical design requirements and limitations.

P, Ng f U; Lpn Js D

N Nph Nt kﬁll hs
2.5 MW [ 15000 rpm | 1000 Hz | 1100V [ 328 A | < 15 A/mm? | 8

4 13 3 [35%|>4mm

=

are no slots causing harmonics in the air gap. With little air low eddy currents in the magnets. However, the magnet losses
gap harmonics, the magnet losses will be negligible due to will increase after introducing the current harmonics from
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TABLE 4. Optimized geometric properties of the 2.5-MW, 3-kV, 15000-rpm slotless FiberPrinted generator.

D, Dy la Im ) henc hs hy as ac [
275.0mm | 356.2mm | 238.0mm [ 32.5mm | 3.0mm [ 2.0mm | 4.9mm | 16.0 mm | 187.25 mm? | 87.37 mm? | 21.84 mm?

Storage la

Without filter

[[J Segment 4
[[)Segment 3
Segment 2
Segment 1

~N

M|mU

Loads

Storage

\

~

FIGURE 10. Two-dimensional (2)-D) axial cross-section of the generator.
The four different stator segments are indicated.

N

N
3]

FIGURE 8. Schematic diagram of hybrid-electric multi-lane powertrain
with and without filter.
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FIGURE 11. Nonlinear B-H curve of conventional soft iron compared to
the silicon steel 10JNEX900 designed for high-frequency operation with
lamination thickness of 0.1 mm and a stacking factor of 97 %.

FIGURE 9. Two-dimensional (2)-D) radial cross-section of one pole pitch
of the generator with 4 concentric armature segments (Ns), 3 phases per
armature (m), and 3 turns per slot in each segment (N;). The rotor
Halbach array has 8 tangential segments per pole. Geometry is used for
2-D FEA modeling with magnetic insulation at inner and outer diameter,
and anti-periodic boundary conditions at side boundaries.

TABLE 5. Mass densities of materials in different domains.

Pecu Pins Penc Ppm Pfe
8490 kg/m3 [ 1300 kg/m? | 1750 kg/m? | 7600 kg/m3 | 7490 kg /m3

the power inverter feeding the generator. Nevertheless, with FIGURE 12. Three-dimensional (3)-D) end-windings depicted on stator

a significant increase in magnet losses, there will be a rotor
overheating risk.

Magnet segmentation is a way of decreasing magnet losses.
The eddy currents’ amplitude can be reduced by dividing
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ring number 1 and 2.

the magnet into several segments. For example, in [20], the
magnet losses in a Halbach array were reduced by 80 % when
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TABLE 6. Fitting coefficients for steel 10JNEX900.

Coefficient | Value

Eno 0.01776

kn —0.2435

kno 0.02321

ks —0.00542

keo 8.200 - 10—
kes 2.023-107°
ke —3.292-1075
kes 1.210-10~°

The goodness of fit R? was 99.99 % with a sum of squared
estimate of errors (SSE) equal to 0.0701.

dividing the magnets into axial segments. Since the model in
this paper is a 2-D model, the magnet will be split tangentially
into 1, 2, and 4 tangential segments, respectively.

2) STEEL LOSSES

The steel losses were calculated by implementing the CAL2
method in the FEA environment [21]. The curve fitting tool
in Matlab was used to fit the coefficients in eq. (7) with the
loss data of the electrical steels. The loss data for 200 Hz,
400 Hz, and 1000 Hz was included to include the frequency
dependency.

P N N
£ =k, BYB® + k(£ BB ™)
mfe
A third-order polynomial was chosen as it provided a suffi-
cient fit with the loss data (values given in Table 6).

ke = koo + ke1 B + ke B* + ko3 B> ®)
ki = kno + kn1B + kipB? + ki3 B® 9)

3) AC AND DC COPPER LOSSES

The copper losses were found by implementing eqs. (10)
and (11) in the FEA environment. As the conductivity is
temperature-dependent, the DC losses were evaluated at tem-
peratures ranging from 20 to 220 °C. The coefficient £ was
applied to account for the difference between AC and DC
copper loss [22], [23].

