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Abstract — This paper describes the underpinning research,
development, construction and testing of a 4AMW multi-three
phase generator designed for a hybrid-electric aircraft propulsion
system demonstrator. The aim of the work is to demonstrate
gravimetric power densities around 20 kW/kg, as required for
multi-MW aircraft propulsion systems. The key design choices,
development procedures and trade-offs, together with the
experimental testing of this electrical machine connected to an
active rectifier are presented. A time-efficient analytical approach
to the down-selection of various machine configurations,
geometrical variables, different active and passive materials and
different thermal management options is first presented. A
detailed design approach based on 3D Finite Element Analysis
(FEA) is then presented for the final design. Reduced power tests
are carried out on a full scale 4 MW machine prototype, validating
the proposed design. The experimental results are in good
agreement with simulation and show significant progress in the
field of high power density electrical machines at the targeted
power rating.

Index Terms — Hybrid Electric Aircraft, High-Power
Generation Systems, HEA, More-Electric Aircraft, High-
Power High-Voltage Machines Design, Multiphase Motors,
Aerospace Generator Drives, Variable Speed Drives.

I. INTRODUCTION

With air transport being amongst the least green forms

of passenger transportation, over the past two decades, the
aerospace industry and related bodies have been working
intensively on defining aircraft technology roadmaps for the
reduction of the net carbon emissions [1].

Various ambitious aircraft emission reduction targets are set,
such as those within the EU’s Flightpath 2050 program which
seeks reductions of CO2 and NOx emissions per passenger
kilometre by 75% and 90%, respectively, relative to the year
2000 [2]. In a similar way, NASA, through the
Environmentally Responsible Aviation (ERA) work frame, has
set targets which include reducing fuel burn by 50%, and NOx
emissions by 75% [3]. The aforementioned programs are
tackling the current aircraft emissions problem through
different approaches, which involve the improvement of the
existing combustion technologies, while looking for new
disruptive technologies, amongst which hybrid-electric and all-
electric architectures are gaining increased focus. In the nearer
term, targeting the narrow-body aircraft market, which globally
consumes over half of the aviation fuel, hybrid-electric
solutions have the potential to revolutionise aircraft propulsion
and generation systems, combining the advantages of fuel-
based systems and battery powered systems, whilst offering

new degrees of design freedom for efficient aircraft
configurations and systemic synergies [4]. One prominent
example in this area was the E-Fan X ground demonstrator,
which has brought together two key European companies,
namely Airbus and Rolls-Royce, jointly developing a hybrid-
electric propulsion system involving a 2 MW electric drive
supplied from a 2.5 MW generator that is powered by a gas
turbine situated in the fuselage [5]. Whilst the project has been
concluded and will not fly as originally planned, ground testing
of the Rolls-Royce system will continue. Other programs, that
have seen the involvement of international consortia
comprising industrial, research and academic institutions, are
moving in a similar direction by exploring revolutionary
aircraft technologies [6], [7]. To make hybrid-electric aircraft
fly, the continuous power density and efficiency of the
electrical machines used for propulsion and generation both
need to be pushed beyond the current state of the art [8]. The
challenges in achieving high power densities are compounded
by the kV-level insulation requirements at altitude, which
demand a sensitive balance between the thermal dissipation
and the lifetime. More concepts and case studies for civilian
hybrid-electric aircraft have been considered, focusing on both
propulsion and generation [9], [10]. However, to date, there are
a very limited number of MW-class, kV-level demonstrators in
the literature, where both power and power density meet the
challenging requirements for future hybrid-electric aircraft.

In terms of high power electrical machines, one of the largest
developments is reported in [11], where some preliminary
results of a Mark#1 2.5 MW permanent magnet generator are
promising. There is a series of publications recently presented
that investigate various topologies - [12], [13], and concepts -
[14], [15] of electrical machines that could be considered as
candidates for propulsion system of future hybrid-electric
aircraft. Taking into account the technology readiness and high
requirements for efficiency, power density and reliability,
electrical machines with permanent magnets (PM) are a
promising topology to fit the criteria for hybrid-electric
propulsion systems [16], [17].

This work aims to present and demonstrate the challenges in
developing a 4 MW (5 MVA), 15,000 rpm, electrical machine
suitable for the future hybrid-electric aircraft on-board
generating systems, by targeting a record power-density of 18
kW/kg (including active and passive components). The paper
also presents an architecture of a high-power medium-voltage
drive, featuring a high-speed multiphase machine with an 8-
pole permanent magnet rotor and multiple isolated three-phase
windings in the stator.

