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Abstract—Wound-field synchronous machines are widely used
as generators in various applications. The main advantage over
permanent magnet synchronous machines (PMSMs) consists in
the possibility to control the field current, thus also achieving a
good fault management capability. However, PMSMs can achieve
higher power density and efficiency levels, making them attractive
on board of aircraft. In fact, the surface-mounted PMSMs
with sleeve are also pretty suited for high speed operation,
whereas wound-field machines featuring salient poles are more
challenging to be designed for such conditions.

In this paper, the design of a high-speed wound-field syn-
chronous generator is undertaken using a multi-disciplinary
approach, aiming to achieve a relatively high fault tolerance
and a power density value suitable for the “more electric
aircraft” applications. The electromagnetic and thermal aspects
are approached using common materials and cooling systems to
minimize the costs, whereas the high speed operation requirement
is addressed by a suited rotor retaining system. Simulation results
based on FE analysis are reported to validate the proposed design.

Index Terms—Aircraft, More Electric Aircraft, Wound-field
synchronous generator, Multi-physics approach

I. INTRODUCTION

HE necessity to limit the polluting emissions to contrast

the climate change and improve the life quality are
pushing an extensive electrification trend for all types of
vehicles. In this context, the aviation industry is also moving
towards the design of aircraft featuring higher efficiency and
lower emissions [1]. Presently, in an aircraft several forms of
power are used for different purposes, including mechanical,
pneumatic, hydraulic and electrical; all of these are ultimately
derived from the chemical energy stored in the fuel. In par-
ticular, hydraulic and pneumatic actuators are mainly used for
the actuation of aircraft flight controls [2]. Nevertheless, such
actuation systems typically feature inferior characteristics with
respect to electro-mechanical actuators in terms of efficiency,
controllability, reliability and maintainability [3]. Therefore,
such traditional actuation systems are going to be replaced by
electrical actuators, according to the More Electric Aircraft
(MEA) trend [4]. Nevertheless, this is determining a huge
increase in the total power required by electric loads on-
board of aircraft: for example, the installed electric power
has risen up to about IMVA in two of the most significant
applications of the MEA concept, i.e. the Boeing 787 (B787)
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and the Airbus 380 (A380) [5]. Moreover, further functions
may be required to the generators. For example, the main
engines used to be started-up by means of compressed air:
according to the MEA concept, the electric generators and
related converters can be designed in such a way to become
able to also carry out such task, thus implementing the starter-
generator” function that permits to eliminate the pneumatic
system [6]. The traditional generation systems are not suited to
manage such new requirements [7], meaning that new design
ideas have to be considered to properly address such new
challenges. Presently, the wound-field synchronous machine is
the most used type of electric generator on board of aircraft.
In the most popular configuration, the generator system is
composed by three parts as illustrated in [8]:

¢ The main wound-field synchronous generator, whose field
current is provided by a rectifier located on the rotor;

o The primary exciter, which is a wound-field synchronous
machine featuring an inverted layout whose rotating ar-
mature supplies the aforementioned rotating rectifier;

o The pilot exciter, which is a permanent magnet (PM) syn-
chronous machine whose armature supplies the controller
of the stationary field winding of the main exciter.

Nevertheless, this architecture is relatively complex and cum-
bersome, whereas the maximization of power density is a
very important objective in the transportation sector and espe-
cially for aircraft. Therefore, other machine types have been
proposed as on-board starter-generators for aircraft embrac-
ing the MEA concept, including induction machines (IM),
PM synchronous machines and switched reluctance machines
(SRM) [9]. In most of these studies, according to the main
targets of the aviation field the design was mainly focused
on increasing the power density while keeping acceptable
levels of reliability and efficiency [10]. PM synchronous
machines exhibit the highest power density compared to other
machine types joined to a good efficiency [11], but PMs are
sensitive to the challenging operational conditions typical of
aerospace applications, including large and fast temperature
variations, vibrations and shocks, which increase the risk of
demagnetization. Moreover, the uncontrollable nature of the
PMs as powerful flux sources can lead to significant currents,
and thus extra thermal and vibration stress, in case of internal



short-circuit faults occurring inside the machine armature [10].
Furthermore, the unpredictable large fluctuations of availabil-
ity and cost of PMs represent a commercial risk. On the other
hand, IMs have a better fault tolerance capability, yet achieving
a lower power density [12], [13]. Also SRMs do not achieve
the same power densities as PM synchronous machines, but
they can operate in very harsh environments thanks to their
enhanced robustness and inherent fault tolerance [14]. In any
case, the power converters in charge to properly supply and
control the machines shall be also properly designed to achieve
good power density, efficiency and reliability levels.