Pey = NsNpilpy §Rac (10)
——
Rpn
Nl
Rie = | —=2-4as (11
OcudcS

4) WINDAGE LOSSES

The high rotational speeds required in the electric aviation
industry generates significant mechanical losses due to the
frictional forces. Viscous frictional forces occur between the
moving rotor and the confined air within the air gap [24].

Py, = CypairlaD}n; (12)
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FIGURE 13. Mapping of the flux density distribution over one pole at
rated operation of the 2.5-MW slotless generator in the FEA environment.

5) TOTAL EFFICIENCY
The overall generator efficiency is expressed in eq. (13).
_Pe+Pcu+Pfe+Ppm+Pw

n (13)

IV. RESULTS AND DISCUSSION

A thorough investigation of the new concept with the help of
finite element analysis (FEA) was performed. Benchmarking
of the new slotless PM design versus the existing high-speed
generators for the same application has shown the advantages
of the fiberprinted coreless PM technology in terms of com-
pactness, low weight, and efficiency, as we will explore in
this section.

A. SLOTLESS MACHINE CHARACTERIZATION

The flux density map of the slotless generator in Fig. 13
shows that the flux density in the south-orientated magnet’s
lower section and the west-orientated corners are signifi-
cantly lower than in the rest of the magnets. Nevertheless,
the machine is shown to be well magnetically utilized at full
load. Initially, the same machine was designed analytically
with slightly larger dimensions [25], as shown in Table 7.
Some of the preliminary oversizing can be explained by the
assumption of a larger airgap height, implying more magnets
in the rotor.

The obtained terminal voltage for the maximum torque per
ampere (MTPA) mode is shown in Fig. 14. It can be seen that
the armature reaction is small, which is common for slotless
machines. Even though the behavior of each segment is very
similar, there are slight variations in inductance, as shown in
Table 8. Segment 4 is closer to the stator yoke. Consequently,
the phase inductances of segment 4 are 16.6 % larger than in
segment 1. As a result, we see in Table 9 that segment 4 has a
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TABLE 7. Comparison of FEA-optimized slotless generator against
preliminary analytical design [25].

FEA Analytical | Deviation
D, [275.0mm | 297.4mm | +8.15%
D, |356.2mm | 411.4mm | +15.50%
lo 1238.0mm | 293.7mm |+23.40%
Ip 132.5mm |39.0mm | +20.00%
6 |3.0mm 4.8 mm +60.00 %
hs |4.9mm 7.0mm +42.86 %
hy |16.0mm |26.1mm |+63.13%

Voltage [kV]/ Current [A]
SL6L6566S coocooocooo

LomNoORwWNROLRTNWRODN®DO

o T T

36 72 108 14 18 21 252 288 324 360
Electrical angle [deg]

FIGURE 14. FEA-calculated no-load back-emf phase voltage and rated
terminal phase voltage with sinusoidal nominal current loading obtained
for inner armature segment (segment 1) for one phase of the 2.5-MW
slotless generator.

TABLE 8. Direct-axis, quadrature-axis, and total phase inductance of
each stator segment obtained in the FEA environment.

Ly L, Lyn = /L2 + L2

Segment 1 |39.24 uH | 50.88 uH | 64.25 uH
Segment 2| 43.12 uH | 55.40 pH | 70.20 uH
Segment 3 | 45.27 uH | 58.42 uH | 73.91 uH
Segment 4 | 45.27 uH | 59.72 uH | 74.94 uH
Mean 3.23uH | 56.11 uH | 70.83 uH

TABLE 9. Rated terminal line voltages (rms) for each stator segment.

Segment 1 [ Segment 2| Segment 3 | Segment 4 [ Mean
[01[1172kV_ [1.118kV [1.085kV [1.068kV [1.111kV

deeper armature reaction with a 8.9 % lower terminal voltage
at rated load. The mean characteristics of the segments are
provided in Table 10. We see that the normalized inductance
is 0.228 pu per segment, which is a low value that is common
for slotless machines. By utilizing the mean back emf for
all four segments, provided in Table 10, the average torque
can be estimated semi-analytically expressed in eq. (14).
In Fig. 15, the semi-analytical torque match well with the
stress-tensor-calculated torque in the FEA environment, pro-
viding an initial results validation.

