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Abstract

Aircraft design is an example of complex engineering where dimensioning tools can be valu-
able for the designers and decision makers in the early stage of the development process.
These tools can be in form of a database over key numbers for di�erent components or
technologies.

One of the critical parts of an aircraft is the actuator system. Conventional hydraulic actu-
ators are demanding regarding maintenance which implies high operation costs. Therefore
in recent years the focus has been set on electro-hydrostatic and electro-mechanical actu-
ators.

The aim of this work is to build a platform which can make it easier for designers and
decision makers to analyze, compare and optimize di�erent technologies regarding the ac-
tuator system.

For this reason a simpli�ed quasi-static actuator model, including reactive power con-
sumption has been developed. This model makes it possible to reduce the complexity of
the actuator models to such extent that the resulting computional tool can be used for
studies of the system performance during entire ight missions and/or for optimization.
Power density, cost and weight of the actuator systems are some of the important key
numbers for comparing purpose and as a platform for the dimensioning of the aircraft.
The ambition is then to build up a database of di�erent actuator solutions with the key
technical parameters mentioned above, that can be used in modeling and dimensioning of
an aircraft.

In order to avoid time consuming �nite element calculations when analyzing an electrical
machine a reluctance network model can be used. The basic idea of the proposed network
model is to divide the rotor and the stator into a grid of small reluctance elements and
provide those that correspond to the permanent magnet and the air gap between the mag-
nets with time varying reluctances. The suggested computationally approach constitute
a fast way to evaluate permanent magnet electrical machines with the respect to their
performance.

A preferred electrical machine provided with balance teeth and concentrated windings
showed good electromechanical and thermal behavior. A balance tooth is a tooth without
winding between each adjacent phases that has a cooling e�ect on the nearest windings,
resulting in less copper losses. The balance teeth increases the voltage-time area, leading
to higher induced voltage and higher torque production. Another advantage of the cho-
sen design is its redundancy and fault tolerance capabilities. The machine comprises two
independent half machines that also o�ers a high level of redundancy with two separate
power channels.

Keywords: Dimensioning tools, MEA, More Electric Aircraft, EMA, Electro Mechani-
cal Actuator, EM, Electrical Machine, Converter, Inverter, Finite Element Method, FEM,
Reluctance Network
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Chapter 1

Introduction

In this chapter a survey of the research activities regarding More Electric Aircraft
(MEA) is presented. Although the concept can be traced back to the World War II,
MEA is not yet fully adopted in the aircraft industry, despite the advances made in
the enabling technologies.

Under the MEA concept lies the actuation function. Several studies address-
ing the di�culties of introducing an electromechanical or electro-hydraulic actuator
instead of the conventional hydraulic system are also pointed out in this chapter.

1.1 Background

There is a general trend in aerospace industry to increase the use of electrically
powered equipment for supplying the secondary power needs. This trend is usu-
ally referred to as "More Electric Aircraft" (MEA) towards the ultimate goal "All
Electric Aircraft (AEA)". The bene�ts are among others lower maintenance e�ort,
reduced weight, less Life Cycle Cost (LCC), better redundancy, and increased re-
liability. In Fig. 1.1 the present and potential MEA power system architecture of
an airliner are shown where the hydraulic and pneumatic systems are replaced by a
hybrid or electrical systems, see also [1]. The forecasted increased electrical power
consumption on board, as a result of new or improved services such as in-ight
entertainment, information services and passenger comfort and new electrical loads
such as electrical actuation of ight surfaces and landing gear is also mentioned
in [2]. For meeting this requirement a power generation of 500 kW per engine is
estimated. Furthermore a summary of studies regarding the development of an
embedded generator mounted directly on the engine shaft for meeting the increas-
ing required electrical power is given in this paper. The feasibility of embedded
generators for MEA is also studied in [3].

The electrical power sources in aircraft are divided in primary and secondary
sources according to [4]. In the primary source the power/energy is transduced
from non-electrical source to electrical independent of other electrical sources. As

1



2 CHAPTER 1. INTRODUCTION

(a) Block diagram of present power system. (b) Block diagram of potential MEA sys-
tem.

Figure 1.1: Example of power system architectures in an airliner, going from hy-
draulic (in red) and pneumatic (in green) systems towards more electrical systems
(in yellow).

an example of primary AC electric source the main engine-driven alternator or
Auxiliary Power Unit (APU) driven-alternator can be mentioned. A DC primary
power source can be the battery. In a secondary source the power/energy provided
from a primary source is transformed to either AC or DC powered equipment. The
history and the ongoing projects during the 90's regarding the MEA technology are
presented in [5]. Further it is mentioned that there are three types of secondary
power sources, in both civil and military aircraft. The �rst one is the actuation
system where hydraulics is used. In the second case, air-conditioning, pressuriza-
tion, or ice-protection pneumatics is used. The third type relates to avionics and
utility functions where electronics are used. Although the idea of MEA is not a
new one, in fact the Vickers Valliant and Vulcan used electrical power for primary
ight control together with a 112 VDC electrical system during the World War II,
however the required power for such electric systems exceeded the generated power
and therefore this approach was unfeasible until recently. Advances in enabling
technologies of electric power generation, distribution and consumption have made
MEA more competitive than before. Nevertheless only a stepwise approach has
been adopted for MEA technology until now. Now the more electric approach is
also adopted in other areas like in craft ship industries, see for example [6]. In
Fig 1.2 major components of a more electric aircraft and a ship are shown, from
references [7] and [8] respectively.

The electric brake shown in Fig. 1.3 is another component of MEA where
hydraulic system is replaced by an electromechanical. By choosing the electric
brake considerable weight and volume savings are promised in [9], as well as lower
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(a) Major system components of MEA
(Courtesy of SAAB AB).

(b) Major system components of More
Electric Ship (MES) from [8].

Figure 1.2: Major components of more electric vehicles.

operating and maintenance costs, greater endurance, and higher reliability. Block

(a) Principal drawing of the
electric brake, containing an
electric motor, gear, ball
screw, rotor, and stator discs
(1-5).

(b) Hardware, electric
brake from [9].

Figure 1.3: Electric brake.

diagram of the electric braking system is compared to a hydraulic system in Fig.
1.4. In the electric system a control signal is sent to a control box, when the pilot
steps on the brake pedal. This electric signal is converted into an electromechanical
command resulting in that the carbon disks are pressed against each other as in a
conventional hydraulic system.

An overview of US research activities related to MEA actuator technology is
presented in [10]. In this article a battery-capacitor solution is mentioned for sup-
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(a) Block diagram of electric brake. (b) Block diagram of hydraulic brake.

Figure 1.4: Electric brake technology compared to hydraulics.

plying the increasing level of power needed by MEA components. The battery is
used for supplying the average power and the capacitor banks for the peak power.

The forecasted increase in electrical power consumption can also be noted in
Fig. 1.5, where the power ow diagram of a simpli�ed conventional power system
is shown versus a forecasted MEA system, see [11]. The basic ingredients of a
conventional aircraft power system are the main engine or turbine, main genera-
tor, Transformer Recti�er Unit (TRU), Emergency Power Unit (EPU), auxiliary
generator, main gearbox, starter, hydraulic pump, Auxiliary Power Unit (APU),
batteries, hydraulic actuators. The MEA technology allows integration of several
functions in one component which at the �rst sight will lead to a decrease in the
number of basic units, main engine or turbine, main generator,power processing
unit, auxiliary generator, Integrated or Intelligent Power Unit (IPU), batteries, and
ElectroMechanical Actuators (EMAs). In the MEA power system shown in Fig.
1.5(b) the generator supplies the distribution system through a power processor i.e.
a converter.

The control surfaces in an aircraft, rudders, elevators, ailerons, aps, slats, and
spoilers are maneuvered with actuators in order to control the speed and direction
of the aircraft during the ight. Landing gears are another example where actuators
are used for movements and thereby a clear candidate for MEA technology. In Fig.
1.6 the control surfaces of an airliner are shown, see [12] or [13].

These actuators are often classi�ed as hydraulic, electric or electromechanical,
and electro-hydraulic or electro-hydrostatic, see Fig. 1.7. The mechanical option or
"Fly by Wire" is often used in smaller aircraft where the pilot is moving the control
surface manually via a cable.

The control surfaces of an airliner are conventionally maneuvered through three
independent and separated hydraulic systems for redundancy, see [14]. The hy-
draulic system is the conventional established option in which a central Hydraulic
Power Unit (HPU) uses engine power to pressurize hydraulic uid. According to
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(a) Simpli�ed power ow diagram of the conventional system.

(b) Simpli�ed power ow diagram of the MEA system.

Figure 1.5: Power ow diagram of conventional vs. MEA system.
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Figure 1.6: The control surfaces of an airliner

Figure 1.7: Classi�cation of ight control actuation types

[15] a typical HPU runs at 3,000 psi (21 MPa) from which uid is delivered to mul-
tiple actuators throughout the aircraft, including redundant actuators. For decades
hydraulic actuation has been the "back-bone" of the aircraft ight control and util-
ity control systems. This mature technology produces the required power, force,
velocity and stroke, beside maintaining a desirable output impedance or apparent
sti�ness with good reliability and often fails more gracefully than its EMA coun-
terparts. The development of hydraulic systems towards higher pressures, up to
5,000 psi (35 MPa) allows smaller actuator cylinders. As it was mentioned previous
despite the graceful technical behavior of the hydraulic system it requires a network
of distribution lines which in its turn can be relatively complex to route, install and
service. The space required for these distribution lines and the moderately heavy
hydraulic unit are two other important reasons for making the EMA technology
preferable, specially in Unmanned Aerial Vehicles (UAVs). In Fig. 1.8 a fore-
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runner to the Electro-Hydrostatic Actuator (EHA) is shown where the centralized
hydraulic system is combined with a local accumulator.

(a) Principal drawings of a hybrid conven-
tional actuator system

(b) The corresponding hardware from [13]

Figure 1.8: A hybrid conventional hydraulic system, forerunner to EHA

During the last ten to twenty years the development of EMAs has reached a level
where it can be practical for moderate-mission aircraft applications. In general,
EMA architectures comprises a motor that often operates at relatively high speed
which is connected to a screw shaft through a transmission. Figure 1.10 shows
CAD drawings of a EMA with a rotary motor and a screw mechanism, see [16].
The potential risk of EMAs to fail in a locked state and the bandwidth limitation
imposed by angular momentum in the motor are two concerns with this solution.

A 16 kW permanent magnet machine has been designed and evaluated in [17],
stressing fault tolerance in order to compete with the inherent fault tolerance of the
Switched Reluctance (SR) machine which is the favorite topology in the aerospace
market. By isolating the phases electrically, magnetically, and thermally the relia-
bility of the machine is enhanced while the inherent high energy density of perma-
nent magnet machines is unchanged. A 6 phase concentrated winding arrangement,
one phase winding per tooth, is used in this design. The fault tolerance is also high-
lighted in [18]. In this article a two segment motor is analyzed beside the separation
of the phases.

In [19] a 40 kW EMA for the spoiler surface of a typical transport aircraft is
discussed. The focus of the study was the motor drive, meaning the controller,
inverter and motor utilized to control the actuator. A power density of 2.2 kW

kg
is

required by the developed actuator according to this paper.
According to [20] the conventional way of controlling an aircraft surface, shown

in Fig. 1.9(a) have more complex interface and long, heavy wiring runs. This
actuator control strategy consumes more than half of the cost and complexity of
the ight control computers. With the new distributed control strategy, shown in
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Fig. 1.9(b), simpler interface and shorter wiring runs is promised. The distributed
control allows a simpler integration interface also, resulting in cost, risk , and de-
velopment time reduction. With an EMA solution substantial weight savings can

(a) The conventional control strategy (b) The new distributed control strategy

Figure 1.9: Di�erent control strategy.

be made, despite the thermal and jamming aspects of such actuator type.

In some aircraft applications a linear actuator can be used instead of an actuator
based on a rotary machine and a gear mechanism. In the linear case the motor shaft
is coupled more directly to the controlled surface. Although the control surfaces
move with relatively low speeds and long strokes or large angles it doesn't necessarily
favor the linear actuator type. The high density rotary machines are preferable in
most cases.

Magnetostriction was �rst observed in 1837 when a horseshoe was magnetized.
Although the observers were not aware of their discovery, they noted that their
experiment caused a characteristic noise. The noise was caused by the geometrical
changes in the material, in turn caused by the changes in the magnetic �eld, see
[21] or [22] or. The �rst actuator based on magnetostriction was developed in 1928,
an oscillator, followed by a torque meter and a sonar in 1929 respectively 1935. Ad-
vances in material development during the 60's until 1983 gave rise to a new kind of
material called giant magnetostrictive material. One of these materials often used
in actuator applications is called Terfenol-D (an alloy composed by Terbium, Iron,
and Dysprosium). By applying a magnetic �eld, one can change the geometrical
dimension of magnetostrictive materials as mentioned above. By applying an ex-
ternal force to the material one can change the magnetic behavior of the material
as well. This cross coupling between the change in the material geometry, applied
magnetic �eld and external force is referred to as the magnetostrictive e�ect. In
Fig. 1.11 these coupling e�ects are shown for the Terfenol-D.

The magnetic �eld in Fig. 1.11 is swept between -200 to 200 kA
m

, while the
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(a) CAD drawings of a motor-driven EMA (b) The corresponding hardware

Figure 1.10: EMA (Courtesy of SAAB AB and SPAB)

(a) Flux density (b) Strain

Figure 1.11: Magnetization of a Terfenol-D sample at 1-58 [MPa] pressure
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applied pressure is 1 to 58 MPa. The measured strain of the Terfenol-D sample is
close to 1.1 mm

m
for 1 MPa and 0.75 mm

m
for 58 MPa. Additional physical relations

that often are used when modeling the magnetostrictive e�ect are Newton's second
law and Maxwell's equations. The magnetization curves shown in Fig. 1.11 can
then be used as a material data base. By placing a couple of Terfenol-D actuators
inside an outer exible stator it is possible to achieve an elliptical motion of this
stator. If the motion is controlled by exciting the actuators in appropriate order a
Magnetostrictive Actuator (MA) is formed, see Fig. 1.12. Such Magnetostrictive
Actuator (MA) was build and analyzed in [23]. In this analysis it was shown that it
is fully possible to control the elliptical motion of the stator, but the e�ciency and
the noise level was stated as a considerable weakness of this solution. The theoretical
maximum output power of this device was estimated to 713 W, maximum torque
production to 338 Nm, and the maximum e�ciency to 46 %.

(a) Principal drawings of a
MA

(b) The corresponding
hardware

Figure 1.12: MA with 12 wounded Terfenol-D actuator rods.

The popularity of the Electro-Hydrostatic Actuators (EHAs) has been increas-
ing during the last few years. The high force, load interface, and graceful failure
behavior of the hydraulic devices are combined with compactness and other power-
by-wire features of EMAs in this actuator class. As Fig. 1.13 shows, the centralized
hydraulic power unit and hydraulic distribution system are replaced by an electric
current distribution system terminating in a local pump. This kind of actuator, us-
ing 5,000 psi pressure versus 3,000 psi becomes more appealing, since there are no
5,000 psi distribution lines and the high pressure uid is enclosed in a small volume.
By increasing the uid pressure the piston area can be decreased for achieving the
same force. To pressurize and pump the uid, EHAs use electric motors and with a
local control, which will lead to less excess pressurized uid that must be dumped
as heat, leading to overall improvement of the e�ciency. Reduction in fail safety
can be noted as a down side of this class compared to a centralized system where
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a small amount of uid leakage have greater e�ects. The F-35 Joint Strike Fighter
(JSF) can be noticed for its use of 5,000 psi EHAs in primary ight control, while
the A380 uses EHAs as a third back up for the conventional centralized system.

In [24] an EHA solution with an integrated motor-pump unit was investigated
and designed for a rudder surface. A BrushLess Direct Current (BLDC) motor with
hollow rotor and at copper wires for increasing the packing factor and Samarium
Cobalt (Sm2Co17) magnets for temperature stability, good coercivity, and rema-
nence was developed. Key considerations in this actuator design were high torque
at low speed (typically 50 Nm at 1,000 rpm), high maximum speed, and minimum
inertia and weight.

(a) Principal drawings of an EHA. (b) The corresponding hardware from [13].

Figure 1.13: EHA.

In an EHA with a smart material core the power conversion from electrical
to uid power is achieved with the smart material acting as prime mover within
a pump. The normal candidates for the electric to uid energy conversion are
piezoelectric, magnetostrictive, or electrostrictive sti� materials. In Fig. 1.14 a
prototype of a piezoelectric-hydraulic actuator is shown with a diagram summariz-
ing the device architecture. This actuator assembly has an output shaft which is
driven by the uid from the Pressurization and Valve Assembly (PVA). The PVA
consists of a pump and a set of valves for providing directional control. The PVA
also includes a compression chamber and another valve set which interfaces the
piezoelectric assembly to form a source of pressurized uid as it can be seen from
the diagram.

The compactness and lack of the distribution lines is also shared by this class
of actuators with the other EHA actuator class which makes it easier to integrate
with other aircraft subsystems. The energy density is however higher because of the
intrinsic energy in smart material. The smart material EHAs o�er also advantages
compared to EMAs, larger acceleration because of reduced inertia and better perfor-
mance under failure conditions, with less likelihood to lock fully or open completely
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(a) Principal drawings of a smart material EHA. (b) The corresponding hard-
ware from [15].

Figure 1.14: EHA with smart material core.

free. This type of actuator is feasible for moderate size of aircrafts, whereas pri-
mary ight control for larger aircraft is probably not feasible. Despite the promising
advantages of this new technology there are some open questions that must be ad-
dressed before integration in a ight, electronic drive, thermal management, smart
material longevity and device redundancy material. The hysteretic behavior of both
piezoelectrics and magnetostrictives leads to an accumulative heat from each cycle
and in the �rst case a reactive component which is temperature dependent. The
advantage of disposing the uid distribution lines becomes a disadvantage regarding
the heat dump because there is not regular ow into and out of individual devices.
Heat management is also an issue for the drive electronics, making their e�ciency
more critical. A third issue notable is the longevity of smart material actuators
under high mechanical, electrical, and thermal loading.

1.2 Aim

The major goal of this thesis is to contribute to the knowledge on EMAs and explore
the possibility of replacing the conventional hydraulic actuator system with an EMA
for MEA applications. Conventional actuators in aircraft are demanding regarding
installation and maintenance which implies high operation costs and thereby the
desire for replacement. This analysis is achieved by building up a data base of key
technical parameters, like power and torque density, power factor, cost, and average
e�ciency of these actuators in an aircraft power system context. For this reason
a simpli�ed quasi-static actuator model has been developed. This model makes
it possible to reduce the complexity of the actuator models to such extent that
the resulting computional tool can be used for studies of the system performance
during entire ight missions and/or for optimization. The ambition is then to build
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up a database of di�erent actuator solutions with the key technical parameters
mentioned above, that can be used in modeling and dimensioning of aircraft. The
idea is to combine these key factors in a weighted function where the technical
performance is put towards the weight, volume, and fuel consumption.

1.3 Outline of the Thesis

Chapter 2 gives a description of the actuator system dynamics in aircraft applica-
tion. The fundamental features of conventional hydraulic actuator systems as well
as MEA electro-mechanical actuator systems are discussed in this chapter. The dy-
namic nature of those is then translated into requirement and design parameters,
so called key numbers. The technology assessment tool for MEA actuator system
is also briey mentioned.

Chapter 3 gives a basic insight of the components of an EMA. Di�erent machine
topologies and their suitability for MEA application are presented.

Chapter 4 set up rules for the technology assessment tools. These are used in
the �rst project design phases and are mainly directed to the decision makers.

Chapter 5 comprises a description of the basic equations and fundamentals
of the involved component models of the MEA electro-mechanical actuators. A
lumped element model of the actuator is suggested in this chapter for reducing the
computional time. Further a detailed Finite Element Method (FEM) calculation
of the involved Electrical Machine (EM) is presented which is used for extracting
parameters to the lumped element model.