Aiming to overcome the reliability challenges associated to
PM machines and to achieve higher power density values than
IMs and SRMs, this paper investigates a high-speed, wound-
field synchronous machine to be used in the framework of
the MEA context as generator, or possibly starter-generator.
Such machine permits to achieve a good fault management
capability, thanks to the possibility of controlling the rotor
field current as necessary thus permitting to zero the currents
when an internal fault occurs, without any need to halt the
rotor [15]. From the point of view of the cost/performance
balance, this study is intended to investigate the potential of
using common materials and cooling solutions, aiming to keep
the costs at reasonable levels while leveraging on high speed
to achieve interesting power density levels. As a first step of
a larger investigation, in this paper only the generation task
is addressed. The design of the machine is carried out using
a multi-disciplinary approach, considering the most relevant
aspects: electromagnetic, thermal and structural.

II. PRELIMINARY ELECTROMAGNETIC DESIGN

The rated specifications assumed for the design presented in
this paper (Tab. I) are the same of the wound-field synchronous
generator used on-board of the B787, as this is reputed to be
one of the most important examples of application of the MEA
concept.

TABLE I: Map of specifications

Quantity Symbol | Value

No. of stator phases m 3
Line-to-line Voltage [Vrms] \ 400
Power [kVA] S 250

Speed [krpm] n 15

Pole pairs p 3
Frequency [Hz] f 750

In order to minimize the weight of the power generation
system, it was assumed that the rotor is mechanically driven
by a variable-speed shaft and the alternator is interfaced with
the rest of the power system by means of a suitably controlled
active power converter. Therefore, the damper cage was not
included in the design because the power converter takes
care of properly controlling the machine operation during
transients.

A simplified analytical algorithm based on [16] was applied
to achieve a preliminary sizing of the generator. As a starting

point, the axial active length was fixed as L = 245mm, as a
reasonable space assumption. Then, the air gap diameter D
was determined using (1), where ¢4 is an empirical coefficient
taken equal to 37 x 10%, as suggested by [16] for generators
with 3 pole pairs and a rated power of 250kV A.

D= ”Cdnk-gL = 160[mm] (D

Assuming as a first approximation a sinusoidal distribution of
the flux density in the air gap with a peak value equal to the
reasonable level B, = 0.65T, the magnetic flux per pole was
calculated as in (2).

By -D-L
p
Aiming to achieve an acceptable quality of the voltage wave-
forms, a double-layer configuration with 3 slots-per-pole-per-
phase was initially chosen for the stator winding, with a 1-
slot-shortened pitch to mitigate some major harmonics without
significantly compromising the amplitude of the fundamental.
Considering the above, the number of active sides per phase
N was then calculated as in (3) assuming a Y connection:

V3(kykaky)® f

where ky, kq and k, are respectively the form factor, the
distribution factor and the pitch factor. Since the phase current
is obtained as —2— = 360.8A , the stator winding was divided
into 3 parallel paths, one per each pole pair, to reduce the
current flowing in each coil. Assuming a normal forced air
cooling system, a reasonable value of 6ﬁ was chosen for
the stator current density, which permits to size the conductors
and, consequently, the stator slots. Coherently with the choice
of designing a not too expensive machine, common fully
processed M330-35A non-oriented silicon steel laminations
were selected for the rotor and stator cores. For the rotor pole
body, as well as the rotor and stator yokes, an operating flux
density of B, = By = B,, = 1.6T was chosen.

Finally, the analysis of the magnetic circuit was performed
in order to calculate the excitation magneto-motive-force
(M MF,,.) needed to compensate the magnetic voltage drops
in each part of the generator. Hence, these drops were cal-
culated for different values of the output voltage knowing
the geometry and the magnetization curve of the used fer-
romagnetic material, thus permitting to build the open circuit
characteristic. Although a salient-pole machine structure was
envisioned from the beginning, a rough estimation of the
MMF needed for the magnetization of the machine M M F,.
when operating with nominal load was obtained using the
Potier method to keep into account the MMF due to the
armature reaction. Since a relatively small machine equipped
with common forced-air cooling of the rotor was envisioned, a
reasonable rated current density equal to 6$ was assumed
for the field winding, whose corresponding rated voltage at no
load was chosen as 60V assuming again a reasonable typical
value. Such data permitted to determine the number of turns
and the wire diameter for the field winding.