The hybrid turbo-electric architecture layout considered
within this study is sketched in Fig. 1. Starting from the left-
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hand side of the schematic, a gas turbine (T) is driving an
electrical generator (G) connected to an AC/DC converter with
two separate isolated channels (BRAVO and ECHO). This
project has focused on the combined sub-system highlighted
within the orange box.
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Fig. 1 Schematic of the drive train system. Component ‘G’ is the electrical
machine (Generator) and BRAVO and ECHO are two channels of the
converter, which is connected to the power distribution system.

The paper is organised as follows. In Section II, the design
choices for a 4 MW (5 MVA) generator are presented,
highlighting pros and cons of different machine topologies. In
Section Ill, the detailed design and proposed three-stage
optimisation methodology of the selected machine topology
are described. The generator is prototyped and experimentally
validated, with the results discussed in Section V. Finally, the
conclusions and key outcomes from this work are discussed in
section V. The novelty of the paper is a demonstration of a
breakthrough power density at the MW power-levels reached
by using innovative machine optimisation methodologies,
which exploit improved material properties and advanced
thermal management techniques.

I1.SELECTION OF THE MACHINE TOPOLOGY

In the earlier stages of this research program, trade off studies
were conducted with four different topologies of PM machines
considered and optimised: outer rotor (OR), inner rotor (IR),
double stator (DS) and double rotor (DR) designs, as presented
in [18]. In this work it has been shown, as a case study, that 1
MW machine with DR topology can enable power densities up
to 26 kW/kg and 34 kW/kg at 14,000 rpm and 20,000 rpm,
respectively. The solutions with IR design resulted in the
second-best option, with corresponding power densities around
18 kW/kg and 23 kW/kg, at the same reference speeds. With
the boundaries of the aforementioned study, the optimisation
results for both OR and DS designs showed comparatively
lower power density values compared to DS and IR. Therefore,
the OR and DS configurations were not considered as potential
candidates to pursue for building a higher power prototype.
Although the DR machine shows an outstanding power
density, the mechanical complexity introduced by the
additional rotor and its comparatively lower technology
readiness level (TRL) limit its use in high power systems. For
practical reasons and in seeking to develop a higher TRL MW-
class demonstrator, the IR configuration with a Halbach array
was selected as the topology to take forward for the
development of an aircraft ground demonstrator capable of
generating 5 MVA (4 MW) of power. The rotor of the IR
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generator consists of a Halbach cylinder made from samarium-
cobalt (Sm2Co17) permanent magnets (PM), as shown in Fig.
2. The samarium-cobalt PMs were selected due to the higher
thermal stability compared to neodymium-based PMs.

The material of the stator core is cobalt-iron (49% CoFe) since
it exhibits the best-in-class material saturation properties, as
well as good specific loss characteristics. It was published in
[19] that cobalt-iron steel enables achieving the highest power
density at the best efficiency, in comparison with standard or
high-grade silicon electrical steel.

cooling channels

Sm,Co,7 PM
SS-416 magnetic
stainless steel

glass-fibre sleeve

composite sleeve

Fig. 2: Synchronous IR permanent magnet machine with Halbach array.

The PMs are retained by a composite rotor sleeve. The rotor
core is made from magnetic stainless steel that enhances the
air-gap flux density produced by the Halbach magnet array,
thereby allowing higher power densities to be reached.

With relatively low iron losses (due to low specific loss
characteristics of the core material, optimised winding design
and good current waveform THD), and with high armature
current densities, the windings need to be intensively cooled.
Cooling channels are located in the middle of the slots allowing
delivery of the coolant directly to the heat generation source of
the majority of the losses (i.e. the winding). The end-windings
are cooled by oil jet impingement, while the stator core is
cooled by an oil jacket, as shown in Fig. 3. The rotor is
separated from the stator by 1.2 mm glass-fibre sleeve, creating
a wet-zone (stator), and a dry-zone (rotor) in order to keep the
windage losses low [20].

Oil outlet Stator Core

1*1

Oil outlet Winding
/

Nozzle
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Fig. 3: Schematic to show coolant path within the generator.

I11. DESCRIPTION OF THE MACHINE OPTIMISATION
PROCESS

The technical requirements for the generator are listed in
Table 1. The requested back-Electromotive Force (bEMF),
phase current and phase voltage are derived from the power
electronic converter to meet the input requirements of its eight
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3-phase subsystems. In particular, to split the power among the
power electronic devices, the 3-phase sub-windings are fed by
series and parallel modules of the converter, respectively, to
meet the 3kV DC link requirement [21]. A key requirement for
this generator is the ability to operate with unbalanced loading
across its sub-systems, including continuous operation in the
event of faults. The generator and converter are cooled by the
same fluid (oil) with a maximum flow rate capability of 500
I/min and with an inlet temperature of 90°C. The generator is
designed to be directly coupled to a gas turbine and is designed
for a mechanical rotational speed of 15,000 rpm, considering
an overspeed capacity of 20% (equivalent to 18,000 rpm).