Chapter 6 comprise simulation results of the suggested lumped element actu-
ator model within an aircraft power system. A typical ight is simulated, e.g. in
terms of power ows and voltage levels.

Chapter 7 presents the preferred MEA actuator system based on the system
component inventory conclusions and the performed analyses.

Chapter 8 describes the possible future work.
Appendix A presents the permanent magnet model used in the FEM software.
Appendix B illustrates the usage of the FEM software for calculating the

electro motive force.
Appendix C describes the abbreviation used in this thesis.

1.4 List of Publications

During the course of this doctoral study following �ve papers have been published
by the author in the international conferences and a licentiate thesis. These publi-
cations are:
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of Electromechanical Actuators ". The Proceedings of the 2003 International
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Chapter 2

Problem Description

In this chapter the dynamic behavior of aircraft actuator system is described. The
special features of conventional and new actuation architecture are also presented
and in the latter case distilled to a set of relevant device requirements.

For making it easier for the decision makers in the aircraft industry an outline
of the dimensioning tools for MEA actuator system is also presented. In the de-
sign of electric generators and motors for aircraft the compactness and low weight
of the components are of crucial importance. Material cost and production costs
are of minor importance since the gain in reduction of fuel and reduction of the
total system rapidly repays that higher capital cost. The electric drive system needs
to be more e�cient than the hydraulic system it is intended to replace, and has
to be at least as fault tolerant and robust. This report compares several di�erent
electric motor topologies considering torque-output, speed, weight, cost, robustness,
fault tolerance and redundancy. There is also a section on general sizing e�ects,
concerning electrical machines.

2.1 Fundamental Features of an Actuator System in

Aircraft Applications

All aircraft are subjected to the same basic principles of ight control and stability,
whether the vehicle is a sophisticated high-performance �ghter or a simple model
aircraft , see also [25] and [26]. The motion of an aircraft is divided in translational
motion and rotational motion around a �xed set of de�ned axes. For ying from one
point in space to another a translational motion is required. The rotational motion
is related to the motion of the aircraft around three de�ned axes: yaw, pitch, and
roll, see Fig. 2.1. The primary control surfaces serve to provide the aircraft with

15
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its primary modes of rotation: pitch1, roll2, and yaw3 as described below:

� An all-moving horizontal stabilizer and the two elevators provides pitch con-
trol.

� Ailerons on the outer portion of the wing supply the roll control. Outer
spoilers work as supplementary surfaces to the ailerons.

� The rudder at the rear of the vertical tail plane gives the yaw control.

A secondary ight control system is used in airplanes, in addition to the primary
control surfaces, for modifying the lift during certain ight conditions, particularly
take-o� and landing. The high-lift system consists of leading edge slat4 and trailing
edge single-slotted aps5. The aps provide an increase in lift and the slats delay
stall6 to higher angles of attack. In front of the aps spoilers are positioned, which
are used in roll augmentation but also serve as lift dumpers to modify the wing lift
distribution and speed breaks for slowing the aircraft on landing.

In Fig. 2.2 actuator types used in ight control surfaces are summarized. The
Integrated Actuator Package (IAP) is like the EHA, a distributed hydraulic actuator
which is powered by an electric motor driven hydraulic pump. The major di�erence
between EHA and IAP is that the EHA electronic controller actually reverses the
electric motor and pump direction to change actuator direction, thus eliminating
the need for a servomotor or other position control mechanisms. The Electrical
Back-Up Hydraulic Actuator (EBHA), [28], is a combination of a conventional
centralized hydraulic actuator and an EHA. During normal operations the actuator
is controlled by one of the hydraulic lines, however in the event of failure of the
central hydraulic system, hydraulic uid is electrically pressurized (as in the EHA)
and the actuator continues to operate.

Table 2.1 shows how the various actuator types are used for di�erent actuation
tasks for a typical civil airliner.

1Rotation about the lateral axis from wingtip to wingtip is called pitch, responsible for chang-
ing the vertical direction the aircraft's nose or tail is pointing, see [27].

2Rotation about the longitudinal axis passing through the plane from nose to tail is called roll
or bank. The orientation of the aircraft's wings with respect to the downward force of gravity is
changed by ailerons with a bank rotation. This is achieved by increasing the lift on one wing and
decreasing it on the other.

3Rotation about the vertical axis passing through the plane from top to bottom is called yaw
which is accomplished by the rudder. Yaw changes the horizontal direction the aircraft's nose is
pointing, left or right.

4Slats are extensions to the front of a wing for lift augmentation, and reducing the stalling
speed by altering the airow over the wing.

5Flaps are mounted on he inboard section of each wing, e.g. on the trailing edge. They are
deected down to increase the e�ective curvature of the wing and produce additional lift or reduce
the stalling speed of the wing. During low speed operation or high angle of attack these surfaces
are used.

6A stall in aerodynamics and aviation is a sudden reduction in the lift forces generated by an
airfoil, e.g. the shape of the wing.
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Figure 2.1: Flight control surfaces for an airliner, primary surfaces pointed out with
red arrows and secondary surfaces with blue.

Figure 2.2: Actuation types for ight control surfaces

Table 2.1: Typical application of ight control actuation.

Primary Spoilers THSa Flaps and slats

Conv. Linear X X
Conv. screw X X
IAP X X
EHA X X
EMA X X

aTailplane Horizontal Stabilizer, trimming tailplane
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Table 2.2: Ranking of di�erent actuation technology, weight, maintenance and
MTBF.

lineara screwb IAP EHA EMA EBHA

Weight High High Low Low Low High
Maint. High High Low Low Low Highest
MTBFc 50,000 Jam 100,000 40,000 70,000
Upfrontd cost High High High High

aConventional linear hydraulic actuator type
bConventional hydraulic actuator type with a screw mechanism
cMean Time Between Failure (hour)
dTechnology introductional cost

In table 2.2 a comparison of di�erent actuator technologies for the ight control
system of the Airbus passenger airliner, A315 is listed. Factors like, reliability, per-
formance in terms of power consumption, weight, size/volume, and cost are studied.
Although the conventional actuator technology is well tested and reliable it is heav-
ier in a system perspective and require a higher level of maintenance, see [29]. As it
also can be seen from the table 2.2 the Mean Time Between Failure (MTBF) also is
lower for the hydraulic technology with the exception of a conventional screw actu-
ator. The additional introductional (upfront), integration and veri�cation cost are
higher in the new technology compared to the well known conventional hydraulic
system. In Fig. 2.3 the redundant control channels for controlling the movement of
the control surfaces of an A315 are shown. The e�ort in this study, [30] has been
set to implement a Fly-by-wire system. For the ight control computation this
comprises two Elevator Aileron Computers (ELACs), controlling the elevators and
ailerons according to the pilot (or autopilot) inputs. In the proposed system three
Spoilers Elevator Computers (SECs) provide control of the spoilers and secondary
control for the elevator actuators. Further three Flight Augmentation Computers
(FACs) is suggested to provide control of the rudder actuators and the yaw damper
actuators. In order to avoid catastrophal situations and provide safe and com-
fortable ight for the passengers and crew, some control laws are also set for the
movement of the A315 surfaces:

� Pitch: Max 30� at high aircraft speed, Max 25� at low7 aircraft speed, Min
-15�

� Roll: Bank limit 45�, bank rate proportional to side stick8 deection

� Yaw: Pedal9 deection is proportional to yaw rate

7For avoiding reduction in lift forces, e.g. preventing stall condition a lower pitch limit is
permitted at lower aircraft speeds.

8The pilot joy stick must act and respond to the pilot commands as is expected by the pilot.
9The pilot uses a pedal to control the rudder surface, e.g. achieving yaw rotation.
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(a) Elevators

(b) Ailerons

(c) Rudder

Figure 2.3: Flight Control Channels.
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� G-forces: -1g to 2.5g with aps retracted, 0g to 2g aps extended

Beside the control laws, in case of A315, also the following hinge moment require-
ments must be ful�lled:

� Elevator: 1744.4 Nm at -30� deection, -73.6 Nm at 0� deection, -982.6 Nm
at 15� deection

� All-moving Tailplane10: 28677.9 Nm at -13� deection, -6137.8 Nm at 0�

deection, -16850.3 Nm at 4� deection

� Aileron: 1356.5 Nm at -25� deection, -571.2 Nm at 0� deection, -2498.8
Nm at 25� deection11

� Rudder: 5675.9 Nm at -25� deection, 796.6 Nm at 0� deection, -4082.7 Nm
at 25� deection

The requirements on the ight control surfaces vary greatly between one air-
craft type to another, depending upon the mission, range and agility needs of the
vehicle. The greatest di�erence concerns the size of the control surfaces in relation
to the overall size of the vehicle. The control surfaces of a �ghter are much greater
than the corresponding control surfaces on an airliner relative to the overall size of
the aircraft. This reects the maneuverability requirements and high performance
at virtually any cost. The commercial airliner has much more modest control re-
quirements, the passenger comfort and fuel economy are the prime requirements.
Considering these applications, it is possible to group the requirements for new
actuation technology into multiple categories, as shown in table 2.3. This table
serves as a general guideline for important considerations in the development of a
new actuation technology, see [15]. Power and torque density are the most direct
measurable quantities regarding volume and mass constrained applications as table
2.3 shows. Both the peak and average power are of interest when it comes to the
requirements. Although two actuation technologies may have equivalent average
output power, they can di�er much in the level of peak output powers. As the
table also indicates power density is of greater importance than e�ciency for most
applications, though high e�ciency is certainly required. There is also a crucial dis-
tinction between stroke, which can be realized by prolonging a device, and velocity,
which is more critical.

In [19] an e�ort is made to develop a motor drive with a power density of 2.2 KW
kg

for an EMA in a spoiler of a typical transport aircraft. The particular actuation
needs of the vehicles are described and distilled to a set of relevant device require-
ments, see table 2.4. The developed spoiler EMA can meet these requirements

10The trimming tailplane or the horizontal stabilizer is called all-moving tailplane in a transonic
and supersonic aircraft, when the range of velocity is above the speed of sound. This surface is
used to counteract the Mach tuck, an aerodynamic e�ect, whereby the nose of an aircraft tends
to pitch downwards as the airow around the wing reaches supersonic speeds.

11The increased or reduced, e.g. positive or negative, lift require di�erent hinge moment.
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Table 2.3: Ranking of the important technical requirements of actuation.

Primary Performance Secondary Other

Power density [W
kg
]; [W

m3 ] E�ciency [W
W
] Reliability, longevity, fail safety

Torque density [Nm
kg

]; [Nm
m3 ] Sti�ness [ N

mm
] Electromagnetic compatibility (EMC)

Force [N] Stroke [mm] Heat generation management
Velocity [mm

s
] Precision [�m] Power system compatibility

Table 2.4: Technical requirements of spoiler actuator in an typical airliner.

Nominal stroke 152 [mm]
Max axial operating load, compressive 223 [kN]
Max axial operating load, tensile 133 [kN]
Ambient temperature -65 to 70 [�C]
Cooling Passive, no thermal path to aircraft

Power density 2.2
h
kW
kg

i
Fault tolerance Tolerate one and successfully retract spoiler
E�ciency, EM and gear > 81 [%]
E�ciency, Inverter > 93 [%]
Weight < 17 [kg]
Power source 270 [VDC] per MIL-STD-704Ea

Aircraft speci�cation compliance MIL-STD-704E,MILD-STD-461D

aSeries of military standards.

with a peak mechanical shaft power of 40 kW. A �ve-phase switched reluctance
topology was chosen. The EMA design selections were made after comparison of
reliability analysis for both a conventional (induction) 3-phase motor system and
5-phase fault-tolerant system.

2.2 Features of Conventional Actuator Systems

The conventional hydraulic technology is well tested over the past decades and used
by almost every single aircraft for e�cient force transmission. It is also a reliable
technique that delivers the required power in a harsh environment. In Fig. 2.4(a)
a principal sketch of a typical linear hydraulic actuator with dual power supply is
shown. An example of the hardware is shown in Fig. 2.4(b), see also [31]. This
spoiler actuator produces thrust of 60 kN over a working stroke of 15 mm, weighs
8.3 kg, and runs at 3,000 psi.

The actuator itself is lighter than the competing new technology, however with
the central hydraulic system included, the weight is not bene�cial for this technol-
ogy. The mean time between failure is relatively lower for this proven technique
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(a) Conventional linear actuator with two separate
and independent hydraulic power sources, blue and
green channels. The pilot command is enhanced
and transferred to the surface.

(b) Hydraulic spoiler actuator from
[25].

Figure 2.4: Linear hydraulic actuator.

compared to the other solutions. According to [32] the power system in a typical
airliner has a power density about 0.35 kV A

kg
which is very low. Figure 2.5 shows

the typical dynamic load behavior of an actuator for airliner as it moves a steering
surface from rest in one position to rest at another position, see [33].

Figure 2.5: Typical power pro�le.

2.3 Requirements of MEA Actuator Systems

Unmanned aerial vehicles (UAVs) are considered to be one potential application
with actuation needs that might be met by ElectroMechanical Actuators (EMAs).
The moderate size of many of these aircraft makes it feasible to consider the new
type of actuation. The new actuators share Electro-Hydrostatic Actuator (EHA)
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advantages over traditional centralized hydraulics, o�ering a lower weight and are
easier to integrate with other aircraft subsystems. Disadvantage of EMAs compared
to EHAs are their lower acceleration and that failure modes are potentially handled
less gracefully.

In [24] an EHA is considered for the rudder of a future airliner. In this paper
it is stated that the controlled surface must provide an adequate reaction force to
maneuver the aircraft through all possible ight paths. Of particular importance
are the extreme loads often experienced during aircraft failure modes. The most
extreme load condition, the simultaneous failure of all aircraft engines on the same
wing, was considered to be the dimensioning design speci�cation. A net longitudinal
turning moment will be experienced if this failure mode occurs during the ight,
which must be balanced by a counter force generated by the rudder. A high yaw
angle of the rudder will be needed to parry these large aerodynamic forces which
is transferred to the actuator motor as a high torque demand. A BrushLess Direct
Current (BLDC) motor with a hollow rotor and at copper wires for increasing the
packing factor and Samarium Cobalt (Sm2Co17) magnets for temperature stability,
good coercivity, and remanence was developed in this paper. Key issues in the
actuator design were high torque at low speed (typically 50 Nm at 1,000 rpm), high
maximum speed, and low weight. A 50 kW transient shaft power was considered to
satisfy the operational requirements. The operational speed was up to 10,000 rpm.
For this reason a low rotor inertia was demanded to facilitate high-speed dynamic
operation. Although this paper considered an EHA solution for the rudder, the
requirements are very much the same for an EMA solution. The operating ambient
temperature is -50 to 70 �C and pressures between 0 to 1 atmosphere. In Fig. 2.6
a schematic drawing of an EHA is shown. The new actuation architectures, EHA
and EMA o�er speci�c advantages over centralized hydraulic systems. The main
advantage over conventional hydraulic systems is the elimination of the need for
hydraulic lines. A higher frequency response, and a larger peak-to-average output
is promised with an EHA compared to an EMA solution for this rudder. In Fig. 2.7
an example of an EMA is shown with the Actuator Control Electronics (ACE) unit
controlling the power electronics devices, see also [25]. The Fly-By Wire (FBW)
command mode is used during normal operation and Direct Electrical Link Mode
in the event of FBW not available. The Rotary Variable Di�erential Transformer
(RVDT) is a position sensor used for measuring the angular position.

In [34] the application of switched reluctance drives for large aircraft actuation,
and in particular the development of a 25 kW technology demonstrator for a spoiler
surface is studied. The stall condition was one of the critical factors that had
impact on the sizing of both the electrical machine and the inverter phaselegs. The
subsequent temperature rise in the winding and power devices was also a�ected by
this stall condition. In this paper the main performance requirements of the spoiler
actuator with respect to the switched reluctance drive was summarized to:

� The maximum hinge moment is not allowed to exceed 90% in a deected
spoiler surface during the ight.
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Figure 2.6: Schematic of EHA system.

Figure 2.7: EMA system with inner and outer control loops.
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� Surface position holding ability in cruise mode up to 220 minutes followed by
an emergency descent condition up to 6 mins.

� Total actuator weight should not exceed 45 kg, split equally between the elec-
trical machine, the electronic drive unit and the gearbox ballscrew assembly.

� Operation in an ambient temperature range of -65 �C to +70 �C

A 4 phase 8:6 (8 stator teeth and 6 rotor poles) switched reluctance machine topol-
ogy was chosen as it was considered to o�er the best compromise between fault
tolerance and drive complexity. The above mentioned actuator requirements were
incorporated in the electrical machine design to maximize the slot usage, reduce
copper loss and improve the thermal performance by using rectangular wires to
minimizes air space in the slots.

In Fig. 2.8 the redundant control actuation12 architecture for A315 is shown,
see [29].

Figure 2.8: Control surface actuation architecture.

In table 2.5 the requirement speci�cation of the studied EMA for control of the
primary surfaces in an UAV is shown, see [35].

12Blue and green colors are representing two separate and independent conventional hydraulic
actuator systems. Red and yellow colors are representing two separate and independent EHA
actuator systems.
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Table 2.5: Technical requirements of the studied primary surface actuator in an
UAV.

Nominal stroke 100 [mm]
Max axial torque load 1 [kNm]
Ambient temperature -70 to 70 [�C]
Cooling Passive, no thermal path to aircrafta

Fault tolerance Tolerate one and successfully retract spoiler
Weight < 3[kg]
Power source 270 [VDC] and 28 [VDC]

aThe actuator is not allowed to raise the temperature of the surrounding aircraft structure,
no thermal signature.

2.4 Key Numbers

There are di�erent key numbers used in this thesis belonging to di�erent part of the
design process. These are used for making the technology comparison easier in the
actuator assessment tool and in a more detailed system study. These can be used as
input, inside the process itself, or the as output of the process. In the preliminary
and design phases the key numbers, indicating future trends, are estimated based
on existing commercial component data. During the dimensioning design phase a
more thorough technical evaluation of the involved components is performed.

In the preliminary part of the design process, estimation of the actuator sys-
tem weight, cost, and power consumption are important parameters that have
impact of the system dimensioning. Therefore, these three parameters are used, in
chapter 4, as output key numbers in the preliminary design phase. The intended
users are the decision makers in aircraft manufacturing who are not interested in
the detailed design plans of the actuation system, rather in characteristic compa-
rable parameters. These numbers are expressed as functions of technology factors
t1 and t2, mission type and maximum take-o� weight of the carrier. These three
parameters are referred to as system key numbers.

During the project design phase, the above mentioned key numbers are split
into component level numbers. The function actuation is split into inverter, electri-
cal machine, and gear components. The component power losses and weight
contributes to the system power consumption and weight and therefore used as key
dimensioning numbers in this phase of the design. These parameters are expressed
as functions of the component input powers. In the inverter also DC-voltage level
and switching frequency are used as input quantities. For the electrical machine the
torque, the technology factor t1, and fundamental frequency are also used as inputs.
For the gear mechanism the input quantities are the gear input power, the nominal
diameter d0, the technology factor t3, and the rotational speed n. The component
losses and weight numbers are labeled as component key numbers. The split of
the cost parameter is not covered in this thesis.
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In the dimensioning phase the technical aspects of each component are evaluated
with more details. The torque and counter-EMF constants, and losses are
condensed from manufacturer data sheets, FEM, and Reluctance Network Model
(RNM) models into the Time Domain Frequency Separation (TDFS) model for the
electrical machine. Also losses from the gear mechanism and inverter are condensed
from manufacturer data sheets into simple equations, presented in chapter 5. These
input key numbers constitute a platform for the simulation and analysis of the
aircraft power system with the TDFS model. Simulating a mission pro�le gives the
output key numbers, average consumed mission power and torque density,
maximum torque and power, power factor, e�ciency, andDC-bus voltage
level. All except the last one have impact on the dimensioning of the required
power level into the device (size of the inverter) and the last one on the size of the
capacitor bank for minimizing the voltage ripple. A thermal analysis gives a hint
of the temperature rise, for dimensioning the cooling �ns. Another important
key number is the rate of the change of the current, see Eq. 2.1, see [36]. This
parameter let us know how fast the actuator can respond to a load.

di

dt
=

V � EMF

L

hA
s

i
(2.1)

, where V is the terminal voltage, EMF the induced voltage and L the inductance.
These factors are labeled as detailed key numbers.





