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Abstract—This paper presents a comprehensive modeling ap-
proach for the propulsion system of a hybrid regional aircraft.
The propeller rotation is guaranteed by the turbo engine and
the electrical drive in a parallel architecture. The electric drive
is coupled to the transmission system through an overrunning
clutch, allowing the motor disengagement in the event of a fault or
in specific phases during flight. The drive is powered by a 3-level
medium voltage Active Neutral Point Clamped (ANPC) converter
rated 2400 V. The model focuses on accurately simulating various
faults in the drive, including 3-phase, single-phase, switch failures
in the power converter, and open circuit faults. The developed
model permits to evaluate the impact on the full propulsion
system, including maximum transient current and torque, torque
undulations, and potential clutch disengagement.

Index Terms—More electric aircraft, Motor modeling, Hybrid
propulsion systems, NVH, Safety critical applications, Fault
analysis.

I. INTRODUCTION

Numerous studies emphasize the urgent need to decarbonize
global industries, including aviation. In response, significant
public [1] and private investments have driven the development
of innovative technologies to electrify aviation systems. The
electrification process began with replacing auxiliary systems
with electrical actuators. This trend was often referred to
as More Electric Aircraft (MEA), and it permitted to re-
duce the aircraft weight and fuel consumption up to 9%
and 8% respectively [2]-[4]. Today, advanced motor drives
and power converters are paving the way to address one of
the key challenges for hybrid avionic propulsion [5]. This
poses serious challenges in the design and control of power
converters [6], fault-tolerant electric motors [7]-[10] and on-
board distribution system [11].
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The avionic applications require extremely high power
density [12], due to the limited available space onboard and
to the severe increase of fuel consumption with the aircraft
weight. In addition, a high efficiency is required [13] due to
the difficulty of heat dissipation when flying at high altitude.
Dealing with the traction drive, such challenges push for in-
creasing the system voltage, which might reach tens of kV [5],
thus achieving the target propulsion power while limiting the
phase current. Nevertheless, the adoption of Medium Voltage
(MV) drives introduce relevant design and control challenges,
requiring multilevel converters [14]. At the meantime, multi-
three-phase drives permit to further reduce the phase current
while increasing the fault tolerance. In addition, achieving
such high power density requirements necessitate a combined
design of the drive and mechanical transmission, along with a
broader optimization of the entire propulsion system.
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Fig. 1. System architecture.



Aviation systems must meet strict safety and reliability
regulations, requiring high fault tolerance of motors [15],
power converter [16], drive control strategies [17] and trans-
mission system. Despite the motor behavior under symmetric
short circuit can be predicted analytically [18], and mitigated
through dedicated control strategies [19], reliable simulation
models of the full system covering faulty conditions are
essential for safety assessments, addressing electrical, thermal,
and mechanical constraints at system level.

In this scenario, this work presents an integrated model
of a MV electric drive and an overrunning clutch, designed
for regional aircraft propulsion systems. The model is specif-
ically tailored for the simulation of faulty conditions. The
considered hybrid propulsion architecture is reported in Fig. 1,
merging an Internal Combustion Engine (ICE) and a Medium
Voltage (MV) drive within a dedicated transmission system.
The transmission embeds an overrunning clutch, capable of
disconnecting the drive from the propeller in the event of
fault or in specific phases of the flight. The developed model
covers torque and flux undulations due to space harmonics in
three-phase and multi-phase drives, symmetric and asymmetric
short circuits, open-phase faults, and switch failures in the
power converter. Transient current and torque waveforms are
computed, assessing risks such as motor overheating, de-
magnetization, torque/speed undulations on the transmission
system and propeller, and potential clutch disengagement.