~ N \/gEleh

~ 14
¢ 2mns /60 14
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TABLE 10. Mean characteristics of each of the four armature segments
obtained in the FEA environment.

P E, Uy Ipn [ cos(9) | Lpn Ryn
625.96 kW | 1.10kV | 1.11kV | 328 A [ 0.9917 | 70.83 uH | 4.25 mS2

1612 T T T T T T T T T
1610} : : : : ‘ :
16081
1606 -[---
1604 -
1602}
1600 H-+--
1598 ----
1596 ff ----
1594 |f--
1592 F--
1590
1588
1586
1584
1582
1580 -
1578} -
1576
1574
0

Torque [Nm]

36 72 108 144 180 216 252 288 324 360
Electrical angle [deg]

FIGURE 15. Rated time-dependent torque for the 2.5-MW slotless
generator in the FEA environment. Comparison against the
semi-analytical calculation in eq. (14) using the mean back-emf.

TABLE 11. Power densities with different rotor diameters from a
parametric sweep in the FEA environment, using initial parameters.

Rotor diameter (D) Active power density (gaq)
240.0 mm 24.83kW /kg

245.0mm  (+2.08%) |25.02kW/kg (+0.77%)
250.0mm  (+4.17%) |25.14kW/kg (+1.25%)
255.0mm  (+6.25%) |25.25kW/kg  (+1.69 %)
260.0mm  (+8.33%) |25.3TkW/kg (+2.17%)
265.0mm  (+10.42%) | 25.44kW/kg  (+2.45%)
270.0mm  (+12.50%) | 25.46 kW /kg  (+2.54 %)
275.0mm  (+14.58%) | 25.53kW /kg  (+2.82%)
280.0mm  (+16.67%) | 25.53kW /kg  (+2.82%)

Power densities only considering active machine mass,
excluding the mass of the end-windings.

- 10.0521%; : : :
10.0179%; i i i i i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Speed [p.u.]

05 U 0.0009%

FIGURE 16. Comparison of speed-dependent no-load losses of the
2.5-MW slotless generator against the Mark 1, E-fan X generator [5], [6].

B. VERIFICATION OF POWER DENSITY OPTIMIZATION

The power densities of the slotless generator were optimized
with a stator armature current density (rms) of 15 A/mm?.
We will go through some steps that were taken to reach the
final design to provide confidence that the machine is indeed
optimized well. In all the parametric sweeps, the flux density
through the yoke was kept constant at 1.7 T by adjusting the
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Speed [p.u.]

Speed [p.u.]

FIGURE 17. Efficiency () map comparison of the 2.5-MW slotless generator in percent, from this work, with sinusoidal armature current against

the Mark 1, E-fan X generator [5], [6].

TABLE 12. Power densities with different magnet heights from a
parametric sweep in the FEA environment, using initial parameters.

Magnet height (I,) | Active power density (0q)
20.0 mm 24.43kW /kg

22.5mm  (+12.50% |24.91kW/kg  (+1.96 %)
25.0mm  (+25.00% |25.18kW /kg  (+3.07 %)
27.5mm  (+37.50% | 25.38kW/kg  (+3.89 %)
30.0mm  (+50.00% |25.47kW /kg  (+4.23%)
32.5mm  (+62.50% | 25.54kW/kg  (+4.54%)
35.0mm  (+75.00% | 25.53kW/kg  (+4.50 %)

Power densities only considering active machine mass,
excluding the mass of the end-windings.

yoke height. In addition, the current loading of the machine
was adjusted to comply with approximately 1.59kNm at
15000 rpm, yielding an electrical power of approximately
2.5MW.