Chapter 3

MEA Actuator System

Component Inventory

In this chapter the involved components of an EMA, electronic device for supplying
power, electrical machine for converting electrical to mechanical power, and gear
mechanism for transmitting the power to the control surfaces, are described.

A rule of thumb in aircraft component development is to decrease the weight or
increase the compactness with the output maintained at the same level. A higher
initial material cost or production cost related to this development is acceptable in
the light of gains in reduced fuel consumption or higher payloads because of the
lower component weight. For making the aircraft industry more willingly towards
this new technology, the e�ciency, fault tolerance level, and robustness needs to be
better or at least the same as in a conventional system. A brief comparison, consid-
ering torque-output, speed, weight, cost, robustness, fault tolerance and redundancy,
between di�erent EM topologies is presented in this chapter.

3.1 Electrical Power Converters

The function of the power converter (inverter) is to provide appropriate voltage
and current to the Electrical Machine (EM). The most common technique used is
Pulse Width Modulation (PWM) where a DC voltage is chopped in pulses, see [37].
From mathematical standpoint we know that a rectangular periodic pulse comprises
several sinusoidal components in addition to the DC-o�set, i.e. the average value.
The �rst component is related to the fundamental frequency while the rest are
related to the harmonics. Often the harmonic content of the voltages and currents
are not desired. In these cases a �ltering capacitor can be used. The capacitor
with the winding inductance of the electrical machine will work as a �lter which
block these high frequency components. Choosing a proper switching frequency of
a PWM inverter is not always trivial, high frequency means less output current
ripple however also an increase of the switching losses. In [18] it is stated that the

29
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redundancy in the drive function can be achieved if each drive system, i.e. one
drive system per phase, is handled and made fault tolerant separately. In Fig. 3.1
an example of such a solution is shown where a 2 x 3 phase machine is supplied
by 2 x 3 separate switching bridges. Note that the machine is divided into two
halves. The obvious disadvantage of such a system is the increase of the number

Figure 3.1: Fault redundant switch bridges supplying a 6-phase machine.

of components. However the voltage rating of such a system can be reduced since
the maximum voltage that each bridge is exposed to, is the phase voltage rather
than the line voltage. The inverter switching losses will be reduced as a result of
this, which can be used in form of a reduced heat sink demand, implying weight
savings. The faults that are often related to a drive system are: winding open
circuit, winding short circuit, inverter open circuit, inverter short circuit, power
supply failure, position sensor failure, and combinations of the above mentioned.
The losses related to inverters that are dependent on the duty cycle of the involved
components are 'turn-on' and 'turn-o�' switching losses. The voltage drop over the
freewheeling diodes will also contribute to the losses. An example of such device
suitable in aircraft industry can be found in [38].

In Fig. 3.2 di�erent solutions are presented for aircraft power converters. The
current fed converters are used for high power applications, see [37]. The power can
be transferred directly from an AC system to another AC system, through a Matrix
converter or indirectly via a DC-link. Both current and voltage fed converters can
be divided in hard, snubber, or soft switching devices, see [39]. The hard switching
converter, PWM converts a DC voltage to a variable AC voltage and frequency, us-
ing sinusoidally varying pulse width. With this technique the switching frequency
and power range is limited. A way of increasing the switching frequency and power
range is to use a Snubbered Switching Converter (SSC). This converter is a mod-
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Figure 3.2: Power converter options for aircraft applications.

i�cation of a PWM switch combined with a turn-on inductor (a series inductor
to limit the inrush current) and a turn-o� capacitor snubber (to limit the voltage
rise). In this way the energy is diverted from the device during the switching tran-
sition. Soft switching converters are of two types, Zero Current Switching (ZCS) or
Zero Voltage Switching (ZVS). The �rst one uses purely inductive snubbers so that
the device turn-on and turn-o� occur with virtually no current in the device. The
latter uses purely capacitive snubbers that require the device to turn-on with an
conducting anti-parallel diode. With this technique the device losses are reduced
allowing higher switching frequencies, higher converter e�ciency, and higher reli-
ability. Further the appropriate switching components for aircraft application are
MOSFET1, GTO2, IGBT3, and MCT4 according to the authors of [39]. In [19] a
soft switched inverter topology was suggested, containing IGBTs. As a measure
for increasing the fault tolerance the inverter circuit was partitioned in such a way
that most of the components corresponding to each phase are integrated in a single
power module. A power density up to 2.2 kW

kg
was predicted for the motor drive.

In Fig. 3.3 the frequency and power range of di�erent power devices is shown.

In [40] the bene�ts of a higher voltage rating of the switching device in an
automotive application are highlighted. By increasing the voltage level from 42 to
300 V with the power level maintained, losses decrease with decreased currents.
The cost of the device is increased from 0.6 to 1.6 units. Optimizing the electric
drive train with a 42 V system will only result in a 10% fuel economy gain while
with a 300 V system the gain is 45 %.

Two ways of increasing the power density of an electric-motor-driven, large

1Metal Oxide Semiconductor Field E�ect Transistor
2Gate Turn-O� thyristor
3Insulated Gate Bipolar Transistor
4MOS Controlled thyristor
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Figure 3.3: Power and frequency range of di�erent power devices.

aircraft engine fuel pump are either to increase the maximum speed to 50,000 rpm
or increasing the pole number, see [41]. In this study the necessary power densities,
reliability, and environmental speci�cations for the aircraft engine fuel pump were
addressed. Multi-layer ceramic capacitors and Isolated Gate Bipolar Transistors
(IGBTs) in parallel with no snubbers were considered for the �ltering capacitor
bank and the inverter function.

The direct AC-AC converter or matrix converter is another form of device that
can be used for transferring the power to the electrical machine, see [42] and [43].
With this topology the relatively bulky capacitor bank on the DC side can be
eliminated, leading to reduced size and weight and higher reliability compared to a
conventional AC-DC-AC converter con�guration.

Figure 3.4: Principal sketch of the matrix converter topology.
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Table 3.1: Ranking of di�erent EMs for MEA application, 1=low,4=high.

AM PMSM SR SM

Power density 1 2 3 4
Maintenance need 1 1 1 2
Reliability 1 3 2 4

3.2 Electrical Machines

In this section a comparison between di�erent EM topologies is presented mainly
with high torque density in mind. There are several di�erent Electrical Machine
(EM) topologies, presented in [44] and [45], suitable for EMA applications. A rough
comparison between these electrical machines is presented in Table 3.1. From Table
3.1 one can see that the Synchronous Machine (SM) has the highest power density
and reliability. The other electrical machines in Table 3.1, Asynchronous Machine
(AM), Permanent Magnet Synchronous Machine (PMSM) and the Switched Reluc-
tance Machine (SRM) have lower power densities and reliabilities than the SMs.
All four electrical machines have almost the same maintenance requirement. In a
synchronous EM the rotor position is required for the ability to control the currents
synchronous with the rotor. Only currents synchronous with the rotor contribute
to the torque production. Other characteristics of synchronous electrical machines
are low torque ripple, good low speed and positioning behavior, and low harmonic
losses.

Temperature is often mentioned as a critical dimensioning parameter for Per-
manent Magnet (PM) machines. The losses related to the windings of the electrical
machines will increase with temperature (i.e. the copper resistance is tempera-
ture dependent). High temperature has also a demagnetization e�ect on the PMs.
Another important issue for electrical machines is the coil inductance. A high in-
ductance value yields lower current ripple, and a low value results in faster torque
response time. A trade o� must be done between these two contradictory conditions
as a low current ripple is demanded as well as a fast response to a load torque.

In Fig. 3.5 several candidates for MEA applications are categorized according to
their ux orientation, commutation and excitation methods, and rotor excitation
methods. The Induction Machine (IM) often used as reference when comparing
to other machine types, is relatively cheap and robust which makes it popular in
the industry and therefore shown in Fig. 3.5, although it is not considered as a
candidate for MEA. Also the SM and Brushed DC (BDC) machines are shown
in Fig. 3.5, however not further analyzed in this thesis because other candidate�s
o�er higher torque density. The winding and brushed blocks are dashed and omitted
from the scope of this thesis because of their corresponding low energy density in
the �rst case and in the latter case because mechanical complications may occur.
The DC machine needs a simpler position sensor and usually has a higher torque
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ripple.

Figure 3.5: Categorization of motor types

It should be mentioned that the EMs can also be divided in two other groups
depending on how the windings are wounded around each stator tooth, not shown
in Fig. 3.5. It can be either distributed or concentrated. Concentrated winding
arrangements are often used in SRM and PM machines.

Permanent Magnet Materials

The �rst observations of attracting forces of the magnetic materials was made about
2800 years ago. The only known magnetic material at the time was lodestone which
is rich in magnetite (iron oxide mineral, Fe3O4) and magnetic in its natural state.
The high magnetic �eld needed for magnetic saturating of lodestone was probably
caused by lightning with currents as high as 1000,000 A.

Despite the early discovery of the attraction phenomena of permanent magnets
it wasn't until the 19th century that utilization of permanent magnets in di�erent
applications blossomed. It was the work of �rsted, Faraday, and Sturgeon that
paved the way for understanding the relation between magnetism and electricity
which in itself made it possible to magnetize materials with electromagnets. It took
another century to develop useful commercial permanent magnets, �rst with mag-
netic steel followed by an aluminum-nickel-cobalt alloy (AlNiCo) in the 1930's. The
latter was the �rst material suitable for electro-mechanical devices and is still used
in a declining number in special applications. The low coercive force, Hc is the dis-
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tinguishing feature of this alloy which makes it unpopular. The coercive force and
the energy product (BH)max increased substantially with the introduction of ferrite
permanent magnets (in principle Fe203) in the 1950's. The price to performance
ratio made this material very popular and is still used for example in loudspeakers
and small DC motors. The relatively low remanence Br disquali�es this alloy for
high performance machines where a high air gap ux density is required. Dur-
ing the 1970's another alloy, the sintered rare-earth cobalt magnet was developed
which o�ered higher remanence and coercive force than the ferrite magnets. The
samarium-cobalt (SmCo) magnets o�ered a signi�cantly higher energy density and
demagnetization range (high intrinsic coercive force, Hci) than before and was a
suitable and superior candidate for high performance machines but su�ered from
a high material cost. The focus on cost-e�ectiveness led to the development of
neodymium-iron-boron (NdFeB) magnets in the 1980's with higher energy densi-
ties than the samarium-cobalt magnets. Drawbacks with the neodymium magnet,
is its lower Curie temperature and chemical reactivity leading to corrosion prob-
lems and lower thermal stability compared to the samarium-cobalt magnet. The
electrical conductivity of rare-earth alloys yield eddy current losses in contrast to
non conducting ferrite magnets. More historical details about permanent magnets
materials can be found in [46], [36], [47] and [48].

Figure 3.6: Typical hysteresis loop for permanent magnetic materials.

In Fig. 3.6 a qualitative hysteresis loop of a permanent magnet material suited
for PM machines is shown. The magnet material advances are illustrated in Fig.
3.7 in terms of energy density, remanence and coercive forces.

Some characteristic properties of permanent magnet materials are:

� If the material is magnetized it will retain a considerable magnetization, called
remanence, after the external magnetization is switched o�.



36 CHAPTER 3. MEA ACTUATOR SYSTEM COMPONENT INVENTORY

(a) Development of magnet materials
regarding its energy density.

(b) Comparison between magnet mate-
rials regarding its coercivity and rema-
nence at room temperature.

Figure 3.7: Magnet material advances.

� The magnitude of the remanent magnetization, M is temperature dependent,
maximum at 0 K and decreasing with increasing temperature.

� There exists a temperature limit Curie temperature TC , over which the mag-
netization disappears.

In Fig. 3.8 typical demagnetization curves of high temperature NdFeB magnets
are shown. In this �gure the magnetic polarization, J = �0M and the ux density,
B are plotted versus the magnetic �eld, H for di�erent temperatures in the second
demagnetizing quadrant.

Permanent Magnet Machines

The direction of the active air gap ux is often used for dividing PM electrical ma-
chines in sub-categories, namely radial, axial, and transversal PM machines. The
most common PM electrical machine is the radial ux machine. The popularity can
be explained by the capability of increasing torque and power of the machine simply
by stacking more laminated iron in the axial direction. This modularity feature is
also inherited of the axial and transversal machines. In electrical machines with
permanent magnets the coercive and remanence force of the permanent magnets
decrease with increasing temperature. The temperature also has a demagnetizing
e�ect on the permanent magnets. Another disadvantage related to the EMs with
permanent magnets is the constant coercive force that cannot be turned o� in crit-
ical situations. In these situations a high reactance in the stator teeth is favorable.
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Figure 3.8: Demagnetization curves for a high temperature NdFeB magnet

Phase short-circuits is one example of such a critical operation situation that can
occur in an electrical machine. In combination with the constant ux from the
permanent magnets a breakdown of the machine then can occur.

Linear Electrical Machines

Electrical machines, due to their application, are almost exclusively of a rotary
con�guration. Notable exception to this is levitating high speed trains, (Maglev)
for transportation purposes, see [49]. In Fig. 3.9 the basic form of a linear machine
being derived from its rotary counterpart is illustrated. An ordinary linear actuator

Figure 3.9: Imaginary obtained linear machine from an unrolled rotary machine.

like the rotary counterpart will be subjected to magnetic saturation in the stator
if the �eld is high enough. For avoiding the saturation a Variable Reluctance Per-
manent Magnet Machines (VRPM) is suggested where the stator pole is split into
smaller parts interacting with smaller individual rotor poles, each a surface mounted
permanent magnet, see [49]. As a result the machine size can reduce. However the
power factor of these machines are in the same range as the transversal machines5

5A transversal machine is the ultimate VRPM.
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typically 0.35 - 0.55. In Fig. 3.10(a) a linear transversal machine is shown, see [49].
The translator shape with tooth and slot combinations, yields a variable reluctance
which in combination with the ux generated from the coil assembly produces a net
force in horizontal direction, see Fig 3.10(b). The magnets enhance the coil ux,
see also [50]. This electrical machine con�guration is called the Vernier Hybrid
Machine (VHM) which is a combination of reluctance and transversal as a linear
electrical machine, see [49].

The need for a screw mechanism attached to the rotor shaft, for linearizing the
rotary motion, is eliminated in a linear electrical machine. In Fig. 3.11 an example
of such an actuator is shown, see [51]. The attractive force from the linear motor
is used to pre-load a carriage supported by (porous carbon) air bearings.

In Fig. 3.12(a) schematic diagram of another similar linear actuator is shown,
where the permanent magnets generate an attractive force between the two bodies
and the generated ux from the coil is used to enhance or counteract the constant
magnet ux periodically, resulting in a net axial force. In Fig. 3.12(b) the principal
drawing of such actuator is shown, see [52].

Radial Electrical Machines

In the Radial Flux Machine (RFM) the rotor is often placed inside the stator core.
Further the mounting of the PMs is used to divide these machines in three sub-
categories, namely surface-mounted, inset and interior rotor designs, shown in Fig.
3.13 with d-q (direct current-quadrature) coordinate system pointed out, see [48].

In high speed applications with surface-mounted magnets some form of bandage
arrangement is required to keep the magnets in position. High energy permanent
magnets, as NdFeB (Neodymium Iron Boron), have a relative permeability close to
1. The surrounding air has also almost the same relative permeability, yielding a
negligible leakage ux. Therefore the reluctance in the ux paths along both d and
q axis are nearly the same, yielding low saliency. The magnet surfaces will also be
exposed to eddy currents causing additional losses.

The air gap between the magnets on the surface of the rotor could also be
replaced by iron as in an inset RFM. The reluctance along the d and q-axis are
then not equal which results in saliency. More magnet material is required in an
inset machine compared to a surface mounted. The reason is the increase of the
ux leakage. The magnets can also be buried inside the iron in an interior PM
electrical machine. As in the inset arrangement the leakage ux is also higher than
in surface mounted RFMs. However this con�guration will protect the magnets from
demagnetizing currents and have better �eld weakening range. A PM machine has
a signi�cantly greater speci�c output compared to a SRM at the expense of lower
fault tolerance. Furthermore the temperature limitations are more pronounced
because of the thermal limitations of the PMs.

A 3.7 kW BLDC machine topology with two 3-phase halves was used in [53]
in an EMA. The aileron surface was the target surface for maneuvering with this
actuator. It was shown in this paper that the resulting performance was very close to
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(a) Vernier Hybrid Machine.

(b) Flux pattern due to translator variable reluctance, coil and magnet
uxes. Resulting in a net horizontal force, vernier hybrid machine.

Figure 3.10: Vernier, linear TFM.
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Figure 3.11: Linear electrical machine with permanent magnet excitation.

that of the standard hydraulic actuator it replaced. The most pronounced problem
was the actuator thermal performance. This actuator weighted 12 kg, had a stroke
of 105 mm, and tolerated a maximum load of 6,000 kg. In [54], an EMA actuator
for a large turbo fan was designed based on a BLDC motor with two 3-phase halves
and two resolvers, due to redundancy. According to the same paper the BLDC
motor was chosen because of its fast response time and tight positional control
limits. Further it is considered in this paper that the BLDC is more appropriate
than the SRM for low speed applications. The investigated topology was rated to
give 4.3 Nm at 9,000 rpm.

In [3] a 250 kW integrated PM aircraft generator is studied with the normal
operation speed range of 1,050-3,100 rpm and down to 250 rpm in critical situations.
In this study the fault tolerance level is considered reasonable and the PM generator
was preferred because it had a high speci�c weight and good e�ciency throughout
the whole speed operation range. It was also easy to cool and potentially more
reliable than the conventional AC generator.

Axial Electrical Machines

The active ux in the air gap of an axial ux machine ows in the axial direction.
This kind of machine has a short axial length and a relatively large diameter and
the rotor has permanent magnets. In Fig. 3.14(a) a sketch of an axial ux machine,
a so called Torus machine is shown and in Fig. 3.14(b) the ux paths in a typical
axial ux machine are illustrated. The Axial Flux Machines (AFMs) have high
torque densities and therefore represent a suitable candidate in a MEA actuator
application.

The most common structure is the double-sided, as it balances the axial forces.
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(a) Schematic diagram of an actuator with air-bearings
and a slot-less linear motor

(b) Principal sketch of the linear actuator seen from the side.

Figure 3.12: Linear actuator.

In this way either the rotor is placed between two stator discs or the stator is
housed between two rotor disks, see Fig. 3.15. The modularity of the machine is
also an advantage since units can be stacked after each other in the axial direction.
Beside the MEA application the AFM is suitable for automotive industry, where the
dimensional aspects are favorable (small L/D ratio), like in a wheel motor for electric
vehicles. In [40] the L/D ratio of 0.2 was used for an automotive integrated starter
generator. The manufacturing part of AFM can be regarded as a disadvantage
since it needs di�erent type of production equipment compared to the much more
used radial ux machines, which in its turn increase the cost of manufacturing, see
[55].

According to [56] AFMs are particularly suitable for compact, integrated designs
with direct-mechanical coupling. High e�ciency even at low power ratings and a
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Figure 3.13: Basic sketch of, 8-pole, RFM rotor con�gurations : (a) surface-
mounted magnets (b) inset magnets (c) buried magnets

(a) Torus machine (b) Flux paths of an axial machine

Figure 3.14: Axial machine
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Figure 3.15: Axial ux machines with dual air gaps. The left machine with one
stator and two rotors and the right with two stators and one rotor

high torque density are highlighted as bene�ts of this topology. Another author,
[57] uses AFM in a hybrid electric vehicle application as a starter/generator with a
maximum speed of 16,000 RPM, since it o�ers a compact short frame machine con-
struction, high power and torque density, and high e�ciency (due to the permanent
magnets instead of rotor windings).