The machine design optimisation procedure comprises three
main design stages, conducted sequentially, which are
summarised in the flowchart shown in Fig. 4.

First stage of optimisation for a range
of pole pairs and slot per pole number
Analytical E-mag calculator
Thermal+Mechanical calculator
Outcome:

Power density vs pole pairs

Power density vs slot per pole
Active/Total mass vs pole number
Losses distribution

l

Second stage of optimization for a
specific slot pole combination and
winding design

Subdomain (SDM) E-mag calculator
Thermal+Mechanical calculator
Outcome:

Defining the primary dimensions
Narrowing down the range of
optimization variables

l

Third stage of optimization: refined
optimization for manufacturing
Finite element analysis (FEA) E-mag
calculator

Thermal+Mechanical calculator
Outcome:

Stator geometry finalization

Machine design
finalization

Fig. 4: Machine optimisation flowchart.

The procedure starts from the first stage, which is analytical
and includes electromagnetic analysis as well as the thermal
and mechanical calculations. The aim of this step is to define
the correlation of the machine power density versus the
numbers of poles and slots per pole. At this stage, the winding
layout is assumed to be a standard 3-phase single layer one,
with a single turn per coil. The machine is analysed in the
generating mode with 1d=0 assuming the surface permanent
magnet (SPM) machine without magnetic anisotropy between
d and g axes (Xd=Xq).

This is followed by the second stage of optimisation which
is performed for a specific pole-slot combination and a winding
layout which considers a multi-three phase system, made by 8x
3-phase sets, for the case in hand. This is done using the so-
called subdomain model (SDM), which is purely analytical, but
more accurate than a standard analytical calculator, and allows
capture of the slotting effect, the direction of magnetisation of
each PM segment of Halbach array, the impact of PM
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segmentation, the winding arrangement and the coil design
[22]. The primary machine dimensions such as the stator inner
diameter, rotor outer diameter, PM height and rotor sleeve
thickness are defined at this stage, while the range of other
input variables such as tooth width, tooth height, stator outer
diameter and machine length is narrowed down.

The rotor sleeve thickness was parametrized to get an
optimal value and not over or underestimate its dimension. The
rotor sleeve mechanical stress was at each iteration of the
optimization procedure for the 1% and 2™ stage by analytical
formulation taking into account a safety factor of 2. For the
final design, the sleeve mechanical stress was refined by FEA.
The rotor sleeve pre-stress condition is not considered during
the optimization process, it was later confirmed at the
optimization stage 3 using FEA analysis during the design
embodiment phase and confirmed by the rotor manufacturer,
who have detailed experience with pre-stressed rotor sleeves.

The final (third) optimisation stage, shown in Fig. 4, is
performed by Finite Element Analysis (FEA) considering the
material saturation effect. The stator slot dimensions, the stator
outer diameter, and the axial length of the machine are finalised
including manufacturing considerations.

Table 1 - LIST OF REQUIREMENTS FOR THE GENERATOR

Requirement Value
Continuous power 4,000 kW
Mechanical rotational speed 15,000 rpm
Power factor (PF) >(0.8
Phase bEMF (rms) 400 V
Phase Voltage (rms) 500 V
Phase Current (rms) 416 A
DC link 3kV
Efficiency >97%
Maximum coolant flow rate 500 I/min
Inlet temperature of the coolant 90 °C
Number of phases 8x3
Stator outer diameter <400 mm

A. First stage of optimization

The commercial optimisation software ‘ModeFrontier’ is
used allowing for a selection of optimisation algorithms
(Simplex, Multi-Objective Genetic Algorithm - MOGA,
Particle Swarm, etc.), which can link to the developed
analytical/numerical calculators [18], [23]. The list of input
variables and constraints for the first stage of the optimisation
is given in [18]. At the most fundamental level, the main
dimensions of the machine can be described via seven input
variables: (i) k is the stator outer to inner diameter ratio, (ii) S,
the stator outer diameter, (iii) aspect ratio k,,,, expressed as
active length to stator inner diameter ratio, (iv) PM height, (v)
sleeve thickness sL,, together with (vi) tooth width and (vii)
tooth height coefficients, which define the tooth dimensions,
respectively. The single-objective function is the maximisation
of power density of the generator. The constraints to this
optimisation were set both by the requirements and material
limitations (see the Table 2). The detailed description of how
the optimisation software ModeFrontier is coupled to the
electromagnetic analytical model is given in [18]. At this stage,
a hybrid optimisation algorithm is utilised. It combines the
global exploration capabilities of genetic algorithms with local
exploitation guaranteed by Sequential Quadratic Programming
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(SQP) implementations. About 15000 designs were evaluated
for each pole-slot combination.

