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Abstract—This paper presents an experimental study on a new
design of a Doubly-Excited Flux-Switching Machine (DEFSM)
proposed for variable speed DC power generation in future
aircraft. This machine uses excitation coils associated with
permanent magnets to control the flux-linkage. This gives the
possibility of using a diode bridge rectifier which is more reliable
than an active bridge. After presenting its design and some
of its main characteristics, an experimental investigation of the
electromagnetic and thermal performances has been performed
on a 3 kW prototype. It is shown that the generated power can
be easily controlled using the excitation current which is very
interesting for wide-speed-range applications. The unique design
of the stator makes it possible to have a low remanent back
EMF. This characteristic makes this machine inherently safe in
case of fault since no flux weakening is needed. The thermal
analysis has shown that the permanent magnets can be kept at
relatively low temperatures which makes them more resistant to
demagnetization. All of this makes the DEFSM a strong candidate
for future aircraft power generation.

Index Terms—Aircraft power generation, DC alternator, Flux-
switching machine, Hybrid excitation, More electric aircraft

I. INTRODUCTION

The increase demand to improve aircraft performance has
been a big challenge for the aviation industry in recent
years. With over two million passengers traveling around the
world every day, a lot of effort is being made to make the
aircraft more secure and environmentally friendly. Reducing
fuel consumption and gas emissions is always the prime
objective but maintaining low operating and maintenance costs
is essential in searching for new solutions. Many studies have
been directed toward the concept of More Electric Aircraft
(MEA) in search for more reliability and efficiency [1]. This
new concept implies increasing use of electrical power to drive
aircraft subsystems that have been conventionally driven by a
combination of mechanical, hydraulic and pneumatic power
[2].

The current generator technology employed on most com-
mercial and military aircraft is the three-stage wound-field
brushless synchronous generator [3] [4]. It includes a Per-
manent Magnet Generator (PMG), an exciter and a main
machine (Fig. 1). The exciter has its AC windings installed

on the rotor. These windings are connected to a rotating
diode bridge rectifier in order to feed the field winding
of the main machine without using slip rings and brushes.
Most of the three-stage generators were initially driven by
a hydro-mechanical Constant Speed Drive (CSD) that allows
electrical power generation at a constant frequency of 400 Hz
[5], however, new generation aircraft like Airbus A380 and
Boeing B787 Dreamliner feature variable speed generators
directly coupled to the engine shaft and generating variable-
frequency electric power between 360 and 800 Hz [6]. This has
significantly reduced weight and maintenance costs compared
to previous fixed-frequency power systems using CSD. The
main advantages of the three-stage brushless generator are
high reliability and safety since it can be easily de-energized
by simply cutting the excitation current. This current offers
an efficient control of the excitation flux allowing wide-speed
power regulation. However, the wound rotor technology with
rotating diodes limits the machine speed hence the achievable
power density. Moreover, this configuration doesn’t allow
motor mode usage which justifies the use of a high pressure
bleed air system to start turbine engines [7].

Whatever the machine topology adopted in future aircraft,
it should fulfill the new requirements of power generation
systems especially the starter function, allowing the removal
of the conventional air starter :

• No use of slip rings and brushes
• DC generation using a diode bridge rectifier
• Wide-speed-range operation
• Use of permanent magnets in order to allow self-

excitation
• Low remanent back EMF in case of fault
• Use of the generator as a starter

The most common electrical machines proposed in literature
for this application are induction, switched reluctance and
Permanent Magnet (PM) machines [8]. The advantages of an
induction machine are well described in [9] and [10], however,
it requires complex power electronics in generator mode and
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Fig. 1: Three-stage wound-field brushless synchronous gener-
ator

is considered unlikely to have the power density of its rivals
[2]. The Switched Reluctance machine is characterized by
an intrinsic high fault tolerance and high ruggedness due
to its simple rotor construction [1], [11]. It has very good
performances in motor mode but produces high torque ripples.
In generator mode, current ripples can be reduced by using a
filter capacitor, but like the induction machine, it doesn’t allow
self-excitation. The PM machine satisfies a large number of the
criteria for a MEA generator, however, its intrinsic permanent
flux cannot be controlled as with a wound field machine, which
in this case implies the use of an active bridge rectifier for
variable speed operations.

This paper presents a new design of a Doubly-Excited
Flux-Switching Machine (DEFSM) for aircraft DC power
generation. This design has the advantage of having a low
remanent flux-linkage, a very important safety requirement
in aircraft power generation. In the next section, we will
present the design of the DEFSM and its main characteristics.
Later on, a full experimental investigation will be performed
on a 3 kW prototype and the electromagnetic and thermal
performances will be discussed.

