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Abstract. Current trend in aviation is to increase efficiency of all the aircraft’s systems. This leads
to a reduction of fuel consumption which has also positive effect on emissions. One possibility how to
reach this aim is to replace hydraulic and pneumatic system with an electrical power system. Because
many on-board electrical loads are in the form of electrical drives, the special attention is given to
electric motors and their electronic speed controllers / power converters. Furthermore, electric motors
suitable for traction/propulsion are presented. Moreover, the various types of starter/generators
suitable for on-board utilisation are compared in the paper.
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1. INTRODUCTION

There is a strict international requirement for global emission reduction. In aviation sector, the
projects like Clean Sky and ICAO Global Coalition for Sustainable Aviation aim to reduce noise and
pollution [1]. One way how to reduce emissions produced by aircraft is to decrease its consumption.
There are more possibilities how it can be managed: drag reduction, decrease the overall weight,
increase the efficiency of gas-turbine engines, increase the efficiency of secondary power systems, or
change the design of propulsion system.

Dominant secondary power system in modern aircraft is electrical system, thus its influence on
overall aircraft efficiency is evident. Most heavy electrical loads in More Electric Aircraft (MEA) are
electric motors.

The aim of the paper is to present the top-most solutions of electric machines used on-board of
MEA. The Second chapter presents electric motors used for non-propulsive applications. The Third
chapter is dedicated to starter/generators and the Fourth chapter describes electric motors which could
be used for traction/propulsion.

2. ELECTRIC MOTORS — NON-PROPULSIVE APPLICATIONS

In older aircraft electric motors were used scarcely, mainly for low-power applications as beacon
drive, for opening/closing the ram air inlet door, for gyro drive, and for medium-power applications as
opening/closing the cargo door, for cooling fans drive, etc. Their power output was only several
kilowatts. They were of brushed construction. In DC motors the commutator and brushes served for
power transmission from rotor to stator. In AC motors the slip rings and brushes served for field
production. Both types of motors often required maintenance due to wear and tear of contacts.

In MEA, electric motors are used also for high-power applications as actuators for control surfaces
(Electro Hydrostatic Actuator, Electromechanical Actuator), as drive of compressors for air
conditioning system, for opening/closing the thrust reversers, for braking. In the future, electric motors
are planned to be used for taxing [2].
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The construction of modern electric motors is of brushless form, which brings advantages in better
reliability and lower maintenance time but on the other hand it requires a complex form of speed
control. These motors require the power converters / speed controllers specialised for particular
motor’s applications.

2.1. Motors for thrust reversers

In traditional aircraft power concept thrust reversers were powered by hydraulic actuators. In MEA
the electric motor is used. In fact, rotary or linear motors can be used. In case of linear motors, the
advantage is, that there is no need to transform rotary movement into a linear movement, thus less
components must be used. The field weakening can eliminate mechanical gearing. All this results in
lower weight and shorter maintenance.

Normally three to six electric actuators with stroke between 300 and 900 mm are used per nacelle.
The time required for the actuator to move from stop-to-stop position is between 1.5 and 5 second,
depending on the size of the engine and power demand ranges between 7 kW to 109 kW [3].

There are three types of linear electric motors suitable for thrust reverser actuation, namely
synchronous, induction and switched reluctance motors [4]. Permanent magnet motors are not suitable
because of harsh environment in engine nacelle, especially high temperature which can cause
demagnetization, and heavy vibration which can cause mechanical failure of magnet.

The power converter suitable for thrust reverser electrical actuators consist of unidirectional
rectifier (DC-link) and inverter. The bidirectional power converter is not necessary because aircraft
electrical power system is not designed to accept power from loads.

2.2. Motors for environmental control system

The compressed air which is bled from the engine is normally used for cabin pressurisation and
wing anti-icing in traditional aircraft power concept. However, such a solution reduces the power of
the engine. Using electrical power instead of pneumatic can reduce extracted power from the engine
up to 30% in a mid-size commercial aircraft [5,6]. It is because conventional pneumatic system
produces more power than is required during the aircraft operation. On the other hand, electrical
system produces only such amount of power which is just required by electrical loads. Speed /
performance of motors which drive environmental control system compressors can be easily adjusted
with variable frequency.

The large-size aircraft, with 350 passengers will require up to 400 kW to drive the air compressors’
motors [7]. These heavy motors must be soft started otherwise they would cause the distinct voltage
drop in power system [8].

As a viable candidate to drive a cabin compressor a three-phase squirrel-cage induction motor is
proposed. The typical speed of such a motor is 24,000 rpm [9].

2.3. Motors for control surface actuators

In MEA, electromechanical (EMA), electro-hydrostatic (EHA) and electrical backup hydraulic
actuators (EBHA) are used. Such actuators require no centralised hydraulic circuit which reduces
overall weight of the aircraft, simplifies design, and contributes to shorter maintenance. The load
requirements differ significantly according to the size of control surface from several kilowatts for the
slats, up to 50-60 kW for the horizontal stabilizers and the rudders [10]. Several types of motors can be
used to drive actuators. The most promising ones are Permanent magnet synchronous motors (PMSM)
and the Switched Reluctances motors (SRM) [11]. A voltage source inverter or matrix converter can
be used as a motor’s power converter, however both of them have some drawbacks: DC-link capacitor
weight and volume in case of voltage source inverter, and power quality management in case of matrix
converter [12].
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2.4. Motors for fuel pumps

In traditional aircraft power concept low-pressure fuel pumps are driven electrically, however high-
pressure fuel pumps are mechanically driven by the engine. In MEA, these pumps are also driven
electrically. The advantage of such a system is easy control of fuel pump speed, which enables exact
amount of fuel to be supplied to the engine.

For such an application PMSM with more stator phases are used. More phases ensure safe
operation even when fault on one phase occur [13].