AFMs in combination with concentrated windings, one phase winding per tooth,
are discussed by authors in [58]. In this case the permanent magnets are skewed for
less torque ripple, but this also gives a less average output torque. One of the rea-
sons behind the popularity of concentric windings compared to wave (distributed)
windings is their easier manufacturing structure.

On an AFM, the end winding lengths are relatively short, giving low winding
resistance. Further the rotor discs act like fans, giving good ventilation. In [11]
water-cooling is suggested for lightweight applications, where the stator back can
be designed ironless giving room for water-cooling.

Transversal Electrical Machines

The Transversal Flux Machines (TFMs), shown in Fig. 3.16 o�er high torque
density at the expense of a low power factor. In this case the ux path is transversal
to the direction of motion, the stator current ows parallel to the rotation direction
and the rotor may consist of surface mounted permanent magnets, polarized in the
radial direction, or of buried magnets polarized in the peripheral direction (giving
ux concentrations). In Fig 3.16(b) a two phase TFM is shown, see [59]. In [60]
a special version with a ring magnet axially magnetized is also presented, shown
in Fig. 3.16(c) The ripple and cogging torque are also relatively high in such
machines. The harmonic contents of the stator winding MMF interacts with the
ux harmonics of the magnet for producing the output torque. The absence of end-
windings makes the copper losses relatively low. In Fig. 3.16(a) a principle layout
of a transversal electrical machine and the direction of the ux from the permanent
magnets are shown. The power factor for a transversal electrical machine can be
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between 0.35 (with surface mounted magnets) and 0.55 (with ux-concentrated
electrical machines). In [61] it is stated that buried magnets give higher speci�c
torque than surface mounted magnets but the rotor will be di�cult to manufacture.
In [62] the ux concentrated rotor is also found to give better performance, both
concerning torque production and the power factor. However both constructions
give radial ux in the air gap. The stator consists of the core and a ring winding
and each phase consists of one package. Several one-phase machines can be stacked
in the axial direction to build a poly-phase machine. The stator can be single-sided

(a) Principle sketch of a transversal ux electrical machine in left and the
ux path in a transversal machine in the right.

(b) Two-phase TFM for automo-
tive application (Courtesy of Voith
Turbo).

(c) TFM with a axially magnetized
ring magnet from [60].

Figure 3.16: TFM

(no outer stator ring coil), or double-sided (with outer stator ring coil), and with
di�erent shapes of the core shown in Fig. 3.17, see [63]. According to [45] double-
sided TFM is the variation that gives the highest speci�c output (torque per unit
volume or mass) and a relatively high power factor but on the other hand it is
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complicated to manufacture. The construction complications are also highlighted
in [64], where it is stated that the double-sided stator arrangement provides very
little space for �xating the magnets and ux concentrators mechanically to the
rotor. The inherent low mechanical sti�ness due to the presence of two rows of
magnets and ux concentrators is another issue concerning the double-sided stator.
Each row must be mechanically joined together in the central part and can only
be attached from one side. In [65] a 20 kW, double-sided TFM is compared with a

(a) Single-sided transverse ux
topology with stator iron bridges.

(b) Double-sided trans-
verse ux topology with
stator iron bridges.

Figure 3.17: Principal drawings of TFM

C-shaped stator core TFM for marine application speeds below 200 RPM. The C-
shaped design is mechanically strong and easy to manufacture according to the same
author. The C-shaped stator core is also investigated [66] for a marine propulsion
application (a 20 MW machine with a rated speed of 308 RPM).

Other types of TFMs like the claw-pole machine or Z-TFM (referring to the
shape of the claw) and E-TFM (referring to the shape of the stator tooth) are
described in [67] and [68] respectively. The authors in [64] modi�ed the TFM
concept in several steps in order to obtain a machine geometry that allows easy
production and low mass of the active material. One of the their suggestions is the
toothed rotor structure (laminated) that enables an easier magnet assembly. The
speci�c cost per torque is found to be lower for the TFMs with a diameter between
0.5-1 m compared to conventional PMSMs with the same diameter, see [69].

Most applications where TFMs are used demand high torque (usually with high
pole number) combined with low speed, like direct drive applications as traction
motors in trains [70], or for generation of electricity by wind-energy or for the elec-
tric propulsion of naval ships. The speed is however not a limitation regarding the
TFMs. The most obvious advantages of the TFM are high torque density and the
lack of end windings, see [71]. Another bene�t is that the phases are electromechan-
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ically decoupled as the phases are separated (even though high leakage between
phases can occur in some cases). The cogging torque can be reduced by varying
the position of the rotor or stator parts in the circumferential direction. The down
side of all these type of machines are the low power factor (due to large armature
leakage �elds), complex construction, and three-dimensional magnetic �elds, which
make lamination di�cult, see also [72].

Claw-Pole Machines

Lately, new designs of stators for small high performance AC machine applications
have been using claw-pole arrangement, a special kind of TFM. The stator consists
of core of claws with ring coils, as shown in Fig. 3.18, where a one-phase module
is shown. The Single-phase ring type is the most common design of the stator
winding, however the phase number is not a limitation and in some designs even
poly-phase stator windings with claw-pole structure are studied, as in [73]. Since
the ux in such machines is three dimensional conventional laminated steel is not
useful and therefore other core materials like Soft Magnetic Composites (SMC)
with low conductivity and isotropic magnetic properties in 3D, see [74], is a good
candidate.

(a) The claw-pole mo-
tor (20 poles).

(b) Flux density in a two-
pole-pitch model of one
phase of a claw-pole motor

Figure 3.18: Claw-pole machine

A Claw-Pole Machine (CPM) has an upper size limitation since the technol-
ogy for pressing large components is not available. The CPM inherits the high
torque/weight ratio of the TFMs beside the property of simple constructions yield-
ing an easy assembly. Just like the TFM, the torque capability of the machine can
be increased with the number of poles up to a point where the leakage becomes
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too large. As TFMs it also shows low power factors. Another disadvantage of such
machine is its slightly higher hysteresis losses.

The rotor can be magnetized with permanent magnets, as in [72], or consisting
of an armature winding as pointed out in [75]. The magnets can be bonded to the
surface or buried in the rotor core, yielding ux concentration.

The di�erent designs mainly have a common goal to maximize the torque density
and in the same time minimize the leakage ux. Other common criterions are
minimizing the cogging torque and yielding an easy topology for manufacturing
and production. The CPMs are attracting interest in some applications with a
power range up to 3 kW due to their low production cost, [75].

Switched Reluctance Electrical Machines

The Switched Reluctance Machine (SRM), shown in Fig. 3.19 is described by the
author of [76] as an electric motor in which torque is produced by the tendency of
the rotor to move where the inductance of the excited winding is maximum and
the reluctance minimum. The winding can be the conventional poly-phase type
or consisting of a number of electrically separate circuits where the stator winding
comprises a set of coils, each wound on one pole and excited by a sequence of current
pulses applied to each phase in turn. Further both the stator and the rotor in a SRM
have salient poles. As in the case of CPMs the SRMs also bene�t from a simple
mechanical construction, yielding low manufacturing and material cost (there are no
permanent magnets). The main advantage of the SRM is the fault tolerance feature
which makes it a good candidate for MEA applications. Also minimal temperature
e�ects (essentially limited to variations of the stator resistance), possibility of high-
speed operation, low inertia, short end-turns, ease to repair are other advantages
of this structure.

Figure 3.19: Cross-sectional sketch of a synchronous reluctance machine

For MEA applications, it is often the fault tolerant abilities of SRMs, as well as
being able to operate at high speeds and the possibility to withstand high tempera-
tures that are highlighted in references. According to [77], the SRMs are considered
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to be robust and fault tolerant and capable of high power densities. These prop-
erties are important attributes in the hostile environment of an aircraft in ight
along with the safety critical nature of the application and the limitations on the
available space and weight onboard an aircraft. Increasing the number of motor
phases is favorable for a high level of post-fault output power and redundancy. A
minimum number of phases however improves the reliability of the power converter,
sensors and control circuits. The preferred SRM converter topology is the classic
H-bridge consisting of 2 transistors and 2 diodes per phase. Other variants with
fewer components also exist, but imply sacri�ces in redundancy and high power
output. A trade o� between the number of components and motor fault tolerance
led to that after repeated component failures the classical converter topology was
chosen in [77] despite the fact that higher numbers of switching elements improved
the output. In Fig. 3.20 several reluctance machines are shown, with di�erent
phase and pole numbers.

Figure 3.20: Several types of reluctance machines. (a) 4-pole 3-phase, (b) 6-pole
4-phase, (c) 8-pole 5-phase machine, (d) full-pitch 4-pole 3-phase, (e) stepped-gap
2-pole 2-phase and (f) 10-pole 3-phase machine

The author of [78] promotes the high power density of SRM for an aircraft engine
fuel pumping application. In this paper a 90 kW, 25,000 rpm machine is studied. It
is stated that there exists a fundamental maximum torque density attainable from
the SRMs and an estimate of this maximum torque density limit, according to this
author is 105 Nm

m3 . The power factor is further found to be less than other similar
AC machines.

In [79] the advantages of a 250 kW SRM for an aircraft engine starter/generator
is referred to. In [80] a 250 kW two-channel6 experimental SRM-based aircraft
engine starter/generator system is presented. Two separate and independent loads
are being fed via the two power channels. The total system is rated for 250 kW
continuous load and 330 kW load during 5 s. The two-channel system o�ers the
redundancy demanded by aircraft applications. Also in [81] the performance of a
SR 250 kW starter/generator is discussed. They stated that the maximum load at

6A single SRM is providing power via two separate channels.
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minimum speed is the dimensioning factor when it comes to the size of both EM
and the inverter.

In [77] and [34] a 25 kW SRM was presented for an aircraft spoiler surface
EMA. The design and sizing depended mainly on the requirements on load and the
frequency response as well as various spoiler duty cycles. However, stall-conditions
, losses and subsequent temperature rise in the windings and power devices was the
critical factor in sizing both the machine and the inverter phase legs. The topology
giving the best trade o� between fault tolerance and drive complexity was presented
as a 4 phase 8:67 machine. Further in this design, rectangular wires, low thermal
resistance slot liners, minimized air space in the slots, and a stepping reference
position was considered for maximizing the slot usage, reducing the copper losses
and improving thermal performance. The result indicates that all requirements can
be satis�ed by the SRM solution, but stall requirements may bring the inverter size
and weight to an unacceptable level. In [19] a motor drive system with a SRM also
was considered for an aircraft spoiler surface EMA. The topology giving the best
trade o� between high power density and fault tolerance with e�ciency higher than
80% was found to be a 5 phase 10:8 machine with a peak shaft power of 40 kW,
and a maximum speed of 23,000 RPM. For improving system reliability and power
density sensor-less operation was considered.

The SRM is suitable according to authors of [82] as a potential source of pri-
mary aircraft electric power and engine starter. The advantages of SRM such as
reliability and fault tolerance are also highlighted in this paper. The absence of
permanent magnets and the magnetic and electric independence of the phases im-
prove reliability. The mechanical integrity of the rotor permits high speed and high
temperature environments which in its turn means the possibility of direct-drive
and, hence, the elimination of gear box and hydraulic system accessories on the
aircraft.

High Speed Machines

Electrical machines with higher speed than 10,000 rpm are classi�ed as High Speed
Machines (HSPs), see [83]. This machine type is another option with high power
density. Often this type of machines are chosen to reduce the size and the weight of
the system. Other advantages of this type of machines are, according to [84], energy
savings, improved e�ciency, controllability, increased speed range, and considerably
reduced maintenance e�orts. Further they mean that in the case of PMSMs there
exists an upper limit for the power output at higher speeds, namely 1 kW at 50,000
rpm. In a SRM the limit is 30 kW at 30,000 rpm.

The high-speed SRM rotor needs to be laminated to limit the core losses originat-
ing from slot-harmonics, and the interpolar gap should be �lled with non-conducting
material to reduce windage losses. At higher frequencies, the eddy-current losses
increase faster than f2. These additional losses are often named excess losses,

7m:n referring to the number of the stator and rotor teeth in a SRM.
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explained further in chapter 5.1. The thickness of the laminations are used as a
parameter to restrict these losses, however if the frequency is high enough then
decreasing lamination thickness is not enough. One could think that just by de-
creasing the lamination thickness, this problem would be solved, however in practice
there is a lower thickness limit set by the increase in handling costs and the fragility
of individual laminations.

In [76] the factors limiting the upper speed limit of switched reluctance and
permanent magnet machines are stated. In the case of SRMs these factors are the
core and windage losses, the mechanical integrity of the rotor, the shaft dynamics,
the bearings, and the volt-ampere rating of the controller. In the case of PMSM
the permanent magnet losses, the mechanical strength, and the attachment of the
magnets on the rotor are added to the topics mentioned above.

The centrifugal force acting on a the rotor is proportional to the velocity squared
and inversely proportional to the radius of rotor. As a result, for high-speed appli-
cations the rotor must be designed with a small radius in order to reduce tensile
stress, and must have a very high level of mechanical integrity, see [57]. In this study
of a high speed AFM, it was found that the air friction was quite high. The air
pressure was lowered to limit these losses, however it counteracted the heat transfer
of the rotor heat to the stator. As mentioned above the permanent magnet losses
increase with the frequency, but as for the stator core, lamination of the magnets
is not an option according to the same author. Instead it is suggested that low-loss
material for the rotor, use of slot-tops8, and design of the converter and its control
are such that the time harmonics of the stator currents are reduced. In Fig. 3.21 an
1 kW high speed machine with double rotor and slot-less stator structure is shown,
see [85].

Figure 3.21: High speed 1 kW axial ux machine.

In [86] high-speed drives for mass market products was investigated. The au-

8Di�erentiating the slot width in a way that the part facing the rotor is smaller than the part
containing the winding. The slot-top is the width of the slot opening upper part, which doesn't
contain any winding.
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thors of this article showed the possibility of weight reduction by running a BLDC
with a gear-mechanism at 100,000 rpm. In this way the system mass is reduced
by a factor of two. Their choice of the BLDC machine (with concentrated wind-
ings) instead of SRM or induction machine was the better power density o�ered by
BLDC.

In [87] surface mounted permanent magnets on the rotor with a �bre bandage
was used in a high-speed generator system. The �bre bandage was chosen instead of
a non-magnetic metal cylinder, since the cylinder would result in high eddy current
losses due to the slotting of the stator. This was despite the shielding e�ect of the
rotor and reduction of the rotor losses by the cylinder.

In [88] the e�ciency, cost, size, and acoustic noise of SRM and PM motors were
considered for high-speed drives used in industrial applications. In order to reduce
the rotor losses, they preferred to use bonded9 NdFeB magnets over laminated
magnets. In this way a more cost e�ective design, despite a lower remanent ux
density, was suggested. The bonded magnets have a high resistivity yielding low
eddy current losses.

3.3 Fault Tolerance and Redundancy

In aircraft applications function redundancy is of crucial importance. In Fig. 3.22
an example of redundant distribution lines is shown. The electrical machine is fed
through two separate distribution lines.

Figure 3.22: Distribution redundancy in EMA.

9The powder particles of the magnet material is mixed with non-resistive material to get high
resistivity.
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The concept of a fault-tolerant machine was highlighted in [17]. The fault tol-
erance was de�ned as the continuation of the machine operation in a satisfactory
manner after sustaining a fault, thus giving a minimum level of operation once
faulted. The principal fault conditions, which can occur inside the electrical ma-
chine, are winding open-circuit, winding short-circuit (phase to phase) and terminal
winding short-circuit. In the case of the power converter, the faults to consider are
power device open-circuit, short circuit and dc link capacitor failure. For address-
ing these issues a multi-phase10 drive, in which each phase is regarded as a single
module, is considered. In this way electric11, magnetic12, and thermal13 interaction
between phases of the drive is minimized. The separated half-bridges are used for
each phase to decouple the phases electrically. One phase winding per slot assures
magnetic insulation, the inuence of armature reaction, which couples the phases
magnetically, should be reduced by retaining sleeves combined with deep magnets.
The short circuit currents will be limited by a high phase inductance. Physical
separation of phases is also achieved by wounding one phase winding per tooth.
E�ective thermal isolation between phases can be assured by cooling of the stator
outer surface together with the physical separation of phases. Applying the above
mentioned measures will result in a competitive fault tolerant BLDC machine giving
a higher torque density than the equivalent SR machine.

The concept of redundancy of the power source for future EMAs is also dis-
cussed in [53]. Implementing parallel (dual) channels mean bigger thermal and
radiation/EMI14 problems according to the same authors, although meeting the
redundancy requirements.

In [89] a survey is presented over the fault conditions that can occur (in the
di�erent parts of the actuator and its sensors) and the hardware con�guration for
avoiding the loss of functionality when these faults occur.

In [90] for function redundancy both an EHA and an EMA is suggested to
operate on the same control surface. For decreasing the power dissipation, a new
operating mode is suggested (instead of both actuators sharing the load). The EMA
is suggested to follow the movement without carrying any external load.

3.4 Gear Mechanisms

Often two types of gears are discussed in the MEA context regarding transferring
a rotation to a linear motion, namely ball respectively planetary roller screws, see

10Reliability increases with increased number of independent phases. The number of indepen-
dent phases need to be su�ciently high so that rated performance is achieved even at a single-phase
fault.

11Electric isolation between phases to assure continuous operation with either of the power
source or the winding short-circuited.

12Magnetic isolation between phases to stop fault currents in one phase inducing large voltages
in other phases.

13Thermal insulation between phases with concentrated winding arrangement, one phase wind-
ing per tooth.

14Electromagnetic interference
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Fig. 3.23. The planetary roller screw mechanism has a higher load capability. A
safety factor should be considered when choosing a gear, see [91]. The safety factor
is chosen such that the maximum static load is under the permitted load by a factor
between 1 and 2. Jamming of the screw mechanism is a problem that can lead to
a critical situation. By dividing the rudder area into several parts and use one
actuator for each part one can minimize the risk of such a failure. These actuators
must be designed for carrying out lifting, lowering and feeding movements up to 10
kN.

Figure 3.23: A planetary roller screw from the manufacturer SKF.

In [53] a di�culty with EMAs is mentioned to be their feature of storing signi�-
cant amount of rotational inertia while rotating. If the output shaft with the screw
mechanism is stopped suddenly, this stored energy can damage the actuator. The
solution to this problem is internal stops with energy absorption capability, includ-
ing the use of springs and slip clutches. Further it is mentioned that for a ball screw
assembly to function, rotation of the screw must be restricted. This is done either
internally with an anti-rotation device or externally with the actuator mounts. To
illustrate the complexity of such device with many components, an example of a
general EMA assembly from [92] is shown in Fig. 3.24. This screw mechanism
includes a clutch which will slip when the torque to drive the load exceeds the set
limit.

In [93] the result of the dynamic tests performed on roller screws was published.
These authors mean that the roller screw can be damaged by dynamic loading with
load magnitudes well within the static load rating of the screw. While this would
defeat one of the main goals with the replacement of hydraulic actuators with
electromechanical actuators (reduced maintenance), it is not catastrophic. The
results do not prohibit the use of roller screws in these harsh applications, rather
emphasizes that the actuator must be back-drivable and include some sort of force
limiting control. Further it is mentioned that the roller screws are more suited to
those applications where the loads are large and/or have a signi�cant shock load
content, compared to a ball screw.