II. DOUBLY-EXCITED FLUX-SWITCHING MACHINE DESIGN

The three-phase doubly-excited flux-switching machine is
a breakthrough in the world of hybrid machines [12]–[16].
The structure studied in this paper has a 10 poles salient
rotor made of stacked silicon-iron (SiFe) sheets and a cobalt-
iron (CoFe) stator composed of 12 elementary cells containing
armature coils, permanent magnets and excitation coils (Fig.
2). Unlike the three-stage wound machine, the DEFSM has
the advantage of using a passive rotor that allows it to operate
at high rotational speeds. This helps achieve higher power
densities especially with the use of permanent magnets. The
DEFSM can also be used in motor mode allowing the removal
of the air starter system. The positioning of the excitation
coils in the stator avoids the use of undesirable slip rings
and brushes. These coils give this machine a high capability
of flux-regulation which is a very important characteristic for
wide-speed-range DC power generation because it allows the
use of the more reliable Diode Bridge Rectifier (DBR) [17].

Excitation coilsArmature coils

PM

Fig. 2: Cross section of the DEFSM
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Fig. 3: Simulated no-load peak flux-linkage with and without
PM

The singularity of the design presented in this paper can
be seen in Fig. 3. This figure shows the no-load peak flux-
linkage versus the excitation current (Iexc) with and without
permanent magnets. It can be clearly seen that the PMs allow
to reach a higher flux-linkage. The ratio between the two
maximum points is equal to 2 for this machine. The flux-
regulation is very efficient too as we have a ratio of 5 between
the flux values at 0 and 5 A (with PM). This is due to the pres-
ence of 12 excitation coils in the stator working in a parallel
configuration with the permanent magnets. This configuration
increases significantly flux control efficiency and reduces the
risk of PM demagnetization. However, the most interesting
characteristic of this design is at zero excitation current. We
can see that the remanent flux-linkage (Iexc = 0 A) is only
about 20 % of the maximum flux reached (9 mWb to 44
mWb). This ratio is considerably smaller than in conventional
hybrid machines. In order to understand the reasons behind this
low remanent flux-linkage, we present in Fig. 4 the flux lines
and the flux density patterns in the DEFSM for Iexc = 0 A.
With no current in the excitation coils, the majority of the
flux created by the permanent magnets completes its loop in
the stator yoke through the magnetic bridge and only a small
part (ϕ0) passes through the air-gap forming the remanent flux
which can be used for self-excitation in case of dead batteries.
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Fig. 4: No-load flux lines in the DEFSM for Iexc = 0 A

Unlike permanent magnet or conventional hybrid machines, ϕ0

is small enough to be considered as safe and therefore no flux
weakening is needed in case of fault. However, by using a
negative excitation current, it is possible to further reduce the
flux-linkage as shown in Fig. 3.

We will present in the next section a 3 kW prototype on
which we will perform various experimental measurements in
order to understand the electromagnetic and thermal behaviors
of the DEFSM under a wide range of speeds. Although this
prototype is not optimized, it will allow us to investigate
the main characteristics and advantages of the DEFSM in an
aircraft power generation system.

III. EXPERIMENTAL INVESTIGATION AND PERFORMANCE
ANALYSIS OF THE DEFSM

Fig. 5 shows a photo of the experimental bench used
to test the prototype with À the DEFSM, Á an induction
machine and Â a diode bridge rectifier. This prototype has
28 turns per armature coil and 12 Samarium-Cobalt (SmCo)
permanent magnets as shown in table I. SmCo magnets are
often used in high temperature applications needing high
magnetic performance. They have high temperature ratings (up
to 250 ◦C) and high coercivity which makes them extremely
resistant to demagnetization. This prototype was designed to
deliver its nominal power between 6000 and 12000 rpm. It
has an external stator diameter of 140 mm with an air-gap of
0.35 mm.