In order to limit the fundamental frequency to a maximum
acceptable value for the active rectifier, the possible pole pair
number is considered in the range from 2 to 6, with the
corresponding fundamental electrical frequency being in the
range from 500 Hz to 1,500 Hz. This is also related to the
switching-fundamental frequency ratio which was set to 10 as
a lower limit. According to the requirements, the PF constraint
was set to >0.8, efficiency constraint to >0.97 and the stator
outer diameter to <400 mm. The saturation of the stator
material (49% CoFe) is not considered at this stage. To discard
non-realistic designs the tooth and core flux density constraints
were set to <2.1 T. The limit for the coil hotspot temperature
was set to 200 °C, which is still a high value of temperature,
despite the direct oil cooling of the winding. This is due to the
high power density of the machine, and the inevitable thermal
resistances introduced by the high-voltage turn to turn
insulation. The thermal boundary conditions are the oil inlet
flow rate, and inlet temperature as the heat generated in the
machine is removed by the forced oil flow through the
machine. The heat transfer coefficients are calculated based on
the flow rate, and therefore velocities, of oil impingement and
oil forced channel flow in slot. The list of input variables and
constraints is presented in Table 2, where the key objective is
the maximisation of the gravimetric power density with a target
power of AMW.

Table 2 - LIST OF INPUT VARIABLES AND CONSTRAINTS
FOR THE FIRST STAGE OF OPTIMISATION

Symbol Expression R"’}T’g? or Description
mit
S Stator
k % 12-2 diameters’
D ratio
% 200 — Stator inner
Sip .
350 mm diameter
k form o/ SlDIieﬁStH active  75_25  Aspect ratio
o
g Mpeighe X 5-30mm  PM height
1
©
= 6p Twiqen - SPP :
3 —_— Tooth width
2 TWeoess T Sip 03-08 coeffic\?zlalnt
Tyiaen - tooth width
ZTheighc
Sop — S Tooth height
TH oD ID 3-0. o
coeff Theign: — tooth 0.3-08 coefficient
height
Rotor sleeve
x _
SLen 3-10mm thickness
PF X >0.8 Power factor
Eff S >0.97 Efficiency
Tooth flux
2 Btooth,qq X <21T density
j
'S % Core flux
@ Bceorepyqq <21T density
Q Coil
O ) x o
Teou <200°C temperature
Sleeve
X
SLsare >2 safety factor
Sop X <400 mm Stator Quter
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Diameter
Slot cooling
channel
width

SlL.Ch.W X >3 mm

Within this range, the Halbach PM array is assumed to be
sinusoidal with the radial component of fundamental air-gap
flux density distribution calculated by using equation (1) [24].

Blr:BrEW[(R—) ()™ + () cosom)
Rs
@

Here By is the PM remanence, p is the pole pair number, Rs
is the stator bore radius, R; and Ry, are the PM inner and outer
radii, respectively. The parameters r and 0 are the polar
coordinates of the point of the field observation.

The results of the first stage optimisation are shown in Fig.
5. It should be mentioned that there were no feasible designs
found for 2 pole pairs and 1 slot per pole per phase (SPP)
configuration, due to the temperature constraint and the applied
cooling technique. Likewise, no feasible designs were found
for 5 and 6 pole pairs with 2 SPP. It can be seen that the power
density gradually increases from 7.6 kW/kg to 14.2 kW/kg for
the 1 slot per pole per phase case while for the 2 SPP design
the power density increases from 5.8 kW/kg to 15 kW/kg.

16 3
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e
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E 2 @ 1 slot per pole per phase
0 @ 2 slots per pole per phase
1 2 3 4 5 6 7

Pole Pairs

Fig. 5: Power density variation with pole pairs and slot per pole per phase
number.