A comparison is made in [20]. It is stated that the ball screw has the lowest
system weight while roller screw has the most appropriate behavior regarding the
jamming problems.
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Figure 3.24: An example of a general EMA assembly from [92]. 1. Gearbox housing
2. Rear clevis guide bush. 3. Pinnion bearing 4. Pinnion 5. Pinnion bearing 6.
Shims 7. Thrust ring 8. Circlip 9. Grub screw for locking bearing cap. 10. Shims
11. Rear bearing for gear 12. Grub screw for locking gear to lifting screw. 13.
Gear 14. Front bearing for gear. 15. Bearing end cap 16. Lead screw (trapezoidal
or ball screw). 17. Emergency end stop pin 18. Outer tube 19. Guide bush for
ram 20. Seal/wiper unit for ram 21. Lifting nut 22. Grub screw for locking ram to
lifting nut. 23. Inner tube (ram) 24. Clutch - Distance piece 25. Clutch - Bearing
washer (raceway) 26. Clutch - Bearing cage assembly 27. Clutch - Spindle 28.
Clutch - Housing 29. Clutch - Ring Assembly (Lock nut, tab washer, conical ring)
30. Ram end (clevis, fork end or top plate) 31. Grub screw for locking ram end.
32. Electrical machine
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3.5 Control Systems

According to [94] control schemes used for induction machines can be divided into
scalar and vector control. The general classi�cation of the variable-frequency meth-
ods for induction machine is shown in Fig. 3.25. Most of these schemes are also
valid for both PMSM, and SR, however not all of them yield enough accuracy for an
aircraft application, grey colored in Fig. 3.25. The earliest vector control principles
for PMSMs resembled the control of DC machines. The basic idea was to control
the current and magnetic ux of the permanent magnets. The torque is propor-
tional to the product of the ux linkage created by the magnets and the current.

Figure 3.25: Classi�cation of induction machine control schemes.

In a scalar control method, which is valid in steady state, only magnitude and
frequency of voltage, current, and ux linkage are controlled. With a vector con-
trol method, which is valid for dynamic states, both the magnitude, frequency, and
instantaneous positions of voltage, current, and ux space vectors are controlled.
The most popular vector control algorithm is Field-Oriented Control (FOC), which
decomposes a stator current into a magnetic �eld-generating part and a torque-
generating part. Both these quantities are controlled separately after decomposi-
tion. In the FOC schemes, the stator current or ux is used as the torque control
quantity. In [95] a scalar control scheme is compared with a vector method for
a PMSM. In this study the scalar method with the constant voltage to frequency
ratio is compared to the closed loop ux and torque control. The idea behind
the scalar scheme is that by neglecting the voltage drop in the winding resistance
then the output torque is proportional to the terminal phase voltage (the same as
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the induced voltage) divided by the mechanical frequency (i.e. supply frequency).
By controlling this ratio the torque of the machine can be controlled. However
it is found in this study that the vector approach was superior compared to the
scalar method. In Fig. 3.26 the two studied control schemes in [95] are illustrated
with block diagrams. The Voltage Source Inverter (VSI) is feeding the motor with
appropriate voltage and current.

(a) The constant voltage to frequency ratio control strat-
egy.

(b) Example of typical control strategy for PMSM drives using closed speed control loop
with inner current loop.

Figure 3.26: Block diagram of the examined control schemes .

In [96] an indirect rotor �eld oriented control approach for sensorless speed
control of a PMSM is suggested. The sensorless approach for estimating rotor-
position can be classi�ed as: the motor model based and the rotor saliency based
techniques. The latter are only appropriate for the Interior PMSM (IPMSM). Most
of the motor model based approaches detect the back-EMF vector, which relates to
the rotor position and speed, either in open-loop estimators or closed-loop observers.
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In Fig. 3.27 the indirect rotor �eld oriented control scheme is illustrated.

Figure 3.27: Sensorless indirect rotor �eld oriented control of PMSM, with the
quantities rotor ux linkage 	r, stator resistance Rs, rotor position �r, rotor angular
velocity !r, stator current is, and stator voltage us respectively.

In [97] a traditional sliding mode control (closed loop ux oriented scheme) and
a feedback linearization controller were compared for a stepper PMSM. Accurate
positioning is of signi�cant importance in a stepper motor. It was found in this
study that the slider mode scheme is more accurate and simpler for this application
compared to the feedback linearization.

Another vector scheme often used is the Direct Torque Control (DTC), see Fig.
3.28. With this method the stator ux linkage and the torque are controlled directly,
thereby the name direct torque control, see [98]. With this method there are no
current control loops, hence, the current is not regulated directly. The stator ux
vector and torque estimations are required. In [99] a simpli�ed sensorless direct
torque control technique for a PMSM drive is proposed.

According to [100] suitable control strategies for MEA applications are both
stator and rotor ux oriented control schemes. The stator ux oriented algorithm
implemented via hardware and the rotor ux oriented control based on sensor tech-
nology.
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Figure 3.28: Block diagram of direct torque control of PMSM with the quantities
stator ux linkage 	s, rotor angle �r, torque te, stator current is, and stator voltage
us respectively. The ux linkage sector is denoted as � and the outputs of the
torque and ux hysteresis comparators are denoted as � and � respectively. The
ux linkage modi�cation is for improving the ux linkage calculations specially at
low speed.

3.6 Cooling Devices

The technical requirements of a spoiler actuator shown in table 2.4 reveals that
no active cooling is allowed for removing the heat from the actuator. Due to the
limited volume in an aircraft it is assumed that the passive cooling requirement is
valid for almost all kind of EMAs in this thesis. The power consumption for lifting
the heat is another reason to why no active cooling is allowed. However as it is
mentioned below a heat sink is needed to handle the critical thermal situation.

In [101] a thermal management system is suggested for handling both average
heat load and with enhanced passive capability to e�ectively store excess heat.
A Phase Change Material (PCM) is used to store the heat during the peak load
conditions and high thermal conductivity �nned structure, that is light weight and
highly e�ective, for dissipating waste heat. The �n structure needs to be (air)
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cooled to provide the local active heat rejection. In this way the �ns structure can
be minimized, however an e�ective cooling is needed to lift the heat from the device.
In Fig. 3.29 the cooler for an EMA motor controller switch is shown.

(a) Cooler for an EMA switching device. (b) Inside the cooler.

Figure 3.29: Example of cooler for an EMA motor controller switch from [101].

Also in [53] the thermal performance of an EMA is highlighted. It was experi-
enced in this study that the worst thermal loading didn't occur during hard, tactical
maneuvering as it was assumed, rather when the aircraft deploys the ailerons as
aps, ying around for extended periods of time with the ailerons drooped from 30
to 45 degrees. Also in this study a heat sink for the motor was used to increase the
conductive path to the actuator body and thereby improve the actuator thermal
performance. In Fig. 3.30 the thermal response of the aileron actuator is shown
with the aps in down position, with the aircraft speed 0.4 Mach at altitude 7,31515

m.

3.7 Summary

The linear motor is reported to yield a bulky and heavy electric motor, despite
the absence of gear mechanism and is therefore a less feasible choice for an MEA
application.

The axial ux machine was compared with radial ux permanent magnet ma-
chine in [55] for low-speed industrial applications of about 55 kW. In this thesis it
was found that for the same magnetic loading and electric loading the e�ciency of
axial ux machines is lower than an equal radial. Geometrical constraints result
in less available numbers of the pole-pairs for the internal permanent magnet axial
ux machine. It was concluded in this thesis that the axial ux machines have

15In civil aviation the unit foot ft is used instead of meter m. 1 ft = 0.3 m
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Figure 3.30: Actuator thermal response with aps in full down position.

better performance when L
Dgap

< 0:5, i.e. when the machine length divided by the

air-gap diameter is less than 0.5. The axial ux machine, intended for high speed,
was also studied in [57]. For the high speed applications the axial ux machine was
the preferable choice due to a higher torque density and shape-related advantages,
especially for a high number of poles.

The switched reluctance machine was preferred to the induction machine in [82]
for a starter/generator system in aerospace applications. The comparison included
issues like fault tolerance capabilities, redundancy, power density, torque capabili-
ties, overload ratings, temperature range and cooling, e�ciency and stability over
expected operating speed range. Their choice of the switched reluctance machine
as preferred machine was based on a simpler construction, higher reliability (due to
the magnetic and electric independence of the machine phases), higher fault toler-
ance (due to the absence of permanent magnets), as well as a higher power density
and the possibility to operate at high speeds and at high temperatures.

A high level of fault tolerance can also be achieved with a permanent magnet
machine, was shown in [102], with a signi�cantly higher torque density than the
switched reluctance machine.

Data from several commercial available electrical machines has been gathered
and evaluated by [11], regarding torque and power densities. It was concluded in
this study that the BLDC, PMSM, and SRM have equal performance.

Also in [103] a comparison is made between the SRM, PMSM (with Samarium
cobalt magnets) and IM, in the power range of 7.5 - 225 kW at 9,000 - 10,000
rpm, for aircraft applications, considering e�ciency and power density, and thermal
behavior. It is concluded that SRM and PMSM have the highest power density and
e�ciency. Although the e�ciency is almost the same for these two machines, the
PMSM has superior power density up till 170 kW and SRM above this range. The
SRM has the better thermal performance, due to the action of the rotor as a fan
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Table 3.2: Performance comparison between di�erent topologies.

Motor topology Torquea [Nm] Torque density
h
Nm
kg

i
Power factor

Single-sided TFM 3.8 4.2 0.75
Double-sided TFM 4.4 5.1 0.93
Claw-pole machine 3.5 2.1 0.78
Axial ux machine 3.7 2.6 0.8

aThe electromagnetic torque is considered here without losses.

to cool the stator windings. According to these authors the power factor of SRM
is lower than that of PMSM, which is also mentioned in [84].

The claw-pole machine was examined in [104] with soft magnetic composite
instead of laminations. Compared to an ordinary transverse ux machines, the
claw-pole machine are mechanically stronger at the expense of the reduced speci�c
torque output according to these authors. Another comparison of claw-pole machine
and transverse ux machine was made in [105], with permanent magnets mounted
on outer rotors with rated power of 0.56 kW. These authors concluded that the
transverse ux machine produces twice electromagnetic power16 at the expense of
using twice as many permanent magnets and copper material. In [72] a claw-pole
machine design with shorter claws was suggested, also in the power range of about
0.5 kW. Their construction compares favorably with the double-sided transverse
ux machine as it gives higher output and has a simpler construction. Further
authors of both [106] and [107] suggest lower speed range for the claw-pole machine
to be competitive when based on a soft magnetic composite design.

In [45] a comparison was made between a claw-pole machine, a single-sided
transversal machine, a double-sided transversal machine, and a 2-phase axial ux
machine with two stators and one rotor. The power range was about 1 kW at 3,000
rpm. The result of this comparison is presented in table 3.2. As it can be seen from
the table 3.2, the claw-pole machine has the lowest performance of the other three
alternatives. The advantage of a claw-pole machine is its easy assembly resulting
in a lower cost. The double-sided transversal machine had the best performance
according to this study, however, on the expense of a complicated design and high
costs. The rotor permanent magnet losses are lower compared to those in the claw-
pole design, since the armature reaction �eld is insigni�cant in the vicinity of the
permanent magnets. The other three topologies have the permanent magnets closer
to the armature �eld, yielding more losses and heating.

The main considerations when it comes to choosing appropriate electrical ma-
chine for MEA applications are high torque and power density, reliability, redun-
dancy, as well as possibility of high speed-operation. In other research activities
the brushless DC and switched reluctance topologies were favored. As explained

16The consumed power without considering the losses
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previous BLDC gives higher torque density whereas the SR is inherently more fault
tolerant and better suited for high speed operations. The axial ux machine have
similar performance as a radial machine and can be favored when there are re-
strictions in axial direction, since it has large diameter and a short length. The
transversal machines, and a variation of these; the claw-pole machines, have gener-
ally a low power factor and have not yet been considered for aircraft applications.
The study in [45] showed that the double sided transversal machine can be built
with a high power factor and torque density, at the expense of a higher pole number
and thereby manufacturing di�culty which will make this design more expensive.

3.8 Conclusions

The radial PMSM, presented in chapter 5, studied in this thesis has the highest
torque density (about 5 Nm

kg
) compared to all the machine types mentioned in this

chapter. It also had a high power factor, 0.97. Besides the performance features
of this machine compared to other machine types, the active axial length of the
machine is also less than for example the double sided transversal machine (35 mm
compared to 45 mm), leads to a more compact design. The segmented stator design
with balancing poles17 decouples the phases both electrically and thermally, yield-
ing more fault tolerance and better thermal performance. With the concentrated
winding arrangement the stator teeth are decoupled magnetically and electrically.
The machine consists of 2 x 3 phases which in fact is two separate machines with
two independent power sources, resulting in more redundancy.

Based on the above mentioned, it is the best candidate for an EMA in MEA
applications.

17Stator teeth without winding between adjacent phases.



Chapter 4

Technology Assessment Tools

From the decision makers point of view it is desirable to set up simple design rules
in a dimensioning tool when it comes to MEA actuator system design. Therefore
in this chapter some simple rules are extracted from existing data.

This approach with simple rules is applied in both the preliminary design stage,
directed to the decision makers as users, and the design stage, directed mostly to
the designers as users. In the next step a more detailed study approach is suggested,
among others the TDFS modeling approach.

4.1 Outline of an Assessment Tool for MEA Actuator

Systems

Below an outline of the assessment tool for comparing di�erent actuator solutions
for choosing an optimal actuator system is given. In Fig. 4.1 the assessment tool
intended for the preliminary and project design phases is illustrated.

The procedure starts when a decision maker, in the preliminary design phase,
de�nes the maximum take o� weight, aircraft mission type, and which actuator
technology type to use. Using these three parameters in the three simple relations,
presented in section 4.2, system key numbers are derived. The decision maker then
obtains a rough estimation of the actuator system weight, average power consump-
tion, and cost and will be able to choose the optimal technology (EMA, EHA, or
conventional hydraulic).

The next step is to use the system key numbers and a component level demand
speci�cation as inputs for choosing relevant components that can deliver the re-
quired power and is within the weight and cost limits. The actuator is split into
three components, an inverter, an electrical machine, and a gear mechanism. The
losses and weight of a component are extracted from two simple relations, presented
in section 4.2, based on the input parameters. The input parameters for the in-
verter are DC bus voltage level, switching frequency, and the input actuator power.
For the electrical machine the inputs are de�ned as the fundamental electrical fre-
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Figure 4.1: Applying the dimensioning tool on the two initial phases of the design
process for getting an optimal actuator system.

quency, average output torque, and input power to the electrical machine. For the
gear mechanism the inputs parameters are the input power, the nominal diameter,
the technology factor, and the rotational speed. The component key numbers are
now used when choosing an optimal component combination.

4.2 Dimensioning Rules for Selection and Comparison of

Components and Technologies in MEA Actuator

Systems

The di�erent stages of an industrial development process are shown in Fig. 4.2,
starting with a feasibility study in the preliminary design stage and ending up with
evaluation and manufacturing of the device. In this process the feedback occurs to
previous process step. The cost-e�ort increases dramatically with time.

The suggested dimensioning rules are intended to help the decision makers and
the design sta� in the initial phases of the project. Further are the dimensioning
rules formulated in such way that comparison between di�erent technology and
component choices easily can be managed.

System Level

From the point of view of a decision maker a dimensioning tool on system and
component level is required and therefore some simple rules are set up from the
existing data. Quantities like actuator system power consumption, actuator system
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Figure 4.2: The development process versus the e�ort.

weight and total costs are three important parameters that are of interest, see Fig.
4.3. In the other end, input parameters to the model could be actuator weight,
mission type and technology choice.

Figure 4.3: Black box representation of dimensioning rules for an actuator system

Estimating the costs of future aircraft is a di�cult task. The cost estimation is
based on historical data and trends, due to commercial secrecy. However, historical
trends show that the cost parameters are related to aircraft design variables, as
aircraft empty weight, and aircraft operational speed, stated in [108]. Despite the
di�culties and the lack of data an attempt is made to de�ne some simple rules. The
underlying idea is that the cost of technology improvements increases as a power
function, [109] and [110], according to Eq. 4.1

f(x) = tx� (4.1)

, where t is a technology dependent coe�cient and � an exponent. In [108] the
di�erent parts of the aircraft are related to the maximum take-o� weight, (MTOW).
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From existing data regarding performance and cost of di�erent actuator solutions
the three outputs mentioned above are curve �tted to three di�erent exponential
functions of the inputs, see equations (4.2-4.4).

Power = 500 � 19
m

3

�MTOW

6900

��1
[W ] (4.2)

Weight =
�
W0 �

Power�2

Power Density�3
+W1

�
� t�41 � t�52 [kg] (4.3)

Cost =
�
C0Power

�6 + C1

�
� t�71 � t�82 [sek] (4.4)

The 19 actuators in the actuator system considered in a reference MEA in [44]
weighs 6900 kg and has an average power consumption of 500 W. The estimated
coe�cients �1, �2, �3, �4, �5, W0, and W1 have the values 0.97, 2.1, 4.1, -0.31,
0.05, 1.52 , and 44.4 respectively. The mission type coe�cient, m is either 1 for a
combat type of aircraft or 1

3
for a reconnaissance type of carrier, from [109].

m =

(
1 Combat
1
3

Reconnaissance

The coe�cients in the cost equation, �6, �7, �8, C0, and C1, have the values
0.66, -0.15, 0.24, 1:4 � 105, and -10 respectively. The technology factor t2 has 3
values depending on if it is for an EMA, a conventional hydraulic system, or an
EHA solution.

t2 =

8><
>:
6:32 EMA

12:6 Conventional

33 EHA

The topology factor t1 is a penalty factor that will take care of di�erent EM
topologies, like PMSM, AFM, TFM, BLDC, or SR. The contributions of t1 to the
cost equation (4.4) for a conventional hydraulic system or an EHA solutions are
removed by setting t1 = 1. The EMs with PMs have in general high power density,
but the PM, and that is why the penalty factor for the SR is higher than for the
PMSM gives a lower total cost.

t1 =

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

0:68 PMSM

1:28 AFM/Torus

1:68 CPM

0:74 TFM

1 BLDC

1:5 SR

1 Conventional

1 EHA
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Table 4.1: Power, cost and weight data.

Combat Reconn

HYD EMA EHA HYD EMA EHA
Power [kW] 8 5 5 0.4 0.4 0.4
Cost [ksek] 350 200 700 200 150 400
Weight [kg] 5 9 10 3 3 6

Table 4.2: Power density for di�erent technologies, 19 actuators [kW
kg

]

PC1 PC2 PC3

PMSM 17.5 29.2
AFM 22 25.6
TFM 50.1
SR 6.6 11
HYD 17.5 42
EHA 17.5 26.3

The value of the t1 for the TFM is based on the double sided TFM presented in
chapter 3.7.

From [109], di�erent actuator solutions are presented in table 4.1. These values
are used to get the values of power densities for di�erent topologies, shown in table
4.2. The power density values presented in table 4.2 are based on comparisons
of di�erent commercial topologies made in [11], the academic double sided TFM
machine studied in [45], [109], and the values in table 4.1. The power classes,
PC1 to PC3 in table 4.2, are based on 400, 2400, and 5000 W machines. It is
assumed , from [109], that the average power consumption of the 19 actuators in
respective groups are 1 kW for the PC1, 5 kW for the PC2, and 8 kW for the PC3
respectively. The values presented in the table 4.2 are obtained from the average
power consumption and not the machine ratings.

Component Level

The simple rule approach, equations 4.2-4.4, is also applied on the component level.

Expressions for converter losses and weight as function of the input power Pin,
input AC voltage VACin, and the switching frequency fsw are given in equations
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Table 4.3: Weight data for the inverter function at switching frequency of 10 kHz.

270 VDC 540 VDC

Pin [kW] 2 10 20 2 10 20

Weight [kg] 1.968 5.359 10.213 1.803 4.873 8.783

4.5 and 4.6, see [111].

