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Abstract. This paper aims at analyzing electric motor-generators specifically designed for the avionic application in More
Electric Aircraft, where the machine is included inside the main gas turbine. Because of the harsh environment (high
temperatures), the problem of evaluating and reducing the losses produced in these machines becomes crucial. For such a
purpose, this paper presents an accurate estimate of the magnetic and Joule losses produced inside the machine, when
operating as generator in a range of frequencies from 200 Hz up to 400 Hz. Particular attention is paid to the investigation of
the effects introduced by the use of a high number (6 and 12) of phases, due to fault tolerance reasons. The analysis is
developed on a small (10 kW) prototype, consisting of a four-pole twelve-phase induction machine. The numerical
computations are performed through a validated 2-D finite element code, based on a step-by-step procedure and on the
sliding mesh technique. A sophisticated laminated dynamic Preisach model, whose parameters are identified from a large set
of measurements, provides an accurate estimate of the iron losses and their separation into the three fundamental
components also under skin effect regime. The results show that six and twelve phase configurations produce significant
loss decrease. A preliminary investigation about the machine losses, when working under fault conditions, is finally
presented.

Keywords: Electromagnetic modeling, Fault tolerant systems, Induction machines, Magnetic losses.

1. Introduction

The introduction of more electric devices in the avionics, in particular for operating
servomechanisms or mechanical parts, has considerably accelerated in recent years. The increase of
electrical equipments on aircrafts, and the associated rise of the installed electric power, goes under the
name of "More Electric Aircraft" (MEA). In such a framework, this paper focuses on the analysis of a
multiphase machine for the “More electric engine” [1,2]. The latter is the research on new generators to
be installed directly on the turbofan shaft and acting also as a starter motor. For the characteristics of
the environment, subject to high temperatures and low thermal exchange, the motor-generator needs to
have low losses and a high tolerance to faults. Despite the advantages of PM machines [3], induction
machines are preferred when mounted directly on the turbofan shaft, due to the degraded performance
of permanent magnets at high temperature. In addition, induction machines allows one both regulating
(work at constant power) or excluding the excitation in case of fault [4]. In this context, the authors
have proposed a twelve-phase induction machine, demonstrating how a Fe-Co rotor could provide
some benefits in terms of loss reduction [4]. The choice of a multiphase machine has more than one
advantage, as the need of low rating power switching devices, the possibility of tuning the torque
density and the improvement of the fault tolerance [5,6].

This paper aims at comparing, in terms of iron and Joule losses, three functioning conditions where
the machine windings are supplied in three-phase (for reference), six-phase and twelve-phase
configurations. The analysis is carried out using a FEM code extensively validated [7], investigating
the machine behaviour as generator for different supply frequencies at a fixed 1% slip.
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The trend of losses is also analyzed for the six-phase and the twelve-phase configurations, when one of
the inverters is supposed not to provide the supply voltage at the terminals (open circuit) as a consequence
of an internal fault. The results show that the increase of the phase number reduces both the iron and total
losses. It is finally found that a fault on an inverter leg does not produce a significant variation of iron
losses; the dramatic increase of the Joule losses is anyway limited in the twelve-phase configuration.
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Fig. 1. Generator layout under twelve-phase operating conditions at 200 Hz: instantaneous magnetic flux (a) and magnetic flux
density amplitude (b) distributions. The table presents the machine parameters
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Fig. 2. Machine winding configurations: a) twelve-phase, b) six-phase and c) three-phase. A red cross highlights the two
fault conditions under analysis.

2. Device and modeling approach

The analysis is performed on a 10 kW rated power, four poles small prototype, whose magnetic core
(stator and rotor) is constituted by 0.2 mm thick non-oriented Fe-Si laminations. The geometry and the main
parameters are summarized in Fig. 1, where the instantaneous magnetic flux and magnetic flux density
distributions are also shown for the twelve-phase generator at 200 Hz. Since the machine works in a wide
speed range, the study is developed at 6000 rpm (200 Hz), 9000 rpm (300 Hz), and 12000 rpm (400 Hz).

The stator windings are divided into twelve sub-sections, allowing the supply by three, six or twelve
phase systems, simply by the change of the connections and the number of supply inverters (see Fig. 2).
The supply voltage of a single sub-section is increased linearly with the frequency up to 270 Hz (~143V)
and then kept constant at higher frequencies, determining magnetic flux weakening. The comparison is
performed by imposing to each winding subsection the voltage amplitude according to the drive
characteristics. The fault conditions are simulated by removing the whole leg of one power inverter in six-
phase and twelve-phase configurations.