1) OPTIMAL ROTOR DIAMETER (D)

A parametric sweep of the slotless generator’s power density
as a function of rotor diameter is presented in Table 11,
with 240 mm as the starting point. The rotor diameter was
incrementally increased to reach maximum power density.
Table 11 highlights that a rotor diameter of 275 mm was
selected and preferred over a rotor diameter of 280 mm.

2) OPTIMAL MAGNET HEIGHT (/)

Similarly, the slotless generator’s power densities with dif-
ferent magnet heights are listed in Table 12. The highest
power density is achieved with a magnet height of 32.5 mm.
In relative terms, the difference in performance from the
worst to best magnet height was 4.54 %.

3) FINAL POWER DENSITY

After the optimal rotor diameter and magnet height were both
settled, their combination only triggered minor adjustments
to ensure that the stator yoke achieved a mean yoke flux
density of about 1.7 T. The effects of both these optimizations
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TABLE 13. Suboptimized and final optimized active weight power
densities of the slotless generator, Excl. and Incl. End-winding mass.

Qa
. Rotor diameter (D;) 25.53kW /kg
Suboptimized Magnet height (1) 25.54kW /kg

Excl. end-winding mass | 26.95 kW /kg

Final optimized Incl. end-winding mass | 24.38 kW /kg

TABLE 14. Mass distribution of the 2.5-MW slotless generator.

Part Material Symbol | Mass fMass.
raction
Permanent magnet | NdFeB (N50) | mpm 44.96kg [43.8%
Rotor enclosure Carbon sleeve | menc 0.73kg 0.70 %
Armature winding | Copper Mey 14.07kg |13.7%
End-winding Copper Mew 9.79kg [9.6%
Winding insulation | Nomex 993 Mins 3.79kg 3.7%
Stator yoke 10JNEX900 Mfe 29.20kg |28.5%
Total active mass Mg 102.54 kg | 100 %

resulted in an even higher power density than achieved inde-
pendently, as seen in Table 13, which also takes into account
the power density, including the end-winding. The overall
mass distribution for the optimized machine is provided in
Table 14.

C. COMPARISON AGAINST THE-STATE-OF-THE-ART

Two competitive prototypes, developed for the aero gener-
ator application and based on conventional iron-cored PM
technology, were chosen as benchmarks. These prototypes
were presented by Golovanov et al. [3] and Wang et al. [4].
A comparison of these prototypes with the slotless PM tech-
nology based on FiberPrinting™, as depicted in Table 15,
reveals clear advantages of the new technology. It achieves a
power density of over 24 kW /kg, competitive with the perfor-
mance of the benchmarks, while ensuring an ultra-high effi-
ciency beyond 99 %. These combined performance charac-
teristics have been unattainable with conventional iron-cored
technologies due to higher losses and the iron-core saturation
problem. The research findings indicate that the proposed
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TABLE 15. Comparison of figures of merit for the high-speed MW-class generators (2.5 MW and 3.6 MW) against the state-of-the-art (SotA).

SotA This work

Parameter Symbol Golovanov Wang Original design | Revised design(*)
Y et. al. (2021) [3] | et. al. (2023) [4] | ~"'& g1 | hevised design

Rated electrical power P, 4.0 MW 1.0MW 2.5 MW 3.6 MW
Nominal rotational speed Ng 15000 rpm 20000 rpm 15000 rpm 15000 rpm
Electrical torque I'e 2548 Nm 478 Nm 1592 Nm 2292 Nm
Power factor cos(p) |0.820 0.708 0.992 0.991
DC bus voltage Uge 3000V 2000V 3000V 3000V
Number of poles P 8 12 8 12
Electrical frequency f 1000 Hz 2000 Hz 1000 Hz 1500 Hz
Number of phases Ns X Npp | 8 X3 6 x3 4x3 4x3
Phase voltage (rms) U/vs |491.0V 2711V 640.3V 9229V
Phase current (rms) Ly, 414.0 A 289.4 A 328.0A 328.0A
Stator current density (rms) Js 27.5 A/mm? 20.0 A/mm? 15.0 A/mm? 27.5 A/mm?
Rated efficiency Nn 98.3 % 97.3% 99.4 % 98.5 %
Active power density(**) Oa 35.4kW /kg 23.7kW /kg 24.4kW /kg 42.6 kW /kg
Total power density Otot 17.3kW /kg 9.0kW /kg 12.2kW /kg 21.3kW /kg
Active torque density**) Ta 22.5Nm/kg 11.3 Nm/kg 15.5 Nm/kg 27.1Nm/kg
Total torque density Ttot 11.0Nm/kg 4.3Nm/kg 7.8 Nm/kg 13.6 Nm/kg