When the constraint of slot cooling channel width is set to
Slenw>3mm no feasible results are obtained for 2 SPP with 5
and 6 pole pairs, since with the increasing number of slots the
cooling channel constraint leads to machine outer diameter
growth, which exceeds the limit of 400 mm.
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Fig. 6: Efficiency variation with pole pairs and slot per pole per phase number.
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Fig. 6 shows the trend of the machine efficiencies with respect
to the number of pole pairs. This drops from 99.1% to 98.7%
for 3 and 6 pole pair designs with 1 SPP, respectively. For a 2
SPP configuration, the efficiency drops from 98.8% down to
98.4% when increasing the pole pair number from 2 to 4.

The loss distribution for the aforementioned optimised set of
designs is presented in Fig. 7. The dominant component of the
power loss originates from the copper loss, while the iron loss
component increases with the pole pair number due to the rise
of the electrical frequency. The total loss in the 5 MVA
generator changes from 36.8 kW to 54.6 kW for the 1 SPP
designs and in the range from 48.3 kW to 84.9 kW for the 2
SPP designs. Owing to the smaller slot dimensions in the
machines with a higher pole count, there is a shorter thermal
path from the heat sources in the coils, teeth and core volumes
to the coolant. Also, with the increase in the number of poles,
the stator core thickness reduces. These characteristics enable
increased cooling efficiency and extracting more heat without
exceeding the set winding temperature limit of 200 °C. The
mechanical calculator part of the analytical model, for an
arbitrary active geometry calculates the inactive mass. This
includes consideration of the required torque-transmission (for
shaft sizing), rotational dynamics, rotor sleeve stress, bearing
mass, together with the mass of the active parts [18], [25]. The
passive components comprise the following: housing and
endcaps, rotor shaft, rotor balance plates, rotor magnet
retention sleeve, bearings, connectors, stator oil sleeve, bearing

housing.
80
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a
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Fig. 7: Loss distribution variation with pole pair; (a) — 1 SPP; (b) — 2 SPP.

Thus, in the presented approach, in seeking the optimal
power density (kW/kg) the passive mass is factored into the
holistic optimisation. This is different compared to traditional
approaches where first the active mass is minimised and then
the inactive parts are subsequently added.
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Fig. 8: Mass segregation variation with pole pair; (a) — 1 SPP; (b) — 2 SPP.

Fig. 8 presents the active to total mass ratio, which varies in the
range from 0.53 to 0.57 for the investigated designs. It can be
seen from the diagrams that for the lower pole number the
machine outer diameter tends to be bigger due to the thicker
magnets and larger stator core. This automatically leads to
larger housing outer diameter, which is the main component
that contributes to the passive mass of the machine. The results
of the described first stage of optimisation allow for down
selecting the suitable range of the main machine parameters.
Considering the factors presented, the 4 pole pair configuration
with 2 SPP is taken to the next stage of development since it
exhibits the highest power density among the considered
designs. Also, this solution leads to a fundamental frequency
of 1,000 Hz, which is a good match with the power modules to
be used within the converter. In fact, a higher value would have
required an increase of the switching frequency of the
converter, which is limited by the high-power Insulated-gate
bipolar transistor (IGBT) modules commercially available on
the market.

Fig. 9 illustrates the schematic of the architecture of the
converter employed for the generator, comprising 4 parallel
layers of two series 3-phase neutral point converters (NPCs)
each, for a total of 8x3-phase sub-windings. The 8x3-phase
configuration naturally fits the 4 pole pair 48-slots
configuration selected [21].

A simplified version of winding layout is also presented in
Fig. 9. The phases A1B1C; and A;B,C; have an electrical phase
shift of 30° and belongs to adjacent phases of BRAVO and
ECHO. All the other 3-phase winding systems are identical to
Ai1B:1C: and A:B.Co.

x2: Systems BRAVO and ECHO

E . | A2 | Al @ ..
24 23 .. 18 17 14 13 12 11 10 9 8 7 6 40 39 .. 34 33
‘ N ‘ S S N S ‘ N S N

Fig. 9: Full 8x3-phase converter comprised of two 3 kV DC-Link channels and 8x3-phase winding layout
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B. Second stage of optimization

The second stage of optimisation is performed by using a
subdomain analytical modelling technique (SDM) [26], [27],
[28]. The SDM model is based on the direct solution of
Laplace’s and Poisson’s equations within the four domains of
the machine, as shown in Fig. 10, namely the PM, air gap, slot
opening and slot regions. These can be represented by the
following equations:

AAs=0, AAG=0 for air-gap and slot opening  (2)
AA=-pp J for the slot ?3)
AApM=10 VXM for the PMs 4

The detailed solution of (2) — (4) is described in [26], [28].