The computations are carried out through a validated finite element code, which implements a 2-D time-
domain field formulation in terms of magnetic vector potential. The fixed point technique suitably handles
the magnetic nonlinearities (i.e [7-9]). The interaction between field and circuits is accounted for by a
voltage-driven approach, which adds the circuit equations and set the stator and rotor currents as problem
unknowns. The sliding mesh technique along an interface in the air-gap region enables the rotor motion
without requiring the entire domain remeshing. Details about the model can be found in [8]. The finite
element simulations are developed including the magnetic saturation, but disregarding hysteresis, having
proved that this simplifying assumption does not affect the result accuracy [8].
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The magnetic losses are estimated a-posteriori from the computed time-spatial distribution of the
magnetic flux density, by using the laminated-Preisach model, which accounts for skin effect in lamination
depth and dynamic hysteresis [10]. The model parameters are identified, starting from 1-D and 2-D
characterizations of the electric steels in the frequency range up to 10 kHz, according to the procedure
proposed in [11]. The accuracy of the dynamic loop reconstruction is discussed in [4].

3. Analysis of the influence on losses of the phase number
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Fig. 3. Computed losses for the three configurations. a) Iron losses separated into classical, hysteresis and excess
losses; b) Total losses include iron, stator Joule and rotor Joule losses

The analysis of the machine behaviour has been performed through the FEM approach described in Sect.
2, adopting for the three configurations the same mesh which includes ~2-10* triangular elements with ~10*
nodal unknowns (vector potential). The phase number is imposed through suitable connections between the
sub-windings described in the circuit equations. Fixed rotational speeds are assumed in the rotor to ensure a
1% slip (generator) for all the considered frequencies. The time evolution is represented using 8000 time
samples for a total duration of 165 ms, more than sufficient to guarantee the completion of all the electric
transient phenomena.

In a first investigation the three, six and twelve-phase generators are compared when operating under
rated conditions at 200 Hz, 300 Hz and 400 Hz. The results show how the phase number does not affect in a
visible way neither the flux distribution in the rotor and stator core, nor the flux density amplitude reached
inside the machine. The iron losses and their separation are presented in the diagram of Fig 3a, where colors
blue, green and red denote three, six and twelve phase generators, respectively. In general, all the
contributions increase moving from 200 Hz to 300 Hz, but reduce at higher frequency, because of the
magnetic flux weakening. All the loss terms decrease of some percent when increasing the phase number
and such a reduction is more pronounced for the classical losses (~10% in 6-phase and ~15% in 12-phase
with respect to the 3-phase). On the contrary, the spatial distribution of the losses (stator yoke 34%, stator
teeth 45-48%, rotor teeth 12-15%, yoke 6%) and their separation (Classical 14-18%, Static 65-54%, Excess
21-28% going from 200 Hz to 400 Hz) are similar in all the configurations. The Joule losses, presented in
Fig. 3b, show a general decrease at the frequency increase. In this case, a more significant advantage is
given by the higher number of phases: the reduction with respect to the three-phase configuration always
overcomes 20% and can reach 35% in the case of stator Joule losses at 400 Hz.

Fault conditions are modelled by disconnecting the electric network supplied by one of the inverters in
the 6 and 12-phase configurations, i.e. imposing a null current to the corresponding windings. Some
variations appear in the magnetic flux distribution inside the machine and they are more evident in the
diagram of the normal component of the magnetic flux density along the airgap (Fig. 4 a and b). The
presence of slots without currents, clearly understandable mainly in the six-phase machine, makes the
spatial envelope of the magnetic flux density much different from the sinusoidal shape than in the health
case. An influence can also be found in the supply currents of the legs of the twelve-phase machine not
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Fig. 4. Normal component of the magnetic flux density in the airgap under rated and fault operating conditions for six-phase (a)
and twelve-phase (b) generator.
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Fig. 5. Loss comparison between the behavior under rated and fault operating conditions for six-phase and twelve-phase
configurations (the results for three-phase configuration are presented as a reference): a) iron losses, b) Joule stator losses,
c) Joule rotor losses, d) total losses.

affected by the fault; while for the generator in healthy conditions the four currents have the same amplitude
with an angular shift of 15°, under fault conditions the three currents show amplitude differences of some
percent. The fault engenders slight variations on the iron losses, but the effects on Joule losses are dramatic,
as shown in Fig 5.

The fault always significantly increases the copper losses, mainly, as expected, in the six-phase
configuration where one half of the machine (against a quarter in the 12-phase configuration) is not
supplied. This effect is enhanced in the rotor cage where the spatial flux density distribution is far from the
ideal sinusoidal shape and produces higher induced phenomena. Thus, under fault conditions the six-phase
generator shows a Joule loss increase up 80% in the stator and up to 375% in the rotor.
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Conclusions

In this paper a FEM analysis of losses in an electric generator specific for MEA application is developed,
comparing three, six and twelve phase configurations. The results show that the twelve-phase machine is
the most advantageous solution reducing both iron losses in the magnetic core and the Joule losses in the
stator windings and in the rotor cage. The twelve-phase generator is found to be more convenient also when
operating under degraded fault condition, significantly limiting the Joule loss increase with respect to the
six phase configuration. Thus, the twelve-phase machine, in itself attractive for the high degree of fault
tolerance, it is also interesting for the lower contribution to losses both in health and in fault conditions.
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