2.5. Motors for steering and taxiing

The nose wheel steering is currently hydraulically driven in both traditional and more electric
aircraft power concepts. However, this system must be powered electrically if electric taxing would be
implemented on-board the aircraft. The potential candidates for electrical operation of nose wheel
steering are linear actuators that use three-phase axial flux permanent magnets [14]. The aim of
electric taxing is to reduce noise and emission produced by main engines and auxiliary power units
(APU) during ground operations. According to [15], 56% of the NOx were from taxi operations at
Heathrow airport in 2002.

2.6. Motors for braking system

The main difference between traditional hydraulic braking system and electric braking system is in
the use of EMA, which consist of motor, roller screw and reduction gear. As a motor for electrical
braking a PMSM is used because of its outstanding response and accuracy speed [16].

There is research on regenerative braking system suitable for aircraft [17,18], however only for taxi
phase. The problem is extensive power which would be produced during the aircraft landing resulting
in very high current induced in the motor. Currently, this system is suitable only for vehicle
application [19].

3. STARTER/GENERATORS

In traditional aircraft power concept starting of main engines was realised by cartridges,
turbostarters — small combustion engine, hydraulic motor, and pneumatic motor. In fact, most of
current aircraft still use pneumatic starters. Such a solution requires to place long ducting of bleed air
from APU to main engine. Electrical starter represents many advantages to upper mentioned systems —
higher efficiency, lower weight and volume requirement and faster starting process.

First starter/generators emerged in aviation in the late 1940s. They contribute to weight reduction
due to use of one machine instead of separate starter and generator. These machines were DC
machines with commutator and brushes which were source of arcing. The power limit of DC machine
was restricted to 12-18 kW. Due to power limitation of DC machine a brushed AC generators were
introduced with typical power ration 30 kVA. Later, they were replaced with brushless AC generators.

Permanent
magnet

Electrical Switched
Asynchronous I_'l Induction I—»l Squirrel cage |

Figure 1 Aircraft starter/generators
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In MEA concept, AC starter/generators are introduced. In Figure 1, are depicted machines suitable
as starter/generators, namely Induction Machine (IM) [20], Synchronous Permanent Magnet Machine
(PMSM) [21] and Switched and Synchronous Reluctance Machine (SRM, SynRM) [22, 23]. In Table
1, the properties of AC starter/generators are summarised.

Table 1 The properties of AC starter/generators [24]

Electric Disadvantages Advantages
machines
™M Big air gap affects performance. Robustness.
High reliability of operation.
PMSM Limited speed and temperature of operation | High specific power, lower losses.
due to permanent magnets. Sensor-less construction for harsh
In case of failure, it is hard to demagnetize. | environment.
SRM High torque ripple. Simple, rugged construction.
Low torque density. High speed and temperature operation.
Poor power factor. Fault tolerant.

4. ELECTRIC MOTORS - PROPULSIVE APPLICATIONS

The current effort is to reduce emissions which are produced by combustion of traditional jet fuel
in the engine. There are different prospects how it can be managed. One way is to replace traditional
jet fuel, based on crude oil, with sustainable fuel, however such a solution does not affect the
emissions production very significantly [25]. There are many scientific papers which deal with
different alternative fuels [26]. The other way is to use hydrogen as a main fuel in slightly
accommodated gas-turbine engines [27,28]. Totally different way is to use full electric propulsion
[29]. The main problem with this solution is in electrical energy sources. Batteries have insufficient
energy density and fuel cells are still under the research.

The electric motors for propelling the aircraft must have high power-to-weight ratio, at least 10
kW/kg [30]. In the future, the cryogenic high-specific-power motors are expected to reach this goal.
Currently, the hybrid solution is investigated in the form of parallel-hybrid, series-hybrid, and
parallel/series-hybrid [31]. It is a different arrangement of gas-turbine and electric motor.

The appropriate candidates for electric propulsion are PMSM, IM and SRM. In case of PMSM
surface mounted permanent magnet enables high-speed application with good specific power. The
airgap winding topology is preferred due to reduction of iron losses. In case of IM two types of rotors
suitable for high specific power applications are suitable — squirrel cage and solid. However, problem
for high-speed application of squirrel cage IM is material of the rotor which must withstand
mechanical loading and provide good electrical performance. On the other hand, solid rotor IM
provide excellent performance (high power, high speed) at the expanse of specific power. In case of
SRM which have no windings or permanent magnets on the rotor, all the magneto motive force must
be produced on the stator. To ensure high torque the rotor teeth must be salient — this creates a noise.
On the other hand, SRM has very robust rotor, which enables high-speed operation and is especially
suitable for harsh environment.

The issue of all these high-speed high-specific power machines is the cooling and bearing
lubrication. For cooling purposes forced cooling techniques are proposed: forced air through channels,
water or oil pumped into cooling jacket around stator frame, liquid bath where whole machine is
bathed in dielectric liquids, liquid in direct contact with conductors [32].

5. CONCLUSION
To get the best overall efficiency of the aircraft systems, only one form of secondary power can be

used. The electric power provides the best properties, not only due to the most convenient distribution
system but also due to the fact, that power is consumed only if systems are in use, contrary to
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hydraulic or pneumatic system, which draw power for all the time with excessive power dumped in
ambient.

Electric machines are main component of aircraft electrical system. There are three different types
of electric machines which are suitable for on-board purposes — PMSM, IM and SRM. Each type has
its own advantages and disadvantages but there is one thing which is common to all machines — the
low specific power.

To reduce emissions produced by aircraft engine, hydrogen as a fuel is proposed with slight change
of gas-turbine engine. In case of electric propulsion, the main drawback is the source of electric power
so hybrid electric aircraft concept is proposed.
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