P = = 8.5[mWb] )
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Having completed the preliminary sizing of the generator,
its electromagnetic analysis was carried out for verification
purposes using the model described in [17]. Implementing
the equivalent circuit equations as in [18], the machine induc-
tances and the terminal voltages were determined for different
operating conditions. For such purpose, it was assumed that
the power converter draws a symmetrical set of sinusoidal
currents in phase with the fundamental component of the
corresponding voltages. At full load condition, to keep the
output terminal voltage at its rated value, it was necessary
to increase the excitation current up to 9.2A. A summary of
the main characteristics obtained from preliminary design is
reported in Table II.

TABLE II: Main characteristics of the initial machine design

Parameter Notation Value
Axial active length L 245mm
Rotor diameter D, 183mm
Outer stator diameter Dout 209mm
Air gap thickness g 2mm
Number of slots Q 54
Number of conductors per slot e 2
Number of excitation turns per pole Neze 155
No-load excitation voltage Veze 60V
No-load excitation current Texe 7.9A
Full-load excitation current Dout 9.2A

III. ELECTROMAGNETIC DESIGN REFINEMENT

Despite its reduced computational burden and accuracy
under specific operating conditions [18], the analytical model
used is based on some simplifying assumptions, in particular
negligible leakage fluxes. Hence, a finite element (FE) model
of the generator was created for validation using the MagNet®
software according to the geometry resulting from the prelim-
inary design. First, the no-load operation of the machine was
analysed by means of a 2D transient-with-motion simulation,
observing a pretty good waveform quality for the open circuit
terminal voltages. However, the rms-value of such voltages
was lower than the expected rated value, mainly due to the
effect of saturation at some critical points in the machine
structure. Therefore, the excitation current was increased (up to
12A) until the rated value of the output voltage was reached at
no-load. To compensate for the negative effects deriving from
such an action, the geometry was modified to properly adjust
the saturation level in the cores and to keep the current density
values still compliant with the assumed cooling system. As
a result, the stator outer diameter was increased keeping the
same yoke thickness, thus permitting to increase the rotor
diameter. The rotor yoke thickness was decreased while the
pole body width was increased to limit the magnetic stress.
This way, the space available to locate the field winding was
increased, permitting to keep the targeted value of current
density even with higher excitation currents.

A second significant simulation was then ran at rated load
conditions. Since at nominal load condition the armature
reaction produces an overall demagnetizing effect, it was found
necessary to increase the field current up to 13.5A to still
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Fig. 1: Flux density and current density maps for the initial
design of the generator under full-load condition
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Fig. 2: Line-to-line voltages and phase currents at full-load
condition

achieve the nominal terminal voltage. Referring to full-load
operative conditions, in Fig. 1 the flux density and the current
density maps are shown, whereas the waveforms of line-to-line
voltages and phase currents are depicted in Fig. 2.

Since in Fig. 1 a) a peak flux density of 2.2T is spotted in
the rotor pole shoes, aiming to reduce such excessive value
the inner profile of the rotor pole core was then also modified
by introducing chamfers: Fig. 3 shows the updated geometry
and the corresponding flux density map at full load. The flux
density inside the pole shoe decreases by about 0.2T, leading
to a proper magnetic loading of the stator and rotor cores.

The actual current density values corresponding to the
scenario in Fig. 1 b) was then calculated taking into account
the slot fill factor, which was assumed to be 0.65: this
led to 9.38 mﬁl > and 6.46 mﬁl > for stator and rotor windings
respectively. Aiming to reduce the stator current density to a
value suitable for the assumed air cooling, the outer diameter
was further enlarged in order to increase the stator slots depth:
this way the current density was limited to 6.75 m/?n 7.

The terminal voltages shown in Fig. 2 determine an rms-
value of the fundamental component of 405V that meets
the technical specifications, with an acceptable THD=4.9%.
Finally, the number of turns and rated current of the field
winding was tuned in order to reduce the latter for the same
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Fig. 3: Flux density map for the updated geometry of the
generator under full-load conditions

MMF,,. while keeping the excitation voltage below 100V:
the number of turns per pole was then increased to 166 while
the field current decreased to 12.6A.