P conv
loss = 10�3 �

� 400

VACin

�0:6�
121 + 0:003 � (fsw � 6 � 103)1:1 +

0:008 � (Pin � 2 � 103)1:1
�

[kW ] (4.5)

W conv = 10�3 �
� 400

VACin

�0:02�
2290 + 0:3 � (fsw � 6 � 103)0:8 +

0:3 � (Pin � 2 � 103)1:1
�

[kg] (4.6)

The component values related to the inverter function from [111] are extracted
and a new set up of similar rules are given for the inverter function. The suggested
converters in [111] are rated from 2 kW to 20 kW. The studied electrical machine
in this thesis is rated to 1 kW. In aircraft applications the power devices are over-
dimensioned, for protection and ability to handle peak powers, and therefore the
lower limit of the values from [111] can be used.

The weight of inverter components are given in table 4.3 for two DC-bus voltage
levels, 270 and 540 VDC, at a switching frequency of 10 kHz. The biggest contri-
bution to the weight of the inverter comes from the cooling �ns. The values of the
converter housing and internal wiring weight in [111] are halved, since the converter
function is not accounted for.

From table 4.3 the W Inv as a function of the input power P Inv
in , input DC

voltage VDC , and the switching frequency fsw is estimated according to:

W Inv = 10�3
� 270

VDC

��9�
W2 +W3 � (fsw � 6 � 103)�10 +

W4 � (Pin � 2 � 103)�11
�

[kg] (4.7)

The estimated coe�cients �9, �10, �11, W2, W3, and W4 have the values -0.2, 0.58,
1.06, 1888, 0.7, and 0.25 respectively.

From table 4.4, P Inv
loss as a function of the input power P Inv

in , input DC voltage
VDC , and the switching frequency fsw is estimated according to:

P Inv
loss = 10�3 �

� 270

VDC

��12�
P0 + P1 � (fsw � 6 � 103)�13 +

P2 � (P
Inv
in � 2 � 103)�14

�
[kW ] (4.8)
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Table 4.4: Loss data for the inverter function.

270 VDC 540 VDC

Pin [kW] 2 10 20 2 10 20

P Inv
loss [W] at 6 [kHz] 58 220 441 48 139 330

P Inv
loss [W] at 10 [kHz] 77 247 485 58 185 422

P Inv
loss [W] at 14 [kHz] 95 282 552 70 232 539

Table 4.5: Weight and losses for the electrical machines.

Weighta [kg] Lossesb [W]

TFM c 0.904 28
TFM d 0.862 31
CPM 1.667 61
AFM 1.423 68
PMSM 0.999 25

aOnly torque producing parts are accounted for.
bIron and copper losses.
cSingle-sided TFM from chapter 3.7
dDouble-sided TFM from chapter 3.7

The estimated coe�cients �12, �13, �14, P0, P1, and P2 have the values 0.2, 1.2,
1.2, 28.3, 0.003, and 0.004 respectively.

The weight of the electrical machine, WEM , is set to the sum of the torque
producing components, see table 4.5. From table 4.5 the weight and loss functions
for the electrical machine, as a function of the input power PEM

in , output torque
� , technology factor t1, and the source fundamental frequency f1 are estimated
according to:

WEM = 10�3 �
�4:7
�

��15�
W5 � t1 +W6 � (f1 � 375)�16 +

W7 � (P
EM
in � 491)�17

�
[kg] (4.9)

PEM
loss = 10�3 �

�4:7
�

��18�
P3 � t1 + P4 � (f1 � 375)�19 +

P5 � (P
EM
in � 491)�20

�
[kW ] (4.10)

The estimated coe�cients �15, �16, �17, �18, �19, �20, W5, W6, W7, P3, P4, and
P5 have the values -0.84, 0.28, 0.11, 0.17, 0.1, 1.24, 1222, 26.7, 0.98, 40, 0.1, and
0.003 respectively.

In a similar approach as for the inverter and electrical machine two simple ex-
pressions are also suggested for the power losses and weight of the gear component,
see equations 4.11 and 4.12. The weight and loss function of the gear mechanism
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are expressed as functions of the input power PGear
in , the nominal diameter d0,

technology factor t3
1, and input rotational speed n according to:

WGear = 10�3 �
� d0

dnom

��21�
W8 � t3 +W9 � (n� nnom)�22 +

W10 � (P
Gear
in � Pnom)�23

�
[kg] (4.11)

PGear
loss = 10�3 �

� d0

dnom

��24�
P6 � t3 + P7 � (n� nnom)�25 +

P8 � (P
Gear
in � Pnom)�26

�
[kW ] (4.12)

4.3 Examples of Usage of the Technology Assessment

Algorithm to Optimize a MEA Actuator System

In Fig. 4.4 an example of the overall dimensioning tool for the preliminary design
is shown, see [112] In the top section the decision maker decides the altitude, mis-
sion type, and technology type. The program then calls on the di�erent sub level
programs to calculate the cost, weight, and power consumption level. The contri-
bution of all sub-parts of the system is then summed and presented in the lower
part. Now the whole system can be optimized, e.g. the choice that gives the least
power consumption, weight, and cost.

Figure 4.4: Example of the dimensioning algorithm for MEA system during the
preliminary design stage.

In Fig. 4.5 the dimensioning tool is zoomed where the result of cooling, actuator
sub-parts are shown among others.

1Related to the choice of gear type, roller vs. ball screws.
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Figure 4.5: Example of the dimensioning algorithm for MEA system including
actuation system.

In the above mentioned optimization procedure, a system perspective was ap-
plied. However the same approach can be used in a component level. The com-
ponent relations, presented in section 4.2 then are used and a new optimization
is performed where the power consumption and weight of each sub-module are
optimized as well as the whole system performance.





Chapter 5

Component Models and Analyses

In this chapter component models of the MEA power system are presented. The
approach is that the critical components can be studied in detail, i.e. the EM is
studied with the Finite Element Method (FEM) and to some extent with the Reluc-
tance Network Model (RNM). Then the detailed component models are condensed
into a Time Domain Frequency Separation (TDFS) model where the high frequency
quantities are described in terms of Root Mean Square (RMS) values. The simu-
lation environment for the system study is performed in Dymola, see [113]. One
of the reason for choosing Dymola as the simulation environment is the exibility
of the used object oriented language Modelica and its interface to other software,
see [114] and [115]. There are several 2D FEM programs in the market, however
the chosen one, Ace1, is built and adapted for analyses of electrical machines. This
facilitated the analysis.

Outline of the Dimensioning Phase

During the dimensioning, each component is examined more thoroughly and tech-
nical aspects of the involved components are evaluated. The component key num-
bers plus a dimensioning demand speci�cation yields an initial geometry of the
electrical machine, among others. This geometry will constitute a base in the
multi-disciplinary analyses, starting with FEM and RNM and ending with TDFS
simulation of the aircraft power system with di�erent mission pro�les. From the
�rst two mentioned analyses the torque and counter-EMF constants, and losses
are condensed into look-up tables and simple equations, presented in section 5.1.
These characteristic key parameters constitute a platform for evaluating the air-
craft power system with the TDFS model. The output key numbers like the torque
density, the power factor and the average mission e�ciency will serve as a measure
of system performance comparison. The ripple in the DC bus will inuence the size
of the capacitor bank used to stabilize the DC voltage level. The thermal analysis

1ABB Corporate Research
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result in the suggestion of an appropriate cooling device. The rate of change of the
current indicates how fast the actuator can respond to a load.

5.1 Lumped Element Models and Analyses

In a lumped element model the behavior of spatially distributed systems is simpli�ed
into a topology consisting of discrete entities under certain assumptions. Since
only limited physical aspects are considered the complexity of the problem can be
reduced signi�cantly.

A distributed magnetic �eld is represented with a lumped circuit representing
a RNM. In analogy with a resistive component in an electrical network a magnetic
component is represented by reluctances with values depending on their geometry
and relative magnetic permeabilities.

Reluctance Network Model, RNM

The reluctance model as a design tool for EMs has been used since the beginning
of the last century. The early reluctance models was constructed for the mainux
path only, at �rst because of manual calculation, and later because of the speed
of the solution. For no-load condition the accuracy of the main-ux path model
is acceptable. The mean main-ux branch under maximum magnetic stresses is
de�ned in this way. The EMs are converted into equivalent single phase machines
in order to model the load condition and the leakages. The leakage-ux components
are de�ned with an average formulae for every single leakage-ux path, see [116].

The reluctance model represents the geometry of the EM. It saves the informa-
tion of geometry within each reluctance. We can connect reluctances in parallel or
in series, see Fig. 5.1. The RNM combines the speed of the analytical method, with
the exibility of �nite-element analysis. RNM is a technique that can be used for
modeling EMs supporting both steady-state and dynamic simulations. The level
of the torque, ux, Magneto Motive Force (MMF) and currents in all parts of the
motor can be estimated, see [117].

In the present study, the model of a Permanent Magnet Synchronous Motor
(PMSM) is built-up using a reluctance model. The modeling approach is illustrated
in Fig. 5.1 that shows a RNM model of a SR machine, see also [118]. The stator
windings have concentrated windings, e.g. one phase per tooth. Every stator tooth
winding has a connection to the reluctance model as a current source. In return the
reluctance model operates as an ElectroMotive-Force (EMF) source for every coil.
The rotational angle of the rotor is retrieved from the calculation of the air-gap
torque in the reluctance model.

The RNM used in this thesis combines the mainux model, presented in [116],
with 2D-reluctances for airgap and permanent magnets, mentioned in [117].Further
the relative permeability of the rotor components are looked-up as a function of the
component position that changes over time.
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Figure 5.1: Example of EM model using RNM representation from [118], here a
SR.

From the ux lines shown in Fig. 5.2 it is obvious that the easiest way is to lump
the reluctance of the stator tooth in two reluctance components, one for the tooth
and one for the back iron, see [117], [118], or [119]. If the stator and rotor poles
are in the aligned position, i.e. the stator tooth is aligned with a rotor permanent
magnet this lumped model will be very useful, see Fig. 5.2(a) and 5.3(a). However if
the rotor is moved to the unaligned position, i.e. when two half permanent magnets
are in front of a stator tooth then the ux will be "short circuited" from one PM to
the other PM through the stator tooth. It will then not go back through the stator.
In that case one reluctance component is not enough for modeling the stator tooth,
see Fig. 5.2(b) and 5.3(b).

Further one can realize from the Fig. 5.2(b) that the one-dimensional reluctance
model will su�er in accuracy when it comes to modeling leakage and "short circuited"
uxes. It is obvious that an additional peripheral reluctance component to the radial
will be needed, i.e. an extra dimension is needed, see also [117].

A next step can be to increase the number of components in the stator and the
number of components in each tube2. A challenge would be to extend the model
into 3D to also cover the end e�ects.

2Discretization of the EM parts in smaller pieces.
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(a) Aligned position. (b) Unaligned position.

Figure 5.2: Magnetic vector potential lines of the studied EM.

(a) Aligned position. (b) Unaligned position.

Figure 5.3: Example of RNM of a SR from [118].

The suggested 2D reluctance model is based on the ux paths in the machine
cross-section. The underlying assumption for a 2D description of the geometry
rather than a full 3D description is that the axial ux component is assumed to be
uniform due to the long axial length of the EM.

The reluctance element shown in Fig. 5.4 has a reluctance component Rm',
corresponding to the circumferential ux component and Rmr corresponding to the
radial ux path. Both branches are connected in a scalar magnetic potential node.
The radial and peripheral (azimuthal) reluctance components are both divided in
two halves located on both sides of the a central node, as in Fig. 5.4.

The reluctance components of the reference geometries, see [116] or [120], shown
in Fig. 5.5 used in this study are de�ned as:

Rmr =
h

�0�rL!
(5.1)

Rm' =
!

�0�rLh
(5.2)
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Figure 5.4: 2D ux components and the corresponding to a two-dimensional reluc-
tance element

Figure 5.5: The reference geometries for the reluctance element

for a rectangular geometry and

Rmr =
1

�0�rL�
� ln

Rout

Rin

(5.3)

Rm' =
�

�0�rL
�

1

ln Rout

Rin

(5.4)

for a cylindrical geometry, where �r is the relative permeability, �r the absolute
permeability, � the angle width, L the axial length of the EM, ! the width, h the
height, Rout the outer radius and Rin the inner radius of the element.

A ux-path region of a source element has an equivalent element both in the
magnetic model and in the electric model. In the reluctance model, the source is
represented by a magnetomotive force (MMF) source Fm. In the electric case, the
ux-path region operates as a voltage source for the conductor, and is represented
with an electromotive force (EMF) source E. The EMF source is caused by the
ux variation in the ux-path region. The MMF source of the reluctance model
and the EMF source of the electric model transfer the energy between the models.
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The source components are included in the extended reluctance element. The new
extension is an equivalent for the ux-path region with an MMF source Fm divided
to half its value on the both sides of the node, as in Fig. 5.6. The MMF may be
caused by a permanent magnet or by a current. In the electric parts it is assumed

Figure 5.6: Reluctance element with sources

that the current owing in the conductor has only an axial component, Iz that
goes through a corresponding resistor Rz. The model can still be treated as 2D
because of the orthogonality between the electrical and magnetic branches. The
axial component of the electric element also comprises an EMF source Ez.

The magnetic energy will be used as a basis to de�ne the generated torque
between the stator and rotor. The reluctance elements that represent the permanent
magnets and airgap, where the torque is generated can be written:

Ri =
li

�0�rAi

(5.5)

If one assumes a linear relationship between H and B for these elements the mag-
netic energy, Wm;i in these elements are

Wm;i =
1

2

Z
HBdv =

1

2
HiBiVi (5.6)

, with Bi = Ai�i and Vi = Aili. One gets then

Wm;i =
1

2�0�r

li

Ai

�2i (5.7)

The torque can then be determined by application of the principle of the virtual
work. One gets

�z =
@Wm

@'

���
�
=

@
P

i(Wm;i)

@'

���
�
=
X
i

�@Wm;i

@'

���
�

�
(5.8)
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, where wm;i according to Eq. 5.7 is used. The summation is performed over all
reluctance elements that changes its reluctance value when the rotor is displaced.

The derived torque expression from the virtual work requires a �ne mesh of
reluctance elements. By using the Lorentz force theorem, the instantaneous torque
is expressed as a function of phase currents and the induced phase voltages, see
[36], according to:

�z =
2

!

3X
j=1

(ej(t)ij(t)) [Nm] (5.9)

, where the ej(t) and ij(t) are the phase EMF and phase current respectively, and
! the angular velocity. The factor 2 comes from the fact the studied electrical
machine contains 2 x 3 phases, in another words two half machines. With this
expression a better estimate is given with very few reluctance elements.

The nonlinear behavior of the soft magnetic materials used in the reluctance
network model is curve �tted to a function:

�r(B) = 16000�e�0:7�B
2
�0:5�B4

�0:01 + 1 (5.10)

The exponential function shown in Fig. 5.7 is curve �tted in such way that the area
of the �rB of the measured data is close to the exponential function.

Figure 5.7: The magnetic permeability, �r, of the material M330-35A at 50 [Hz].
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A Simulation Example

The suggested RNM approach is implemented for one segment of the EM containing
one stator tooth and the corresponding underlying rotor tooth, see Fig.5.8. The
permanent magnets and the airgap have more components. The EM is assumed
working in generator mode with a resistive load.

Figure 5.8: An example of the implemented RNM.

In Fig. 5.9 the induced voltage in the coil of the stator tooth is shown.

Figure 5.9: The induced voltage.
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In Fig. 5.10 the current in the coil of the stator tooth is shown.

Figure 5.10: The current.

In Fig. 5.11 the applied torque is shown.

Figure 5.11: The torque.

In Fig. 5.12 the CPU time is sown. By increasing the number of components,
specially in the airgap and rotor the level of the ripple can be reduced in the signals,
however also the CPU-time then will increase.
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Figure 5.12: CPU time.

The TDFS-Model of Electrical Machines and Electromechanical

Actuators

The governing idea of the TDFS model approach is to separate the high (electrical)
and low (mechanical) frequency parts of the model and thereafter only consider
the low frequency part. Electrical components as current and/or voltage convert-
ers/inverters are then described in terms of RMS-vales of currents and voltages
and e�ciencies or in circuit diagrams in form of load dependent resistors and in
electromachines by means of load dependent loss resistances equivalent with their
electromechanical e�ciencies. Step-down and step-up voltage converters are de-
scribed as �ctive DC/DC transformers with attached loss resistances. The reactive
power drawn by the motor is accounted for by a parallel electrical branch com-
prising a current sink. This approach makes it possible to reduce the complexity
of the power system models of tentative systems to such extent that the resulting
computational tool easily can be used for studies of the whole system performance
during entire ight missions and/or for optimization. The underlying idea is to
use only quasi-stationary electrical state variables. This means that actual fast
variations within each switch cycle and power frequency period are neglected. The
power dissipation in involved components such as current and/or voltage convert-
ers/inverters are described in terms of load dependent resistors yielding speci�ed
e�ciencies. The e�ciency values are in form of look-up tables de�ned as a function
of the torque and angular velocity of the involved electrical machine and de�ned as
a function of voltage and current for the involved converters and inverters, see [7].
The characterizing parameters such as, torque and back-emf constants, moment of
inertia and a load dependent resistance representing its electromechanical e�ciency
will constitute a basis of a scalable model, used in a generic actuator model in sim-
ulation of the equivalent circuit of the aircraft power system, shown in Fig. 3. By
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using the general electro-magnetic transducer model from [121] shown in Fig. 5.13
one can relate the electrical and mechanical quantities of an actuator to each other
according to equations (5.11) and (5.12):

Figure 5.13: An example of an electro-magnetic transducer, with electrical quanti-
ties U, and I, mechanical quantities F and v, and the impedances Ze and Zm

U = ZeI + Temv [V ] (5.11)

F = Zmv + TmeI [N ] (5.12)

,where U denotes the terminal voltage, I the current, Ze the electrical impedance,
Zm the mechanical impedance, v the velocity, F the force and Tem and Tme the
transduction coe�cients. Regarding rotating machines one is often interested in
output torque and angular velocity instead of the force and periphery speed. There-
fore by introducing r1 and r2 in the relations:

v = r1!
hm
s

i
(5.13)

�L = r2F [Nm] (5.14)

the equations (5.11) and (5.12) can be rewritten:

U = ZeI + Temr1! [V ] (5.15)

�L = r2Zmr1! + r2TmeI [Nm] (5.16)

The fundamental feeding frequency is assumed to be considerably higher than the
mechanical frequency. Therefore one can regard the RMS (Root Mean Square)
values of electrical quantities voltages and currents and the mechanical quantities
torque and angular velocity as instantaneous, see [122]. Further are the torque,
counter EMF (Electro Motive Force) and rotor moment of inertia, t, e and J de�ned
as:

t = r2Tem

hNm

A

i
(5.17)

e = r1Tme

h V s
rad

i
(5.18)

J = r1r2Zm [kgm2] (5.19)

Now by introducing equations (5.17 - 5.19) combined with the rotary motion
terminology, the transducer equations can be represented by the equivalent circuit
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Figure 5.14: Equivalent circuit diagram of an electromagnetic actuator with the
load torque represented by �L

diagram shown in Fig 5.14, , where the electric resistance, re de�nes the transducer
e�ciency by:

� =
Pmech

Pelec
=

�!

�! + reI2
[�] (5.20)

By using Kirchho�'s voltage law, the actuator equation system can be rewritten :

U � e! =
1� �(!; �)

�(!; �)
t! [V ] (5.21)

tI = J _! + �L [Nm] (5.22)

� = tI [Nm] (5.23)

� = �(!; �) [�] (5.24)

The quasi-static approach is extended to the power factor branch in Fig 5.15 This
branch is assumed to represent a RMS value of the involved reactive power drawn
by the actuator during one period of operation, see [123]. In this way the reactive
current is de�ned as:

iPF = i
�1� cos(�)

cos(�)

�
[A] (5.25)

� = �(v; i) [rad] (5.26)

where the angle � is de�ned in a look-up table as a function of voltage and current.

The Gear Model

The gear mechanism is modeled as mechanical transducer with equivalent electro-
mechanical e�ciency. The e�ciency of the gear is calculated according to Eq. 5.27,
see [91].