II. SYSTEM UNDER TEST AND SIMULATION MODEL

A. Electric Motor and Control

The tested motor is a MV Permanent Magnet Synchronous
Machine (PMSM) equipped with NdFeB magnets, designed
for aerospace applications. The detailed geometry is covered
by industrial property and cannot be disclosed here, but the
motor ratings are reported in Tab. I. The high DC-link voltage
(2400 V) permits the reduction of the phase current ratings
despite the relevant continuous power requirements (810 kW).
Two winding configurations are compared: a short-pitch 3-
phase distributed winding and a full-pitch asymmetrical 6-
phase winding. The former solution is the easiest solution
for MV drives, while the latter allows phase current halving,
reducing the inverter rating at the cost of a double inverter
adoption [20], [21].

For each machine, 3D flux maps are computed with SyR-e
[22] at the rated PM temperature. Thanks to the 3D maps,
the harmonic content of torque and flux linkage is easily
taken into account, with limited computational effort. In the
developed simulation, the motor drive is modeled with a
Controlled Current Generators (CCQG) circuital approach. The
corresponding block diagram is reported in Fig. 2 and is based
on the pre-computed 3D flux maps, covering the effects of
space harmonics [23]. A discrete-time field oriented control
is implemented in a triggered subsystem, emulating the real
drive operation.
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Fig. 3. Topology of the modeled ANPC [24].

B. Power Converter

A multi-level power converter is mandatory to deal with
the rated DC-link voltage of 2400 V. Specifically, a 3-level
Active Neutral-Point Clamped (ANPC) converter was adopted,
combining Silicon Carbide (SiC) power MOSFETs with Si-
based IGBTs [24]. The schematic of one leg of the converter,
referred to phase a of the drive, is given in Fig. 3, also
reporting the nomenclature adopted for each power switch.
A dedicated modulation strategy is implemented [25] to min-
imize the commutation losses and the voltage steps on the
machine, targeting maximum efficiency of the full drive.

The developed circuital model of the ANPC permits to
emulate a fault in any of the converter switches separately, thus
evaluating the consequences on the full propulsion system.

C. Transmission System and Overrunning Clutch

The overrunning clutch transmits torque between two com-
ponents when engaged and allows free rotation in the opposite
direction. Such clutches are widely used in helicopters and
aircraft, where they play a critical role in their continued
operation when one engine malfunctions, is shut down, or runs
at a different speed from others [26]. In this context, the clutch

TABLE I
RATINGS OF THE DRIVE
Peak torque 450 Nm
Max speed 19500 rpm
Base speed 17000 rpm
Continuous power 810 kW
Pole pairs 4
DC-link voltage 2400 V
Nominal phase current (3ph) 560 Apk
Nominal phase current (6ph) 280 Apk
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Fig. 4. Clutch model and sprags geometry.

is installed between the electrical drive and the gearbox. When
disengaged, the drive is decoupled, allowing the turbo engine
to power the propeller independently. The clutch engages again
when needed (e.g., during cruise) to enable the drive to support
the turbo engine.

Among the various types of overrunning clutches, the sprag
clutch is commonly used in aviation applications due to its
high overrunning speed capacity and superior reliability [27].
The sprag overrunning clutch shown in Fig. 4, consists of an
inner race connected to the drive, an outer race connected
to the gearbox, and sprags between them, allowing both
freewheeling and engagement. The sprags are geometrically
designed to wedge when the relative velocity between races
is in the engaging direction, allowing torque transmission. In
contrast, no torque is transmitted when the relative velocity
corresponds to the disengaging direction.

The mechanical system is modeled as shown in Fig. 5,
where the motor, races, and output are represented as rota-
tional inertias, and the shafts are modeled using stiffness and
damping elements. The sprags are represented by a piecewise
nonlinear stiffness K,;, which is zero when disengaged and
becomes a nonlinear function of the relative rotational dis-
placement between the races when engaged. The nonlinear
engagement stiffness accounts for the increased deformation
at the contact points based on Hertzian contact theory. The
dynamic equations of motion of the system are as follows
[28], [29]:

MO (t) + CO(t) + KO(t) = To(t) + Tnr(t,0,0) (1)

The matrices M, C, and K represent the moment of
inertia, torsional damping, and linear stiffness of the system,
respectively. The external load vector T, includes the moment
from the electric motor, 7,,(t), and the aggregated moment on
the output, T,.(¢), which results from the resistive moment on
the propeller, T},(¢), and the moment from the turbo engine,
Trcg(t). The propeller imposes a quadratic resistive torque:

T,(t) = C,0% )

The moments T, (t) and T;cg(t) are defined based on the
specific operating scenarios under investigation.