The set of input variables for this second stage optimisation
are listed in Table 3. The variables’ range is narrowed down
compared to the first stage of optimisation.

At this stage, the machine is optimised for the selected 8x3-
phase winding layout. There are 4x3-phase systems which are
controlled by ECHO, while the other 4x3-phases are controlled
by the BRAVO channel of the converter.

Fig. 10: Schematic showing the geometry of the SDM model.

The independent control of the current in the channels with
the phase shift of 30° between ECHO and BRAVO 3-phase
systems allows increasing the torque by 3.4 % compared to the
solution without phase shift between 3-phase systems.

The main assumption of the SDM model is the linear
behavior of the materials. However, due to the high efficiency
requirement and the use of CoFe lamination material, the
design is not expected to have significant iron saturation,
leading to a reasonable use of this approach for an
‘intermediate’ design optimisation.

Table 3 - INPUT VARIABLES FOR SDM OPTIMISATION
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efficiency and current density. About 10000 design were
evaluated at this stage for each case of PMs segments. The
optimal machine design selected at this stage has 4 PMs per
pole, power density of 16.1 kW/kg and an efficiency of 98.5%.
The comparison of main parameters of the optimal designs for
the case of 2 and 4 PMs segments per pole are presented in the
Table 4.

16

2 PMs per pole | Current Density
[A/mm?]
e 151 e
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=] e 24
Z 7 23
% g ° 22
o 13 S d’z 21
g o c 21
2
€12 20
o 19
18
11 17
0.983 0.984 0.985 0.986 0.987 0.988 0.989
Efficiency
17
4 PMs per pole | Current Density
2
D16 [A/mm?]
= 25
: F
= 15 23
= 22
=
© 21
314 -
g 20
o513 15
18
e 18
0.984 0.885 0.986 0.987 0.988 0.985 0.990
Efficiency

Fig. 1 - Comparison of the optimal design layouts - correlation of power density
against efficiency, current density.

It can be seen from the Table 4 that the design with 4 magnet
segments has both higher the power density as well as the
efficiency: 16.1 kW/kg against 15.7 kW/kg and 98.5% against
98.4%, respectively. For two magnet segments only radial and
tangential direction of magnetisation (DOM) of PM in the rotor
has been taken into account, whereas magnets with 45° DOM
are introduced for the four-segment layout. The latter allows
increasing the flux density in the air gap, achieve a more
sinusoidal field distribution and improve the power density
without sacrificing the efficiency of the machine.

Table 4 — THE OUTPUT PARAMETERS OF THE OPTIMISED
MACHINE (SECOND STAGE - ‘SDM’ MODEL)

Symbol Input Range Optimal Value
k 12-2 142 Basic Output Parameters 2 PMs_per pole 4 PMs_per pole
S 235 — 285 mm 273 mm pitch pitch
krorm 0.85-1.1 0.915 Total mass [kg] 255 248
Mheigne 27 - 30 mm 29 mm Active mass [kg] 130 126
TW,oorf 0.35-0.45 0.41 _
THeporr 05507 06 Passive mass [kqg] 125 122
SLiy 6.8 -8.3mm 7.4 mm Power density [kW/kg] 15.7 16.1
. . Lo . Efficienc 0.984 0.985
The feasible designs of the second stage of optimisation with Y : ;
the target function of the machine power density maximisation ~ ..Current density [Ams/mmc, 244 235
for the case of 2 PMs and 4 PMs segments per pole pitch are Coil temperature [°C] 200 200
given in Fig. 11 which shows the correlation of power density, Power factor 0.84 0.85
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Iron loss [kW] 10.0 10.9
Copper loss [kW] 56 51
Total loss [KW] 66.0 61.9

C. Third stage of optimisation and the machine design
finalization

As investigated in [29] [30] [31] at high fundamental
frequency the AC copper losses can be significant and very
sensitive on the type and position of the wire. In case of bulk
(thick) conductors such as Roebel bars or hairpin wires the
proximity effect causes eddy current circulation in the copper,
which leads to additional heat generation. On the other hand,
using of conventional round wires with a suitable diameter
requires connecting several strands in parallel within a bundle.
As described in [32] and [33] employing parallel strands causes
additional AC loss due to the circulating current between the
strands. In addition, these AC losses are quite difficult to
predict since they are very sensitive to the strands’ and bundle
arrangements within each slot. To suppress proximity effects
and circulating currents within the winding, Litz wire is
selected and considered in this work.

Before the third stage of optimisation, several winding trials
were made to check the technical feasibility of the coils, the
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Fig. 12: The feasible designs - correlation of power density against efficiency.