(*) The stator armature winding is 45 % smaller, and the stator yoke is reduced by 40 %.
(%) Active power and torque densities only consider active machine mass.
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FIGURE 18. Efficiency (y) map comparison of the 2.5-MW slotless generator in percent, from this work, with inverter-fed armature current, with
and without filter. Calculations based on analytical switching model presented in Fig. 19.

technology enables the development of a lightweight machine
with cooling requirements reduced by two to three times
compared to the reference machines. In addition, Table 15
also reports a revised design where the number of poles
was increased from 8 to 12, and the current density
was enhanced from 15 A/mm? to 27.5 A/mm?, similar to
Golovanov et al. [3]. Even though the efficiency was greatly
reduced to below 99 %, the power density was enhanced to
nearly 43kW/kg. Increased number of poles significantly
reduced the mass of the stator yoke, while the ultra-high
current density also reduced the mass of the stator armature.
As a result, both the original and the revised designs show
great potential to exceed the state-of-the-art (SotA) both in
terms of efficiency and power density.

To provide another insightful comparison, a detailed
benchmarking was done against Rolls-Royce’s 2.5 MW,
3kV, 15000 rpm generator [5], [6]. In Fig. 16, it is shown that
this work achieves a 35 % reduction in the speed-dependent
no-load losses. Fig. 17 shows that the proposed slotless
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TABLE 16. Rated loss distribution in the 2.5-MW slotless generator,
without ripple (Sinusoidal excitation) and with ripple (Filtered).

Without ripple With ripple (filtered)
Loss Loss Loss Loss

Part Symbol component | fraction | component | fraction
Magnet | Ppm 0.130kW [1.07% [3.845kW [23.67%
Copper | Pey 6.748kW | 55.71% | 6.819kW [ 41.99%
Iron Py, 1.930kW | 15.93% | 2.271kW | 13.99 %
Windage | Py, 3.306kW | 27.29% | 3.306kW | 20.35%
Total Pioss 12.113kW [100% [ 16.240kW [ 100 %

generator has a nominal efficiency of 99.5 %, while the ref-
erence (Mark 1, E-Fan X) has a peak efficiency of 98.9 %.
Higher efficiency in the rated operation area corresponds to
about 55 % lower losses. As a result, 55 % less heat must
be removed, and the cooling system can be smaller and
lighter.

Fig. 17 considers only the ideal sinusoidal excitation of the
machines. Therefore, a secondary investigation was done to
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FIGURE 19. Phase currents injected into segment 1 in the FEA environment with and without additional filter. Waveforms obtained from an
existing analytical algorithm in Matlab [26], [27]. Switching frequency (fsw) is set equal to 50 kHz. Filter model has an inductance of 50 uH per
stator segment [29], [30]. A similar analysis was done for the other segments as well.

TABLE 17. 2.5-MW hybrid-electric generator system performance with filter (Excl. Circuit breakers and thermal management).

Component | Total power | Power Power Component
Component . . . Sources

mass density input output efficiency
1x Generator (2.5 MW) |[205.08 kg 12.19kW /kg | 2.51 MW [ 2.50 MW | 99.44 % This work
4x Filters 139.84 kg 17.86 kW /kg | 2.50 MW | 2.50 MW | 99.90 % [29], [30]
4x Inverters 123.63 kg 20.00kW /kg | 2.50 MW | 2.47 MW | 99.00 % 311, [32]
1x 20m DC cable (3kV) | 88.74 kg 27.78 kW /kg | 2.47TMW | 2.47 MW | 99.70 % 32], [33]
Overall 557.29 kg 4.42kW /kg |2.51 MW | 2.47 MW | 98.05 % 29]-[33]

TABLE 18. 2.5-MW hybrid-electric generator system performance without filter (Excl. Circuit breakers and thermal mana

gement are excluded).