The vector Txy,(t, 0, 9) contains the state-dependent non-
linear moment 7. applied by the sprags to the inner and outer
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Fig. 5. Lumped parameter model of the overrunning clutch in Fig. 1.

races. According to the defined piecewise nonlinear stiffness
[28], [30], this moment is obtained as:

if i, < Ouut

. . 3
if ein = eout ©

T. = 0
{Cf,e|9in - 90ut|ne(0in - eout)
The exponent ne = 0.5 reflects the nonlinearity typical of
point-contact interfaces, while the parameter C;, = 2.152e4
Nm/rad embeds the material and geometric properties of the
interface.

III. SIMULATION RESULTS
A. Short Circuit in the 3-phase machine

An example simulation in faulty conditions is reported in
Fig. 6. This test is executed with the drive connected in 3-
phase configuration. The MUT is torque controlled at the
nominal torque (450 Nm) and rotating at the corner speed
(17 krpm), while a 3-phase short circuit is triggered. This is
the most dangerous pre-fault condition, inducing the highest
transient current and torque [18]. The Figure reports the speed,
torque, flux and current waveforms, permitting to numerically
evaluate their peak values during the fault transient. The
torque undulations visible before the fault event are due to
the machine space harmonics, captured by the 3D dgf flux
maps.

In this specific fault scenario, the peak phase current
magnitude and braking torque reach 1236 A and 524 Nm
respectively. These values permit evaluating the risk of inverter
or mechanical damages respectively, as a consequence of a
3-phase short circuit. In addition, the risk for PM demagneti-
zation can be evaluated from the maximum negative transient
current in d-axis, in this case equal to -1197 A. Moreover, the
steady-state phase current can be estimated, thus evaluating
potential thermal issues after fault. In this specific case, the
steady-state current after fault is 396 A, i.e. lower than the
nominal current, so it is thermally sustainable.

The transient current trajectory in the dq plane is reported
in Fig. 7. Before the fault, the drive is correctly controlled
on the MTPA locus. After the short circuit is triggered, the
operating point rotates clockwise approximately along an iso-
flux contour. The flux magnitude progressively reduces due
to system losses (resistive voltage and rotational loss), so the
operating point decades in a spiral before converging close to
the characteristic current of the machine [18].
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Fig. 6. 3-phase short-circuit fault in 3-phase drive configuration at the
corner speed, nominal torque (17 krpm, 450 Nm). Torque, current and flux
waveforms.
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Fig. 7. 3-phase short-circuit fault in 3-phase drive configuration at the corner
speed, nominal torque (17 krpm, 450 Nm). Current trajectory in the dg plane.

B. Short Circuit in the 6-phase machine

When dealing with multi-three-phase drives, a higher num-
ber of faulty scenario must be considered. This includes a
3-phase short circuit in each three-phase set, a phase-to-phase
short between phases belonging to the same set and between
phases of different sets. An example of results is reported
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i (A)
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Fig. 8. 3-phase short-circuit fault of the set 1 in 6-phase drive configuration
at the corner speed, nominal torque (17 krpm, 450 Nm).

in Fig. 8, referring to the drive in 6-phase configuration.
The motor is again torque controlled at the nominal torque
(450 Nm) while rotating at the base speed (17 krpm), when
the first 3-phase set is shorted. During the short circuit, the
second 3-phase set is still controlled aiming to maintain the
reference torque.

Also for this fault condition, the simulation permits eval-
uating the transient torque and current per each 3-phase set.
In this case, the presence of the second 3-phase set reduces
the peak transient torque to -155 Nm. Anyway, the transient
current is significantly higher compared to the 3-phase drive.