The generator has a stator outer diameter of 378 mm, a stator
bore diameter of 273 mm, while the axial length of the stator
stack is 2x105 mm, as shown in Fig. 13, considering the
cooling channel in the mid-axial section of the core, as shown
in Fig. 3.

Table 6 - THE MAIN OUTPUT PARAMETERS OF THE FINAL
DESIGN

i ! e . Basic Output Parameters Value
dlmepsmn_of the end—_ winding overhan_g, together with the =5 - [RMS] A4 A
practical implementation of the winding procedure. The Phase Voltage [RMS] 201V
decision to make an open slot design was taken at this stage
since it allows for preforming the coils and then inserting them ~..Ph3s¢ PEMF [RMS] 404V
into the slots. Power 4 MW
The initial range of input variables for FEA optimisation is _Torque 2548 Nm
listed in Table 5. These variables fully define the stator  Power Factor 0.82
geometry. The other input variables such as sleeve thickness  current Density 27.5 Arms/mmc,?
SLt, PM height Mreigne and stator inner diameter Sip which  power pensity 17.3 KWikg
det(_em_]me_ the rotor dlmens_lons were fixed after SD_M Iron Loss 8.8 KW
optimisation. About 2500 design were evaluated at the third c Loss YTy
stage of optimisation. It should be noted that the thermal model 2PPEr - :
used for the 3" stage is the same as for the stage 1 and 2. A ..ot Electrical Loss 69.1kw
more detailed CFD analysis was performed as a separate ..Efficiency 0.983
investigation for the final machine design. Iron Mass 56.4 kg
Table 5 - INPUT VARIABLES FOR FEA OPTIMISATION Magnet Mass 37k
Copper Mass 21.8kg
Symbol Input Range O\?;Ilr&qjl Description ':;t;\iljel\:::; 112 EZ
TWeoers 0.36-0.4 0.37 Tooth width coefficient Total Mass 232 kg
THeoerr 0.6-0.7 0.65 Tooth height coefficient . i
Stator diameters ratio From Fig. 13 it can be noted that the PM array has a flat
k 133147 1.38 (La/Sin) bottom for mechanical and practical manufacturing purposes.
Kform 07-1 0.77  Aspect ratio (SS%’) The flat bottom simplifies the assembly procedure since three

The feasible designs are presented in Fig. 12, in the key
power-density vs. efficiency correlation. The design with the
highest power density of 17.3 kW/kg, with the optimal input
variables listed in Table 5, was chosen for manufacturing a full
scale prototype. The main parameters of the final machine
design are provided in Table 6.

magnet segments can be stacked and glued to the rotor core
together as a single pack. It should be mentioned that the PMs
are axially segmented in 2 mm sections in order to prevent
additional eddy current losses in the magnets. The PM design
has been validated against demagnetization against both
currents and high temperature effects. The insulation system
comprises Nomex material that is used as phase-to-ground liner
and Kapton tape wrapped around the Litz wire bundles as
shown in Fig. 13. The gap in the middle of the slot provides a
path for the coolant flow.
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Fig. 13: Schematic of the final machine design.

IV. EXPERIMENTAL VALIDATION

It should be noted that the stator core of the first prototype
presented in this work is made from SiFe electrical steel grade
M235-35A. This is to avoid the unpredictable challenges and
risks related to the manufacturing and assembly procedures and
minimise the risk of damaging an expensive CoFe core
material. All the experiments described hereafter were
performed with a SiFe stator core in the machine. The assembly
of the second prototype with the CoFe stator core is in progress
and it will be tested in the near future.

Fig. 14 shows the manufactured 4MW generator, assembled
in-house. The total mass of the designed generator, including
passive components, is 249 kg which is close to the modelled
value of 232 kg. The active mass of the prototype is 117 kg,
approximately 47% of the total mass, while the passive mass is
132 kg or about 53% of the total mass.

Fig. 14: Stator assembly (a) and the developed generator on a test rig (b).

A series of experiments were performed to validate the
machine characteristics. The experimental test rig includes the
dynamometer drive with a nominal power of 860 kW, the
modular 4 MW multiphase-multilevel converter, a 256 kW bi-
directional DC power supply and the cooling system. Fig. 15
highlights the constituent components of the overall generation
system.

The first test was the no-load bEMF measurements. The
machine was coupled with the induction motor and spun up to
3000 rpm while the bEMF waveforms of 4 different lines were
recorded. The measured bEMF is in a good agreement with the
simulation. The measured and simulated line-to-line bEMF
harmonic spectrum at 2000 rpm is shown in Fig. 16. The
acquired bEMF waveform is sinusoidal without significant
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contribution of high order harmonics Fig. 17. The total
harmonic distortion (THD) is 1.88%.