�Gear =
1

1 + �d0
Ph

�friction
[�] (5.27)
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Figure 5.15: Equivalent circuit diagram of an electromagnetic actuator with the
load torque and the parameters moment of inertia, loss resistance, torque, back-
emf constants and power factor

, where d0 is the e�ective diameter of the screw in mm, �friction the friction coe�-
cient and Ph is the lead of the spindle in mm. The theoretical e�ciency presented in

Figure 5.16: Sketch of the lead of the gear mechanism from [91].

Eq. 5.27 should be multiplied by a factor 0.9 for reecting a more realistic e�ciency
since the friction losses increase with the operation time.

The Electric Power Converter Model

Electrical components as current and/or voltage converters/inverters are described
in terms of e�ciencies or in circuit diagrams in form of load dependent resistors.
The relation between the input and output quantities are modeled as:

Vout = t!Vin [V ] (5.28)

Iout = �Inv
Iin

t!
[A] (5.29)

, where t! is the control signal from the angular velocity response, i.e the PI-
regulated di�erence of the angular velocity and a reference angular velocity.

The biggest contribution to the dissipated power loss through the inverter
bridges come from the transistors and the free wheeling diodes. These losses can
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be divided in two parts, switching and conduction (on-state) losses, see equations
5.30 and 5.31.

Psw = fs

�
Eon(Iout) + Eoff (Iout) + Erec(Iout)

�
[W ] (5.30)

Pon = Iout

�
DV tr

on + (1�D)V diode
on

�
[W ] (5.31)

, where fs is the switching frequency, Eon, Eoff , and Erec (diode) the dissipated
switching energies, D the duty cycle of the switch, V tr

on the transistor voltage drop
during on-state, and V diode

on the forward diode voltage drop.
In [111] a simpli�ed approach is suggested. The dissipated energies are related

to the rated dissipated energy and output current, see equations 5.32- 5.34.

Eon(Iout) = Eon(Irat)
�Iout
Irat

��
[J ] (5.32)

Eoff (Iout) = Eoff (Irat)
�Iout
Irat

��
[J ] (5.33)

Erec(Iout) = Erec(Irat)
�Iout
Irat

�
[J ] (5.34)

, where Irat is the rated output current, �, �, and  are multipliers depending on
the device. The on-state voltages are expressed in the same way as a battery model
with an internal constant voltage in series with an internal resistance, see equations
5.35 and 5.36.

V tr
on = V tr

0 +RtrIout [V ] (5.35)

V diode
on = V diode

0 +RdiodeIout [V ] (5.36)

, where V0 are the internal voltage drops and R the virtual internal resistance of
the respectively component.

Instead of looking into the manufacturer catalogue every time a power loss is
to be calculated a curve �tted to equations 5.32 to 5.36 are implemented in this
thesis.

The e�ciency is calculated according to:

�Inv =
VoutIout

VoutIout + Psw + Pon
[�] (5.37)

Control Systems

In chapter 3.5 di�erent control strategies were presented. Similar to the direct
torque control algorithm presented in [124], taking advantage of that the stator
ux dynamics are signi�cantly faster than the rotor ux and the rotational speed,
the output torque is controlled directly in the implemented TDFS model. In other
words the electromagnetic torque is invariant under a rotation of the ux vectors,
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Figure 5.17: The implemented control strategy.

e.g. the electrical and mechanical frequencies of the actuator are decoupled in the
TDFS model.

In Fig. 5.17 the implemented control strategy approach is shown. The desired
torque is applied directly to the mechanical side. As the result the current level of
the actuator is directly controlled. The actual angular frequency minus the desired
angular frequency goes �rst through a PI-regulator and then used as a signal input
to the inverter model for regulating the voltage and current levels. The value of the
proportional constant is set to 10 and the time constant of the integrator constant
is set to 0.11.

Cooling Devices

As it is mentioned in section 5.2, the thermal aspect of an EMA is of crucial
importance. In order to remove the excess heat generated by the electrical machine
and power converter3 a heat sink must be used.

The power, energy ow per unit time, to be transferred through a medium with

3Often the heat sinks are placed near the power converter in an integrated electrical machine-
converter assembly. Since the power converter, e.g. the power transistors, are placed in a limited
volume and the dissipated heat from these transistors are removed from the machine housing.
The losses in the electrical machine are smeared in the entire machine on the other hand.
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the cross sectional area A and length l, is given by:

Pdiss =
�A

l
�T =

�T

Rth

[W ] (5.38)

, where � is the thermal conductivity, �T the temperature di�erence, and Rth the
thermal resistance.

During the design process the required temperature di�erence and the total
losses to be dissipated give a rough estimate of the thermal resistance that is re-
quired. From the manufacturer catalogue the required heat sink can be chosen. In

Figure 5.18: A selection of di�erent heat sinks from [37].

Fig. 5.18 a selection of di�erent heat sinks are shown, see [37]. A selection of the
thermal resistance values and the corresponding volumes from Fig. Fig. 5.18 are
shown in table 5.1.

Loss Models

The losses occurring in an electrical machine can be divided into winding, iron, air
friction, bearing friction, and permanent magnet losses. The winding conductor
is often of copper and therefore in this thesis the winding losses are the same as
copper losses.
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Table 5.1: A selection of available heat sinks with di�erent volumes.

Heat sink no. 1 2 3 5 6 9 10 11 12

Rth

h
�C
W

i
3.2 2.3 2.2 2.1 1.7 1.25 1.2 0.8 0.65

Vol. [cm3] 76 99 181 198 298 608 634 695 1311

There are several references which are dealing with the losses occurring in con-
ducting metal laminations, see for example [125] or [126]. The iron losses can be
divided into three parts. The �rst loss mechanism is referred to as static hysteresis
losses. The second part comes from induced current due to the time variation of
the magnetic ux in the material. The last loss mechanism is called excess losses
that originates from local eddy currents due to domain wall movements. The iron
loss model that is often used in literature has the following form:

Piron = kfkhB
2
mfe + kf

��2w2
lam

6�
B2
mf

2
e + kfkeB

1:5
m f1:5e [W ] (5.39)

where the three terms corresponds to the static hysteresis, eddy current and excess
losses. The constants kf , kh and ke are found by curve �tting to given data from
material manufacturers. The Bm denotes an average value of the ux density and
fe the electric operation frequency. The conductivity �, of the iron can also be
found from curve �tting loss data from manufacturer. The terms wlam and � are
lamination thickness and iron mass density respectively. The hysteresis losses is
illustrated in Fig. 5.19, see [127] and [128].

Figure 5.19: Magnetic hysteresis loop.

The copper losses can be divided into DC-losses (independent of the frequency)
and the AC-losses (frequency dependent). The DC-losses comes from the resistivity
of the copper, opposing the current ow. The AC-losses, known as eddy current
losses, originate from the locally induced current loops in the copper. In a PM
electrical machine there are two separate sources of eddy currents related to the
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copper losses. The �rst one originates from the skin e�ect. In this way the e�ective
cross section area for current passage is decreased. The second part of the eddy
currents originate from the alternating magnetic �eld that will induce current loops
in the copper, see Fig. 5.20. The analytical models for the eddy current losses
in a conductor and the skin depth de�nition are derived in numerous references
see for example [129]. The losses originating from the alternating current can be

Figure 5.20: Contour plots of current distribution in a circular conductor, caused
by (a) the skin e�ect (b) an external alternating �eld. (c) The current distribution
with minimum in the middle of he conductor

superposed to the DC losses, as a correction term, see equation 5.40

PCU = mkACRDCI
2
RMS [W ] (5.40)

where the m denotes the number of the phases, kAC the correction factor for AC-
losses (Alternating Current), RDC the resistance of the phase winding, and Irms

the RMS current. The resistance of the copper is:

RDC = �CU
l

A
[
] (5.41)

where �CU is the resistivity of the copper, l the length of the winding and A cross
sectional area of winding copper. The copper resistance is temperature dependent,
see also [130] or [131] , which can be expressed as

�CU = 1:72 � 10�8
�
1 + (TCU � 20) � 3:9 � 10�3

�
[
m] (5.42)

where TCU is the conductor temperature expressed in centigrade Celsius . The
correction factor kAC comprises two parts, one originating from the active part
of the conductor and one from the end windings, derived in terms of the reduced
conductor height � in [125]. Simpli�ed expressions, de�ned in equations (5.43) and
(5.43) are given in for example [130] or [131].

kAC;active =
�
1 + 0:59 �

m2
l � 0:2

9
�4
� L

Ltot
(5.43)
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ml is the number of conductor layers in the slot, the factor 0.59 is compensation
for circular conductors, � is the reduced conductor height, L is the active part of
the conductor and Ltot is the total conductor length. The term � is de�ned as

� =

s
nb

a
�
��0f

�CU
� h (5.44)

where n is the number of conductors in each layer, b the conductor width, h the
conductor height, a the slot width, and f the frequency.

The air friction with the stabilizing bandage around the magnets in the air gap
is given by

Pfric = Cf�air�!
3
mR

4
bandL [W ] (5.45)

where �air is the density force of air, de�ned as the gravity constant 9.81 times the
density of the air, !m the mechanical angular velocity, Rband the radius of the rotor
plus the bandage, and L the length of the rotor cylinder. The friction coe�cient
Cf is dependent of the geometrical dimensions of the rotor cylinder, the air ow
and the composition of the air. The air ow can be in laminar, turbulent or in a
transition state. The transition state is not considered in this project. Turbulent
ow gives a higher value of Cf , i.e. higher friction losses. The fact that the rotor
is enclosed by the stator has to be considered in the determination of the friction
coe�cient Cf . The empirical friction coe�cient is expressed as:

Cf =

8><
>:
0:515 �

�
Lg
Rrot

�0:3
1

Re0:5
8 500 < Re < 104

0:0325 �
�

Lg
Rrot

�0:3
1

Re0:2
8 Re > 104

(5.46)

where Lg is the air gap length, and Re the Couette Reynolds number,

Re =
LgRrot!m

�air
(5.47)

with the kinematic viscosity of air, �air.
Permanent magnets can also be a source of losses, see [132]. In magnets there

are no hysteresis losses because of the linearity of the magnetization curve, i.e.
the permeability of the magnet is close to 1. There are however three sources of
eddy current losses due to the conductivity of the magnet material: The �rst part
comes from the permeance variations in the ux path. Often there are air pockets
in between the stator slot iron. The air and iron have di�erent ux reluctivities.
When one magnet is placed such that it is covering both the air pocket and the
stator slot, the ux pattern through the part facing the iron is higher than the part
facing the air pocket. This can be seen as there are induced eddy currents on the
magnet which is counteracting the e�ective ux. The �rst part of the magnet eddy
current losses occurs at no-load. The second and third part occurs at load. These
two parts are related to the counteraction of the harmonics with the e�ective ux.
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The losses related to the harmonic contents of the ux in the air gap can be divided
into time and space harmonics. The space harmonics are caused by the winding
distribution. This distribution will cause an asynchronism of the current ux in the
air gap. The harmonic content of the supply current will also have a counteracting
inuence on the e�ective air gap ux, denoted often as time harmonic permanent
magnet losses. These induced eddy currents or in fact the heat that is created from
these can have a demagnetizing e�ect on the magnets. The �rst loss source can be
reduced by increasing the air gap. The harmonic losses occurring in the magnets
can be expressed as

PPM t hPM
!2s

4�PM
w3
PM lPMB2 [W ] (5.48)

where hPM is the axial length of the permanent magnets, !s the angular frequency
of the source current, �PM is the resistivity of the permanent magnet material,
wPM the peripheral width of the magnet, lPM the radial length of the magnets and
B the amplitude of magnetic ux density.

The bearing friction losses of an electrical machine are proportional to the an-
gular mechanical velocity, and the load torque, �L, see [91]

Pbear =
�fric(�L + �0)D

2
m!m

4
[W ] (5.49)

with the bearing friction coe�cient �fric, bearing, �0 denoting the pre-load torque,
and Dm denoting the average bearing diameter.

The eddy current losses can be modeled with magnetic "inductors" in a dual
Cauer4 circuit, see [133] and [134] and Fig. 5.21.

Figure 5.21: A dual Cauer circuit of a reluctance element with DC reluctance <.

4Cauer model of a magnetic and conducting material is often used to explain how eddy currents
ow in di�erent section of the material.
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For full �eld penetration and M = 2 approximate values of <1, <2, and R1 are

R1 = �
8Ai

w2
lamli

(5.50)

<1 = <2 = 2< (5.51)

, where Ai and li are the cross sectional area and magnetic ux path length respec-
tively, � the resistivity of the magnetic material, and N the number of circumscrib-
ing coil turns.

5.2 Thermal Models

The temperature is a critical issue for the actuators. It has signi�cant impact on
the performance of its electrical machine, due to:

� Losses increase with temperature, e.g. copper resistance.

� The permanent magnet demagnetization curves, illustrated in Fig. 3.8, are
highly temperature dependent5.

� Exposure to temperature will result in an length expansion of the electrical
machine which can end in a fatigue of the materials.

� Temperature will shorten the life time of the involved insulation material6.

� In aircraft applications, often no active cooling as well as very limited heat
transfer is allowed.

Therefore a thermal model of the actuator is of importance. The governing physical
law behind the thermal analysis performed in this thesis is the heat conduction
equation:

� � c

�

@T

@t
=

@2T

@x2
+
@2T

@y2
+
@2T

@z2
+
P

�
(5.52)

where T is the temperature, � the density, c the speci�c heat capacity, � the heat
conductivity, and P the internal heat sources. The software ACE is used to solve the
two dimensional steady state thermal problem based on Eq. 5.52. During stationary
conditions the right hand side of Eq. 5.52 can be ignored, since there is no time
dependence. The circuit software Dymola is used to solve a lumped element thermal
model of the electrical machine and the converter during transient conditions. With
this approach each material of the involved components are represented as a thermal
resistance and in analogy with the electrical circuits there are also heat sources,
and capacitances. The heat di�erence is the across variable and the heat ow the
through variable.

5Demagnetization risk for NdFeB magnets is typically between 120-210 �C.
6The life time of the insulation can increase 50 % if the excess temperature is decreased 10

oC, see [130].



94 CHAPTER 5. COMPONENT MODELS AND ANALYSES

Table 5.2: Thermal properties of the involved materials.

Irona Copper PMb Air

�
h

W
mK

i
40 380 9 0.024

c
h

Ws
kgK

i
449 385 502 1010

a[135] and [136]
b[137]

In the performed steady state FEM analysis and transient lumped element
analysis the material thermal properties from table 5.2 were used. The internal
heat sources are the same as mentioned in section 5.1.

The boundary condition is set to the maximum allowed ambient temperature,
70 oC at the outer radius.

In Fig. 5.22 the temperature distribution is shown for a steady state condition,
using the loss values presented in section 5.1. As it can be seen from the Fig. 5.22

Figure 5.22: The temperature distribution in steady state at 2250 [rpm].
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Table 5.3: Physical properties of the involved materials.

Material �dens

h
kg
m3

i
�r Hc

h
kA
m

i
�res [10

�8
m]

Iron 7650 see Fig. 5.23(b) - 44

Copper - 1 - see Eq. 5.42

Air 1.27 @ 20 [oC] 1 - -

PM magnet (NdFeB) 7800 1.1 850 64
Insulation - 1 - -

the balance teeth, segmented stator, have a cooling impact on the machine, since
there are less windings in the slots near these teeth. The rotation of the rotor
has a cooling impact on the permanent magnets which is not accounted for in the
steady state analysis. The low duty cycle for an EMA and the comparatively long
axial length of the screw mechanism are the for reason that the screw losses are not
accounted for in the steady state analysis.

5.3 Electromagnetic Finite Element Models and Analysis

The rapid development of digital computers since the 1980's has led to the use of
such mathematical analysis tools as FEM (Finite Element Method) in the evaluation
of magnetic �elds. This method has proved to be very useful in the analysis of
electromechanical devices. Non-linear phenomena like saturation, harmonics, and
leakage are among the issues that can be addressed by such tools.

In the FEM analysis the induced-no-load voltage and the output torque of the
involved EM are calculated. From these calculations the counter Electro Motive
Force, (EMF) and torque constants are extracted.

The physical properties of the involved materials in the studied electrical ma-
chines are gathered in table 5.3.

The core material used in the studies of di�erent EMs is M330-35A from Sura-
hammars Bruk and its hysteresis loop and dehysterized magnetization curve at 50
[Hz] are shown in Fig. 5.23(b).

As mentioned in chapter 3 the neodymium permanent magnets o�er a higher
energy density than other magnet types. The cost is an disadvantage that can't be
ignored. However it is the belief of the author that this extra cost can be accepted in
the light of the usage of the machine in an aircraft application where the tolerance
for higher cost is higher than in other branches. Also the demand on high torque
and power density inuenced and narrowed down the permanent magnet choices.

The permanent magnet model used in the FEM program is described in Appen-
dix A and the method for calculating the EMF in Appendix B.
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(a) Magnetic hysteresis loop measurement (b) The dehysterized magnetization curve
from [135].

Figure 5.23: Magnetization curves of material M330-35A at 50 [Hz].

Evaluation of the Stridsberg Electrical Machine

The surface mounted radial PMSM with concentrated windings, from [138], stud-
ied in this thesis has promising properties regarding the MEA application, also
presented in [16]. The novelty lies in combination of many poles, "balancing" sta-
tor teeth, concentrated winding arrangement resulting in a high power and torque
density. This electrical machine has 2 x 3 phases and 20 poles. The concentrated
winding arrangement reduces the end-winding e�ect and the copper losses. The
balancing teeth without windings between the adjacent stator teeth with windings
in each phase have a "cooling"e�ect on the teeth with windings. The "high"number
of magnets (i.e. poles) used on the rotor surface has a positive e�ect on the torque
production. The balancing poles increases the voltage-time area, e.g. the useful
ux through the circuit which leads to higher output torque density. The magnets
are placed on the surface of the rotor which means low saliency, in another words
the reluctance along the ux path is nearly the same in both d and q directions,
which in its turn means reduced cogging and ripple torque. Another bene�t of this
electrical machine is its modularity. By increasing the axial length of the machine
the output power can be increased. The assembly therefore allows a high output
torque with relatively low angular velocity and losses. The studied machine delivers
1 kW at 2250 rpm, with outer radius 95 mm and length 35 mm. The inverter used
comprises one H-bridge for each phase. The three stator teeth in each phase are
connected in series. The number of turns is 30 per tooth. The height and width
of the permanent magnets are 3 and 7.8 mm respectively. The height and width of
the stator teeth are 8 and 6 mm respectively. In Fig. 5.24 an X-ray image of the
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studied EMA is shown.

Figure 5.24: CAD-drawings of the studied compact EMA (Courtesy of SAAB AB
and SPAB).

The winding arrangement (partly shown in Fig. 5.25) of the studied electrical
machine with 2 x 3 phases (A-C) is:

Upper half: -C C C -C -C C A -A -A A A -A -B B B -B -B B
Lower half: C -C -C C C -C B -B -B B B -B -A A A -A -A A

A cross sectional picture of the involved electrical machine is shown in Fig. 5.25
where placement and order of phase A is pointed out.

Figure 5.25: Cross-sectional view of the studied 2 x 3 phase, and 20 pole EM from
[138]. The current sign and order of the phase A in upper half of the machine is
pointed out. The balance tooth between adjacent phases is also shown.

The ux lines are illustrated in Fig. 5.26 The concentrated winding arrangement
in combination with the balance teeth between the stator phases, the wide stator
teeth and the relatively high number of rotor poles, makes the ux paths short and
broad, which in its turn decrease the core losses and the leakage ux between the
magnets.
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Figure 5.26: The equi-potentials of ux density and the contour plot of the magnetic
vector potential, A', with balance teeth.

The balance teeth increases the voltage-time area, leading to higher induced
voltage and higher torque production. This positive inuence on the ux has other
bene�cial a�ects also, less need for current to maintain the same output power and
torque, less copper and iron losses, cooling e�ect on the nearest teeth, lower stator
temperature due to the decrease in the current level, and �nally higher e�ciency.