A. No-load flux-linkage and short-circuit current

Fig. 6 shows a capture of the back-EMF waveforms for
Iexc = 0 A at 12000 rpm. At this speed, the voltage is about
80 Vrms with a maximum of 380 Vrms reached for Iexc = 5 A
as shown in Fig. 7. This low remanent voltage leads to a
low short-circuit current Isc. At Iexc = 0 A, Isc is limited
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Fig. 5: Photo of the experimental bench

TABLE I: PROTOTYPE SPECIFICATIONS

Number of stator elementary cells 12
Number of rotor teeth 10
Number of phases 3
Number of turns per armature coil 28
SmCo PM residual induction 1.1 T (20 ◦C)
External stator diameter 140 mm
Air-gap 0.35 mm
Nominal power 3 kW

Fig. 6: Captured no-load back EMF waveforms for Iexc = 0 A
at 12000 rpm (Horizontal : 200 µs / div, Vertical : 50 V / div)
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Fig. 7: Measured back EMF at 12000 rpm
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Fig. 8: Measured short-circuit current (Isc) at 12000 rpm

to 3 Arms (Fig. 8) which corresponds to a current density
of 4 Arms/mm2 for this prototype. This characteristic is
very important in critical applications like aircraft power
generation. By simply cutting the excitation current, the back
EMF and the short-circuit current will be limited to very low
values and therefore there will be no risk of damaging the
machine in case of fault.

B. DC power generation using a diode bridge rectifier

As mentioned above, the DEFSM will be used as a
DC generator [18], [19]. It will be connected to a diode
bridge rectifier feeding a constant 270 V DC bus as shown
in Fig. 9. The use of DBR is favored in future aircraft
in an attempt to find maximum reliability. The induction
motor powered by a three-phase inverter was employed as
a prime mover. This inverter is mainly fed by the generated
power and by the grid to cover the losses of the overall
system. The various measurements collected are listed below :

• Pmech : The mechanical power on the drive shaft
• Iph : The phase current
• iDC : The DC current at the DBR output
• Texc, Tarm, Tpm : Temperature measurements of the

excitation coils, the armature coils and the permanent
magnets

Pmech is determined by measuring the torque on the drive
shaft and multiplying it by the angular velocity. Fig. 10 and
11 show respectively the phase current and the rectified DC
current for Iexc = 4 A at 12000 rpm. The mean value iDC is
equal to 12.3 A at this operating point. The DC output power
is determined as follows :

Poutput = UDC iDC (1)

with UDC the DC bus voltage. In order to determine the
core losses of the machine, armature copper losses must be
calculated first :

Parm = 3 Rph I
2
rms (2)

Rph is a 0.5 Ω phase resistance calculated at 100 ◦C and
Irms the rms value of the phase current. Considering that the
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Fig. 9: Scheme of the experimental setup

Fig. 10: Measured phase current for Iexc = 4 A at 12000 rpm
(Horizontal : 200 µs / div, Vertical : 5 A / div)

12.3 A

Fig. 11: Measured DC current for Iexc = 4 A at 12000 rpm
(Horizontal : 200 µs / div, Vertical : 5 A / div)

mechanical losses (friction and windage) are negligible, the
core losses can be determined using (3) :

Pcoreloss = Pmech − Poutput − Parm (3)

Fig. 12 and 13 show some measurements performed on the
test bench at 6000 and 12000 rpm. We can notice that the
copper losses in the armature windings are much lower than
in the excitation coils. At 12000 rpm (Fig. 13(a)), these losses
are about 250 W for Iexc = 6 A compared to 1000 W in
the excitation winding. At 6000 rpm, the core losses are
comparable to the copper losses in the excitation. They vary
between 200 and 800 W. However, by increasing the rotational
speed, the core losses increase rapidly and at 12000 rpm they
are equal to 1100 W (Iexc = 6 A).
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Fig. 12: Various measurements performed on the DEFSM at 6000 rpm
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Fig. 13: Various measurements performed on the DEFSM at 12000 rpm

The evolution of the output power is shown in Fig. 12(b)
and 13(b) at 6000 and 12000 rpm as a function of the
excitation current. For Iexc = 6 A, the power is about 3800
W at 6000 rpm while at 12000 rpm it is equal to 4700
W. Theses figures highlight the good capability of power
regulation of the DEFSM. By increasing Iexc from 3 to 5 A (+
66 %), the power at 6000 rpm goes from 1600 to 3300 W (+
100 %). This characteristic is very important in wide-speed-
range applications as the power can be kept constant despite
sudden speed variations of aircraft engines. Fig. 14 shows the
evolution of the excitation and core losses for a constant output
power of 3 kW versus the rotational speed between 6000 and
12000 rpm. As the speed increases, a smaller excitation current
is needed to maintain a constant power. As Fig. 12(b) and
13(b) show, Iexc is equal to 4.5 A at 6000 rpm and drops
to 3.5 A at 12000 rpm. The excitation copper losses drop
therefore from 600 to 350 W. With a decreasing excitation
current, the flux densities in the machine are smaller. This
leads to a decrease of core losses until 8000 rpm where they
start to increase again. This can be explained by the fact that
between 6000 and 8000 rpm (+ 33 %), Iexc decreases from
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Fig. 14: Excitation losses, core losses and efficiency versus
the rotational speed for a constant output power of 3 kW