Component | Total power | Power Power Component
Component . . . Sources
mass density input output efficiency
1x Generator (2.5 MW) [205.08 kg 12.19kW /kg [ 2.52 MW [ 2.50 MW [ 99.35 % This work
4x Inverters 123.75kg 20.00kW /kg | 2.50 MW | 2.48 MW | 99.00 % 311, [32]
1x 20m DC cable (3kV) | 88.83 kg 27.78 kW /kg | 2.48 MW | 2.47 MW | 99.70 % 32], [33]
Overall 427.66 kg 5.77kW /kg |2.52MW | 2.47 MW | 98.06 % 31]-[33]

obtain the efficiency map for the original design considering
inverter-fed excitation. Fig. 18 highlights that the efficiency
reduces to 99.44 % at rated conditions without filters. How-
ever, including a filter, the nominal efficiency can reach
99.35 %, where the loss distribution is shown in Table 16. The
reduced ripple in the phase currents obtained using filters is
shown in Fig. 19, which was based on an existing analytical
algorithm to create realistic current waveforms to feed into
the FEA environment [26], [27].

D. OVERALL PERFORMANCE OF GENERATOR SYSTEM

In the overall system performance evaluation, the electric
propulsion motor located on the wing is not included. Only
the hybrid-electric generator system is considered. Tables
17 and 18 compare the system performance with and with-
out filters. Even though the filter improves the efficiency
of the generator, the overall efficiency remains the same.
Nevertheless, the power density is superior when exclud-
ing the filter. Moreover, the thermal management system
needed to cool the generator could add about 20 kg in extra
mass [28]. In the study, it was assumed that the cooling would
be arranged through the spaces between the concentric rings,
thus providing direct liquid cooling of the hottest parts of the
machine. However, the exact solution remains to be derived
in future research.
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V. CONCLUSION

This paper presents the figures of merit of a 3-kV,
2.5-MW, 15000-rpm, slotless generator for a hybrid-electric
aircraft application. We show that it can achieve a power
density of 24.38kW/kg when the active mass is con-
sidered, including the end-winding. The system-level per-
formance was evaluated for two cases, with and without
inverter-fed current harmonics, which resulted in efficiencies
0f 99.35 % and 99.44 %, respectively. The main impact from
the inverter was found in a thirty-fold increase in the mag-
net losses (including filter), yielding a reduction in overall
efficiency. Nevertheless, the steel losses were kept low using
the electrical steel 10JNEX900, suited for high-frequency
operation.

In the end, another revised design was explored to iden-
tify the impact of elevating the current density to levels
comparable to the state-of-the-art (SotA) reference machines
(20-27.5 A/mm?). Our results indicate that such an enhance-
ment would significantly raise the power density to
35-40kW /kg. Furthermore, increasing the number of poles
from 8 to 12, in combination with the elevated current
density, can help the slotless machine surpass the thresh-
old of 40kW /kg and significantly exceed the SotA power
densities.
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The efficiency of the 3-kV, 2.5-MW slotless generator was
also compared to the Mark 1 generator from the E-fan X
project. The slotless generator has a superior performance,
achieving lower losses at full-load and no-load conditions.
Moreover, the efficiency of the hybrid-electric generator sys-
tem was slightly above 98 % with and without the filter. How-
ever, the filter adds 140 kg to the total system mass, reducing
the overall power density of the system from 5.77 kW /kg to
4.42 kW /kg. Therefore, a system without a filter is preferred
unless the rotor temperature must be reduced. Then a filter
will reduce the magnet losses and the rotor temperature.

In summary, the concept of four galvanically isolated con-
centric rings shows promising results regarding efficiency
and power density, while the concept itself could provide
improved reliability. System fault tolerance and cooling needs
could be further explored to assess its potential role in realiz-
ing hybrid-electric aviation.
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