The main characteristics of the refined machine design
obtained this way are summarized in Tab. III.

TABLE III: Main characteristics of the refined machine

Parameter Notation Value
Active axial length L 245mm
Rotor diameter Dy 207mm
Outer stator diameter Doyt 240mm
Air gap thickness g 2mm
Number of slots Q 54
Number of conductors per slot Ne 2
Number of excitation turns per pole Neze 166
No-load excitation voltage Veze 100V
No-load excitation current Teze 11.1 A
Full-load excitation current Dout 12.6A

IV. MECHANICAL DESIGN REFINEMENT

As mentioned in Section I, this study is aimed to investigate
the potential of using common materials and cooling solutions,
while leveraging on high speed to achieve interesting power
density levels. The selected rated speed (15000rpm) is actually
challenging, considering that the salient pole structure of the
rotor is not the most suited for high values of the peripheral
speed. A check of the structural integrity of the rotor at such
speed is therefore necessary. This was carried out by means of
a 3D model elaborated using the FEM auxiliary tool provided
by the Autodesk Inventor® CAD software. The modeled region
was limited to half pole pitch across the tangential direction
and half length along the axial direction, using the pole,
inter-pole and central symmetry planes as delimiters. In fact,
it is expected that the stress due to high speed rotation is
dominant with respect to the effect of the electromagnetic
forces. The rotor winding was modeled as an equivalent solid
part, including the end turns. The latter were generated by
revolving the cross section of the rotor winding by 90° and
then by extruding up to the pole symmetry plane. The axis

Max: 1411 MPa

Fig. 4: Values of the Von Mises stress.

of the revolution was set in order to have a distance of 4mm
between the end turns and the end face of the rotor core. In
Fig. 4 the values of the Von Mises stress in the rotor core
and coils are shown. In this simulation, a linear stress-strain
curve was considered, i.e. there is no yielding of the material:
therefore, values of the Von Mises stress beyond the yield
strength are not fully realistic. However, stress levels above
the yield strength of the considered material (i.e. 315MPa)
appear in relatively large areas close to the rotor core ends,
meaning that a further design improvement is required from a
mechanical point of view.

Therefore, a locking hood for the end winding was envi-
sioned, as depicted in Fig. 5. The system is composed by
an outer ring which provides a radial retaining of the end
turns through suitably shaped pressing wedges. For the ring the
stainless steel AISI 405 was chosen, which features yield and
tensile stresses equal to 689MPa and 758MPa, respectively.
The geometry of the upper face of the winding was modified
in order to use a ring with a suitable radial width and to
provide a flat backing surface. A properly shaped wedge is
interposed between the ring and the end turns in order to keep
the latter in place: a carbon fiber material was selected for such
purpose, because of its low density and rather good mechanical
characteristics. A flange, forced coupled to the shaft, is used
to axially lock the ring and the wedge. Finally, the profile
around the transition between the pole body and the shoe was
also modified to increase the structural strength.

In Fig. 6 the output of the FE analysis for the updated structure
is presented. The locking hood decreases the deformation of
the end winding, leading to a significant reduction of the Von
Mises stress inside the pole shoe. There are still regions where
the yield stress is reached, but their extension is very limited:
therefore, it is expected that a limited plastic deformation will
take place, permitting to harmlessly spread the stress through
the neighboring region. In fact, the Von Mises stress results
far from the tensile strength in all of the components.

The mechanical adjustments above introduced can affect the
rotor current density as well as the secondary field lines:
therefore, their effects on the electromagnetic operation of
the machine have to be checked. The total area of the ro-
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Fig. 5: Front-lateral view of the rotor equipped with locking
hood
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Fig. 6: Von Mises stress in the rotor core equipped with hood

tor winding cross section decreases by 12.54mm?, with an
increase of the theoretical rotor current density from 6.9]“1‘31 2
to 7.12%, this can be still considered as manageable using
a common cooling system, as assumed. The addition of the
metallic hood at the ends of the rotor will increase the leakage
fluxes for the field winding, while also leading to eddy currents
during transients. Therefore, the dynamic behaviour of the
machine can be affected, but the investigation of such aspect is
out of the scope of this paper. Anyway, having assumed that
a controlled converter will constitute the interface between
the machine and the power system, this should not represent
a significant issue. On the other hand, since the ring is
not located in very close proximity to the end turns of the
stator winding or to the slot openings, at steady state one
should not expect significant eddy currents, meaning that the
electromagnetic performances analysed in Section III should
not be significantly affected by the retaining hood.