C. ANPC single switch fault

The developed model permits simulating faults on the
ANPC power converter, to evaluate their effects on the electric
machine and mechanical transmission system. An example is
given in Fig. 9, simulating the failure in short circuit of the
MOSFET ajy, i.e. the upper MOSFET of the leg a (see Fig. 3).
The simulation refers again to the 3-phase drive configuration.
The fault is simulated with the motor operating at 15 krpm,
400 Nm.

As can be noted, the 3-level converter is capable of
maintaining the current control even if the MOSFET a;
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Fig. 9. Short-circuit failure of the MOSFET a; at 15 krpm, 400 Nm.

is permanently closes, thus maintaining the average torque
to the reference 7"=400 Nm. This comes at the cost of
relevant current and torque oscillations, correctly evaluated
by the simulation model. Moreover, it should be noted that
the balance between the two input capacitors of the ANPC
is lost, with the lower capacitor in Fig. 3 charging above
vde/2=1200 V. Therefore, a serious risk of subsequent failure
of the other power switches is present.

D. Clutch Engagement

The dynamics of the mechanical transmission is evaluated,
including the overrunning clutch, both in healthy and faulty
conditions. A start-up transient is reported in Fig. 10, with
the drive producing the nominal torque (450 Nm) and the
ICE turned off. This test is meant for evaluating the starting
capability of the drive. As can be noted, the clutch is suddenly
engaged, permitting the acceleration of the electric motor and
the propeller. Nevertheless, this engagement injects sufficient
energy into the mechanical system in the engaged state to
excite mechanical vibrations, resulting in oscillations in the
torque transmitted by the clutch 7. (orange curve), computed
according to (3). These oscillations, that can be mitigated
by introducing higher damping into system, are reflected into
speed bumps, visible in the motor speed n although damped
by the large propeller inertia in the transmission output n,.
If these torque oscillations were excessively underdamped,
with T, approaching to zero, the clutch might disengage, thus
resulting in an intermittent 7. during the start-up.

engagement

Fig. 10. Drive start-up at full torque (77,=450 Nm) in the absence of
TIC E=0 Nm.

Finally, the effects of a 3-phase short circuit on the trans-
mission system are depicted in Fig. 11. The simulation refers
to a motor torque of 450 Nm, assisting the ICE torque of
600 Nm for rotating the propeller at 10 krpm, with the
propeller imposing a resistive torque according to (2). As can
be noted, after the short circuit the motor decelerates due to
the fault braking torque, while the n,, decreases slowly due to
the large inertia of the propeller and to the positive torque still
produced by the ICE, partially compensating for the load T},.
This causes the clutch disengagement approximately 10.5 ms
after the fault event, i.e. when 6;,, becomes smaller than 0,,;
and contemporarily ém < éout, so the transmitted torque
drops to zero. From there on, the speed dynamics of the motor
is decoupled from the transmission, ICE and propeller.

IV. CONCLUSION

This work presents an accurate simulation model for a
hybrid propulsion system in regional aircraft. The model
is specifically developed for simulating faulty scenarios and
evaluating their impact on the full propulsion system, assessing
their impact on transmitted torque and propeller performance,
as well as evaluating potential thermal and electromagnetic
issues on the electric motor. The propulsion system features
a medium-voltage drive reconfigurable as a 3-phase or 6-
phase PMSM powered by an ANPC converter. The drive is
coupled to the turbo engine and propeller via an overrunning
clutch, enabling drive disengagement. The model covers both
symmetric and asymmetric faults both in the motor and in the
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Fig. 11. 3-phase short circuit at 10 krpm, 77,=450 Nm, 770 =600 Nm,
with consequent clutch disengagement.

ANPC converter, including single-switch faults, open circuits,
and motor control reactions to the faults. The developed model
is an useful tool for assessing the reliability and fault tolerance
of aviation propulsion systems, which is of top importance for
the developement of hybrid propulsion regional aircrafts.
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