Top view

Dyno drive i
860 kW/3000 rpm |1

Modular 4MW
converter

8 x 3-phase NPC -

bi-directional

dc power supply

Fig. 15: High powver area test facility: 860kW dynamometer and test rig layout.
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Fig.16: Line-to-line bEMF harmonic spectrum at 2000 rpm.

Fig.17: Measured line-to line bEMF waveforms at 2000rpm (Ch1 - yellow -
bEMFag-echo, Ch2 - red - bEMFgc-echo, Ch3 - blue — bEMFag-bravo); x and
y axes are time [ms] (50 ms/div) and voltage [V] (50 V/div), respectively.

The torque characteristic was measured at a constant speed of
500 rpm, with the power supply input DC voltage of 800 V, as
shown in Fig. 18. The Iq current was gradually increased from
100 A to 600 A for all 8x3-phases while the dynamometer
speed was kept constant via a speed control loop. The nonlinear
behaviour of the torque curve, due to the stator core saturation
effect, can be observed at higher current. The measured torque
deviation from the simulation result at the maximum load was
5.3%.
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Fig.18: Torque-current characteristic at 500rpm, 800Vdc.

The acquired current waveforms related to the motoring mode
with the load torque of 2400 Nm are presented in Fig. 19.

'

Fig.19: The acquired phase current waveforms at the motoring mode (lg =
600Apk, 500rpm, 2400Nm, 800Vdc); Chl yellow: echo-npc2-phB, Ch2 red:
echo-npc2-phC, Ch3 blue:bravo-npc2-phB, Ch4 green: bravo-npc2-phC; ); x
and y axes are time [ms] — 10ms/div and current [A] — 200 A/div, respectively.

A recirculating power test was performed as described in detail
in [21]. For the recirculating power of 350 kW the efficiency
of the overall system, machine plus converter, reached the
maximum 925 % Fig.20. The test was carried out at
7500 rpm, with a DC link voltage of 1.5 kV and a reference
torque varying from 100 Apk to 500 Apk. For the highest
power test, the total losses of the series drive system are about
85 kW. The split of the losses, according to the simulation
results are 53.9kW (64.7% of the total) in the machine. A series
of thermal tests will be carried out in the near future to
segregate the machine and converter losses by using a
colorimetric method and asses the efficiency of machine and
converter separately.

93
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100.0

Efficiency %

300.0 500.0 700.0
RECIRCULATING POWER KW

900.0
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Fig.20: The acquired phase current waveforms at the motoring mode (lq =
600Apk, 500rpm, 2400Nm, 800Vdc); Chl yellow: echo-npc2-phB, Ch2 red:
echo-npc2
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V. CONCLUSIONS

The presented work contains the description of the optimisation
procedure and key steps in the development of a 4 MW class
high power density generator. The optimisation procedure
comprises three stages: (1) simple and fast analytical
calculator, (2) subdomain analytical modelling and (3) FEA. At
the first stage, a broad range of possible numbers of pole pairs
(from 2 to 6) and slots (1 and 2 slots per pole per phase) were
considered; seeking the configuration with the highest power
density whilst meeting the converter requirements together
with the efficiency, mechanical and thermal constraints. As the
result of the first stage of optimisation, the configuration with
4 pole pairs and 2 SPP that predicted a power density of 15
kW/kg and the efficiency of 98.4% was selected and taken to
the next stage of optimisation. The output of the second stage
was the improved machine design with 4 PM segments per pole
pitch and with the corresponding power density of 16.1 kW/kg
and 98.5% efficiency. At the third and final stage of
optimisation, the slot dimensions together with the stator outer
diameter and the active length were refined by an FEA
optimisation considering the stator core saturation effect. As a
result, the final machine has a predicted power density of 17.3
kW/kg that corresponds to 232 kg of total mass and an
efficiency of 98.3%.

The experimental campaign confirms the key machine
characteristics. The measured line-to-line bEMF has a
deviation within 1.2% compared to the simulation at the tested
speed range from 1000 rpm to 3000 rpm. The load test was
performed at low speed (500 rpm) and shows a 5.3% difference
when compared to the simulation at the maximum load.

It should be mentioned that the test results presented in this
work were done for the first prototype with the SiFe stator core.
The second prototype with CoFe stator core material is under
development and improvements of the output characteristics of
the generator compared to the first version are expected, which
will be reported in subsequent publications.
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