V. THERMAL ANALYSIS

The third significant aspect to be addressed in the design
is represented by the thermal phenomena, which play an
important role since the permitted temperature rise affects
the power density and efficiency of the machine. Heating is
observed inside an electric machine due to the internal losses
and the temperature distribution is governed by the balance
between generated heat, removed heat and thermal capacity
[19]. Such heat can be extracted from the machine through
conduction, convection (natural and forced) and radiation.

The thermal behavior of an electric machine is a complex
3D process, involving heat transfer through composite compo-
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Fig. 7: Temperature distribution in °C assuming a forced air
axial cooling system

nents such as insulated wires deployed inside slots, complex
turbulent air flows in the end-caps etc. [20]. Therefore, an
accurate analysis of such complex phenomena is usually very
difficult and time consuming. Nevertheless, when properly
tuned even a simple 2D FE approximated model can provide
a rough idea of the thermal behavior of the machine. Such an
analysis was carried out using the ThermNet® software, as it
permits to easily couple the electromagnetic aspects with the
thermal ones [21]. In fact, it can use as heat sources the losses
evaluated by the companion software MagNet® that was used
for the electromagnetic analysis. A breakdown of the losses
in the designed machine at full load is reported in Tab. IV.

TABLE IV: Average values of electromagnetic losses

Hysteresis Loss | Eddy Current Loss | Ohmic Loss
Rotor 3.16W 4.72W 123W
Stator 6656 W 399W 52.44W

A forced air cooling was considered first, assuming an
insulation class ”F” permitting a wire temperature up to
180°C. The heat transfer coefficients were estimated by a
computational fluid dynamics 3D simulation and they were
defined in the ThermNet® environment as input data. In Fig. 7
the resulting temperature distribution in the generator at full
load is shown: the hot spot is located in the stator winding and
is higher than 200°C, i.e. above the limit. The quite different
range of the temperature seen in the rotor and stator is due
to the dissimilar flow conditions, motion and geometry, which
determine very different heat transfer coefficients between the
solid parts and the air flowing into the gap.

To overcome this challenge, one could possibly reduce the
stator winding current density by revising the electromagnetic
design. Alternatively, one could consider using a water jacket
to cool more effectively the stator: nowadays, this represents
a pretty popular solution in transportation applications, having
a limited impact on overall costs. The latter solution was then
analysed, properly adjusting the heat transfer coefficients: the
temperature distribution shown in Fig. 8 was then obtained.
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Fig. 8: Temperature distribution in °C assuming a water jacket
embracing the stator core

Thanks to the water jacket, a significant decrease in the
stator temperature is achieved, as expected, whereas the rotor
temperature is also slightly reduced. Such analysis highlights
then the margin existing for improving the overall design by
means of a multi-physics combined optimization involving the
electromagnetic, thermal and mechanical aspects.

VI. CONCLUSION

This paper investigated the possibility to design a salient-
pole, wound-field synchronous machine to cope with the
electric energy demand in the MEA applications. Although this
classical machine is commonly considered unable to achieve
the power density and efficiency levels of a permanent mag-
nets synchronous machine, it provides better characteristics
in terms of reliability and fault tolerance, which represent
primary design objectives in nowadays’ aircraft concepts.

The characteristics of a 250kVA wound-field synchronous
generator used on board of the B787 were taken as a reference.
The design of the machine was performed using a multi-
disciplinary approach, considering the main aspects related to
the electromagnetic, thermal and structural behaviour. The cost
minimization, considered here as general design guideline,
was achieved using common materials and cooling systems.
However, the envisioned wound-field generator achieved a
pretty good estimated power density of almost 3% (active
parts) by leveraging on the assumed operation at relatively
high speed (15 krpm).

Therefore, the results obtained in this study provided a
positive feedback about the feasibility of a high-speed, high-
power-density, salient-pole wound-field synchronous generator
for more electric aircraft applications. This paves the way for
further research activities, since the thermal analysis high-
lighted a significant room for increasing the current density
values when a more effective cooling solution was used.
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