4.5 to 3.8 A (- 15 %) while from 8000 to 12000 rpm (+ 50 %),
the excitation current decreases by only 8 % (3.8 to 3.5 A).
Since the core losses are dependent on both the flux density
and the frequency, the slow decreasing current in this latter
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Fig. 16: Base speed versus Iexc for UDC = 270 V

speed range is not enough to overcome the increasing speed,
and therefore the core losses get higher. As for the efficiency,
it remains almost constant with 72 % at 12000 rpm.

Fig. 15 shows the simulated electromagnetic power versus
the rotational speed for several excitation currents. We can
notice that for Iexc = 2 A, the power is zero for a rotational
speed smaller than 6000 rpm, and that by increasing Iexc
we allow power generation at lower speeds. In fact, the DC
electromagnetic power can also be written as [20] :

Pelectmag = 3 V Icc

√
1 − (

Nb

N
)2 (4)

with V the phase voltage rms value, Icc the short-circuit
current and N the rotational speed. Nb is a base speed that
depends on the no-load flux-linkage ϕM and on the DC bus
voltage as shown in (5) :

Nb =
60

π2

1

p

1

ϕM (Iexc)
UDC (5)

with p the number of rotor poles equal to 10 in our case. Fig.
16 shows the evolution of Nb versus the excitation current for
UDC = 270 V. For Iexc = 1 A, no power transfer can occur
through the DBR unless N is bigger than 10000 rpm. By
increasing Iexc, ϕM increases too which leads to a smaller
base speed. For Iexc = 6 A, Nb is equal to 3800 rpm.

C. Thermal behavior of the DEFSM

In order to have a full investigation of the DEFSM, thermal
behavior must be given the same attention as electromagnetic
behavior. Platinum resistance thermometers (PT 1000) were
installed on the prototype and temperature measurements
were collected for several operation points (Fig. 17). An air
ventilation system providing an airflow of 60 g/s has been
used to cool down the machine. Fig. 18 shows the temperature
evolution of an excitation coil as a function of the output power
at 6000 and 12000 rpm. It is clearly seen that the temperature
is higher at 6000 rpm. For an output power of 3800 W, the
temperature rises up to 170 ◦C. This can be explained by the
fact that for the same output power, a higher excitation current
is needed at a lower speed which increases the copper losses
in the excitation winding and therefore its temperature. In the
armature windings, copper losses are the same for a constant
output power whatever is the rotational speed. But, due to the
small distance separating the excitation and the armature slots,
armature windings become hotter at 6000 rpm as shown in
Fig. 19. However, due to lower copper losses, the temperature
of the armature windings are much lower than the excitation
winding with a maximum of 100 ◦C. Finally, we can notice
that the permanent magnets are somehow protected from the
heat sources since they reach a maximum temperature of only
70 ◦C (Fig. 20). This can be a great advantage for the DEFSM
as it will be possible to use other types of permanent magnets
that have lower temperature ratings like the Neodymium Iron

TpmTarm
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Fig. 17: Thermometers installed on the DEFSM
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Fig. 18: Excitation coil temperature Texc versus output power
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Boron (NdFeB). This type of permanent magnets is generally
cheaper than the Cobalt-iron, mechanically stronger and has
higher performances.

IV. CONCLUSION

This paper has presented an experimental study on a new
design of a doubly-excited flux-switching machine for aircraft
DC power generation. Unlike conventional hybrid machines,
the DEFSM can have very low remanent back EMF due to
its special stator design. This makes it inherently safe for
aircraft power generation as no flux weakening is needed in
case of fault. The DEFSM has a passive and robust rotor which
makes it suitable for high speed applications. All heat sources
are positioned in the stator which makes thermal management
an easier task. However, it has been shown that a simple air
ventilation system is sufficient to keep the permanent magnets
at low temperatures. The excitation coils give this machine a
high capability of power regulation which is a very important
characteristic for wide-speed-range DC power generation as it
allows using the more reliable diode bridge rectifier. All these
characteristics make the DEFSM a strong candidate to replace
the three-stage generator in future more electric aircraft.
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