In Fig. 5.27(a) the electromagnetic torque production is shown from FEM
calculations. As it can be seen from this �gure the torque constant is estimated to
1.05 Nm

A
. In Fig. 5.27(b) the induced phase voltage is shown. From this �gure we

can calculate the EMF-constant to 0.175 V s
rad

.

(a) Electromagnetic torque production (b) Induced phase voltage

Figure 5.27: 2D FEM calculations of the studied PMSM with balance teeth at 2250
[RPM] and IRMS=4.46 [A].
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Evaluation of the Stridsberg Electrical Machine without Balance

Teeth

The studied machine without balance teeth for comparison reason also delivers 1
kW at 2250 rpm, with outer radius 95 mm. The axial length of the machine is 36
mm and the number of turns is 29 per tooth. The height and width of the PM are
the same as in the studied machine with balance teeth. The height and width of
the stator teeth are 8 and 6.7 mm respectively. The dimension of this machine is
as far as possible kept the same as the reference machine with the balance teeth.

Figure 5.28: The equi-potentials of ux density and the contour plot of the magnetic
vector potential, A', without balance teeth.

In Fig. 5.29(a) the electromagnetic torque production is shown from FEM
calculations. As it can be seen from this �gure that the torque constant is estimated
to 0.98 Nm

A
. In Fig. 5.29(b) the induced phase voltage is shown. From this �gure

we can calculate the EMF-constant to 0.164 V s
rad

.

Extraction of Lumped Parameters and Key Factor from the

Analysis

The torque constant of the preferred PMSM machine with balance teeth can now
be calculated at 4.46 A phase current:

t� =
�ave

IRMS

=
4:674

4:46
= 1:0477

hNm

A

i
(5.53)

The EMF constant of this machine is:

te =
ERMS

wm
=

58:56

235
= 0:175

h V s
rad

i
(5.54)

, where the ERMS is the RMS-value of the fundamental induced phase voltage and
wm the mechanical angular velocity.
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(a) Electromagnetic torque production (b) Induced phase voltage

Figure 5.29: 2D FEM calculations of the studied PMSM without balance teeth at
2250 rpm and IRMS=4.77 A.

5.4 Concluding Remarks

The biggest reason for the use of the reluctance network model approach is its
reasonable accuracy and much less computional time. The suggested improvement
of this method makes it possible to introduce movement and rotor dynamics into
the electro-magnetic models of electrical machines. In this way the performance of
the machine can be examined.

The suggested TDFS modeling approach of actuator systems makes it possible
to reduce the complexity of power system models of tentative systems to such
extent that the resulting computational tool can be used for studies of the system
performance during entire ight missions.



Chapter 6

System Simulation and Analyses

Multi-disciplinary analyses of coupled systems like an aircraft power system require
e�ective representation of the system components and their interfaces. The object-
oriented modeling language Modelica is designed for integrated modeling of multi-
disciplinary coupled and complex systems, based on the underlying physical relations.
In this chapter the component models presented in chapter 5 are implemented and
integrated into an aircraft power system. The presented modeling approach provides
facilities to e�ciently analyze and approximate such complex system. The resulting
approximation quantitatively represent the system behavior. As an illustration a
typical ight mission and the resulting power ows are presented.

6.1 The Complete System Model

Multi-disciplinary analyses of complex physical systems require e�ective represen-
tation of the involved system components and their corresponding interfaces, see
also [139]. This approach makes it possible to directly integrate models of the sub-
system modules into the bigger system, for example consisting of coupled electric,
mechanic and hydraulic modules, as commonly found in the aerospace engineer-
ing practice. The object oriented modeling language Modelica, see [114], allows a
comprehensive framework and component oriented modeling of complex physical
systems.

The implemented aircraft power system is presented in Fig. 6.1. As it can be
seen from the same �gure the transmission components such as power converters
are doubled for redundancy reason. The Integrated Power Unit (IPU) is used to
start up the main engine. The control computer unit ESS is fed from three separate
sources. The auxiliary generator, IPU, and the thermal battery are set to standby.
The power consumption of the ESS is neglected.

In table 6.1 the parameter values of the involved simulated motors are presented.
The gear factor is set to 300. The proportional constant for the speed regulator is
set to 10 and the integral gain factor to 0.11.

101
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Figure 6.1: Block diagram representation of a typical MEA power system, with
redundant transmission components.

Table 6.1: The implemented electrical machine parameters

Torque constant, t 1.05
h
Nm
A

i
EMF constant, e 0.175

h
V s
rad

i
Rotor inertia, J 0.0007 [ kgm2 ]

Table 6.2: The implemented inverter parameters

� 0.91 [ - ]
� 1.027 [ - ]
 0.55 [ - ]
V tr
on 0.6 [V]

V diode
on 1 [V]

Rdiode 0.033 [
]
Rtr 0.046 [
]

The power converter parameters are from an IGBT module, see [140]. In table
6.2 the parameters of the implemented inverter module is presented.

6.2 Simulation Examples of Flight Missions

The simpli�ed power system model containing three actuators on the load side, see
Fig. 6.1, is implemented in a circuit simulation program Dymola and the simulation
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results are shown in �gures 6.2(a) - 6.6(b) for the applied torques and prescribed
angular velocity of the actuators 1-3 shown in �gure 6.2. The result from the �rst
55 seconds of the below simulation are shown in �gures 6.2(a)-6.6.

In Fig. 6.3 the input quantities are shown.
In Fig. 6.4 the e�ciency of the electrical machine is shown for actuators 1-3.
In Fig. 6.5 the reactive power consumption is shown for actuators 1-3.
In Fig. 6.6 the voltage level of the DC-bus and the battery are shown.
The actuator responses to a load at low speeds are illustrated in �gures 6.7(a)

- 6.9. In Fig. 6.7(a) the torque applied to EM 2 belonging to actuator 2 is shown.
In Fig. 6.7(b) the corresponding angular velocity of the EM 2 is shown.

In Fig. 6.8(a) the RMS-current of EM 2 at low speed is shown and in Fig. 6.8(b)
the corresponding voltage level.

The corresponding e�ciency of the EM 2 is shown in Fig. 6.9

6.3 The System Model as a MEA Dimensioning Tool

The system simulation can be used to condense the key factors like, e�ciency,
average power consumption, and DC-bus voltage ripple (which have impact on the
capacitance bank �lters and/or switching frequency).

The object modeling approach as well as the involved component models, pre-
sented in chapter 5 makes an comparison between di�erent technology easier. A
transversal machine component can easily replace an radial machine component.

6.4 Comments Regarding the Proposed Design Algorithms

A methodology has been presented for simulation of complex systems of multiple
physical nature and has been demonstrated in a study of power consumption of
aircraft systems. Although in this study only three actuators were used, it illus-
trated how TDFS model can be incorporated in a Modelica system model and can
be applied in an integrated system simulation. The approximate electrical machine
component model has been quanti�ed on the basis of data coming from the FEM
and RNM. For the other components standard Modelica component models have
been used where possible.
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(a) The simulated applied torque to EM 1-3 in actuator 1-3.

(b) The angular velocities of EM 1-3 in actuator 1-3.

Figure 6.2: The mechanical output quantities of the electrical machine.
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(a) The RMS-current level of EM 1-3 in actuator 1-3.

(b) The RMS-voltage level of EM 1-3 of actuator 1-3.

Figure 6.3: The electrical input quantities of the electrical machine.
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Figure 6.4: The e�ciency of the EM 1-3 in actuator 1-3.

Figure 6.5: The reactive current of the EM 1-3 in actuator 1-3.



6.4. COMMENTS REGARDING THE PROPOSED DESIGN ALGORITHMS107

(a) DC bus voltage level

(b) Battery voltage level

Figure 6.6: The RMS-voltage levels
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(a) The applied torque to EM 2, belonging to actuator 2.

(b) The angular velocity of EM 2, belonging to actuator 2.

Figure 6.7: The mechanical outputs of EM 2 at low speed and high torque load.
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(a) The RMS-current level of EM 2, belonging to actuator 2.

(b) The RMS-voltage level of EM 2, belonging to actuator 2.

Figure 6.8: The electrical inputs of EM 2 at low speed and high torque load.
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Figure 6.9: The e�ciency of the EM 2, belonging to actuator 2.



Chapter 7

Summary and Conclusions

In this thesis future MEA actuator systems have been discussed. The described
EMA concept o�ers a cost e�ective solution for future aircraft actuator systems.
The advantages and weaknesses of this solution have also been addressed. A brief
summary of the work is presented in this chapter and a preferred actuator system
is suggested.

The use of permanent magnet machine drives in high performance, safety-
critical applications have been addressed in this work. Fault tolerance operation is
achieved by adopting a modular approach to the drive, with each phase electrically,
magnetically, thermally and mechanically independent of all others.

7.1 Summary

This thesis have two main objectives. One is to set up overall and easy used design
rules for an decision maker in aircraft development. This resulted in the simple
equations presented in chapter 4, where the power, weight, and cost of the actuator
systems are related to the maximum take o� aircraft weight. The second objective
is to build up a data base of di�erent actuator technologies. One challenge was to
choose relevant key parameters such that a comparison between di�erent technolo-
gies is facilitated. For this reason a time domain frequency separation model of an
electrical machine was proposed, presented in chapter 5. With this modeling ap-
proach di�erent electrical machine topologies can be studied and evaluated. Some
of the parameters of the implemented actuator systems based on the TDFS model
approach was extracted �rst from FEM analyses of the preferred electrical machine
which later can be replaced by the RNM of the same machine.

In order to avoid time consuming �nite element calculations when analyzing an
electrical machine a reluctance network model can be used. The basic idea of the
proposed network model is to divide the rotor and the stator into a grid of small
reluctance elements and provide those that correspond to the permanent magnets
and the space between them with time varying reluctances. The principle of virtual

111



112 CHAPTER 7. SUMMARY AND CONCLUSIONS

displacement and Faraday's law are then used to determine the counter-EMF and
produced torque.

7.2 Conclusions

The proposed simple rules behind the technology assessment tools makes the com-
parison of di�erent technology and components easier.

The suggested modeling approach in this thesis facilitates the build-up of a
data base of di�erent actuator systems in an aircraft and can be used as an aircraft
dimensioning tool in early part of the design process, shown in Fig 4.2. In this way
the e�ort cost can be reduced dramatically, since it will mainly be used before any
prototype making.

The usability of a 2D reluctance network model when describing an electrical
machine is illustrated in [116] and [117]. In this thesis this method is combined with
a suggested rotor displacement algorithm, where the reluctance element parameter
values change due to the motion of the rotor. The rotor reluctance elements are
described in terms of a �xed geometry and position dependent relative permeabili-
ties and magnetomotive forces The suggested computationally approach constitute
a fast way to evaluate permanent magnet electrical machines with the respect to
their electrical supply and mechanical load. By applying the suggested reluctance
network modeling approach it is possible to directly evaluate various permanent
magnet electrical machines with respect to their electrical supply and mechanical
load for electromechanical actuators e.g. in More Electric Aircraft applications.

A demonstrator program initiated by Saab Avitronics AB and Stridsberg Pow-
ertrain AB resulted in an EMA prototype based on the studied permanent mag-
net synchronous machine. Some of the results from this demonstrator study was
presented at [16]. This demonstrator program has indicated that EMAs have com-
petitive performance. The results from the performed work shows that an EMA
based on the studied machine has superior performance and ful�lls the required
fault tolerance and redundancy of the studied MEA applications. Beside the su-
perior performance of this machine compared to other machine types, the active
axial length of the machine is also less than most other machine types, leading to a
more compact design. The segmented stator design with balancing, teeth without
winding between each adjacent phases, teeth decouples the phases both electri-
cally and thermally, yielding more fault tolerance and better thermal performance.
These balancing teeth have also a cooling e�ect on the nearest windings, result-
ing in less copper losses and that the voltage-time area is increased. The higher
level of useful ux also leads to a higher torque constant. With the concentrated
winding arrangement the stator teeth are decoupled magnetically and electrically.
The machine consists of 2 x 3 phases which in fact is two separate machines with
two independent power sources, yielding redundancy. Because of the all above men-
tioned good electromechanical and thermal behavior the studied permanent magnet
synchronous machine is the preferred choice.



Chapter 8

Future Work

The contribution of this thesis is the technology assessment and dimensioning tools
of electromechanical actuators in more electric aircraft applications. The presented
modeling approach is considered to be computationally e�cient and is possible to
extend to the whole power management system of the electric aircrafts. In this
chapter some improvements and remaining issues that then has to be addressed are
presented.

8.1 Further work

The author would like to propose the following topics for further investigation:

� Integrate the technology assessment and dimensioning tools.

� Address the jamming properties of the screw mechanism.

� Further development of the RNM.

� 3D thermal analysis of the actuator for addressing the thermal behavior of
the screw mechanism.

� Usage of more measured indata regarding the loss models used in the TDFS
model.

� More component data into the assessment component data base.
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Appendix A

Permanent Magnet Model

The magnetization, M , of the PM material is built up by an in�nite number of
aligned magnetic dipoles. These magnetic dipoles can be modeled by current car-
rying loops, illustrated in Fig. A.1. By assuming that the magnetization density

Figure A.1: PM model, with the magnetization M and line current density Js.

inside the magnet is uniform the contribution from the neighboring atomic dipoles
will cancel out. The contribution to the magnetization comes from the edges where
no cancelation occurs. Because of the cancelation e�ects inside the magnet the
relations between the magnetic ux density outside the PM, B, magnetic �eld, H,
magnetization density, M , and surface current density, Js, for a permanent magnet
material can be written as

Js =M =
B

�0
�H

hA
m

i
(A-1)

Introducing the coercive force, Hc, of the PM de�ned as B = �0�r(H +Hc) into
Eq. A-1 leads to:

Js = �rHc �H(�r � 1)
hA
m

i
(A-2)
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Inside the PMs the value of relative permeability is close to unity and therefore the
second term in Eq. A-2 can be neglected and the surface current density can be set
equal to the coercive force. The magnetization of the magnet is now expressed in
terms of surface current density, see also [141]. Integration of the surface current
density over the height of the magnet, lPM , give us the circulating "current", I, on
the edges of the magnet. Rearranging the equation A-2 gives:

I = JslPM = HclPM [A] (A-3)

Rectangular permanent magnets can be modeled in a FEM-program as an area with
the relative permeability �r close to 1 with two small source areas on the edges of
the magnet with the current from Eq. A-3, see Fig. A.2.

Figure A.2: PM model, with the current I.



Appendix B

Electromotive Force

From Faraday's law we know that a moving conductor inside a magnetic �eld will
be exposed to the induced voltage, e

e = �
d	

dt
[V ] (B-1)

When we are dealing with a number of conductors, a winding arrangement, the
resulting ux linkage,	 , can be expressed as the ux, ' enclosed by each turn
times the number of turns, N . The latter relation can be used because of the ux
going through one turn can be assumed to enter the other turns as well, (i.e. no
leakage).

e = �
d	

dt
= �N

d'

dt
[V ] (B-2)

For better understanding the physics behind equations B-1-B-3 the reference [142]
can be used. The magnetic ux through a closed path, C can be expressed as the
line integration of the magnetic vector potential, A along the path C.

' =

I
C

A � dl [Wb] (B-3)

In Fig. B.1 an example of integration paths are shown for the calculation of the
ux going through the stator core resulting in induced voltage on the winding sur-
face. The end windings along the integration path, C, have negligible contribution
to the integral, (i.e. a small leakage ux). Therefore the integral along the lines 3
and 4 are set to zero.

Using an average value of the magnetic vector potential in Eq. B-3 was suggested
in [143]. The magnetic vector potential is constant in the axial direction in the
winding. In [144] an example is given for calculating the ux linkage based on the
average value of the magnetic vector potential in an electrical machine context. An
average value, Aave, of the magnetic vector potential, A, can be calculated by:

Aave =

R R
S
A � dsR R
S
ds

hWb

m

i
(B-4)
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Figure B.1: The integration path (pink) along the active part of the windings,
circumscribing the ux in the iron. Also the winding cross sectional areas (brown)
where average values of the magnetic vector potentials are calculated are shown.

The integration surface, S, is the winding cross section area, shown in Fig. B.1.
Having this in mind we can reformulate Eq. B-3:

' = L � (A2;ave �A1;ave) [Wb] (B-5)

Applying Eq. B-5 on the studied electrical machine with concentrated winding
arrangement, the ux linkage per phase, 	�, can be calculated as a function of the
mechanical angle of the rotor (i.e. rotor position), � according to:

	� = N � L �
� 3X
i=1

(�1)i�1(A2;ave(�; 2i� 1)�A1;ave(�; 2i))
�

[V s] (B-6)

where N denotes the number of turns per tooth, L the e�ective length of the
machine, Aave the average value of the magnetic vector potential induced at no load
on the winding cross section. The relation for a distributed winding arrangement
that is discussed in [144] is modi�ed in Eq. B-6 for a series connected concentrated
winding arrangement, with three stator teeth. The ux linkage per phase for a
concentrated winding electrical machine can be expressed as a sum of the average
values of the magnetic vector potential of the three stator teeth (series connected
winding) multiplied by the number of turns and e�ective length of the rotor.

In Fig. B.2 the winding cross sectional areas are pointed out where the average
values of the magnetic vector potentials for phase A are calculated.
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Figure B.2: Winding cross sectional areas of phase A pointed out where the average
values of the magnetic vector potential are calculated.





Appendix C

Abbreviation

Actuator Control Electronics (ACE)
All Electric Aircraft (AEA)
Asynchronous Machine (AM)
Auxiliary Power Unit (APU)
Axial Flux Machine (AFM)
Brushed DC (BDC)
BrushLess Direct Current (BLDC)
Claw-Pole Machine (CPM)
Direct Torque Control (DTC)
Electrical Back-Up Hydraulic Actuator (EBHA)
Electrical Machine (EM)
Electro-Hydrostatic Actuator (EHA)
ElectroMagnetic Interference (EMI)
ElectroMechanical Actuator (EMA)
ElectroMotive Force (EMF)
Elevator/ Aileron Computers (ELACs)
Emergency Power Unit (EPU)
Field-Oriented Control (FOC)
Flight Augmentation Computer (FAC)
Fly-By Wire (FBW)
Gate Turn-O� thyristor (GTO)
Insulated Gate Bipolar Transistor (IGBT)
Integrated Actuator Package (IAP)
Integrated or Intelligent Power Unit (IPU)
Interior PMSM (IPMSM)
Induction Machine (IM)
Isolated Gate Bipolar Transistor (IGBT)
Joint Strike Fighter (JSF)
High Pass (HP)
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High Speed Machine (HSP)
Hydraulic Power Unit (HPU)
Life Cycle Cost (LCC)
MagnetoMotive Force (MMF)
Magnetostrictive Actuator (MA)
Maximum Take-O� Weight, (MTOW)
Mean Time Between Failure (MTBF)
Metal Oxide Semiconductor Field E�ect Transistor (MOSFET)
More Electric Aircraft (MEA)
More Electric Ship (MES)
MOS Controlled Thyristor (MCT)
Radial Flux Machine (RFM)
Reluctance Network Model, (RNM)
Rotary Variable Di�erential Transformer (RVDT)
Permanent Magnet (PM)
Permanent Magnet Synchronous Machine (PMSM)
Phase Change Material (PCM)
Pulse Width Modulation (PWM)
Soft Magnetic Composites (SMC)
Snubbered Switching Converter (SSC)
Spoilers/ Elevator Computer (SEC)
Synchronous Machine (SM)
Switched Reluctance (SR)
Switched Reluctance Machine (SRM)
Tailplane Horizontal Stabilizer (THS)
Transformer Recti�er Unit (TRU)
Transversal Flux Machine (TFM)
Unmanned Aerial Vehicle (UAV)
Variable Reluctance Permanent Magnet Machine (VRPM)
Vernier Hybrid Machine (VHM)
Voltage Source Inverter (VSI)
Zero Current Switching (ZCS)
Zero Voltage Switching (ZVS)
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